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Insect’s metabolic rate and patterns of gas-exchange varies according to different factors such as: species,
activity, mass, and temperature among others. One particular striking pattern of gas-exchange in insects
is discontinuous gas-exchange cycles, for which many different hypotheses regarding their evolution
have been stated. This article does not pretend to be an extensive review on the subject, rather to focus
on the work performed on the haematophagous bug Rhodnius prolixus, a model organism used from the
mid XX century until present days, with the great influence of Wigglesworth and his students/collabora-
tor’s work. I have no doubt that the renovated field of insect gas-exchange has a bright future and will
advance at large gaits thank to the help of this model organism, R. prolixus, whose entire genome has
recently being unraveled.

� 2016 Elsevier Ltd. All rights reserved.
1. Metabolic rate: modulation and measurements

The metabolic rate of an animal is the rate at which the meta-
bolic energy is consumed under certain circumstances, namely
the ‘‘cost of living”. In other words the metabolic rate is given by
the sum of all biochemical reactions that occur inside the animal.
Among other things, the metabolic rate of an animal is modified
by the activity, the mass of the animal, the temperature, whether
or not it is digesting food, the time of day, etc. (Randall et al., 2002).

The metabolic rate can be measured by direct calorimetry, i.e.,
measuring the total heat produced by an animal in units of calories
min�1 or kilojoules min�1, or by indirect calorimetry. One tech-
nique of indirect calorimetry is to measure the gas exchange
between the animal and the environment by respirometry. For
example the consumption of O2, in units such as ll O2 min�1 or
the production of CO2, expressed for example in ll CO2 min�1 or
both. Another way to measure the CO2 produced is by the injection
of doubly radiolabeled water (3H2

18O) in animals and subsequently
collecting blood samples at different time intervals. The difference
in the rates of oxygen and hydrogen lost are due to CO2 production
since O2 is lost from the animal as CO2 and H2O, and H2 is lost as
H2O only. For a complete summary of the technique and it’s appli-
cations see the standard reference work of Speakman (1997) for
doubly radiolabeled water technique or Lighton (2008) for gas
exchange measurements.

The doubly labeled water method is particularly useful for
measuring average metabolic rate (it is called ‘‘field metabolic
rate”) over relatively long periods of time (a few days or weeks),
in subjects for which other types of direct or indirect calorimetric
measurements of metabolic rate would be more difficult or impos-
sible. It has the advantage of estimating the energetic cost of living
under natural conditions. On the contrary, it has the disadvantage
that it is not useful for individual insects. In addition, you need to
recapture the animal in healthy conditions after weeks in the wild,
therefore it is an average measurement and it does not allow cal-
culation of the energetic cost of particular activities, e.g., walking,
carrying a load, flying, etc.

Most insects have aerobic metabolism, even under high
energetic expenditures activities such as flight, thus measuring
O2 consumption or CO2 production, or both is a good indirect
method for calculating the metabolic rate. In addition, in part
due to their small size, insects have low metabolic rates and
consequently small volumes of gas exchange, thus measuring
CO2 production in real time is easier and more feasible than O2

consumption. This is because: 1) CO2 analyzers are at least an order
of magnitude more sensitive than O2 analyzers and 2) it is possible
to scrub all CO2 from incurrent air and measure tiny concentrations
above a ca. zero background, but it is impossible to scrub all O2

from incurrent air and obtain meaningful aerobic metabolic infor-
mation. Therefore, it is impossible to measure small concentrations
(few ppm) of O2 from a huge background under normoxic condi-
tion, i.e., ca. 210,000 ppm of O2, due to the low signal to noise ratio.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinsphys.2016.08.002&domain=pdf
http://dx.doi.org/10.1016/j.jinsphys.2016.08.002
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Fig. 2. Real-time recording of CO2 production (ll h�1) and activity (arbitrary units)
as a function of time (min) from an individual fly, Drosophila melanogaster
(mass = ca. 1 mg) at 25 �C. Note that the activity, dropping close to zero (no
fluctuations) at about the 20 min mark, is accompanied by a corresponding drop in
VCO2 and SMR can be calculated (unpublished results).
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However, to convert O2 consumption or in particular CO2 produc-
tion to power (e.g., lWatt) requires the knowledge of respiratory
quotient (RQ). RQ can be taken from literature or measured, for
example using the stop-flow technique, which is a useful tech-
nique for measuring, among other things, O2 consumption in small
insects. Briefly, a chamber is flushed with ambient air or air free of
CO2 and water, the insect is placed inside the chamber and after a
time (minutes or hours, depending on the chamber’s and insect’s
size, temperature, etc.) air from the chamber is passed through
the analyzers and the O2 consumption or CO2 production rates
are calculated based on the concentrations and time period that
the insect spends on the chamber (Fig. 1). While it is not necessary
for RQ measurements, to actually measure gas exchange under
these conditions, the flow rate through the analyzers must be
known. This allows the y axis in Fig. 1 to be in units such as ml
of gas per minutes (multiplying flow rate through the analyzer,
e.g., in ml min�1 * the CO2 concentration expressed as a fraction).
If the x axis is in minutes, integrating the peak gives gas exchange
in ml. Dividing by the time of chamber closure gives gas exchange
rate, e.g. ml/time. For advantages and disadvantages of different
techniques see Lighton (2008) and Lighton and Hasley (2011).

For the reasons given above, most metabolic studies, particu-
larly those done with such small animals as individual Drosophila
(mass ca. 1 mg) are conducted by the stop-flow or constant volume
techniques (exception e.g., Lighton, 2007; Lighton and Schilman,
2007; Schilman et al., 2011). This technique has poor temporal res-
olution because integrates averages of catabolic flux rates over
periods of an hour or more, during which bursts of activity may
lead to serious measurement overestimates (Lighton et al., 2001
and references therein). In contrast, flow-through respirometry,
although far more demanding of instrumentation stability and
resolution, serves to minimize these errors (Lighton, 2008), and
combined with activity monitoring allows the assessment of the
standard metabolic rate (SMR) and the relation between MR and
activity as well dynamics changes on the pattern of gas exchange
(Fig. 2).

In order to have an ‘‘instantaneous”, or at least a measurement
with a good temporal resolution using open-flow respirometry, it
is important to take into account the lag time of the system and
the time-constant of the respirometry chamber. Lag time is the
time required for changes in gas concentrations inside the
respirometry chamber to reach the analyzer. It is a function of
the air flow rate as well as the tubing volume between the chamber
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Fig. 1. CO2 production (black) and O2 consumption (blue) from Drosophila
melanogaster measured by stop-flow technique. Three last peaks are controls
(injected air from empty syringes), which values should be subtracted from the
measurements (three first peaks; unpublished results). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
and the analyzer. It is best calculated empirically by introducing a
brief and sharp peak of gas (e.g., CO2) in the respirometry chamber
and then measure the time for the change to appear on the ana-
lyzer, i.e., CO2 analyzer. On the other hand, the time-constant of
the respirometry chamber is the time required for a step change
in rate of respiratory gas exchange to reach 63% of its final value
within the chamber. It is calculated by the ratio between the
volume of the chamber and air flow rate (e.g., the time constant
of a chamber with a volume of 400 ml, through which air flows
at 200 ml min�1, is 2 min). Time constants of 1 or less are adequate
for a proper temporal resolution of the signal. In addition, the mix-
ing characteristics of a gas stream within a chamber can be math-
ematically corrected. This wash-out phenomena correction,
response correction or instantaneous correction can be done by
the original Z-transform method (ZT) (Bartholomew et al., 1981)
or by two new methods, which are based on modifications of the
original ZT method: the extension of the ZT method (EZT), and
the generalized ZT method (GZT) (Pendar and Socha, 2015).
2. Patterns of gas exchange in insects

In small animals, such as insects, the tracheal respiratory sys-
tem allows rapid gas exchange between the cells and the atmo-
sphere. Such rapid gaseous diffusion together with active
convective ventilation (Socha et al., 2010; Harrison et al., 2013)
allows insects to achieve high rates of gas exchange. For example,
when leafcutter ants are cutting leaves, gas exchange increases 31-
fold compared to rest (Roces and Lighton, 1995) or 20–100 times
when insects are flying (Casey, 1989; Casey and Ellington, 1989;
Ellington et al., 1990). The latter not only includes a higher O2

demand of flight muscle, but also an increase for large changes in
thorax temperature during flight (Harrison and Fewell, 2002).

While respiration is continuous in cells, in some insects under
certain situations (for example at rest) measured as a whole organ-
ism, the gas exchange pattern is discontinuous. The intervals
between bursts of gas exchange can be of only few seconds to sev-
eral hours, depending on the insect (species, adult or larvae, tem-
perature, etc.).

Also, insects are able to survive in extreme conditions of high
temperature and low humidity, such as in most deserts of the
earth. This feature results from the properties of the cuticle, com-
posed of hydrocarbons and waxes that make it less permeable to
water and reducing desiccation. This also contributes to the imper-
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meability to exchange gases through the cuticle. However, when
insects open their spiracles to gas-exchange, there is a huge
increase of water loss (Fig. 3). Hence controlling spiracles opening
is critical for the insects’ survival.

The phenomenonof discontinuous gas exchange cycle (DGC)was
discovered in the mid twentieth century (Punt, 1950), and it was
described indetail in the1950’s and1960’s, amongothersby Schnei-
derman and collaborators with a butterfly pupae (e.g., Levy and
Schneiderman (1966a,b)). Overall, ‘‘classical” DGC is composed by
threephases or periods. A period calledC (for closed),when spiracles
are closed and no gas exchange between the atmosphere and the
animal occurs. During this phase the tissues of the insect consume
endotracheal O2 and cell respiration produces CO2, which is partly
absorbed by extracellular fluids (Hetz et al., 1993). Thus, the endo-
tracheal O2 partial pressure (PO2) decreases and tracheal air pres-
sure becomes lower than atmospheric pressure. Upon reaching a
lowvalueof PO2, the central nervous systemof the insect, repeatedly
opens and closes the spiracles for short periods of time. This second
period is called F (for flutter). During this phase, atmospheric air
enters the tracheabydifference inPO2without excessive respiratory
water loss. Meanwhile CO2 continues to accumulate, yet partly
absorbed by the hemolymph and buffered.When this accumulation
reaches a certain value, the spiracles open (without intervention of
the central nervous system) and release the accumulated CO2 to
the atmosphere. This phase is called O (for open). For details see
extensive and excellent reviews about DGC in Lighton (1994,
1996) and a more recent one of Quinlan and Gibbs (2006).

It may be noted that there are two of the three periods
described with very low (in F) or null (in C) water loss through
the spiracles. Therefore, the phenomenon of discontinuous gas
exchange was initially associated with the need to reduce water
loss when insects exchange gases with the atmosphere. In other
words, the concept that DGC per se plays a role on water economy
by reducing respiratory water loss was first suggested by Buck and
colleagues in the 50’ (Buck et al., 1953; Buck and Keister, 1955).

Although the ‘‘water saving hypothesis” was dominant for dec-
ades, other alternative hypotheses for the evolution of the DGC
existed. One of these alternative hypotheses was the ‘‘strolling
arthropod” hypothesis stated by Miller in mid 70’, who proposed
that keeping the spiracles closed prevents infection by parasites
(Miller, 1974). This hypothesis did not receive much attention or
experimental testing except for Harrison et al. (2001). The theory
that evolution of gas exchange in insects would have resulted in
the DGC due to the advantages offered for survival was then devel-
oped. Subsequent research however, yielded conflicting results,
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Fig. 3. Real-time recording of CO2 production (ll h�1) and H2O release (mg h�1) as a
function of time (min) from an individual worker ant, Pogonomyrmex californicus
(mass = 6.96 mg) at 20 �C. Note CO2 and H2O vapor emission peaks synchronization
due to respiratory water loss. Water loss between peaks corresponds to cuticular
water loss rate (modified from Schilman (2007)).
enabling the first question of this theory. For example while the
termite Prorhinotermites simplex employs DGC in dry air, but not
in humid one (Slama et al., 2007), supporting the water saving
hypothesis, DGC does not cease in Rhodnius prolixus in humid air
(Contreras and Bradley, 2009) or tenebrionid beetles from xeric
environments such as Eleodes obscura always showed continuous
gas-exchange (Schilman et al., 2008), which contrasts to the expec-
tations deriving from the hygric hypothesis.

In the early 1990s, John Lighton proposed an alternative
hypothesis for the evolution of the DGC in insects, the ‘‘chthonic
hypothesis” (Lighton and Berrigan, 1995; Lighton, 1996). This
alternative hypothesis, which received much attention, proposed
that DGC developed in insects living under high levels of CO2

(hypercapnia) and low O2 (hypoxia) like ants and beetles with sub-
terranean habits. Keeping the spiracles closed (during the C phase)
would increase CO2 and decrease O2 endotracheal levels in order to
increase gradients for gas exchange, making the gas exchange with
the environment by diffusion more efficient.

While ‘‘chthonic hypothesis” proposed that DGC serves to
improve gas exchange, the more recent ‘‘oxidative stress hypothe-
sis” (Bradley, 2000; Hetz and Bradley, 2005) proposed that DGC
limits the uptake of O2. High concentrations of O2 have negative
or toxic effects, not only for insects but for animals or cells in gen-
eral. Hetz and Bradley showed that endotracheal O2 concentration
in the pupae of the giant moth Attacus atlas was kept constant at a
value of ca. 5%. by varying the frequency of spiracles opening (Hetz
and Bradley, 2005).

In addition, Chown and Holter (2000) proposed the ‘‘emergent
properties” hypothesis. This is a non-adaptive hypothesis based on
the modulation of spiracles opening by levels of CO2 and O2 or the
interaction of two set points (CO2 and O2), which recently received
support from results of a simple computational model of two inter-
acting feed-back loops (Grieshaber and Terblanche, 2015).

Another non-adaptive hypothesis was the ‘‘neural hypothesis”
(Matthews and White, 2011). This hypothesis suggests that DGC
emerges in periods of reduced brain activity, when modulation of
opening spiracles responds to tracheal CO2 and oxygen partial
pressures via segmental ganglia through the feedback system
described by Förster and Hetz (2009). The neural hypothesis
received support from well-designed experiments from Matthews
and White. They clearly demonstrated brain activity, instead of
insect metabolic rate, is correlated with insect respiratory pattern
(Matthews and White, 2013).

In addition, John Lighton,AlexKaiser and the author of this article
suggest that the tenebrionidbeetle,Eleodes obscura cannot exchange
respiratory gases discontinuously because of a morphological con-
straint (small tracheal or spiracular conductance). This ‘‘conduc-
tance constraint hypothesis’’ may help to explain the otherwise
puzzling phylogenetic patterns of continuous vs. discontinuous
gas exchange observed in tracheate arthropods (Schilman et al.,
2008).

It is worthy to be noted that all these hypotheses are not mutu-
ally exclusive and more than one can be applied.

Although the respiratory pattern on insects’ gas exchange has
been extensively described, explanation for their occurrence has
been controversial. Different hypotheses to explain the evolution
of different patterns of gas exchange have been stated. For a more
complete discussion of the different hypothesis of DGC see Chown
et al. (2006) and Contreras et al. (2014).
3. Wigglesworth’s contributions to insect’s pattern of gas
exchange

There was a lot of work done by Wigglesworth and his
students on development including some interesting results on
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morphogenesis of the tracheal system, the control on its distribu-
tion and responses to oxygen deficit (Locke, 1958a, 1958b;
Wigglesworth, 1954, 1959). However, I will focus on the control
of gas exchange patterns. Most of the credit for the detailed
description and the initial unraveling of the underlying mechanism
of the remarkable pattern of discontinuous gas exchange observed
in some insects laid on the pioneer work of Levy and Schneiderman
(1966a, 1966b). A senior study by Wigglesworth (1935) in the flea,
showed the modulation of spiracular opening by gas composition.
Particularly, in his Fig. 4H (Wigglesworth, 1935), it is clear that the
closed phase of the last abdominal spiracle lasts longer in pure
oxygen. More than 30 years later, Levy and Schneiderman
(1966a) demonstrated a similar phenomenon, but did not cite
theWigglesworth’s 1935 study. Working with the silkworm pupae,
Levy and Schneiderman observed an increase in the period of
spiracular constriction with increasing ambient O2 (PO2 = 60%),
and hypothesized a theoretical spiracular response in pure O2. This
phenomenon of modulation of spiracular opening by gas composi-
tion, in particular the constriction of the spiracles by infusion of
pure oxygen was used by John Lighton and the author of this article
based on an inspired idea of Lighton to develop a technique to dis-
cern between spiracular and cuticular water loss in insects
showing continuous gas exchange; the hyperoxic switch method
(Lighton et al., 2004; Schilman et al., 2005). Coincidentally, in the
same year (2004) and in the same journal (The Journal of Experi-
mental Biology) Gibbs and Johnson published another technique
that also enabled to distinguish between cuticular and respiratory
water loss in insects with continuous gas exchange: the regression
method (Gibbs and Johnson, 2004). The advance in the measure-
ments resolution due to improvement of equipment during the last
20 years, together with the development of new techniques greatly
aided to the advance in understanding the relation between the
pattern of gas exchange and the water balance of insects.

4. Rhodnius prolixus as a model for metabolism and patterns of
gas exchange

Insect metabolic rates are highly variable and are affected by
environmental, behavioral, developmental and evolutionary fac-
tors. Among these factors are: the temperature, activity, insect’s
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this article.)
mass, nutritional and reproductive status (Waters and Harrison,
2012). Very few studies address the question of the costs of repro-
duction. One of them was performed by Davey in 1993. Davey
completed his BSc in Zoology and MSc in Insect Physiology at the
University of Western Ontario in Canada. He then travelled to Eng-
land to study at Cambridge withWigglesworth as advisor for a PhD
in the reproductive physiology of Rhodnius prolixus or in other
words, the ‘‘Wigglesworth Bug”. In his paper from 1993, Davey cal-
culated the metabolic rate of reproduction of mated and virgin R.
prolixus females at 28 �C with a standard Warburg differential
respirometer. In both virgin and mated females, O2 consumption
rises immediately after feeding and then slowly declines to
prefeeding levels after 10–12 days. However, mated females main-
tain their O2 consumption higher than virgin females during the
period of egg production. In addition, O2 consumption of ovariec-
tomized females did not reach same levels as control females
did, however they exhibit the same peak just after feeding. This
increase is absent in allactomized females, indicating a role of
the juvenile hormone on the oxidative metabolism (Davey, 1993).

In a series of papers published in the mid-late sixties/start of the
seventies, Okasha studied the effect of high, but sub-lethal temper-
atures in different processes of Rhodnius prolixus larvae, including
the O2 consumption as an indirect measure of metabolic rate.

Okasha also carried out his Ph.D. and received a Ph.D. degree
from the University of Cambridge under supervision of Professor
Sir Vincent B. Wigglesworth. It is noteworthy that in all the papers
published from his Ph.D. thesis work, Okasha was the only author.

In a Nature paper from 1968, Okasha showed that R. prolixus N4
larvae failed to moult at temperatures higher than 35 �C due to a
disturbance of hormone balance. For various stages of R. prolixus,
Okasha exposed them to 36.5 �C just after feeding for different
periods of time and then placed them at 28 �C (optimum tempera-
ture). He observed a delay in moulting, reduction of sensory
bristles, diuresis problems, despite apparently normal function of
the Malpighian tubules. He concluded that high temperature inter-
fered with protein synthesis (Okasha, 1964). The latter study,
besides of being under the supervision of Wigglesworth, it was
partially based in a previous work from Wigglesworth himself
(1937), where he showed a two-fold increase of O2 consumption
five days after injury (decapitated) due to the growth activity in
the epidermis during wound healing. This increase in O2 consump-
tion ceased at 36.5 �C (Wigglesworth, 1937).

Growth and development ceased in Rhodnius prolixus larvae
placed immediately after feeding at sub-lethal high temperatures
(Okasha, 1964, 1968a; Wigglesworth, 1972). Cessation of growth
in Rhodnius at high temperatures was also combined with inhibi-
tion of the secretion of the brain hormone and consequently of
the moulting hormone, cell division in the epidermis and protein
synthesis (Okasha, 1968a, 1968b, 1968c).

At 25 �C, larval stages of Rhodnius showed an increase (4–5
times) or peak in O2 consumption after feeding. In 4th stage, 13–
15 days after feeding there was a second peak of O2 consumption
when ecdysis occurred. The latter increase in O2 uptake was due
to protein synthesis; namely, increase in cell numbers, and muscle
formation of chitin in the cuticle (Zwicky andWigglesworth, 1956).
Similarly, at 28 �C, R. prolixus larvae exhibited an increase of O2

consumption following feeding with a peak on day 12 associated
with ecdysis. However, at 36.5 �C, the O2 consumption of R. prolixus
1 day after feeding was about two-fold that measured at 28 �C, and
decreased over time (at 36.5 �C) instead of increasing like it
occurred at 28 �C. When insects were moving from 36.5 to 28 �C
at 11 days after feeding, there was a delay of ca. 4 days and O2 con-
sumption began to increase. However, in unfed R. prolixus larvae
the O2 consumption remained fairly constant and it was about
two-fold higher at 36.5 compared to 28 �C. The experiments
described in this work clearly showed the high level of general
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metabolism associated with temperature, growth and develop-
ment processes, which is reduced when these processes cease,
e.g., at 36.5 �C (Okasha, 1968d).

Decapitation of R. prolixus larvae 1 day after feeding resulted in
an increase of O2 consumption to similar levels of fed larvae related
with wounding and synthesis of proteins. Injury did not elevate the
metabolism of intact larvae, which was already high due to the
moulting process (Okasha, 1970).

Besides the effects of temperature on the hormonal regulation
of R. prolixus, temperature affects and modifies many processes
that would be very interesting to investigate. In particular, since
R. prolixus like most invertebrates is ectothermic, an increase in
environmental temperature speeds up biochemical reactions,
permitting a rise in activity and growth rates, which in turn brings
an increase in metabolic and nutrient transformation rates. Conse-
quently, it could be expected an increase on biting rate with a con-
comitant boost in the transmission of infectious diseases in the
case of a disease vector like R. prolixus. This effect of temperature
on vector’s metabolic rates should be seriously taken into account
when formulating mathematical models to predict disease trans-
mission in a global climate change scenario (Rolandi and
Schilman, 2012). One approach could be by measuring the temper-
ature coefficient (Q10) for the different stages of R. prolixus

Although R. prolixus is amodel organism in insect physiology and
during the last 50 years, a lot of work has been done in relation to
temperature, some standard measurements of thermal tolerance
(CTmin, CTmax, upper lethal temperature and chill coma recovery
time) have only been recently done (de la Vega et al., 2015). Future
research, on the effects of acclimation and hardening to thermo-
tolerancemeasurements should be performed.Moreover, the actual
knowledge of insect’s heat shock proteins function (King and
MacRae, 2015) together with complete genome sequence of R. pro-
lixus (Mesquita et al., 2015) would allow to design and perform a
strong-inference experimental approach, e.g., with RNAi injection.

R. prolixus suffer mainly from great thermal stress not by the
environmental temperature change, since they inhabit the tropics
with no extreme temperatures, but by the large amount of ‘‘hot”
blood ingestion (up to 10 times their mass for a N5) from endother-
mic animals that can change the bug’s body temperature many
degrees. Future research, should focus on finding the existence of
differential expression of genes related to heat tolerance like heat
shock proteins at the moment of ¨hoẗ blood ingestion or a different
mechanism as evaporative cooling, as it was found in another
hematophagous insect, the mosquito Anopheles stephensi
(Lahondère and Lazzari, 2012).

Thanks to technical improvements of the last 20 or 30 years, it
is now possible to measure CO2 production from individual
R. prolixus in real time. These improvements allow, among other
things, to measure the energetic cost associated with different
activities such as walking and flying (for dispersal), reproduction,
feeding on different hosts, etc., and their consequences in terms
of individual fitness. All these are very interesting questions on
the evolutionary, ecological and epidemiological perspective to
address using R. prolixus as a model organism.

In addition, during the last 10 years, Tim J. Bradley and collabo-
rators have placed Rhodnius prolixus again on the spot-light as a
model organism to study the patterns of gas exchange. Dr. Bradley
worked with Simon Maddrell a former Ph.D. student of Sir Vincent
Wigglesworth.

R. prolixus is a good model for studying insect metabolism and
patterns of gas exchange because it has a low and constant meta-
bolic rate indicated by its CO2 production.

In a series of papers, Bradley and collaborators studied the
effect of metabolic rate (modulated by feeding or temperature),
as well as air humidity on respiratory patterns. Working on 5th
instar nymphs of R. prolixus the authors showed metabolic scope
values of almost 8 and 14 (Bradley et al., 2003; Heinrich and
Bradley, 2014), while Rolandi and collaborators (2014) working
with R. prolixus males registered a postprandial metabolic scope
of 2. These higher values found by Bradley and collaborators could
be explained by the larger amount of blood ingested by nymphs
compared with adult males, together with the effects of other
physiological processes such as development, which occur
following feeding. Fed R. prolixus showed similar metabolic rates
compared to other species of insects. However, fasted R. prolixus
showed lower metabolic rates than other insects’ species, but
always higher than other haematophagous such as ticks (Lighton
and Fielden, 1995). More recently, and for the first time in any hae-
matophagous arthropod, the cost of haematophagy was assessed in
R. prolixus (Leis et al., 2016). The authors found an increase of up to
17-fold in the metabolic rate during feeding, as well as a change in
the respiratory pattern and respiratory quotient (RQ). They
observed a decrease in the mean RQ from 0.83 in resting bugs to
0.52 during feeding (Leis et al., 2016). This phenomenon of
changing RQ to a rare value of ca. 0.5 deserves further study.

In addition, using Rhodnius prolixus males at two different tem-
peratures (25 and 35 �C) and nutritional status (1 or 21 days post-
ingesta), Contreras and Bradley (2009) tried to provide a mechanis-
tic explanation for the variations in insect respiratory patterns. The
authors proposed that gas-exchange pattern of the insect was a
function of the amount of endotracheal PO2 and the aerobic
metabolic rate. The closed (C) phase was used to lower endotra-
cheal O2 levels. As metabolic rate increased, the C phase shortened
and disappeared leading to a cyclic pattern. Further metabolic rate
increases shortened the flutter phase until its elimination which
led to a continuous gas-exchange pattern. Same authors, using
the haematophagous bug, Rhodnius prolixus and the hissing cock-
roaches, Gromphadorhina portentosa tried to determine the effect
of temperature on metabolic rate (Fig. 5). Both species, G. porten-
tosa and fasted R. prolixus, have low and relatively constant meta-
bolic rates making them suitable for direct control of metabolic
rate by temperature variations. Contreras and Bradley objectively
determined periods of spiracular closure using the hyperoxic
switch method (Lighton et al., 2004) and observed whether
changes in metabolic rates were correlated with length of
spiracular closure (Contreras and Bradley, 2010).

They observed at low temperatures, long periods of spiracular
closure, giving as a result a DGC pattern. Increasing the tempera-
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ture produced a cyclic pattern, while further increase in tempera-
ture resulted in a continuous pattern of gas-exchange (Contreras
and Bradley, 2010). They proposed that the gas exchange patterns
of insects are not discrete respiratory forms, but instead are a con-
tinuum that reflects a balance between oxygen demand and oxy-
gen supply (Contreras and Bradley, 2010). However, more
recently Heinrich and Bradley (2014) showed that the transition
of R. prolixus between respiratory patterns depended on the meta-
bolic increase, i.e., by temperature or feeding, suggesting that fac-
tors other than the metabolic rate itself influence respiratory
patterns. In other words, gas exchange pattern of Rhodnius depends
on both metabolic rate and environmental temperature. Insects at
high temperatures abandoned DGC at lower metabolic rates com-
pared to individuals at lower temperatures (Heinrich and Bradley,
2014). Similarly, Rolandi et al. (2014) found in Rhodnius males that
temperature and activity affected the change from a cyclic to a
continuous gas-exchange pattern, but not the level of starvation
(Rolandi et al., 2014). These results may support the ‘‘neural
hypothesis” of DGC, however future experiments should be
designed specifically to test this hypothesis.

Other relevant questions relate to the metabolic scaling. In par-
ticular, how metabolic rate changes with the mass of the animal.
For that question, R. prolixus is a suitable model because is a hemi-
metabolous insect, all stages sharing similar requirements and eco-
logical niche including being obligatory hematophagous.
Consequently there is a wide range of masses from first stage to
adults to be tested.
5. Final remarks

It is always amazing to realize that only one person, i.e., Profes-
sor Sir Vincent B. Wigglesworth, and one model organism, i.e., the
haematophagous bug Rodnius prolixus, could contribute so dramat-
ically to insect physiology.

Although great advances in understanding the control and evo-
lution of respiratory patterns of gas exchange on traqueate arthro-
pods have been made, R. prolixus will continue giving us
information and new questions to investigate. In particular, the
recent sequence of the complete genome of R. prolixus (Mesquita
et al., 2015) will bring a set of new questions and genetic tools that
would move forward the field of insect physiology in great quanti-
tative and qualitative ways that can only be compared with the
huge advance produced by Sir Wigglesworth and his collaborators
in mid XX century. Thus, I dedicate this article to Sir Vincent Wig-
glesworth, whose research in insect physiology and endocrinology
over more than six decades illuminated the subject and inspired
generations of researchers.
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