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Abstract We examined the standard metabolic rates of pyrethroid resistant and
susceptible German cockroaches, B. germanica. Measurements of CO, production and
O, consumptions were obtained at 5 to 40 °C at 5 °C intervals using closed-system

respirometry. Overall Vo2 (ml g'1 h'1) was not significantly different among strains but
different strains reacted differently to increasing temperature. Mean cockroach body
mass differed significantly among strains and V.o2 (ml g h™") scaled with temperature
and mass in all strains. We used data at 25 °C to examine the effect of mass on the rate
of oxygen consumption. Mass specific \/'O2 (ml g h™") at 25 °C was 0.5170 + 0.13 and

0.6931 = 0.059 for the susceptible strains (black and ACY, respectively) and 0.7714 +
0.059 for the resistant strain. The relationship between metabolic rate and body mass
yielded an exponent of 0.78 for the resistant strain and 0.81 and 0.89 for the susceptible
strains (black and ACY, respectively), and are similar to those of other cockroaches.
Measurement of O, and CO, made possible the examination of temperature and mass
effects on respiratory quotient (RQ). Respiratory quotient increased with temperature up
to about 25 °C, declining thereafter in all the strains; however there were differences in

response among strains. Several equations relating temperature and mass to Vo2 are

presented. The supercooling point of the resistant strain was significantly greater than
those of the ACY and black susceptible strains.

Key words: standard metabolic rate, German cockroach, permethrin resistance,
respiratory quotient
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Introduction

Temperature is the most important determinant of metabolic rate in ectothermic animals (Cossins and
Bowler, 1987; Hawkins 1995; Angilletta et al. 2002; Gillooly et al. 2001) and controls nearly all
physiological and biochemical processes (Huey and Berrigan, 2001). Increases in temperature generally
result in increases in physiological processes including metabolic rate. Metabolic rate in arthropods also
varies as a consequence of locomotion (Rogowitz and Chappell, 2000), gender (Rogowitz and Chappell,
2000), altitude (Rourke, 2000), parasitism (Kolluru et al. 2002), water scarcity (Davis et al. 1999), climate
(Nielsen et al. 1999), body mass (Gillooly et al. 2001), reproduction (Prestwich and Walker, 1981), and in
the presence of insecticides and heavy metals (Kramarz and Kafel, 2003; Dingha et al. 2004).

Metabolic rate is a measure of the energetic cost of living, which in turn exerts a major influence
on the fitness of organisms. Knowledge of the metabolic rate of an organism would provide an insight into
its energetic costs, thereby revealing patterns of energy use. To determine if there is an energetic cost
associated with physiological resistance to insecticide, we measured the rates of O, consumption and
CO, production in the German cockroach, Blattella germanica (L).

B. germanica is a world-wide household pest that may harbor and transmit human disease-
causing pathogens (Ramirez, 1989). Their body parts and feces are also potent allergens to sensitive
people (Roberts, 1996). Pyrethroid insecticides are widely used for cockroach control because of their
effectiveness and low mammalian toxicity. However, control failures in some field populations have been
reported as a result of the development of resistance (Cochran, 1989; Valles et al. 2000). It has been
reported that resistance levels generally decline in the absence of insecticide selection (Tabashnik et
al.1994; Rahardja and Whalon, 1995), and that decreased resistance is associated with increased fitness
(Tabashnik et al. 1994). Therefore, we hypothesized that genetically resistant B. germanica not exposed
to insecticides for several generations would have similar metabolic rates and respond to temperature
change as would a susceptible strain. We also described the effect of temperature on metabolic
processes using Q4q, Which is defined as the change in the rate of metabolism over 10 °C change in
temperature. In addition, we obtained respiratory quotients (RQ) and mass scaling relationships for each
strain and compared these with other cockroaches.

Materials and Methods

Three strains of B. germanica were used in this study. A black body mutant (Ross and Cochran,
1975) (black), and ACY (American Cyanamid Clifton, NY) were the susceptible strains. Both strains have
been reared in the laboratory without exposure to insecticide for > 40 years. The insecticide resistant
strain (Apyr-R) was collected from infested apartments in Opelika, Lee County, AL, USA in 1999 after
control failures with pyrethroid insecticides. This strain was subsequently selected with permethrin for
several generations (Wei et al. 2001; Pridgeon et al. 2002), but not during this experiment. Wei et al.
(2001) reported high levels of resistance in B. germanica to permethrin and deltamethrin, with resistance
ratios of 97 and 480, respectively, compared with the susceptible strain. All cockroaches were reared at
25+ 2 °C and 50 £ 10% RH with a photoperiod of 12L:12D. Dry dog chow and water were supplied ad
libidum. One-week-old adult males from each strain were selected randomly and weighed on an
electronic balance to the nearest 0.01 mg. Care was taken to avoid unnecessary stress to the
cockroaches by allowing them to crawl individually into weighing vials and respirometers constructed from
3 ml syringes (Becton, Dickinson and Company, Ruthford, NJ, USA). Respirometers containing insects
were connected to a manifold that provided dry, CO,-free air at the rate of 100 ml/min for ~ 10 min (Vogt
and Appel, 1999). After flushing with dry CO,-free air, the plunger was brought to the 2 ml gradation and
the stopcock was adjusted to seal the respirometer. Respirometers were incubated in the presence of a
video camera at 5, 10, 15, 20, 25, 30, 35, and 40 + 2 °C for 30 min. Temperature was checked with a
calibrated mercury thermometer. Incubation took place under light from a 4 W red light bulb positioned
approximately 50 cm above the experimental animals. The low level and color of the light facilitated
filming of cockroaches during incubation by using a Panasonic GR-AX70u Compact VHS camera
mounted on a tripod directly above the syringes containing cockroaches. Oxygen depletion and carbon
dioxide enrichment in each respirometer was determined by using a Sable Systems International TR-3
respirometry system (Sable Systems International, Henderson, NV, USA). Outside air was scrubbed of
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CO, and H,0 by using a Whatman purge gas Generator (Whatman, Inc., Haverhill, MA, USA), drawn
through a computer-controlled base lining system, a Li—-Cor CO, and H,0 analyzer (LI-6262; LiCor Inc.,
Lincoln, Nebraska, USA), a Sable Systems FC-1 Oxygen Analyzer, and a Side-Track mass flow meter
(Sierra Instruments Inc., Monterey, CA, USA) with a pump (GastMfg. Corp., Benton Harbor, MI, USA) at a
rate of 100 ml/min at STP. The CO, analyzer was calibrated with 94.9 ppm span gas (Air Products, Inc.).
The oxygen analyzer was internally zeroed and spanned to 20.94% O,. From the 2 ml of air in a
respirometer, 0.5 ml was injected into a glass T- injector port with a replaceable rubber septum and crimp
seal installed upstream from the CO,-H,O analyzer. The gas sample passed through the system and data
from the O, and CO, analyzers were recorded using DATACAN V (Version 5.2; Sable Systems
International, Henderson, NV, USA) software. In one day, we tested groups of 5 male B. germanica of
each strain at each temperature. This procedure was repeated four times (blocks) for a total of 20 insects
per strain per temperature. Depletion (O,) and enrichment (CO,) volumes were integrated with respect to
time. Rates of O, consumption and CO, production were calculated as the volume (ml) of O, or CO,

divided by insect body mass (g), and incubation time (min) resulting in \/'o2 and Vcoz (mig'h™.

Respiratory quotient (RQ) was calculated as the ratio of CO, produced (\/.CO2 ) to O, consumed (\/lo2 ).

Supercooling points of six males of each strain were determined by using methods similar to
those of Jones et al. (2008). Briefly, individual cockroaches were maintained at rearing conditions for 24 h
without food, but with access to water. They were placed head down into 1 ml plastic micro-centrifuge
tubes and held in place with a small piece of cotton. A copper-constantan thermocouple was threaded
through the lid of the micro-centrifuge tube and positioned against the abdomen of the cockroach; the
cotton held the thermocouple in place. Four tubes with cockroaches and thermocouples were inserted
into a block of Styrofoam and placed into a freezer. The thermocouple wires were threaded through the
gasket of freezer door and connected to a Sable Systems International TC-1000 thermocouple meter
(Sable Systems International, Henderson, NV, USA). Temperature data were recorded at 0.5 sec
intervals by using a laptop computer. Data were recorded until the exothermic (a spike in otherwise
declining temperature) corresponding supercooling point was recorded.

Data were analyzed with the Proc Mixed procedure using SAS software (Littell et al. 1996) to
determine the effects of cockroach strain on mean body mass, and to determine effects of temperature,

strain, and the interaction of temperature and strain on Vo2 (ml g h™") and RQ. To elucidate possible

interactions between the effects of temperature, cockroach strain, and mass on \/oz (ml g'1 h'1), an

additional analysis was conducted using all possible combinations of main effects and interactions. The
random effects of block and the block by strain interactions were included in all analyses. Models were

reduced based upon examination of F-statistics for the main effects and interactions. Mean separation

was carried out by using LS means. Linear regressions were performed where appropriate. Results are
presented as means + SE and a significance level of 0.05 was used throughout.

Results

Mean body mass of adult male cockroaches differed significantly among strains (F = 30.0, df = 2,
8, P =0.0002): 0.0508 + 0.0006, 0.0480 + 0.0004, and 0.0543 + 0.0005g for the black, resistant, and ACY

strains, respectively. The overall effect of strain on \/'O2 (ml g'1 h‘1) was not significant (P > 0.05), however
different strains reacted differently to increasing temperature (F = 3.4, df = 16, 161, P < 0.0001).
Temperature effects were examined by regressing logqo-transformed mass-specific Vo2 on temperature

for each strain. For the black, ACY, and resistant strains, the relationship yielded the equations shown in
Table 1.

The effect of temperature on oxygen consumption of the three strains (black, resistant, and ACY)
of B. germanica is presented graphically in Fig. 1. Q4 was calculated by multiplying the slope of the first-

order log-linear regression of \/.O2 (ml g'1 h'1) on temperature by 10 and then taking the antilogarithm. This

© 2009, Mississippi Entomological Association



Midsouth Entomologist 2 20

Table 1. Equations showing the relationship of logso-transformed mass-specific \/'O2 on temperature for
pyrethroid resistant and susceptible strains of B. germanica.

Strain Equation: logsoVg, (ml g™ h™) = F g P 2
Black 0.003(20.036)-0.009(x0.001)Temperature 421 1,6 _ 0.0006  0.875

Resistant 0.044(x0.016)+0.0078(+0.0002) Temperature 151.2 1,6 0.0001 0.9618

ACY 0.079(+0.008)+0.0059(+0.0003)Temperature ~ 354.3 1,6 0.0001 0.9833

yields a mean Qo through out the experimental temperature range of 1.77, 1.19, and 1.15 for the black,
resistant and ACY strains, respectively. We fit a cubic equation to the temperature means (shown as solid
lines in Fig. 1) to quantify changes in Q4o by differentiation of the polynomial equation (Lighton, 1989).
The equations for the black, ACY, and resistant strains are shown in Table 2.
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Fig. 1. Rate of oxygen consumption in pyrethroid resistant and susceptible strains of B. germanica at
several temperatures. Broken line represents the first-order regression of log transformed oxygen
consumption (ml g'1 h'1) on temperature, solid lines represents the third-order regression. See tables for
equations.
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Table 2. Equations to quantify changes in Q¢ in pyrethroid resistant and susceptible strains of B.

germanica.
Strain Equation: Iog10\/o2 (ml g'1h’1)= = df p P2
Black 0.542(+0.283)-0.061(+0.051) Temperature 448 34 0.001 0.971
+0.003(+0.003) Temperature®-
0.00002(+0.00005)Temperature®
Resistant -0.007(i0.210)+0.053(i0.038)TemEerature 47.4 3,4 0.001 0.986
-0.002(x£0.002) Temperature“+
O.00004(i0.00003)Temperature3
ACY 0.275(+0.092)+0.0023(+0.017)Temperature 118.7 3,4 0.002 0.988

+0.001(+0.0008) Temperature’
0.00001 (+0.00001) Temperature®

Strain alone did not explain a significant proportion of the variability in RQ (P>0.05) but the
relationship between RQ and temperature differed among strains (F = 2.8, df = 16, 53, P = 0.0025).
Estimated least square mean RQ for each strain were regressed over temperature. Respiratory quotient
generally increased with temperature up to about 25 °C, declining thereafter in all the strains (Fig. 2). RQ
at 25 °C and 15 °C for the ACY and resistant strains were highly variable between blocks and were
considered outliers for this analysis. The equation relating RQ to temperature in the black, ACY and
resistant strains are shown in Table 3.
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Fig 2. Relationship between temperature and RQ in pyrethroid resistant and susceptible strains of B.

germanica.
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Table 3. Equations relating RQ to temperature in pyrethroid resistant and susceptible strains of B.
germanica.

Strain Equation: RQ = F df P r?
Black 0.674(+0.090)+0.018(+0.009)Temperature— 8.6 25 0.0239 0.629
0.0005(+0.0002) Temperature®

Resistant 0.689(+0.084)+0.008(+0.009) Temperature— 4.23 2,5 0.084 0.629
0.0003(£0.0002) Temperature?

ACY 0.562(+0.038)+0.027(+0.004) Temperature— 225 2,5 0.0067 0.0067
0.0006(+0.0001) Temperature2

All possible effects and interactions were included in a final model to determine their effect on raw
Vo2 (ml g'1 h'1). The reduced model included the effects of temperature (F = 73.1, df =7, 357, P <

0.0001), mass (F = 12.1, df = 1, 364, P = 0.0006) and temperature by strain (F = 2.97, df = 16, 185, P =
0.0002). Since mass did not interact with the other main effects in the model, reduced models using

mass-corrected VO2 are sufficient for predicting effects of temperature and strain on oxygen consumption.
We used data at 25 °C to examine the effect of mass on the rate of oxygen consumption. The resulting
relationship between \/'O2 (ml g'1 h‘1) and mass for the black, ACY and resistant strains are shown in
Table 4 and in Fig. 3.

Table 4. The effects of mass on oxygen consumption in pyrethroid resistant and susceptible strains of B.
germanica at 25° C.

Strain Equation: logioVo,_ (ml h7)= 2

Black -0.0123(+£0.021)+0.811(x0.407)log;Mass 0.166
Resistant -0.004(£0.013)+0.776(+0.256)log oMass 0.139

ACY -0.0148(£0.123)+8995(+0.224)log;Mass 0.184

The supercooling point of the resistant strain (-9.71 + 0.47 °C) was significantly greater than the
ACY (-11.36 £ 0.69 °C) and black (-11.67 £ 0.46 °C) susceptible strains.

Discussion

Insecticide resistance declines in the absence of selection in insects including, Bacillus
thuringiensis resistant diamondback moth, Plutella xylostella (Tabashnik et al. 1994), and Colorado potato
beetle, Leptinotarsa decemlineata (Rahardja and Whalon, 1995). Also, in pyrethroid resistant B.
germanica, resistance levels declined from 140- to 1.6-fold in the absence of selection pressure after 15
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Fig 3. Mass scaling of rate of oxygen consumption (ml h'1) (adjusted to 25°C) of phyrethroid resistant and
susceptible strains of B. germanica.

generations (Cochran, 1993). This reversion is most probably associated with increased fitness
(Tabashnik et al. 1994). For example, resistant beet armyworm pupae, Spodoptera exigua whose larvae
were not exposed to Cry1C B. thuringiensis had similar metabolic rates as the susceptible strain whereas;
pupae whose larvae were exposed continuously to toxin had greater metabolic rates (Dingha et al. 2004).
Similarly, in this study, the metabolic rate of pyrethroid resistant B. germanica not exposed to insecticides
for several generations was not significantly different from the susceptible stains. Hostetler and Brenner
(1994), using closed system respirometry at 26 °C, and Dingha et al. (2005) using flow through

respirometry at 10 °C, reported no significant difference in V'o2 between pyrethroid resistant and

susceptible B. germanica. By using microcalorimetry, Nielson et al. (2006) found no difference in
metabolic heat production between chlorpyrifos resistant and susceptible strains of B. germanica that
were not exposed to insecticide. However, heat production increased dramatically in the resistant strain in
response to exposure to chlorpyrifos; there was no increase in heat production following insecticide
exposure in the insecticide susceptible strains (Nielson et al. 2006). An explanation for the similarity in
metabolic rate could be that the resistant strain of B. germanica may have detoxification mechanisms that
would increase metabolic rates, but require the presence of insecticide to induce production of the
detoxifying enzymes (Terriere, 1983).

Even though metabolic rate was not significantly different among the strains, the three strains
reacted differently to increasing temperatures. Generally, metabolic rate increases with increasing
temperature however; exceptions from the exponential model have been reported in other insects
(Keister and Buck, 1973) and fish (Jobling, 1994). In this study, the black strain is an exception; at 5, 10,
and 15 °C, temperature had almost no effect on metabolism and the curve flattened (Fig. 1a). This may
be due to reduced metabolic activities within this temperature range. At high temperatures of ~35 °C, the
respiration rate in all three strains appeared to decrease (Fig. 1), indicating that 35 °C may be a
physiologically stressful temperature.

The relationship between metabolism of an ectotherm and ambient temperature is best described
by an exponential function (Q,o) that depicts the magnitude of change in metabolic rate for a 10 °C
change in temperature. Schmidt-Nielsen (1995), provides a great deal of information on the Q4 of the
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metabolic rate in insects, with values generally ranging from 1.5-3 (Prestwich and Walker, 1981; Davis et
al. 1999; Rourke, 2000; Rogowitz and Chappell, 2000). The Q4qover the full temperature range (540 °C)
for the three strains of B. germanica was 1.15 for the ACY, 1.19 for the resistant, and 1.77 for the black.
At lower temperatures (5-15 °C) the Q49 was 1.00, 1.14, and 1.18 for the black, ACY and resistant
strains, respectively. At higher temperature (20-35 °C), the Qo was 1.20, 1.13, and 1.38 for the resistant,
ACY and black strains, respectively. These values do not fall within the range predicted for insects. Qg is
predicted to be higher at lower temperatures (Schmidt-Nielsen, 1997), but this pattern is quite variable in
insects. For example, the Q4 for a grasshopper did not change with temperature (Harrison and Fewell,
1995). Q4o did not vary with temperature in the resistant and ACY strains whereas in the black strain Q4o
increased with temperature. Similarly, Q40 did not vary with temperature in two species of desert
cockroach, Arenivaga apacha and A. investigata (Cohen and Cohen, 1981). The black strain may be
better adapted to hotter environments and could have a higher temperature tolerance than the other two
strains.

To estimate if there were differences in temperature tolerances among strains, we determined the
supercooling point of each strain of B. germanica. The supercooling point is the temperature at which ice
crystals form within the test organism (Leather et al. 1993). Presence of food in the midgut, existence of
ice nucleating agents in the hemolymph, and contact with surface moisture could affect the supercooling
points (Spmme, 1982). However, after maintaining adult males at rearing conditions without food (but with
access to water) for 24 h, our preliminary results showed that the supercooling point of the resistant strain
was significantly different than the ACY and black susceptible strains. The mechanisms of pyrethroid
resistance in this strain of B. germanica include greater levels of P450 monooxygenases, hydrolases, and
altered sodium channels (Pridgeon et al. 2002). It is possible that elevated expression of these enzymes
by the resistant strain resulted in a greater supercooling point.

Rate of oxygen consumption increased with body mass in B. germanica (Fig. 3). The allometric
exponent for the relationship between oxygen consumption and body mass was 0.78 for the resistant

strain, 0.81 for the black strain and 0.89 for the ACY strain. V02 in insects has previously been shown to

scale with exponents between 0.6 and 1.0 (Mispagel, 1981; Vogt and Appel, 1999). The relationship
between metabolic rate and body mass has been reported in other cockroaches for example, Blaberus
discoidalis, where the scaling exponent was 0.83 (Birchard and Arendse, 2001). Among several
cockroach species, including Periplaneta americana, Blatta orientalis, Leucophaea maderae the scaling
exponent was 0.776 (Coelho and Moore, 1989). Gunn (1935) reported a scaling exponent of 0.7-0.8 for
P. americana, B. orientalis, and B. germanica. Therefore, our findings are similar to those of other
cockroaches. Although our values for cockroaches fall within the typical range, the mass scaling exponent

varies considerably among and within the Insecta. In Diptera, Voz scale with a mass exponent of 1 (Kittel,

1941), 0.407-1.28 in Coleoptera (Kittel, 1941; Bartholomew and Casey, 1977, May et al., 1986), 0.775 in
Sphingidae and 0.814 in Saturniidae both Lepidoptera (Bartholomew, 1977). In contrast, the mass scaling
values among vertebrates are similar (Coelho and Moore, 1989). The variability among insects could be
explained by the fundamental difference between vertebrates and insects. The difference in the ratio of
metabolically active to inactive tissues and organs may contribute to some of the observed differences.

Although RQ is not a proof of the identity of a particular substrate used in respiration, it
nevertheless allows assumptions about the substrate metabolized (Withers, 1992). Generally, RQ values
range from 0.71 for lipid, 0.80 for protein, and 1.00 for carbohydrate metabolism (Bartholomew, 1977).
RQ values of B. germanica suggest that lipid and protein are the metabolic substrates. However, RQ
values in B. germanica were affected by temperature indicating that the ratio of metabolic substrates
changes with temperature. The RQ of all strains was greatest at the preferred temperatures of 20-30 °C.
Lower or higher temperatures resulted in lower RQ values indicative of lipid metabolism. It is possible that
lipid metabolism is more efficient or carbohydrate metabolism much less efficient at suboptimal
temperatures. The insecticide susceptible strain had the most symmetrical response of RQ to
temperature with the maximal RQ of ca. 0.875 at the colony rearing temperature of 25 °C (Fig. 2 ACY).
The black and resistant strains had similar responses of RQ with temperature; RQ values at higher
temperatures were much lower than at low temperatures. This effect may be a result of previous
exposure of the black and resistant strains to insecticides, or simple differences in metabolic substrate
use among strains.
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In conclusion, VOZ (ml g™ h™") of B. germanica was not significantly different among strains, but

different strains reacted differently to increasing temperature. The effects of temperature on the metabolic
rate and RQ of pyrethroid resistant and susceptible B. germanica indicates that the fitness of different
strains may be affected by temperature.
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