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All insects studied to date show reduced growth rates in hypoxia. Drosophila melanogaster reared in mod-
erate hypoxia (10 kPa PO2) grow more slowly and form smaller adults, but the mechanisms responsible
are unclear, as metabolic rates are not oxygen-limited. It has been shown that individual fruit flies do not
grow larger in hyperoxia (40 kPa PO2), but populations of flies evolve larger size. Here we studied the
effect of acute and chronic variation in atmospheric PO2 (10, 21, 40 kPa) on feeding behavior of third
instar larvae of D. melanogaster to assess whether oxygen effects on growth rate can be explained by
effects on feeding behavior. Hypoxic-reared larvae grew and developed more slowly, and hyperoxic-
rearing did not affect growth rate, maximal larval mass or developmental time. The effect of acute
exposure to varying PO2 on larval bite rates matched the pattern observed for growth rates, with a
22% reduction in 10 kPa PO2 and no effect of 40 kPa PO2. Chronic rearing in hypoxia had few effects on
the responses of feeding rates to oxygen, but chronic rearing in hyperoxia caused feeding rates to be
strongly oxygen-dependent. Hypoxia produced similar reductions in bite rate and in the volume of
tunnels excavated by larvae, supporting bite rate as an index of feeding behavior. Overall, our data show
that reductions in feeding rate can explain reduced growth rates in moderate hypoxia for Drosophila,
contributing to reduced body size, and that larvae cannot successfully compensate for this level of
hypoxia with developmental plasticity.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Variation in ambient oxygen concentrations, such as occurs at
altitude or in burrows leads to short- and long-term behavioral,
physiological, and morphological changes in animals. In response
to a decrease in atmospheric PO2 below normal (normoxia:
21 kPa PO2), animals generally increase ventilation rate, and may
also show behavioral responses such as escape behavior, reduction
in activity, or selection of cooler body temperatures (Burnett and
Stickle, 2001; Hicks and Wood, 1985; Nilsson, 2008). With
longer-term exposure to alterations in atmospheric PO2, compen-
satory morphological and biochemical changes often occur (i.e.
variation in gas exchange surface area, capillary number, or struc-
tural oxygen-binding proteins), and juvenile development in
altered PO2 often alters body size (Harrison et al., 2010;
McMahon, 2001; Nilsson, 2008; Owerkowicz et al., 2009).
Insects show strong physiological and developmental responses
to variation in atmospheric PO2. Short-term exposure to hypoxic
conditions induces escape behavior, increased spiracular opening
and increased ventilation, and hyperoxic exposure often causes
spiracular closure and/or reduced ventilation (Harrison et al.,
2006; Hetz and Bradley, 2005; Lighton et al., 2004). Longer term,
developmental rearing in hypo- or hyperoxia leads to compensa-
tory changes in tracheal system structure (Centanin et al., 2010;
Henry and Harrison, 2004; Jarecki et al., 1999; Loudon, 1988;
VandenBrooks et al., 2012). In addition, hypoxic rearing (10 kPa
PO2) tends to reduce the size of most insects that have been tested,
while moderate hyperoxia (30 or 40 kPa PO2) generally has little
effect (Callier and Nijhout, 2011, 2012; Callier et al., 2013;
Greenberg and Ar, 1996; Harrison et al., 2013; Loudon, 1988;
Peck and Maddrell, 2005; VandenBrooks et al., 2012).

While it is an emerging generality that hypoxia reduces insect
size, the mechanisms responsible remain unclear. At least in
Drosophila, the effect of hypoxia seems to be graded, with size
decrements observable at PO2 values as high as 15 kPa PO2 (Peck
and Maddrell, 2005). However, metabolic rate in adults and larvae,
at least measured over the short-term, is unaffected until PO2

drops below 2–3 kPa (Klok et al., 2010; Van Voorhies, 2009). Other
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insects studied have similarly low critical PO2 values (Lease et al.,
2012). Thus it would seem that the smaller size of insects grown
in hypoxia is not due to limitations on ATP production. Hypoxia
can induce small body size whether experienced in the egg, larval
or pupal stage, so there are likely multiple mechanisms by which
hypoxia can reduce size (Heinrich et al., 2011). Hypoxia shifts
the critical weight, and the timing of ecdysone peaks, and causes
Drosophila to molt at smaller body sizes, providing a partial expla-
nation (Callier et al., 2013). However, the most pronounced effect
of hypoxia on larval Drosophila and all other insects studied so
far is a reduction in growth rate (Callier et al., 2013; Harrison
et al., 2006, 2013; Loudon, 1988; VandenBrooks et al., 2012). The
most obvious explanation for a reduction in growth rate would
be that hypoxia reduces feeding rate in insects, as has been shown
for a variety of animals (see below). In Drosophila melanogaster, lar-
val rearing in hypoxia reduces adult size primarily by reducing cell
numbers (Heinrich et al., 2011), a pattern also observed when D.
melanogaster are nutritionally deprived (Arendt, 2007) suggesting
hypoxia may limit food consumption.

Numerous studies have shown that larval feeding rate is posi-
tively correlated with adult size and larval growth rate (Burnet
et al., 1977; Ruiz-Dubreuil et al., 1996), suggesting that if hypoxia
does suppress feeding behavior it will effectively reduce adult size.
Frazier (Frazier, 2007) reported that exposure to 10 kPa PO2 (hypo
or normobaric) decreased bite rate in D. melanogaster larvae. The
Frazier study only examined the acute response of larvae to ambi-
ent PO2; it is possible that larvae reared in hypoxia or hyperoxia
exhibit a very different acute response to PO2 since their tracheal
systems and other morphological and physiological systems may
change developmentally in response to altered rearing PO2.
Another concern is whether bite rate is a good index of food intake
for Drosophila; clearly there is the potential for variation in amount
consumed per bite. Food consumption in Drosophila has been mea-
sured using intake of dye (Libert et al., 2007), and by intake of
radio-labeled food, though the latter method includes assimilation
as well as ingestion (Carvalho et al., 2005). However, oxygen might
affect feeding by altering the location where feeding occurs.
Drosophila larvae tend to tunnel down into agar-based media,
especially in higher-density cultures, probably to obtain higher
quality food not mixed with fly feces. It is not known whether Dro-
sophila media becomes hypoxic due to microbial activity, or if the
larvae become hypoxic when tunneling, by analogy with diving
organisms, or perhaps because the tunnels themselves contain
hypoxic air. However, this seems plausible. If so, atmospheric
hypoxia might reduce the capacity for larvae to tunnel into their
media, either due to reduced tracheal oxygen stores when tunnel-
ing or due to lower PO2 in the air of the tunnels. Such an effect
could force larvae to feed on lower-quality, more superficial food,
providing another plausible mechanism by which hypoxia might
reduce body size in Drosophila. Because of this, we elected to assess
food consumption by quantifying the volume and location of food
tunnels created by larvae in 10 and 21 kPa PO2.

It is often assumed that responses to the environment such as
tracheal proliferation and reduced body size observed during
hypoxia are compensatory. However, rigorous tests have often
had difficulty demonstrating beneficial developmental plasticity
(Deere and Chown, 2006; Leroi et al., 1994; Woods and Harrison,
2001). While increased tracheal branching and diameters in
response to hypoxia logically should increase oxygen delivery
capacity, as yet, there are no data demonstrating compensatory
benefits of such changes at the whole-body level. The lack of an
effect of rearing oxygen level on the critical PO2 for CO2 emission
rates (Klok et al., 2010) suggests that previously demonstrated
increases in tracheal diameters and tracheole numbers may have
minimal beneficial effect on organismal performance in hypoxia.
Thus, a goal of this study was to determine how the PO2
experienced during development affects the acute effect of PO2

on feeding, with a particular focus on whether being reared at a
particular PO2 enhances the capacity of larvae to feed at that PO2.
2. Materials and methods

2.1. Drosophila stock and rearing conditions

Wild type D. melanogaster, Oregon R strain, were obtained from
Carolina Biological Supply and kept on standard yeast-based fly
media, inside 177 cm3 square bottom polyethylene fly culture bot-
tles. Five generations prior to the experiments, the fly population
was treated with tetracycline and rifampicin for 3 consecutive gen-
erations to eliminate possible Wolbachia infection. The line was
kept inside a temperature and humidity controlled room, where
temperature was kept at 25 ± 1 �C, humidity above 90% and with
a 14:10 light:dark cycle.

2.2. Experimental design and protocols

2.2.1. Effects of rearing oxygen (10, 21, 40 kPa PO2) on larval growth
and development

Approximately 4000–5000 flies, 3–7 days past eclosion, were
placed inside a 30 � 25 � 19 cm3 chamber along with yeast paste
and multiple 1 cm3 cubes of yeast-based media darkened with
grape juice. Females laid eggs on these food cubes for 2 h, and then
the cubes were transferred to a vial. After 34 h to allow hatching,
first instar larvae were transferred to feeding arenas made of 2
glass slides mounted 4 mm apart via porous mounting tape which
surrounded (1.6 ± 0.2 g) standard yeast based fly media (feeding
arena dimensions: 5 cm � 2.5 cm � 0.6 cm). Breathable cloth tape
was placed around the two sides of the slides in order to prevent
larvae from escaping. Thirty first instar larvae were place inside
each feeding arena, with 15 feeding arenas per test oxygen. The
feeding arenas were distributed between 3 air tight Lexan cham-
bers (40 cm � 50 cm � 70 cm) with the internal oxygen levels reg-
ulated at 10, 21 and 40 kPa PO2, using a Sable System International
(SSI) ROXY-8 paramagnetic oxygen regulation system. Every 6 h,
starting at 60 h after ovipositioning, one feeding arena was
removed from each oxygen regulated chamber and the masses of
15–20 larvae were recorded using a Mettler MX5 microbalance
(accuracy 0.0001 mg, Mettler Toledo; www.us.mt.com). To assess
whether rearing oxygen affected growth rate, data was restricted
to the range where there was a linear effect on mass (<118 h after
ovipositioning), and we assessed growth rate from the slope of log
mass on time.

2.2.2. Effect of rearing and acute oxygen levels on larval bite rates
Nearly 4000 young flies, approximately 3–7 days past eclosion,

were divided equally between nine 177 cm3 fly culture bottles,
each containing 50 ml of standard fly yeast-based media. Adults
were removed after 2.5 h of egg laying. At 34 h after oviposition,
the nine bottles were divided among chambers regulated at
10 kPa, 21 or 40 kPa PO2, regulated as described above.

Our goal was to test the feeding response of larvae to acute
exposure to different PO2 values using larvae that were at the same
developmental stage, approximately the middle of the third instar.
Therefore, third instar larvae were individually transferred with a
spatula from the growth vials to feeding arena at 96 h after
oviposition for flies reared in 21 and 40 kPa PO2 and at 108 h after
oviposition for flies reared in 10 kPa PO2. This process took
approximately 5 min, during which the larvae were exposed to
21 kPa PO2. Two feeding arenas, each containing approximately
60 larvae, were prepared from each bottle and were tested at 10,
21 or 40 kPa.
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Fig. 1. The proportion of D. melanogaster remaining as larvae vs. time for animals
reared in different oxygen levels. Hypoxic-reared flies developed more slowly
(Kaplan–Meier Survival analysis; 21 vs. 10 kPa PO2; Z = 3.04 P = 0.002) but
hyperoxic and normoxic larvae developed at statistically identical rates (21 vs.
40 kPa PO2; Kaplan–Meier, P > 0.05).
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Feeding arenas containing the larvae were placed inside the test
oxygen chamber; an air tight aluminum cylindrical container with
a Plexiglas top (approximately 7.15 cm2 � 4.4 cm, 225 cm3) con-
nected to a Sable System International (SSI) Roxy-1 oxygen regula-
tion system. A ROXY-1 system was used to control the oxygen level
within the test chamber with a flow rate of approximately 50 ml
per minute controlled with an aquarium pump. The test chamber
was sitting on a stainless steel plate, which was thermo-regulated
using a circulating water bath ensuring that the test chamber’s
temperature was kept at 25 ± 1 �C. The incurrent air was bubbled
through two water flasks to maintain high humidity (>95%). Larvae
were observed under a Hitachi HV-C20M 3CCD camera attached to
a Cambridge Instruments dissection scope connected to a TV mon-
itor with a 70-fold magnification. Animals were allowed to equili-
brate to the testing oxygen for at least 25 min before the start of
experiment. Bite rates (the number of mandibular sclerite open-
ings per second) were counted visually using a timer and a thumb
counter for at least 5 s. We counted as many individual larvae as
we could over 30 min, taking care to ensure that each individual
was only measured once.

2.2.3. Effect of hypoxia on depth and volume of feeding tunnels
To facilitate quantification of tunneling depth by the larvae, we

constructed special habitats that consisted of pairs of 1 mm-thick
microscope glass slides (75 � 25 mm), fixed 1 mm apart by being
glued to two other microscope slides. Four of these Drosophila
observation habitats were assembled together (Fig. 4). The habitats
were filled with media by dipping them into warm media; after-
wards, the excess media was cleaned away from the external glass
surfaces. Finally, the bottom of the habitat was sealed with glue.

Several hundred adults from the stock populations were
allowed to lay eggs in fresh bottles for 24 h. Adults were removed,
and first-instar larvae were collected with a dulled syringe needle,
and haphazardly distributed to the food-surface of each habitat.
Most habitats received five larvae, but due to escape, death, or lar-
vae crawling from one habitat to the other, the actual number of
larvae per habitat ranged from 3 to 6. The top exit/entrance to
the chambers was blocked using folded filter paper and Parafilm�.
Habitat plates were then distributed haphazardly between the 10%
or 21% oxygen chambers, regulated with Sable Systems’ ROXY-8;
18 habitats were tested per treatment. The oxygen chambers were
kept above 90% relative humidity with standing beakers of water
(relative humidity in the oxygen chambers was measured con-
stantly using Hobo data loggers).

Images of the habitats were made using a color scanner twice
per day, each time with a five min exposure to normoxia, until
all larvae had pupated. For each habitat, we calculated maximum
tunnel depth and the volume of feeding tunnels excavated per lar-
vae within the top, middle and deepest third of the region tunneled
by the larvae. The foraging activity of the larvae caused the surface
of the media to rise above the initial surface level of the food;
therefore, we marked the initial surface of the media in each hab-
itat with a wax crayon. Changes in the surface level of the control
habitat without larvae changed minimally, indicating the media
shrinkage was not a significant problem. Maximum tunnel depth
for each habitat was measured as the maximum distance from
the initial food level to the deepest tunnel. The volume of tunnel
within the different depths of the region tunneled by the larvae
was measured using NIH ImageJ (Fig. 4).

2.3. Statistical analysis

We tested for significant effects of atmospheric oxygen level on
development time (larvae to pupae) using survival statistics, as the
distributions of the numbers of larvae present declined non-
normally with time as for a hazards type of analysis. We tested
for effects of atmospheric oxygen level on maximum larval mass
with one-way ANOVA. We tested whether hypoxia or hyperoxia
affected growth rate relative to normoxic conditions using homo-
geneity of slopes tests on the portions of the data for which mass
increased linearly with time (testing whether the slope of mass
on time was consistent across oxygen levels). To statistically eval-
uate the effect of test and rearing oxygen level on feeding rates, we
used a factorial ANOVA, testing for an interaction between rearing
and test oxygen levels, followed by appropriate one-way ANOVAs.
Similarly, we tested the effect of oxygen, depth, and their interac-
tion on the volume of feeding tunnel per larvae using a factorial
ANOVA, followed by one-way ANOVAs. All statistical analyses were
performed using Statistica version 12, with a P value of <0.05 con-
sidered necessary for significance.
3. Results

Hypoxia significantly slowed development rate as measured by
the timing of transition from larvae to pupae (Fig. 1). Hyperoxia
tended to slow developmental progression, but this effect was
not statistically significant (Fig. 1). The time at which peak larval
mass occurred was 6 h later in hyperoxia, and a further six hours
later in hypoxia (Fig. 2).

Larvae grew linearly over time to a point of maximal size, after
which masses stabilized or decreased during the larval wandering
stage (Fig. 2). Growth rate was reduced by hypoxia and hyperoxia
(Table 1). In general linear models, there were significant rearing
oxygen ⁄ time interactions, indicating that the groups reared in
oxygen levels different from normoxia increased more slowly,
whether the models included the 21 and 10 kPa PO2 groups
(F1,312 = 10.1, P = 0.002) or the 21 and 40 kPa PO2 groups
(F1,316 = 10.4, P = 0.001). We also tested for an effect of oxygen on
larval size controlling for the effect of development time using a
separate slopes model with development time as a covariate. There
was a significant effect of rearing oxygen on larval mass
(F2,624 = 3.7, P = 0.024), with both hypoxic and hyperoxic values
being significantly lower than normoxic values (P < 0.01). Maximal
larval masses were significantly smaller in hypoxia; however,
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normoxic and hyperoxic maximal larval masses did not differ
significantly (Table 1).

The frequency of mandibular feeding motions (bite rate) were
interactively affected by rearing and test oxygen level (Fig. 3, facto-
rial ANOVA, F4,157 = 15.4, P < 0.001), indicating that flies reared at
different oxygen levels responded differently to test oxygen. For
flies reared in 21 kPa PO2, test oxygen significantly affected feeding
rate (ANOVA, F2,52 = 19.9, P < 0.001), with feeding being lower in
10 kPa but not significantly different between 21 and 40 kPa (Dun-
can’s multiple range tests). For flies reared in 10 kPa PO2, test oxy-
gen also significantly affected feeding rate (ANOVA, F2,54 = 37.9,
P < 0.00001), with a strong increase in feeding rate at 21 kPa rela-
tive to 10 kPa, and then a significant decrease to an intermediate
rate in 40 kPa PO2 (Duncan’s multiple range tests). For flies reared
in 40 kPa PO2, test oxygen significantly affected feeding rate
(ANOVA, F2,51 = 93.0, P < 0.00001), with a progressively slower
feeding rate as the testing oxygen PO2 changed from 40 to 21 to
10 kPa (Duncan’s multiple range tests).

We also tested for significant differences among feeding rates of
flies reared at different oxygen levels at each test oxygen level
using ANOVA, followed by Duncan’s multiple range post hoc tests
for differences among the three groups. Feeding rates of flies tested
at 10 kPa PO2 were significantly affected by their rearing oxygen
levels (ANOVA, F2,50 = 24.0, P < 0.00001), with flies reared at
40 kPa having significantly lower feeding rates than those reared
in 10 and 21 kPa PO2. Tested at 21 kPa PO2, flies also showed signif-
icant differences in their feeding rates across rearing oxygen
groups (ANOVA F2,54 = 35.7, P < 0.00001), with significant differ-
ences in all groups, ranking 10 kPa-reared > 21 kPa-reared > 40 kPa
Table 1
Rearing oxygen level significantly affected maximal larval mass, growth rate, and the least
separate slopes model. Stars indicate significant differences from normoxic values.

10 kPa PO2

Maximal larval mass, mean ± s.e.m. (n) 1.58 ± 0.045 (13)⁄

Growth rate, mg/h slope ± s.e.m. (R2) 0.023 ± 0.0009⁄ (0.74)
LS Covariate means, mg, mean ± s.e.m. (n) 0.85 ± 0.020⁄ (228)
reared. There was also a significant effect of rearing oxygen for flies
tested at 40 kPa PO2 (ANOVA, F2,53 = 3.9, P = 0.027). The 10 kPa-
reared flies had significantly slower rates than the larvae reared
in 21 or 40 kPa.

Hypoxic rearing significantly reduced the volume of feeding
tunnels excavated by larvae through the entire larval stage, with-
out significantly affecting the vertical distribution of feeding
(Fig. 5, Table 2). Mean volume of media excavated per larvae was
4.4 ± 0.35 mm3 in normoxia and 3.2 ± 0.35 mm3 in 10 kPa PO2.
There was no significant effect of number of larvae (P = 0.31, larval
number ranged from 3 to 6) on the maximum depth of tunnels, so
we pooled these data. Hypoxia did not affect the maximum depth
of tunnels (ANOVA, P = 0.39), which averaged 10.9 mm deep (range
5.4–17.0).
4. Discussion

Our results support the hypothesis that the primary mechanism
by which larval hypoxia reduces growth rate in D. melanogaster is
by restriction of food consumption. The bite rates and percent
decrease in bite rate in 10 kpa PO2 (22%) were virtually identical
to those reported by Frazier (2007) at 25 �C. Feeding rate estimated
from the volume of feeding tunnels excavated decreased by 28% in
hypoxia. Growth rate decreased by 18% in hypoxia (Table 2),
slightly less than predicted if the decrease in growth rate is com-
pletely explained by the effect on feeding.
square covariate mean masses for larvae after correcting for development time using a

21 kPa PO2 40 kPa PO2

1.70 ± 0.067 (13) 1.78 ± 0.083 (10)
0.028 ± 0.0013 (0.76) 0.024 ± 0.0011⁄ (0.75)
1.05 ± 0.022 (184) 0.98 ± 0.021⁄ (220)



Fig. 4. (a) Four Drosophila observation habitats at start of experiment; the three
habitats on the left were provided with five first instar larvae while the habitat on
the far-right was a control habitat without larvae. (b) Image of the four habitats
after the larvae pupated. Note that the media rises above the line and block arrow
indicating the original surface of the media. The lower block arrow indicates the
maximum tunnel depth for the far-left habitat. (c) The region between the original
surface level and the maximum tunnel depth for each habitat was isolated, cropped,
and divided into three equal regions using NIH ImageJ. (d) The image was thresh-
holded to produce a binary (black and white) image that was used to quantify the
volume of tunnel per section.
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Fig. 5. Hypoxic rearing significantly reduced the volume of feeding tunnels (mm3)
excavated per larvae through the entire larval stage. Hypoxia did not significantly
affect the vertical distribution of feeding tunnels.

Table 2
Results for factorial ANOVA testing the effect of PO2 and depth (top, middle or deepest
region) on the volume of feeding tunnels per larvae (mm3).

MS F D.F. P

PO2 54.4 22.9 1.99 <0.001
Depth 200.7 84.2 2.99 <0.001
PO2
⁄ depth 4.9 2.07 2.99 0.13
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It is noteworthy that exposure to 10 kPa PO2 reduces feeding
rate despite the fact that this is well above the critical PO2 for met-
abolic rate in Drosophila larvae (Van Voorhies, 2009; Klok et al.,
2010). The critical PO2 measurements in Klok et al., 2010 were
done on flies which were recently separated from food; although
they were likely still digesting, they were not actively feeding.
Therefore, it is plausible that the critical PO2 values for metabolism
of larvae in an active feeding state might be higher; however, crit-
ical PO2 was not appreciably elevated when tested on actively
feeding Manduca sexta (Greenlee and Harrison, 2005). Also, it is
possible that lower oxygen partial pressures do limit the function
and metabolic rate of the muscles involved in feeding, but this lim-
itation is difficult to observe in measurements of whole-body met-
abolic rate. In Drosophila larvae, muscles of the gnathal head
segments that move the mandibles are small compared to the
trunk muscles (Sink, 2006). Because these muscles are such a small
fraction of the body mass, a decrease in tissue specific metabolic
rate in these muscles could result in an indiscernible effect on
whole body metabolic rate. Alternatively, there may be no oxy-
gen-limitation of metabolic rate in 10 kPa PO2, and the decrease
in feeding rates are due to activation of signaling pathways that
suppress appetite independently of effects on whole-body ATP
availability.

Suppression of feeding appears to be a highly general effect of
hypoxia in animals. Hypoxia reduces feeding rates in fish
(Adelman and Smith, 1970; Brandt et al., 2009; Cech et al., 1984;
Chabot and Dutil, 1999; Pichavant et al., 2001), crabs (Burnett
and Stickle, 2001), gastropods (Cheung et al., 2008), rodents
(Moreau and Ciriello, 2013) and humans (Wasse et al., 2012). Anor-
exia is common for humans at altitude (Westerterp, 2001) and
humans with chronic obstructive pulmonary disease (Raguso and
Luthy, 2011).

The mechanisms by which hypoxia affects appetite in insects,
humans and other animals remain poorly understood. Intermittent
hypoxia can elevate blood leptin levels (via hypoxia inducible fac-
tor) and reduce acetylated ghrelin; and act on satiety centers in
rodents, potentially providing hormonal mechanisms by which
hypoxia might reduce hunger (Ambrosini et al., 2002; Messenger
and Ciriello, 2013; Moreau and Ciriello, 2013; Wasse et al.,
2012). However, suppression of feeding by hypoxia can also occur
in rats lacking leptin receptors, suggesting that other mechanisms
may be responsible (Simler et al., 2006). In juvenile rats, chronic
hypoxia decreases feeding and growth rates, as well as depressing
plasma insulin levels, muscle masses, and liver glycogen levels,
suggesting chronic hypoxia may reduce anabolism via reduced
insulin signaling (Bigard et al., 1996). Hypoxia also elevates adren-
ergic signaling pathways in rodents and humans that may be
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linked to elevated blood glucose levels and anorexia (Mazzeo et al.,
2001). In rats, it has also been shown that hypoxia transiently
decreases hypothalamic AMP-activated protein kinase, which is
thought to regulate food intake by integrating hormonal and met-
abolic input and modulating expression of orexigenic neuropep-
tides such as neuropeptide Y (Simler et al., 2007). Drosophila may
provide an excellent model for dissecting possible signaling mech-
anisms by which hypoxia may affect appetite, feeding rate and
growth rate. It is possible to manipulate expression of a variety
of candidate signaling pathways for the regulation of feeding such
as insulin (Wu and Brown, 2006; Wu et al., 2005; Zhao and
Campos, 2012), the adrenergic-like octopamine pathway (Zhang
et al., 2013), allatostatins (Hergarden et al., 2012), the possible sati-
ety gene pumpless (Zinke et al., 1999) and the cAMP-mediated
transcription factor CREB (Iijima et al., 2009).

Animals exhibit many compensatory changes in respiratory
structures in response to hypoxia, and compensatory increases in
tracheal diameters and tracheolar number have been well-demon-
strated in Drosophila (Jarecki et al., 1999; Henry and Harrison,
2004; Centanin et al., 2010). These compensatory changes are
expected to have beneficial functional consequences for organis-
mal function. Surprisingly, we found no evidence for such benefi-
cial developmental plasticity. Larvae reared in 10 or 21 kPa PO2

had identical bite rates when tested at 10 kPa PO2 (Fig. 3). Simi-
larly, larvae reared at 10 or 21 kPa PO2 had identical critical PO2

values for suppression of metabolic rate or locomotory behavior
(Klok et al., 2010). These data suggest that the compensatory effect
of tracheolar proliferation and growth in tracheal diameters may
be functionally trivial, and that hypoxia causes poor rearing condi-
tions that Drosophila cannot overcome with compensation. Per-
haps, there are bottle-necks to oxygen delivery, such as in the
fluid phase of oxygen transport to the brain that cannot be over-
come with these compensatory morphological changes such that
the total series conductance of the tracheal system is relatively
unchanged. Alternatively, functional changes such as the level of
fluid in the tracheoles may co-vary with tracheal morphology, pro-
ducing similar performance during hypoxia regardless of tracheal
morphology. Another possibility is that the neuroendocrine sys-
tems that control feeding and locomotion may be driven by sensors
that respond to ambient rather than tissue PO2.

In contrast to the lack of evident functional consequences of
rearing in hypoxia, our data reinforce prior studies suggesting that
rearing in hyperoxia can have significant functional effects on the
organism that can be revealed by variation on PO2 despite the rel-
atively minor effects on growth rate, development time and larval
size. Hyperoxia reduces the diameter of the larval dorsal trachea
(Henry and Harrison, 2004) and causes a significant decrease in
terminal tracheal branching (Centanin et al., 2009; Jarecki et al.,
1999). These decreases in tracheal sizes appear to strongly reduce
oxygen delivery capacity, leading to strong effects on feeding per-
formance when these larvae were tested at 21 or 10 kPa PO2. Sim-
ilarly, hyperoxic rearing more than doubles the critical PO2 for CO2

emission in Drosophila (Klok et al., 2010). These data could suggest
that the structural responses of the tracheal system is stronger to
hyperoxia than hypoxia, but the only study to examine tracheal
dimensions across a wide range of rearing oxygen levels found a
fairly linear effect of oxygen on tracheal dimensions
(VandenBrooks et al., 2012). Perhaps the strong effects of hyper-
oxia on feeding derive from hyperoxic effects on reactive oxygen
species production, as inflammation is known to be a powerful
inhibitor of appetite (Raguso and Luthy, 2011).
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