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Genetic trade-off between early fecundity 
and longevity in Bactrocera cucurbitae 

(Diptera: Tephritidae) 

TAKAHISA MIYATAKE* 
Okinawa Prefectural Agricultural Experiment Station, 4-222 Sakiyama-cho, Naha, Okinawa 903, Japan 

The response to selection on age at reproduction was measured to test for a genetic trade-off 

between early fecundity and longevity in the melon fly Bactrocera cucurbitae (Coquillett). 

Three replicate lines were selected for propagation by breeding from young (Y-lines) and old 

(O-lines) adults, respectively. Selection was continued for 24 and 9 generations for Y- and 

O-lines, respectively. Females from O-lines lived longer than Y-line females as an indirect 

response to selection, indicating that longevity is a trait under genetic control. Females from 

Y-lines had higher fecundity early in the lifespan, a shorter preoviposition period, and a 

shorter prepeak fecundity period than females from O-lines. However, total fecundity did not 

differ between lines from the two selection regimes. These results suggest the existence of a 

genetic trade-off between early fecundity and longevity in the population examined, which may 

be controlled by pleiotropy. The larval period of the O-lines was longer than that of the 

Y-lines, whereas there were no significant effects of selection regime on egg hatchability or 

preadult survival rate. The trade-off relationship between early fecundity and longevity is 

discussed in relation to mass production of the melon fly for the sterile insect technique 

programme. 
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Introduction 

Since Haldane (1941), Medawar (1946, 1952), and 
Williams (1957) introduced evolutionary explana
tions for the evolution of ageing, a discussion of 
mechanisms has lasted for almost a half century 
(Rose, 1983, 1991; Rose & Service, 1985; Partridge 
& Barton, 1993; Zwaan et al., 1995). Theoretically, 
there are two explanations that are not mutually 
exclusive. The first is the antagonistic pleiotropy 
theory that was introduced by Medawar (1946, 1952) 
and Williams (1957), in which survival and late 
fecundity in life are sacrificed for the sake of early 
fecundity or fitness in the preadult period. This 
theory supposes that the alleles which increase 
fitness early in life, but have deleterious effects late 
in life, can be favoured by selection. This idea 
relates to a genetic trade-off between early fecundity 
and longevity. The second is the mutation accumula
tion theory, that was introduced by Medawar (1946, 
1952), in which a life history might be depressed 
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below an optimal compromise by deleterious muta
tions, and ageing might evolve because of a greater 
mutation load on the later part of the life history. 

A useful method for detecting genetic trade-offs is 
an artificial selection experiment for early and late 
reproduction (Rose & Service, 1985; Reznick, 1992; 
Stearns, 1992; Partridge & Barton, 1993; Nusbaum 
& Rose, 1994). If antagonistic pleiotropy plays an 
important role in the evolution of ageing, a drop in 
early reproduction should be found if longevity 
increases. Lines selected for early reproduction 
should have high early fecundity with low longevity, 
whereas the lines selected for late reproduction 
should have high longevity with high late fecundity, 
and lower early fecundity. 

Four artificial selection experiments testing for 
genetic trade-offs between early fecundity and 
longevity in Drosophila melanogaster, the geneticist's 
fruit fly, showed varying results. Two selection 
experiments found a genetic trade-off (Rose, 1984; 
Luckinbill et al., 1984), whereas the other two did 
not (Engstrom et al., 1992; Partridge & Fowler, 
1992). In a coleopterous species, Acanthoscelides 
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obtectus, a genetic trade-off was not detected (Tucic 
et al., 1990; Gliksman & Tucic, 1991). Although 
Rose and his colleague found a genetic trade-off in 
some selected lines in D. melanogaster (Rose, 1984; 
Hutchinson, 1989), it disappeared after long-term 
selection (Leroi et al., 1994a). Leroi et al. (1994a,b) 
suggested that the disappearance may have been 
caused by the following three reasons: (1) genetic
by-environment interaction for life history traits; (2) 
the early fixation of segregating alleles at loci 
responsible for allocation; or (3) the appearance of 
epistatic alleles. Thus unsolved problems still remain 
in this area, even though many selection experiments 
have been conducted in D. melanogaster and other 
insect species. 

Selection experiments for age of reproduction 
have been limited to D. melanogaster and a few cole
opteran species (Mertz, 1975; Tucic et al., 1990; 
Gliksman & Tucic, 1991). The accumulation and 
comparison of data from many taxa should be 
conducted to generalize the issue of the evolution of 
ageing. In this paper, an artificial selection experi
ment for early and late reproduction was conducted 
to detect heritable variation in longevity, and to test 
for a genetic trade-off between early fecundity and 
longevity in the melon fly Bactrocera cucurbitae 
(Coquillett). It should be noted that the selection 
was carried out on age at reproduction, and not 
longevity directly (see Zwaan et al., 1995). Age-spe
cific fecundity, preoviposition period, prepeak fecun
dity period, total fecundity, larval period, egg 
hatchability, and preadult survival rate of the selec
ted lines were also compared to detect correlated 
responses to selection. The results are also discussed 
in relation to the mass production of the melon fly 
for the sterile insect technique programme. 

Materials and methods 

Selection lines 

The base population for this experiment was the 
mass-reared strain maintained for 63 generations in 
the Okinawa Prefectural Fruit Fly Eradication 
Project Office, Okinawa, Japan, according to the 
methods described by Nakamori & Kakinohana 
(1980) and Nakamori et al. (1992). Kakinohana & 
Yamagishi (1991) divided the mass-reared flies into 
two strains at 33 generations following introduction. 
In the first strain, flies were derived from eggs 
collected from the second to the sixth week after 
adult emergence (nonselected strain). In the second 
strain, flies were derived from eggs collected only 
from adults five to six weeks after eclosion (selected 

strain). The nonselected strain was used as the base 
population. 

Three replicate 'young' and 'old' lines (total, six 
lines) were produced from the base population. 
Selection was started in June 1992, and was initiated 
from c. 3000 pupae of the mass-reared strain. These 
pupae were divided into three populations, and each 
placed in a rearing cage (40 by 30 by 28 cm). The 
adults ( c. 1000 flies) were allowed to eclose in each 
cage. When the age of these adults was 10-15 and 
55-60 days, eggs were collected from flies of each 
cage for 13 h (from 16.00 to 10.00 next morning) by 
using artificial oviposition cylinders (Sugimoto, 
1978). These lines originating from the eggs 
collected at different ages were named young lines 
(Y-lines) and old lines (O-lines), respectively. 
About 2400 eggs (0.3 mL) were placed on 300 g of 
larval artificial medium (Nakamori et al., 1992) in a 
sample container (130 mm diameter, 77 mm height) 
for each line. Each cup was kept separately in a 
larger sample container (150 mm diameter, 92 mm 
height) filled with water (80 mL). Water was exchan
ged for a pupation substrate consisting of a 7:1 
mixture of sawdust and water at 4 days after egg 
seeding. Mature larvae jumped out from the 
medium and pupated in the pupation substrate. The 
pupae were put into a plastic cup (200 mL), and set 
in each rearing cage. These selection regimes were 
continued for 24 generations for Y-lines and 9 
generations for O-lines. Selection and all the experi
ments were conducted in a laboratory at 25 ± 2°c 
under a photoperiod of 14:10 (L:D) h (light phase 
05.30-19.30 h). 

Longevity and fecundity of females from selected 
lines 

The longevity and fecundity of females from all lines 
were measured at generation 21 for Y- and 8 for 
O-lines. Thirty one-day-old males and females that 
emerged on the same day were picked up randomly 
from each line and were paired. Each pair was put 
into an adult rearing cup (Miyatake, 1996a) to test 
the longevity of the melon fly (6 lines x 30 
cups= 180 cups). A small piece of sliced pumpkin 
was placed at the bottom of the cup to stimulate 
oviposition at 3 days after eclosion according to the 
method described by Ito & Yamagishi (1989). Eggs 
were collected every 7 days until the female died. 
The melon fly females used in this experiment did 
not lay eggs if a piece of host fruit or juice was not 
supplied. Eggs laid on the slice were collected with a 
fine brush the next morning (c. 18 h after oviposi
tion) and placed on a Petri dish on a black board for 
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counting. The diet and water were changed every 

week, and cups were exchanged at 3-week intervals 
to prevent mould growing on the excreta of the flies 
accumulated inside the cup. When a paired male 
died, another survivor male from the same line was 

put in the cup as soon as possible. Thus, the longev
ity and fecundity of the females examined may 
include the male effects, for example differences in 
fertility or sperm production, mating frequency, and 
locomotor activity, etc., because the males of these 
lines must also have responded to selection. 

Egg hatchability, preadult survival rate and larval 
period of selected lines 

Egg hatchability, preadult survival rate and larval 
period were measured at generation 24 for Y- and 9 
for 0-lines. Females of the six lines (Y-1-3, 0-1-3) 

were allowed to lay eggs for 1 h (c. 20 days after 
emergence). These females ( c. 500 flies) were 
exposed to c. 500 males of the same lines during 
about 20 days after emergence before measuring 
hatchability. Thus, male effects for egg hatchability 
can not be excluded. In the experiment for egg 
hatchability, 10 eggs collected from each line were 
placed on a piece of black gauze in a Petri dish. Ten 
Petri dishes were set for each of the six lines (10 

eggs by 10 replicates = 100 eggs for each line). The 
number of hatched eggs was counted after more 
than 30 h, because the length of the egg stage of the 
melon fly at 27°C is about 25 h (Arakaki et al., 
1984). 

To examine larval period and preadult survival 

rate, 10 eggs collected from each line were placed 
on 15 g of the larval artificial medium in a small 
plastic cup (20 mL ). Each cup was kept in a large 
plastic cup (160 mL) with water (20 mL). Mature 
larvae that 'popped' from the medium into the water 

were transferred to another plastic cup (120 mL) 
containing the pupation substrate. The number of 
mature larvae in the water for each cup was counted 
every day in the afternoon, because most of the 
'popping' behaviour of the melon fly occurred in the 
morning (Miyatake, 1993). The period from egg 
seeding to collection of larvae in the water was 
defined as the larval period. Preadult survival rates 
were obtained as ratios of the number of emerged 
adults to the number of eggs seeded in each cup. 

Data analysis 

The Log Rank test, a distribution-free method, was 
used for statistical analysis of longevity between 
selected lines for each replicate, because longevity 
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was not normally distributed (Lee, 1992). An unbal
anced one-way ANOVA on selection regime, with 
replicate lines nested, was used to compare the 
age-specific fecundity between the Y- and 0-lines in 
each sampling interval (Sokal & Rohlf, 1981, p. 
294). A nested ANOVA was used for the analysis of 
the other correlated traits, i.e. preoviposition period, 
prepeak fecundity period (period before peak fecun
dity), total fecundity, larval period, egg hatchability 
and preadult survival rate. To normalize the data, a 
log transformation was used for the preoviposition 
period, prepeak fecundity period, total fecundity and 
larval period. An arcsine square root transformation 
was used for egg hatchability and preadult survival 
rate. 

Results 

Longevity and fecundity of females from selected 
lines 

The survivorship curves for females of all lines are 
shown in Fig. 1. Females of the Y-lines had signifi
cantly (P < 0.0001) lower longevity than those from 
0-lines. The average percentage of the total number 
of eggs laid by each female surviving in each week 
for each line is given in Fig. 2. Females of the 

Y-lines laid significantly more eggs than the 
0-females in week 1 (F1,4 = 63.06, P<0.001), week 2 
(F1,4 = 21.30, P<0.001), week 3 (F1,4 = 50.71, 
P<0.001) and week 15 (F1,4 = 13.13, P<0.05). 
Females of the 0-lines laid eggs continuously after 
all of the Y-line females died (Fig. 2). There were 
significant differences between replicate lines within 

a selection regime in week 8 (F4,139 = 4.63, P<0.001), 
week 9 (F4•131 = 4.55, P<0.001) and week 10 
(F4,118 = 5.42, P<0.0001). 
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Fig. 1 Proportion of females suiviving each week ( cumu
lative suivival probability) for selected lines. Solid lines 
represent the Y-lines and dashed lines the O-lines. 
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Comparisons of preoviposition period, prepeak 
fecundity period, and total fecundity per life among 
selected lines suggested that there was an associa
tion between selection regime and the first two 
traits, but no association between selection regime 
and total fecundity per life (Tables 1 and 2). 
Females of the Y-lines had significantly shorter 
preoviposition and prepeak fecundity periods than 
those of the O-lines (Table 2). 
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Fig. 2 Average percentage of the total number of eggs 
laid by each female surviving per week for selected lines. 
Solid lines represent the Y-lines and dashed lines the 
O-lines. 

Egg hatchability, preadult survival rate and larval 
period of selected lines 

Comparisons of egg hatchability, preadult survival 
rate and larval period among selected lines 
suggested that there was an association between 
selection regime and larval period, but no associa
tion between selection regime and the other two 
traits (Tables 3 and 4). Flies from the Y-lines had 
significantly shorter larval period than those from 
the O-lines (Table 4). 

Discussion 

An indirect response to selection for longevity, i.e. 
the O-line flies lived longer than those from the 
Y-lines, was shown in the mass-reared B. cucurbitae 
(Fig. 1). In D. melanogaster, almost all populations 
that were selected for older age at reproduction 
showed increased longevity as indirect responses to 
selection (Rose & Charlesworth, 1981b; Rose, 1984; 
Luckinbill et al., 1984; Engstrom et al., 1992; 
Partridge & Fowler, 1992) except in a few cases 
(Lints & Hoste, 1977). Indirect responses to selec
tion for longevity were also shown in some Cole
optera (Mertz, 1975; Tucic et al., 1990; Gliksman & 
Tucic, 1991). 

A genetic trade-off between early fecundity and 
longevity was clearly found in the current study 
(Fig. 2). It suggests that the mass-reared population 
had a negative genetic correlation between early 

Table 1 Mean (and standard deviation) preoviposition period (wk), prepeak 
fecundity period and total fecundity per life of selected lines of the melon fly, 
Bactrocera cucurbitae 

Selection regime 

Traits Replicate Young Old 

Preoviposition period (wk) 1 1.8 (0.9) 2.5 (1.1) 
2 2.2 (1.0) 2.6 (1.1) 
3 2.2 (1.0) 3.3 (2.6) 

Mean 2.0 (1.0) 2.8 (1.8) 

Prepeak fecundity period (wk) 1 4.8 (2.6) 7.3 (4.0) 
2 4.7 (2.8) 8.3 (3.7) 
3 4.3 (2.9) 10.7 (5.7) 

Mean 4.6 (2.8) 8.8 (4.8) 

Total fecundity per life 1 506.4 (308.4) 778.0 (299.8) 
2 465.5 (245.8) 556.7 (357.1) 
3 545.1 (369.5) 586.4 (386.9) 

Mean 505.7 (313. 7) 640.4 (363.3) 

Standard deviations in parentheses. 
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Table 2 Nes~ed ANo_vAs on preovip?sition period, prepeak fecundity period and 

total fecundity per hfe of selected Imes of the melon fly, Bactrocera cucurbitae 

Traits Source ss d.f. F 

Preoviposition period Selection regime 0.6934 1 12.70* 
Replication 0.2179 4 1.38 
Error 6.6442 168 

Prepeak fecundity period Selection regime 3.1617 1 26.19** 
Replication 0.4829 4 1.84 
Error 11.0210 168 

Total fecundity per life Selection regime 0.7812 1 3.17 
Replication 0.9845 4 1.32 
Error 32.4761 174 

Error term for selection regime is replication mean square. 

*P<0.05, **P<0.01. 

Table 3 Mean and standard deviation of egg hatchability (per cent), preadult 

smvival rate (per cent) and larval period (days) of selected lines of the melon 

fly, Bactrocera cucurbitae 

Selection regime 

Traits Replicate Young Old 

Egg hatchability (per cent) 1 83.0 (9.0) 93.0 (6.4) 
2 84.0 (9.0) 89.0 (8.3) 
3 77.0 (14.1) 85.0 (9.2) 

Mean 81.3 (11.4) 89.0 (8.6) 

Preadult survival rate (per cent) 1 67.5 (16.3) 78.3 (14.6) 
2 76.6 (12.4) 78.3 (15.1) 
3 83.3 (16.4) 75.0 (14.4) 

Mean 75.8 (16.5) 77.2 (14.8) 

Larval period (days) 1 6.39 (0.29) 6.88 (0.35) 
2 6.45 (0.30) 6.85 (0.30) 
3 6.60 (0.40) 6.95 (0.28) 

Mean 6.48 (0.35) 6.89 (0.31) 

Standard deviations in parentheses. 

fecundity and longevity, which would indicate 
antagonistic pleiotropy. This correlation was also 
strongly supported by the following three points: (1) 
late fecundity in the O-lines after Y-line females 
died out (Fig. 2); (2) the shorter preoviposition 
periods and shorter prepeak fecundity periods of the 
Y-lines than those of the O-lines (Tables 1 and 2); 
and (3) the same total fecundity per life in Y- and 
O-lines (Tables 1 and 2). These results also support 
the antagonistic pleiotropy theory in B. cucurbitae. 

This theory is supported by some selection experi
ments in D. melanogaster (Rose, 1984; Luckinbill et 

al., 1984), and also by experiments using classical 
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quantitative genetic techniques to estimate genetic 
variance and covariance among fitness components 
at different ages (Rose & Charlesworth, 1981a; 
Roach, 1986; Tucic et al., 1988; Tanaka, 1993). 
However, some studies on Drosophila using the clas
sical technique do not support this theory (Giesel, 
1986; Engstrom et al., 1989). More data are required 
in other taxonomic groups to evaluate the antago
nistic pleiotropy theory. Tephritid flies, the so-called 
applied entomologist's fruit flies, which are well 
studied for their biology (Robinson & Hooper, 
1989), should be regarded as a candidate group for 
selection experiments and other forms of quanti-
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Table 4 Nested ANOVAS on egg hatchability, preadult survival rate (per cent) 
and larval period (days) of selected lines of the melon fly, Bactrocera cucurbitae 

Traits Source ss 

Egg hatchability Selection regime 0.1106 
Replication 0.0846 
Error 0.6939 

Preadult survival rate Selection regime 0.0014 
Replication 0.1423 
Error 1.6299 

Larval period Selection regime 0.0131 
Replication 0.0014 
Error 0.0315 

Error term for selection regime is replication mean square. 
**P<0.01. 

tative genetic analysis (Mcinnis, 1987; Wood & 
Harris, 1989; Miyatake, 1995, 1996b). 

The Y-lines had a shorter larval period than the 
O-lines in the current study (Tables 3 and 4). 
Partridge & Fowler (1992) found a similar result in 
D. melanogaster. Roper et al. ( 1993) proposed two 
reasons for the shortened larval period in the old 
lines of Partridge & Fowler (1992). The first was the 
different larval density between the two lines selec
ted for early and late reproduction; the young lines 
were subjected to a higher rearing density than the 
old lines, then the larval period of the young lines 
was shortened. The second reason was that the flies 
which sexually matured early with short larval 
periods were favoured by the selection method for 
the young lines. Because in the current study the 
same numbers of eggs were seeded in both selected 
lines and no difference in the survival rate between 
both lines was observed, the first reason is unaccept
able. The second reason could explain the difference 
of larval period. The mass-reared melon fly females 
mature at 9.1 ±3.9 days (mean±SD) (Kuba & 
Soemori, 1988). If eggs were collected from 10 to 
15-day-old adults, offspring of females that matured 
later would not be included in the following genera
tions. This could cause inadvertent selection for 
rapid development in the females of the young lines 
(Roper et al., 1993). 

In the current study, body size of selected lines 
was not measured. Miyatake (1995) showed that the 
lines selected for longer developmental period had 
larger body size than the lines selected for shorter 
developmental period in B. cucurbitae . However, 
longer developmental periods were not associated 
with higher fecundity and longevity (Miyatake, 
1996a). 

d.f. F 

1 5.23 
4 1.65 

54 

1 0.04 
4 1.44 

66 

1 36.67** 
4 0.75 

66 

Lower longevity of the mass-reared strain than of 
wild flies has often been reported in B. cucurbitae 
(Soemori & Nakamori, 1981; Kamikado et al., 1987; 
Kakinohana & Yamagishi, 1991). As described 
above, Kakinohana & Yamagishi (1991) divided the 
mass-reared flies of Okinawa into two strains at 33 
generations; nonselected and selected strains. 
Survival rate at the tenth week in the selected strain 
was significantly greater than in the nonselected 
strain after 34 generations (Miyatake & Yamagishi, 
1993). This nonselected strain was used in the 
current study as the base population. 

The current study revealed a genetic basis for the 
difference between the selected and nonselected 
lines in the practical mass selection of the melon fly. 
It seems worthwhile to examine whether O-lines 
have increased longevity compared to the mass
reared strain. The current study also suggests that 
the selected strain must have lower early fecundity 
than the nonselected strain in practical mass rearing. 
It would be worthwhile to examine the male mating 
ability of the selected lines as a correlated response 
to selection, because the sterile insect technique 
depends on the mating ability of the released males. 
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