University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Martelli, F;Lin, J;Mele, S;Imlach, W;Kanca, O;Barlow, CK;Paril, J;Schittenhelm,
RB;Christodoulou, J;Bellen, HJ;Piper, MDW;Johnson, TK

Title:
Identifying potential dietary treatments for inherited metabolic disorders using
Drosophila nutrigenomics

Date:
2024-03-26

Citation:

Martelli, F., Lin, J., Mele, S., Imlach, W., Kanca, O., Barlow, C. K., Paril, J., Schittenhelm,
R. B., Christodoulou, J., Bellen, H. J., Piper, M. D. W. & Johnson, T. K. (2024). Identifying
potential dietary treatments for inherited metabolic disorders using Drosophila
nutrigenomics. Cell Reports, 43 (3), https://doi.org/10.1016/j.celrep.2024.113861.

Persistent Link:
https://hdl.handle.net/11343/351872

License:
CC BY-NC-ND


CC%20BY-NC-ND

Cell Reports

Identifying potential dietary treatments for inherited
metabolic disorders using Drosophila nutrigenomics

Graphical abstract

2. Two diet AAD model screen
for strong interactions

1. 35 fly models for
human AAD

3. Nutrigenomics
for Isolated Sulfite
Oxidase Deficiency model

;rogeri - l. 1 u am

=5 > 0% Cysteine
Synthetic Sugar-Yeast -
Disruption cassette L‘ | PP Il I 1

|
— e |
= l R~y
‘-_‘ Phenotyping panel \)) v
AADlGene @ \D {

o—s G —r
- Lifespan {

‘D{IP RIP
Truncated o
10 20 30 40 50

protein Time after eclosion (days)

100

Survivorship (%)
a N
3 3

o
3
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e Many inherited metabolic disorders lack effective treatments

e 35 Drosophila models of these disorders are screened for diet
interactions

e A nutrigenomic array is applied to flies with isolated sulfite
oxidase deficiency

e Cysteine depletion restores physiological and metabolic
health in the disease model
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In brief

Martelli et al. use the fruit fly Drosophila to
find dietary interventions for a large group
of genetic disorders causing significant
childhood mortality. They show that
adjusting specific nutrients restores
health and survival in a representative
disorder. These findings may lead to
targeted dietary therapies for patients.
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SUMMARY

Inherited metabolic disorders are a group of genetic conditions that can cause severe neurological impair-
ment and child mortality. Uniquely, these disorders respond to dietary treatment; however, this option re-
mains largely unexplored because of low disorder prevalence and the lack of a suitable paradigm for testing
diets. Here, we screened 35 Drosophila amino acid disorder models for disease-diet interactions and found
26 with diet-altered development and/or survival. Using a targeted multi-nutrient array, we examine the inter-
action in a model of isolated sulfite oxidase deficiency, an infant-lethal disorder. We show that dietary
cysteine depletion normalizes their metabolic profile and rescues development, neurophysiology, behavior,
and lifelong fly survival, thus providing a basis for further study into the pathogenic mechanisms involved in
this disorder. Our work highlights the diet-sensitive nature of metabolic disorders and establishes Drosophila
as a valuable tool for nutrigenomic studies for informing potential dietary therapies.

INTRODUCTION

Inherited metabolic disorders (IMDs) are a large and heteroge-
neous group of more than 1,000 rare genetic diseases with a
global prevalence of 50.9 cases per 100,000 live births."* The
largest class of IMDs is the amino acid disorders (AADs), which
affect the metabolism and transport of amino acids." AADs
commonly present with metabolic crises in infancy, with symp-
toms such as feeding difficulty, metabolic acidosis, hyperammo-
nemia, and coma. If not detected and treated promptly, the most
severe forms of AADs can lead to progressive neurodegenera-
tion, motor deficits, and mortality shortly after birth. "

In contrast to most monogenic diseases, AADs are widely re-
garded as potentially treatable conditions.” This is because tissue
metabolite levels, which are disrupted in AADs, are detectable
and can be influenced by dietary manipulations.®>® Successful di-
etary treatment is illustrated by the most prevalent AAD, phenyl-
ketonuria, where implementation of a phenylalanine-restricted
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diet prevents newborns from neurodevelopmental complica-
tions.” However, close to 60% of AADs have no current effective
treatment,” and as AADs are rare conditions, in most cases, sys-
tematic trials of any recommended dietary treatments are difficult
to achieve. It therefore remains a significant challenge to reduce
the pediatric morbidity and mortality associated with AADs.’

Laboratory animals have been utilized to model many meta-
bolic diseases including AADs.®'? Mouse models have been
the preferred system, partially due to close genetic and physio-
logical traits with humans. For example, over 30 mouse models
have been created and used to dissect AAD mechanisms.'®
Very few of these studies, however, have focused on evaluating
dietary treatments because of the cost and time associated with
complex large-scale feeding trials with mice and the challenges
associated with manufacturing nutrient-varied semi-synthetic
diets.

An animal well suited to study nutrigenetic interactions in dis-
ease models is the fruit fly Drosophila melanogaster.'® In addition
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Table 1. Summary of Drosophila AAD models

DIOPT
Human orthology
gene Fly gene® score® Disorder name OMIM® Disease severity Clinical symptoms
SLC1A3  Eaatl 10 glutamate aspartate transporter 612656 mild ataxia®®
deficiency
SLC1A2 Eaat2 12 astroglial glutamate aspartate 617105 moderate seizures, delayed psychomotor
transporter deficiency development, hypotonia®*
BCAT2 Bcat 14 branched-chain aminotransferase 618850 asymptomatic/ developmental delay”
2 deficiency mild
BCKDHA CG8199 13 maple syrup urine disease 246900 severe brain edema, coma,
(E1a deficiency) encephalopathy, lethargy,
psychomotor delay®®
DBT Dbct 14 maple syrup urine disease 248600 severe brain edema, coma,
(E2 deficiency) encephalopathy, lethargy,
psychomotor delay®®
DLD CG7430 15 dihydrolipoamide dehydrogenase 246900 severe hypotonia, liver failure,
deficiency/E3 deficiency microcephaly, myopathy?”
MCCC2 Mccc2 14 3-methylcrotonyl-CoA 609014 severe psychomotor delay, myopathy?®
carboxylase 2 deficiency
HIBCH Hibch 13 3-hydroxyisobutyryl-CoA 610690 severe psychomotor delay, hypotonia,
hydrolase deficiency encephalopathy?®
VD CG6638 15 isovaleryl-CoA dehydrogenase 243500 severe coma, encephalopathy, feeding
deficiency difficulties, lethargy™°
HIBADH CG15093 14 3-hydroxyisobutyrate 608475 asymptomatic/ psychomotor delay, muscle
dehydrogenase deficiency mild weakness®'
AUH cG8778 13 3-methylglutaconyl-CoA hydratase 600529 moderate psychomotor delay>”
deficiency
ECHS1 Echs1 15 mitochondrial short-chain enoyl-CoA 616277 severe psychomotor delay, hypotonia,
hydratase 1 deficiency encephalopathy®®
HMGCL Hmgcl 14 3-hydroxy-3-methylglutaryl-CoA 613898 moderate psychomotor delay, intellectual
lyase deficiency disability>*
GPT2 CG1640 13 glutamate pyruvate transaminase 2 616281 moderate psychomotor delay, intellectual
deficiency disability, spastic paraplegia®®
GLS GLS 14 glutaminase deficiency 618328 severe seizures, encephalopathy,
brain edema®®
GLUL Gs2 14 glutamine synthetase deficiency 610015 severe encephalopathy, seizures,
hypotonia®”
GLDC CG3999 14 non-ketoic hyperglycinemia 605899 severe hypotonia, seizures, intellectual
disability, apnea®®
PHGDH CG6287 14 3-phosphoglycerate dehydrogenase 601815 severe microcephaly, epilepsy, seizures,
deficiency psychomotor delay®’
SHMT2 Shmt 8 mitochondrial serine 619121 severe developmental delay, intellectual
hydroxymethyltransferase deficiency disability*®
DHTKD1  CG1544 15 Charcot-Marie-Tooth disease 614984 mild muscle weakness”’
type 2Q
KMO Cn 14 kynurenine-3-hydroxylase deficiency 603538 mild metabolic*?
HYKK CG31751 13 hydroxylysinuria 236900 mild intellectual disability
HGD Hgo 15 alkaptonuria 203500 mild arthritis, ochronosis, urine
darkening™®
HPD Hpd 15 4-hydroxyphenylpyruvate 276710 moderate intellectual disability, seizures**
dioxygenase deficiency/tyrosinemia
type lll
PAH hn 14 phenylketonuria 612349 moderate intellectual disability, epilepsy*”
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Table 1. Continued
DIOPT
Human orthology
gene Fly gene® score® Disorder name OMIM® Disease severity Clinical symptoms
ALDH18A1 P5CS 10 3-1-pyrroline-5-carboxylate 138250 moderate psychomotor delay, hypotonia/
synthase deficiency cutis laxa*®
PRODH SIgA 15 hyperprolinemia type | 239500 mild developmental delay, intellectual
disability, psychiatric symptoms*”
ETHE1 CG30022 14 mitochondrial sulfur dioxygenase 602473 severe psychomotor delay, hypotonia,
deficiency seizures
MAT2A Sam-S 14 methionine adenosyltransferase I 601468 mild thoracic aortic aneurysms*®
deficiency
SUOX shop 15 isolated sulfite oxidase deficiency 272300 severe seizures, encephalopathy,
microcephaly*®
MOCS2B Mocs2b 10 molybdenum cofactor deficiency 603708 severe encephalopathy, seizures,
hypotonia®®
SLC25A15 CG1628 14 mitochondrial ornithine transporter 603861 moderate developmental delay, seizures,
deficiency intellectual disability®"
SLC25A13 aralarl 12 citrin deficiency 603859 moderate developmental delay, liver
dysfunction, psychiatric symptoms®?
ASL Argl 12 argininosuccinate lyase deficiency 608310 severe failure to thrive, seizures, coma®®
ARG1 arg 13 arginase deficiency 608313 moderate seizures, developmental delay,

intellectual disability®*

8Gene symbol according to Flybase (http://flybase.org).

PDIOPT: score is out of 15. DRSC integrative ortholog prediction tool v.8 (https://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl).*>®
°OMIM: identifier. Online Mendelian Inheritance in Man (https://www.omim.org).

to their genetic tractability, a key benefit is that Drosophila can be
reared quickly, permitting large cohorts of genetically similar in-
dividuals to be surveyed across an array of different conditions at
a relatively low cost.'* These features, coupled with the recent
development of a defined fully synthetic diet that allows for the
complete manipulation of its composition,'® enable exploration
of genotype-nutrient interactions at high resolution.

Drosophila have been previously used to study AADs, owing to
the extensive conservation between flies and humans in the up-
take, transport, metabolism, and usage of amino acids.'® For
example, fly models for maple syrup urine diseases'® and hyper-
prolinemia type I'” and type II"® have been used to investigate the
molecular basis and the pathogenic mechanisms of these disor-
ders. Flies harboring a mutation in the delta-1-pyrroline-5-carbox-
ylate dehydrogenase (P5CDh) gene were the first to correlate loss
of P5CDh function, mitochondrial defects, increased levels of
proline, and intellectual disability in hyperprolinemia type I."®
Similar valuable insights have been gained with a model of iso-
lated sulfite oxidase deficiency (ISOD), which recapitulates the
high levels of sulfite seen in patients, revealing that larval locomo-
tor deficits were the result of a metabolic dysregulation in en-
sheathing glial cells.’

Despite these advantages, Drosophila has not been used to
systematically explore dietary compositions that may be benefi-
cial for patients with metabolic diseases. Here, we describe a
low-cost nutrigenomic pipeline for revealing disease-nutrient in-
teractions of potential clinical value using Drosophila, focusing
on the treatment of AADs. We generated a catalog of 35 fly
AAD models and assessed their survival and developmental pro-

gression raised on both a standard sugar-yeast (SY) diet and a
synthetic diet.”® Our data describe strong loss-of-function phe-
notypes for our models and reveal that many are diet sensitive,
suggesting that therapy may be possible through precision nutri-
tion. We used a multi-nutrient array to dissect the nutritional ba-
sis of the diet response for a model of ISOD, a severe AAD
affecting sulfur amino acid metabolism. These experiments iden-
tified nutrient compositions that restored physiology and meta-
bolic profiles close to the control state, thus pointing to a poten-
tial new dietary therapy for this disorder. Our work establishes
Drosophila as an animal model for disease nutrigenomics, with
the goal of expanding the treatment options available to patients.

RESULTS

A screen for diet-responsive AADs in Drosophila

The Drosophila genome contains single highly conserved ortho-
logs for 81 of the 114 AAD-causing human genes currently
known.'® We prioritized these based on human AAD severity,
excluding those commonly reported as benign, and created a
catalog of loss-of-function mutant lines representing 35
Drosophila AAD models (Tables 1 and S1A). For genetic back-
ground consistency, the majority of these models (32/35) were
generated using a Minos-mediated cassette exchange system
or its CRISPR-mediated revision'??? to disrupt endogenous
gene expression and instead express the yeast transcription fac-
tor GAL4 (Table S1A). Alleles for the remaining three genes were
made via CRISPR-Cas9 mutagenesis, with one sourced from a
previous study.’
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Figure 1. A screen of 35 AAD fly models for phenotypic dietary responses
(A) The two-diet screen experimental design. Flies heterozygous for loss-of-function alleles (disruption cassette) in human AAD-causing orthologs (red eyed) are
mated and homozygous or hemizygous progeny (eventually white eyed) transferred to synthetic or sugar-yeast (SY) media. Time from egg to pupariation and to

adult and survivorship were determined. Controls (AAD/+) were obtained by mating heterozygous AAD females and +/+ (w'"'8)

males.

(B) Egg-to-adult survival of fly AAD models in response to SY and synthetic diets. Data points represent the mean + 1 SD of five replicate vials (dot plots) of 20
individuals per replicate. Two-way ANOVA, Sidak’s multiple comparisons test (*adjusted p value [ad] p] < 0.05, **adj p < 0.01, and ***adj p < 0.001).
(C) AAD-causing fly orthologs with loss-of-function phenotypes (survival and timing of developmental progression) that change significantly in response to diet

(SY and synthetic).

To reveal fly AAD models with phenotypes modifiable by
diet, we devised a two-diet screen using both a standard SY
fly medium and a recently devised synthetic complete medium
that fully supports the preadult period'>*® (Figure 1A). The SY
medium is widely used in Drosophila research and is based on
natural ingredients, sugar, and yeast (Table S2). In contrast, the
synthetic medium is chemically defined, allowing for manipula-
tion of individual nutrients, including each of the 20 proteino-
genic amino acids (Table S2). Based on the nature of the
generated alleles and the AADs they represent, we expected

4 Cell Reports 43, 113861, March 26, 2024

that many would be lethal when homozygous or would show
developmental delays, and therefore we used these traits to
look for diet-genotype interactions. When raised on the SY
diet, 33/35 (94%) AAD models showed a significant develop-
mental delay in comparison to their respective controls (het-
erozygous animals [AAD/+], or +/+ [w'?"® strain] if X-linked),
and 24/35 (68%) significantly impacted survival, including 11
that were lethal, with 6 arresting at prepupal stages
(Table S1B). On the synthetic diet, 29/35 (83%) AAD models
were significantly delayed in development relative to controls,
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and 27/35 (80%) showed reduced survival, including 12 that
were lethal (Table S1B). Together, all of the AAD models we
tested showed a significant impairment in at least one of the
four traits tested.

Comparing across the two diets revealed striking phenotypic
differences among the AAD models. For developmental delay,
21/35 (60%) of the AAD models showed a significant response
to diet (Figures S1 and S2; Table S1B). For survival, 12/35
(34%) of the AAD fly models were significantly affected by diet
(Figures S1 and S2), with 9 of these impacting egg-to-adult
viability, causing at least a 20% difference in mean adult survi-
vorship between dietary conditions (Figures 1B and 1C;
Table S1B). Overall, significant diet interactions were observed
for 25/35 (71%) of the AAD models (Figures 1C, S1, and S2).
Notably, 3 AAD models showed significant diet-genotype inter-
actions for all of the four traits measured: CG75093 (human or-
tholog HIBADH-3-hydroxyisobutyrate dehydrogenase defi-
ciency), shop (human ortholog SUOX-isolated sulfite oxidase
deficiency), and Argl (human ortholog ASL-argininosuccinate
lyase deficiency) (Figure 1C; Table S1A). CG15093 and shop
diet responses were most striking, showing normal survival on
SY medium and near or complete lethality on the synthetic diet
(Figure 1B). Given that the 25 diet-responsive AAD models cover
many critical and distinct metabolic pathways (e.g., branched-
chain amino acids, cysteine and methionine, and the urea cycle),
our results suggest that the diet-metabolism interaction may be
widely exploitable for diet-based therapy.

Nutrient-disease interactions revealed by nutrigenomic
analysis in a Drosophila 1ISOD model

By using the synthetic diet for our initial screen, we had an oppor-
tunity to explore the nutritional bases of the diet-responsive fly
AAD models. As a proof of concept, we chose to focus on
shop, as it represents a previously validated model of ISOD.?
In its classic form, ISOD is a severe condition that causes sei-
zures, feeding difficulties, progressive microcephaly, and intel-
lectual disability, with patients usually dying within the first year
of life.°” ISOD is caused by the accumulation of neurotoxic me-
tabolites including sulfite, thiosulfate, and S-sulfocysteine result-
ing from failure at the final step in catabolism of the sulfur-con-
taining amino acids (methionine and cysteine)®®°° (Figure 2A).
Methionine (Met) is an essential dietary nutrient and precursor
for cysteine (Cys) biosynthesis, with input from the non-essential
amino acid serine (Ser) (Figure 2A).

In order to understand whether manipulation of these three di-
etary amino acids could restore health to the ISOD flies, we
tested an array of 75 diets comprising their three-way dose-re-
sponses (5 [Cys] x 5 [Ser] x 3 [Met] doses; Figure 2B;
Table S1C). We found that depleting Met, Ser, and Cys individu-
ally or in combination rescued the lethality of the shop mutation
to varying extents, resulting in viable adults (Figure 2B;
Table S1C). Interestingly, we detected significant interactions
between all three amino acids, and also between Ser and Cys,
indicating that these nutrients have synergistic effects on the
ISOD model disease state (Table S1D). These diet effects were
specific for sulfur-containing amino acids, as depletion of other
amino acids such as phenylalanine and tyrosine yielded no
benefit to ISOD flies (Figure S4). Cys depletion had the largest
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single-nutrient effect, with normal adult survival observed when
Cys alone was depleted (Figure 2C; Table S1C). The develop-
mental timing of shop mutants reared on 0% Cys was also
rescued, and notably, the timing of control flies was unaffected
by the Cys-free diet (Figure 2D). By transferring shop individuals
at intervals during the larval stage from the complete to the Cys-
free media, we further narrowed the critical treatment window for
full adult survivorship to the first 6 days of larvalhood (Figure 2E).
Thus, larval Cys restriction is necessary and sufficient to restore
viability in shop mutants. Given this remarkable restoration of
development and viability, we used the 0% Cys diet for subse-
quent experiments.

Metabolic basis of Drosophila ISOD dietary rescue
Having established the importance of the Cys-free diet to the
ISOD model larvae, we were in a position to ask how the diet
shifts shop metabolism during this stage. For this, we per-
formed untargeted metabolomics on 5-day-old shop and
control larvae raised on either 100% or 0% Cys. Principal-
component analysis on the 1,381 putatively identified metab-
olites (Table S1E) distinguished the ISOD disease state from
controls on the same diet (Figure 3A). Remarkably, shop mu-
tants reared on 0% Cys had restored metabolite levels,
grouping tightly among the control samples that were raised
on the same diet and notably separated from the ISOD
disease state. Indeed, the largest responses across the 921
significantly affected metabolites (ANOVA p < 0.05) were
those in the shop mutant samples between the diets
(Figures 3B and S4; Table S1E). An enrichment analysis on
shop larvae reared on 0% Cys in comparison to 100% Cys re-
vealed a reduction in pathways related to urea cycle and
ammonia recycling, and an increase in energy pathways
such as fatty acid biosynthesis and B-oxidation, potentially
indicating a general restoration of energy homeostasis (Fig-
ure S5). As might be expected, control larvae on the 0%
Cys diet showed general reductions in Cys metabolism and
related pathways (e.g., taurine) and modest elevations in cen-
tral energy generation (e.g., citric acid cycle; Figure S5).
Among the metabolites that differed in the shop larvae between
diets, we found strong reductions in neurotoxic metabolites that
are also markers of the disease in patients such as thiosulfate
and S-sulfocysteine® (Figure 3B). High levels of glutathione-sul-
fite were detected in mutants raised on a 100% Cys diet, suggest-
ing an effort to sequester excess sulfite for detoxification®' (Fig-
ure 3B). Additionally, we detected elevated sulfonic acid, a
byproduct of sulfite oxidation,®” in shop reared on 100% Cys,
levels of which were also significantly reduced by the Cys-free
diet (Figure 3B). To test the contribution of these metabolites
to the shop phenotype, we performed supplementation trials.
Adding sulfite (the substrate of sulfite oxidase) or thiosulfate to
the Cys-free diet significantly reduced the health of shop larvae
(and not controls), suggesting they play a causative role in
Drosophila 1SOD pathogenesis, consistent with mammalian
model data and cell culture studies®*®* (Figures 3C and 3D). Add-
ing N-acetylcysteine (NAC) in order to support intracellular gluta-
thione replenishment did not rescue the shop phenotype; howev-
er, because NAC itself is a source of Cys, we cannot rule out that
glutathione is protective in the disease state (Figure S6).
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Figure 2. Targeted nutrigenomics to identify diets that redress isolated sulfite oxidase deficiency phenotypes in Drosophila

(A) A simplified schematic of the sulfur-containing amino acid catabolism pathway. Sulfite oxidase (SUOX; encoded by shop in Drosophila) catalyzes the con-
version of sulfite into sulfate for excretion (red arrow). SUOX, sulfite oxidase; MoCo, molybdenum cofactor; H,S, hydrogen sulfite; SOSZ’, sulfite; 8203’2,
thiosulfate; SO,42~, sulfate.

(B) shop survivorship contour plots resulting from a 3-way nutrient (Met, Cys, Ser) dose-response array (75 diets total). Five replicate vials performed per diet (10—
80 individuals per replicate).

(C) Percentage egg-to-adult mean survivorship of shop and controls reared on complete (100% Cys) or Cys-free (0% Cys) diets. Five replicate vials performed per
diet, per genotype, with 20 individuals per replicate. Boxplots show minimum and maximum values, quartile values, and the median.

(D) Pupariation kinetics of shop and controls reared on complete (100% Cys) or cysteine-free (0% Cys) diets. Five replicate vials were tested per diet and ge-
notype, with 20 individuals per replicate. Data points with the mean and error bars representing one standard error are shown.

(E) Proportion of surviving shop adults, relative to expected Mendelian ratios, when transferred from 100% to 0% Cys diets at days indicated. Bars represent the
mean with error bars equal to one standard deviation of 10 replicate vials.

(C and E) Multiple comparisons one-way ANOVA followed by Tukey’s honestly significant difference (HSD). Capital letters above columns designate distinct
significance groups (groups with the same letter are not significantly different from one another, while groups with different letters are significantly different,
p < 0.001).

Looking more broadly at the sulfur-amino acid pathway me-
tabolites we detected, we found that the 0% Cys diet had a
strong effect on metabolites downstream of Cys, irrespective
of genotype (Figure 3E). Notably, cystathionine, the immediate
precursor for Cys biosynthesis, was elevated in shop larvae
reared on 100% Cys, as was 3-sulfinoalanine, the product of
Cys oxidation, and both were normalized by the 0% Cys diet
(Figure 3E). Sulfate (the product of sulfite oxidase) was not signif-
icantly reduced in shop mutants (Figure 3E), possibly because
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there are alternative sources of sulfate (e.g., sulfatase activity®®
or gut microbiota®®). The striking reduction in apparent pathway
flux on the 0% Cys diet made us curious about its transcriptional
regulation. Surveying the transcript levels of several critical
pathway gene products acting up- and downstream of Cys, we
found strong downregulation in larvae on the Cys-free diet,
possibly as a response to prevent catabolism of Cys when
restricted in the diet (Figure S7). Genes dysregulated in shop
larvae on 100% Cys diet (Eip55E [CTH], Sam-s [Matl-Ill], and
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Sqgor [SQORY) were largely normalized by the Cys-free diet, sug-
gesting that not only is this treatment highly effective at restoring
metabolic cellular homeostasis but it also restores transcrip-
tional regulation.

Enrichment analysis of the metabolomics data suggested that
central energy metabolism was also impacted by the Cys-free
diet (Figure S5). Indeed, we found that the key metabolites
alanine, pyruvate, and lactate, which were elevated in the shop
larvae, were fully restored when reared on the Cys-free diet (Fig-
ure 3F). Consistent with this, cellular energy impairments indi-
cated by imbalanced proportions of NADH/NAD and ATP/
ADP + AMP, suggestive of increased demand to recover cyto-
plasmic NAD+ for glycolysis, were also largely normalized (Fig-
ure 3F). These restored metabolite levels observed in shop mu-
tants support the ability of Cys depletion to effectively address
the metabolic crisis. We queried whether oxidative stress could
be a cause of impaired energy metabolism by looking for tran-
scriptional changes in a suite of oxidative-stress-related genes
(e.g., Nrf2 and SOD). We found only very mild upregulation of ni-
tric oxide synthase in shop mutants reared on Cys-free diet,
implying either a localized disruption beyond our detection or
that reactive oxygen species is not a major contributor to patho-
genesis (Figure S7).

Drosophila ISOD larval behavior, physiology, and adult
longevity are restored by feeding larvae a Cys-free diet
The profound metabolic correction detected in shop mutants
on the Cys-free diet likely explains the broad phenotypic health
improvements we observed. However, given that disease
markers were still mildly elevated compared to controls (Fig-
ure 3B), we remained unsure whether function at the tissue
level, including neurophysiology, was similarly restored. shop
mutant larvae were initially reported to have behavioral defects
caused by impaired neurotransmission.® We therefore asked
whether these neurological issues were also restored by Cys
depletion. We found that locomotor behavior of shop,
measured on 5-day-old larvae (prior to any signs of larval ar-
rest), was restored to the control level by Cys depletion, which
is consistent with the improvement observed for other traits
(Figure 4A).

For a direct and more sensitive readout of neurotransmission,
we performed electrophysiological recordings from the neuro-
muscular junctions of these larvae (second instar). Upon stimu-
lation, we observed a strong reduction in excitatory junction po-
tential (EJP) amplitudes for shop mutant larvae, suggesting
marked neurotransmission impairment (Figure 4B), which is

Cell Reports

consistent with a previous report.” However, this returned to
normal levels in individuals raised on the Cys-free diet (Fig-
ure 4B). Similarly, spontaneous synaptic events (miniature EJP)
were near absent in shop mutant larvae and returned to a normal
frequency by the Cys-free diet (Figure 4C), suggesting that the
diet rectifies a major impairment in presynaptic neurotransmitter
release.®’

Finally, since the diet rescued shop larvae to adulthood, we
sought to assess health of the rescued shop adults and deter-
mine if continued Cys depletion was needed to avoid disease.
For this, we tracked the longevity of shop mutant flies raised
on 0% Cys food during larval stages and transferred to complete
or 0% Cys food as adults. Shop adults raised on 0% Cys during
larval stages have a slightly reduced adult lifespan; however, this
effect was unaltered by the Cys content of adult food, suggesting
that Cys restriction in the larval diet is necessary and sufficient
for lifelong shop health (Figure 4D). Interestingly, thiosulfate
levels at 7 and 14 days of adulthood remained consistent and
did not differ from controls, suggesting that Cys metabolism in
ISOD adult flies can cope when fed a Cys-containing diet
(Figures 4E and S8). Taken together, these data demonstrate
that removal of a single non-essential dietary nutrient largely cor-
rects the pathogenic metabolic profiles caused by ISOD, which,
in turn, dramatically improves neurological function and lifelong
health.

DISCUSSION

Around 60% of AADs currently have no known effective treat-
ment, while many more could potentially benefit from optimizing
existing dietary therapies.? However, the conventional method
for exploring novel dietary therapies occurs in a clinical setting,
where treatment decisions are typically made for single or few
patients at a time. This means that progress remains slow, and
causality between treatment and outcome can be challenging
to assign. To address these obstacles, we sought to establish
a complementary paradigm in which high-throughput nutrige-
nomics could be applied in an animal model to uncover diet-dis-
ease interactions that may be of direct clinical value to inform
treatment attempts. For this, we selected Drosophila mela-
nogaster because of its genetic tractability, strong conservation
in metabolic systems with humans, and the availability of a cus-
tomizable synthetic diet.

Within the set of 35 Drosophila models of human AADs we
generated, we observed excellent concordance in terms of
phenotypic severity compared to human disease data. AADs

(B) Levels (log2(fold change) compared to control - 100% Cys) of ISOD-associated metabolites thiosulfate, S-sulfocysteine, and glutathione-sulfite.

(C and D) Cumulative pupariation (%) and egg-to-adult survivorship (%) of shop and controls reared on 0% Cys diet supplemented with (C) 2 mM sodium sulfite or
(D) 2.5 mM sodium thiosulfate. Data points represent the mean of each time point with error bars equal to one standard error. Five replicate vials were tested per
diet and genotype, with 20 individuals per replicate.

(E) Sulfur-amino acid catabolism pathway, metabolite responses to diet in shop mutants. Levels (log2(fold change) compared to control - 100% Cys) of sulfur-
amino acid catabolism metabolites detected by liquid chromatography-mass spectrometry (LC-MS). shop and controls were reared on complete (100% Cys) or
cysteine-free (0% Cys) diets. Five replicates were performed per diet and genotype, with 10 individuals per replicate.

(F) Levels (log2(fold change) compared to control - 100% Cys) of energy metabolism metabolites alanine, pyruvate, and lactate and the relative proportions
NADH/NAD and ATP/ADP + AMP.

(B, E, and F) Boxplots show minimum and maximum values, quartile values, and the median. Multiple comparison one-way ANOVA with Tukey’s HSD. Capital
letters above columns designate distinct significance groups (groups with the same letter are not significantly different from one another, while groups with
different letters are significantly different, p < 0.05).
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Figure 4. A cysteine-free diet corrects Drosophila ISOD metabolic physiology and behavior

(A) Locomotor behavior assay of 5-day-old shop and control larvae reared on 100% or 0% Cys diet. Five replicates were tested per diet and genotype, with 5
individuals per replicate.

(B) Excitatory junction potential (EJP) amplitudes of neuromuscular junctions from second-instar larvae reared on 100% or 0% Cys diet.

(C) Miniature EJP frequency (Hz) measurements from second-instar larvae reared on 100% or 0% Cys diet.

(D) Adult lifespan of shop mutants and controls on 100% or 0% Cys diet. Larvae were developed on 0% Cys and, upon adult eclosion, were transferred to 100%
Cys diet or remained on 0% Cys diet. There was an effect of genotype (p < 0.001, Cox proportional-hazards model) but not of diet (p = 0.38, Cox proportional-
hazards model) and no evidence for interaction (p = 0.60, Cox proportional-hazards model).

(E) Thiosulfate levels of 7-day post-eclosion and 14-day post-eclosion adult shop and controls on 100% or 0% Cys diet. Larvae were developed on 0% Cys and,
upon adult eclosion, were transferred to 100% Cys diet or kept on 0% Cys diet. Thiosulfate levels were normalized to total protein levels and then made relative to
control (100% Cys) samples. Five replicates were performed per diet and genotype, with 10 individuals per replicate.

(A-C and E) Boxplots show minimum and maximum values, quartile values, and the median. Multiple comparison one-way ANOVA followed by Tukey’s HSD.
Capital letters above columns designate distinct significance groups (groups with the same letter are not significantly different from one another, while groups
with different letters are significantly different, p < 0.05).

caused by loss of SUOX, DBT, GLS, PHGDH, SHMT2, and Toward this end, we implemented a multi-nutrient diet array
ECHS1, for example, are all severe conditions associated with  for the fly ISOD model targeting only dietary nutrients relevant
poor clinical outcomes (Table 1) and similarly resulted in complete  to the sulfur-containing amino acid catabolic pathway (Met,
lethality in our fly models. Most strikingly, however, was that 25 of ~ Cys, Ser). Although co-restriction of Met and Cys has been iden-
the 35 models were affected differently by the diet they were tified as an effective treatment for late-onset ISOD,”*"® our data
raised on, including two models (shop and CG15093) where diet  suggest that Ser and Cys co-restriction, or Cys restriction alone,
determined life or death. Since our models represent diseases may be an effective and possibly safer alternative by avoiding re-
associated with all known amino acid metabolic pathways, these  striction of the essential amino acid Met, which may cause harm
findings imply that the AAD phenotype is intimately linked to the  (e.g., progressive sarcopenia and frailty’*"®). While the more se-
nutritional environment. Importantly, this provides support to the  vere classic ISOD is currently considered untreatable, our data
idea that dietary interventions may be widely exploitable for ther-  suggest that the pathway is highly responsive to Cys restriction,
apeutic purposes.®® Indeed, it has been known for 70 years that ~ which warrants efforts to introduce treatment diets early or
AADs such as phenylketonuria can be treated solely and effec- maternally.

tively by dietary modification.®®’° However, for many, AAD dietary Remarkably, the health restoration observed in the fly ISOD
intervention is ineffective and/or involves a general, non-specific, model in response to dietary Cys depletion was apparent at all
reduction in protein intake.”" Thus, identifying disease-specific levels of physiology. This demonstrates that simple dietary
nutrient interactions could inform a new generation of tailored di- changes, such as altering the availability of a single micronu-
etary compositions for clinical use. trient, can profoundly alter animal metabolism. Given that we
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detected strong diet-phenotype interactions for many of our
models, we reason that this is likely to be the case for many other
diseases. Understanding how this occurs will provide important
new insights into disease pathogenesis, including the extent to
which endogenous control mechanisms can keep disease at
bay as well as the triggers for its onset and progression. Using
diet-switching and dose-response experiments as we described
here may allow more fine-scale control of disease onset and pro-
gression. These approaches coupled with resupplementation of
potentially causative metabolites could yield important clues to
the mechanisms of pathogenesis.

IMDs are a significant cause of childhood morbidity and mor-
tality worldwide. However, their detectability and unique respon-
siveness to dietary modifications provide hope that advance-
ments in nutrition may lead to better health outcomes for
sufferers. Here, we show that Drosophila can be rapidly applied
as both a scalable metabolic disease model and a nutrigenomic
tool to explore diet-disease interactions. The pipeline we
describe can be further applied to other diseases modeled in
Drosophila where nutritional interactions may play a significant
role in pathogenesis (e.g., cancer,’® neurodegeneration’’).

Limitations of the study

Differences in physiology between model organisms and hu-
mans may lead to varying responses to dietary changes. For
example, unlike humans, D. melanogaster must obtain arginine
from their diet due to insufficient production through the urea cy-
cle. Consequently, modeling disorders related to arginine meta-
bolism and the urea cycle may result in different phenotypic re-
sponses compared to humans. Another limitation arises from
using null alleles to model these disorders, which may not accu-
rately reflect the typical presentation seen in humans. This could
affect the responsiveness of the models to diet and might explain
why fly phenotypes tend to be more severe than those observed
in human patients. Additionally, in our experiments, flies are
confined to their diets from embryo to adulthood, lacking the di-
etary diversity experienced by humans. These limitations under-
score the importance of validating findings in vertebrate models,
such as mice or other rodents.
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w8 GI/TM3,Sb' ChFP

CyO, GFP balancer

y* w* UAS-2xEYFP; wgSP~'/CyO; Dr'/
T™M3,Sb’

y'w*; UAS-2xEGFP/CyO; Dr'/TM3,Sb’
T2A-GAL4 Chm2 donor

T2A-GAL4 Chm3 donor

yw, hs-Cre, vas-®C31

Abreu-Blanco et al.®®

Diao et al.®

Diao et al.?
Diao et al.?
Diao et al.®

Diao et al.®*

RRID:BDSC_35524
RRID:BDSC_9325
RRID:BDSC_60291

RRID:BDSC_60292
RRID:BDSC_60310
RRID:BDSC_60311
RRID:BDSC_60299

Software and algorithms

PRISM v9.0
Rv4.2.2

RStudio
MetaboAnalyst v5.0
Matplotlib v3.7.0
Microsoft Excel
ImagedJ

wrMTrck

ffmpeg
Inkscape v1.2.2

Axograph X v1.7.6
IDEOM

msConvert (ProteoWizard)

Dionex Ultimate 3000 UHPLC

GraphPad Software
Www.r-project.org
www.rstudio.com
www.metaboanalyst.ca
matplotlib.org
Microsoft 365
Imaged.net

https://www.phage.dk/plugins/
wrmtrck.html

https://ffmpeg.org
https://inkscape.org
https://axograph.com/

http://www.creek-lab.com/
software85

https://proteowizard.sourceforge.

io/index.htmI86
Thermo Scientific

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A

N/A

N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Travis K.

Johnson (t.johnson@latrobe.edu.au).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability

® Metabolomics data have been deposited online at MetaboLIGHT and are publicly available as of the date of publication. The
dataset identifier is listed in the key resources table.

® This paper does not report original code.
o Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All stocks of Drosophila melanogaster were maintained at 18°C on sugar-yeast medium under natural photoperiod conditions, and for
experiments flies were reared in incubators at 25°C and 45% humidity on specific diets as described below.

METHOD DETAILS
Drosophila AAD allele generation

Drosophila lines listed in the key resources table without a ‘Source’ entry were generated for this study. Of these, MiMIC (Ml) and
CRIMIC (CR) alleles designated ‘TG4’ were converted to T2A-GAL4 containing alleles via Recombinase Mediated Cassette
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Exchange (RMCE) as previously described.”® Correctly oriented and framed RMCE events were confirmed via UAS-YFP expres-
sion.®%% Alleles designated ‘KO-kG4’ (Kozak-GAL4) were generated as previously described.?? The sgRNA and homology arm se-
quences and PCR verification details for each line can be found at https://flypush.research.bcm.edu/pscreen/crimic/crimic.php. For
CRISPR/Cas9-induced point mutations, we crossed transgenically-expressed guide RNA lines targeting Hn and Hmgcl coding se-
quences to a maternal germline Cas9 source and isolated stable mutant lines bearing early frameshift mutations. All mutant lines used
were first outcrossed to w'"'® for removal of y' and then maintained over fluorescently marked balancer chromosomes.

Diet preparation

Chemically defined media used in this study were prepared as described in Piper et a with modifications to support larval devel-
opment. Briefly, sucrose, agar, low solubility amino acids (L-isoleucine, L-leucine, and L-tyrosine), and stock solutions of buffer,
metal ions and cholesterol were combined with MilliQ water using a magnetic stirrer. After autoclaving at 120°C for 15 min, the so-
lution was cooled at room temperature with stirring to ~65°C. Stock solutions for amino acids, vitamins, nucleosides, choline,
inositol, and preservatives were then added. Liquid food was dispensed into sterile vials. The chemically defined diet recipes,
including modifications used for targeted nutrigenomics and dose-response assays, as well as the standard sugar-yeast medium
are listed in the supplemental information (Table S2).

e

Larva collection and sorting

To obtain large numbers of developmentally synchronized first instar larvae, embryos were collected from population cages contain-
ing approximately 200 females and 50 males (5-10 days old) that were allowed to lay for 6 h on apple juice agar plates supplemented
with yeast paste. Embryos were collected and washed with distilled water and then transferred to a new plate (yeast paste-free) and
incubated at 25°C for 24 h to hatch. Homozygous individuals (AAD/AAD) were collected from cages comprising heterozygous adults
(the allele of interest and a fluorescently marked balancer chromosome). To collect AAD/+ individuals (controls), cages comprised
heterozygous males and virgin w'''8 (+/+) females. Where the gene of interest was X-linked, w'"'® were used as a control.

First instar larvae were selected based on the absence of the fluorescent balancer. Using a blunt metal probe, larvae were trans-
ferred to the required medium. For the larval diet-switching experiment, larval locomotor assay, electrophysiology and metabolomic
analysis, larvae at the desired developmental stage were collected by floating in 20% sucrose solution.®” Briefly, 20% w/v sucrose
solution was poured into each vial. The top layer of food was then gently disrupted with a metal probe in order to release the larvae.
The solution with floating larvae was poured through a fine cloth mesh to isolate the larvae. Larvae were then rinsed three times with
Phosphate Buffer Saline (PBS) and transferred to fresh media or microtubes tubes using a fine paintbrush.

Developmental timing and viability

Twenty first instar larvae were transferred to a vial containing the appropriate diet and monitored every 12 h for 25 days for the pres-
ence of pupae and adults. This was replicated 5 times per genotype per diet. The same approach was used to assess shop mutants
and controls raised on modified synthetic media with 0% cysteine, 0% tyrosine, 50% phenylalanine and 75% phenylalanine.

Targeted multi-nutrient array

Large numbers of developmentally synchronized embryos obtained from multiple cages containing shop/FM7a,sChFP females were
collected and washed in distilled water, and transferred to 15 mL tubes containing PBS. Once the embryos had settled (1 min),
excess PBS was removed. Using a micropipette set to 5 L and a tip cut to widen the bore, small volumes of embryos were aspirated
and then dispensed into vials onto the medium surface. This was performed for each of the 75 modified synthetic diets tested with
varied levels of cysteine, serine, and methionine replicated 5 times (Table S1B). Vials were checked daily for 20 days and the total
number of adult flies were counted with the survival proportion of shop (shop/total flies) calculated. The total number of adults per
vial ranged from 10 to 80 individuals (mean = 44.17, s.d. = 9.40).

Longevity

Larvae were reared on the 0% cysteine diet under constant density (20 per vial with 5 vials for shop and 10 vials for controls) and adult
eclosion monitored daily. Adults of the same genotype that eclosed on the same day were combined and transferred evenly to either
the 100% diet or 0% cysteine diet. Since shop is X-linked and shop hemizygous males are sterile,® only male flies (shop and control)
were included in the longevity experiment. Flies were given fresh media and scored for survival three days per week. Escapees were
censored from the analysis. Eight vials each containing 1 to 9 flies were tracked for shop per diet. Six vials each containing 1 to 14 flies
were tracked for the control per diet.

Diet switching assay

Embryos were collected and dispensed on to the complete synthetic diet (100% cysteine) as per the multi-nutrient array. On days 2,
4,6, and 8 post-hatching, larvae from 10 replicate vials were floated in 20% sucrose, washed, and transferred to fresh vials containing
the 0% cysteine diet. An additional group of 10 vials were kept on the complete media as a control. Numbers of adult shop males and
control (FM7a, sChFP) males were scored for 20 days post egg-lay. The total number of adults per replicate ranged from 29 to 97
individuals (mean = 56.8, s.d. = 15.9).
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Metabolic profiling

Five replicates of 10 five-day-old larvae from each genotype and diet condition were collected, washed in PBS, blotted dried, and
weighed. Samples were then transferred to 1.5 mL safe lock microtubes tubes (Eppendorf), flash frozen in liquid nitrogen, and stored
at —80°C. Thawed larvae were homogenized using a disposable pestle in 20 pL of ice-cold extraction solvent consisting of 2:6:1
chloroform:methanol:water with 2 uM of (CHAPS, CAPS, PIPES and TRIS) acting as internal standards. Once ground additional
solvent was added to a final ratio of 20 uL of extraction solvent per mg of larvae. Samples were vortexed for 30 s and then sonicated
in an ice-water bath for 10 min and centrifuged at 4°C (22,000 x g for 10 min). The supernatant was then transferred to a glass vial for
LC-MS based metabolomic analysis. 20 uL of each extract were combined to make a pooled quality control sample.

LC-MS was performed using a Dionex Ultimate 3000 UHPLC coupled to an QExactive Plus mass spectrometer (Thermo Scientific).
Samples were analyzed by hydrophilic interaction liquid chromatography (HILIC) following a previously published method.®®
The chromatography utilized a ZIC-p(HILIC) column 5um 150 x 4.6 mm with a 20 x 2.1 mm ZIC-pHILIC guard column (both Merck
Millipore, Australia) (25°C). A gradient elution of 20 mM ammonium carbonate (A) and acetonitrile (B) (linear gradient time-%B: 0 min-
80%, 15 min-50%, 18 min-5%, 21 min-5%, 24 min-80%, 32 min-80%) was utilized. Flow rate was maintained at 300 uL/min. Sam-
ples were stored in the autosampler (6°C) and 10 puL was injected for analysis. MS was performed at 70,000 resolution operating in
rapid switching positive (4 kV) and negative (—3.5 kV) mode electrospray ionization (capillary temperature 300°C; sheath gas flow rate
50; auxiliary gas flow rate 20; sweep gas 2; probe temp 120°C). Samples were randomized and processed in a single batch with inter-
mittent analysis of pooled quality-control samples to ensure reproducibility and minimize variation. For accurate metabolite identi-
fication, a standard library of ~500 metabolites were analyzed before sample testing and accurate retention time for each standard
was recorded. This standard library also forms the basis of a retention time prediction model used to provide putative identification of
metabolites not contained within the standard library.®°

Larval locomotor assay

Locomotor assay modified from Brooks et al.?° Five replicates of 5-day-old larvae for each genotype and diet condition were
collected, washed in PBS and blotted dry then transferred using a blunt metal probe to a Petri dish containing SY medium with
blue food dye (Queen) and allowed to acclimate for 3 min. The plate was placed on a uniform black background to reduce aberrant
reflections and filmed for 3 min with a webcam (Logitech). The movie file was converted into avi format (ffmpeg), and analyzed in
ImageJ using the wrMTrck plugin®' (Table S1F). For each larva, the total length of movement (mm) was calculated. For each genotype
and diet, 5 replicate plates (25 individuals total) were tracked.

Thiosulfate determination assay

Thiosulfate determination assay was modified from.®? Five replicates of 20 7-day-old and 14-day-old adult flies, or 50 5-day-old
larvae for each genotype and diet condition were collected and transferred to 1.7mL microtubes (Eppendorf), frozen with liquid ni-
trogen. Thawed flies were homogenized to powder using a disposable pestle in 0.05% tween 20. Samples were then homogenized
by vortexing for 20 s followed by centrifuging at 5000rpm for 1 min. For each sample, 500 pL supernatant was transferred individually
to a new 1.7mL Eppendorf tube and centrifuged for 3 min at 14000rpm. For final data normalization, protein concentration of each
sample was measured using Pierce BCA protein assay kit #23227. For thiosulfate determination, 250 pL supernatant from each sam-
ple was transferred individually to new 1.7mL Eppendorf tubes, followed by adding 750 uL methylene blue solution (a stock solution
was prepared by dissolving 3 mg methylene blue in 250 mL 5M HCI). Samples were incubated at room temperature for 30 min. A
standard curve based on a 1 mM freshly prepared sodium thiosulfate solution was prepared by transferring O, 1, 5, 10, 20, 50, 75
and 100 pL sodium thiosulfate solution (these values correspond to the same amount of thiosulfate in nM) to fresh 1.7mL Eppendorf
tubes. The volume was made up to 250 pL with 0.05% tween 20, followed by adding 750 pL methylene blue solution and incubated at
room temperature for 30 min. For each experimental samples as well as the standard curve, 100 uL of solution was transferred to a
96-well plate (triplicates were prepared for experimental samples). Absorption at 670 nm was determined spectrophotometrically
against 0.05% tween 20 as the reference.

Electrophysiology

Twenty-five 6-day-old larvae for each genotype and diet condition were collected, washed in PBS and blotted dry. Samples were then
and transferred to 1.7mL microtubes (Eppendorf) containing 50uL PBS. Larvae were dissected and intracellular membrane potentials
were recorded as previously described.’® Briefly, recordings were performed on muscle 6 in segment A3. The free segmental nerve end
was drawn into a microelectrode using an injector and stimulated with a DS2A isolated voltage stimulator (Digitimer) at 0.1 Hz with a
suprathreshold stimulating pulse and postsynaptic potentials were recorded with electrodes (20-50 M) filled with 3 M KCI. All record-
ings were conducted at room temperature with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) in current clamp using
AxoGraph X software v1.7.6 (AxoGraph, Australia). A minimum of 20 EJPs were recorded per muscle and the average amplitude used.
The mEJP recordings were done over a 2-min period and events detected by analyzed by fitting to a template in AxoGraph X.

RNA extraction and gene expression analysis by Real-Time qPCR

Three to five replicates of 40 five-day-old larvae from each genotype and diet condition were collected into microtubes containing
500 pL of TRIzol (Invitrogen). Total RNA was isolated on the same day following the manufacturer’s instructions. RNA purity and
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concentration were evaluated by spectrophotometry (NanoDrop ND-1000, NanoDrop Technologies). RNA samples were then diluted
to 5 ng/ul and stored at —80°C. RNA samples were treated with the RQ1 RNase-Free DNase (Promega) following the manufacturer’s
instructions to remove genomic DNA contamination and cDNAs were generated using the kit Tetro cDNA Synthesis (Bioline). RT-
gPCR analysis was performed in a 7500 Real-Time PCR System (Applied Biosystems) using the SYBR Green Reagent protocol
(Applied Biosystems). Oligos were created in Geneious Prime (v 2023.2) using Primer-BLAST (NCBI). The ribosomal protein L11
gene (RpL11) was used as reference (housekeeper) for normalizing the expression levels of the genes of interest. Expression fold-
change was calculated using the 2°(-AACt) method, normalized to the level of expression of control flies reared in control diet
(100% Cys). To avoid values between 0 and 1, results were log2 transformed. The list of selected genes for evaluation, primer
sequence and Real Time qPCR data is shown in Table S1G.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical significance, the test used, and the sample number are given in the figures and figure legends.

Egg-to-pupa and egg-to-adult survival are plotted as percentage mean survivorship. Developmental delay was calculated by
normalizing the median time from egg-to-pupa or egg-to adult of a given AAD or AAD/+ to that of w''"® flies, for each respective
diet. Delay in the timing of developmental progression is then plotted as normalized median developmental delay (days). Differences
in survival and developmental delay were assessed by two-way ANOVA followed by Sidak’s multiple comparisons test (p < 0.05),
accounting for genotype-diet interactions, comparing mutants versus respective controls for each diet individually, as well as the
response of mutants (or controls) to the different diets.

For the targeted multi-nutrient array, the linear mixed model (R package: Ime4) was fitted to analyze the effects of diet, genotype,
and their interaction on mean shop survival proportion (number of shop males out of total), with replicates treated as a random effect.

For the diet switch experiment, significant differences in the number of shop versus control individuals to survive to adulthood for
each day of transfer to 0% cysteine diet was assessed using a Student’s unpaired t test (p < 0.05).

A Cox Proportional-Hazards model (R packages: survival and survminer) was adopted to analyze the effects of diet, genotype, and
their interaction on longevity of shop and controls.

The effect of diet on shop larval locomotion and shop excitatory junction potentials on muscle synapses were assessed using mul-
tiple comparisons one-way ANOVA followed by Tukey’s HSD (p < 0.05); different letters (“A”, “B”, etc) indicate distinct significance
groups.

Differences in expression among genotypes, as measured by Real-Time qPCR, were assessed using the AACt values and
analyzed by multiple comparisons one-way ANOVA followed by Tukey’s HSD (p < 0.05); different letters (“A”, “B”, etc) indicate
distinct significance groups.

Metabolic profiling data analysis

Acquired LC-MS/MS data was processed in an untargeted fashion using open source software IDEOM, which initially used msConvert
(ProteoWizard)®* to convert raw LC-MS files to mzXML format and XCMS to pick peaks to convert to.peakML files.®* Mzmatch was
subsequently used for sample alignment and filtering.”* Metabolites were identified based on accurate mass (<2 ppm) and comparison
of their retention time against that determined for compounds in the standard library or predicted on the basis of their physiochemical
characteristics.®® Only metabolites that were identified with a level of confidence equal to or greater than 6 in IDEOM were used for
downstream functional and statistical analyses, using MetaboAnalyst 5.0.°°> Global metabolic variations due to genotype and diet
were visualized using PCA, to verify the contribution of each metabolite in the variance of each treatment. One-way ANOVA [false
discovery rates (FDR) < 0.05] was used to identify significant changes in metabolite levels. A heatmap was created to visualize the
50 topmost affected metabolites (based on fold change).
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