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ABSTRACT
Developmental biologists have frequently pushed the frontiers of
modern biomedical research. From the discovery and characterization
of novel signal transduction pathways to exploring the molecular
underpinnings of genetic inheritance, transcription, the cell cycle, cell
death and stem cell biology, studies of metazoan development have
historically opened new fields of study and consistently revealed
previously unforeseen avenues of clinical therapies. From this
perspective, it is not surprising that our community is now an integral
part of the current renaissance inmetabolic research. Amidst the global
rise in metabolic syndrome, the discovery of novel signaling roles for
metabolites, and the increasing links between altered metabolism and
many human diseases, we as developmental biologists can contribute
skills and expertise that are uniquely suited for investigating the
mechanisms underpinning humanmetabolic health and disease. Here,
we summarize the opportunities and challenges that our community
faces, and discuss how developmental biologists canmake unique and
valuable contributions to the field of metabolism and physiology.
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Introduction

It is, of course, to be hoped that in time the combined attack of
the problem of development by genetics and experimental
embryology and especially by chemistry may lead to the
discovery of the physiological action of genes.

Thomas Hunt Morgan, 1923

From the late 1800s until the molecular biology revolution in the
mid-20th century, a significant number of developmental biologists
investigated how metabolism shapes metazoan development. This
era of studies and ideas, including Haldane’s musings on the
biochemical basis of animal body size (Beadle and Ephrussi, 1936;
Haldane and Maynard Smith, 1985) and Beadle and Ephrussi’s
studies of Drosophila eye pigmentation (Beadle and Ephrussi,
1936; Haldane and Maynard Smith, 1985), defined our modern
understanding of developmental biology and genetics. However, the
questions that developmental biologists asked one century ago
about the link between animal growth and metabolism remain
relevant today (Miyazawa and Aulehla, 2018). Even with limited
knowledge of biochemistry, a curious observer intuitively
understands that organismal growth and metabolism are

intimately linked: it is clear that, by taking nutrients, energy and
other cues from the environment, living systems can produce
remarkably multifaceted and highly organized forms. This
observation highlights the extraordinary complexity of
physiological and gene regulatory networks that sense nutrients,
orchestrate the energy-intensive funneling of thousands of different
molecules into cellular and extracellular structures, and coordinate
biosynthetic processes throughout an entire organism.
Developmental biologists are ideally suited to understanding
exactly how metabolism and cell structure/function are linked in
living organisms. In fact, many of the signaling pathways that drive
animal metabolism and control how cells and tissues uptake and
metabolize various molecules were discovered by our community.

The inseparable relationship between metabolism and genetic
factors that control growth and development has broad implications
for biomedical research, which has become increasingly focused on
the metabolic basis of human diseases. This renewed interest in
metabolism illuminates a foundational pillar of developmental
biology and raises the question of how our community will push the
frontiers of an exciting and rapidly evolving field. Such a position is
both privileged and unexpected to those of us trained near the turn of
the millennium – a time when developmental biologists were
producing a constant stream of studies that described new genes
involved in cell-cell communication, signal transduction and gene
expression. During this decade or so, our quest to find ‘interesting’
genes often involved scouring microarray data while systematically
ignoring those ‘pesky’ housekeeping genes ending in words like
dehydrogenase, isomerase or reductase. Such a mindset persists
even today as most studies of developmental metabolism, with
notable exceptions, focus on well-described signal transduction
pathways that control the abundance of metabolic enzymes, rarely
exploring how changes in metabolic flux themselves shape cellular
function during development. Moreover, many metabolism-related
studies conducted in model organisms are based upon genes known
to cause human metabolic diseases. While these candidate gene
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approaches are indispensable, they inevitably raise the question of
how we, as developmental biologists, will once again push the
frontiers of metabolic research. One answer to this question comes
from an unlikely source – Otto Warburg, a well-recognized pioneer
in the field of cancer biology.
Warburg’s name is now synonymous with tumor metabolism, and

his discoveries spawned the recent renaissance of studies ofmetabolism
relating to cancer biology (Vander Heiden and DeBerardinis, 2017;
Warburg, 1956; Warburg et al., 1924). But before Warburg was trying
to cure cancer, before hewas a Prussian cavalry officer wounded on the
front lines of World War I, and before Albert Einstein personally
encouraged him to leave the war and return to academia, he made
pioneering discoveries at the intersection of metabolism and
developmental biology (Krebs and Schmid, 1981; Otto, 2016). From
1908 to 1914, Warburg would occasionally visit the Stazione
Zoologica in Naples, where he examined the metabolism of sea
urchin fertilization (Krebs and Schmid, 1981; Otto, 2016). Warburg’s
key discovery during this timewas that sea urchin embryos significantly
increase oxygen consumption upon fertilization (Krebs and Schmid,
1981; Otto, 2016; Warburg, 1908). While such a finding may seem
unremarkable today– aswewould expect embryos to have significantly
higher energetic demands than unfertilized eggs – this discovery
represented one of the first demonstrations that metazoan growth
induces (and perhaps requires) measurable changes in metabolism.
Warburg’s sea urchin studies laid the foundation for his

subsequent characterization of tumor metabolism. As noted by his
student and biographer Hans Krebs: ‘The link between this work
[sea urchin fertilization] and the later investigations on cancer is
obvious: when a normal cell becomes cancerous, it grows
excessively, and in 1922 Warburg set out to test whether cancer
cells have an increased oxygen consumption’ (Krebs and Schmid,
1981). Instead, Warburg discovered a metabolic phenomenon now
referred to as ‘the Warburg effect’, or aerobic glycolysis, which is
characterized by elevated glucose consumption coupled to oxygen-
independent lactate production, thereby inducing a metabolic state
strongly favoring biosynthesis (for reviews, see Hay, 2016; Vander
Heiden and DeBerardinis, 2017). This discovery has shaped our
current understanding of how metabolism promotes tumor growth,
and the Warburg effect remains intensely studied.
While the Warburg effect is primarily associated with tumor

metabolism, similar metabolic changes also occur in a variety of
normal proliferating cells and growing tissues (Miyazawa and
Aulehla, 2018; Sieber and Spradling, 2017). Developmental
biologists thus have the opportunity to study ‘tumor metabolism’
in vivo under physiological conditions. This similarity between
human disease metabolism and normal metazoan development
extends beyond cancer. In fact, many metabolic changes found in
disorders such as diabetes and heart failure are also observed in
developmental contexts (Dorn et al., 2015; Tennessen and
Thummel, 2011). We, as developmental biologists, can use this to
our advantage in discovering new metabolic mechanisms that
contribute to disease progression. The purpose of this Spotlight,
however, is not to review the advances that developmental
biologists have made in studying aerobic glycolysis or other
metabolic programs, as these have been the recent subject of several
excellent reviews (see Miyazawa and Aulehla, 2018; Sieber and
Spradling, 2017), but rather to highlight how Warburg’s research
can guide future studies of developmental metabolism.

Lessons from Warburg: exploring metabolic transitions
Although sea urchin embryos and tumors activate different
metabolic programs, it is useful to compare these systems.

Warburg’s sea urchin studies highlight the power of using a
developmental system for studying metabolism; the highly
reproducible events surrounding sea urchin fertilization allow for
the precise study of a major metabolic transition (Turner and
Shapiro, 1988). By contrast, the inherently unpredictable metabolic
changes occurring during tumor formation are challenging to study
in vivo, underscoring why aerobic glycolysis should be studied
further in model organisms. By investigating this metabolic switch
in a controlled developmental system, such as the mouse tailbud
(Bulusu et al., 2017; Oginuma et al., 2017), zebrafish muscle (Tixier
et al., 2013), or Drosophila embryos and imaginal discs (Tennessen
et al., 2014; Wang et al., 2016), we can pinpoint the endogenous
mechanisms triggering aerobic glycolysis. Developmental systems
provide yet another advantage when compared with tumors because
healthy tissues turn off aerobic glycolysis in a controlled manner
(White et al., 1999), thus providing an opportunity to examine the
endogenous mechanisms that turn off this metabolic program.
Developmental metabolism studies will also be invaluable in
informing research into how endogenous mechanisms might be
co-opted by cancers and therapeutically targeted.

The same rationale for developmental biologists studying the
Warburg effect applies to metabolic shifts observed in other chronic
diseases, including diabetes, heart failure and neurodegeneration.
The mammalian heart, for example, relies largely on glucose and
lactate metabolism for fetal energy production but activates fatty
acid oxidation at the onset of neonatal development (Makinde et al.,
1998). This metabolic switch is dependent on the nuclear receptor
ERRγ and the transcriptional co-activator PGC1α, which together
activate the expression of genes involved in neonatal cardiac
metabolism (Alaynick et al., 2007; Lai et al., 2008). Studying this
metabolic transition, however, is not only relevant for treating birth
defects but also for understanding heart failure. Many of the
metabolic changes that are activated during cardiac development are
reversed in the failing heart, as evident by decreased ERRγ and
PGC1α expression and reactivation of fetal cardiac metabolism in
cardiomyopathies (Dorn et al., 2015). But while heart failure
develops over a period of years, neonatal development in model
organisms can be easily studied in a controlledmanner, providing an
important opportunity to explore the metabolic mechanisms
underlying this disease.

The above examples illustrate why developmental biologists
should press our advantage in studying metabolic regulation. From
studies of the heterochronic pathway inC. elegans to nuclear receptor
signaling in Drosophila and amphibians, we have a rich history of
developing the experimental techniques and tools required to
precisely study developmental transitions (Denver, 2013; Ou and
King-Jones, 2013; Rougvie and Moss, 2013). This same expertise
should be applied to studying metabolism, with the overarching goal
of understanding the metabolic changes underlying human disease.

More lessons from Warburg: emerging technologies can
provide new opportunities
Warburg’s pioneering studies of cancer metabolism resulted directly
from his thoughtful experimental design and extraordinary technical
ability. As noted by Krebs, Warburg showed ‘exceptional skills in
selecting the right kind of material and in perfecting experimental
techniques’ (Krebs and Schmid, 1981; Otto, 2016). Warburg’s
approach provides key lessons for modern studies of developmental
metabolism. First, many of Warburg’s discoveries were made
possible by techniques that he pioneered in spectrophotometry and
manometry (Krebs and Schmid, 1981), which provided novel
opportunities to measure both small molecules and the production
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and consumption of gasses, respectively. These tools allowed
Warburg to ask experimental questions that were previously
inaccessible and led to major breakthroughs in our understanding
of cancer metabolism.
Metabolic research is again experiencing a technological revival

that is providing developmental biologists with the tools necessary
to study metabolism with unparalleled precision. The powerful
combination of metabolomics and small-molecule sensors allows
the visualization of metabolites within individual cells/tissues (Cox
et al., 2017; Miyazawa and Aulehla, 2018). For example, a FRET-
based sensor for pyruvate led to the discovery of a posterior-to-
anterior gradient of glycolytic activity during somite formation
within the mouse tailbud presomitic mesoderm (Bulusu et al.,
2017). Similarly, the use of a citrate FRET sensor inDrosophilawas
crucial to understanding how the transport of citrate from the
intestine to the testis serves a key role in sperm maturation (Hudry
et al., 2019). The use of FRET-based sensors is complemented by
advances in mass spectrometry that allow for direct visualization of
individual metabolites within single cells and can potentially
combine metabolomics with cell-specific tools commonly used by
developmental biologists (Rappez et al., 2019 preprint). New
enhanced methods for measuring metabolic flux are also benefiting
developmental biology (Jang et al., 2018). The metabolism and
physiology communities have developed exquisitely sensitive
techniques for measuring parameters such as oxygen
consumption, carbon dioxide production and heat flow, which
have the potential to illuminate entirely new phenomena. For
example, recent studies of mouse and zebrafish embryos using
metabolic flux analysis and isothermal calorimetry, respectively,
revealed unexpected links between metabolism and embryonic
development (Chi et al., 2020; Rodenfels et al., 2019). The
widespread adoption of such tools by our community will be
essential for investigating how metabolism is regulated in vivo.
Warburg’s sea urchin studies also emphasize the importance of

thoughtfully selecting an experimental system best suited for
studying a specific metabolic transition/switch. Warburg chose to
measure oxygen consumption in sea urchin embryos because
‘development of the fertilized egg is very rapid so that…much
happens in a short time’ (Krebs and Schmid, 1981). With this quote
in mind, our community should embrace emerging model
organisms that are ideal for examining particular metabolic
processes. After all, life evolved under selective pressures that
included extreme environmental and nutritional stresses, thus
adapting to many of the metabolic challenges that are now
associated with human disease. Adaptive thermogenesis, e.g.
where ‘beiging’ of white fat increases metabolic rate, leads to
weight loss and improves insulin sensitivity, and is of particular
interest to research aiming to treat obesity and diabetes (Ikeda et al.,
2018). A key feature of adaptive thermogenesis is elevated
mitochondrial uncoupling, which allows protons to re-enter the
mitochondrial matrix independently of ATP synthase and release
energy as heat (Lowell and Spiegelman, 2000). Although
mitochondrial uncoupling can be studied in standard model
systems, the wax moth, Galleria mellonella, is a potentially
exciting model. Its larvae can burn superfluous dietary lipid to
generate large quantities of metabolic water, while the extra calories
become heat (Jindra and Sehnal, 1989). This adaptive trait, which
involves mitochondrial uncoupling, allows G. mellonella to thrive
under waterless culture conditions and could provide the biomedical
community with a new perspective on how this metabolic process is
controlled in vivo. Similar examples of how animal metabolism
adapts to extreme environments can be found throughout the last

century of research on animal physiology and, as new technologies
facilitate genetic studies in non-canonical model systems, the
potential for discoveries tying metabolism to development and
physiology in vivo will significantly expand.

Beyond Warburg: investigating metabolic dysfunction at the
organismal level
Warburg’s studies of aerobic glycolysis used tumor slices incubated
in an artificial medium – the most logical and powerful approach
available at the time (Warburg et al., 1924). However, Warburg’s
approach, much like modern cell culture studies, failed to replicate
the complexities associated with an in vivo metabolic environment,
in which cells are exposed to a milieu of endocrine signals and
circulating small molecules. The limitations of such in vitro
approaches were recently highlighted by multiple stable isotope
tracer experiments using 13C-labeled glucose in individuals with
cancer (Courtney et al., 2018; Faubert and DeBerardinis, 2017;
Hensley et al., 2016). These studies revealed the complexity of
cancer metabolism, with different tumor types consuming and using
glucose in distinct manners. Some tumors, such as lung cancers, do
not activate the Warburg effect, but rather rely on glucose oxidation
and consume lactate (Faubert et al., 2017). Indeed, mitochondrial
metabolic pathways, which are often ignored by oversimplified
descriptions of the Warburg effect, play an essential role in tumor
metabolism in vivo (DeBerardinis and Chandel, 2020; Martinez-
Reyes and Chandel, 2020). Moreover, simple models of cancer
metabolism fail to convey the cellular and metabolic heterogeneity
within individual tumors, where metabolic flux differs among cell
types (e.g. malignant cells, stroma, immune cells and cancer stem
cells) and metabolites can be transferred among cells within a
microenvironment (Kim and DeBerardinis, 2019). This high
complexity and variability of cancer metabolism underscores the
importance of studying metabolism in vivo.

The problems associated with in vitro studies of metabolism are
not limited to cancer cells. Any isolated cell or tissue that is
incubated in artificial media will inevitably generate metabolic
artifacts; therefore, metabolic research is best conducted in vivo. In
this regard, developmental biologists have distinct advantages. The
growth and development of any multicellular organism requires the
coordinated synthesis, storage and transport of metabolites between
cells. The metabolic needs of individual cells and tissues must be
balanced across the entire organism through complex metabolic
networks. Having spent decades generating the tools required for
cell- and tissue-specific studies, our community is poised to probe
the physiological, cellular and molecular mechanisms that
coordinate metabolism across an entire living organism.

Studies of adult Drosophila oogenesis illustrate how we can
leverage existing tools to investigate the systemic regulation of
metabolism. Oogenesis is an energy- and nutrient-intensive process
involving the massive accumulation of lipids, carbohydrates and
other macromolecules in the oocyte, in tight coordination with its
complex development from an undifferentiated precursor into a
mature oocyte. Developmentally controlled metabolic changes occur
at multiple steps, endingwith entry of the oocyte into a quiescent state
(Sieber et al., 2016). A multi-organ physiological network further
coordinates the developmental control of oogenesis with the
metabolic state of the organism (reviewed by Drummond-Barbosa,
2019). Abundant dietary nutrients promote oogenesis through brain-
derived insulin and other systemic factors, while adversities trigger
downregulation of oogenesis at many stages, thus safeguarding
organismal resources (reviewed by Drummond-Barbosa, 2019).
Other organs also support the nutritional demands of oogenesis.
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The midgut dramatically expands under a rich diet, thus enhancing
nutrient absorption (O’Brien et al., 2011). Mating also leads to
enlargement of the adult female midgut and altered enterocyte lipid
metabolism to favor egg production (Reiff et al., 2015). Incidentally,
mating also stimulates female germline stem cell proliferation
through neuropeptide F from midgut enteroendocrine cells (Ameku
et al., 2018). Lipophorin-mediated transport of lipids is crucial for
oocyte yolk uptake (Matsuoka et al., 2017; Parra-Peralbo and Culi,
2011), while several adipocyte metabolic pathways have specific
effects earlier in oogenesis (Matsuoka et al., 2017). Thus, the
coordination of hormones, nutrients, metabolism and oogenesis
developmental transitions integrates environmental cues and
extensive inter-organ communication (reviewed by Drummond-
Barbosa, 2019; Weaver and Drummond-Barbosa, 2019).
Research on theDrosophila ovary and other highly metabolically

demanding tissues/organs, such as the C. elegans germline
(reviewed by Hubbard and Schedl, 2019), is instrumental for
dissecting how the regulation of metabolic flux intrinsically and in
peripheral tissues supports the transition of cells through distinct
developmental stages with varying metabolic demands in a complex
living organism. Notably, the link between tissue development/
maintenance and whole-body physiology is widely conserved,
including in other tissues with less extreme intrinsic metabolic
demands, such as the Drosophila midgut (see above, reviewed by
Colombani and Andersen, 2020) and developing brain (reviewed by
Otsuki and Brand, 2020), among others (Shim et al., 2013).
Developmental biologists are also ideally situated to explore a

second emerging focal point of systemic metabolic regulation
directly relevant to human diseases but difficult to study in vitro.
Unlike cultured cells, a developing organism must be able to adapt
its growth and maturation to environmental stressors such as
nutrient deprivation, toxic compounds and temperature shifts, thus
displaying a remarkable level of metabolic plasticity (Gilbert and
Epel, 2015; Sieber and Spradling, 2017; Watson et al., 2015). The
ability of a cell or tissue to withstand metabolic insults is key to the
field of cancer metabolism, which has become increasingly focused
on identifying metabolic enzymes that are essential for tumor
growth (Vander Heiden and DeBerardinis, 2017). But just as a
developing organism adapts to metabolic insults, so too will a tumor
evolve to overcome a metabolic inhibitor designed to disrupt cell
proliferation and growth. In this context, developmental biologists
have a long history of uncovering metabolic mechanisms that impart
robustness on development (for examples, see Watson et al., 2014;
Watson et al., 2016). Such studies can illuminate compensatory
metabolic networks that are directly relevant to studies of tumor
metabolism, as a recent study ofDrosophila Lactate Dehydrogenase
(LDH) illustrates. Drosophila larvae exhibit very high levels of
LDH activity (Rechsteiner, 1970), suggesting that larval
metabolism depends on lactate production to maintain redox
balance and promote glycolysis. Ldh mutant larvae, however,
grow at a normal rate because larval metabolism adapts to the loss of
LDH activity by synthesizing excess glycerol-3-phosphate (G3P) –
a metabolic reaction that also maintains redox balance (Li et al.,
2019). These findings reveal uncanny similarities between rapidly
growing larvae and tumors, and are directly relevant to studies of
cancer metabolism. Specifically, tumors also exhibit elevated LDH-
A activity, and LDH-A has thus been proposed as a therapeutic
target for inhibiting tumor growth; however, cancer cells synthesize
excess G3P in response to LDH-A inhibition (Boudreau et al.,
2016), which could potentially render them resistant to LDH-A
treatment. Therefore, studies ofDrosophila Ldh hint at a mechanism
by which tumors could become resistant to LDH-A inhibitors and

unequivocally demonstrate how studying metabolic plasticity in
developmental systems can inform clinical decisions in treating
cancer and other human metabolic diseases.

Conclusions
The biomedical community has turned its attention towards
studying the metabolic basis of human disease. Many of these
efforts focus on metabolic mechanisms that are also active during
metazoan development. Our community should therefore exploit
our tools and resources to further explore aspects of metabolic
regulation that are relevant to disease progression but difficult to
study in cultured cells and human patients. The wealth of
fundamental information we can generate will no doubt have the
power to uniquely inform and propel studies into metabolic disease
mechanisms and effective therapies, thereby maximizing the use of
research resources and aiding scientific progress and the promotion
of human health.

Acknowledgements
Thanks to Marek Jindra for useful comments and suggestions.

Competing interests
The authors declare no competing or financial interests.

Funding
J.M.T. is supported by the National Institute of General Medical Sciences of the
National Institutes of Health under a R35 Maximizing Investigators’ Research Award
(MIRA; 1R35GM119557). D.D.-B. is supported by the National Institutes of Health
(R01 GM069875 and R01 GM125121).

References
Alaynick,W. A., Kondo, R. P., Xie,W., He,W., Dufour, C. R., Downes, M., Jonker,

J. W., Giles, W., Naviaux, R. K., Giguere, V. et al. (2007). ERRγ directs and
maintains the transition to oxidative metabolism in the postnatal heart.Cell Metab.
6, 13-24. doi:10.1016/j.cmet.2007.06.007

Ameku, T., Yoshinari, Y., Texada, M. J., Kondo, S., Amezawa, K., Yoshizaki, G.,
Shimada-Niwa, Y. and Niwa, R. (2018). Midgut-derived neuropeptide F controls
germline stem cell proliferation in a mating-dependent manner. PLoS Biol. 16,
e2005004. doi:10.1371/journal.pbio.2005004

Beadle, G. W. and Ephrussi, B. (1936). The differentiation of eye pigments in
drosophila as studied by transplantation. Genetics 21, 225-247.

Boudreau, A., Purkey, H. E., Hitz, A., Robarge, K., Peterson, D., Labadie, S.,
Kwong, M., Hong, R., Gao, M., Del Nagro, C. et al. (2016). Metabolic plasticity
underpins innate and acquired resistance to LDHA inhibition.Nat. Chem. Biol. 12,
779-786. doi:10.1038/nchembio.2143

Bulusu, V., Prior, N., Snaebjornsson, M. T., Kuehne, A., Sonnen, K. F., Kress, J.,
Stein, F., Schultz, C., Sauer, U. and Aulehla, A. (2017). Spatiotemporal analysis
of a glycolytic activity gradient linked to mouse embryo mesoderm development.
Dev. Cell 40, 331-341; e4. doi:10.1016/j.devcel.2017.01.015

Chi, F., Sharpley, M. S., Nagaraj, R., Roy, S. S. and Banerjee, U. (2020).
Glycolysis-independent glucose metabolism distinguishes TE from ICM fate
during mammalian embryogenesis. Dev. Cell 53, 9-26.e4. doi:10.1016/j.devcel.
2020.02.015

Colombani, J. and Andersen, D. S. (2020). The Drosophila gut: a gatekeeper and
coordinator of organism fitness and physiology. Wiley Interdiscip Rev. Dev. Biol.
2020, e378. doi:10.1002/wdev.378

Courtney, K. D., Bezwada, D., Mashimo, T., Pichumani, K., Vemireddy, V., Funk,
A. M., Wimberly, J., McNeil, S. S., Kapur, P., Lotan, Y. et al. (2018). Isotope
tracing of human clear cell renal cell carcinomas demonstrates suppressed
glucose oxidation In Vivo. Cell Metab. 28, 793-800.e792. doi:10.1016/j.cmet.
2018.07.020

Cox, J. E., Thummel, C. S. and Tennessen, J. M. (2017). Metabolomic studies in
Drosophila. Genetics 206, 1169-1185. doi:10.1534/genetics.117.200014

DeBerardinis, R. and Chandel, N. (2020). We need to talk about the Warburg
effect. Nature Metabolism 2, 127-129. doi:10.1038/s42255-020-0172-2

Denver, R. J. (2013). Neuroendocrinology of amphibian metamorphosis. Curr. Top.
Dev. Biol. 103, 195-227. doi:10.1016/B978-0-12-385979-2.00007-1

Dorn, G. W., II, Vega, R. B. and Kelly, D. P. (2015). Mitochondrial biogenesis and
dynamics in the developing and diseased heart. Genes Dev. 29, 1981-1991.
doi:10.1101/gad.269894.115

Drummond-Barbosa, D. (2019). Local and physiological control of germline stem
cell lineages in Drosophila melanogaster. Genetics 213, 9-26. doi:10.1534/
genetics.119.300234

4

SPOTLIGHT Development (2020) 147, dev189340. doi:10.1242/dev.189340

D
E
V
E
LO

P
M

E
N
T

https://doi.org/10.1016/j.cmet.2007.06.007
https://doi.org/10.1016/j.cmet.2007.06.007
https://doi.org/10.1016/j.cmet.2007.06.007
https://doi.org/10.1016/j.cmet.2007.06.007
https://doi.org/10.1371/journal.pbio.2005004
https://doi.org/10.1371/journal.pbio.2005004
https://doi.org/10.1371/journal.pbio.2005004
https://doi.org/10.1371/journal.pbio.2005004
https://doi.org/10.1038/nchembio.2143
https://doi.org/10.1038/nchembio.2143
https://doi.org/10.1038/nchembio.2143
https://doi.org/10.1038/nchembio.2143
https://doi.org/10.1016/j.devcel.2017.01.015
https://doi.org/10.1016/j.devcel.2017.01.015
https://doi.org/10.1016/j.devcel.2017.01.015
https://doi.org/10.1016/j.devcel.2017.01.015
https://doi.org/10.1016/j.devcel.2020.02.015
https://doi.org/10.1016/j.devcel.2020.02.015
https://doi.org/10.1016/j.devcel.2020.02.015
https://doi.org/10.1016/j.devcel.2020.02.015
https://doi.org/10.1002/wdev.378
https://doi.org/10.1002/wdev.378
https://doi.org/10.1002/wdev.378
https://doi.org/10.1016/j.cmet.2018.07.020
https://doi.org/10.1016/j.cmet.2018.07.020
https://doi.org/10.1016/j.cmet.2018.07.020
https://doi.org/10.1016/j.cmet.2018.07.020
https://doi.org/10.1016/j.cmet.2018.07.020
https://doi.org/10.1534/genetics.117.200014
https://doi.org/10.1534/genetics.117.200014
https://doi.org/10.1038/s42255-020-0172-2
https://doi.org/10.1038/s42255-020-0172-2
https://doi.org/10.1016/B978-0-12-385979-2.00007-1
https://doi.org/10.1016/B978-0-12-385979-2.00007-1
https://doi.org/10.1101/gad.269894.115
https://doi.org/10.1101/gad.269894.115
https://doi.org/10.1101/gad.269894.115
https://doi.org/10.1534/genetics.119.300234
https://doi.org/10.1534/genetics.119.300234
https://doi.org/10.1534/genetics.119.300234


Faubert, B. and DeBerardinis, R. J. (2017). Analyzing tumor metabolism in vivo.
Ann. Rev. Cancer Biol. 1, 99-117. doi:10.1146/annurev-cancerbio-050216-
121954

Faubert, B., Li, K. Y., Cai, L., Hensley, C. T., Kim, J., Zacharias, L. G., Yang, C.,
Do, Q. N., Doucette, S., Burguete, D. et al. (2017). Lactate metabolism in human
lung tumors. Cell 171, 358-371.e359. doi:10.1016/j.cell.2017.09.019

Gilbert, S. and Epel, D. (2015). Ecological Developmental Biology: The
Environmental Regulation of Development, Health, and Evolution: Sinauer
Associates Inc.

Haldane, J. B. S. and Maynard Smith, J. (1985). On Being the Right Size and
Other Essays. Oxford; New York: Oxford University Press.

Hay, N. (2016). Reprogramming glucose metabolism in cancer: can it be exploited
for cancer therapy? Nat. Rev. Cancer 16, 635-649. doi:10.1038/nrc.2016.77

Hensley, C. T., Faubert, B., Yuan, Q., Lev-Cohain, N., Jin, E., Kim, J., Jiang, L.,
Ko, B., Skelton, R., Loudat, L. et al. (2016). Metabolic heterogeneity in human
lung tumors. Cell 164, 681-694. doi:10.1016/j.cell.2015.12.034

Hubbard, E. J. A. and Schedl, T. (2019). Biology of the caenorhabditis elegans
germline stem cell system. Genetics 213, 1145-1188. doi:10.1534/genetics.119.
300238

Hudry, B., de Goeij, E., Mineo, A., Gaspar, P., Hadjieconomou, D., Studd, C.,
Mokochinski, J. B., Kramer, H. B., Placais, P. Y., Preat, T. et al. (2019). Sex
differences in intestinal carbohydrate metabolism promote food intake and sperm
maturation. Cell 178, 901-918.e16. doi:10.1016/j.cell.2019.07.029

Ikeda, K., Maretich, P. and Kajimura, S. (2018). The common and distinct features
of brown and beige adipocytes. Trends Endocrinol. Metab. 29, 191-200. doi:10.
1016/j.tem.2018.01.001

Jang, C., Chen, L. and Rabinowitz, J. D. (2018). Metabolomics and isotope
tracing. Cell 173, 822-837. doi:10.1016/j.cell.2018.03.055

Jindra, M. and Sehnal, F. (1989). Linkage between diet humidity, metabolic water
production and heat dissipation in the larvae of Galleria mellonella. Insect
Biochem. 20, 389-395. doi:10.1016/0020-1790(90)90059-4

Kim, J. and DeBerardinis, R. J. (2019). Mechanisms and Implications of Metabolic
Heterogeneity in Cancer. Cell Metab. 30, 434-446. doi:10.1016/j.cmet.2019.08.
013

Krebs, H. A. and Schmid, R. (1981). Otto Warburg: Cell Physiologist, Biochemist,
and Eccentric. Oxford: Clarendon Press; Oxford University Press.

Lai, L., Leone, T. C., Zechner, C., Schaeffer, P. J., Kelly, S. M., Flanagan, D. P.,
Medeiros, D. M., Kovacs, A. and Kelly, D. P. (2008). Transcriptional coactivators
PGC-1alpha and PGC-lbeta control overlapping programs required for perinatal
maturation of the heart. Genes Dev. 22, 1948-1961. doi:10.1101/gad.1661708

Li, H., Rai, M., Buddika, K., Sterrett, M. C., Luhur, A., Mahmoudzadeh, N. H.,
Julick, C. R., Pletcher, R. C., Chawla, G., Gosney, C. J. et al. (2019). Lactate
dehydrogenase and glycerol-3-phosphate dehydrogenase cooperatively regulate
growth and carbohydrate metabolism during Drosophila melanogaster larval
development. Development 146, dev175315. doi:10.1242/dev.175315

Lowell, B. B. andSpiegelman, B.M. (2000). Towards amolecular understanding of
adaptive thermogenesis. Nature 404, 652-660. doi:10.1038/35007527

Makinde, A. O., Kantor, P. F. and Lopaschuk, G. D. (1998). Maturation of fatty acid
and carbohydrate metabolism in the newborn heart. Mol. Cell. Biochem. 188,
49-56. doi:10.1023/A:1006860104840

Martinez-Reyes, I. and Chandel, N. S. (2020). Mitochondrial TCA cycle
metabolites control physiology and disease. Nat. Commun. 11, 102. doi:10.
1038/s41467-019-13668-3

Matsuoka, S., Armstrong, A. R., Sampson, L. L., Laws, K. M. and Drummond-
Barbosa, D. (2017). Adipocyte metabolic pathways regulated by diet control the
female germline stem cell lineage in Drosophila melanogaster. Genetics 206,
953-971. doi:10.1534/genetics.117.201921

Miyazawa, H. and Aulehla, A. (2018). Revisiting the role of metabolism during
development. Development 145, dev131110. doi:10.1242/dev.131110

O’Brien, L. E., Soliman, S. S., Li, X. and Bilder, D. (2011). Altered modes of stem
cell division drive adaptive intestinal growth. Cell 147, 603-614. doi:10.1016/j.cell.
2011.08.048

Oginuma, M., Moncuquet, P., Xiong, F., Karoly, E., Chal, J., Guevorkian, K. and
Pourquie, O. (2017). A gradient of glycolytic activity coordinates FGF and Wnt
signaling during elongation of the body axis in amniote embryos. Dev. Cell 40,
342-353.e310. doi:10.1016/j.devcel.2017.02.001

Otsuki, L. and Brand, A. H. (2020). Quiescent neural stem cells for brain repair and
regeneration: lessons frommodel systems. Trends Neurosci. 43, 213-226. doi:10.
1016/j.tins.2020.02.002

Otto, A. M. (2016). Warburg effect(s)-a biographical sketch of Otto Warburg and his
impacts on tumormetabolism.Cancer Metab 4, 5. doi:10.1186/s40170-016-0145-
9

Ou, Q. and King-Jones, K. (2013). What goes up must come down: transcription
factors have their say in making ecdysone pulses. Curr. Top. Dev. Biol. 103,
35-71. doi:10.1016/B978-0-12-385979-2.00002-2

Parra-Peralbo, E. and Culi, J. (2011). Drosophila lipophorin receptors mediate the
uptake of neutral lipids in oocytes and imaginal disc cells by an endocytosis-
independent mechanism. PLoS Genet. 7, e1001297. doi:10.1371/journal.pgen.
1001297

Rappez, L., Stadler, M., Triana, S., Phapale, P., Heikenwalder, M. and
Alexandrov, T. (2019). Spatial single-cell profiling of intracellular metabolomes
in situ. bioRxiv, 510222. doi:10.1101/510222

Rechsteiner, M. C. (1970). Drosophila lactate dehydrogenase and α-
glycerolphosphate dehydrogenase: distribution and change in activity during
development. J. Insect Physiol. 16, 1179-1192. doi:10.1016/0022-
1910(70)90208-8

Reiff, T., Jacobson, J., Cognigni, P., Antonello, Z., Ballesta, E., Tan, K. J., Yew,
J. Y., Dominguez, M. and Miguel-Aliaga, I. (2015). Endocrine remodelling of the
adult intestine sustains reproduction in Drosophila. Elife 4, e06930. doi:10.7554/
eLife.06930

Rodenfels, J., Neugebauer, K. M. and Howard, J. (2019). Heat oscillations driven
by the embryonic cell cycle reveal the energetic costs of signaling. Dev. Cell 48,
646-658.e646. doi:10.1016/j.devcel.2018.12.024

Rougvie, A. E. and Moss, E. G. (2013). Developmental transitions in C. elegans
larval stages. Curr. Top. Dev. Biol. 105, 153-180. doi:10.1016/B978-0-12-
396968-2.00006-3

Shim, J., Gururaja-Rao, S. and Banerjee, U. (2013). Nutritional regulation of stem
and progenitor cells in Drosophila. Development 140, 4647-4656. doi:10.1242/
dev.079087

Sieber, M. H. and Spradling, A. C. (2017). The role of metabolic states in
development and disease. Curr. Opin. Genet. Dev. 45, 58-68. doi:10.1016/j.gde.
2017.03.002

Sieber, M. H., Thomsen, M. B. and Spradling, A. C. (2016). Electron transport
chain remodeling by GSK3 during oogenesis connects nutrient state to
reproduction. Cell 164, 420-432. doi:10.1016/j.cell.2015.12.020

Tennessen, J. M. and Thummel, C. S. (2011). Coordinating growth and maturation
- insights from Drosophila. Curr. Biol. 21, R750-R757. doi:10.1016/j.cub.2011.06.
033

Tennessen, J. M., Bertagnolli, N. M., Evans, J., Sieber, M. H., Cox, J. and
Thummel, C. S. (2014). Coordinated metabolic transitions during Drosophila
embryogenesis and the onset of aerobic glycolysis. G3 (Bethesda) 4, 839-850.
doi:10.1534/g3.114.010652

Tixier, V., Bataille, L., Etard, C., Jagla, T., Weger, M., Daponte, J. P., Strahle, U.,
Dickmeis, T. and Jagla, K. (2013). Glycolysis supports embryonic muscle growth
by promoting myoblast fusion. Proc. Natl. Acad. Sci. USA 110, 18982-18987.
doi:10.1073/pnas.1301262110

Turner, E. and Shapiro, B. (1988). The Respiratory Burst of Fertilization. Boston,
MA: Springer.

Vander Heiden, M. G. and DeBerardinis, R. J. (2017). Understanding the
Intersections betweenMetabolism andCancer Biology.Cell 168, 657-669. doi:10.
1016/j.cell.2016.12.039

Wang, C. W., Purkayastha, A., Jones, K. T., Thaker, S. K. and Banerjee, U.
(2016). In vivo genetic dissection of tumor growth and the Warburg effect. Elife 5,
e18126. doi:10.7554/eLife.18126.018

Warburg, O. (1908). Beobachtungen uber die Oxydationsprozesse im Seeigelei.
Zeit. f. Physio. Chem. 57, 1. doi:10.1515/bchm2.1908.57.1-2.1

Warburg, O. (1956). On the origin of cancer cells. Science 123, 309-314. doi:10.
1126/science.123.3191.309

Warburg, O., Posener, K. and Negelein, E. (1924). The metabolism of cancer
cells. Biochem Z 152, 319-344.

Watson, E., MacNeil, L. T., Ritter, A. D., Yilmaz, L. S., Rosebrock, A. P., Caudy,
A. A. and Walhout, A. J. (2014). Interspecies systems biology uncovers
metabolites affecting C. elegans gene expression and life history traits. Cell 156,
759-770. doi:10.1016/j.cell.2014.01.047

Watson, E., Yilmaz, L. S. and Walhout, A. J. (2015). Understanding metabolic
regulation at a systems level: metabolite sensing, mathematical predictions, and
model organisms. Annu. Rev. Genet. 49, 553-575. doi:10.1146/annurev-genet-
112414-055257

Watson, E., Olin-Sandoval, V., Hoy, M. J., Li, C. H., Louisse, T., Yao, V., Mori, A.,
Holdorf, A. D., Troyanskaya, O. G., Ralser, M. et al. (2016). Metabolic network
rewiring of propionate flux compensates vitamin B12 deficiency in C. elegans.
Elife 5, e17670. doi:10.7554/eLife.17670

Weaver, L. N. and Drummond-Barbosa, D. (2019). The nuclear receptor seven up
functions in adipocytes and oenocytes to control distinct steps of Drosophila
oogenesis. Dev. Biol. 456, 179-189. doi:10.1016/j.ydbio.2019.08.015

White, K. P., Rifkin, S. A., Hurban, P. and Hogness, D. S. (1999). Microarray
analysis of Drosophila development during metamorphosis. Science 286,
2179-2184. doi:10.1126/science.286.5447.2179

5

SPOTLIGHT Development (2020) 147, dev189340. doi:10.1242/dev.189340

D
E
V
E
LO

P
M

E
N
T

https://doi.org/10.1146/annurev-cancerbio-050216-121954
https://doi.org/10.1146/annurev-cancerbio-050216-121954
https://doi.org/10.1146/annurev-cancerbio-050216-121954
https://doi.org/10.1016/j.cell.2017.09.019
https://doi.org/10.1016/j.cell.2017.09.019
https://doi.org/10.1016/j.cell.2017.09.019
https://doi.org/10.1038/nrc.2016.77
https://doi.org/10.1038/nrc.2016.77
https://doi.org/10.1016/j.cell.2015.12.034
https://doi.org/10.1016/j.cell.2015.12.034
https://doi.org/10.1016/j.cell.2015.12.034
https://doi.org/10.1534/genetics.119.300238
https://doi.org/10.1534/genetics.119.300238
https://doi.org/10.1534/genetics.119.300238
https://doi.org/10.1016/j.cell.2019.07.029
https://doi.org/10.1016/j.cell.2019.07.029
https://doi.org/10.1016/j.cell.2019.07.029
https://doi.org/10.1016/j.cell.2019.07.029
https://doi.org/10.1016/j.tem.2018.01.001
https://doi.org/10.1016/j.tem.2018.01.001
https://doi.org/10.1016/j.tem.2018.01.001
https://doi.org/10.1016/j.cell.2018.03.055
https://doi.org/10.1016/j.cell.2018.03.055
https://doi.org/10.1016/0020-1790(90)90059-4
https://doi.org/10.1016/0020-1790(90)90059-4
https://doi.org/10.1016/0020-1790(90)90059-4
https://doi.org/10.1016/j.cmet.2019.08.013
https://doi.org/10.1016/j.cmet.2019.08.013
https://doi.org/10.1016/j.cmet.2019.08.013
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1242/dev.175315
https://doi.org/10.1242/dev.175315
https://doi.org/10.1242/dev.175315
https://doi.org/10.1242/dev.175315
https://doi.org/10.1242/dev.175315
https://doi.org/10.1038/35007527
https://doi.org/10.1038/35007527
https://doi.org/10.1023/A:1006860104840
https://doi.org/10.1023/A:1006860104840
https://doi.org/10.1023/A:1006860104840
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1534/genetics.117.201921
https://doi.org/10.1534/genetics.117.201921
https://doi.org/10.1534/genetics.117.201921
https://doi.org/10.1534/genetics.117.201921
https://doi.org/10.1242/dev.131110
https://doi.org/10.1242/dev.131110
https://doi.org/10.1016/j.cell.2011.08.048
https://doi.org/10.1016/j.cell.2011.08.048
https://doi.org/10.1016/j.cell.2011.08.048
https://doi.org/10.1016/j.devcel.2017.02.001
https://doi.org/10.1016/j.devcel.2017.02.001
https://doi.org/10.1016/j.devcel.2017.02.001
https://doi.org/10.1016/j.devcel.2017.02.001
https://doi.org/10.1016/j.tins.2020.02.002
https://doi.org/10.1016/j.tins.2020.02.002
https://doi.org/10.1016/j.tins.2020.02.002
https://doi.org/10.1186/s40170-016-0145-9
https://doi.org/10.1186/s40170-016-0145-9
https://doi.org/10.1186/s40170-016-0145-9
https://doi.org/10.1016/B978-0-12-385979-2.00002-2
https://doi.org/10.1016/B978-0-12-385979-2.00002-2
https://doi.org/10.1016/B978-0-12-385979-2.00002-2
https://doi.org/10.1371/journal.pgen.1001297
https://doi.org/10.1371/journal.pgen.1001297
https://doi.org/10.1371/journal.pgen.1001297
https://doi.org/10.1371/journal.pgen.1001297
https://doi.org/10.1101/510222
https://doi.org/10.1101/510222
https://doi.org/10.1101/510222
https://doi.org/10.1016/0022-1910(70)90208-8
https://doi.org/10.1016/0022-1910(70)90208-8
https://doi.org/10.1016/0022-1910(70)90208-8
https://doi.org/10.1016/0022-1910(70)90208-8
https://doi.org/10.7554/eLife.06930
https://doi.org/10.7554/eLife.06930
https://doi.org/10.7554/eLife.06930
https://doi.org/10.7554/eLife.06930
https://doi.org/10.1016/j.devcel.2018.12.024
https://doi.org/10.1016/j.devcel.2018.12.024
https://doi.org/10.1016/j.devcel.2018.12.024
https://doi.org/10.1016/B978-0-12-396968-2.00006-3
https://doi.org/10.1016/B978-0-12-396968-2.00006-3
https://doi.org/10.1016/B978-0-12-396968-2.00006-3
https://doi.org/10.1242/dev.079087
https://doi.org/10.1242/dev.079087
https://doi.org/10.1242/dev.079087
https://doi.org/10.1016/j.gde.2017.03.002
https://doi.org/10.1016/j.gde.2017.03.002
https://doi.org/10.1016/j.gde.2017.03.002
https://doi.org/10.1016/j.cell.2015.12.020
https://doi.org/10.1016/j.cell.2015.12.020
https://doi.org/10.1016/j.cell.2015.12.020
https://doi.org/10.1016/j.cub.2011.06.033
https://doi.org/10.1016/j.cub.2011.06.033
https://doi.org/10.1016/j.cub.2011.06.033
https://doi.org/10.1534/g3.114.010652
https://doi.org/10.1534/g3.114.010652
https://doi.org/10.1534/g3.114.010652
https://doi.org/10.1534/g3.114.010652
https://doi.org/10.1073/pnas.1301262110
https://doi.org/10.1073/pnas.1301262110
https://doi.org/10.1073/pnas.1301262110
https://doi.org/10.1073/pnas.1301262110
https://doi.org/10.1016/j.cell.2016.12.039
https://doi.org/10.1016/j.cell.2016.12.039
https://doi.org/10.1016/j.cell.2016.12.039
https://doi.org/10.7554/eLife.18126.018
https://doi.org/10.7554/eLife.18126.018
https://doi.org/10.7554/eLife.18126.018
https://doi.org/10.1515/bchm2.1908.57.1-2.1
https://doi.org/10.1515/bchm2.1908.57.1-2.1
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/j.cell.2014.01.047
https://doi.org/10.1016/j.cell.2014.01.047
https://doi.org/10.1016/j.cell.2014.01.047
https://doi.org/10.1016/j.cell.2014.01.047
https://doi.org/10.1146/annurev-genet-112414-055257
https://doi.org/10.1146/annurev-genet-112414-055257
https://doi.org/10.1146/annurev-genet-112414-055257
https://doi.org/10.1146/annurev-genet-112414-055257
https://doi.org/10.7554/eLife.17670
https://doi.org/10.7554/eLife.17670
https://doi.org/10.7554/eLife.17670
https://doi.org/10.7554/eLife.17670
https://doi.org/10.1016/j.ydbio.2019.08.015
https://doi.org/10.1016/j.ydbio.2019.08.015
https://doi.org/10.1016/j.ydbio.2019.08.015
https://doi.org/10.1126/science.286.5447.2179
https://doi.org/10.1126/science.286.5447.2179
https://doi.org/10.1126/science.286.5447.2179

