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Abstract. Fluctuating asymmetry (FA) of bilaterally symmetrical organisms has been introduced as a promising indicator of envi
ronmental stress. Stress factors reported to contribute to developmental stability include inbreeding and the presence of resistance 
genes. In the current study we examined the effect of stress derived from high developmental temperatures, resistance genes and low 
genetic variation on life history variables and wing FA in Culexpipiens mosquitoes. Three strains were compared: two inbred labo
ratory strains sharing a similar genetic background but differing in that one strain contained organophosphate (OP) resistance genes, 
and a third strain that was an outbred OP resistant field strain recently collected from India. There were no strong and general trends 
that suggested that the OP resistant lab strain was less fit than the OP susceptible strain, although there were some specific among 
strain differences for some treatments. Fluctuating asymmetry (FA) of wing traits was higher in the laboratory strains than the field 
strain, suggesting that inbreeding may cause elevated FA in the study species. There was no evidence that the resistance genes were 
associated with increased wing FA. Wing FA increased with increasing developmental temperature in females, but the association 
was less strong in males. There was a significant difference between the sexes in this respect. The results are discussed with refer
ence to the value ofFA as a biomonitor of environmental stress.

INTRODUCTION
Fluctuating asymmetry (FA), the random non

directional deviation from perfect bilaterally symmetry, is 
commonly used as a measure of stress during develop
ment. It is usually assumed that elevated levels of FA are 
the result of environmental and/or genetic stress experi
enced by the organism during ontogeny which perturbs 
the normal developmental programme (Van Valen, 1962; 
Palmer & Strobeck, 1986; Palmer, 1994; Markow, 1995). 
Elevated levels of FA have been associated with environ
mental variables such as temperature, pollution, parasites 
etc., and also genetic factors such as insecticide resistance 
and increased levels of homozygosity (reviewed in Allen- 
dorf & Leary, 1986; Palmer & Strobeck, 1986). As such, 
it has been proposed as a general tool for biomonitoring 
stress within populations regardless of the nature of 
stress. However, there are also many reports of studies 
that have failed to find any association between FA and 
environmental stress (e.g. Rabitsch, 1997; Dobrin & 
Corkum, 1999; Bjorksten et al., 2000; Mpho et al., 2000) 
or genetic stress (Muller, 1992; Fowler & Whitlock, 
1994; Hunt & Simmons, 1997; Sheridan & Pomian- 
kowski, 1997; Woods et al., 1998; Floate & Fox, 2002). 
The disproportional representation of positive to negative 
association in the literature could be because many nega
tive results are not reported or published.

This study investigated the use of FA as a general tool 
for monitoring stress using the mosquito Culex pipiens as 
a model. Two main stressors were investigated: Tempera
ture and the presence of insecticide resistance genes. 
Stress through inbreeding, although not part of the inves

tigation per se, could also be inferred from a comparison 
of inbred laboratory strains with an outbred field strain.

Mosquitoes as ectotherms are greatly influenced by 
ambient temperature (Atkinson, 1994). Temperature is a 
crucial variable on which their survival depends since it 
influences immature developmental rate as well as matu
ration processes, mating and oviposition rates in adults. 
Most insects predominantly operate optimally within a 
narrow range of temperatures. Deviations from this range 
could impose stress during development (Imasheva et 
al.,1997) which may lead to increased levels of develop
mental instability (Parsons, 1989, 1990; McKenzie & 
Yen, 1995; Hoffmann & Parsons, 1997; Imasheva et al., 
1997; Savage & Hogarth, 1999). However, morphologi
cal, physiological and behavioural traits can exhibit phe
notypic plasticity in response to rearing temperature. The 
phenotypic variation of a trait could be influenced by 
environmental variations, an interaction between the envi
ronment and the genotype or just wholly genetic expres
sion (Anderson, 1973). A plastic response might enable 
an organism to adapt to the prevailing environmental con
ditions and adjust its resources accordingly (Atkinson, 
1994).

Many insects and other organisms have developed 
resistance to insecticides as an adaptation to toxic envi
ronments. Whether insecticides induce resistance or just 
act as a selective agent to the pre-existing variation is still 
a matter of debate (McKenzie, 1996). However, what 
remains is that resistance has fitness costs associated with 
it such as reduced fecundity, fertility or survival and 
reduced developmental stability (Ferrari & Georghiou,
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1981; El-Khatib & Georghiou, 1985; McKenzie & Batter- 
ham, 1994). A mosquito model system is suitable for the 
study of the effects of resistance genes on developmental 
stability since well-studied resistance genes are available. 
The organophosphate pesticide resistance genes in this 
study are overexpressed carboxylesterases which bind to 
and sequester the pesticide (Cuany et al., 1993). Overex
pression is at least partly due to the presence of multiple 
copies of the structural genes coding for the esterases 
(Mouches et al., 1986, Guillemaud et al., 1997).

The purpose of the present study was to investigate the 
effect of stress, induced both environmentally and geneti
cally, on fitness characters and fluctuating asymmetry in 
C. pipiens. Both laboratory insecticide susceptible and 
resistant strains were used in addition to a resistant field 
strain.
MATERIALS AND METHODS 
Mosquito strains

S-LAB is the standard laboratory insecticide susceptible 
strain that has been reared continually in the laboratory without 
exposure to insecticides (Georghiou et al., 1966). TEMIX is an 
OP resistant laboratory strain that was obtained by crossing 
S-LAB with TEM-R; TEM-R is resistant to temephos due to 
overproduction of insecticide binding B1 esterases (Georghiou 
et al., 1975). Reciprocal crosses of the parental strains produced 
an F1 that was repeatedly backcrossed to S-LAB for seven gen
erations to produce progeny with a common genetic background 
to S-LAB. The TEMIX strain was then recovered by selection 
of the larvae at the fourth instar larval stage with the OP insecti
cide temephos. Single pair families were then established and 
the resulting progeny were tested for high esterase activity using 
the method of Pasteur & Georghiou (1989). Only those families 
that produced resistant genotypes were kept by selecting every 
generation with an LC8o of temephos insecticide. The selection 
pressure was maintained for two years. KOTTA was collected 
in 1999 from the field as egg rafts from a filariasis endemic area 
of India where it had been constantly exposed to insecticides 
such as organophosphates, pyrethroids and carbamates. KOTTA 
was resistant to temephos due to the overproduction of insecti
cide binding A2B2 esterases (V.R. James pers. comm.). To 
minimise any potential loss of genetic variation KOTTA was 
bred under laboratory conditions forjust one generation prior to 
the experimentation reported here.
Insecticide exposure

Bioassays were carried out in 250 ml plastic bowls to which 
100 pL of temephos in ethanol was added to 99.9 ml distilled 
water to make up to the desired concentration. There were a 
total of four replicates per insecticide concentration tested and 
per control. In the control, 100 pL of ethanol was added to the 
water. For each test, 25 early fourth instar larvae were used to 
avoid pupation during the test. After 24 hr, the mortality was 
recorded. Mortality was corrected using the Abbott’s formula to 
account for the natural mortality not related to the test response 
(Abbott, 1925) and then converted to probits (Finney, 1971). 
The Micro Probit® program (Probit Version 1.5, USEPA, Ohio, 
USA) was used for the bioassay dose response analysis.
Temperature effects on life history

Eggs from each strain were hatched at 25°C and 85% relative 
humidity in plastic rearing trays (35 cm x 24 cm x 5 cm) con
taining 1.5 L of tap water. Fish food (Trouw, UK limited) was 
used as the standard larval diet. Six replicates of 30 second-

instar individuals per strain were placed in 100 ml of tap water 
in plastic cups and raised until adult eclosion at one of the three 
temperatures: 25°C, 30°C or 37°C. Water was changed every 
other day and fresh food was provided following each water 
change. To avoid temperature fluctuations following water 
change, water that had been allowed to equilibrate at the appro
priate temperature was used for each water change. Develop
ment time, pupation, mortality and adult emergence were 
recorded daily. Pupae were isolated daily into separate cups for 
adult eclosion. The daily adult emergents were placed in sample 
tubes and stored in a -20°C freezer for subsequent analysis. 
Frozen adults were placed in an oven at 95°C for 5 hours to dry 
(Lang, 1963). Adults were then weighed on a Cahn 29 Auto
matic Electrobalance to an accuracy of ± 0.001 mg. Data were 
analysed by ANOVA using Minitab for Windows.
Measurement of wing morphological characters and FA

The measurement of wing morphological characters and FA 
were conducted as detailed in Mpho et al. (2000). Briefly, wing 
images were captured using a Moritex MS-500 m-Scopeman® 
and a Data Translation DT2255 Quick Capture Board. Images 
were analysed using NIH image software (version 1.52). Four 
metric characters were measured: wing length (WL), measured 
as the linear distance from the distal end of the alula to the 
peripheral tip of the R3 vein, D6: The linear distance from the 
junction of the radio-medial cross vein and medial vein to the 
peripheral tip of the R4+5 vein, D8: The linear distance from the 
junction of the radio-medial cross vein and medial vein to the 
peripheral tip of the R2 vein, and wing area (WA): The surface 
area of the wing (excluding the fringe) to the bend of the trailing 
edge of the alula and joining the subcosta with a perpendicular 
line. See Mpho et al. (2000) for further details. All linear and 
area measurements were measured to an accuracy of 0.01 mm 
and 0.01 mm2, respectively. All character size estimates were 
the average of four measurements with two separate mountings. 
One-way Anovas were used for checking measurement errors.

Two FA indices are presented: FA1 and FA10. FA1 is the 
mean average absolute difference between the sides and FA10 is 
the variance between sides after accounting for the measurement 
error (Palmer, 1994). To test for differences in trait FA1 
between treatment effects, Levene’s test of variance heteroge
neity was used on individual absolute differences between sides 
(|Ri-Li|). All statistical tests were performed using Minitab for 
Windows (Minitab Inc., 1995) and Palmer’s spreadsheet 
(Palmer& Strobeck, 1986; Palmer, 1994).

The F-ratio tests whether the true FA variance is statistical 
significant relative to the measurement error (David et al., 
1999). FA variances were tested for normality by plotting 
normal probability plots and i-tests were used to check whether 
they were centred on the mean of zero (Swaddle et al., 1994). 
Trait size was regressed against the absolute asymmetry. The 
absolute asymmetry was also regressed against body size to 
check whether FA covaried with body size. No association 
between FA and size was detected and hence correction for size 
difference was not necessary.
RESULTS
Bioassay analysis

The bioassay results for S-LAB, TEMIX, and KOTTA 
are shown in Fig. 1. The resistance ratio at the LCso for 
TEMIX (LC50 0.197 mg/L) and KOTTA (LC50 0.0277 
mg/L) strains were calculated as 224 and 32 fold, respec
tively, with reference to S-LAB (LC50 0.00088 mg/L).
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Fig. 1. Mortality response (probit transformed) of one field 
strain (KOTTA) and two laboratory strains (S-LAB and 
TEMIX) of Culex pipiens mosquitoes to varying doses (log. 
transformed) of the organophosphate insecticide temephos.

Effects of temperature on life history
There was a significant difference in the duration from 

second instar to adult emergence among strains (F2, 38 = 
98.96, P < 0.0001) and across temperatures (F2, 38 = 
172.47, P < 0.0001) (Table 1). There was a significant 
strain by temperature interaction effect (F2, 53 = 8.60, P < 
0.001), indicating that some strains were affected by tem
perature more than others. KOTTA had the longest devel
opment time. A Tukey Honestly Significant Difference 
(HSD) comparison test of all mean development periods 
indicated significant differences between KOTTA and the 
other two strains. There was no difference in mean devel
opment time between S-LAB and TEMIX (F2, 25 = 0.28, P 
= 0.60).

There was a significant difference in the adult survivor
ship among strains (F2, 39 = 49.06, P < 0.0001) and across 
temperatures (F2, 39 = 56.60, P < 0.0001). Development at 
37°C resulted in high mortality with only 49%, 21% and 
17% of adults emerging in KOTTA, S-LAB and TEMIX, 
respectively (Table 1). There was a significant interaction 
between strain and temperature (F4, 39 = 10.35, P < 
0.0001). TEMIX had the lowest survivals at all tempera

tures. Survival in S-LAB decreased with increase in tem
perature. However, KOTTA displayed significantly 
higher percentage emergence at 25°C and 30°C, with the 
highest survival recorded at 30°C and the lowest at 37°C.

There were significant weight differences among the 
three strains (F2, 873 = 384.73, P < 0.010) and across tem
perature treatments (F2, 873 = 143.62, P < 0.010), with 
KOTTA being the lightest. A comparison of the labora
tory strains S-LAB and TEMIX revealed a difference in 
weight at all three developmental temperatures in both 
males and females. TEMIX was the heavier of the two at 
25°C in both males (F1, 102 = 5.88, P = 0.017) and females 
(F1 , 83 = 5.28, P = 0.024). However, at 30°C and 37°C 
S-LAB was significantly heavier than TEMIX in both 
sexes (P < 0.001 in each case) (Table 1). KOTTA was 
significantly heavier at 30°C in both sexes than at the 
other two temperatures.

General linear modelling (GLM) was used to compare 
wing sizes of the three strains. There was a significant 
strain, sex and temperature effect on wing size (strain: 
F 2 , 658 = 124.43, P < 0.001; sex: F 1 , 658 = 1081.51, P < 
0.001; temperature: F 2 , 658 = 247.25, P < 0.001). There 
were significant temperature effects (P < 0.001) on all 
traits in all strains. The wing trait size of both females and 
males decreased as temperature increased.
Fluctuating asymmetry analysis

Tables 2 and 3 show the FA1 and FA10 values for wing 
characters measured in female and male mosquitoes, 
respectively. Measurable amounts of FA were detected in 
the various characters measured. FA was highest for wing 
area varying mostly between 2% and 3%. For the other 
three characters, FA rarely exceeded 1%, although mean 
values exceeded 1% for wing length and D8 in S-LAB 
and TEMIX females. For all characters analysed, non
directional variance was significantly greater than meas
urement error and none of the character distributions were 
skewed with a mean deviating significantly from zero, in 
other words displayed directional asymmetry. The char
acter WA was not included in the FA analysis because the 
measurement error was high. None of the wing character

Table 1. Mean ± SE of life history parameters for field (KOTTA) and laboratory (TEMIX and S-LAB) strains of Culex pipiens 
mosquitoes reared at three temperatures.

Number of days to Egg to adult survival (%) Dry adult weight (mg)
Pupation Adult emergence Female Male

25°C
KOTTA 19.97 ± 0.226 21.72 ± 0.277 83.83 ± 4.00 0.386 ± 0.0117 0.298 ± 0.0209
TEMIX 16.63 ± 0.687 19.34 ± 0.644 48.33 ± 3.52 0.620 ± 0.0170 0.476 ± 0.0102
S-LAB 17.63 ± 0.130 20.06 ± 0.160 90.00 ± 3.33 0.577 ± 0.0093 0.447 ± 0.0098
30°C
KOTTA 16.40 ± 0.200 18.33 ± 0.191 94.45 ± 2.68 0.464 ± 0.0298 0.236 ± 0.0118
TEMIX 13.66 ± 0.757 14.55 ± 0.653 50.56 ± 5.54 0.559 ± 0.0043 0.398 ± 0.0102
S-LAB 14.62 ± 0.315 16.50 ± 0.204 52.50 ± 3.16 0.692 ± 0.0219 0.529 ± 0.0396
37°C
KOTTA 14.52 ± 0.337 16.23 ± 0.422 48.67 ± 5.41 0.342 ± 0.0145 0.201 ± 0.0051
TEMIX 12.75 ± 0.495 14.22 ± 0.361 16.67 ± 4.04 0.317 ± 0.0154 0.241 ± 0.0257
S-LAB 10.83 ± 0.167 12.67 ± 0.167 20.83 ± 11.42 0.517 ± 0.0178 0.442 ± 0.0590
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Fig. 2. Wing length FA10 values of a) females and b) males 
from one field strain (P, KOTTA) and two laboratory strains ( 
X, S-LAB and • ,  TEMIX) of Culex pipiens mosquitoes after 
development at three different temperatures.

distributions displayed significant kurtosis, which would 
have provided evidence for anti-symmetry (Palmer, 
1994). The level of FA10 observed at a given temperature

for each strain paralleled the equivalent FA1 value. FA1 
values are statistically analysed below. The level of sig
nificance of the difference between any pair of FA10 
values in Tables 2 and 3 can be determined using the 
Fmax-test for homogeneity of variances.

Anovas  were used to analyse all variables (sex, strain 
and temperature). Females were generally more asym
metric (FA1) than males for WL (F1, 688 = 15.29, P < 
0.0001) and D6 (F1, 688 = 4.65, P = 0.031), but not D8 
(F1, 688 = 0.53, P = 0.468). There was a highly significant 
strain effect on all three traits (P < 0.001 in each case) 
with the laboratory strains showing higher FA10 than the 
field strain (Fig. 2). Females differed among strains in FA 
for all three morphometric wing traits (P < 0.001 in each 
case) and again the laboratory strains had higher FA than 
the field strain. In males, WL (F2, 315 = 2.96, P = 0.05) and 
D8 (F2, 315 =3.81, P = 0.02) FA varied significantly among 
strains, whereas D6 FA did not (F2, 315 = 3.81, P = 0.912).

For the combined data set there was some evidence that 
temperature had an effect on female WL FA (F2, 361 = 3.2, 
P = 0.04) and male D8 FA (F2, 315 = 2.81, p ’ = 0.06). 
S-LAB and TEMIX both responded to temperature stress 
with higher temperatures resulting in higher WL FA10 
(Fig. 2). Figure 2 shows that at any given temperature, 
WL FA of the field strain KOTTA was lower than that of 
the laboratory strains (S-LAB and TEMIX ) in both sexes 
(Fig. 2). WL FA in male S-LAB increased with 
increasing temperature, however the differences were not 
significant (Fmax 2, 72 = 2.09, P = 0.131).
DISCUSSION

Temperature is an important environmental variable 
that influences many developmental processes in organ
isms. For ectotherms, which rely primarily on external 
sources of heat, ambient temperature is crucial for sur
vival (Atkinson, 1994; Sibly & Atkinson, 1994; Atkinson 
& Sibly, 1997). Our experimental results with Culex mos-

TABLE 2. FA1 and FA10 in wings of females of field (KOTTA) and laboratory (S-LAB and TEMIX) strains of Culex pipiens 
complex mosquitoes exposed to varying developmental temperatures. WL = wing length, WA = wing area, D6 and D8 are linear 
measurements within the wing (see text for details).

Strain Trait
25°C 30°C 37°C

n FA1 FA10 n FA1 FA10 n FA1 FA10
KOTTA WL 51 0.00941 0.00007 50 0.01033 0.00008 63 0.01074 0.00009
KOTTA D6 51 0.00673 0.00003 50 0.00840 0.00004 63 0.00709 0.00003
KOTTA D8 51 0.00745 0.00004 50 0.00687 0.00002 63 0.00656 0.00003
KOTTA WA 51 0.02529 0.00040 50 0.02053 0.00031 63 0.01921 0.00023
SLAB WL 39 0.01440 0.00013 40 0.01230 0.00010 30 0.01880 0.00025
SLAB D6 39 0.00900 0.00005 40 0.01200 0.00011 30 0.01250 0.00025
SLAB D8 39 0.01310 0.0001 40 0.01000 0.00007 30 0.01130 0.00011
SLAB WA 39 0.02690 0.00039 40 0.03700 0.00099 30 0.04500 0.00107
TEMIX WL 31 0.01495 0.00012 41 0.01081 0.00010 31 0.01398 0.00018
TEMIX D6 31 0.00828 0.00004 41 0.00837 0.00003 31 0.00828 0.00005
TEMIX D8 31 0.01065 0.00006 41 0.00967 0.00006 31 0.00882 0.00007
TEMIX WA 31 0.003387 0.00076 41 0.02472 0.00036 31 0.02161 0.00036
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Table 3. FA1 and FA10 in wings of males of field (KOTTA) and laboratory (S-LAB and TEMIX) strains of Culex pipiens com
plex mosquitoes exposed to varying developmental temperatures. WL = wing length, WA = wing area, D6 and D8 are linear meas
urements within the wing (see text for details).

Strain Trait
25°C 30°C 37°C

n FA1 FA10 n FA1 FA10 n FA1 FA10
k o t t a WL 49 0.00782 0.00004 61 0.00880 0.00006 34 0.00775 0.00005
k o t t a D6 49 0.00823 0.00004 61 0.00672 0.00003 34 0.00627 0.00003
k o t t a D8 49 0.00769 0.00003 61 0.00617 0.00002 34 0.00833 0.00005
k o t t a WA 49 0.01701 0.00013 61 0.01634 0.00020 34 0.01255 0.00009
S-LAB WL 32 0.00780 0.00006 30 0.01200 0.00008 30 0.01290 0.00011
S-LAB D6 32 0.00870 0.00006 30 0.00600 0.00002 30 0.00710 0.00003
S-LAB D8 32 0.00810 0.00006 30 0.00730 0.00005 30 0.01140 0.00008
S-LAB WA 32 0.02690 0.00049 30 0.04400 0.00126 30 0.01360 0.00024
TEMIX WL 42 0.01032 0.00007 32 0.00906 0.00007 31 0.01022 0.00008
TEMIX D6 42 0.00698 0.00003 32 0.00646 0.00003 31 0.00860 0.00006
TEMIX D8 42 0.00921 0.00004 32 0.00865 0.00005 31 0.01032 0.00009
TEMIX WA 42 0.02294 0.00039 32 0.02052 0.00027 31 0.01710 0.00019

quitoes agree with empirical studies demonstrating that 
rearing temperatures affect life history parameters such as 
mortality, growth and development rate. All the strains 
reduced in size at the highest developmental temperature. 
This has been observed previously with Drosophila, 
Aedes, and other insects (Tantawy & Mallah, 1961; Van 
den Heuvel, 1963; Atkinson, 1994; Imasheva et al., 
1997), which is the expectation in most ectotherms.

Reduction in female body weight is likely to impact on 
fecundity, since the two are linked in Diptera (Lyimo & 
Takken, 1993; Xue & Ali, 1994). However, higher devel
opmental temperatures stimulate faster development, 
which could counterbalance any negative effects that 
reduced fecundity might have on fitness (Sibly, 1989; 
Holloway et al., 1990; Povey & Holloway, 1992). A 
reduction in fitness ultimately indicates whether an 
organism is stressed. In this study, neither changes in 
body weight nor development period can be taken defi
nitely as indications of stress. However, increase in juve
nile mortality probably does indicate stress as no corre
lated positive changes in any other characters occurred 
which may have counteracted the negative effects of 
increased mortality on fitness. Between 25°C and 30°C 
juvenile mortality only increased in S-LAB. Mortality 
increased in all three strains at 37°C, indicating that the 
design followed here induced increasing temperature 
stress in the experimental animals.

Temperature stress has been reported to produce 
increased levels of asymmetry in various insect species 
(McKenzie & Yen, 1995; Freebairn et al., 1996; 
Imasheva et al., 1997), although this finding is not uni
versal (Brakefield & Breuker, 1996; Bjorksten et al., 
2001). Fluctuating asymmetry of female WL increased 
with increasing temperature in all the strains used here. 
Asymmetry in the two laboratory strains was higher than 
in KOTTA. In males, generally temperature did not 
induce significantly increased levels of FA. The only

exceptions to this were with D8, with significance at 
around the 5% level. These sex differences could be due 
to differences in physiology or possibly differing selec
tive forces operating to maintain wing symmetry in males 
and females. Mosquitoes mate on the wing (Downes, 
1969; Charlwood & Jones, 1979). Consequently, preci
sion flight is required, especially for males which swarm 
and compete to mate with incoming females. Increased 
levels of wing FA may interfere with flight performance 
and reduce competitive ability in males. Therefore, stabi
lising selection to reduce wing asymmetry may be more 
intense in males than females.

The laboratory strains S-LAB and TEMIX were very 
closely related and shared a common genetic background. 
However, TEMIX had been selected with insecticide and 
the LC50 of TEMIX to temephos was 224-fold higher than 
for S-LAB. Resistance in this strain is due to the over
expression of the B1 carboxylesterase following amplifi
cation of the structural gene (Mouches et al., 1986). Fit
ness costs associated with this gene have been reported 
previously, although the comparisons have been made 
using strains that did not share a common genetic back
ground (Ferrari & Georghiou, 1981; El-Khatib & Geor- 
ghiou, 1985). In this study, the B1 gene had been crossed 
and repeatedly backcrossed into S-LAB to produce the 
TEMIX strain (with amplified B1). Although TEMIX had 
a reduced survivorship at 25°C and smaller adults at 37°C 
compared to the S-LAB strain, if anything, the levels of 
asymmetry were higher in the susceptible strain. This 
finding is at odds with arguments previously forwarded 
that insecticide resistance genes disrupt the develop
mental stability of the organism (McKenzie & Clarke, 
1988; Batterham et al., 1996; Freebairn et al., 1996).

The resistant field strain KOTTA had smaller adults 
than SLAB, but survivorship was higher than in either lab 
strain (Table 1). Also KOTTA displayed the lowest level 
of fluctuating asymmetry in both sexes at all temperatures
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(Fig. 2). There is little evidence that the presence of resis
tance genes in KOTTA (amplified A2B2 carboxylesterase 
genes) had any negative effect on developmental stability 
as might be indicated through increased FA.

One reason why FA was higher in laboratory strains 
compared to the field strain could be due to variation in 
selection pressure between the laboratory and the field 
environments. Developmental selection against less fit 
gametes and offspring is not a new concept (Buchholz, 
1922). However, Moller (1997) extended it to include 
selection against developmentally unstable offspring. 
Field conditions are usually harsh and organisms are 
exposed to a multitude of stresses such as competition, 
parasites, pathogens, predators, physico-chemical condi
tions, temperature fluctuations and so forth (Hardersen et 
al., 1999). Selective pressures remove less fit individuals 
from populations. In comparison, laboratory conditions 
may be relatively benign and because of relaxed 
selection, such individuals might survive to adulthood. It 
is therefore possible that the laboratory populations con
tain individuals that are generally less fit and hence more 
asymmetric than those in the field.

In a previous study, wing asymmetry in S-LAB did not 
increase with increasing density, even though density was 
demonstrated to be extremely stressful (Mpho et al., 
2000). Suggestions for this lack of correlation included 
canalisation of wing traits, inbreeding levels being too 
high to elicit a further response and mortality removing 
all of the developmentally unstable individuals (Mpho et 
al., 2000; Mpho 2000). Despite the results of Mpho et al. 
(2000), this study has demonstrated that it might be pos
sible to use wing FA to monitor environmental stress 
using, for example, female WL. Both the highest and 
lowest levels of FA10 found by Mpho et al. (2000) were 
within the FA10 range found in the present study. High 
levels of mortality were found at the highest tempera
tures. If all developmentally unstable individuals were 
selectively removed prior to emergence, an association 
between FA and stress level would not exist. Given the 
results, the reasons for a lack of correlation between FA 
and density stress (Mpho et al., 2000) remain unclear.

Another important finding by Mpho et al. (2002) was 
that there was very little genetic variation for FA in wing 
characters. This is important because any FA found must 
reflect variations in environmental quality rather than 
genetic variation among different groups of animals for 
FA to stand any chance of serving as a biomarker. The 
use of FA as a biomarker of environmental stress has 
great appeal because of its simplicity and cost. The find
ings of the present study, along with those of Mpho et al. 
(2000, 2001, 2002) suggest that it might be possible to 
use FA in Culex mosquitoes as such a biomarker under 
certain conditions. The type of stress to which the animals 
are exposed and the sex used to measure FA may influ
ence whether a relationship is found. For example, the 
results of the current study suggest that female FA is 
more responsive to some of the stressors used here, whilst 
Mpho et al. (2001) found evidence that male FA 
responded to chemical stress, in the form of organophos-

phate insecticide, more than female FA. The picture 
remains unclear and more work needs to be carried out to 
establish whether there are particular conditions required 
to produce repeatable results and whether these results 
relate tojust one sex.
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