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Abstract

A system consisting of a flow-through chamber connected to a commercial infrared gas analysis system was developed to measure
homopteran respiration during feeding. Using this system, respiration rates of 202 and 206µmol CO2 h21 g21 (4.96 and 5.04 ml
CO2 h21 g21) were determined for whiteflies and cotton aphids, respectively, at 25°C on diets containing 15% sucrose. These rates
were considerably higher than those of other stationary insects, indicating that whiteflies and aphids maintain a relatively high
metabolic rate when feeding. Whitefly respiration increased with temperature from 25 to 46°C with a Q10 of about 2 on diets
containing 10, 15 and 20% sucrose, but less than 2 on diets containing 2.5 and 5% sucrose. Respiration rates were similar on the
diets containing.10% sucrose, but were generally lower on the diets containing,10% sucrose. Respiration rates decreased upon
extended exposure to 47°C; the rate of decrease was inversely related to the dietary sucrose concentration up to 15%. The results
indicate that whiteflies require a sucrose concentration of between 5 and 10% (i.e. 0.15 and 0.3 M) for maximum rates of metabolism
while feeding. Higher concentrations of sucrose in the diet delayed high-temperature mortality, possibly a reflection of the high
sucrose requirement for sorbitol synthesis in whiteflies. Published by Elsevier Science Ltd.
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1. Introduction

Homopteran insects are major agricultural pests
worldwide. Representatives of this group include the sil-
verleaf whitefly and the cotton aphid, two
tropical/subtropical species that are major pests on cot-
ton (Gerling et al., 1980; Byrne and Bellows, 1991;
Leigh et al., 1996; Henneberry et al., 1998). Whiteflies
and aphids feed on the phloem tissue of plants, accessing
a diet rich in soluble carbohydrate (Fisher and Gifford,
1986; Winter et al., 1992). Recent studies using artificial
diets containing radiolabeled sucrose at physiological
concentrations demonstrated that a large percentage of
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the carbohydrate ingested by whiteflies and aphids is
used to support basic metabolic processes (Mittler and
Meikle, 1991; Rhodes et al., 1996; Salvucci et al., 1997;
Wilkinson and Ishikawa, 1999). The requirement for a
high level of carbohydrate suggests that the metabolic
rates of whiteflies and aphids are relatively high.

Measurements of whole organism gas exchange have
provided useful insights into the metabolic activities of
a variety of insects (Keister and Buck, 1973; Lighton et
al., 1987) and can be used to calculate standard meta-
bolic rates (Lighton and Wehner, 1993). In recent years,
improvements in infrared gas analysis (IRGA) tech-
nology have increased the sensitivity and stability of the
instruments used, improving the ability to determine ste-
ady-state rates of respiration for even small insects
(Lighton, 1988a,b). Since homopterous insects spend a
good portion of their life-cycle acquiring nutrients from
the phloem tissue of a leaf, it is desirable to measure
homopteran respiration during feeding (Rhodes et al.,
1996). The ability to monitor steady-state respiration
during feeding also provides a means for determining
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the effects of various dietary supplements and metabolic
inhibitors on whole-insect metabolism.

In this report, we describe a system for measuring ste-
ady-state respiration of homopteran insects during feed-
ing. The system consists of a flow-through
respiration/feeding chamber connected to a commer-
cially available IRGA system. Respiration rates of white-
flies and cotton aphids were measured with this system
to determine how the metabolic rates of these
tropical/subtropical homopteran insects during feeding
compare to those of other insects. In addition, the system
was used to determine the dependence of whitefly
metabolism on dietary sucrose concentration and tem-
perature and for determining whole-organism thermotol-
erance by monitoring the rate at which whitefly respir-
ation decreased at high temperature.

2. Materials and methods

2.1. Insect and plant material

Adult silverleaf whiteflies (Bemisia argentifolliBel-
lows and Perring) were reared in a glasshouse on cotton
(Gossypium hirsutumL., cv. Coker 100A glandless) as
described previously (Salvucci et al., 1997). The tem-
perature in the glasshouse varied diurnally from 25°C in
the morning to 38°C by 2:00 p.m. Whiteflies were col-
lected from colony plants by gentle aspiration. Cotton
aphids (Aphis gossypiumGlover) were collected in early
summer from cotton plants growing in a field adjacent to
the Western Cotton Research Laboratory, Phoenix, AZ.

2.2. Respiration measurements

Immediately following collection from colony plants,
approximately 200 to 250 adult whiteflies or about 150
aphids were placed in the bottom of a respiration
chamber. The chamber was constructed from a 2.54-cm-
diameter plexiglas cylinder cut to a length of 2.4 cm
(Fig. 1). The bottom end of the chamber was sealed with
a rubber stopper and the surface of the stopper protrud-
ing into the chamber was covered with a layer of par-
afilm. Two plastic luer lock fittings and a serum stopper
were inserted into holes drilled into the chamber. A type-
T needle thermocouple was inserted through the serum
stopper to monitor chamber temperature. The upper sur-
face of the respiration chamber was sealed with a 3.5-
dram snap-cap bottle inserted upside down (i.e. cap-side
down) into the top of the chamber. A 1.5-cm-diameter
hole was cut into the plastic cap to support a 25-mm
polytetrafluoroethylene membrane (pore size=1 µm,
Micron Separations Inc., Westborough, MA). A hole
was drilled in the bottom of the bottle for addition of
diet and dietary supplements. Artificial diets consisting
of 50 mM potassium phosphate, pH 6.5, 0.05% yellow

food-coloring dye and the indicated concentrations of
sucrose were added to the surface of the membrane. The
chamber assembly was placed inside a 2 L water-jack-
eted beaker and illuminated at 300µmol photons m22

s21. In a typical experiment, nearly all of the whiteflies
moved from the bottom of the respiration chamber to
the surface of the membrane within 1.5 h.

The respiration chamber was connected to an IRGA
system (LiCor 6400 Portable Photosynthesis System,
Lincoln, NE) by splicing into the inlet line leading to
the system’s sample IRGA. The tubing leading from the
system’s pump was directed through a coil of bev-a-line
tubing (Cole-Palmer, Vernon Hills, IL) to the inlet of
the insect respiration chamber. The coil of tubing was
inserted into the water-jacketed beaker to adjust the tem-
perature of the incoming gas stream to that of the respir-
ation chamber. The outlet of the respiration chamber was
connected to a glass cold-finger via bev-a-line tubing and
then to the tubing leading into the sample IRGA. The
flow rate of the incoming gas was maintained at 52µmol
s21 using the system’s internal pump and the tempera-
ture of the respiration chamber was adjusted by varying
the temperature of the water-jacketed beaker that sur-
rounded the chamber. The CO2 concentration of the gas
stream was measured with the system’s IRGA and
adjusted to the desired concentration using the system’s
CO2 mixer. Unless indicated otherwise, the mixer was
programmed to maintain a constant CO2 concentration
of 350 µl l21 in the IRGA’s sample chamber. Data on
CO2 concentration, water vapor, temperature and flow
rate, which were monitored continuously by the instru-
ment, were logged into the system’s on-board computer
at regular intervals during the course of the experiment,
starting 2 h after transfer of the insects to the respir-
ometer. Following each experiment, data were trans-
ferred to a spreadsheet program and used to calculate
rates of respiration.Q10 values were calculated using the
formula Q10=(R2/R1)10/(T2−T1), where R2 and R1 are the
respiration rates at temperaturesT2 andT1, respectively.

The number of insects used in each experiment was
determined at the end of the experiment by killing the
cohort with either high temperature or sodium azide (see
below). Groups of freshly killed whiteflies and aphids
were weighed on a Mettler Model UMT2 microbalance
to determine an average weight. Values of 20 and 32µg
were used for the average weight of individual whiteflies
and aphids, respectively.

3. Results

3.1. Respiration system

The system developed for measuring homopteran res-
piration during feeding consisted of a plexiglas chamber
connected to an IRGA-based portable photosynthesis
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Fig. 1. Schematic diagram of the chamber used for measuring homopteran respiration during feeding.

system (LiCor 6400). The top of the chamber was fitted
with a plastic cap containing a porous teflon membrane
that supported a liquid diet and provided a surface for
whitefly feeding. The membrane allowed passage of
water vapor, thus mimicking the surface of a transpiring
leaf. Control experiments without whiteflies showed that
diffusion of gas from the air space in the diet chamber
through the diet and membrane was sufficiently slow to
have a negligible effect on the CO2 concentration in the
respiration chamber. However, addition of water vapor
to the gas stream in the chamber had a dilution effect
that required correction. Software in the LiCor 6400 that
is designed to compensate for the dilution of CO2 by
transpiration from a leaf could be used to correct for
this effect. However, greater accuracy was achieved by
determining the effect of water vapor concentration on
the CO2 concentration empirically and then making the
appropriate corrections based on these data.

A relatively slow flow rate of 52µmol s21 (|80 ml
min21) was used to improve the signal-to-noise ratio of
the respiration system. However, even with this flow
rate, whiteflies were not massive enough to measure
individually. To overcome this problem, a group of
about 200 to 250 adult whiteflies was used for each
measurement. At a flow rate of 52µmol s21, a cohort
of 200 whiteflies weighing about 4 mg depleted the CO2

concentration in the sample stream by about 10µmol
mol21 at 30°C. Because of the stability of the instrument
(0.3 µmol mol21 peak-to-peak at 350µmol mol21 CO2),
this depletion represents a signal-to-noise ratio of 33 or
an error of only about 3%. Thus, we estimate that the
system requires a minimum cohort size of about 30
whiteflies (i.e. about 0.6 mg) for accurate measurement
of respiration.

3.2. Measurement of respiration rates of whiteflies
and aphids during feeding

Once established on the membrane, whiteflies
remained in place for at least 2 days. That whiteflies
were feeding on the artificial diet during this time was
indicated by the continuous production of honeydew.
Whitefly respiration was stable within 1 h after transfer
of the insects to the respirometer and the rate remained
constant for at least 24 h (data not shown). Preliminary
experiments using temperature changes of.10°C estab-
lished that respiration reached a new and stable steady-
state level rapidly, i.e. within a few minutes after the
temperature was changed (data not shown).

Whiteflies remained on the membrane when the tem-
perature of the respiration chamber was increased from
25°C to a lethal temperature of 47°C (see below). In
contrast, cotton aphids could be established on the mem-
brane, but began to leave the membrane once the
chamber temperature exceeded about 30°C. The steady-
state respiration rate of whiteflies on a 15% sucrose diet
was 0.068 nmol CO2 min21 insect21 at 25°C, equivalent
to a rate of about 204µmol CO2 h21 g21. Similar rates
of respiration were measured 1 h after transfer from the
plant to an artificial diet and after 24 h on the artificial
diet (data not shown), indicating that whitefly metab-
olism adjusted quickly to and remained constant on an
artificial diet. The respiration rate of cotton aphids on
15% sucrose was 0.11 nmol CO2 min21 insect21 at 25°C,
equivalent to a rate of about 206µmol CO2 h21 g21.

To determine the response of the respiration system
to changing rates of insect respiration caused by inges-
tion of a metabolic poison, the cytochrome oxidase
inhibitor, sodium azide, was added to the artificial diet
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Fig. 2. Effect of sodium azide on the time course of whitefly respir-
ation. Respiration was measured at 35°C for whiteflies on artificial
diets containing 15% sucrose. Sodium azide was added to the artificial
diet to a final concentration of 77 mM (arrow).

after whitefly respiration had reached steady-state (Fig.
2). Respiration rates decreased markedly within seconds
of adding sodium azide to the diet as whiteflies dropped
from the membrane to the bottom of the respiration
chamber. Whitefly respiration decreased progressively
over a 3 h period (t0.5=40 min), eventually reaching zero.

3.3. Effect of dietary sucrose and temperature on
whitefly respiration

The response of whitefly respiration to temperature
was measured over time for whiteflies feeding on arti-
ficial diets containing five different concentrations of
sucrose and no other respiratory substrates. For clarity,
only the responses with 2.5 and 15% sucrose are
presented in Fig. 3. In these experiments, temperature
was increased at 5°C intervals every hour. However,
because of the relatively slow (i.e. 5°C/20 min) increase
in chamber temperature, respiration achieved steady-
state at each temperature, making it possible to record
respiration rates continuously during the experiment. On

Fig. 3. Effect of dietary sucrose concentration and changing tempera-
ture on whitefly respiration. Respiration rates of whiteflies on artificial
diets containing 2.5 (s) and 15% (G) sucrose were measured during
a time course in which the temperature (———) was increased slowly
over time.

all of the diets tested, whitefly respiration increased over
time as the temperature of the chamber was increased
progressively to 47°C (see below). Upon prolonged
exposure to 47°C, respiration rates decreased steadily
over time, indicating that this temperature was lethal
under the experimental conditions used here.

The response of whitefly respiration to temperature
was determined from the time-course experiments
described above (Fig. 3). The temperature response of
respiration was nearly identical on diets containing 10,
15 and 20% sucrose (Fig. 4). In contrast, respiration rates
were markedly lower for whiteflies on diets containing
2.5% sucrose and were slightly lower on diets containing
5% sucrose. Differences between respiration rates on
diets containing high (i.e..10%) and low (i.e.,5%)
sucrose concentrations were greatest at temperatures
higher than about 35°C. Q10 values for whitefly respir-
ation generally increased with increasing dietary sucrose
concentration up to 15% sucrose over the complete range
of temperatures from 25 to 45°C and at intervals in
between these temperatures (Table 1).

The rate at which respiration decreased at high tem-
perature also depended upon the sucrose concentration
of the artificial diet (Fig. 5). After reaching 47°C, the
rate of respiratory inactivation was inversely related to
the concentration of sucrose in the diet. For example,
respiration decreased 50% after 30 min (i.e.t0.5=30 min)
on diets containing 2.5% sucrose, whereas thet0.5 values
on diets containing 5, 10, 15 and 20% sucrose were 42,
49, 60 and 60 min, respectively.

The response of whitefly respiration to an instan-
taneous change in dietary sucrose concentration was also
examined (Fig. 6). When the sucrose concentration of
the diet was lowered from 15 to 2.5% at a constant tem-
perature of either 30 or 35°C, respiration rates decreased
by about 20% within a few minutes. After 2 h on 2.5%
sucrose, respiration rates reached a steady-state level that
was about 35% lower than the steady-state rate on 15%

Fig. 4. Effect of dietary sucrose concentration on the temperature
response of whitefly respiration. Respiration rates of whiteflies on arti-
ficial diets containing 2.5 (P), 5 (h), 10 (j), 15 (G) and 20% (s)
sucrose were measured during a time course in which the temperature
was increased slowly over time as shown in Fig. 3.
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Table 1
Effect of dietary sucrose concentration on theQ10 values for whitefly respiration over a range of temperatures from 25 to 45°C. Q10 values were
calculated from the response of respiration to temperature shown in Fig. 4

Dietary sucrose concentration Q10

(%)

25 to 35°C 30 to 40°C 35 to 45°C 25 to 45°C

2.5 1.50 1.42 1.53 1.52
5 1.62 1.70 1.86 1.73

10 1.99 1.95 1.88 1.93
15 2.15 2.06 1.96 2.05
20 1.92 2.00 2.04 1.98

Fig. 5. Effect of dietary sucrose concentration on the rate of respir-
atory inactivation by high temperature. Respiration rates of whiteflies
on artificial diets containing 2.5 (P), 5 (h), 10 (j), 15 (G) and 20%
(s) sucrose were plotted from the later stage of the time course in Fig.
3 after the temperature had reached 47°C. (A) Rates are normalized to
the maximum rates achieved during the time course. (B) Respiration
rates during this phase of the time course.

sucrose. When the diet was changed from 2.5 back to
15% sucrose, whitefly respiration increased slowly over
a 2 h period reaching a steady-state level that was similar
to the original level on 15% sucrose.

3.4. Effect of CO2 on whitefly respiration

The CO2 concentration in the boundary layer of the
leaf changes in response to changes in stomatal conduc-
tance. For this reason, the effect of CO2 concentration
on whitefly respiration was examined during feeding on
artificial membranes. Whitefly respiration was unaffec-
ted by CO2 over the range of concentrations from 5 to
700 µl l21 (data not shown).

Fig. 6. Response of whitefly respiration to sudden changes in the
concentration of sucrose in the diet. The time course of whitefly respir-
ation was measured at 30 (e) and 35°C (G). At the arrows, the diet
was changed from 15 to 2.5% sucrose (↓) and from 2.5 to 15%
sucrose (↑).

4. Discussion

4.1. System for measurement of homopteran
respiration

It has long been possible to measure insect respiration
in a sealed system over timed intervals using manometric
techniques (reviewed in Keister and Buck, 1973). More
recently, advances in gas exchange instrumentation,
particularly the use of infrared gas analyzers and oxygen
analyzers, have improved the sensitivity of respiration
measurements and permitted continuous monitoring of
insect gas exchange under steady-state conditions
(Lighton, 1988a,b). For homopteran insects, it is desir-
able to measure respiration while the insects are actively
feeding, and measurements of this type have been made
for aphids using both manometric (Kunkel and Hertel,
1975; Llewellyn and Hargreaves, 1984) and radioiso-
topic methods (Rhodes et al., 1996). However, these
methods have a number of serious drawbacks, including
the requirement for extremely long equilibration and/or
measurement times, sometimes in excess of several
hours. In contrast, the IRGA-based system described in
the present study provided rapid and continuous
measurement of homopteran respiration under steady-
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state conditions while the insects were feeding. An
important feature of our system was the use of a porous
teflon membrane as a feeding surface. This type of mem-
brane better simulates a leaf surface than stretched par-
afilm since the surface is textured and permits the pass-
age of water vapor. Comparison of the teflon membrane
with stretched parafilm showed that the teflon membrane
was not only preferred by whiteflies but that it supported
whitefly feeding for a much longer period of time
(unpublished observation).

4.2. Respiration rates of whiteflies and aphids during
feeding

Previous studies using artificial diets containing radi-
olabeled carbohydrates have shown that whiteflies rap-
idly hydrolyze and metabolize ingested sucrose
(Salvucci et al., 1997, 1999). For example, the rapid syn-
thesis of sorbitol that occurs in heat-stressed whiteflies
uses carbohydrate that is ingested during imposition of
the heat stress (Wolfe et al., 1998; Salvucci, 2000). In
the present study, a dependence of whitefly respiration
on newly ingested sucrose was indicated by the rapidity
with which respiration rate changed upon altering the
sucrose concentration of the diet (Fig. 6). It is unlikely
that the lower respiration rates on low sucrose diets were
caused by slower rates of feeding since feeding rates on
low sucrose diets are actually higher than on diets con-
taining higher concentrations of sucrose (Salvucci et
al., 1997).

The respiration rates determined here for whiteflies
and cotton aphids during feeding, about 200µmol CO2

h21 g21 at 25°C, were generally higher than the rates
reported for “resting” insects (Keister and Buck, 1973,
and references therein; Bartholomew and Casey, 1977;
Lighton et al., 1987). Assuming a respiratory quotient
of 1 based on carbohydrate as the respiratory substrate,
these rates are equivalent to a rate of O2 consumption
of about 5µl mg21 h21 or a standard metabolic rate of
0.55µW. Thus, the standard metabolic rate of a whitefly
is an order of magnitude higher than the rate predicted
for an ant of the same body mass (Lighton and Wehner,
1993). The high metabolic activity of whiteflies and cot-
ton aphids may be related to the very small size of these
tropical/subtropical insect species and their continuous
access to diets containing high concentrations of sucrose,
an excellent respiratory substrate. Also, although white-
flies and aphids are mostly stationary during feeding, this
condition does not represent a “resting” state. Attempts
to obtain a “resting-state” by depriving whiteflies of a
source of nutrition were unsuccessful because whiteflies
became more agitated when not feeding (M.E. Salvucci,
unpublished observation).

4.3. Effect of dietary sucrose concentration on whitefly
respiration

The response of whitefly respiration to dietary sucrose
concentration appears to match the nutritional require-
ments of whiteflies and aphids elucidated in previous
studies using artificial diets containing radiolabeled
sucrose (Mittler and Meikle, 1991; Rhodes et al., 1996;
Salvucci et al., 1997). For whiteflies, the amount of label
incorporated into the insects increased two-fold when the
dietary sucrose concentration was increased from 3 to
7.5% at 24°C (Salvucci et al., 1997). Similarly, the rates
of whitefly respiration measured in the present study
were significantly higher on diets containing 5% com-
pared with 2.5% sucrose. Increasing the dietary sucrose
concentration from 7.5 to 15% caused a marked increase
in the amount of sucrose ingested and excreted but did
not change the amount of label that was incorporated
into the body (Salvucci et al., 1997). Likewise, the res-
piration rates reported herein on diets containing 10, 15
and 20% were nearly identical at all temperatures and
were similar to the rates on 5% sucrose at 25°C. This
finding is in agreement with data for aphids that found
that respiration rates were similar on diets containing 11
and 22% sucrose (Rhodes et al., 1996).

At 25°C, whitefly respiration was limited by dietary
sucrose only when the concentration was less than 5%.
Thus, whiteflies require a sucrose concentration of about
0.15 M to support maximum rates of respiration at 25°C.
However, a higher concentration of sucrose is apparently
needed when temperatures exceed 30°C since respiration
rates on diets containing 5% sucrose were lower at tem-
peratures.30°C than on diets containing 10 to 20%
sucrose. Respiration rates on diets containing 10, 15 and
20% sucrose were similar at all temperatures indicating
that 10% (i.e. 0.29 M) sucrose adequately supported
basal respiration throughout the entire range of tempera-
tures that were tolerated by whiteflies.Q10 values on
diets containing.10% sucrose were approximately 2,
similar to the values reported for other insects over this
temperature range (Schmidt-Nielsen, 1980; Lighton and
Wehner, 1993). In contrast,Q10 values on diets contain-
ing 2.5 and 5% sucrose were 1.52 and 1.73, respectively,
over the temperature range of 25 to 45°C, a further indi-
cation that whitefly metabolism was limited by dietary
sucrose concentrations lower than about 10%.

By measuring respiration, it was possible to determine
the rate at which whiteflies succumbed to high tempera-
ture. This rate was directly related to the concentration
of sucrose in the diet from 2.5 to 15% sucrose. Interest-
ingly, although there was little difference between respir-
ation rates on diets containing 10 and 15% sucrose, the
rate at which respiration decreased at high temperature
differed. One probable explanation for the faster rate of
respiratory inactivation at 10% compared with 15% may
be a difference in the amount of sorbitol in the whiteflies.
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Sorbitol is a polyhydric alcohol that is synthesized by
whiteflies from newly ingested carbon (Wolfe et al.,
1998; Salvucci et al., 1999). Because of the extremely
high KM for sorbitol synthesis (Salvucci et al., 1998), the
amount of sorbitol accumulated is dependent on dietary
sucrose over a wide range of concentrations (Wolfe et
al., 1998). Thus, the greater thermotolerance of white-
flies on higher sucrose diets, indicated here by the slower
rate of respiratory inactivation at high temperature and
previously by a higher rate of mortality (Salvucci, 2000),
can probably be attributed to accumulation of a higher
amount of sorbitol on the high sucrose diets.
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