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Abstract

As the fruit fly, Drosophila melanogaster, progresses from one life stage to the next, many of the enzymes that compose intermediary me-
tabolism undergo substantial changes in both expression and activity. These predictable shifts in metabolic flux allow the fly meet stage-
specific requirements for energy production and biosynthesis. In this regard, the enzyme glycerol-3-phosphate dehydrogenase 1 (GPDH1)
has been the focus of biochemical genetics studies for several decades and, as a result, is one of the most well-characterized Drosophila
enzymes. Among the findings of these earlier studies is that GPDH1 acts throughout the fly lifecycle to promote mitochondrial energy
production and triglyceride accumulation while also serving a key role in maintaining redox balance. Here, we expand upon the known
roles of GPDH1 during fly development by examining how depletion of both the maternal and zygotic pools of this enzyme influences
development, metabolism, and viability. Our findings not only confirm previous observations that Gpdh1 mutants exhibit defects in larval
development, lifespan, and fat storage but also reveal that GPDH1 serves essential roles in oogenesis and embryogenesis. Moreover,
metabolomics analysis reveals that a Gpdh1 mutant stock maintained in a homozygous state exhibits larval metabolic defects that
significantly differ from those observed in the F1 mutant generation. Overall, our findings highlight unappreciated roles for GPDH1 in early
development and uncover previously undescribed metabolic adaptations that could allow flies to survive the loss of this key enzyme.
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Introduction
The Drosophila enzyme glycerol-3-phosphate dehydrogenase
(GPDH1; encoded by FBgn0001128) is an ideal model for under-
standing how metabolism adapts to the biosynthetic and ener-
getic requirements of animal development. Although the
reaction catalyzed by GPDH1 is relatively simple (Fig. 1), the activ-
ity and purpose of the enzyme vary significantly during develop-
ment. For example, GPDH1 is highly expressed in both the larval
fat body and adult flight muscle but serves different purposes
within the two tissues. The larval fat body displays high levels of
GPDH1 activity and relies on this enzyme to generate glycerol-3-
phosphate (G3P; Fig. 1), which is used in triglyceride (TAG) syn-
thesis (Rechsteiner 1970; Sullivan et al. 1983; Merritt et al. 2006; Li
et al. 2019). Meanwhile, GPDH1 in adult flight muscle functions in
conjunction with the mitochondrial enzyme glycerophosphate
oxidase 1 (GPO1) to shuttle electrons into the electron transport
chain for ATP synthesis (Sacktor and Dick 1962; O’Brien and
MacIntyre 1972a,b; Wojtas et al. 1997; Merritt et al. 2006), thus
supporting the intense energy demands of insect flight (Fig. 1).

The distinct functions of GPDH1 within the larval fat body and
adult flight muscles illustrate why this enzyme serves as a model

for understanding how metabolism is coordinately regulated in
the context of animal growth, development, and physiology.
Nearly 50 years of intensive biochemical and genetic studies
revealed that GPDH1 kinetics, stability, and physical characteris-
tics vary dramatically between the larval and adult enzyme pool
and that GPDH1 activity fluctuates as a function of developmen-
tal time, with activity levels peaking in L3 larvae and in adults
(Wright and Shaw 1969; Rechsteiner 1970; O’Brien and MacIntyre
1972a; Sullivan et al. 1983). These biochemical studies, coupled
with decades of genetic analysis (O’Brien and MacIntyre 1972b;
O’Brien and Shimada 1974; Bewley et al. 1980; Kotarski et al. 1983;
Burkhart et al. 1984; Davis and MacIntyre 1988; Gibson et al. 1991;
Yamaguchi et al. 1994; Merritt et al. 2006; Carmon et al. 2010; Li
et al. 2019), make GPDH1 among the most intensively studied
enzymes in developmental biology and provide insight toward
how normal animal development relies on dramatic changes in
enzyme activity.

Despite Gpdh1 serving as the subject of dozens of biochemical
genetic studies, one pool of GPDH1 remains largely overlooked.
Drosophila embryos contain a significant amount of maternally
loaded GPDH1 that potentially persists into larval development
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(Wright and Shaw 1969; Wright and Shaw 1970; Casas-Vila et al.
2017). Yet, nearly all Gpdh1 mutant studies only examine zygotic
mutants, raising the possibility that novel GPDH1 functions could
be discovered by examining mutants lacking the maternal en-
zyme pool. Here, we address this possibility by examining the
metabolic and developmental defects displayed by maternal–zy-
gotic (M/Z) Gpdh1 mutants. Our analysis reveals GPDH1 is not
only required for normal oocyte development but also that loss
of the maternal GPDH1 pool leads to a significant embryonic le-
thal phenotype. In contrast, among those Gpdh1 M/Z mutants
that survive the embryonic lethal phase, postembryonic develop-
ment and adult longevity appears similar between zygotic and M/
Z Gpdh1 mutants. During our studies, however, we made the un-
expected discovery that the homozygous Gpdh1 mutant stock
used to study loss of the maternal GPDH1 enzyme pools exhibited
striking differences in the steady-state levels of amino acids and
tricarboxylic acid (TCA) metabolites when compared with the
control strain and F1 mutant generation. These unexpected find-
ings provide insight toward understanding how Drosophila metab-
olism is rewired to support the complete loss of a major enzyme
involved in central carbon metabolism.

Methods
Drosophila melanogaster husbandry and genetics
Fly stocks were maintained on Bloomington Drosophila Stock
Center (BDSC) food at 25�C. The Gpdh1A10 mutant allele was de-
scribed in a previous study from our lab (Li et al. 2019). Briefly,
Gpdh1A10 is a CRISPR/Cas9 generated frameshift mutation that
deletes 19 bp within exon 3. The mutation is a putative null allele
that disrupts both the NAD(P)-binding domain and the C-termi-
nal catalytic domain. For all the experiments, 50 adult virgins
were mated with 25 males and the embryos were collected on
molasses agar plates with yeast paste for 4 h, as previously de-
scribed (Li and Tennessen 2017). For larval TAG measurements
and GC–MS analysis, animals were allowed to develop on the
yeast/molasses agar plate for 60 h at 25�C. For pupariation and

eclosion assays, 20 L1 larvae were transferred to individual BDSC
food vials and incubated at 25�C. Gpdh1A10 zygotic mutant larvae
were collected by crossing Gpdh1A10/CyO, Pfw[þmC]¼GAL4-
twi.Gg2.2, Pfw[þmC]¼UAS-2xEGFPgAH2.2 males and females and
selecting for larvae lacking GFP expression. The Gpdh1 maternal–
zygotic mutant stock was established by crossing Gdph1A10 zy-
gotic mutant males and females. All experiments described
herein were conducted within 1 year of generating the mutant
stock.

Ovaries dissection and imaging
Ovaries were dissected from Gpdh1A10/þ, Gpdh1A10 (Z), and
Gpdh1A10 (M/Z) females that were raised on yeast. Ovaries were
fixed with 4% formaldehyde, rinsed twice with phosphate-buff-
ered saline (PBS; pH 7.4), stained with DAPI for 30 min, and
mounted on slides using vector shield with DAPI (Vector
Laboratories; H-1200-10). Slides were imaged using a Leica SP8
confocal microscope.

Fecundity analysis
Forty virgin females from Gpdh1A10/þ (control), Gpdh1A10 (Z) and
Gpdh1A10 (M/Z) were mated with twenty w1118 males in a small
mating chamber. Adults were mated for 48 h at 25�C with the egg
caps replaced at least once a day. On the morning of day 3, new
egg caps were placed in the mating chamber every 2 h. The first
and second collections of the day were discarded, and the total
number of eggs present during the third 2-h period was quanti-
fied for each mating chamber.

Viability assays
Embryonic viability of Gpdh1A10/þ, Gpdh1A10 (Z), and Gpdh1A10 (M/
Z) genotypes were conducted by crossing 50 female virgins with
25 males in an egg-laying bottle that contained a molasses agar
plate partially covered with yeast paste (see Li and Tennessen
2017). The egg-laying plate was replaced every 24 h for 2 days, af-
ter which time a fresh egg-laying plate was placed in the bottle
and eggs were collected for 2 h. The egg-laying plate was
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Fig. 1. GPDH1 promotes cytosolic redox balance, ATP production, and TAG accumulation. A schematic diagram illustrating the role of GPDH1 in central
carbon metabolism. GPDH1 relies on the cofactor NADþ/NADH to interconvert the glycolytic intermediate DHAP to G3P. In Drosophila larvae, the
GPDH1-dependent conversion of DHAP to G3P functions in parallel with LDH to maintain redox balance. G3P is used as a precursor for TAG synthesis
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removed, and following an 8h incubation at 25�C to allow for on-
set of GFP expression from the balancer chromosomes, 30 non-
GFP embryos were identified by circling the surrounding agar
with a dissecting needle. The number of eggs that hatched to be-
come L1 larvae was recorded 24 h later.

Larval viability was measured by placing 20 synchronized em-
bryos of each genotype on molasses agar plates with yeast paste
and measuring time until pupariation. Wandering L3 larvae were
subsequently transferred into a glass vial containing BDSC food
and monitored until eclosion.

Longevity assay
Virgin female and male adults of the indicated genotypes were
separated into glass vials containing BDSC food (n¼ 10 adults/
vial) and maintained at 25�C. Flies were transferred to fresh vials
every 3 days without the use of carbon dioxide. The number of
dead and alive adults in each vial was recorded daily.

Fat body staining
Mid-L2 larval fat bodies were fixed and stained as previously de-
scribed (Tennessen et al. 2014a). Briefly, fat bodies were fixed with
4% formaldehyde, rinsed twice with PBS and once with 50% etha-
nol, and then stained for 2 min at room temperature using fil-
tered 0.5% Solvent Black 3 (CAS Number 4197-25-5; Sigma
199664) dissolved in 75% ethanol. Samples were sequentially
rinsed with 50% ethanol, 25% ethanol, and PBS. Stained tissues
were mounted on a microscope slide with vector shield with DAPI
(Vector Laboratories; H-1200-10).

Gas chromatography–mass spectrometry
analysis
Gas chromatography–mass spectrometry (GC–MS) analysis was
performed at the Indiana University Mass Spectrometry Facility
as previously described (Li and Tennessen 2018). All samples con-
tained 25 mid-L2 larvae and 6 biological replicates were analyzed
per genotype. GC–MS data were normalized based on sample
mass and an internal succinic-d4 acid standard that was present
within the extraction buffer. Data were analyzed using
Metaboanalyst version 5.0 following log transformation (base 10)
and Pareto Scaling (Pang et al. 2021).

Adult body mass measurements
Ten adult male or female flies were collected 1 day post-eclosion,
placed into pretared 1.5-ml microfuge tubes, and the mass was
measured using a Mettler XS 105 weighing analytical balance. Six
independent samples were measured per genotype.

Statistical analysis
Unless noted, statistical analysis was conducted using GraphPad
Prism v9.1. Data are presented as scatter plots, with error bars
representing the standard deviation and the line in the middle
representing the mean value. Unless noted, data were compared
using a Kruskal–Wallis test followed by a Dunn’s multiple com-
parison test. Longevity data were analyzed using a log-rank
(Mantel-Cox) test.

Results
GPDH1 is required for oogenesis and embryonic
viability
Previous studies indicate that GPDH1 is expressed in the ovary
and maternally loaded into the egg (Wright and Shaw 1969, 1970;
Casas-Vila et al. 2017). Considering that homozygous Gpdh1

mutant strains are reported to be sub-viable (O’Brien and
MacIntyre 1972b; O’Brien and Shimada 1974; Kotarski et al. 1983;
Merritt et al. 2006), we examined the possibility that GPDH1
serves essential roles during early development that have been
previously overlooked. As a first step toward testing this possibil-
ity, we dissected the ovaries from the homozygous Gpdh1A10 mu-
tant flies—both from F1 mutants (generated by crossing
Gpdh1A10/CyO, twi-GFP parents and selecting for GFP- larvae), as
well as from a homozygous Gpdh1A10 mutant strain (designated
M/Z to indicate a complete absence of enzyme during develop-
ment). We found that the ovaries from both F1 Gpdh1A10 females
and Gpdh1A10 M/Z females were smaller than those observed in
control females and contained fewer late-stage ovarioles (Fig. 2,
a–c). Notably, we regularly observed degenerating egg chambers
in mutant females (see Fig. 2b, arrow), indicating that loss of
GPDH1 in females limits oocyte production. Consistent with the
observed egg chamber defects, both classes of Gpdh1 mutants ex-
hibit significant decreases in egg-laying as compared with con-
trols (Fig. 2d). We would also note the presence of pyknotic nuclei
within the mutant follicle cells (see Fig. 2b, arrow, for example),
suggesting that future studies should examine the possibility
that GPDH1 serves a role in programmed cell death.

As a complement to our studies of oogenesis, we also exam-
ined if the maternal and zygotic GPDH1 enzyme pools are re-
quired for embryonic development. Females of a control strain
(Gpdh1A10/þ), F1 Gpdh1 mutants (Gpdh1A10), and the Gpdh1 mutant
strain (Gpdh1A10 M/Z) were crossed with either w1118 controls or
Gpdh1A10 mutant males and the resulting offspring were scored
for the percentage of embryos that hatched to first instar larvae
(L1). We observed that embryos from Gpdh1 mutant mothers of
either genetic background died at a significantly higher rate than
those produced by heterozygous control mothers, regardless of
the parental genotype (Fig. 2e), indicating that both the maternal
and zygotic GPDH1 pools are required during embryogenesis.
Overall, our findings that Gpdh1 mutants display oogenesis
defects and embryonic lethality explains why Gpdh1 mutant
females exhibit such low levels of fecundity when compared with
control strains.

Zygotic and maternal–zygotic Gpdh1 mutants
display similar defects during larval development
and adult longevity
The observed requirement for maternal GPDH1 in embryogenesis
led us to reevaluate if loss of this enzyme pool also influences de-
velopment and lifespan in later life stages. Like previous reports
of Gpdh1 zygotic mutants, we found that the Gpdh1 M/Z mutant
larvae develop more slowly than heterozygous controls and
�20% fail to initiate metamorphosis (Fig. 3a). These developmen-
tal delay phenotypes, however, are indistinguishable from Gpdh1
zygotic mutants (Fig. 3a). Moreover, Gpdh1 M/Z mutants eclose at
the same rate as zygotic mutants (Fig. 3b). The only observable
difference between the zygotic and M/Z mutants is that newly
eclosed Gpdh1 M/Z mutants females exhibit slightly increased
body mass (Fig. 3c); however, we are unable to rule out the possi-
bility that this phenotype is due to differences in genetic
background.

As a complement to our studies of larval development, we
also examine the viability of Gpdh1 mutant adults. Here too, we
observe little difference between F1 Gpdh1 mutants and M/Z
mutants. Consistent with earlier findings (Merritt et al. 2006), we
observed that both the Gpdh1A10 zygotic mutant females and M/Z
mutant females are short-lived when compared with a heterozy-
gous controls strain, with a majority of mutant animals dying

M. Rai et al. | 3



within 2 weeks of eclosion (Fig. 4a). However, we observed that
the short lifespan phenotype was milder in F1 Gpdh1A10 mutant
males and absent in the Gpdh1A10 M/Z mutant males (Fig. 4b).
The observed decrease in female Gpdh1 lifespan is apparent while
maintaining the maternal–zygotic stock on Bloomington
Drosophila Stock Center food. Although bottles of the Gpdh1A10 M/
Z mutant strain contain approximately equal ratios of males:
females 2 days after eclosion, this ratio becomes significantly
skewed 2 weeks posteclosion due to females dying earlier than
male mutants (Fig. 4c). Overall, our findings reveal that nearly all
growth, development, and viability phenotypes exhibited by the
Gpdh1A10 M/Z mutants are no more severe than those observed in
the F1 Gpdh1A10 mutants.

Gpdh1 zygotic mutants and maternal–zygotic
mutants exhibit significant differences in amino
acid metabolism
Larval development is able to compensate for loss of zygotic
GPDH1 by inducing compensatory changes in central carbon me-
tabolism, rendering Gpdh1 mutants dependent on lactate dehy-
drogenase (LDH) and GPO1 activity while also inducing
significant changes in redox balance and steady-state amino acid
levels (Davis and MacIntyre 1988; Li et al. 2019). These earlier met-
abolic studies were conducted by crossing males and females
from a heterozygous Gpdh1-/CyO, twi-GFP stock and selecting for
homozygous offspring, thus providing a readout of how loss of

zygotic GPDH1 affects larval metabolism. In this regard, our ho-
mozygous Gpdh1 M/Z mutant strain provides a unique opportu-
nity to determine if loss of both the maternal and zygotic enzyme
pools induce a distinct metabolic profile when compared with zy-
gotic mutants. Toward this goal, we first examined larval TAG
levels in the heterozygous control, F1 Gpdh1 mutant, and the ho-
mozygous Gpdh1 M/Z strain. Consistent with previous studies
(Merritt et al. 2006), we observed similar decreases in fat body
TAG levels of the Gpdh1A10 zygotic and Gpdh1A10 M/Z mutant lar-
vae when compared with Gpdh1A10/þ heterozygous controls
(Fig. 5, a–c). These results indicate that loss of the maternal
GPDH1 pool does not exacerbate the Gpdh1 TAG mutant pheno-
type.

We next used a targeted GC–MS-based approach to compare
the levels of amino acids, TCA cycle intermediates, and glycolytic
end products in mid-L2 larvae of Gpdh1A10/þ heterozygous con-
trols, Gpdh1A10 zygotic mutants, and Gpdh1A10 M/Z mutants
(Supplementary Table 1). When the resulting metabolomics data
was analyzed using principal component analysis, the Gpdh1A10

M/Z mutant samples clearly separated from both the Gpdh1A10

zygotic mutants and the Gpdh1A10/þ heterozygous controls
(Fig. 6a), suggesting that the 3 genotypes have distinct metabolic
profiles. A closer analysis of the datasets revealed that the
changes observed in Gpdh1A10 zygotic mutant larvae mimic those
observed previously (Li et al. 2019)—G3P levels were significantly
decreased in relative to the control strain (Fig. 6, b and c) and
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Fig. 2. Gpdh1 is required for oocyte development and embryonic viability. a–c) Ovaries were dissected from 3-day old females and stained with DAPI.
When compare to the Gpdh1A10/þ control strain a), the ovaries of b) F1 generation Gpdh1A10 mutants and c) Gpdh1A10 M/Z mutants display b and c) fewer
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significant mortality when compared with the controls and independent of paternal genotype. *P < 0.05. **P < 0.01. ***P < 0.001. P-values calculated
using a Kruskal–Wallis tests followed by a Dunn’s test.
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both lactate and 2-hydroxyglutarate remained at comparable lev-

els (Fig. 6, b, d, and e). The relative abundance of some amino

acids and TCA cycle intermediates were also decreased in the zy-

gotic Gpdh1 mutant larvae compared with Gpdh1A10/þ controls

(Fig. 6, b, f, g, and h).
While the metabolite changes observed in Gpdh1 zygotic

mutants largely confirmed previous studies, the metabolic profile

of the Gpdh1A10 M/Z mutants exhibited striking differences. Even

though G3P, lactate, and 2-hydroxyglutare levels were

comparable between the two mutant genotypes (Fig. 6, b–e),
many of the same amino acids that were either decreased or

unchanged in the zygotic mutants were significantly elevated in

the M/Z mutant background (Fig. 6, b and f–h). For example, rela-
tive to the control strain, tyrosine and b-alanine were decreased

by 40% and 30%, respectively, in zygotic mutants but increased
by 40% and 25% in the maternal–zygotic mutant (Fig. 6, g and h).

A similar trend was observed with the TCA intermediates succi-

nate, fumarate, and malate (Fig. 6b), with the relative abundance
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of malate exhibiting a �15% decrease in zygotic mutants and a
25% increase in maternal–zygotic mutants when compared to
the heterozygous control strain. The results are notable because
they support a previously published hypothesis that Gpdh1
mutants experience compensatory changes in malate metabo-
lism (Merritt et al. 2006). Overall, our results reveal that a strain
lacking both the maternal and zygotic GPDH1 enzyme pool ex-
hibit changes in the steady-state levels of amino acid and TCA cy-
cle intermediates that are opposite of those observed in mutants
lacking only the zygotic enzyme contribution. Future studies
should determine if these changes are due to either genetic selec-
tion when establishing the homozygous Gpdh1 mutant stock or
directly result from loss of the maternal GPDH1 enzyme pool.

Discussion
Here we demonstrate the Drosophila enzyme GPDH1 serves essen-
tial roles in both oogenesis and embryogenesis. Our findings ex-
pand the known roles for GPDH1 and raise questions as to what
function this enzyme serves during early development.
Considering that the purpose of GPDH1 activity differs in a con-
text specific manner (e.g. TAG synthesis in fat body, ATP produc-
tion in flight muscle), our findings raise the question as to the
function of GPDH1 in these developmental contexts. Moreover,
G3P levels are known to increase over the course of embryogene-
sis (Tennessen et al. 2014b), suggesting that this compound serves
a unique role in the developing embryo.

Our findings also demonstrate that larvae lacking both mater-
nal and zygotic GPDH1 activity exhibit developmental pheno-
types that are largely indistinguishable from Gpdh1 zygotic
mutants. However, targeted metabolomics analysis indicates
that Gpdh1 M/Z mutants exhibit metabolic phenotypes that are
more severe than the zygotic mutants, raising the question as to
how loss of maternal enzyme pool can influence the larval meta-
bolic program in such a dramatic manner. While we can’t rule
out the possibility that maternal GPDH1 activity establishes a
metabolic state in the embryo that persists into larval develop-
ment, a more likely explanation stems from the fact that oogene-
sis and embryogenesis are energetic processes that impose
intense demands on cellular metabolism. As a result, generation
of the homozygous Gpdh1 mutant strain would inevitably select
for background mutations that compensate for loss of GPDH1 ac-
tivity in the ovary and embryos—a hypothesis that is supported
by previous observations. For example, even though GPDH1 is es-
sential for maintaining ATP production in flight muscle (O’Brien
and MacIntyre 1972b; Wojtas et al. 1997; Merritt et al. 2006), Gpdh1
mutants slowly regain the ability to fly when maintained in lab

culture (O’Brien and Shimada 1974), indicating that other meta-
bolic processes must be able to compensate for loss of GPDH1 ac-
tivity. Similarly, Gpdh1 larvae only exhibit slight developmental
delays despite displaying a significant disruption in redox bal-
ance. This ability of larvae to maintain a somewhat normal
growth rate in the absence of GPDH1 depends on the enzymes
LDH and GPO1, as loss of either enzyme in a Gpdh1 mutant back-
ground enhances the mutant phenotype (Davis and MacIntyre
1988; Li et al. 2019). These earlier studies, combined with our find-
ings and previous observations that Gpdh1 phenotypes are highly
dependent on genetic background (Merritt et al. 2006), indicate
that GPDH1 functions within a complex and highly adaptable
metabolic network that warrants further study.

We would also highlight a few of the limitations imposed by
our experimental design. As noted above, the Gpdh1 mutant phe-
notype is quite sensitive to genetic background effects (Merritt
et al. 2006). Since our study relied on a single homozygous mutant
line and the control strain consisted of a heterozygous control,
there is a distinct possibility that random mutations during es-
tablishment of the homozygous strain, as well genetic back-
ground differences in the control strain, could have significant
effects on the observed phenotypes. In particular, the lifespan
phenotypes and metabolomics profiles would likely differ if addi-
tional genetic controls would be included. However, we don’t be-
lieve that our major findings would change even if additional
controls were added to this study. Our major conclusions are
that the maternal GPDH1 pool is required for egg production and
embryogenesis but has negligible effects on later Gpdh1 mutant
phenotypes (apart from the metabolomics profile, which we hy-
pothesize is due to selection for viability; see previous paragraph).
We have no doubt that the severity of these phenotypes would
differ in a genetic background dependent manner, but our overall
findings are consistent with several previous studies. Moreover,
the metabolomics profile observed between the zygotic mutant
strain and the heterozygous control strain is similar to a previ-
ously published study that used a different genetic background
(Li et al. 2019).

Regardless of the reason for why Gpdh1 maternal–zygotic
mutants exhibit significant metabolic differences when com-
pared with zygotic mutants, our study highlights a poorly under-
stood relationship between G3P and amino acid metabolism.
While we are unsure as to the significance of this metabolic rela-
tionship in the fly, our findings are consistent with studies of a
mouse model of GPD1 deficiency, which induces compensatory
amino acid metabolism during fasting in mice (Sato et al. 2016).
One intriguing possibility is that the Gpdh1 maternal–zygotic
mutants induce changes in one of the central metabolic

Control Gpdh1A10 (MZ)Gpdh1A10 (Z)

15 μm

(a) (b) (c)

Fig. 5. TAG levels are significantly decreased in Gphd1 mutants. Representative images of mid-L2 fat bodies stained with Black Solvent 2 and imaged
using bright field microscopy. When compared with a) heterozygous Gpdh1A10/þ control, both b) F1 generation Gpdh1A10 mutants and c) a Gpdh1A10 M/Z
mutant strain exhibit a similar decrease in lipid levels. Scale bar in a) applies to b) and c).
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regulating pathways that control amino acid metabolism. In this
regard, the amino acid sensor Tor not only regulates G3P dehy-
drogenase 1 activity in yeast (Lee et al. 2012), but the GPDH1 sub-
strate, dihydroxyacetone phosphate (DHAP) (see Fig. 1), also
activates Tor in mammalian cell culture (Orozco et al. 2020).
These correlations between GPDH1 and Tor should be the subject
of future investigations.

Our studies also revealed changes in the relative abundance of
a subset of TCA acid cycle intermediates, suggesting that mito-
chondrial metabolism in Gpdh1 maternal–zygotic mutants is fun-
damentally altered when compared with controls and zygotic
mutants. Considering that GPDH1 is an essential enzyme in the

G3P electron shuttle (Fig. 1), the observed increases in succinate,
fumarate, and malate hint at the possibility that maternal–zy-
gotic mutants exhibit significant changes in mitochondrial me-
tabolism. However, since we observe no changes in the relative
abundance of alanine, lactate, and 2-hydroxyglutarate, which are
commonly elevated in flies that experience disruption of mito-
chondrial activity (Feala et al. 2007; Coquin et al. 2008; Campbell
et al. 2019; Mahmoudzadeh et al. 2020), the significance of these
changes in Gpdh1 maternal–zygotic mutant remain unclear. One
explanation is that these metabolomic results hint at a role for
maternal GPDH1 that is distinguishable from the zygotic GPDH1
pool. If the primary function of maternal GPDH1 was to drive
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Fig. 6. Metabolomic analysis of Gpdh1 zygotic and Gpdh1 maternal–zygotic mutants. A targeted GC–MS-based metabolomics method was used to
compare the relative abundance of G3P, lactate, 2HG, and amino acids, between heterozygous Gpdh1A10/þ controls, Gpdh1A10 zygotic mutants, and
Gpdh1A10 maternal–zygotic mutants. a) PCA plot showing that the control, F1 generation Gpdh1 mutants (Z), and the Gpdh1 M/Z mutant strain
separate clearly in their metabolomic profile. b) Heatmap showing the increase in the relative abundance of amino acids in Gpdh1 M/Z mutants
when compared to the F1 generation Gpdh1 zygotic mutants and the Gpdh1A10/þ controls. The relative abundance of c) G3P, d) lactate, e) 2HG, f)
malate, g) tyrosine, and h) b-alanine are represented as scatter plots with the horizontal lines representing the mean value and standard
deviation. *P < 0.05. **P < 0.01. ***P < 0.001. P-values calculated using a Kruskal–Wallis tests followed by a Dunn’s test. Analysis in a) and b)
conducted using MetaboAnalyst 5.0 (see Methods).
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mitochondrial ATP production during oogenesis and early em-
bryogenesis, loss of GPDH1 would favor selection for genotypes
that led to alternative means of mitochondrial energy produc-
tion. Thus, oocytes and early embryos lacking maternal GPDH1
could compensate by shunting elevated carbon into the TCA cy-
cle, leading to selection for genetic backgrounds with increased
TCA flux, and potentially, elevated levels of TCA cycle intermedi-
ates. Thus, future studies should examine how loss of maternal
GPDH1 interferes with ATP production.

Overall, our results again emphasize that GPDH1 serves a
unique role in Drosophila metabolism. The studies presented
herein both confirms a large body of literature regarding the role
of GPDH1 in physiology, development, and lifespan and reveals
new roles for this enzyme in oogenesis, embryogenesis, and
amino acid metabolism. Moreover, considering that several stud-
ies hint at a key role for human GPD1 in cancer metabolism
(Zhou et al. 2017; Rusu et al. 2019; Liu et al. 2021; Xia et al. 2021),
our findings highlight the need to better understand how this
highly studied enzyme influences gene expression, cell growth
and differentiation, and metabolic signaling networks.

Data availability
Gpdh1 mutant strains are available upon request. The authors af-
firm that all data necessary for confirming the conclusions of the
article are present within the article, figures, and supplemental
table.

Supplemental material is available at G3 online.
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