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PHYSIOLOGY

Context-dependent impact of the dietary non-essential
amino acid tyrosine on Drosophila physiology

and longevity

Hina Kosakamoto', Chisako Sakuma', Rina Okada', Masayuki Miura?, Fumiaki Obata

Dietary protein intake modulates growth, reproduction, and longevity by stimulating amino acid (AA)-sensing
pathways. Essential AAs are often considered as limiting nutrients during protein scarcity, and the role of dietary
non-essential AAs (NEAAs) is less explored. Although tyrosine has been reported to be crucial for sensing protein
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restriction in Drosophila larvae, its effect on adult physiology and longevity remains unclear. Here, using a synthetic
diet, we perform a systematic investigation of the effect of single NEAA deprivation on nutrient-sensing pathways,
reproductive ability, starvation resistance, feeding behavior, and life span in adult female flies. Specifically, dietary
tyrosine deprivation decreases internal tyrosine levels and fecundity, influences AA-sensing machineries, and
extends life span. These nutritional responses are not observed under higher total AA intake or in infertile female
flies, suggesting a context-dependent influence of dietary tyrosine. Our findings highlight the unique role of tyrosine
as a potentially limiting nutrient, underscoring its value for dietary interventions aimed at enhancing health span.

INTRODUCTION

Dietary restriction (DR) has been shown to extend life span in
organisms ranging from yeast to primates, often at a reproduction
cost (1-6). As a key macronutrient, protein is an important factor in
determining the life span, growth, and reproduction of organisms.
Since 1928, when McCay et al. (7) reported that trout fed a protein-
restricted diet lived longer, the importance of dietary protein in
life-span regulation has been controversial. Detailed nutritional
analyses in Drosophila melanogaster have subsequently shown that
the effect of DR on both life span and reproduction is not due to the
limitation of calories but rather due to a decrease in protein intake
(8,9). Life-span extension by protein restriction has also been reported
in rodents and is frequently accompanied by metabolic and behavioral
changes, such as improved glucose tolerance, insulin sensitivity,
energy expenditure, and increased food intake (10-12).

Amino acids (AAs), the components of protein, were classified as
essential AAs (EAAs) or non-essential AAs (NEAAs) nearly a century
ago. Given the nature of NEAA biosynthesis in animals, EAAs are
considered to play an important role as nutrient cues. For example,
supplementing EAAs, but not NEAAs, under DR conditions has
been shown to suppress life-span extension in Drosophila, supporting
the idea that sensing EA As is important for regulating life span (13).
Some EAAs, such as methionine (Met), tryptophan, and branched
chain AAs (BCAAs, leucine, isoleucine, and valine) are involved in
longevity regulation (14-24). For example, Met restriction has been
demonstrated to extend life span in organisms ranging from yeast to
mice (13, 14, 16-18, 23, 24).

In flies, life-span extension due to Met restriction has been dem-
onstrated only under conditions of limited (40%) total AA availability
(16). In contrast, our previous study found that Met restriction
extends life span even under conditions of 100% AA availability,
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provided that an exome-matched version of a synthetic diet (or
so-called holidic medium) is used (17). Life-span extension is most
pronounced when Met is restricted in early adulthood, with only mild
effects observed in middle or later life stages (17). The effect of AA
restrictions is highly contingent upon the animal model being used
and the dietary context, even for EAAs. However, our understanding
of the mechanisms by which each AA influences physiology and
life span across various nutritional contexts remains incomplete.
Compared to EAAs, the role of dietary NEA As on animal physiology
has been historically overlooked, given that they are not required for
organismal growth, maintaining nitrogen balance, or maintaining
internal levels of NEA As regardless of dietary intake (25). However,
we previously showed that some NEAAs are “nutritionally maintained”
in Drosophila larvae, with their levels decreasing when dietary supply
is insufficient (26). Such NEAAs include asparagine (Asn), serine
(Ser), and tyrosine (Tyr) in Drosophila. The contribution of such
NEAAs to organismal physiologies, however, has not been fully
clarified so far.

AAs regulate nutrient-sensing mechanisms in animals, including
insulin/insulin-like growth factor 1 signaling (IIS), mechanistic target
of rapamycin complex 1 (mTORC1), and general control nonde-
repressible 2 (GCN2)-activating transcription factor 4 (ATF4) (27-29).
mTORCI is regulated by AAs both directly through AA sensor
proteins and indirectly through IIS (27, 30, 31). AA deficiency
activates the kinase GCN2, which senses uncharged tRNA or ribosomal
stalling (28, 32-34). These evolutionarily conserved signaling path-
ways act together to control metabolism, growth, reproduction, and
longevity (31, 35-40). For example, the genetic or pharmacological
inhibition of IIS/mTORCI, or the activation of the GCN2-ATF4
pathway, improves metabolic homeostasis and extends life span,
phenocopying dietary protein restriction (35-39). We previously
found that the dietary deprivation of Tyr in particular elicits adaptive
responses under conditions of protein restriction in Drosophila larvae
through ATF4 activation, but independently of GCN2 (26). Larvae
with Tyr deprivation exhibited suppressed protein translation and
mTORCI signaling in the fat body. Consequently, Tyr acts as a critical
nutrient cue that signals protein scarcity, at least in Drosophila larvae.
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Considering that Tyr is an important precursor for pigmentation and
sclerotization during metamorphosis, the Tyr-sensing mechanism
may be particularly relevant during the larval stage. Whether this
mechanism is also conserved in adult flies has not been addressed.

At an organismal scale, AA levels are sensed systemically by
sensory organs, the gastrointestinal tract, and internal organs,
which provide integrated feedback to the central nervous system
(12, 41, 42). These interorgan communication mechanisms control
not only growth, reproduction, and life span but also appetite. In
mice, ATF4 up-regulates the secretion of fibroblast growth factor 21
from the liver, which acts on the brain as a critical regulator of feeding
behavior, as well as metabolic homeostasis and life span (11, 12, 43).
Similarly, in Drosophila, AA restriction stimulates the secretion of a
neuropeptide, CNMamide (CNMa), from the gut or the fat body,
the counterpart of mammalian liver and white adipose tissue, via
ATF4 and mTORCI (26, 44). CNMa binds to its receptor and enhances
food intake or the preference for the L-form of EAAs (26, 44).
Protein feeding rapidly induces a neuropeptide hormone, fermale-
specific independent of transformer (fit), which is regulated by the
AA-sensing pathway, resulting in the suppression of protein appetite
(45). Dietary AAs are also known to regulate other neuropeptides to
control protein satiety (46, 47). Thus, animals have mechanisms to
sense AAs and modulate physiological and behavioral traits. However,
the importance of NEAAs for such feeding regulation has not been
fully investigated.

Here, using D. melanogaster and an optimized synthetic diet, we
systematically evaluated the involvement of dietary NEAAs in regu-
lating phenotypes associated with protein restriction. Our findings
revealed that under conditions of low AA availability and high AA
demand, Tyr in particular becomes limiting AA. Specifically, under
such conditions, Tyr regulates nutrient-sensing pathways, fecundity,
metabolism, feeding behavior, and life span.

RESULTS

Dietary deprivation of Tyr extends life span

To evaluate the impact of dietary NEAA deprivation on life span, we
used a synthetic diet to completely deplete 1 out of 10 NEAAs and
assessed the effects on the life spans of wild-type female D. melanogaster
Canton-S (Fig. 1, A to]). For this analysis, we used an exome-matched
holidic medium with the total AA content decreased to 40%. This
approach was based on empirical evidence suggesting that a reduction
in total AA enhances sensitivity to individual AA restriction (16, 17).
Met, an EAA, was included for comparison (Fig. 1K). As expected, we
found that the complete depletion of many NEAAs did not strongly
affect life span (P > 0.001), while that of Met strongly shortened life
span (Fig. 1, A to K). While partial Met restriction can be beneficial,
total depletion has a detrimental effect on the life span (17). Depriva-
tion of the two NEAAs, Asn and cysteine, led to a shortened life span
(Fig. 1, B and D). In contrast, Tyr deprivation led to life-span exten-
sion (Fig. 1]). This effect was also observed in an outbred strain of
wP" female flies (Fig. 1L), confirming the robustness of the observed
phenotype. The unique response of life-span extension by restricting
Tyr, as opposed to other NEAAs, prompted us to investigate the un-
derlying nutritional mechanisms of sensing this AA.

Tyr deprivation decreases ovary size and fecundity
Since AAs affect a life-span reproduction trade-off, life-span extension
by DR is often associated with decreased fecundity (48). To evaluate
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the effect of NEAA deprivation on fecundity, we counted the number
of eggs laid within 24 hours following 1 week of dietary manipulation.
The result showed that both Asn and Tyr deprivation significant-
ly decreased fecundity (P < 0.001; Fig. 1M). Notably, the effect of
Tyr was more pronounced than that of Asn, but much less severe
than the impact of Met depletion, suggesting that the Tyr behaves
as a semi-essential AA in this context (Fig. 1M). Given that the de-
privation of Asn or Met shortened life span, the observed decrease
in reproductive capacity is not entirely correlated with life span.
Consistent with the decrease in fecundity, ovary size was reduced
following Tyr deprivation (Fig. 1, N and O).

Tyr deprivation enhances starvation resistance and

yeast preference

Another typical phenotype associated with protein/AA restriction in
flies is enhanced starvation resistance (17, 49). We found that depri-
vation of Asn, aspartic acid (Asp), Ser, or Tyr significantly increased
starvation resistance (P < 0.01; fig. S1, A to K). Glutamine and pro-
line deprivation also slightly increased starvation resistance (fig. S1,
E and H). While Met and Asn deprivation both increased starva-
tion resistance, we observed a concurrent decrease in life span
(Fig. 1, B and K, S1B, K). These results suggest that the regulatory
mechanisms underlying starvation resistance and life span are dif-
ferent, and/or that the duration of AA deprivation (1-week versus
lifelong) leads to distinct outcomes. Tyr was the only AA that en-
hanced both starvation resistance and life span when depleted. We
confirmed that this enhancement of starvation resistance with Tyr
deprivation was further validated in wP female flies (fig. S1L).

As a part of adaptive responses, protein restriction up-regulates
the feeding preference for protein (50). Focusing on Tyr, we found
that female flies, upon Tyr deprivation, showed an increased food
preference for yeast extract over sucrose (Fig. 1P). This indicates
that Tyr deprivation modifies the mechanisms underlying food choice
determination. Together, we found that Tyr deprivation not only
decreases fecundity but also increases starvation resistance, protein
preference, and life span. These effects mirror the phenotype associated
with overall protein restriction, suggesting that Tyr plays a critical
role in the dietary regulation of these physiological processes.

Tyr, Asn, and Ser are nutritionally maintained NEAAs in
female flies
Next, we quantified whole-body NEAAs upon the NEAA depriva-
tion. As expected, a majority of the NEAA deprivations did not af-
fect the internal NEAA levels, suggesting the idea that internal NEAA
levels are maintained without dietary input (Fig. 2, A to J). We found
that deprivation of Asn, Ser, or Tyr led to decreased internal AA levels
(Fig. 2, B, I, and J). These findings are consistent with the fact that
Tyr, Asn, and Ser are nutritionally maintained NEAAs in the larval
stage or in adult males (26). The levels of Tyr and Asn decreased to
approximately 30 and 37%, respectively, while Ser decreased to
approximately 75%. Asn, Ser, and Tyr consistently affected starvation
resistance, although Asp only affected starvation resistance without
a decrease in internal Asp levels. The similar reduction in the internal
AA levels by Asn and Tyr is notable, given that these two NEAAs
have opposite effects on life span (Fig. 1, B and J). Our detailed
phenotypic analysis of NEAA deprivations suggests AA-specific
sensing and nutritional signaling.

By analyzing other AA levels upon Tyr deprivation with 40%AA,
we found that many AAs including arginine, lysine, Met, threonine,
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Fig. 1. Tyr deprivation extends life span, decreases fecundity, and increases yeast preference. (A to K) Life spans of female Canton-S flies with single NEAA depriva-
tions (A to J) or Met deprivation (K). Sample sizes (n) are shown in the figure. (L) Life spans of female wP flies with lifelong Tyr deprivation. Sample sizes (n) are shown in
the figure. (M) Fecundity of Canton-S flies after single NEAA deprivations. n = 10. P values with a dagger (1) indicate the statistical comparisons with Ctrl. (N and O) Rep-
resentative images of the ovaries with Tyr deprivation (N) and the quantification of ovary sizes (O). Scale bars, T mm. n = 10. (P) Food preference toward yeast extract
compared to sucrose in female Canton-S flies after Tyr deprivation. n = 6. The graph shows the minimum, the lower quartile, the median, the upper quartile, and the
maximum points. AA deprivations were performed through life (A to L), for 4 (M to O), or 7 days (P) from day 2. For the statistics, a log-rank test (A to L), one-way ANOVA
with Holm-Sidak’s multiple comparisons test (M), or a two-tailed Student’s t test (O and P) was used. For all graphs other than (P), the means and SEM are shown. Data
points indicate biological replicates.
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Fig. 2. Deprivations of Asn, Ser, and Tyr decrease their internal levels. (A to J) Quantification of internal NEAA levels in Canton-S female flies with single NEAA depriva-
tions for 4 days from day 2. n = 4. For the statistics, a two-tailed Student’s t test was used. For all graphs, the means and SEM are shown. Data points indicate biological

replicates.

tryptophan, valine, Asn, and Ser were increased rather than decreased,
while only glutamic acid was slightly decreased (fig. S2, A to R). The re-
sult suggests that sensing Tyr deficiency may alter metabolism, and per-
haps intake or excretion of various AAs. It is also possible that free AAs
are increased through enhanced protein degradation (e.g., autophagy).

Dietary Tyr is not critical when total AA intake is high

NEAAs are understood to be fully synthesized in the body. However, our
analysis revealed that Tyr, among others, is nutritionally maintained and
that its omission from the diet leads to protein restriction-like
phenotypes. We wondered why the importance of dietary Tyr has not
yet been appreciated. We investigated the effects of Tyr deprivation using
higher dietary AA levels (i.e., 100% AA rather than 40% AA). Under
conditions of increased total AA levels, Tyr deprivation did not affect life
span, starvation resistance, or fecundity (Fig. 3, A to C). The basal level
of internal Tyr remained unchanged between diets of 100 and 40% AA
(Fig. 3D). Nonetheless, under conditions of reduced total AA, flies
become more sensitized to Tyr deprivation (Fig. 3D), possibly due
to a decrease in phenylalanine (Phe), the precursor of Tyr, in low
AA conditions (Fig. 3E). Even under these conditions, Tyr deprivation
did not further reduce Phe, suggesting that sensing Tyr scarcity does not
enhance Tyr biosynthesis which consumes Phe. By adding back the Phe-
to Tyr-deprived diet, we observed the recovery of the fecundity
(fig. S3A). Phe supplementation led to full recovery of internal Tyr
level and canceled the Tyr deprivation effect on fecundity (fig. S3, A
to C). The fecundity analysis also implies the irrelevance of Tyr me-
tabolites on reproductive control (fig. S3A). Oviposition requires
neuronal signaling involving octopamine secretion (51), but such a
regulatory mechanism does not appear to play a role in the fecun-
dity phenotype observed with Tyr deprivation (fig. S3A).

Kosakamoto et al., Sci. Adv. 10, eadn7167 (2024) 30 August 2024

Tyr is not a limiting nutrient in males or sterile females

The dietary requirement of Tyr is affected not only by biosynthetic
capacity but also by the consumption rate. Since egg laying is one of
the most nutrient-demanding processes that female flies undertake,
we used male flies as well as eggless female flies to test whether re-
production influences the Tyr deprivation phenotype. As expected,
neither life-span extension nor increased starvation resistance was
observed in Canton-S male flies (Fig. 3, F and G). Similarly, the loss
of reproductive ability in ovo®’ female flies completely negated the
life-span extension and starvation resistance phenotypes (Fig. 3, H
and I). Furthermore, increased protein preference was observed in
neither the male flies nor the infertile female flies (Fig. 3, ] and K).
We found that internal Tyr levels did not decrease following Tyr de-
privation in infertile flies (Fig. 3L). This result suggests that the
deprivation of the NEAA Tyr may become a limiting AA under
conditions where they face a high demand for AAs and reduced
total AA availability, highlighting a previously unidentified context-
dependent response to AA restriction. As for male flies, it has been
shown that Tyr deprivation in males decreases internal Tyr levels by
approximately 36% (26). Therefore, it is unlikely that the absence of
phenotypes in males is merely due to a lack of reduction in Tyr levels,
as observed in infertile females. Although we cannot negate the
possibility that the decrease in Tyr levels in males is not strong
enough, we suspect that the phenotypic difference between the sexes
may arise from as yet unknown causes.

Tyr regulates nutrient-sensing pathways

We then investigated the effects of dietary NEA As on nutrient-sensing
mechanisms. To assess ATF4 activity, we used a 4E-BP"""*"-dsRed
reporter, in which the ATF4-binding sequence of an intron of
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Fig. 3. Context-dependent impact of Tyr deprivation on physiology, behavior, and life span. (A and B) Life spans (A) and starvation resistance (B) of female Canton-S
flies with Tyr deprivation from day 2 in the 100% AA condition. Sample sizes (n) are shown in the figure. (C) Fecundity of female Canton-S flies with Tyr deprivation in the
100% AA condition. n = 10. (D and E) Quantification of internal levels of Tyr (D) or Phe (E) in female Canton-S flies with Tyr deprivation in the 100 or 40% AA conditions.
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are shown in the figure. (J and K) Food preference toward yeast extract compared to sucrose in male Canton-S flies (J) or female ovo®”* flies (K) after Tyr deprivation. n = 6.
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used. For all graphs except for (J) and (K), the means and SEM are shown. Data points indicate biological replicates.

eukaryotic initiation factor 4E-binding protein (4E-BP) is fused
with the red fluorescent protein (RFP) dsRed (26, 52). Among the
NEAAs, only deprivation of Tyr significantly enhanced the reporter’s
fluorescence in the abdomen, suggesting an up-regulation of ATF4
activation in the adult fat body (Fig. 4, A and B). Even Met depri-
vation failed to increase the fluorescence of the ATF4 reporter,
indicating that Tyr is a key regulator of ATF4. The adult fat body,
which is also largely distributed in the head, showed pronounced
enhancement of ATF4 reporter fluorescence with Tyr deprivation
(Fig. 4, A and C). While Asn or Met deprivation also stimulated
ATF4 activity in the head, the effect was considerably milder compared

Kosakamoto et al., Sci. Adv. 10, eadn7167 (2024) 30 August 2024

to Tyr deprivation (Fig. 4C). The careful observation revealed that
the abdominal fat body attached to the abdominal carcass exhib-
ited a marked increase in fluorescence following Tyr deprivation
(Fig. 4D). The brain displayed neither basal nor increased ATF4
reporter fluorescence following Tyr deprivation (fig. S4A). Although
baseline reporter fluorescence was observed in the gut and the
Malpighian tubules of control flies, it was not enhanced by Tyr
deprivation (fig. S4B). The ATF4 reporter activities remained un-
changed in ovo” flies under Tyr deprivation, suggesting that the
signaling activation is also dependent on reproductive activity
(Fig. 4E).
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Fig. 4. Tyr deprivation stimulates nutrient-sensing pathways. (A to C) Representative images of ATF4 reporter 4E-BP™"™"-dsRed flies (A) and its quantifications of fluorescence in
the abdomen (B) and in the head (C) with single NEAA or Met deprivations. The fluorescence between abdominal stripes on the dorsal side was quantified. n = 10. Scale bar, 1 mm.
For (C), P values with a dagger (1) indicate the statistical comparisons with Ctrl. (D) Representative images of the dorsal side of the abdominal carcass of ATF4 reporter 4E-BPMron.
dsRed flies with Tyr deprivation. Scale bars, 100 pm. (E) The quantification of the fluorescence in the abdomen of ATF4 reporter 4E-BP™""-dsRed flies with ovo®”* transgene with Tyr
deprivations. n = 10. (F to H) Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of Thor (F), CNMa (G), and scyl (H) in the abdominal carcass of female
Canton-S flies with Tyr deprivation. n = 4. (I) Representative images of whole bodies and the abdomens of fit > GFP reporter flies with Tyr deprivation. Scale bars, 1 mm. (J) The quan-
tifications of fluorescence in the abdomen of fit > GFP reporter flies with single NEAA deprivations. n = 10. (K) Quantitative RT-PCR analysis of fit in the abdomen of female Canton-S
flies with Tyr deprivation. n = 12. (L) The quantification of the fluorescence in the abdomen of fit > GFP flies with ovo®"* transgene with Tyr deprivations. n = 10. AA deprivations were
performed for 4 (A to Eand L), 10 (F to H), or 7 days (I to K) from day 2. For the statistics, one-way ANOVA with Dunnett’s multiple comparisons test (B and J), Holm-Sidak’s multiple
comparisons test (C), or a two-tailed Student’s t test (E to H, K, and L) was used. For all graphs, the means and SEM are shown. Data points indicate biological replicates.
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In the developing larva, yeast restriction or Tyr deprivation acti-
vates ATF4 and induces three target genes: Thor (an ortholog of
mammalian 4E-BP), scylla [scyl, an ortholog of mammalian regulated
in development and DNA damage responses 1 (REDDI) that suppresses
mTORC1], and CNMa (26). Similarly, in adults, the expression of all
three genes was induced by Tyr deprivation in the adult abdominal
carcass (Fig. 4, F to H), confirming ATF4 activation in the adult
fat body.

A neuropeptide hormone, FIT, has been reported to play a pivotal
role in protein satiety (45). The expression of fit in the fat body is
sensitive to dietary protein. Since Tyr deprivation increases the
feeding preference for yeast (Fig. 1P), it appears that Tyr plays a
role in the regulation of protein satiety. To investigate whether fit
expression is regulated by Tyr or other NEAAs, we visualized its
expression by using a fit-Gal4-driven green fluorescent protein
(GFP). When fit > GFP expression was tested in the fat body, GFP
fluorescence was suppressed following Tyr deprivation, especially
in the abdomen (Fig. 4, I and J). We confirmed that fit expression
of the abdominal carcass was suppressed by quantitative reverse
transcription polymerase chain reaction (RT-PCR) (Fig. 4K). The
fit > GFP reporter activities again remained unchanged in ovo™!
flies under Tyr deprivation (Fig. 4L). Our findings showed that
only Tyr and Asn, the two nutritionally maintained NEAAs, affected
the GFP expression (Figs. 4] and 2, B and J). These results suggest
that Tyr, as well as Asn, to some extent, modulate nutrient-sensing
pathways influenced by dietary protein.

To further clarify the effects of Tyr deprivation, we conducted RNA
sequencing analysis on the abdominal carcass of female flies. The depri-
vation of Tyr resulted in the altered expression of 348 genes, with 149
being up-regulated and 199 down-regulated (data S1). Gene Ontology
analysis revealed that up-regulated genes were associated with the
forkhead box, sub-group O (FoxO) signaling pathway, autophagy,
longevity-regulating pathway, and the mTOR signaling pathway,
indicating a typical DR response (Fig. 5A). We found that the ex-
pression of foxo and its target genes, Insulin-like receptor (InR) and
Ecdysone-inducible gene L2 (ImpL2), was induced by Tyr deprivation
(data S1). Other components of the insulin signaling pathway, including
Phosphoinositide-dependent kinase 1 (Pdk1) and Akt kinase (Akt), were
also up-regulated (data S1), likely as a feedback mechanism to regulate
the IIS pathway. Other up-regulated genes include Autophagy-related 17
(Atgl7), Autophagy-related 101 (Atg101), CREB-regulated transcription
coactivator (Crtc), and many mTORCI -related genes such as Repressed
by TOR (REPTOR), missing oocyte (mio), and Late endosomal/lysosomal
adaptor, MAPK and MTOR activator 2 (Lamtor2). The induction
of autophagy-related genes and mTORCI suppressor scyl suggests the
inactivation of mTORC1 signaling. We found that the Tyr deprivation
suppressed the phosphorylation of ribosomal protein S6, indicating
the down-regulation of mMTORC1 activity (fig. S5, A and B). The induc-
tion of mTORCI signaling components (mio and Lamtor2) might,
therefore, reflect the feedback response of the suppressed mTORC1
activity, similar to the case of insulin signaling.

Tyr deprivation induces cuticle-related genes and
suppresses immune responses

The other genes up-regulated by Tyr deprivation contained those pre-
dominantly expressed in the carcass or associated with chitin-binding
(data S1), such as neuropeptide-like precursor 3 (Nplp3), CG11382
(an ortholog of hornerin in other Drosophila species), CG7203 (an
ortholog of adult cuticle protein 1), CG30281 [an ortholog of microfibril
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associated protein 4 (MFAP4)], Chitin deacetylase-like 5 (Cda5),
Cuticular protein 49Ae (Cpr49Ae), and CG15784 (another ortholog
of hornerin). Since the Tyr degradation pathway is regulated in the larval
epidermis (53), Tyr might affect epidermal tissue in the adult abdomen.
The expression of three genes encoding the Tyr catabolic enzymes
Tyrosine aminotransferase (Tat), 4-hydroxyphenylpyruvate dioxygenase
(Hpd), and Glutamate oxaloacetate transaminase 2 (Got2) was down-
regulated upon Tyr deprivation (data S1). In the larval epidermis,
IIS regulates Hpd suppression upon a low protein diet, and adenosine
5’-monophosphate-activated protein kinase (AMPK) regulates Hpd in-
duction upon a high protein diet or a high Tyr diet (53). The phospho-
rylation of AMPK in adult abdominal carcass was not changed upon
Tyr deprivation (fig. S5, C and D), suggesting that AMPK is not in-
volved in the phenotypes of Tyr deprivation in adult flies.

Gene Ontology analysis of the down-regulated genes indicated
that the Toll and Imd signaling pathways are inhibited upon Tyr depri-
vation (Fig. 5B). Numerous genes encoding antimicrobial peptides,
the Turandot family of proteins, and peptidoglycan recognition
proteins were down-regulated (data S1). Paradoxically, despite the
suppression of these pathways, the immune response inducible
nuclear factor kB Relish (Rel) itself was up-regulated by Tyr deprivation.
A previous study showed that mTORC1 positively regulates Toll and
Imd signaling via nuclear localization of Rel (54). Suppression of
mTORCI signaling might be the cause of immunosuppression by
Tyr deprivation. However, the physiological relevance of the sup-
pressed immune signaling is unclear since the basal expression is
low (data S1). We also confirmed that the expression of the neuropeptide
fit was suppressed by Tyr deprivation (data S1).

Nutrient-sensing pathways interact and affect physiologies
upon Tyr deprivation

Since our RNA sequencing analysis and the fluorescent reporter
analyses suggested the involvement of the AA-sensing mechanisms
in Tyr sensing, we performed genetic experiments to clarify their
epistatic relationships. First, we confirmed that knockdown or over-
expression of ATF4 suppressed or enhanced ATF4 reporter fluo-
rescence, respectively (Fig. 5, C and D). In contrast, knockdown of
GCN2 did not suppress the reporter activity (Fig. 5C), suggesting that
the activation of ATF4 by Tyr deprivation operates independently of
GCN2, as is the case in the larval fat body (26). We also found that
activation of mTORCI1 via overexpression of Ras homolog enriched
in brain (Rheb) did not affect ATF4 reporter fluorescence (Fig. 5D).
The induction of the mTORCI1 inhibitor scyl was suppressed by ATF4
knockdown (Fig. 5F). These findings suggested that ATF4 functions
upstream of mMTORC]1, but not in the reverse direction.

Previously, mMTORC1 has been implicated in the regulation of fit,
as evidenced by the suppression of expression following rapamycin
treatment (45). To clarify whether this mechanism also applies to
our model of flies with Tyr deprivation, we attempted to restore the
decrease in fit expression. Unexpectedly, Rheb overexpression failed
to completely inhibit the diminished fluorescence of fit > GFP
caused by Tyr deprivation (Fig. 5F). Knockdown of Increased
minichromosome loss 1 (Iml1), a component of GAP Activity Toward
Rags1, which is supposed to increase mTORCI activity, slightly in-
crease the basal fluorescence of fit > GFP upon control diet, but it did
not suppress the decline of GFP fluorescence upon Tyr deprivation at
all (fig. S6A). This result suggested that the mMTORC1 activity in the fat
body did not regulate the suppression of fit during Tyr scarcity. Simi-
larly, ATF4 did not appear to play a role in fit suppression (Fig. 5F).
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Fig. 5. Epistatic relationship of nutrient-sensing pathways involved in Tyr deprivation. (A and B) Gene Ontology analysis of up-regulated (A) and down-regulated (B) genes
in the abdominal carcasses of female Canton-S flies with Tyr deprivations. (C and D) The quantifications of fluorescence in the abdomen of ATF4 reporter 4E-BP™™"_disRed flies
with Tyr deprivations. The knockdown of lacZ (control), ATF4, and GCN2 was conducted by using fat body driver Cg-Gal4 (C). The overexpression of lacZ (control), Rheb, and ATF4
was conducted by using fat body driver Cg-Gal4 (D). n = 10. (E) Quantitative RT-PCR analysis of scy/ in the abdominal carcasses of female flies with Tyr deprivation. The knock-
down of ATF4 was conducted by using fat body driver Cg-Gal4 combined with tub-Gal80®. The flies were reared at 18°C until 4 days after eclosion and transferred to 29°C while
Tyr was depleted. n = 6. (F) The quantifications of fluorescence in the abdomen of fit > GFP reporter flies with Tyr deprivation. Overexpression of Rheb, Akt, or InR”" and knock-
down of ATF4, foxo, or Akt were conducted using a fit-Gal4 driver. Canton-S was crossed with fit-Gal4 as a control. n = 10. (G and H) Representative images of ATF4 reporter 4E-
BP""_dsRed flies (G) and its quantifications of the fluorescence in the abdomen (H) with Tyr deprivations. n = 10. Scale bars, 1 mm. (I) The nutritional signaling pathways altered

by Tyr deprivation in the fat body. AA deprivations were performed for 10 (A and B), 4

(C, D, G, and H), or 7 days (E and F) from day 2. For the statistics, one-way ANOVA with

Holm-Sidak’s multiple comparisons test was used (C to F and H). For all graphs, the means and SEM are shown. Data points indicate biological replicates.

Based on transcriptome data, we next explored the involvement
of the IIS/FoxO pathway in fit regulation. Knockdown of foxo or
overexpression of Akt increased the basal fluorescence of fit > GFP
and completely blocked its decrease under Tyr deprivation (Fig. 5F).
In addition, knockdown of Akt or overexpression of the dominant-
negative form of InR decreased the basal fluorescence of fit > GFP,
regardless of dietary Tyr (Fig. 5F). These results strongly suggest that
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fit suppression is a consequence of decreased IIS and increased
FoxO activity resulting from Tyr deprivation.

The ATF4 reporter fluorescence was not suppressed by foxo
knockdown, suggesting that the FoxO does not activate ATF4
(Fig. 5, G and H). Together, our findings show that Tyr deprivation
activates ATF4 by an unknown mechanism that is independent of
GCN2, Rheb, and foxo. The activation of ATF4 may lead to the
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suppression of MTORC1 signaling via the induction scyl. Concurrently,
Tyr deprivation diminishes IIS signaling and activates FoxO, which,
in turn, suppresses the expression of the protein satiety hormone fit
(Fig. 5I). We found that D-Tyr or L-DOPA can act as a substitute L-Tyr
for the induction of fit (fig. S6B), suggesting that at least a part of the
Tyr-sensing mechanism might involve a mechanism that detects the
structural similarity, possibly the phenolic group, of Tyr. This finding
contrasts with the unchanged fecundity phenotype observed with
these compounds (fig. S3A), indicating that fecundity and nutrient-
sensing mechanisms are not necessarily interconnected.

To test whether nutrient-sensing mechanisms are essential for
the phenotypic outcomes of Tyr deprivation, we manipulated ATF4,
Rheb, and foxo expression in the fat body and assessed the effect on
starvation resistance and life span (fig. S7, A to F). We found that
neither ATF4 knockdown nor Rheb overexpression negated the in-
creases in life span and starvation resistance (fig. S7, A, C, D, and F).
Knockdown of ImlI did not abolish the increased starvation resis-
tance by Tyr deprivation, either (fig. S7G). In contrast, the knock-
down of foxo in the adult fat body suppressed the life-span extension
and mitigated the increase of starvation resistance by Tyr depriva-
tion (fig. S7, B and E). The knockdown of foxo using whole-body
driver da-Gal4 completely suppressed the enhancement of starvation
resistance, while the effect of ATF4 knockdown was limited (fig. S7H).
Thus, among multiple nutrient-responsive signaling pathways, FoxO
signaling within the fat body mainly contributes to phenotypic
changes induced by Tyr deprivation.

DISCUSSION

In this study, we described the physiological and molecular re-
sponses of adult female flies subjected to deprivations in single
NEAAs. We found that three NEAAs, Asn, Ser, and Tyr, require
dietary supplementation to maintain their internal levels, thus cate-
gorizing them as nutritionally maintained AAs. These findings
corroborate the results obtained in our previous study in Drosophila
larvae (26). Among these NEAAs, only Tyr deprivation elicits a
typical DR response in female flies, i.e., decreased fecundity, in-
creased starvation resistance, and extended life span. Dietary Tyr
influences internal Tyr levels, ATF4 activity, and fit expression.
While Asn deprivation affects fecundity and nutrient-sensing path-
ways similarly, it shortens rather than extends life span. We speculate
that a specific adaptive response may be triggered only when Tyr
is depleted, or that Asn deprivation incurs additional negative
effects, which warrants further investigation. Since the classification
of AAs has been historically based on essentiality for growth and
fecundity, the importance of dietary NEAAs has been somewhat
overlooked (55). A previous report showed that EAA/NEAA ra-
tios affect mouse life span, suggesting that a high EAA/low NEAA
diet can extend life span (56). While the focus on NEAA effects
has been limited, we must consider the ratio of individual EAAs
and NEAAs relative to total AA intake. The ingestion of NEAAs
has been reported to suppress feeding behavior while increasing
exploration in mice (57). This behavioral change is mediated by
hypothalamic orexin/hypocretin neurons, which are activated by
NEAAs but not EAAs (57, 58). It has also been shown that inges-
tion of NEAAs, rather than EAAs, can increase pancreatic growth
and protease production in rats (59). These results suggest that
the contribution of dietary NEAAs can, in some cases, surpass
that of dietary EAAs. Considering the accumulating evidence of
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NEAA function in various physiologies, the importance of NEAAs
should be reevaluated (55). Nevertheless, the negative impacts of
NEAA deprivation on fecundity and life span are almost negli-
gible or much less than those of EAAs. Focusing on dietary intake
and metabolism of NEAAs offers a potentially promising avenue
to delay aging, extend life span, and modulate feeding behavior
with minimal negative effects on organismal growth and reproduction.

Although p-Tyr or L-DOPA cannot ameliorate the reduction in
fecundity caused by Tyr deprivation, they restored decreased fit ex-
pression. This result implies that Tyr can function both as a build-
ing block and a signaling molecule that activates nutrient-sensing
pathways. Although the precise mechanism underlying Tyr sensing
remains to be elucidated, structural recognition of Tyr might be
important for the stimulation. The neuropeptide FIT, which has
been identified as the protein satiety hormone, is predominantly
expressed in female flies (45). Our findings showed that the regula-
tion of fit expression is dependent on the IIS/FoxO pathway. The
transcriptome analysis consistently showed the induction of foxo
and its target genes upon Tyr deprivation. It has been shown that
FIT stimulates insulin-producing cells in the brain, changing their
activity (45). The suppression of FIT can act as a feed-forward
mechanism to inhibit IIS by interorgan communication, although
the contribution of this neuropeptide to IIS activity and physio-
logical traits, including life-span regulation, requires further clari-
fication.

Tyr acts as a precursor of melanin, which plays a role in the
encapsulation of pathogens (60). The process of melanization is
also a characteristic phenomenon that occurs in the cuticles of
adults. The up-regulation of several genes associated with cuti-
cle function in the transcriptome analysis may represent an adap-
tive response to the scarcity of Tyr or its metabolites. It has been
shown that the homeostasis of adult epidermal tissue declines
during aging (61). While the contribution of cuticle function to
life-span regulation is not well understood, the integrity of the
cuticle as the outermost barrier could be important for maintaining
organismal health.

Supplementation of the diet with Tyr has been demonstrated
to prolong the life span of Drosophila (62). Given that Tyr is a
precursor for neurotransmitters such as dopamine, restoring the
decreased dopamine levels during aging might be crucial for ex-
tending the life span (62). Although our present study did not
directly investigate the effect of Tyr deprivation on dopamine lev-
els, inactivation of IIS and mTORCI signaling in peripheral tissues
by Tyr deprivation could potentially suppress organismal aging,
thereby eventually counteracting the decrease in age-related dopamine
loss. High Tyr intake can be beneficial for healthy individuals, but
when degradation pathways are suppressed, Tyr can become cytotoxic
due to its low solubility (53, 63-65). Several reports have shown
that high Tyr levels in circulation increase the risk of diabetes and
obesity (66-69). Consequently, it is important to test the effects of
high or low Tyr levels on the promotion of health span in different
contexts. This nuanced effect is similar to that reported for the
effects of BCAAs (21, 70). While some studies have suggested that
the restriction of BCAAs can extend life span (14, 21, 22), other
studies have shown that supplementation with BCAAs can extend
life span (71, 72). Therefore, careful and quantitative analysis of
AA restriction or AA supplementation on health and diseases in
various contexts is necessary for developing dietary interventions
to improve animal and human health span.
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MATERIALS AND METHODS

Drosophila stocks and husbandry

Flies were reared on a standard yeast-based diet containing 4.5%
cornmeal (Nippn Corporation), 6% brewer’s yeast (HB-P02, Asahi
Breweries), 6% glucose (Nihon Shokuhin Kako), and 0.8% agar (S-6,
Ina Food Industries) with 0.4% propionic acid (FUJIFILM Wako Pure
Chemical Corporation, 163-04726) and 0.15% butyl p-hydroxybenzoate
(FUJIFILM Wako Pure Chemical Corporation, 028-03685). Flies were
maintained at 25°C. To ensure synchronized development and con-
stant density, embryos were collected using agar plates (2.3% agar, 1%
sucrose, and 0.35% acetic acid) with a live yeast paste. _

The fly lines used in this study were Canton-S, w”" (13), 4E-BP"""-
dsRed (52), fit-Gal4 (45), Cg-Gal4 [Bloomington Drosophila Stock
Center (BDSC), 7011], da-Gal4 (26), UAS-2xEGEP (BDSC, 6874),
UAS-lacZ-RNAi (from Richard Carthew, backcrossed eight times
with w"$) UAS-ATF4-RNAi [Vienna Drosophila Resource Center
(VDRC), 109014, backcrossed eight times with weanton-S) UAS-foxo-
RNAi (BDSC, 32429), UAS-Akt-RNAi (BDSC, 33615), UAS-ATF4
(FlyORE, F000106), UAS-Rheb (BDSC, 9689, backcrossed eight times
with w*"5), UAS-Akt (BDSC, 8191), UAS-InR”" (BDSC, 8253),
UAS-Iml1-RNAi (BDSC, 57492), UAS-ImlI-RNAi (VDRC, 110386),
tub-Gal80"” (BDSC, 7017), and ovo"' (BDSC, 1309).

Dietary manipulations

The ingredients of the holidic medium used in our study were pre-
viously published (17). Unless noted, the total amount of AAs was
adjusted to 40% of that found in the original exome-matched diet (73).

Life-span analysis

Adult flies were allowed to mate for 2 days after eclosion in a bottle.
Subsequently, 30 female or male flies were allocated to vials containing
holidic medium. Six vials containing 30 flies each were prepared for
each condition. The flies were maintained at 25°C under 60% humidity
and a 12-hour light:12-hour dark cycle. Flies were transferred to
fresh vials every 3 to 4 days, and the number of dead or censored
flies was counted.

Starvation resistance assay

Similar to the procedure for life-span analysis, adult flies were placed
in vials with a specific diet 2 days after eclosion. Three vials containing
30 flies each were prepared for each condition. After 1 week, flies
were transferred to vials containing 1% agar, and the number of
dead flies was counted.

Fecundity analysis

Similar to the procedure for life-span analysis, at 2 days after eclosion,
17 female flies and 17 male flies were placed in vials containing a spe-
cific diet. Two vials containing a total of 34 flies per vial were prepared
for each condition. After 1 week, flies were anesthetized quickly with
CO; and reallocated to 10 vials containing each diet with three females
and three males per vial. After 24 hours, the number of eggs laid on
the medium was manually counted.

Imaging analysis

To analyze ovary size, dissected ovaries were placed in phosphate-
buffered saline (PBS) on a silicone pad. Images were captured using a
fluorescence stereomicroscope (Leica Microsystems GmbH, MZ10F).
The area of the ovary from the top view was measured using the Fiji
software (74). For whole-body reporter fluorescence, flies were
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immobilized on a CO; pad, and the RFP or GFP fluorescence images
were captured using a fluorescence stereomicroscope (Leica Micro-
systems GmbH, MZ10F). To analyze ATF4 reporter fluorescence in
the abdomen, flies were imaged from the lateral side to minimize the
interference of the basal fluorescence in the gut and Malpighian tu-
bules. A region between stripes of the dorsal abdomen was selected
as a region of interest (ROI), and the fluorescence was quantified us-
ing Fiji software (74). To analyze the ATF4 reporter fluorescence in
the head, the region adjacent to the eyes was selected as the ROI, and
the fluorescence was quantified using Fiji software (74). The expres-
sion level of the fit > GFP reporter was quantified by measuring the
fluorescence of the entire abdomen, delineated by elliptical selections
using the Fiji software package (74).

For a more detailed analysis of reporter expression, tissues from
adult flies were dissected in PBS and fixed with 4% paraformaldehyde
in PBS. After fixation for 20 min at room temperature (RT), the sample
was washed multiple times with PBST buffer (0.1% Triton X-100
with PBS) and incubated for at least 2 hours at RT in Hoechst 33342
(diluted to 0.4 mM; Invitrogen, H3570) at 1:100. After washing, tissues
were mounted in 80% glycerol and observed under a confocal micro-
scope (Leica Microsystems GmbH, TCS SP8).

Measurement of metabolites

Metabolites were measured by ultraperformance liquid chromatog-
raphy-tandem mass spectrometry (LCMS-8050/LCMS-8060NX,
Shimadzu Corporation) following the protocol outlined in the Primary
metabolites package ver. 2 (Shimadzu Corporation) (26, 75). Four
whole bodies of female flies were homogenized in 160 pl of 80%
methanol containing 10 pM internal standards (Met sulfone and
2-morpholinoethanesulfonic acid). After centrifugation at 15,000g
and 4°C for 5 min, 150 pl of supernatant was mixed with 75 pl of
acetonitrile and deproteinised. After centrifugation at 20,000g and
4°C for 5 min, the supernatant was applied to a prewashed 10-kDa
centrifugal filter device (Pall Corporation, OD010C35). The flow-
through from this step was completely evaporated using a centrifugal
concentrator (TOMY SEIKO Co. Ltd., CC-105). The dried samples
were reconstituted in ultrapure water and injected into the LC-MS/
MS with a pentafluorophenylpropyl column [Discovery HS F5 (2.1 mm
by 150 mm, 3 pm), Sigma-Aldrich Co. LLC] maintained at 40°C in
the column oven. A gradient transition from solvent A (0.1% formic
acid and water) to solvent B (0.1% formic acid and acetonitrile) for
20 min was used to separate solutes. The multiple reaction monitor-
ing parameters were optimized by the injection of the standard solu-
tion, with peak integration and parameter optimization performed
using LabSolutions software (Shimadzu Corporation). The mass spec-
trometry raw data generated in this study have been deposited in the
DNA Data Bank of Japan (DDBJ) MetaboBank under accession codes
MTBKS238, MTBKS239, MTBKS240, and MTBKS241 (https://ddb;j.
nig.ac.jp/public/metabobank/study/). The mass spectrometry data
generated in this study are provided in data S2.

Feeding assay

A two-choice test on a petri dish was adapted from a previously es-
tablished protocol (76). Adult flies were placed in vials containing a
specific diet at 2 days after eclosion. Six vials containing 30 flies each
were prepared for each condition. After 1 week, flies were transferred
to vials containing 1% agar. To prepare the assay plate, four 2 cm-
by-2 cm filter papers (No. 50, Advantec CO. LTD.) were placed sepa-
rately on the 100-mm petri dishes. Two of the papers were soaked
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with 150 pl of Milli-Q water. The remaining two papers were treated
differently: one was soaked with a 150-pl solution of a 1% yeast ex-
tract and brilliant blue (0.125 mg/ml; FUJIFILM Wako Pure Chemical
Corporation, 027-12842) and the other was soaked with a 150-pl
solution of 5 mM sucrose and acid red 52 (0.25 mg/ml; FUJIFILM
Wako Pure Chemical Corporation, 018-10012). After starvation for
24 hours, the flies were briefly anesthetized by cooling to 4°C for
10 min and then transferred to the assay plate. The plate was covered
with aluminum foil and placed in an incubator at 25°C at 60% humidity
for 2 hours. Subsequently, the plate was collected and placed in a
freezer at —30°C for at least 2 hours. The color of the abdomen was
classified as blue, purple, or red. The preference index (PI) for yeast
was calculated as follows: PI [blue] = {N (blue) — N (red)}/{N (blue) + N
(purple) + N (red)}. Vials with more than 30% colorless flies were
excluded from the analysis.

RNA sequencing analysis and quantitative RT-PCR analysis
For RNA sequencing analysis, we dissected abdominal carcasses con-
taining abundant fat bodies from 10 female individuals. Gut, Malpighian
tubules, and ovaries were carefully removed from the abdomen to pre-
vent contamination. Total RNA was purified from the samples using a
ReliaPrep RNA Tissue Miniprep kit (Promega Corporation, z6112).
Four samples were prepared for each experimental group. Library
preparation was performed by the RIKEN BDR Technical Support Fa-
cility using an Illumina Stranded mRNA Prep Ligation kit (96 samples)
(Ilumina K.K., 20040534) and IDT for Illumina RNA UD Indexes Set
A Ligation kit (Illumina K.K., 20040553). The optimal number of PCR
cycles was determined by real-time PCR using KAPA SYBR FAST
qPCR Master Mix (F Hoffmann-La Roche Ltd., KK4603). The library
quality was verified using the TapeStation HS D1000 assay. The library
samples were forwarded to AZENTA for RNA sequencing using an
[lumina HiSeq X (Illumina K.K.). The paired-end 150-base pair
sequence data were analyzed as follows: A quality check of the raw
reads was performed by FastQC (v0.12.1) (77) and MultiQC (v1.14)
(78). The raw reads were then filtered to remove the adaptors and low-
quality bases using Trim Galore (v0.6.10) (79). Filtered reads were
aligned to the Drosophila genome (BDGP6.46) using Hisat2 (v2.2.1)
(80). The read counts were calculated using StringTie (v2.2.1) (81).
Differentially expressed genes were identified using edgeR (v4.0.6)
(82). RNA sequencing data have been deposited at the DDBJ under
accession number PRJDB17577.

For quantitative RT-PCR analysis, total RNA was purified from
the abdominal carcasses of five adult female flies, as described above,
using a ReliaPrep RNA Tissue Miniprep kit (Promega Corporation,
26112). The cDNA was synthesized from 400 ng of deoxyribonuclease-
treated total RNA using the ReverTra Ace Master Mix (Toyobo Co.
Ltd., FSQ-201). Quantitative RT-PCR was performed using Taq Pro
Universal SYBR qPCR Master Mix (Vazyme Biotech Co. Ltd., Q712-
02-AA) and qTOWER3 G (Analytik Jena GmbH+Co. KG) using RNA
pol2 as an internal control. Primer sequences are listed in table S1.

Western blot analysis

The abdominal carcass from eight female flies was dissected in PBS
and homogenized in 50 pl of radioimmunoprecipitation assay bufter
(FUJIFILM Wako, 188-02453) supplemented with protease inhibi-
tor (FUJIFILM Wako, 165-26021) and phosphatase inhibitor cocktails
(Roche, 4906845001). The supernatant was collected after cen-
trifugation, and the protein amount was quantified by BCA assay
(FUJIFILM Wako, 164-25935). The samples were mixed with 6x
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
(Nacalai, 09499-14), and 10-pg proteins were subjected to stan-
dard SDS-PAGE. Gels were transferred to the polyvinylidene difluoride
membrane and blocked by EveryBlot blocking buffer (Bio-Rad,
12010020). Primary antibodies used in the study were anti—a/p-tubulin
(1:1000 dilution; Abcam, ab44928), anti-histone H3 (1:1000 dilu-
tion; CST, 1B1B2), anti-phospho-S6 [1:2000 dilution (26)], anti-
phospho-AMPKa (1:500 dilution; CST, 2535S), and anti-total AMPKa
(1:200 dilution; CST, 2532S). Horseradish peroxidase (HRP)-
conjugated secondary antibodies were anti-mouse immunoglobulin G
(IgG), HRP-linked antibody (1:1000 dilution; CST, 7076S) and anti-
rabbit IgG, HRP-linked antibody (1:1000 dilution; CST, 7074S).
The signals were visualized by chemiluminescence using Immobi-
lon (Millipore, WBLUF0100) and detected by Amersham Im-
ageQuant 800 (Cytiva).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 (MDF
Co. Ltd.). The sample size was determined empirically. To eliminate
biological bias, the flies were randomly distributed onto each diet.
All data points were biological, not technical, replicates. No data
were excluded. Since the experiment planner (H.K.) and the experi-
menter were the same person, most experiments were not conducted
in a blinded manner. For the experiments on life span with depriva-
tions of specific NEAAs, a different person (R.O.) conducted the
experiments without prior bias. An unpaired and two-sided Stu-
dent’s t test was used to compare samples. One-way analysis of variance
(ANOVA) with Holm-Sid4k’s multiple comparisons test was used to
compare groups. One-way ANOVA with Dunnett’s multiple com-
parisons test was used to compare against a control sample. All ex-
perimental results were repeated at least twice to confirm reproducibility.
Bar graphs are drawn as the means and SEM.

Supplementary Materials
The PDF file includes:

Figs.S1to S7

Table S1

Legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data S1and S2
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