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Abstract How insects evolve resistance or counter-resistagaest antagonists is a
basic issue in the study of host-parasitoid codiaiuOne of the factors that affect
their coevolution is fitness costs of resistana# @vunter-resistance. Here, we assess
fithess costs of resistance against the paraditgtbpilina victoriae in Drosophila
bipectinata on the basis of selection experiments. We madesa population by mixing
three geographic fly populations that differedesistance. After six generations of free
mating, the base population was divided into foypuations, two for selection of
resistance againstla victoriae population and two for control. Resistance incegas
rapidly in response to selection and reached alwigtylevel within four generations in
the two replicated selected populations, whilestesice of the control populations
remained low at least for 20 generations. Highstasice of the selected populations
was maintained at least for 10 generations evseldction was stopped. Comparison of
life history and stress tolerance revealed that betected populations had lower
female longevity than the two control populatioasd at least one of the selected
populations had shorter thorax length and loweralerdesiccation tolerance and adult
heat tolerance than both or either of the contopiytations. On the other hand, selected
populations had higher male starvation tolerancelamgevity than control populations.
There were no significant differences in resistaamgainst another population lof
victoriae and two other parasitoid species between thetselend control populations.
These results suggest that the resistance aga#ist\ictoriae population inD.
bipectinata may incur some but not so high costs and act paidspecies- and/or

parasitoid-population-specifically.
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I ntroduction

All insects have immune systems to defend themsédtaen infection of pathogens or
parasites. However, their immune systems are m@yal effective, because some
pathogens and parasites have means to avoid betegteld by the host immune
systems or suppress host immune responses (Ediabri®81; Shelby and Webb 1999;
Eleftherianos et al. 2007). To cope with such erigmgaptations, host insects often
intensify their immune responses or modify theimuone systems (Strand and Pech
1995; Carton et al. 2008). One of the importantdiacthat affect such parasitoid-host
coevolution is the costs of resistance and couetgstance (Doebeli 1997; Sasaki and
Godfray 1999). A powerful tool to examine thesetsas the study of correlated
responses to artificial selection. Kraaijeveld &atifray (1997) and Fellowes et al.
(1998) selecte®rosophila melanogaster Meigen for improved resistance against
Asobara tabida (Nees von Esenbeck) ahdptopilina boulardi (Barbotin, Carton and
Kelner-Pillault), and found that the selected pagiohs were inferior in competitive
ability (survival under severe intraspecific comien) than the control populations.
Fellowes et al. (1999) further indicated that lowempetitive ability of the selected
populations was associated with reduced rates\adlléeeding. In addition, Kraaijeveld
et al. (2001) found that the selected populatiangerapproximately twice the density of
haemocytes than the control populations. On therdtAnd, males of the selected
populations achieve a higher mating success thasetbf control populations (Rolff

and Kraaijeveld 2003), suggesting an improvement ¢téast one aspect of fitness in



the selected populations.

It has also been revealed in the study of Kraalgeaad Godfray (1999) that
the populations selected for resistance againét tabida population are also resistant
to conspecific parasitoid populations from differgaographic regions. However, fly
populations resistant to a parasitoid populati@rent always resistant to other
conspecific parasitoid populations. For examplenesgeographic populations bf
melanogaster from Africa show different responses to differeebgraphic populations
of L. boulardi (Dubuffet et al. 2007). In addition, the populascselected for resistance
againstA. tabida show no increase in resistancd.tdoulardi, although the populations
selected for resistance agaihsboulardi show some increase in resistance ag#inst
tabida compared with the control populations (Fellowealei999). Thus, the
resistance mechanism Bf melanogaster has parasitoid-species- or
parasitoid-population-specific components.

The above selection studies were based on withimdption genetic variation.
Resistance and counter-resistance against antégoftesn show more extensive
variation geographically (Carton et al. 1992; Kyaeald and van Alphen 1994; Dupas
et al. 1998; Hufbauer 2001). For example, an Afripapulation oD. melanogaster
has complete resistance against a population gidresitoid.. boulardi, whereas
another population has no resistance against the parasitoid population (Dupas et al.
1998). Such geographic variation may not be a gmagtension of within-population
variation, but may differ in the kind or functiof r@sponsible genes. However, there

has been no selection study based on geograplatioar



In this study, we assess fitness costs or tradeasfociated with resistance of
Drosophila bipectinata Duda against the parasitdiéptopilina victoriae Nordlander
using host populations from different geographgiars.D. bipectinata occurs
throughout Southeast Asia, extending into Soutlifieaslands, Australia, India and
Africa (Bock and Wheeler 1972; Lemeunier et al. @;38opp and Barmia 2005).
Novkovi¢ et al. (2012) reported thata bipectinata population from Iriomote-jima
(southernmost Japan) is susceptible.tactoriae from Kota Kinabalu (Malaysia), but
its populations from Kota Kinabalu and Bogor (Indeia) are resistant to this parasitoid
population. Our preliminary study suggests thaistast populations db. bipectinata
show no melanization agairistvictoriae eggs or embryos (Takigahira, unpublished
data), suggesting that this species has a diffeesigtance mechanism frdn
melanogaster that shows a melanization response to parasitoids.

We produced a base populatiorDofbipectinata by mixing geographic
populations from Iriomote-jima, Kota Kinabalu andddr, and selected for resistance
against_. victoriae from Kota Kinabalu. To assess fithess costs tretasociated with
the resistance, we compared life history and stdsgance traits widely between the
selected and control populations, because it camptedicted what traits will exhibit
trade-offs with parasitoid resistance. We also camag resistance/susceptibility against
another population df. victoriae and two other parasitoid species whether the
resistance is under trade-off with resistance agaither parasitoid species or

population.



M aterials and methods

Selection for parasitoid resistance

The base population for the selection experimests produced by mixing three
populations oDrosophila bipectinata derived from females collected from Bogor (BG,
Indonesia: 6.6 °S, 106.8 °E) in June 2008, Kotaakalu (KK, Malaysia: 5.3 °N,

117.4 °E) in March 2008, and Iriomote-jima (IR, dap24.4 °N, 123.9 °E) in March
2005. TheD. hipectinata populations from BG and KK bipectinata BG and KK) are
resistant td.. victoriae KK, while D. bipectinata IR is susceptible (Novko¥iet al.

2012). These populations were maintained on Drakoptedium under 15L: 9D (15 h
light: 9 h dark) at 23°C in laboratory for a feways. To establish the base population,
20 females and 20 males from each stock populatere mixed and maintained with
free mating for six generations before startingdblection experiments.

The base population &f. bipectinata was divided into four experimental
populations, two for selection of resistance agdinsictoriae KK and two for control.
ThelL. victoriae KK population used for the selection experimemiginated from
females collected in Kota Kinabalu in March 2008 amaintained in mass culture (100
— 200 females in each generation) udingsophila simulans Sturtevant (originated
from Sapporo, Japan) as host.

Selection was performed as follows. One- to two-olayD. bipectinata

larvae were placed in a Petri dish containing allsanaount of rearing medium and



then exposed to several female wasps, whose otigpobiehavior was followed under a
stereoscopic microscope. Characteristic oviposhiemavior, such as full extension of
the ovipositor after contact with host and longesertions of the ovipositor into larvae
(>10 s) were taken as indicators of successfulasiipn. When oviposition was
confirmed, parasitized fly larvae were transfelirdgd vials containing Drosophila
medium. Thus, all larvae were subjected to singlagitism (parasitized by one
parasitoid individual). One hundred parasitizeddarwere prepared for each selected
population and survivors were collected to prodiheenext generation. The number of
survivors (i.e., the number of individuals to prodiuhe next generation) was 20-25 in
the first few generations of selection but soomaased over 40. Thus, , The selected
populations were maintained without selection aft@generations of selection.

The control populations were maintained withoutagdism treatment; i.e.
100 larvae were randomly chosen for each contrpufadion and flies that emerged
were collected to produce the next generation.cimerol populations were also
monitored for the resistance agaihstictoriae KK every generation in the first 10
generations and at the 20th generation; 100 peresitarvae were prepared for each
control population and the number of flies and vgabat emerged were counted.

Female wasps used for selection and monitoringdinérol populations were
always taken from the stock populationLofiictoriae KK maintained usingdp.
simulans as host; i.e., they had not experienced coevaiatiointeractions witip.
bipectinata at least in the laboratory. Usually more thandifidle wasps were used to

prepare 100 parasitizé€dl bipectinata larvae to avoid a bias due to the individual



variation of virulence in wasps. The resistance determined by the following
equation; resistance indext{F+W), whereF was the number of flies that emerged
andW was the number of wasps that emerged. The expetaigopulations were also

maintained under 15L: 9D at 23°C.

Measurements of life history and stress toleraraiest

To assess the cost associated with parasitoidaeses unparasitized individuals of the
selected and control populations were measuretthéofollowing life history and stress
tolerance traits after eight or nine generationsxpferimental treatments (with/without
selection). In addition, life history and stresketance traits of the three original
populations were measured for reference. Exceptidhdhls examined for the
competitive ability, those used for the measuremehtife history and stress tolerance
traits were reared at a low density (<50 larvaelleml| Drosophila medium) to
minimize harmful effects of high density.

Egg-to-adult development time and viability. Adult flies were introduced into
vials (50 ml) with Drosophila medium and allowedotdposit for 6 hours. Eggs were
collected, introduced into new vials (25 eggs pal)with Drosophila medium (10 ml),
and placed under a continuous light at 23°C. Ehasemerged from vials were counted
every 6 hours. Five replicates were prepared foh @apulation.

Longevity. Newly eclosed flies were transferred into newsvialth

Drosophila medium under a continuous light at 23®l&s were transferred into new



vials every one or two day(s) and survivors wenented every day. Measurements
were made with three replicates, each with 15~8Widuals of each sex from each
population.

Female fecundity. One newly eclosed virgin female and two males were
randomly paired and introduced into a vial (30 with Drosophila medium (6 ml)
under a continuous light at 23°C. Flies were tramsfl into a new vial every day, and
eggs oviposited in the old vial were counted. Measients were made for 20 days with
21 replicates for each population.

Thorax length. Adult flies were collected from vials used in ti@ove
“development time and viability” experiments, plddr vials with Drosophila medium
for 2 or 3 days, and fixed in 70% ethanol. Thoength was measured for
approximately 30 individuals of each sex from epcpulation.

Larval competitive ability. In their study usin@. melanogaster, Kraaijeveld
and Godfray (1997) assessed intraspecific competbility; i.e., competitive ability
against a conspecific mutant strain. In the presterty, however, competitive ability
against a different specid3, smulans, was assessed, because an appropriate mutant
strain was not available . bipectinata. Both ofD. ssmulans andD. bipectinata are
fruit-feeders mainly exploiting succulent fruitsi¢éd et al. 2000; Mitsui and Kimura
2010; Novkowt et al. 2012) and are assumed to be competitivéhdde for
measurement of larval competitive ability follow€thaijeveld and Godfray (1997).
The agar lined vials with 0.05 ml of yeast medilh § yeast per 100 ml water) were

prepared. Twenty two-day old larvae of each expenital population were introduced
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into a vial with 20 two-day ol®. simulans larvae as tester flies, and emergencb.of
bipectinata andD. simulans was examined. Measurements were made with 10
replicates for each population. The competitioreindas calculated by the following
formula, log (b+1)/(t+1)), whereb is the number of flies of each population amslthe
number of tester flies.

Viability at low and high temperatures. Egg-to-adult viability was examined
at temperatures of 16 and 31.5°C in the same wdgsgibed above. These
temperatures are close to lower and upper limitshi® egg-to-adult development Df
bipectinata, respecitively (see Results).

Cold and heat tolerance. Larval and adult survival was examined at low and
high temperatures that occur in the habitats dridigion range of the study species. To
examine larval tolerance, three-day-old larvae vireduced into new vials with
Drosophila medium, exposed to 10.5 or 35.5°C foh24nd then placed at 23°C. The
number of flies that emerged from these vials wasrened. Measurements were made
with two replicates, each with approximately 50iwnduals from each population. To
examine adult tolerance, 7 to10-day old adult fliese placed at 7.5 or 34°C for 24 h,
then placed at 23°C for 24 h for recovery, and erathfor survival. Flies that were
able to walk were assigned as survivors. Measurenvegre made with two replicates,
each with approximately 20 individuals for each §ex each population.

Sarvation tolerance. Adult flies (7-10 days after eclosion) were introdd
into vials with non-nutritional medium containinglg agar and water and placed under

a continuous light at 23°C. Survivors were courgeery 6 hours. Measurements were
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made with eight replicates, each with approximat€lyndividuals for each sex from
each population.

Desiccation tolerance. Adult flies (7-10 days after eclosion) were introdd
into empty vials covered with nylon gauze and pibicea desiccator (25x25%x37 cm)
with fresh silica gel under a continuous light at@. In the desiccator, humidity fell
below 10% within 1 h and gradually decreased furt@arvivors were counted every 30
min. Measurements were made with two replicates) @ath approximately 20

individuals for each sex from each population.

Resistance against other parasitoids

Resistance/susceptibility of the original populas@nd the selected and control
populations againdt. victoriae BG, L. ryukyuensis Novkovi¢ & Kimura IR and

Asobara pleuralis (Ashmead) KK was examined by parasitism experisiéntictoriae
BG originated from several females collected froag& in June 2008;. ryukyuensis

IR from those collected from Iriomote-jima in Mar2B05;A. pleuralis KK from those
collected from Kota Kinabalu in March 2008. Thesegsitoid populations were
maintained under 15L: 9D (15 h light: 9 h darkpatC in laboratory for a few years
usingD. simulans as host. For the selected and control populatitias,of the eighth or
ninth generation of the selection/control treatraemtre used. Parasitized larvae were
prepared as explained previously (50 larvae fohgapulation or each population),

and the number of emergent flies or wasps was exaimi
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Data analysis

Longevity, starvation and desiccation toleranceenwaralyzed by survival analysis
using “survival” package (Therneau and Lumley 20043 software version 2.15.1 (R
Development Core Team, 2012). All survival modaldude the populations as a
predictor variable and statistical significancetd predictor variable was obtained
using log-lank test. We conducted post-hoc multqaeparisons for the traits that were
shown to have significant effect of predictor val&a Significance levels among
populations were corrected by Holm’s method (HoB@9).

Other measured life history and stress tolerarats twere analyzed by fitting
the generalized liner models (GLMs) using maximikelihood in R. All GLMs
include the populations as a predictor variableteBb statistical significance of the
predictor variable, we calculate difference betweglog likelihood of the model and
null model using likelihood ratio test (LRT). Fdwettraits that were shown to have
significant effect of predictor variable, post-hoaltiple comparisons were conducted
to assess the difference among the populationgipicomparisons among the
populations of egg-to-adult development time armlak length were carried out using
the “multcomp” package (Hothorn et al. 2013) inRability, heat and cold tolerance
was analyzed by Fisher's exact test with correaimignificance levels by Holm’s
method. The three original populations and the expntal (selected and control)

populations were analyzed independently in allhiftory and stress tolerance traits.
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Resistance against other parasitoid populati@pecies was analyzed by

fitting the GLMs, and differences among populatisrese analyzed using LRT.

Results

Response to selection

The resistance of the base population (Generatiar-y.1) againsk. victoriae KK
was low (resistance index: 0.15). The selected ladipuas rapidly increased the
resistance, and the resistance index reached GtBid four generations in the two
replicate populations (Fig. 1). Resistance didfabffor at least 10 generations after
selection was stopped at the 10th generation.divtb control populations, the
resistance remained at low levels (resistance in@ldx0.3) except the second

generation.

Life history and stress tolerance traits

Most life history and stress tolerance traits \é@iaenong the three original populations
(Table 1). Consistent significant differences betweesistant (BG and KK) and
susceptible (IR) populations were observed in @ggelult development time, female
longevity, egg-to-adult viability at 16 °C, maleatd¢olerance, starvation tolerance and

female desiccation tolerance.
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Among the selected and control populations, sigaift differences were
observed in 11 traits; i.e., female and male longefemale thorax length, female and
male starvation tolerance, female desiccation aolez, female and male adult heat
tolerance, larval survival at heat and egg-to-adalbbility at 23 and 31.5 °C (Table 2).
Among these traits, only female longevity was loweboth selected populations
compared with the two control populations, and akdength was shorter and female
desiccation tolerance and adult heat tolerance lgerer at least in one of the selected
populations compared with both or either of thetemrpopulations. In contrast, male
longevity, male starvation tolerance and larvatlthel@rance were higher in the selected
populations compared with both or either of thetemrpopulations. Female starvation

tolerance and egg-to-adult viability showed noidetttrend.

Resistance against other parasitoids

All of the original geographic populations and #etected and control populations were
highly resistant td.. victoriae BG, a less virulent population compared wittvictoriae

KK that was used in the selection experiment (T&8pld hese populations also had
resistance againkt ryukyuensis IR (Table 3). On the other hand, resistance agains
pleuralis KK significantly varied among the populations (LR = 57.3,df = 6,P <
0.001):D. bipectinata BG was rather resistant abd bipectinata KK was slightly
resistant, whilé. bipectinata IR and the selected and control populations wienest

susceptible. Among the selected and control pojoustno significant difference was
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observed in the resistance agaifigpleuralis KK (LRT: y* = 3.9,df = 3,P = 0.270).

Discussion

The base population was constructed from two gedgegBG and KK) populations
resistant againdgt. victoriae KK and one susceptible (IR) population. If eacigioal
population equally contributes to the genetic abumsbn of the base population, the
base population would have a rather high resistatio®ever, it showed a relatively
low resistance. The BG and KK populations may haagsessed some low-fitness
genes with which the resistance gene(s) are lirdeed then the resistance may have
been lowered in the base population before thefiekoetween these genes has been
broken by recombination. Indeed, both or eithethefBG and KK populations showed
slower development, lower viability at 23 °C anddér female longevity than the IR
population, although male longevity was longeria KK population compared with
the IR population and fecundity and larval competgigbility did not significantly
differ among these three populations (Table 1).

The selected populations rapidly increased resistand became highly
resistant td.. victoriae KK within four generations. This may suggest tinet number
of genes responsible for the difference in restdretween the IR population and the
BG or KK populations is few. Indeed, simple genebatrol of parasitoid resistance has
also been reported . melanogaster andD. yakuba Burla (Carton et al. 1992;

Kraaijeveld and van Alphen 1995; Dupaisl. 1998, 2003, 2009; Dubuffet et al. 2007,
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2009).

In the present study, only female longevity wasucedl in both selected
(resistant) populations compared with the two aar{Busceptible) populations, but
male longevity showed an opposite trend. On therdtand, female longevity did not
significantly differ between the original resistgdBG and KK) and susceptible (IR)
populations, and male longevity was low not onlyhia IR population but also in the
BG population. Among the other traits, female desion tolerance and adult heat
tolerance were reduced in one of the two seleabpdiptions. Female desiccation
tolerance was also lower in the BG and KK poputaioompared with the IR
population, but adult heat tolerance was much mighthe BG population compared
with the KK and IR populations. Thus, the resistaagainst. victoriae KK may incur
some costs tD. bipectinata, but it would not be high. This notion is suppdrt®y the
present selection experiments where the resistamaeged little for 10 or 20
generations in the selected and control populaifdhgre was no artificial selection.
However, it is still possible that the differendetween the selected and control
population is attributable to random drift, sinbe humber of individuals used to
produce the next generation was not large (i.e22)0n the first few generations of
selection. In addition, there may be some costsciranot be detected by such
laboratory experiments.

In previous selection experiments usibhgmelanogaster, a trade-off was
observed between larval competitive ability andstagce againdt. boulardi andA.

tabida (Kraaijeveld and Godfray 1997; Fellowes et al.89% the present study,
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however, no significant difference was observedampetitive ability between the
selected and control populations. This may bebaitable to the difference in the
drosophilid and parasitoid species studied or tfierdnce in the type of competition;
the previous studies examined intraspecific cortipatiwhereas this study examined
interspecific competition.

Irrespective of susceptibility/resistance againstictoriae KK, all
populations were resistantltovictoriae BG andL. ryukyuensis IR, and all excepting
the BG population were almost susceptibldtpleuralis. Such
parasitoid—species—specificity in resistance has lbeported in a number Drosophila
species, and parasitoid—population—specificitydias been observed in some species
(Dupas et al. 1998, 2003, 2009; Dubuffet et al.2@D09; Mitsui and Kimura 2010;
Novkovi¢ et al. 2012; Kimura and Suwito 2014). If resis@aigthus
parasitoid—species—specific, h@stosophila species would be required to evolve a
number of different resistance mechanisms, bedaeseusually encounter a number of
parasitoid species in nature (Mitsui and Kimura@®ovkovi et al. 2012; Kimura
and Suwito 2012). IndeeD. bipectinata from Iriomote-jima is resistant agairist
victoriae BG, L. ryukyuensis andAsobara japonica Belokobylskij, and probably tb.
pacifica Novkovi¢ & Kimura (Novkovi et al. 2012). The low-cost nature of resistance
may be important for host species to cope withralmer of different parasitoid species.

Drosophila bipectinata is widely distributed in tropical Asia, and
Iriomote-jima is located near the northern bounadrys distribution (Bock and

Wheeler 1972; Lemeunier et al. 1986; Kopp and Bar2d05). This species is cold
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susceptible and its population in Iriomote-jimafstd high mortality in winter (Hirai et
al. 2000; Kimura 2004; Novkotiet al. 2012). These things suggest thabi pectinata
has originated in the tropical regions of Asia anbtbnized Iriomote-jima rather recently.
Leptopilina victoriae showed a similar distribution with. bipectinata, but it occurs
very rarely or only sporadically in Iriomote-jimb@rdlander 1980; Novko¥iet al.
2011, 2012). It is therefore assumed thabipectinata in Iriomote-jima has lost
resistance th. victoriae KK, possibly as a result of low parasitism intepghlovkovic
et al. 2012). However, it is not known wBy bipectinata in Iriomote-jima still
maintains resistance agaihstvictoriae from Bogor.

In conclusion, the resistance Df bipectinata againsti. victoriae KK
probably incurs low fitness costs and specificddain parasitoid populations or
species (also see Dupas and Boscarl 1999; Krakljewval. 2001a; Dupast al. 2009;
Mitsui and Kimura 2010; Novko¥iet al. 2012). In generaDrosophila-parasitoid
systems are multispecific, i.e., a host specigsiiasitized by more than one parasitoid
species, and a parasitoid species parasitizesthmameone host species (Dupshsl.
2009; Mitsui and Kimura 2010; Novkadyvet al. 2012; Kimura and Suwito 2012). If
virulence and resistance are specific to a cedatagonist, such multispecific systems
are possible only when virulence and resistanagrilowv costs; if a resistance to a
parasitoid species is costly, it would be difficidtacquire resistance against a number
of parasitoids. For further understanding of pao&gihost associations, thus, it is
important to assess the cost and specificity afl@irce and resistance. One of important

approaches to address this issue is identificatiofirulence and resistance genes by
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quantitative trait loci analysis using AFLP or ngeneration sequencers.
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Table 1. Mean + SE (n) for life history and stress toleratreés in three original populations and resuftstatistical analysis in three

original populations. Different letters indicatatsstically significant difference®(< 0.05) in post hoc multiple comparison.

D, Lot
Trai+ o, D VA D 2 A N 1
Cnr ta adilt davalanmeant Hinaa FAmal 790 0 L1 19 /AN 292 7 L1 22 (AN 294 A LN A0 (ED AN e} —~ NnNnnna
NMales 222 7 + 1 22 (R1) 229 0 4+ 1 21 (27 27Q 7 4+ N QQ (RN 21 7/ 2 -~ N NNN1
Crr tn adultviahilihg at 22 Nor (04 QA Q (MM127Eh /1 R (MIRAa Q7 2 (MIEh 27 ¢ 2 -~ N NNN1
I Anmavitg (dav Camal. 20 A 4+ 1 29 /any AR 2 4+ 1 72 (70) ANQ 41792 /M111) 12 ¢ 2 nNnN1e7
NMales E1 1 41992 /QQ) (230 BV NS I ~~ Ry f~3e)] E2 241 A0 1QM 22 7/ 2 -~ N NNN1
Camala fariindibhg INlIA ~f an 2702 A + 10 K2 (D 21K Q 4+ 22 REQ (D 2A7 N4+ 270 29 (D’ ng 2 n R79°
Tharav lanath om) Camal. QQQ 2 4+ N KD (2AUa Q24 R/ 4+ 1 QR (2(h OND R 4+ AN 17 (2Aa AAN 2 -~ N NNN1
NMales 7722 4209 (2AUa TOR A 4+ A AR (2K T7R 2 4+ AN AD [(2AUa 12N 2 [a¥a'a'a’™S
I ansal ramnatitivia ahilitvg flnda N 17 4N NRN (1% N 2Q 4+ N N77 (1% N N7 4N N2U1T0%\ BEr 2 n N1
Crr tn adult viahilihg at 18 (o0 (04) NnNn/MnNN a an/M1nnh 29 N IM1NN ~ 22 C 2 -~ N NNN1
Crr ta adult viahilihg at 21 190 (04 EN/1nn 12 N /1NN 7 N 11NN AA 2 n1119
I ansal cuinvivial at 1N 00 (04) 1IEN/MM1NNh 2N IM1NN a 1IEN /1NN h 1R 2 n NnNnNe
I ansal cnindivial at 2R 00 (04) AQ N IMM1NnNh 27N /1NN o Ern/1nn h 12Q 2 nNnN1N
Adunilt cuingivial at 7 B0 (04D Camal. an Q (E7\ | 22 Q (12)\ 2N QAR\ A7Q 2 -~ N NNN1
NMales AR Q A1\ ] 18 7 (AD)\ 27 (27N . ARD 2 -~ N NNN1
Adunlt cuingivial at 24 0 (04 Camal. a2 Q 719\ | BE1 2 (11)\ /RO A A0\ 29 ¢ 2 -~ N NNN1
NMals Q0 K 29\ ENn N 2e\N 1 29 7 (AN AN ¢ 2 -~ N NNN1
Cuinsivial tima 1indar ctaniatinn | Camal. 7N Q 1+ 1 Q7 (E2) TR A+ D21 (EN EQ 2 4+ 1 ER A0\« AR 7 2 -~ N NNN1
NMales AT R 4+ 922N (MDD EQ 1 4+ 1 NA (EN 21 04+ N Q7 (27 11R 2 -~ N NNN1
CQuinsivial tima 1indar Aacinrratinn Camal. AN214N112 (1D QRN 1+ N11Q 1R ENA1N120Q (1D A7 % 2 -~ N NNN1
AMaleo 2280 1L NI1AN0 (A” QAA LN AE (AD 2292 4. N011N0 (A° A% 2 Nn 1929
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3

*Number of vials. See method of larval competitalslity.
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4 Table2. Mean £ SE (n) for life history and stress toleratraés in selected and control populations andlte®f statistical analysis.

5 Different letters indicate statistically signifidagifference P < 0.05) in post hoc multiple comparison.

t el

T + fa) ~1 ~n fal] falo] Af D 1

C e ta adiilt AaviAalanmaant Hinaa 4 [N n99 D" LN oA Er NIA N0 LNTN (AT N4 0 LN ONAC 2997 0 LN 70 /E. [~o} o) Nn 110
Nalo 270 2 4+ 1 N7 (RS 27Q A 4+ N QQ (2, 22N 1 4+ 1 NQ (2 220N A 4.1 29 (27 10 2 n zaA,

Crr tn adultviahilihg at 22 Nor (04 an N (197K a A Q MIE hr ER 2 (19K~ 77 Q (19K ak 10 ¢ 2 [a¥a'a'aw)

I Aanmoavsitg (davy Camal: E1 N4+ 92N2/M1N7\ AR 7 42 1N /N = 202 12 NQ (AR F 27 Q0 4+ 1 QR 72\ 29 ¢ 2 -~ N NNN1
Nalo EQ Q 4+ 2 AN (RO ER24+2R1 (R1h 72 R 4+ 2 RQ 21\ 71 24+ 9210 (E7\ 2N 7 2 n NnNnNJ

Camala fariindibhg INlIA ~f an 20N Q 4+ 292 20 (D 2RA 7 + 21 2R (D’ 220 1 + 27Q 1K (D’ 2NA A 4+ 22 EN (D 29 2 nNnEA1S

Tharav lanath om) Camal: Q24 2 4+ E2R (2 h 027 1 4+ 2 Q1 (2 ak QA1 2 4 A DA (2A a 027 1 4+ A BN (2 ak Q1 2 nNAA1
Nalo TO2 K 4.2 21 (2 707 1 4+ 272 (2 QN2 R + E NR (2¢ 702 Q 4+ N TR (2 711 2 n2°81°

I ansal ramnatitivia ahilitvg flnda N 24 4 N N7 (0% N 29 4N N21 (1% N 2K 4+ N NRA 1%\ N 17 4N NER (1% 12 2 n 7292c

Crr tn adult viahilihg at 18 (o0 (04) 12 N /1NN 2NN IMMNN 1A N IM1NN 17 N /1NN 172 2 n721°

Crr ta adult viahilihg at 21 190 (04 an/MMnnak 29 N (1NN a 12N /1NN h 22 N /[1NN ak 12 7 2 n NNAD

I ansal cuinvivial at 1N 00 (04) 2NN 1NN 29 N 1NN 10N /1NN 1E N /1NN 17 2 n ;R2N°

I ansal cnindivial at 2R 00 (04) /1 N /1NN h R7 N /MM1NN a 24 N (1NN a ER N /1NN a 2R 2 2 -~ N NNN1

Adunlt cuingivial at 7 B0 104\ Camal: QR A (A1 BEAR AN 2K Q /20 E2 Q /20 EE 2 n 1291
Nalo R 7 (MK 1N K (29 nniImMme Q2 /Ma [~ye} 2 n117

Adunlt cuingivial at 24 0 (04 Camal: TR 7 (A2 a AR 7 (AT ak 29 Q2K ~ AR 2 (A1 hr 27 7 2 -~ N NNN1
Nalo AN N (AN a 29 ] AN ak 12 92 /29 h 270 K (A4 ak a’ 2 [aWalel~0)

Cuinsivial tima 1indar ctaniatinn | Camal: E7 Q4+ 1 40 fQN\= RD2 241 22 /QM E7Q4 117 (7R) RN AR + 1 21 (R7\= 7cC 2 [aWaViiel)
Nalo 2R 2 4+ N 77 (Q2)\ 27 A+ N 02 /Q1)\ AN Q 4 N Q1 1NN A1 2107 (MDA - 21 % 2 -~ N NNN1

CQuinsivial tima 1indar Aacinrratinn Camal: E2Q 4 N 129 (AN E 22 4+ N 10R/ /20)\ - A Q7 4 N1922 (AR ERERE +N1Q7 (AAN 11 C 2 n NnN100
AMalo QEQ 1+ NA127 (A” QE7 10110 (A” 2.1 40118 (A° 2001+ N14A0 (2C |~ o} 2 n19o
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6

*Number of vials. See method of larval competitalslity.
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Table 3. Results of parasitism Wy victoriae BG, L. ryukyuensis IR andA. pleuralis
KK in the original (BG, KK and IR) populations attte selected (S1 and S2) and

control populations (C1 and C2) bf bipectinata.

L i a6 RO I ! e IE A nl lic KK

Poniilatini E \A/ D E \A/ D E \A/ D
R a1 n Qq 2N n 2N 17 11 29
KK o1 n 11 28 n 12 g5 1 14
IR R n 15 8 n 12 1 73 16
1 45 n 15 2N n 20 R 4 13
2 0 1 10 a1 n Qq 1 1 18
<1 27 n 113 e{e n 11 1 Q9 10
So 45 N 5 42 N b2t 0 29 21

F: number of flies that emerged, W: number of wabps emerged, D: number of host
larvae from which neither fly nor wasp emerged.digmificant difference was
observed in resistance against the three parasiti@ohs at least among the selected and

control lines (LRTP<0.05).
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Figurelegends

Figure 1. Response to selection. Control populations (C&naprcle, C2; open square)
and selected populations (S1; closed circle, Setl square). Selected populations

were maintained without selection after 10th getm@ngindicated by arrow).

< 1.00
=
H
g 0.75 -
X
()
2 0501
(D)
(&)
S
= 0.25 -
‘»
(O]
'
0 , ; , : ,
0 5 10 15 20
Generation

30



