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A B S T R A C T

Atmospheric oxygen is one of the most important atmospheric component for all terrestrial organisms. Variation
in atmospheric oxygen has wide ranging effects on animal physiology, development, and evolution. This var-
iation in oxygen has the potential to affect both respiratory systems (the supply side) and mitochondrial net-
works (the demand side) in animals. Insect respiratory systems supplying oxygen to tissues in the gas phase
through blind ended tracheal systems are particularly susceptible to this variation. While the large conducting
tracheae have previously been shown to respond developmentally to changes in rearing oxygen, the effect of
oxygen on the tracheolar network has been relatively unexplored, especially in adult insects. Similarly, mi-
tochondrial networks that meet energy demand in insects and other animals are dynamic and their enzyme
activities have been shown to vary in the presence of oxygen. These two systems together should be under
selective pressure to meet the aerobic metabolic requirements of insects. To test this hypothesis, we reared Mito-
YFP Drosophila under three different oxygen concentrations hypoxia (12%), normoxia (21%), and hyperoxia
(31%) and imaged their tracheolar and mitochondrial networks within their flight muscle using confocal mi-
croscopy. In terms of oxygen supply, hypoxia increased mean (mid-length) tracheolar diameters, tracheolar tip
diameters, the number of tracheoles per main branch and affected tracheal branching patterns, while the op-
posite was observed in hyperoxia. In terms of oxygen demand, hypoxia increased mitochondrial investment and
mitochondrial to tracheolar volume ratios; while the opposite was observed in hyperoxia. Generally, hypoxia
had a stronger effect on both systems than hyperoxia. These results show that insects are capable of devel-
opmentally changing investment in both their supply and demand networks to increase overall fitness.

1. Introduction

Oxygen is the one of the most important atmospheric component for
all terrestrial aerobic organisms. Variations in atmospheric oxygen
availability across environments and geologic time have had wide
ranging effects on animal physiology, development, and evolution
(Hodkinson, 2005; Dillon et al., 2006; Berner et al., 2007; Harrison
et al., 2010; Clapham and Karr, 2012). Lack of oxygen can limit the
performance and fitness of organisms (Hicks and Wood, 1985; Burnett
and Stickle, 2001; Harrison et al., 2006; Nilsson, 2008; Harrison et al.,
2010), while too much oxygen can lead to increased oxidative damage
driven by the production of oxide and ozone radicals that can reduce
fitness and lifespan (Kloek et al., 1976; Chance et al., 1979; Beckman
and Ames, 1998; Chandel et al., 1998; Duranteau et al., 1998; Dirmeier
et al., 2002; Walker and Benzer, 2004; Rascón and Harrison, 2010).

Therefore, animals that are able to respond to variation in atmospheric
oxygen both acutely and developmentally may have a selective ad-
vantage (Sollid et al., 2003; Owerkowicz et al., 2009; Harrison et al.,
2010). There are two main processes that drive this interaction between
atmospheric oxygen and animal physiology: 1) the ability to supply
oxygen to metabolically active tissues by respiratory systems and 2) the
utilization of that oxygen which determines the metabolic oxygen de-
mand (Ward, 2006; Snelling et al., 2012). The optimal evolutionary
strategy is to have this supply and demand to be well matched to
maximize the efficiency of the system (Taylor and Weibel, 1981; Weibel
et al., 1991; Ward, 2006; Snelling et al., 2011, Snelling et al., 2012). If
the respiratory system is overbuilt (excluding some amount of safety
margin), the animal is wasting energetic resources that could be di-
rected elsewhere and if it is underbuilt, it will limit the performance
and fitness of these organisms. Yet, whether organisms are able to
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developmentally alter both their respiratory systems (the supply side)
and their mitochondrial networks (the demand side) in response to
variation in atmospheric oxygen availability remains largely un-
explored.

Insects make an ideal model for understanding the impact of de-
velopmental oxygen on these systems due to their high metabolic de-
mand and their reliance on a blind ended tracheal system that delivers
oxygen to the tissues completely in the gas phase (though the tracheoles
may contain fluid during rest) (Wigglesworth and Lee, 1982; Harrison
et al., 2010). During flight, insect flight muscles have some of the
highest metabolic rates of any tissue and require a high density of
tracheae and mitochondria (Chown and Nicolson, 2004; Suarez, 2000).
Wigglesworth and Lee (1982) using SEM imaging of histological slices
in insects suggested that tracheoles and mitochondria exist in a one to
one ratio in flight muscle to allow them to meet this high metabolic
demand. However, while this ratio is oft cited, it relies on a static view
of mitochondrial dynamics that does not take into account our current
understanding of mitochondrial networks and movements. Mitochon-
dria exist in a dynamic network in which they continually join and

fragment (Chen and Chan, 2009; Westermann, 2010; Iqbal and Hood,
2013; Wu et al., 2013, Pernas and Scorrano, 2016). This allows tissues
to respond to long-term varying metabolic changes and suggests that
these networks can be altered developmentally.

Furthermore, insects have been shown to respond to oxygen varia-
tion in a number of ways including changes in body size, flight per-
formance, lifespan, growth rate, and fecundity (Greenlee and Harrison,
2005; Harrison et al., 2006; Harrison et al., 2009; Harrison et al., 2010;
Rascón and Harrison, 2010; Callier and Nijhout, 2011, Harrison and
Haddad, 2011; VandenBrooks et al., 2012). Perhaps most importantly,
the tracheal system has been shown to be plastic in response to varia-
tion in developmental oxygen in a range of insects including Drosophila
(Loudon, 1988; Jarecki et al., 1999; Henry and Harrison 2004; Centanin
et al., 2008; Centanin et al., 2009; Centanin et al., 2010; VandenBrooks
et al., 2012). Investment in the tracheal system is inversely correlated
with rearing oxygen in all of these insects with a generally stronger
impact of hypoxia compared to hyperoxia on these systems. Yet, a
limitation of these studies is that they are focused largely on the largest
conducting tracheae and not the tracheoles or tracheal terminal cells.
Tracheoles are where the majority of lateral and radial diffusion occurs

Fig. 1. A. Confocal image of bisected Drosophila flight muscle. B. Close up of the tracheolar network. The tracheal network is extremely complex to deliver oxygen to the high metabolic
demand flight muscles.

Fig. 2. Depth coded confocal image of the tracheal network starting at a single spiracle.
Artificial depth coloring allows for the ability to follow individual tracheal networks as
they branch from spiracle down to the tracheoles.

Fig. 3. Dual channel confocal image of tracheoles and mitochondria. Tracheoles re-
presented in teal and mitochondria in lavender.
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within the animals and are critical to oxygen delivery to the tissues. The
studies that have focused on tracheolar migration have looked at very
specific small areas within the organism, but have shown that tra-
cheolar branching increases in hypoxia largely controlled by Branchless
and HIF pathways (Jarecki et al., 1999; Centanin et al., 2008). Ad-
ditionally, these studies have focused largely on larval stages and not
the adults which have much higher metabolic demands and are the final
phenotype that results from the variation in developmental oxygen
(Loudon, 1988; Jarecki et al., 1999; Henry and Harrison 2004; Centanin
et al., 2008; Centanin et al., 2009). Nevertheless, Wigglesworth (1954)
did demonstrate that tracheoles exhibit more complex patterns in
Rhodnius adult wings, abdomens and thoraces when reared under hy-
poxia suggesting that the tracheolar system should be able to respond to
variation in atmospheric oxygen on a larger scale and play a role in
adult physiology and flight performance.

Generally, it is assumed that the function and energy needs of tis-
sues are correlated to the volume of mitochondria per cell (Robin and
Wong, 1988). In support of this, there are a high volumes of mi-
tochondria in insect flight muscles relative to most vertebrates and they
are highly metabolically efficient (Watanabe and Williams, 1951;
Novak et al., 1979; Casey et al., 1992; Suarez, 2000). Acutely, hypoxia

affects mitochondrial enzyme activities and generally downregulates
cytochrome c oxidase activity (McMullen and Storey, 2008; Solaini
et al., 2010). However, the understanding of the effects of acute hy-
poxia on mitochondrial morphologies and dynamics is still poorly un-
derstood and has only recently begun to be elucidated (Hoppeler et al.,
2003). The developmental plasticity of insect mitochondrial networks
in response to atmospheric oxygen has not been directly measured
(Coquin et al., 2008; Solaini et al., 2010). However, Charette et al.
(2011) showed indirectly that mitochondrial activity was increased in
lines of hypoxia-selected D. melanogaster by measuring citrate synthase
activity, while hyperoxic-selected flies showed no change in citrate
synthase activity. This implies that insects are capable of increasing
their aerobic capacity in response to variation in developmental
oxygen, which has been suggested in other species as well (Fedde et al.
1985; Sheafor 2003; Esteva et al., 2009). The question remains of how
insect tracheolar system and mitochondrial systems interact to maintain
metabolism within insects chronically exposed during development to
variations in atmospheric oxygen.

One reason that more studies haven’t looked at this question is an
inability to image a large portion of both the respiratory system and
mitochondrial network simultaneously within a single insect in three

Fig. 4. A. Mean tracheolar diameter was inversely correlated with rearing oxygen. ANOVA: F6,244= 12.456, P < .01 B. Hypoxia increased tracheolar tip diameters. ANOVA:
F6,322= 38.22 P < .01 C. The number of branch points from each main tracheae was inversely correlated with rearing oxygen. ANOVA: F5,88= 2.88 P= .022 D. Hypoxia increased the
total number of tracheoles per main branch. ANOVA: F6,533= 7.22 P < .01.
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dimensions. A classic method is using histology which requires de-
structive slicing of the issue. Other studies rely on SEM imaging of a
single slice from the entire insect muscle and extrapolate outwards
(Wigglesworth and Lee, 1982; Suarez, 2000) or a small area of tra-
cheoles within the animal (Jarecki et al., 1999). However, in small
enough specimens such as Drosophila flight muscles, confocal imaging
can be used to take advantage of the auto-fluorescent properties of
tracheae in the green band (Klaus et al., 2003; Zucker, 2006). As genetic
tools have become more sophisticated, we can also now tag specific
cellular components such as mitochondria with fluorescent tags such as
GFP (Petryk et al., 2003; Neuhaus et al., 2004). The key to imaging both
networks simultaneously is to minimize wavelength overlap between
these two systems and so GFP is not the ideal marker in this case.
However, more recently Mito-YFP flies ((w∗; P(sqh-EYPF-Mito)3) have
been engineered that have a YFP tag on the mitochondria (LaJeunesse
et al., 2004). Here we used confocal microscopy to look at the effect of
rearing oxygen on the tracheal system (supply) and mitochondrial
networks (demand) of the flight muscles in D. melanogaster with YFP-
labelled mitochondria.

2. Methods

2.1. Fly rearing

Two Drosophila strains – Oregon-R and Mito-YFP – were obtained
from Bloomington Drosophila Stock Center, Indiana University,
Bloomington, IN. Oregon-R flies were used for measuring tracheolar
densities and diameters and tracheal branching patterns. Mito-YFP flies
(w∗; P(sqh-EYPF-Mito)3) carry a P-element insertion including the
spaghetti squash (sqh) promoter driving expression of the enhanced
yellow fluorescent protein (EYFP) tagged at the N-terminal end with a
mitochondrial targeting sequence (LaJeunesse et al., 2004). These flies
were used to measure mitochondrial volumes and mitochondrial to
tracheolar volume ratios. Flies in both sets of experiments were treated
exactly the same except for the confocal imaging protocol. All flies were
fed on Nutri-Fly™MF media (Genesee Scientific®, San Diego, CA) and
maintained in a controlled environmental chamber at 25 °C (Conviron)
and a 14:10 D:N light cycle. At the beginning of the experiments,
mating pairs of Drosophila were placed into vials with fresh food with
25 grains of yeast sprinkled on top. These vials were then transferred
into one of three Lexan oxygen rearing chambers
(61 cm×61 cm×91 cm) regulated at hypoxia (12%), normoxia

(21%), or hyperoxia (31%). Oxygen levels were maintained within the
rearing chambers with a ROXY-4 Oxygen Controller (Sable Systems
Inc., Las Vegas, NV). The mating pairs were removed after 24 h and the
vials were returned to the oxygen chamber. The flies were reared in
these oxygen environments from egg to larvae to pupae to adult. The
vials were checked daily for adults. Any adults were then individually
transferred to fresh vials and returned to the oxygen chambers for five
days. Only male flies were used for the measurements below.

2.2. Dissection and imaging prep

Five days post-eclosion, male flies were removed from the oxygen
chambers and cold anesthetized. They were placed in a small drop of
100% glycerol onto a microscope slide under a dissection scope (Wild
M3Z). The head and digestive tract were removed using a stainless steel
feather No. 11 surgical blade. The abdomen and limbs were removed
and the remaining thorax was bisected along the antero-posterior axis
from the notum to the sternum using Vannas spring scissors (Fine
Science Tools). Each half was transferred to a glass well plate and im-
mersed in phosphate buffered saline (PBS). The thoracic-halves were
then fixed in 3% sucrose and 2.5% formaldehyde in PBS for one hour on
a nutating mixer. The tissues were washed with PBS three times for
20min each, followed by a 10-min wash of 1:3 glycerol:PBS and a
10min wash of 1:1 glycerol:PBS. The thoracic-halves were then im-
mersed in 100% glycerol and mounted with the exposed muscle up-
wards and then covered with a glass cover slip sealed with nail hard-
ener to be imaged.

2.3. Confocal microscopy

The flight muscles were then imaged using a Leica SPE DMI4000B
confocal microscope located at Midwestern University. In the first ex-
periment to look at tracheolar numbers and branching patterns, flight
muscles from Oregon-R flies (n= 50) were imaged taking advantage of
their auto-fluorescent properties (Figs. 1 and 2). They were excited with
a laser at a wavelength of 405 nm at ∼35% of max intensity, gain of
800 and the emission capture band was 422–518 nm. The scanning
frequency was 400 Hz. The images were captured with a 40× oil im-
mersion lens at a digital resolution of 1024× 1024 with a z-stack of
approximately 50 µm with a distance of 1.0 µm between slices. For this
imaging, the entire flight muscle was imaged. A second set of Oregon-R
flies (n= 50) were imaged under the same conditions using a 63× oil

Fig. 5. A. Mitochondrial volume was inversely correlated with rearing oxygen. ANOVA: F6,201=73.12, P < .01 B. Hypoxia increased mitochondrial to tracheolar volume ratios. ANOVA:
F6,376=48.22 P < .01.
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immersion lens with a pixel resolution of 2048×2048 to measure the
tracheolar diameters focusing on the center of the flight muscles with a
z-stack of 30 µm and 0.5 µm between slices and a physical width and
length of 183.33× 183.33 µm. In the second experiment looking at
mitochondrial volumes and tracheole-mitochondrial volume ratios, we
imaged flight muscles from Mito-YFP flies at two different wavelengths
and emission spectrums (Fig. 3). First, the tracheoles were imaged using
63x oil immersion lens and a 405 nm excitation wavelength laser at
∼20% of max intensity, gain of 771.1 and the emission capture band
was 422–518 nm. Images were captured with 0.35 µm between slices
and a total z-stack of 30 µm at 2048× 2048 pixel resolution. The center
of the muscle was again imaged with a physical dimension of
116.4× 116.4 µm. Then, to image the mitochondria, a second pass was
done on the exact same section of flight muscle, but with an excitation
wavelength of 488 nm and an emission band of 495–604 nm with all
other parameters the same.

2.4. Image analysis

The resulting images were then stitched together and compiled into
3D images using either ImageJ (Oregon-R flies) or ImagePro Premier 3D
(Mito-YFP flies). In the Oregon-R flies, tracheal and tracheolar dia-
meters, total tracheole number, and number of branches were analyzed
using ImageJ software. The number of branches was determined by
using depth coded images. Each major branch was followed all the way
from the spiracle down to the tracheolar level (Fig. 2). The number of
tracheoles was determined by individually labelling each tracheole and
summing them within the images. Mean tracheolar diameters were
measured using the straight line measurement tool and determined by
measuring the diameter half way down the tracheole while tracheolar
tip diameter was measured at the terminal end of the tracheole. In the
Mito-YFP flies, tracheolar and mitochondrial volumes were analyzed
using ImagePro Premier 3D in 3D volume analysis mode. Thresholding
was applied to each image and an isosurface was generated from the
resulting 3D image. The count tool was use to automatically calculate
the volumes of tracheoles and mitochondria, along with the numbers of
mitochondria. The mitochondrial volumes were summed to get total
mitochondrial volume. These measurements were then used to calcu-
late the mitochondrial to tracheole ratios.

2.5. Statistics

The effects of oxygen on all parameters were tested using a one-way
ANOVA analysis. Comparison between groups was done with at Tukey
HSD posthoc test. All statistical tests were carried out using Statistica 12
with a significance cutoff of p < .05. All means are presented within
95% confidence intervals. In all figures, stars indicate difference from
21% oxygen.

3. Results and discussion

The ability to respond developmentally to oxygen availability would
impart selective advantages on insects. Here, we have shown that de-
velopmental oxygen affected both tracheal and mitochondrial networks
in D. melanogaster with a stronger effect of hypoxia compared to hy-
peroxia (Figs. 4 and 5). In terms of oxygen supply, hypoxia increased
investment in the mean (mid-length) tracheolar diameter (Fig. 4a),
tracheolar tip diameter (Fig. 4b), number of tracheal branches (Fig. 4c)
and number of tracheoles per main branch (Fig. 4d). Hyperoxia led to a
decrease in all four measurements, but only branch points and mean
tracheolar diameter were significantly affected. These results broadly
agree with a complementary study by Harrison et al. (2017) that de-
monstrated strong compensatory change in the density of tracheoles in
Drosophila flight muscles in response to rearing oxygen level. By in-
creasing the number and diameter of tracheoles, the flies are able to
increase the overall surface area available for oxygen delivery. This,

combined with previously reported increases in size in the main con-
ducting tracheae under hypoxic rearing, increases overall oxygen de-
livery to compensate for the lack of atmospheric oxygen availability
and help maintain metabolism (Henry and Harrison 2004; Centanin
et al., 2008; Centanin et al., 2009; Harrison et al., 2010; VandenBrooks
et al., 2012). This could allow insects to maintain fitness in a wide range
of oxygen environments.

However, this increased investment in the tracheal systems is not
without cost. By converting more body volume and energy into tracheal
systems during development, this may limit the growth of other tissues,
such as muscle, gut or reproductive tissue, and consequently the final
adult size of the insects and their ability to compete (Kaiser et al., 2007;
Harrison et al., 2010). This matches with previous studies that have
shown that hypoxia has a strong effect on insect body size (Harrison
et al. 2009). One mechanism behind the hypoxic effect on body size is a
reduction in larval feeding rate in Drosophila (Farzin et al., 2014),
which would further reduce energy availability and could work in
conjunction with the required increased tracheal investment to limit
body size. Alternatively, it may simply be that the compensation is not
sufficient to maintain oxygen delivery and that is the limiting factor
controlling adult body size. The direct mechanism for this decrease in
body size in Drosophila seems to be a decrease in cell size (Dekanty
et al., 2005 Douglas et al., 2005; Heinrich et al., 2011), which could be
directly caused by a lack of oxygen availability. Overall, the change in
tracheal investment, feeding rate, and cell size could all be mediated by
HIF, which is likely the main driver of these observed changes (Gorr
et al., 2006; Centanin et al., 2008; Chang and Bargmann, 2008; De Lella
Ezcurra et al., 2016).

The possession of a tracheal system, while an efficient method of
oxygen delivery may ultimately limit how large insects can become.
Kaiser et al. (2007) showed that as beetles get bigger interspecifically,
they invest proportionally more in their tracheal system and this
eventually leads to a spatial limitation on the maximum body size in-
sects can obtain as it begins to limit the investment in other tissues.
Here we have shown that tracheolar diameters are decreased in hy-
peroxia and this combined with a decrease in the diameter of the large
conducting tracheae could potentially reduce this constraint on insect
body size. However, compared to hypoxia, hyperoxia had less of an
effect on tracheal investment and therefore insects may not benefit from
as large a volume and energy savings; and thus may not be able to
convert that into a significant increase in body size. This supports
previous results demonstrating that hyperoxia tends to have a lesser
effect on insect body size than hypoxia (Harrison et al., 2009). If oxygen
is more generally acting as a constraint on insect body size, this would
support the idea that oxygen allowed for the evolution of insect gi-
gantism during the hyperoxic peak during the Paleozoic Era and limited
insect body sizes during times of hypoxia possibly through an oxygen-
mediated effect on insect tracheal systems (Graham et al., 1995; Berner
et al., 2007; Kaiser et al., 2007).

In terms of oxygen demand, with increased oxygen availability
during exposure to hyperoxia, one hypothesis is that mitochondrial
investment would increase to take advantage of the excess oxygen and
vice versa in hypoxia. Contrary to this, our results show that instead the
mitochondrial networks varied in the same direction as the tracheal
networks (Fig. 5). Hypoxia increased mitochondrial volumes, while
hyperoxia decreased mitochondrial volumes (Fig. 5a). This supports the
indirect evidence that citrate synthase activity increased in hypoxic
selected flies (Charette et al., 2011). It has been shown that in mam-
malian cells, hypoxia leads to increased mitochondrial fission through a
HIF-mediated pathway during local hypoxic events and this mechanism
could explain the increased mitochondrial volumes observed under
hypoxia (Marsboom et al., 2012). The increased developmental in-
vestment in mitochondrial volumes in hypoxic reared animals may be a
scavenging mechanisms to ensure that any oxygen that is available is
immediately delivered to a mitochondrion to support oxidative phos-
phorylation. This would act as a protective mechanism to ensure that
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metabolic demand can be met. Conversely, mitochondrial volumes
were decreased in hyperoxia (Fig. 5a). As oxygen availability increases,
the distance between mitochondrion and tracheole can increase and so
the mitochondrial network may not need to be as complex as under
normoxia and varies accordingly. This could also act as a protective
mechanism, but in this case it would be reducing exposure to ozone and
oxide radical damage, similar to the reduction in spiracular opening
that is acutely observed under hyperoxic exposure (Burkett and
Schneiderman, 1974; Lighton et al., 2004; Heinrich et al., 2013).

Lastly, while both components varied in the same direction, mi-
tochondrial to tracheolar volume ratios were significantly increased in
flies reared in hypoxia, while hyperoxic-reared flies had lower ratios,
but not statistically different from normoxic flies (Fig. 5b). This does
not support the idea of a constant ratio of mitochondria to tracheoles as
proposed by Wigglesworth and Lee (1982). Symmorphosis theory
would argue that selection should push the two systems to be well
matched (Weibel et al. 1991; Snelling et al., 2011; Snelling et al., 2012).
Here we see that these systems are developmentally plastic and respond
to oxygen availability in the same direction; in normoxia and hyperoxia
the ratio remains relatively unchanged. While the ratio increased under
hypoxia, the principle holds in that as more tracheoles develop, in-
vestment in mitochondria also increases to keep supply high and ensure
demand can be met. While the exact selective mechanisms driving these
changes still need to be elucidated, these results suggest that both the
oxygen supply and demand side are able to change in response to en-
vironmental variation. Thus, variation in atmospheric oxygen would
affect insect physiology in a wide variety of environments and could
have played a role in their evolutionary history.
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