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Abstract: Although quantifying gas exchange in small insect species is of great
biological interest, the progress in this field of research is hampered by the inability

of most gas detectors to monitor the low emission rates from these insects. Recently,

laser based photoacoustic spectroscopy (LPAS) has emerged as a highly sensitive
technique that allows gases to be detected at sub-ppb level. In this work, LP AS was

used to study gas exchange in two different insect species. Firstly, loss of water by

the minute Western Flower thrips (Frankliniella occidentalis, average weight 50 JLg)

was recorded by means of CO-laser PAS. Water loss by a single thrips could be
on-line recorded with a practical detection limit of 30 ppb. Insects released H2O in

rather regular patterns, possibly due to discontinuous respiration. These data
represent on-line H2O loss recordings of the smallest insects measured hitherto.

In a second experiment, the inert tracer gas SF6 was used to determine the tracheal
volume of Attacus atlas pupae. Insects were loaded with SF6 and subsequent release of
this gas was monitored using CO2-laser PAS. Based on the amount of released SF6, one
has determined the tracheal volume of Attacus atlas pupae. The value obtained
(170:!: 53 JLL/g) is in good correspondence with data obtained by other techniques.
In addition, with this technique, respiration patterns can be recorded; the results
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show a good correspondence with the simultaneous recordings of CO2 release using a

commercial CO2 analyser.
Photoacoustic
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INTRODUCTION

The respiratory system in insects consists of internal gas filled tubes, the

tracheal system, that is connected to the atmosphere by valves known as

spiracles. These spiracles accurately control the gas exchange between the
tracheal system and the outside air.[I] In many insect species, release of

H2O vapour and CO2 and the intake of O2 occurs in highly regular patterns

known as discontinuous gas exchange (DGC). In this cyclic form of respir-
ation, each DGC cycle consists of up to three different phases known as

constriction, fluttering, and burst. During constriction (C), spiracles are kept
tightly closed[2] and the O2 concentration in the tracheal system decreases

because the tissues consume O2, while the CO2 concentration increases, due

to the production of CO2 by the tissues. In the fluttering (F) phase, spiracles

are repetitively and shortly opened. The final period, the burst phase (B), is
triggered when the accumulation of CO2 from respiring tissues causes some

or all of the spiracles to open widely. In this period, relatively high amounts
of CO2 and H2O vapour are released. Depending on the insect species, one

DGC-cycle can last from several minutes up to several days.

Studying the gas exchange in insects is technically challenging, since
insects, due to their small-sized bodies, release only tiny amounts of gas.
The gas detector must not only be highly sensitive but, in addition, also
possess a good time resolution in order to resolve the highly dynamic respir-
atory pattern. Release of carbon dioxide can be detected at sub-ppm levels
using commercially available infrared analysers;[3] however, recording the

release of H2O vapour by insects has proven to be a much more difficult

task. Lighton and coworkers[4] operated a sensitive balance, but this
technique is sensitive to insect movements and, to overcome this problem,
it is, in general, necessary to decapitate the insects (insects continue to
respire after decapitation for hours or even days).

Recently, laser photoacoustic spectroscopy (LPAS) has emerged as a new

tool for sensitive and non-invasi ve recording of the release of H2O vapour and

many other gases.[S,6] So far, LPAS has been successfully applied in several

studies on gas exchange in plants, fruits, seeds, bacteria, insects, and even
humans.[7 -12] Detection limits attainable with this technique are at sub-ppb

level in combination with a time response in the order of seconds.1111
In the first experiment, CO-laser PAS is used to monitor H2O loss from

Western Flower thrips (Frankliniella occidentalis). Thrips, small insects

with a length of ] -2'mm and a weight of about 50 Jl,g, belong to the order
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of Thysanoptera (Thripidae), the smallest winged insects.113] They are a wide-

spread pest on greenhouse, agricultural, and horticultural crops in North
America and Europe.II4-161 These insects face relatively high rates of water
loss because of their small body size and, hence, large surface area-to-

volume ratio. Several authors have argued DOC can limit the rate of water

loss, which is crucial for tiny insects such as thrips, and, therefore, it is
expected that thrips developed DOC.[17] Since thrips release only minute
amounts of water, high demands are imposed on the detector. Results
shown here represent, to our knowledge, water loss recordings of the

hitherto smallest insect species.
The second experiment focuses on recording the respiration pattern of

Attacus atlas pupae and the determination of its tracheal volume. The
volume of the tracheal system is an essential parameter in the analysis of
the respiratory gas exchange of insects. Techniques that have been applied
to determine this volume include vacuum extraction,LIS! mechanical

compression,119] and stereological analysis;[2O] however, each of them is

intrusive. A non-intrusive technique, based on inert gas wash-out, was

developed by Bridges et al.[2] who placed pupae of the giant silkworm moth
in a vessel continuously flushed with a 20% O2-80% N2 mixture. At the

onset of the constriction period, the mixture was replaced by pure argon.

The wash out of N2 during the subsequent burst is recorded by a mass spec-

trometer. Measurements are repeated with N2 replacing a 20% O2-80%

argon mixture to account for the inert gas solubility in the body fluids. The
tracheal volume is derived from the ratio of the amounts of N2 and argon

emerging from the insect. In a similar, slightly simplified approach, we used

the biologically inert gas sulphur hexafluoride (SF6) to determine the
tracheal volume of Attacus atlas pupae. SF6 is widely used as a tracer, both
in liquid and gas phases,[21,22] and it can be detected with extreme sensitivity
and high time resolution using CO2-laser PAS.[23] Release of SF6 was

monitored from pupae loaded before hand with SF6 buffered in air. From

the total amount of released SF6, one can determine typical tracheal
volumes of these insects. In contrast to the work of Bridges and coworkers,
we are also able to record the complete respiration pattern of the insect.~

EXPERIMENTAL

In the first experiment, water vapour emission by thrips is monitored on-line
using cryogenic CO-laser PAS (see Fig. 1). Inside the laser cavity, three photo-.
acoustic cells, each with a small resonator volume (26 mL), are placed behind

one another. The emission lines of the laser cover the wavelength region

between 1300 and 2000cm-l. The strong absorption of water (V2 bending

mode centred at 1595 cm-J), in combination with high light intensity (as

much as 30- Watt intra-cavity), enables sensitive detection of H2O vapour. The

spectrophotometer is capable of detecting very small absorption signals, but
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Figure 1. Experimental arrangement for detecting release of H2O from thrips. The

CO laser driven photo acoustic spectrometer and gas-flow system consists of (1) totally

reflecting mirror, (2) mechanical chopper operating at 1100 Hz, (3) cryogenic CO laser,

(4) photoacoustic cells, (5) grating, (6) mass flow controller, (7) H2O scrubber contain-

ing P20S powder, (8) insect cuvette.

only on a relatively low background signal; typically, the absorption signal

should exceed that of the background by 1%. To detect H2O vapour release

from small insects such as thrips requires, therefore, the availability of an
extremely dry gas flowing over the insect. In our experiments, this was
achieved by placing a container with phosphorus pentoxide (P2O5) in the gas

flow, which reduces the level of water vapour to a few ppm, a limit determined

by residual water in the gas flow after scrubbing and release of H2O vapour

from tubings and the photo acoustic cell. At this background H2O level, the

practical limit of detection for H2O vapour is 30 ppb. A computer reads in

the data from the spectrophotometer at a sampling rate of 3 seconds.
Prior to the experiments, thrips were kept on chrysanthemums in a

refrigerator (7°C) because, at such a low temperature, the insects can be
easily handled. Adult thrips with an average weight of 50 f.Lg per insect

were put in a glass cuvette (volume of 0.1 mL) closed at both ends by

stainless steel mesh wire. An electronic mass flow controller (Brooks 5850,

Veenendaal, The Netherlands) regulated the flow rate of air at 1 Llh

passing over the insects and, subsequently, entering a photoacoustic cell.
Insertion of the insects by opening the cuvette increases the level of H2O

vapour in the flow system. A long washout curve is observed, due to

sticking of H2O vapour to the cuvette, tubings, and photoacoustic cell,

making it impossible to estimate the constant release of H2O vapour via

the insects' cuticle (skin). Experiments performed with an empty cuvette

showed that, after opening of the cuvette, the H2O vapour level inside the

photoacoustic cell becomes constant only after about 5 h. Measurements

were continued until no water emission peaks were observed.
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In a second experiment, pupae from the moth Attacus atlas (Lepidoptera,
Saturniidae), kindly supplied by Dr. Hetz from Humboldt University, Berlin,
were used. The pupae, typically 4 cm long with an average weight of

4.3 :f: 0.3 g, were placed in a glass bottle (0.32 litre) filled with air before
injecting pure SF6 into the bottle to obtain a concentration of 0.63% SF6.
Insects were kept in the closed bottle for a period of 24 h; after that, the gas in
the tracheal system is expected to be in equilibrium with the gas in the bottle,

since the duration of the respiration cycle of this insect is typically 1.5 h.
Note that too long an incubation period leads to a depletion of O2 and a build

up of CO2 inside the bottle, due to the insect's respiration, which could disturb

the insects' respiration pattern. After the loading procedure, insects were
directly transferred to the sampling cuvette and the measurement was started.

The total amount of released SF6 is calculated by integrating the SF6

release rate. Before the tracheal volume can be calculated, two corrections

need to be made. Firstly, SF6 is not only stored in the tracheal system, but

also in body fluids, tissues, cuticular lipids, and the fat body of the insect.
The amount of SF6 stored outside the tracheal system is estimated from the

solubility of SF6 in water and tissues of 6.21. 10-3 mL mL -I atm-t at

25°C[24] and is about 5% of the SF6 stored in the tracheal system. Secondly,

some SF6 is released when transferring the insect from a glass bottle filled

with SF6 to a sampling cuvette. For all experiments shown here, insects

were transferred during the flutter period and the amount of SF6 released,

then, during transfer is about 0.5%, assuming a transfer time of 30 seconds.

After applying these corrections, the tracheal volume of the insect in IJ.L

per gram body weight is calculated as

Corrected released amount of SF6 gas (in IJ.mol) x

Weight of insect (in g)

Figure 2 shows the experimental arrangement as used in this experiment.

Dry and CO2-free air is flushed over the insect at a rate of 10L/h using two

flow controllers (Brooks, Veenendaal, The Netherlands). Behind the

sampling cuvette, the flow is split into two equal parts; 5 L/h is directed to

an URAS 10E CO2 analyzer (Hartmann & Braun, Frankfurt am Main,

Germany) that measures the CO2 concentration, while the remaining gas

flow is used to measure the concentration of SF6 utilizing CO2-laser PAS.

In this detector, a P A cell is placed inside the cavity of a sealed CO2 laser

(model L T30-626, L T Group, Canada) with an intra-cavity laser power up

to 75 Watts. ~e laser is operated at the IOP16 laser line at 10.551 J.l,m, at

which the absorption coefficient of SF6 is very high (6.5 .102atm-1 cm-l);

this yields a practical detection limit of 5 ppt.[23,25] An additional CO2

scrubber is placed in line with the P A spectrophotometer because CO2 spec-

trally interferes with SF6 at the 10P16 laser line. Both instruments were

calibrated by injecting a series of known amounts of CO2 or SF6 gas.
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Figure 2. Schematic overview of the experimental set-up for the SF6 washout

measurements. (I) flow controller, (2) CO2 scrubber containing soda lime pellets,

(3) cuvette containing pupa and reflection sensor. (4) PA cell. (5) CO2 analyzer.

Simultaneously with the gas exchange measurements, the length changes
of the insect were recorded with an infrared-reflection sensor placed at a
distance of 2 mm from the insect's abdomen. A small reflecting foil was

glued to the tip of the abdomen to obtain a higher reflection signal. The

sensor, calibrated with a micrometer, has a 0.5 J.Lm resolution. Signals from

the reflection sensor and both gas analyzers were fed into a computer
and sampled at a second time scale. Experiments were performed in a

temperature-controlled laboratory (22°C).

RESULTS

Experiment 1: H2O Loss Recordings of Thrips

Figure 3 shows release of H2O vapour by a single thrips. At t = 0 h, the thrips

was inserted into the cuvette, yielding high H2O concentrations (up to

150ppm) due to H2O vapour from the laboratory entering the flow system.

After an initial period of irregularly occurring peaks, a more or less regular
release pattern is observed, starting 3 h after the onset of the experiment.

The H2O loss is very small; typically, less than 1 nmol of H2O vapour is

released in each peak.
Figure 4 shows water release by twenty-six thrips enclosed in the

measurement cuvette. The baseline H2O vapour level is subtracted to' show

the H2O loss peaks more clearly. At the start of the measurement, many

peaks are observed (see panel 4A), indicating water release by many thrips.
The frequency of the peaks decreased during the course of the measurement

because a number of thrips died, probably due to desiccation. Panel 4B

shows the H2O vapour release 9.5 h later than in the upper panel. A rather

regular pattern (with only one peak appearing approximateJy every 40 min)

indicates that only a single thrips was still alive, as was actually also

observed during the experiment.

S. T. Persijn et al.

4

3 .
2

5



Study of Gas Exchange in Insects by Sensitive LP AS

c=

~

~

8

Figure 3. Water emission by a single thrips in a flow of 1 L/h air. The decay of the

background water level is due to a washout of H2O sticking to the insect cuvette,

tubings, and photoacoustic cell. Following the initial three hours the pattern of H2O

release changes from irregular to a more regular with a frequency of four peaks per
hour. The inset shows an enlargement of the release pattern within 3-3.6 h. Note

that data are averaged over 5 data points (15 seconds).

Experiment 2: Gas Exchange and Length Measurements

in Attacus atlas Pupa

Figure 5 depicts a recording of the CO2 emission and relative abdominal

length from an Attacus atlas pupa. The three different phases of the respiration
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Figure 4. Recording of the water emission produced by 26 thrips. Panel A shows the

H2O loss 2 h after placing the thrips in the cuvette while panel B displays the H2O loss

by the same insects 9.5 h later. Note. that in both panels the baseline H2O level is
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r Igure~. '3I1IIUll(1I1CUU:' ICI.;UIU"I~ VI 1.110;; 1000Ial.I v'"' aUUUIII,",11
emission for Attacus atlas pupa (length 4 I mm, weight 4.49 g).

the respiration cycle; constriction (C), fluttering (F), and burst (B)

in both panels.

5.

pattern, i.e., constriction, fluttering, and burst, can clearly be distinguished.
The experiment lasted 23 h and it was observed that, during the whole exper-

iment, the pupa respires regularly with a period of 86 :!: 18 min (constriction:'
17 :!: 2 min, fluttering 57:!: 17 min, burst: II:!: I min, average over 14
DOC-cycles). During constriction periods, as well as micro-constrictions in
fluttering periods (see Fig. 6), no CO2 is released and the length of the

insect decreases due to the development of a sub-atmospheric pressure in

the tracheal system.'3!

Figure 6. An expanded fluttering phase (period between 1.3 and 1.5 h) from Figure 5.

During short periods no CO2 gas is released and the insects' abdomen shortens. Larger

changes in the abdomen's length correspond with longer periods of no gas release.

S. T. Persijn et at.
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Figure 7. Simultaneous recording of CO2 and SF6 release by an Attacus atlas pupa

(3.90 g). Panel C shows the time-integrated SF6 release; in total 0.112 J.Lmol SF6 was

released by the insect during the course of the experiment.

Figure 7 shows the CO2 and SF6 release patterns of another Attacus atlas

pupa. Emission peaks in the CO2 and SF6 release patterns coincide in time. In

addition, the time-integrated SF6 release is depicted. The corrected total

amount of released SF6 is found to be 0.112 J.Lmol; from this, the calculated
tracheal volume of the insect per gram body weight is (0.112 J.Lmol) (100 j
0.63) (24.2Ljmol) (lj3.90g) = 11°J.LLjg. Calculated volumes for various

pupae range from 110 to 250 J.LLjg (n = 3).

DISCUSSION

To the best of our knowledge, the fruit fly (Drosophila melanogaster), which

is an insect with a weight of approximately 1 mg, was thus far the smallest
insect for which water loss recordings have been reported. [26.27] We

recorded H2O emission from thrips that weigh only 50 ~g. The tracheal

system of thrips is well developed and usually opens to the atmosphere by

means of four pairs of spiracles,[28] making discontinuous H2O loss via respir-

means of four pairs of spiracles,[28] making discontinuous H2O loss via respir-

ation possible-and probably even necessary.[17] However, care must be taken
to interpret the observed discontinuous H2O loss as discontinuous respiration;

also, activity can lead to a discontinuous release, as was shown in cock-

roaches[17] or the observed H2O emission could be due to faecal excretion.

The small size of the thrips makes it extremely difficult to observe

behaviour and, therefore, no good correlation between H2O loss recordings

93
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and thrips' behaviour could be made in this study. Recording loss of H2O

vapour release from even smaller insects, with corresponding smaller

amounts of water release, is difficult due to the relatively high background
H2O level in the gas flow and the PA cell.

Thrips could survive up to 15 h under the applied conditions of 0% RH

- - --

the decreasing H2O vapour level in the incoming gas flow. However,

cuticular losses are expected to be relatively high, since thrips possess a
very thin and relatively large cuticular area. With respect to the 0% RH in

the applied gas flow, it is, therefore, astonishing that, under such conditions,

thrips can survive up to 15 h.[17,27]
In a second experiment, the tracheal volume of Attacus atlas pupae was

determined. The value of 170::f: 53 J1L/g found is in a good agreement

with values obtained by Rauch (55-250 J1L/g) and Hetz (43-367 J1L/g),

using different techniques,[3,3D] In calculating the tracheal volume, a correc-
tion was made for SF6 stored in body fluids, tissues, cuticular lipids, and the

fat body of the insect. The solubility of SF6 in water is relatively low, with

a value of 6.21 . 10-3 mL mL -I atm-l.[24] Other evidence for the low solubi-

lity of SF6 in the insect body can be found by looking at release patterns of SF6
and CO2 during burst periods (see Fig, 7). The release of SF6 during burst

periods decreases much faster than that of CO2, Fitting these bursts with an

exponential decay yielded a 1 Ie decay time of 184 ::f: 18 s for CO2 and
only 65 ::f: 14 s for SF6 (n = 4). This shows that only a limited amount of

SF6 dissolves in haemolymph and tissues and, hence, almost no refilling of
the tracheal system with SF6 occurs, in contrast to the much more soluble

CO2. Another point of discussion is our assumption that, at the end of the
loading procedure, the concentration of SF6 in the tracheal system equals

that of the gas mixture in the bottle. From Fig. 7C, it can be concluded that,

already after 3 h, the volume of the trachea has been refreshed several
times; so, a loading procedure of 24 h is sufficient. Furthermore, we

assumed that body tissues are equilibrated' with the gas in the tracheal

system, which is likely, since the tracheal system extends into all body
tissues. [2,2D]

Monitoring CO2 release from small insects is relatively simple, as

compared to monitoring water vapour rel~ase. This is so because the CO2

concentration in the air incoming to the insect can be reduced to sub-ppm

levels using a chemical scrubber such as KOH or soda lime.[3] The CO2

resolution obtainable nowadays is 1 ppb, making such currently available
detectors sensitive enough to determine the respiration pattern of small
insects like Drosophilla with a weight of, typically, I mg.[31] However, for
such small insects, no detailed information can be obtained about fluttering

and constriction phases.[26] The SF6 loading technique presented here seems

apt for this purpose after making two small modifications, as compared to

the current method. Firstly, a reduced gas flow rate -(1-2 L/h) is applied; if

S. T. Persijn et ale
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even lower flow rates are used, not all details of the respiration pattern can be
resolved. Secondly, the insect is loaded with a higher SF6 concentration of,

e.g., 79% SF6 and 21 % O2 while, in the current experiment, an SF6

concentration of only 0.63% was used. After applying these modifications,

it seems feasible that respiration patterns of insects with a weight on the

order of micrograms can be resolved in detail; such performance figure is

several orders of magnitude better than that which is achievable by
currently existing detectors.

CONCLUSIONS

In a first experiment, recordings of H2O loss by Western Flower thrips

(Frankliniella occidentalis, average weight 50 ~g) revealed a discontinuous
release pattern, possibly due to respiration. Hitherto, these data represent
on-line H2O loss recordings of the smallest insects. In a second experiment,

the tracheal volume of Attacus atlas pupae was determined using the inert

tracer gas SF6; volumes found in this study (average 170 :!: 53 ~L/g) are in
good correspondence with literature values. The 5 ppt detection limit for

SF6 attainable by the CO2 laser-based photoacoustic spectrophotometer

opens new avenues to study respiration behaviour in even the smallest insect

species. From these two experiments, we conclude that LP AS, by virtue of

its high sensitivity and fast time response, may be viewed as a highly

potential technique for quantitative recording of gas exchange in insects.
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