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INSECTICIDE RESISTANCE ENHANCES MALE REPRODUCTIVE
SUCCESS IN A BEETLE
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B-5030 Gembloux, Belgium
1E-mail: arnaud.l@fsagx.ac.be

Abstract. Malathion-specific resistance in the red flour beetle, Tribolium castaneum, is widespread and stable in
natural populations even in the absence of pesticide exposure. To understand this stability, both resistant and susceptible
males were placed in competition for susceptible female fertilization. Females were then isolated and their progeny
was tested for malathion susceptibility. Male reproductive success was estimated for populations originating from
different geographic areas and for isogenic strains. In most cases, resistant males had a greater reproductive success
rate than susceptibles. The results suggest that male reproductive success is not traded against the selection for malathion
resistance, even resistant individuals are at an advantage for this fitness trait. This absence of fitness cost may be the
result of postselection of (1) modifier gene which ameliorate the fitness of resistant individuals or (2) nondeleterious
resistance gene. Resistant phenotype superiority could be due to increased male mating success, improved ability of
resistant males in sperm competition, female mate choice, and/or cryptic female choice of resistance gene(s). The
effect of male phenotypic frequency on male reproductive success was also examined. We observed that male fertil-
ization success is frequency dependent and inversely related to their frequency. However, this ‘‘rare male’’ advantage
did not counteract the superiority of the resistant males.
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Over the past two decades, there has been the realization
that studies of insecticide resistance is not only helpful in
improving pest management programs but also allow ex-
amination of an evolutionary process (Roush and McKenzie
1987; McKenzie 1996; Raymond et al. 2001). Selection for
insecticide resistance is generally accompanied by pleiotropic
effects that may place the resistant insects at a competitive
disadvantage with the susceptible individuals upon removal
of insecticide (Ferrari and Georghiou 1981; Bauerfiend and
Chapman 1985; Parello and Trumble 1989; Cochran 1993;
McKenzie 1994). Therefore, frequencies of resistant individ-
uals usually decline over time in the absence of pesticide use.
However, in some cases, no differences in fitness are ob-
served between resistant and susceptible individuals in the
absence of selective pressure or the fitness of resistant in-
dividuals is even greater than that of susceptible insects (Var-
zandeh et al. 1954; Roush and Hoy 1981; Beeman and Nanis
1986; Haubruge and Arnaud 2001; Raymond et al. 2001).

In the red flour beetle, Tribolium castaneum (Herbst) (Co-
leoptera, Tenebrionidae), malathion-specific resistance is
widespread and the resistant phenotype has largely or com-
pletely replaced the susceptible (for a review, see Subra-
manyam and Hagstrum 1996). In addition, it was observed
that the frequency of resistance genes was stable in laboratory
populations when competing with the susceptible individuals
(Beeman and Nanis 1986; Haubruge and Arnaud 2001). To
explain this persistence, it was presumed that there is little
or no reproductive disadvantage between malathion-specific
resistant and malathion susceptible strains.

Although fertilization success can influence inheritance of
gene frequencies (Ehrman et al. 1965; Sinnock 1970), it has
attracted very little attention in the literature related to in-
secticide resistance. Understanding the relative reproductive
success of susceptible and resistant males is important for

the evolution of insecticide resistance and also for the fine
tuning of insecticide resistance management programs. The
goal of this study was to properly determine the relative
fertilization success of susceptible and malathion-specific re-
sistant males of T. castaneum when competing for female
fertilization.

In the present study, the effect of insecticide resistance on
male reproductive success was first examined in eight resis-
tant and four susceptible field strains. In most cases, resistant
males had a greater reproductive success than the susceptible.
As these populations originated from different geographic
areas, they may differ in their genetic backgrounds and se-
lective histories (McKenzie 1996). Thus, the differences of
reproductive success between resistant and susceptible in-
dividuals may have resulted from other factors than the pleio-
tropic effects of malathion-specific resistance on male repro-
ductive success. To differentiate between these possibilities,
isogenic strains were selected by repeated backcrossing of a
resistant strain to a susceptible, resulting in a pair of strains
that are genetically identical except for a small region of the
chromosome that includes the resistant locus of interest.

Isogenic strains were used to examine the relative repro-
ductive success of malathion resistant T. castaneum males
when competing with malathion susceptible males for female
fertilization. When a single gene is involved in insecticide
resistance, the relative fitness estimates of the heterozygote
compared to the homozygous susceptible is especially critical
because, assuming Hardy-Weinberg equilibrium (p2:2pq:q2),
the resistance gene is carried primarily in heterozygous ge-
notypes when the gene is at low frequency (, 0.5), during
the early stages of a resistance episode (Comins 1977; Roush
and Plapp 1982). Therefore, the relative reproductive success
of homozygous and heterozygous individuals was examined.
As with field populations, we observed that malathion resis-
tance was transmitted more successfully than susceptibility.
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TABLE 1. Populations of the red flour beetle, Tribolium castaneum
(Coleoptera, Tenebrionidae), and their origin.

Population Origin
Year of

collection

Argyle
Asm
Ex-Maff
Ga-1
Kano
Lab-S
Landmark
Mozambique
Paulo d’Amico
PRm
Rio Desago
Waseco

Manitoba, Canada
Abidjan, Ivory Coast
Maff, U.K.
Georgia, U.S.
Nigeria
Kansas, U.S.
Manitoba, Canada
Mozambique
British Columbia, Canada
Naphin, Philippines
New Brunswick, Canada
Minnesota, U.S.

1992
1989
1991
1980
1961
1960
1991
1976
1976
1976
1976
1982

MATERIALS AND METHODS

Tribolium Strains

Twelve red flour beetle strains were used in this study (see
Table 1). The insects were reared with a mixture of whole
wheat flour enriched with brewer’s yeast (10/1-w/w) as rear-
ing medium and kept in the dark at 30 6 38C and 60 6 5%
relative humidity (rh). These strains were cultured without
pesticide exposure for several years. The Asm and PRm
strains were used as our references for malathion suscepti-
bility and malathion resistance, respectively.

Malathion Susceptibility and Characterization of the
Insecticide Resistance

The following test was conducted to discriminate between
malathion-specific resistance and malathion nonspecific re-
sistance (Dyte and Rowlands 1968). A dose of insecticide
that would kill all individuals of a susceptible population was
used as the discriminating dose, that is, a 1% (w/v) malathion
solution as the discriminating dose. Following a 24 h star-
vation period, fifty adult beetles were placed in contact with
treated papers (350 ml per filter paper, Ø 55 mm) in a petri
dish. After five hours, adult mortality of every strain was
observed and compared to the mortality of the control strain
(Asm, 100% mortality; Haubruge et al. 1997). A synergist
was used with the strain in which resistant individuals were
detected. Papers treated with the synergist solution in acetone
(10%, w/v) were placed in a 55 mm petri dish with 50 adult
beetles for 24 h. The synergist was triphenyl phosphate (TPP,
. 99% purity, Merck-Schuchardt, München, Germany), a
carboxylesterase inhibitor (Dyte and Rowlands 1968). Papers
treated with TPP were then replaced by filter papers treated
with malathion at the discriminating dose. After five hours,
adult mortality was controlled. Two replications were per-
formed for every bioassay.

Selection of Isogenic Strains

To eliminate genetic background as a variable in compar-
ing male phenotype reproductive success, we introduced the
malathion resistance alleles into a uniform, susceptible ge-
netic background. The Asm and PRm strains were used to
make the isogenic strain. PRm beetles were crossed and back-

crossed to the Asm susceptible strain for eight consecutive
generations. For the first cross and the four consecutive back-
crosses, we used resistant males and susceptible females to
replace all field-derived X chromosomes with those of the
Asm strain. Resistant females were crossed to susceptible
males during the four last backcrosses to replace all field
derived Y chromosomes with those of the susceptible strain.
Before each backcross, resistant progeny from the previous
backcross was selected using a discriminating dose bioassay
(Haubruge et al. 1997). Following the last backcross, ho-
mozygous resistant beetles were selected using a dose that
killed 80% of the adults to eliminate the heterozygous adults.
At each new generation, the presence of homozygous sus-
ceptible adults was detected with the discriminating-dose bio-
assay. This procedure was applied until no susceptible adults
were detected during four consecutive generations.

Mating Competition and Fertilization Success

Unbiased sex ratio. The method described by Arnaud et
al. (1999) was followed to examine the relative reproductive
success of susceptible and malathion-resistant males. Beetles
were sexed as pupae and kept individually in rearing medium
at 30 6 38C and 60 6 5% rh in a dark incubator. Adults used
in the experiment were 15 days old. Ten susceptible females
(Asm) were placed in a 90 mm petri dish with 20 g of rearing
medium. Ten males of the two different competing pheno-
types were added for 48 h, after which males were removed.
Three replications were performed for every resistant and
susceptible strain.

One proportion of males (five susceptible and five resis-
tant) was tested with the field populations. Asm males were
placed in competition with males from the resistant popu-
lations and PRm males were used with males from the sus-
ceptible populations.

Three proportions of males were tested with the isogenic
strains (nine susceptible and one resistant, five susceptible
and five resistant, one susceptible and nine resistant), allow-
ing us to examine the effect of phenotype frequency on re-
productive success. The relative reproductive success of ho-
mozygous resistant and heterozygous resistant males was also
studied. To make heterozygous strains, pupae of each strain
were sexed and maintained individually with rearing medium.
Adults were crossed as follows: ?ss 3 /RR (H1) and ?RR
3 /ss (H2). (SS: homozygous susceptible, Asm; RR: ho-
mozygous resistant, ISO.)

Males were marked black with pencil to facilitate their
identification. After 48 h of contact with males, females were
isolated individually in a 90 mm petri dish with 20 g of
rearing medium at 30 6 38C and 60 6 5% rh and allowed
to oviposit. Females were not removed until the dish was
scored for offspring.

Biased sex ratio. In this experiment, two males (one sus-
ceptible and one resistant, homozygote or heterozygote) were
placed in competition for the fertilization of a susceptible
female (Asm). Beetles were sexed as pupae and kept indi-
vidually in rearing medium at 30 6 38C and 60 6 5% rh in
a dark incubator. Adults used in the experiment were 15 days
old. The males (marked as above) and the female were placed
for two days in a glass vial (Ø 30 mm) with 0.5 g of rearing
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TABLE 2. Expected proportions of resistant individuals in female
progeny if reproductive success of susceptible and malathion resistant
males are equal.

Percentage of
resistant males in
competition with
susceptible males

Theoretical rate of resistant
phenotype in the F1 (in %)

Resistant male genotype
Homozygous (RR) Heterozygous (Rs or sR)

90
50
10

90
50
10

45
25

5

TABLE 3. Malathion susceptibility of the Tribolium castaneum pop-
ulations with and without synergist (triphenylphosphate-TPP); nd, not
determined.

Strain

Mortality (in %) at the discriminating dose of
malathion (1%) (after 5 h)

without TPP with TPP

Susceptible
Asm
Ex-Maff
Lab-S
Mozambique

100
100
100
100

nd
nd
nd
nd

Resistant
Argyle
Ga-1
Kano
Landmark
Paulo d’Amico
PRm
Rio Desago
Waseco

0
0
0
0
0
0
0
0

100
100
100
100
100
100
100
100

medium. The females were then placed individually in a 90
mm petri dish with 20 g of rearing medium at 30 6 38C and
60 6 5% rh and allowed to oviposit. Females were not re-
moved until the dishes were scored for offspring. Twenty-
five replications were performed. Due to disease this exper-
iment was not conducted with the resistant strain Argyle.

In experiments with the field populations, Asm males were
placed in competition with males from the resistant popu-
lations and PRm males were placed with males from the
susceptible populations. With the isogenic strains, the relative
reproductive success of homozygous resistant and hetero-
zygous resistant males was examined.

Male reproductive success. For both experiments (biased
and unbiased sex ratio), after 45 days, adult progeny of every
single female was treated with malathion using a discrimi-
nating dose bioassay (Haubruge et al. 1997). As the mala-
thion-specific resistance is autosomal, dominant, and mono-
factorial (Haubruge and Arnaud 2001), this test enables us
to unambiguously determine the male parent phenotype. The
number of adults of each phenotype was observed for every
single female. Results were pooled across all female prog-
enies and all replications and the proportion of resistant in-
dividuals in female progenies was calculated (Dagnelie
1975). Data were analyzed and compared to the expected
percentage using the u-test.

The overall relative male reproductive success was first
compared between resistant and susceptible male, that is,
resistant male and susceptible male relative reproductive suc-
cess were estimated considering the total number of progeny
of every female examined in the experiment. In ‘‘unbiased
sex ratio’’ experiments, the reproductive success of a male
phenotype with respect to another was estimated by com-
paring the proportion of the female progeny fathered by that
male phenotype to a theoretical percentage (see Table 2). In
‘‘biased sex ratio’’ experiments, resistant and susceptible
male reproductive successes were considered as being equal
if they were not different from the theoretical percentage of
50. As malathion-specific resistance is inherited as a Men-
delian character, in both experiments, the relative success of
heterozygous males (strains H1 and H2) was estimated con-
sidering that the progeny of a susceptible female mated to
an heterozygous male (strains H1 and H2) is composed of
susceptible and resistant individuals in equal proportions.

Last-male precedence is observed in T. castaneum (Arnaud
et al. 2001a), it is therefore possible to determine the phe-
notype of the last male mated to a female. In a second step
of the analysis, male reproductive success was therefore ex-
amined upon the phenotype of the last male to inseminate

the female. We considered that a female had been last-mated
by a resistant male when more than 50% of her progeny was
composed of resistant individuals. The number of females
last inseminated by a resistant or a susceptible male and the
reproductive success of resistant and susceptible males were
compared upon this characteristic, that is, resistant male re-
productive success when they are last to mate versus sus-
ceptible male reproductive success when they are last to mate.
Results were analysed with u-test and chi square analysis.

When 10 males were placed in competition for the fertil-
ization of 10 females, it is likely that males of the same
phenotype had the opportunity to inseminate successively the
same female, with a male of that phenotype being the last to
copulate with the considered female. ‘‘Last-male reproduc-
tive success’’ sensu stricto was thus not determinable un-
equivocally. The male fitness trait estimated here was thus
the ‘‘last-phenotype reproductive success.’’ Nevertheless, the
term ‘‘last-male reproductive success’’ was adopted through-
out the text.

RESULTS

Malathion Susceptibility and Characterization of the
Insecticide Resistance

The malathion susceptibility of the different flour beetle
populations, and the characterization of the insecticide re-
sistance mechanism involved in the resistant populations are
presented in Table 3. We observed that the mechanism of
resistance was malathion specific in every resistant strain.
All the malathion-resistant beetles tested died when they had
previously been in contact with TPP. These populations were
thus retained for the experiments of mating competition and
fertilization success.

Mating Competition and Fertilization Success

Unbiased sex-ratio. When 10 males competed for the fer-
tilization of 10 females, the relative reproductive success of
the resistant males from the field populations was greater
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TABLE 4. Male reproductive success (in % 6 SE) of malathion-specific resistant Tribolium castaneum males when five resistant males compete
with five susceptibles for female fertilization.

Competing males Reproductive success1

U-test

n2 u P

Resistant against Asm
Argyle 3 Asm
Ga-1 3 Asm
Kano 3 Asm
Landmark 3 Asm
Paul d’Amico 3 Asm
PRm 3 Asm
Rio Desago 3 Asm
Waseco 3 Asm

71.5 6 0.8
64.0 6 0.9
61.1 6 0.9
60.7 6 0.9
66.6 6 0.9
59.4 6 0.8
49.9 6 0.9
58.9 6 0.8

3173
2919
3028
3202
2762
3639
3072
3476

21.18
15.09
12.18
12.12
17.43
14.82
0.072

10.48

,0.001
,0.001
,0.001
,0.001
,0.001
,0.001

0.942
,0.001

Susceptible against PRm
Ex-Maff 3 PRm
Lab-S 3 PRm
Mozambique 3 PRm

54.4 6 0.9
55.0 6 0.9
54.7 6 0.9

3342
3175
3402

5.01
5.66
5.52

,0.001
,0.001
,0.001

1 Percentage of malathion-specific resistant individuals in female progenies.
2 Total number of individuals observed across three replications.

TABLE 5. Number of females (in % 6 SE) last inseminated by a resistant male and last-male reproductive success (in % 6 SE) of malathion-
specific resistant and malathion susceptible Tribolium castaneum males when five resistant males compete with five susceptibles for female
fertilization.

Number of females last
inseminated by a resistant male1

Competing males %

U-test

n2 u p Resistant

Last-male reproductive success3

n4 Susceptible n5

Chi square test6

x2 P

Resistant against Asm
PRm 3 Asm
Argyle 3 Asm
Ga-1 3 Asm
Kano 3 Asm
Landmark 3 Asm
Paulo d’Amico 3 Asm
Rio Desago 3 Asm
Waseco 3 Asm

57.7 6 9.7
83.3 6 6.8
64.3 6 9.1
67.9 6 8.8
72.4 6 8.2
90.0 6 5.5
46.7 6 9.1
60.0 6 8.9

26
30
28
28
30
30
30
30

0.78
3.65
1.51
1.89
2.41
4.38
0.37
1.10

0.433
,0.001

0.131
0.059
0.106

,0.001
0.175
0.273

76.5 6 0.9
73.0 6 0.8
82.8 6 0.9
69.9 6 1.0
68.9 6 1.0
71.8 6 0.9
64.6 6 1.3
79.4 6 0.9

2262
2744
1789
2292
2325
2487
1453
2014

61.9 6 1.3
58.3 6 2.4
65.8 6 1.4
66.4 6 1.7
61.1 6 1.6
80.4 6 2.4
63.2 6 1.2
53.4 6 1.3

1312
429

1130
736
877
275

1619
1462

86.08
39.27

109.70
3.11

15.60
9.19
0.63

265.99

,0.001
,0.001
,0.001

0.078
,0.001

0.002
0.428

,0.001

Susceptible against PRm
Ex-Maff 3 PRm
Lab-S 3 PRm
Mozambique 3 PRm

58.6 6 9.1
58.6 6 9.1
63.3 6 8.8

29
29
30

0.93
0.93
1.46

0.353
0.353
0.144

69.2 6 1.0
76.1 6 1.0
69.4 6 1.0

2098
1713
2170

66.7 6 1.3
69.6 6 1.2
71.2 6 1.3

1244
1462
1232

2.23
16.61

1.13

0.135
,0.001

0.287
1 In percents; 2 Female sample size (some females did not give progeny, sample size is thus lower or equal to 30), percentage of malathion-specific resistant

individuals in female progenies; 3 In percent; 4 Total number of individuals in the progeny of females last inseminated by a resistant male; 5 Total number of
individuals in the progeny of females last inseminated by a susceptible male; 6 1 df.

than that of susceptible ones. The F1 progenies are constituted
with more resistant phenotypes than expected (see Table 4).
In one case, Rio Desago against Asm, male reproductive
success was equal between the resistant and the susceptible
insects.

The number of females last inseminated by a resistant male
and the reproductive success of susceptible and resistant
males when they are the last to inseminate the female are
presented in Table 5. In most cases, excepted when Rio De-
sago males competed with Asm males, we observed that fe-
males were mostly last inseminated by a resistant male, but
the differences were generally not significant. The last-male
reproductive success of resistant males was not different or
was significantly higher then that of susceptible males. In
only one experiment (Asm against Paulo d’Amico), suscep-
tible males were found to be significantly fitter than resistant
individuals at this fitness component (Table 5).

In experiments with the isogenic strains, homozygous and
heterozygous resistant males had also a relative reproductive
success equal or even higher than that of susceptible ones
(see Table 6). The fertilization success of a male phenotype
relative to its frequency is presented in Table 6. Males are
more successful when they are relatively rare, however, the
rare male advantage of susceptible males is not sufficient to
counteract the resistant male fitness advantage at fertilization.
The number of females last inseminated by a resistant male
was not different than expected (Table 7). When resistant and
susceptible males were placed in the same proportion (5:5),
the reproductive success of resistant males was the highest.
As expected, when nine resistant males competed with one
susceptible, the reproductive success of resistant males was
higher than that of the susceptible. The reverse was observed
when resistant males were in minority. The highest repro-
ductive success of the phenotype in majority may be ex-
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TABLE 6. Theoretical and observed reproductive success (in % 6 SE) and individual reproductive success (in %) of malathion-specific resistant
Tribolium castaneum males when competing with susceptible males for female fertilization.

Competing
males

Theoretical
reproductive

success1

Observed
reproductive

success1

U-test

n2 u P
Individual

male success3

Homozygous
9 Iso 3 1 Asm
5 Iso 3 5 Asm
1 Iso 3 9 Asm

90
50
10

89.1 6 0.5
50.8 6 0.8
12.9 6 0.6

3704
3666
3704

1.83
0.99
5.95

0.067
0.322

,0.001

9.9
10.2
12.9

Heterozygous
9 H1 3 1 Asm
5 H1 3 5 Asm
1 H1 3 9 Asm
9 H2 3 1 Asm
5 H2 3 5 Asm
1 H2 3 9 Asm

45
25

5
45
25

5

48.2 6 0.8
27.2 6 0.8

7.6 6 0.5
44.8 6 0.8
25.8 6 0.7

7.5 6 0.4

3516
3388
3243
3434
3514
3795

3.89
2.94
6.76
0.22
1.07
6.95

,0.001
0.003

,0.001
0.829
0.284

,0.001

5.4
5.4
7.6
5.0
5.2
7.5

1 Percentage of malathion-specific resistant individuals in female progenies; 2 Total number of individuals observed across three replications; 3 Ratio between
the percentage of resistant individuals in female progenies and the number of resistant males in competition.

TABLE 7. Number of females (in % 6 SE) last inseminated by a resident male and last-male reproductive success (in % 6 SE) of malathion-
specific resistant and malathion-susceptible Tribolium castaneum males when resistant and susceptible males compete for female fertilization
(ten males are placed with ten females, three proportions of resistant males are tested).

Number of females last
inseminated by a resistant male1

Competing males %

U-test

n2 u P Resistant

Last male reproductive success3

n4 Susceptible n5

Chi-square test6

x2 P

Homozygous
9 Iso 3 1 Asm
5 Iso 3 5 Asm
1 Iso 3 9 Asm

96.7 6 3.3
44.8 6 9.2

3.3 6 3.3

30
29
30

1.22
0.56
1.21

0.224
0.578
0.224

90.1 6 0.5
68.0 6 1.1
54.5 6 4.5

3228
1747

121

62.3 6 4.5
64.8 6 1.1
88.5 6 0.5

114
1919
3583

98.94
4.13

122.06

,0.001
0.042

,0.001

Heterozygous
9 H1 3 1 Asm
5 H1 3 5 Asm
1 H1 3 9 Asm
9 H2 3 1 Asm
5 H2 3 5 Asm
1 H2 3 9 Asm

100.0
53.3 6 9.1

0.0
96.7 6 3.3
56.7 6 9.0

3.3 6 3.3

30
30
30
30
30
30

1.82
0.37
1.83
1.22
0.73
1.22

0.068
0.715
0.068
0.224
0.465
0.224

96.5 6 0.3
71.7 6 1.0

0.0
91.2 6 0.5
62.8 6 1.1
60.5 6 3.8

3516
1884

0
3336
2106

162

0.0
67.3 6 1.2
92.4 6 0.5
82.7 6 3.8
65.2 6 1.3
87.1 6 0.6

0
1504
3243

98
1408
3633

—
7.56
—

74.56
2.15

91.21

—
0.006

—
,0.001

0.143
,0.001

1 In percents; 2 Female sample size (some females did not give progeny, sample size is thus lower or equal to 30), percentage of malathion-specific resistant
individuals in female progenies; 3 In percents; 4 Total number of individuals in the progeny of females last inseminated by a resistant male; 5 Total number of
individuals in the progeny of females last inseminated by a susceptible male; 6 1 df.

plained by the opportunity of this phenotype to be transmitted
to more than one female at a time. Even if last-male sperm
precedence occurs in T. castaneum, males in majority
achieved a better reproductive success because the sperma-
theca of most females may contain much more of their sperm
than that of the male in minority. In addition, when a female
is successively inseminated by different males of the same
phenotype, which is more likely to occur when one phenotype
is in majority, sperm of every male participates to egg fer-
tilization. The reproductive success of the phenotype ex-
amined is therefore increased compared to that of the lonely
male inseminating a female after several rivals of the opposite
phenotype. This phenomenon could also occur when five re-
sistant and five susceptible males competed for female fer-
tilization, but in a less extended manner.

Biased sex ratio. When two males were competing for
fertilization of the same female, we also found that malathion
resistance is not a trade against male reproductive success
(see Table 8). In most experiments, resistant males had better

reproductive success than susceptible males. In contrast with
the ‘‘unbiased sex ratio’’ experiments, males from the Rio
Desago populations had better reproductive success than the
susceptible males (Asm). In only one case (PRm against Ex-
Maff), the resistant males were less fit than the susceptible
males, with female progenies being mostly composed of sus-
ceptible individuals. As expected from the previous obser-
vations, the reproductive success of the homozygous and the
heterozygous resistant males of the isogenic strains was better
than that of the susceptible strain Asm (see Table 8).

When results are considered upon the phenotype of the last
male to inseminate the females, we observed that females
were significantly more last inseminated by resistant males
than by susceptible (see Table 9). In two experiments (PRm
against Mozambique and H1 against Asm), susceptible males
achieved a better last-male reproductive success than the re-
sistant. However, in both cases, females were more frequently
last inseminated by resistant males than by susceptible ones,
and the overall reproductive success of resistant males was
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TABLE 8. Reproductive success (in % 6 SE) of malathion-specific resistant Tribolium castaneum males of different field populations and of
isogenic strains when one resistant and one susceptible male compete for the fertilization of the same female.

Competing males n1 Reproductive success2

U-test

n3 u P

Field populations
Ga-1 3 Asm
Kano 3 Asm
Landmark 3 Asm
Paulo d’Amico 3 Asm
PRm 3 Asm
Rio Desago 3 Asm
Waseco 3 Asm
Ex-Maff 3 PRm
Lab-S 3 PRm
Mozambique 3 PRm

24
23
25
25
24
25
24
24
24
25

62.1 6 1.0
67.2 6 0.9
73.2 6 0.8
61.6 6 0.9
67.8 6 0.8
59.5 6 0.9
63.6 6 1.0
47.2 6 0.9
53.5 6 0.9
56.3 6 0.9

2604
2477
3090
2864
3091
3202
2120
2964
3202
3090

12.35
17.14

7.05
12.86
19.84

1.98
12.51

2.90
3.99
7.05

,0.001
,0.001
,0.001
,0.001
,0.001

0.048
,0.001

0.004
,0.001
,0.001

Isogenic strains
Iso 3 Asm
H1 3 Asm
H2 3 Asm

25
25
25

52.4 6 0.9
59.1 6 0.9
60.7 6 0.9

2813
2909
3092

2.55
5.64
6.85

0.011
,0.001
,0.001

1 Some females did not give any progeny, the sample size is thus lower or equal to 25.
2 Percentage of malathion-specific resistant individuals in female progenies.
3 Total number of individuals observed across three replications.

TABLE 9. Number of females (in % 6 SE) last inseminated by a resistant male and last-male reproductive success (in % 6 SE) of malathion-
specific resistant and malathion susceptible Tribolium castaneum males when one resistant and one susceptible male compete for the fertilization
of the same female.

Number of females last inseminated
by a resistant male1

Competing males %

U-test

n2 u P Resistant

Last-male reproductive success3

n4 Susceptible n5

Chi-square test6

x2 P

Field populations
PRm 3 Asm
Ga-1 3 Asm
Kano 3 Asm
Landmark 3 Asm
Paulo d’Amico 3 Asm
Rio Desago 3 Asm
Waseco 3 Asm
Ex-Maff 3 PRm
Lab-S 3 PRm
Mozambique 3 PRm

76.0 6 8.5
62.5 6 9.9
78.3 6 8.6
80.0 6 8.0
76.0 6 8.5
70.8 6 9.3
83.3 6 7.6
36.0 6 9.6
52.0 6 10.0
79.2 6 8.3

25
24
23
25
25
24
24
25
25
24

2.60
1.22
2.71
3.00
2.60
2.04
3.27
1.40
0.20
2.86

0.009
0.221
0.007
0.003
0.009
0.041
0.001
0.162
0.842
0.004

78.4 6 0.8
78.0 6 1.0
78.9 6 0.9
80.0 6 0.8
72.2 6 0.9
73.1 6 1.0
71.6 6 1.1
74.5 6 1.2
72.1 6 1.2
71.1 6 1.0

2385
1892
1865
2240
2232
1851
1653
1251
1497
2158

65.0 6 1.9
78.9 6 1.6
68.5 6 1.9
55.3 6 2.1
73.9 6 1.7
76.6 6 1.6
64.7 6 2.2
74.2 6 1.1
62.8 6 1.2
77.8 6 1.4

652
673
612
535
632
700
467

1685
1705

932

49.22
0.26

27.93
141.78

0.73
3.10
8.26
0.04

31.46
14.89

,0.001
0.612

,0.001
,0.001

0.394
0.078
0.004
0.848

,0.001
,0.001

Isogenic strains
Iso 3 Asm
H1 3 Asm
H2 3 Asm

52.0 6 10.0
76.0 6 8.5
76.0 6 8.5

25
25
25

0.20
2.60
2.60

0.842
0.009
0.009

78.7 6 1.1
71.8 6 1.0
71.2 6 0.9

1459
2126
2380

75.9 6 1.2
75.5 6 1.5
74.4 6 1.6

1354
783
712

3.06
3.96
2.89

0.800
0.047
0.089

1 In percents; 2 Female sample size (some females did not give progeny, sample size is thus lower or equal to 25), percentage of malathion-specific resistant
individuals in female progenies; 3 In percents; 4 Total number of individuals in the progeny of females last inseminated by a resistant male; 5 Total number of
individuals in the progeny of females last inseminated by a susceptible male; 6 1 df.

significantly higher than that of susceptibles (see Table 8).
In the other experiments, we found that resistant male re-
productive success was not different or was significantly
higher than that of susceptible males (see Table 9).

DISCUSSION

Relative fitness comparisons between resistant and sus-
ceptible individuals are often studied in terms of development
time, fecundity, and egg fertility (Georghiou and Taylor
1986). Although mating competition, sperm competition, pre-
and post-copulatory female choice, and fertilization success
differences may be critical for insecticide resistance gene(s)

transmission, these parameters are rarely considered in stud-
ies of insecticide resistance fitness. In the present paper, we
proposed to examine the pleiotropic effects of malathion-
specific resistance gene(s) on the reproductive success of T.
castaneum.

First, we observed that malathion-specific resistant males
of field populations had a greater reproductive success than
susceptible ones. This phenomenon was widespread across
eight resistant and four susceptible field strains. Therefore,
it seems likely that malathion resistance is not traded against
male reproductive success in T. castaneum. However, because
these populations originated from different geographic areas,
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they must have different genetic backgrounds which may
explain the advantage of the resistant individuals. To differ-
entiate between these possibilities, isogenic strains for mal-
athion resistance were selected and the reproductive success
of homozygous and heterozygous resistant males was ob-
served to complement the observations made with the field
derived populations. Similar results were obtained.

Experiments on the effects of resistance to dieldrin showed
that in Anopheles albimanus mosquitoes, resistant males are
more competitive at mating than the susceptible ones. The
insemination rate of the resistant males was 17% higher than
that of susceptibles. This difference was explained by a great-
er aggressiveness of the dieldrin-resistant males (Gilotra
1965). However, Gilotra’s strains had different geographic
origin and were not isogenic. Thus, it is likely that the better
reproductive success of the resistant males has resulted from
a difference of genetic background between the resistant and
the susceptible populations and not because of pleiotropic
effects of the resistance genes. In other respects, homozygous
and heterozygous dieldrin resistant males of Anopheles spp.
mosquitoes were found to be less successful at mating com-
petition than susceptible ones (Rowland 1991). In addition,
it was found recently that susceptible Culex pipiens mos-
quitoes had a mating advantage when competing with males
resistant to organophosphorus insecticides, suggesting a sub-
stantial cost of resistance genes to this fitness trait (Berticat
et al. 2002). However, in the mite Metaseiulus occidentalis,
no differences in mating ability or fertilization success has
been observed between susceptible and artificially selected
carbaryl resistant mites (Roush and Hoy 1981; Roush and
Plapp 1982).

Contrary to these previous findings, we observed that, in
most competition experiments, malathion-specific resistant
males of T. castaneum had a higher relative fertilization suc-
cess than susceptible males. Resistant phenotypes were ob-
served at higher percentages than expected in the female
progenies. In addition, females were observed to be more
often last inseminated by resistant males than by susceptible
ones. And last-male reproductive success of resistant males
was mostly equal or even greater than that of susceptible. It
is therefore clear that, in T. castaneum, malathion resistance
is not traded against male reproductive success. These ob-
servations are observed with 12 field populations and iso-
genic strains. This phenomenon may have contributed to the
spread of malathion-specific resistance in flour beetle pop-
ulations.

The reproductive advantage of resistant males observed
here is unexpected. If a gene associated with resistance to
insecticide was also advantageous for the fitness of the in-
dividuals in absence of selective pressure, we can addressed
the following question: Why has not this advantageous gene
occurred in the first place? The most likely answer is because
it is costly to fitness. Studies of the impact of insecticide
resistance genes on the fitness generally showed that, at least,
a substantial fitness cost is associated with resistance, in ab-
sence of insecticide. Thus, the stability of the resistance gene
observed in some insect species may be the result of posterior
modification of the insect genome (Roush and McKenzie
1987; McKenzie 1996; Raymond et al. 2001).

In the sheep blow-fly, Lucilia cuprina, there is a fitness

cost associated with gene coding for resistance to diazinon.
However, following the intensive use of diazinon insecticide,
a modifier gene has been selected in the field to completely
suppress this cost. As a result, resistant insects carrying the
modifier are equally as fit as the susceptible insects (for a
review of the phenomenon, see McKenzie 1996). Organo-
phosphorus insecticides are widely used to control mosquito
populations. Within a few years, populations of the mosquito
Culex pipiens have developed resistance against these insec-
ticides. The genes involved in the resistance are costly to
fitness, however, at one resistant locus, a reduction of cost
driven by allele replacement and not by selection of modifiers
has been observed (Raymond et al. 2001).

Malathion has been intensively used in grain storage since
the late fifties and the first case of malathion resistance in
the red flour beetle, Tribolium castaneum, was reported in
Kenya in 1961 (Parkin et al. 1962). By 1974, this phenom-
enon was regarded as a common attribute of the species
(Champ and Dyte 1976) and malathion usage has declined
or even been abandoned in some countries in the early sev-
enties (Champ 1984). In addition, during the field surveys
achieved between the 1960s and the 1990s about 90% of the
T. castaneum populations tested were found to be resistant
to malathion (for a review, see Subramanyam and Hagstrum,
1996). However, malathion has been continuously used and
is still in usage in many countries to control insects in stored
products (White and Leesch, 1996), leading to continuous
selective pressure against the susceptible insects. As a result
of intensive selective pressure lasting for many years after
the selection of the first resistant individuals, the deleterious
effect of the resistance allele selected at first may have been
suppressed. This could have been achieved by the selection
of a modifier that ameliorates the fitness of resistant indi-
viduals as observed in L. cuprina, or of a new resistance
allele without deleterious effect as in C. pipiens. It is therefore
likely that, at first, the individuals selected for malathion-
specific resistance were at a fitness disadvantage in absence
of insecticide. Because of the continuous use of malathion
to protect stored food, is it probable that a modifier gene or
a not costly resistance allele has been selected reducing the
fitness cost of malathion-specific resistance gene in this spe-
cies. In both hypotheses, the modifier or the allele of sub-
stitution not only suppress the cost of the resistance allele,
but also increases the reproductive success of resistant in-
dividuals given them a reproductive advantage compared to
the susceptible. A more speculative hypothesis could be that
both the modifier and the nondeleterious allele were selected
in the resistant populations. The highest reproductive success
of resistant males would result in a synergetic effect of both
gene modifications.

In most experiments, the same susceptible genetic back-
ground was used (strain Asm). A third hypothesis explaining
the highest reproductive success of resistant insects could be
that this susceptible population possess a deleterious gene
near the resistant locus. Because only eight backcrosses were
performed to select isogenic strains, it is unlikely that such
a deleterious gene is shared by both the susceptible and the
isogenic resistant strains. The comparison of the reproductive
success of these two strains therefore indicates that resistant
insects have a higher reproductive success than susceptibles,
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even if the resistance gene is costly, if the cost of resistance
for the traits examined is lower than the one given by the
deleterious gene in question.

In the absence of selection, average fitness of individuals
has been observed to decline due to the accumulation of
deleterious mutations (Lynch et al. 1999; Schultz et al. 1999;
Vassielieva et al. 2000). In the confused flour beetle, Tri-
bolium confusum, Lomnicki and Jasienski (2000) found that
the fitness of beetles from a selection-free population was
reduced compared to beetles from stock population where
selection is more intense (nevertheless, this phenomenon was
observed in only one of the two selection-free populations
tested). The fitness erosion observed in T. confusum could be
attributed to the selection of the deleterious gene during the
22 generations of relaxation of selective pressure.

Despite the use of the susceptible strain Asm as the ‘‘sus-
ceptible control’’ in most experiments, other field-derived
susceptible populations were used for fertilization competi-
tion experiments, with resistant insects being usually more
successful than the susceptible insects. If deleterious genes
occur in T. castaneum, it seems unlikely that these mutations
were selected only in susceptible populations. It is therefore
more probable that the reproductive advantage of resistant
males observed here is due to the positive effect of a modifier
gene associated with the resistance gene or simply to the
resistance gene itself, via the postselection of a nondeleter-
ious resistance gene, than on deleterious genes present mainly
in susceptible populations. Moreover, the T. castaneum pop-
ulations used in our study have been in isolation for between
eight and 39 years at the beginning of the experiments. They
have been maintained in the same rearing conditions for about
5 years (i.e. at least 30 generations), in high density condi-
tions (i.e. about 500 to 1000 individuals per 80 g of medium,
ø150 ml) where natural selection is likely to occur. Dele-
terious mutations may therefore not have the opportunity to
be selected. Nevertheless, if our rearing conditions are not
selective enough to prevent fitness erosion, deleterious mu-
tations had the opportunity to be selected in susceptible as
well as in resistant populations.

The second question that may be addressed here is about
the biological changes given a reproductive advantage to the
resistant males. Several hypothesis could be advanced to ex-
plain our observations. There is now widespread evidence
that spermatozoa from several males could compete with each
other in the female sperm storage organ (Parker 1970; Smith
1984; Birkhead and Möller 1998). However, females are not
only a receptacle in which sperm competition is played out.
In the past few years, increasing attention has been paid to
the possibility that females of many species are active not
only in (pre-)copulatory choice but also in controlling the
process of sperm storage and use, and in the possibility of
postcopulatory cryptic choice. By the existence of the sperm
storage organ, females may thus control more subtle events
both during copula and thereafter (Eberhard 1996; Pizzari
and Birkhead 2000).

In most insect species, the last male to mate achieves fer-
tilization precedence (Simmons and Siva-Jothy 1998; Sim-
mons 2001). In T. castaneum, the high degree of last-male
sperm precedence confers a fertilization advantage to the last
male to copulate (Arnaud et al. 2001a). Males doing better

at mating competition will be more often the last to mate
with a female. Thus, their fertilization success will be fa-
vored. Lewis and Austad (1994) observed that, in T. casta-
neum, more attractive males achieve higher last-male repro-
ductive success. Resistant males may be more attractive to
females than susceptible.

Tribolium castaneum females have a single spermatheca
but this consists of multiple tubules (Sinha 1953) which could
provide a mechanistic opportunity for preferential sperm stor-
age and usage, as is claimed for other insects (Ward 1993;
Yuval et al. 1996, Otronen 1997; Otronen et al. 1997). Fe-
males of the yellow dung fly, Scatophaga stercoraria, dif-
ferentially sort the ejaculates from different males across their
three spermatheca allowing them to use sperm differentially
over time (Ward 1993). Moreover, female dung flies adapt
their storage decisions upon male characteristics accepting
more sperm when her last mate is superior to the previous
ones. Also, they may exercise a control by selectively open-
ing or closing their spermathecal ducts (Otronen et al. 1997).
Similar behavior is observed in the fly Dryomyza anilis (Otro-
nen 1997). In T. castaneum male fertilization success in sperm
competition is influenced by the rate that males rub the female
elytra with their tarsi during copula (Edvardsson and Arnqvist
2000). Leg rubbing may therefore provide honest signals of
some components of male fitness that females subsequently
base their sperm selection decisions upon. Genital stimulation
during mating may also provide such signals to the female
(Arnaud et al. 2001b). Malathion-specific resistant males may
be more fit at leg rubbing or genital stimulation than sus-
ceptible males, resulting in the selection of their sperm for
egg fertilization.

Evidence of mate choice mediated by cuticular pheromones
has been widely demonstrated in insects (e.g., Tompkins et
al. 1993; Tregenza and Wedell 1997). In Anopheles spp. mos-
quitoes, there are significant differences in the cuticular hy-
drocarbons of susceptible and insecticide resistant insects.
This hydrocarbon segregation might be associated with geo-
graphical variation, but also with genetic alterations resulting
from prior insecticide exposure (Anyanwu et al. 1997a, b).
As in Anopheles, the composition of the cuticular hydrocar-
bons of malathion resistant T. castaneum males may differ
from susceptible ones. Females may therefore assess male
quality through cuticular hydrocarbon composition. Despite
T. castaneum males initiating most of the copulations (Arnaud
and Haubruge 1999), females may exert copulatory choice
while males enter into contact with them and try to copulate.
This choice could be based on the qualitative and/or quan-
titative composition of the male cuticular hydrocarbons.

Our results show that the male fertilization success is high-
er when they are rare. Rare-male advantage could bring about
the maintenance of a polymorphism in a population (Sinnock
1970). However, models suggest that any net selective ad-
vantage of one phenotype will eventually result in extinction
of alleles coding for alternative phenotype(s), and that poly-
morphisms are likely to be maintained only under specific
conditions (Forsman and Shine 1995). Sinnock (1970) and
Ehrman et al. (1965) observed that in T. castaneum and Dro-
sophila pseudoobscura, respectively, the fertilization success
of the genotype in the minority is higher than expected, in-
dependently of the male genotype. Moreover, populations of
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Drosophila melanogaster perturbed for alcohol dehydroge-
nase gene frequencies returned to preperturbation levels in a
predictable manner (McKenzie et al. 1994). We observed that
when susceptible males are rare, their fertilization success is
not higher than that of malathion-resistant males. Resistant
males seem to have a better mating competitiveness or they
do better at sperm competition than susceptible ones inde-
pendently of their frequency. The fact that resistant males
have, in most cases, a greater fertilization success suggests
that if cryptic female choice for genes in the minority occurs,
it could not counteract the resistant males superiority at sperm
competition. This phenomenon may have played in favor of
the development of malathion-specific resistance in flour bee-
tle populations when the resistance genes were at low fre-
quency in the early stages of resistance selection or further
in the selection of the hypothetical modifier gene or the non-
deleterious resistance allele.
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