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A modified gas-trapping method for high-throughput
metabolic experiments in Drosophila melanogaster
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Metabolism is often studied in animal
models, with the Drosophila melanogaster
fruit fly model offering ease of genetic
manipulation and high-throughput studies.
Fly metabolism is typically studied using
end-point assays that are simple but
destructive, and do not provide information
on the utilization of specific nutrients. To
address these limitations, we adapted
existing gas-trapping protocols to measure
the oxidation of radiolabeled substrates
(such as glucose) in multi-well plates. This
protocol is cost effective, simple, and offers
precise control over experimental diet and
measurement time, thus being amenable
to high-throughput studies. Furthermore,
itis nondestructive, enabling time-course
experiments and multiplexing with other
parameters. Overall, this protocol is useful
for merging fly genetics with metabolic
studies to understand whole organism
responses to different macronutrients.

We developed a gas-trapping protocol for
studying metabolism in Drosophila melano-
gaster using perforated, mesh-covered
plastic lids in sealed tissue-culture multi-
well plates. This system enables precise
control over experimental diet and time and
is nondestructive, making it amenable to
time-course experiments and multiplexing
with other parameters.
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Over the past century, metabolism has
been studied using a spectrum of models.
On one end, in vitro cell-culture models are
easily manipulatable and offer more
control over the measurement of param-
eters in isolation. For instance, they are
amenable to radiotracer studies to
measure the oxidation of glucose in
specific cell types, without being
confounded by the presence of other cell
types or substrates. In contrast, a more
holistic view of metabolism can be
obtained through assays at the whole-
organism level. These are frequently
performed in rodent models [1,2], which
are not readily genetically manipulated
and often take longer than in vitro studies.
A compromise between these two model
systemsis the fruit fly (Drosophila melano-
gaster). The fruit fly model has gained
popularity in metabolic studies [3—6]
because: 1) one can easily study large
numbers of individuals in a short amount
of time, thus it is amenable to high-
throughput studies; 2) core metabolic
pathways are conserved between flies and
mammals [5]; 3) it is simple to knockdown
and overexpress genes in flies [7]. Thus,
the fruit fly is a live-animal model that
offers mechanistic insight combined with
whole-organism metabolism in the same
experiments.

Current protocols for studying fly
metabolism often involve end point
measures of metabolites (i.e., fat,
glycogen). These have several limita-
tions, including being destructive and
static (e.g., does fat content change due to
increased storage or reduced utilization?),
as well as not being able to provide infor-
mation about specific nutrient utilization.
To address this, we have developed a
novel, nondestructive assay for measuring
substrate oxidation in flies.

Fundamentally, this involves providing
flies with a diet containing radiola-
beled substrate (such as “C-glucose),
trapping any CO, produced with alkali
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solution (as bicarbonate) and measuring
radiation (*C) in the trapped CO,. Similar
protocols have pre-exposed flies to radio-
labeled substrate (typically for 2—3 h),
unlabeled substrate (for 2—4 h), then
CO, output measured in the absence of
food (for 2—12 h) [8]. This methodology
essentially measures residual substrate
oxidation in the fasting state when other
macronutrients such as fatty acids are
probably being utilized [9]. Furthermore,
such protocols require incubating flies in
precut microfuge tubes sealed with mesh,
within close proximity to alkali-soaked
filtered paper (for CO, collection). This
apparatus is housed within 20-ml scintil-
lation vials sealed with a rubber stopper,
which is not amenable to miniaturization
for high-throughput studies. Thus, we
sought to develop a protocol that was
simple, cost effective and yet flexible in
terms of when CO, was collected relative
to food intake (i.e., enabling substrate
oxidation measurements in fed and/or
fasted states).

To achieve this, we modified a
gas-trapping method that we previously
established for cell culture models [10].
This involved culturing cells in sealed
multi-well plates, where CO, was collected
in a NaOH solution in a gas trap. The gas
trap consisted of a perforated centrifuge
tube lid which, when positioned upside-
down above the cells, allowed gaseous
exchange through the hole in the lid while
holding an NaOH solution in the inner rim
of the lid. This enabled the assessment
of substrate oxidation in a 12- or 24-well
plate format, which would be ideal for high-
throughput measurement of substrate
oxidation in flies.

We adapted this gas-trapping method
for flies through several modifications
(Figure TA-D). Diets containing radio-
labeled substrate were prepared in
multi-well plates prior to the experiment
(Figure 1B). Anesthetized flies were then
deposited into the wells. To ensure the »
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Figure 1. The Drosophila gas trap assay measures glucose oxidation in live animals. (A) Schematic of the Drosophila gas trap (details in the main text).
(B—D) Photos of multiwell plates containing fly food (B), prepared Drosophila gas traps (C), and Drosophila gas traps with food and flies beneath the traps
(D). (E) Different numbers of male and female flies were incubated with substrate containing uniformly *C-labelled glucose (details in Supplementary
protocol) and glucose oxidation was measured after 4 h. (F) 20 male or 10 female flies were incubated as in (E) for different lengths of time prior to
measuring glucose oxidation. Data in (E & F) are representative of at least two separate experiments. The correlation between glucose oxidation and fly
number (E) and time (F) were assessed by the R? value and one-way ANOVA.
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Figure 2. The Drosophila gas trap assay can be coupled with assaying other parameters and genetic manipulation. (A) The experiment was performed
as in Figure 1E, and after removing the gas-trapping solution, flies were sacrificed by freezing the entire microplate. Flies were then homogenized in a
CHCI3:MeOH (2:1) solution and lipids extracted using the Folch method [12]. Lipids were dried under nitrogen gas in scintillation vials, resuspended in
scintillant and radioactivity was quantified by a beta-counter. (B) The experiment was performed as in Figure 1F and glucose incorporation into lipid
was measured as described in (A). (C) The experiment was performed as in Figure 1F. After removing the gas trap flies were homogenized in water

and the absorbance was measured at 628 nm, and compared with blue dye as a standard. (D) Control (ubi-GAL4>CGnone) flies or flies with whole
body knockdown of hexokinase A (ubi-GAL4>HexA) and C (ubi-GAL4>HexC) were incubated for 3 h with substrate containing radiolabeled glucose
(details in Supplementary protocol), after which glucose oxidation was assessed. Data in all panels are representative of at least two separate experi-
ments. Each experiment in (C & D) contained four separate biological replicates for each genotype, with data presented as mean + SEM. The correlation
between glucose incorporation into lipid and fly number (A) and time (B) were assessed by the R? value and one-way ANOVA. Statistical significance in
(C & D) were assessed using Student’s t-test.

*p <0.01; **p < 0.001.
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» flies remained within the wells, fly-screen
mesh was adhered over the hole in the gas
trap (perforated tube lids) to prevent flies
from escaping but still enable gaseous
exchange (Figure 1C). To assay substrate
oxidation, NaOH was added to the trap and
the plate was sealed (Figure 1D). Similarly
to previous methods [8], this relies on
trapping diffused CO, in an alkaline solution
and thus should be just as sensitive for
CO, measurements. Our setup allows
control over the diet, incubation period
with the diet, and the measurement period
of substrate oxidation as independent
parameters, offering flexibility in the
experimental design.

As proof of principle, we assessed
glucose oxidation in flies. Flies were
incubated with a diet containing radiola-
beled glucose. We found that in both male
and female flies, the amount of glucose
carbon converted to CO, was proportional
to the number of flies (Figure 1E) and linear
over time (Figure 1F). This enabled us to
optimize the duration and number of flies
in subsequent experiments.

Since this assay is nondestructive, it
could enable repeated measurements of
substrate oxidation over a time course and
permit the collection of flies at the end of
the experiment for end point metabolic
measurements. For instance, glucose
is not only oxidized but can be stored as
triacylglycerides (TAGs). Thus, we extracted
TAGs from the same flies and found that
the amount of glucose incorporation into
TAGs within a well increased with both
fly number (Figure 2A) and linearly over
time (Figure 2B). Furthermore, blue food
dye was included in the food to provide
visual inspection that the food mixture
was homogeneous, but can also serveas a
proxy of food intake. We found that a similar
amount of food dye was incorporated at2 h
and 4 h (Figure 2C), suggesting a steady
state between food intake and dye excretion,
which has been previously found to occur
within a similar timeframe [11]. Overall,
these experiments demonstrate that the
gas trap enables substrate oxidation to be
coupled with the measurement of other
parameters.

The Drosophila model enables the
high-throughput screening of genetic
mutants. Thus, as a proof of principle, we
assessed changes in glucose oxidation
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when hexokinase, which catalyzes the first
step in glycolysis, was knocked down. We
used the GAL4-UAS system [7] to generate
whole-body knockdown of hexokinase A
(HexA) and C (HexC) (Figure 2D). The
flies were viable potentially due to the
redundancy from the other hexokinase
isoform. Despite this, knockdown of
either hexokinase isoform substantially
reduced glucose oxidation compared to
the control flies (Figure 2D). This demon-
strates that glucose incorporation into
CO, is dependent upon glucose metab-
olism within the flies, and that this assay
can distinguish between flies of different
genotypes.

Overall, this modified gas-trapping
protocol provides a simple assay for high-
throughput measurement of fly metab-
olism. It allows previous methods of gas
trapping in flies [8] to be utilized in multi-
well plates in the presence of labeled
substrate. It enables precise control over
key experimental conditions such as diet
and time, and is nondestructive, thus being
amenable to time-course experiments and
able to be coupled to the measurement of
other parameters. Furthermore, we have
previously shown that this assay format
can detect the oxidation of radiolabeled
palmitate in cell culture [10]; the oxidation
of other substrates (e.g., fatty acids, amino
acids) could similarly be studied in flies.
This assay ultimately provides a useful
tool for merging fly genetics with radio-
active tracer metabolic studies to under-
stand the response to macronutrients on
an organismal level.
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