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Abstract

Thesolitary endoparaisoid Aenasus vexansKerrich (Hymenopera:Engyrtidae)is usedfor augmenétive releags
againsthecasava mealyhug, Phenacoccukerreni Cox & Williams (Sternorrhyncha®seudococcidae)gn impor
tart peston cass®ain Sauth America.In light of the needfor large numbers of high quality females, experiments
wereconductean hod stagesuitability andsex allocation.In choiceandno-choicesxperimentsindividualfemale
wasps wereofferedsecondandthird instar, as well as adult, hogs. During the first five daysafter emegencethe
wasps showed a steaq increasein the number of hosts they successtilly parasitisedper day, but the respective
secondarysex ratio for eachinstar remainedcongant. Paragtism was highes for third instar hods in no-choice
tests,while in choice testsparasitismwas highest in both third instass and adults. The later the developmental
stageof the hod at ovipostion, the fader the parastoids developedand emeged, andfor eachhog stage, the
developmenttime of maleswas shorter thanfor femaks. The sex ratio of the waps emeging from hods that
were paragtised as secondinstarswas strongly male-biagd, while the apparentlypreferrediater stagesyielded
significantly more femalesthanmales Femaleand male A. vexansemerging from hosts parasitisedat the third
instar were significanty largerthanfor theotherstages This mayexplain thepreferencédor thethird ingar as well
asthefemale-biasedsex ratio, assize isustally positively correlatedwith higher fitness especially in females.The
reailts suggesthatthird ingar hods arethemog suitable for rearing high numbersof large femaks

Introduction

The casava mealylug, Phenacoccusherreni Cox
& Williams (SternorrhynchaPseudococcidae),has
rather suddeny becomea ped in South America.
It was first foundin Northeas$ Brazi and was later
repored in Colombia, Venezued, and Guyana(Bel-
lotti et al., 1994, 1999; CIAT, 1984, 1987, 1988,
1990). The engyrtid parastoid Aenasus vexans Ker-
rich (Hymenopera: Engyrtidae)is a potenial biolog-
ical contol agentagang this ped. Aenasus vexans
wasreleagdin 1994and1995in Brazi togeterwith
two other ercyrtids, Aceophaguscoccos Smith ard
Apoanayrus (Epidinocarsis) diversicornis Howard

(Bellotti etal., 1994,1999).Additionalaugmentatie
releasesf parasitoids are currently being considered
We found differencesbetwveen the three wasp
species in their attracion to odoursof heathy and
mealyhug-infeged casava plants with Aenasus vex-
ansshowing the stronges atracton to infeged plants
andabetterability to distinguish infesedfrom healthy
plans (Bertschy et al., 1997). A. vexansappeargo
be the mog speciali®d of thethreeparagoid species
andmay offer advantagesspecially whenreleagdin
pure casava stands(Dorn, 1996). Such releagsre-
guirelarge numberof heathy femaks but therearing
colory of A. vexansat CIAT (Centrolnternacionatle
Agricultura Tropical)in Cali, Colombia, presertedon



several occasons an extremelymale-biagd sex ratio.
To resolve this problem, currentsex allocaion theory
was condderedin the dedggn of aseriesof experimens
to optimisethe sex ratio and quality of the colony.

Most Hymenoperaexhibit arrhenobkousparheno-
genesisin which malesdevelop from unfettilised hap-
loid eggs and females from fettilised diploid eggs.
This hapbdiploid sex deermination mechansm al-
lows the insecs to precisely contol the sex of their
offspring.In parastic Hymenopterapneobserved sex
allocation strategy is that femaleeggs are preferen-
tially laid in larger hogs (King, 1993). This may be
explained by differenial fithess consequencespara-
sitoid sizeis positively correlatedwith host size, and
femak fithes may increags more strongly with size
than for males (Charnos, 1982;King, 1993). Waage
(1982) suggesed that size-dependensex alocaion
is unlikely to occurin koinobiont paragtoids, which
lay eggs in still growing hosts, becase at oviposi-
tion afemak wasp is unabkto determinethe eventual
size of a hog. However, several studiesdemonsrate
size-dependengex raftios for koinobiotic parastoids
(reviewedby King,1989,1993).Thisis aso expeced
to be the casefor A. vexans After parasitism hosts
coninueto grow for about10daysandcanmoul dur
ing that period. Hoststhat are parasitisedat differert
stagesmaythusrepregntreurcesof differentqual-
ity during parasitdd developmert and the waspmay
have adaptedts sex allocationaccordingly

Local mate competition is another aspect of the
biology of some parastoids that may shapesex allo-
cation. It is the consequence of malesstaying closeto
their site of emergence in order to mate with females
thatemepgeatthe samesite (Hamiton,1967;Taylor &
Bulmer, 1980; Godfray, 1994; Hardy, 1994).1n such
situations thelikelihoodof maing amongsiblingsis
high ard sex ratios are female-biased which reduces
competition among brothers. This is commonly used
to explain extreme femak-biased sex ratios in gre-
garious parastoids where more than one para$toid
developsper hog (Godfray, 1994). However, it may
alsoapply to solitary parasitoids that attack spatially
groupedhods, such as aphids mealybugs and egg
mases (Waage,1982). Phenacoccus$erreni usualy
occursin groupsof variousinstarson individualcas
savaleavesandan A. vexansfemale parasitisesseveral
individuak onceit hasfound such a cluster of hodgs.
Thereforeafemale-biasdsex ratiomightbeexpected
asanadaptation to local mate competition if parasitdad
dispersal islow. Thes hypohesswereconsderedin
the dedgn of a seriesof no-chote andchoice exper

iment that were conduced to optimise mass-rearing
metodsof A. vexans

Materials and methods

Plants. Cassua plarts were grown at CIAT in Cali,

Coombia. Twerty cm long stales of the varety

CMC40 were plantedevery weekin potsand kept in

a screeneccompartmensubjectedto naturalweather
condtions but protecied from rain. Approximatgly

six weeks after planting, the plants were used in

experimens, whenthey had10-30leaves

Hosts. Thecasavamealylug,P. herreni, wasreared
at CIAT on 30-40cm potted casava plans (var.

CMCA40) asdesribedby Van Driesche et al. (1987).
First ingar mealybugsare much smaller thanA. vex-

ansadults, are rarely parasitised and, if they are, no

parastoid offspring ememgesfrom them(CIAT, 1987—
1991). Therefore,only subsquentinstars were used

for theexperimens.

Hogs were collectedfrom the rearingcolony, us
ing individuak of approxmagly the same size for
eachinstar. Secondinstar nymphsof the mealyhug
were choenwhenthey were big enoughto berecog-
nised as females, which remain white, while males
turn rosy beforethey start spinning a cocoon. Third
instar mealylugswere chosn at a mid-development
averagesize. Adult femaleswvere used afterthey had
moulted, but beforethey started producig ovisacs

Wasps. The parasitdd, A. vexans has been con-
tinuousy rearedat CIAT on meaybug-infesed cas
sava plants since this parastoid was first collected
in Venezueh in 1990. Paradtoids were maintained
in a greenhous at 35°C undernatural light condi
tions Five days before eachexperiment, mummies
(paragtised mealyhugg, which canbe recognigd by
their dark grey colour andhard congstency, were col-
lecedfrom thecolony. They werekeptindividualy in
gelatine capsiles and storedat about28°C.

Prepation of the experimental plants. Leaseson
a living plant were erclosed in Peti dishes (15 cm
diam.). The dishes were fixed to a thick iron wire
plantedinto the soil so thatthe leares would remain
in their natural postion. In orderto reducethe con-
denstion dueto plantregiration, two holesof 10cm
eachwerecutin theupperand lower sidesof the Petri
dishes and covered with nylon gauze.Two holes of



1 cm diameterwere drilled in the opposte sides of
the vertical rims. One hole wasusedto introducethe
plant petiole. Cotton wool was wrappedaround the
peifole to protectit andto plug the hole. The second
hole wasusedfor theintroducton and capure of par
adgtoids. After introducion of the insecss, the dishes
werewrapped with Parafilm® to sealtheholesandthe
spacebetweerthe two dish halves ThreePetridishes
wereplacedon eachplant.

For theno-choteexperiment 50 mealybugsof the
same instar weretranderredfrom an infesed casava
plantontoaleafenclogdin a Petri dish, usingasmall
paintbru$. In eachof threedisheson one plant we
placedmealylugs of a differentinstar. Fresh plants
werepreparedik e thisfor five daysin arow. Care was
taken to prevent the stylet, which wasusually inseted
in the plant, from breaking.The insectswere placed
onthe upperside of theleaf,from wheremog of them
thenmoved to the lower side. A few wasps escaped
so thatthe experimentwas replicatedl9 timesfor the
secondnstarsandadultsand17 timesfor third instars

For the choiceexperiment,20 mealyhugsof each
instar weretranderredto a dish attachedo a leafas
de<ribedabove. This experimentwas replicaedwith
21 A. vexansfemales. The following day, after they
hadbeenexposdto a parastoid, the meal/bugsfrom
eachdish wereseparateddy ingarandtranderredinto
three new Peti dishes on afreshplart.

Parasitism. On the first morning of an experiment
newly ememged A. vexansfemales (1-6 h old) were
individualy introducedinto a Petri dish confaining
a mealyhug-infeged leaf. A few femaleswere in-
troducedalone and unmatedto confirm that virgin
femalkescanreproducebut are congrainedto only pro-
ducemales The otherfemaleswvereaccompaniedby
a male to allow themto copulate. At about10 AM
on eachmorning of the next four days the para-
sitoid coupk wastrangerredinto anew dish on anew
plantwith fresh mealbugsof the sameingar or ingar
combination.

Plarts with parasitised mealybugs were kept for
two weeksin a greenhousat an averagetemperatire
of 32°C (max.40°C) during thedayand 23°C (min.
19°C) at night and an average dayime humidity of
40% and 74% at night After this period, mummis
were removed and kept individualy in gelatine cap-
sues. The sex ard the time betweenoviposition and
emegencevasrecordedor eachemengingparagoid.
Wasps that emerged over the weelend were not in-
cludedin the final anaysis of developmenttime. In

the choiceexperiment we also measiredthe length of
thehind tibia of eachwasp, as a measireof parastoid
size.

Satistics. Percenbge dat for sex ratio and pref-
erence experimentswere subjectedto a one-way
analyss of varianceafterarcane trangormation.The
lengths of the tibia and the duraion of development
were not normal distributed, even after a log trans
formation. For these data, Kruskal-Wallis one-way

ANOVA onrankswas used.
Results
Sratios. Mealybugsof the secondnymphalingar

yieldeda consgderably higherproporion of A. vexans
males thandid third ingar or adult hogs, in both no-

choiceandchoiceexperimens(Figureslaandb). The

sex ratio was only measiredat emegence(secondary
sex ratio). It shouldbe notedthatdifferentialmortality

of the sexesbeforeemepgencamnay have contibuted to

the observed differencesn secondarysex ratio among
the differenthog ingars. During the mummy stage,
however, A. vexansmortality was low and similar for

all hod ingars (about5% and 8% for no-chote and

choice experimens, repecively).

Over the five-day oviposition period, the sex ra-
tios of wags emeging from the different ingars
remahedrelatively congantin both experimens (Fig-
ure?). However, maleratiosin thechoiceexperimens
showeda dight, but not statisticallysignificart, trerd
to decreasfor third andfourthinstarsandincreagfor
secondinstar over time (Figure2b).

Hog stage prefelence In the no-chote experiment
significanty more wasps emeged from third instar
hods andfewed from theadut stage (Figure3a). The
apparentpreferencefor the third indar was also re-
flecied in the reaults for the choice experiment but
here,thethird ingar emeilgencewas not significanty
differentfrom theemegencerom adults (Figure3b).

The curves for daily parasitismall show a signifi-
cantincreas over thefive-dayperiod (Figure4). The
increag was mog pronouncedor the secondinstar
hodsin a no-chotesituation. In contad to the para-
sitism of secand and adult stages, the parasitismrate
for the third instar was alread/ high on the first two
dayswhenthe wagshadno choice.
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Figure 1. Proportion & S.E.) of A. vexansmales that emerged from second and third instar nymphs and adult mealybugs. (a) no-choice:
individual A. vexandemales were offered 50 hosts of one stage oniy19, 17, 19 for second, third, and fourth stages, respectively). (b)
choice: individualA. vexanfemales were offered 20 mealybugs of each stage2(). Different letters within each graph represent data that
are statistically different (R0.05).
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Figure 2. Proportion & S.E.) of males produced per day and per host stage bgxandemales over five days. Same experiments as described
for Figure 1. The regression values indicate that the sex ratios did not significantly change over time.
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Figure 3. Average percentage of hosts from which a parasitoid emergje8.E.) for each host stage. Same experiments as described for
Figure 1. Different letters within each graph represent data that are statistically differehO8).
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Figure 4. Average percentage of hosts from which a parasitoid emergeE.) for each host stage per oviposition day. Same experiments as
described for Figure 1. The regression values indicate that for both experiments and all three host stages the parasitisation rate increased over
time.
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Figure 5. Average emergence time (days), after ovipositionAofexansfor the different host stages. Same experiments as described for
Figure 1. Different letters within each graph represent data that are statistically differehO8).

Wasp development time and wasp siz€he older vae of mealybugs are therefore likely to be the most
the host that was attacked, the faster a wasp would suitable forA. vexansHowever, development time is
develop (Figure 5). Moreover, in each host instar mostfavourable in adult hosts; males and females both
males developed significantly faster than femadkes. developed fastest in adult hosts (Figure 5).
nasius vexangemales were significantly larger than The sex ratio we found for the three different host
males (R<0.0001). Female as well as male parasitoids stages is in accordance with the apparent suitability
emerging from hosts of third instars were significantly of the third instar host larvae. Third instar and adult
larger (longer hind tibia) than parasitoids emerging mealybugs produced more female parasitoids, while
from second instars and adults (Figure 6). The two second instar produced more males. This host-stage
last mentioned groups were not significantly different dependent sex ratio corroborates Charnov’s model
from each other. (Charnov et al.,, 1981), which postulates that par-
asitoids preferentially lay female eggs in the most
suitable hosts. The model also predicts that sex ratio
Discussion will depend on relative host size distribution, thus sex
allocation decisions when parasitising a host of a par-
The size of wasps emerging frofa herreni was ticular size are influenced by the availability of hosts
strongly correlated with host stage (size) at the time of different sizes. However, the results far vexans
of parasitism. Third instar hosts of the mealybug suggest an innate ability to recognise second instar
produced larger parasitoids than adults and second in-hosts as less suitable for females, because the strongly
stars, which is similar to what Cadée & van Alphen male-biased sex ratio for second instar hosts was very
(1997) found for the citrus mealybud?lanococcus  similar in the no-choice and choice situation. On the
citri (Risso) and its encyrtid parasitoideptomastidea  other hand, in the no-choice test, wasps appeared to
abnormis(Girault). Cadée & van Alphen (1997) sug- lay more male eggs in the third instar and adult hosts
gest that parasitoids that emerge from adult mealybugsthan in the choice test. Interestingly, the secondary sex
are lighter because resources that the adults use for eggatios for these two stages in the no-choice test was
production are not available to the parasitoid larvae. almostidentical (about 0.40) to the overall sex ratio in
Late nymphal stages do indeed appear to provide thethe choice test. De Jong & van Alphen (1989) found
parasitoids with superior resources, resulting in larger a very similar host stage preference and sex allocation
size wasps. The size of adult parasitoids is usually for Leptomastix dactylopifHoward) parasitising the
correlated with fithess, especially in females; larger citrus mealybugP. citri, which attacks the last three
females lay more eggs over their lifetime (Sandlan, of five developmental stages. They too found a clearly
1979; Charnov et al., 1981; van Dijken & van Alphen, female-biased overall sex ratio.
1991; Srivastava & Singh, 1995). Third instar lar-
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Figure 6. Average hind tibia length (mm) oA. vexansnsects that emerged from different host stages. Same experiments as described for
Figure 1. (a) tibia length of the emerging males, (b) tibia length of the emerging females. Different letters within both graphs represent data that
are statistically different (R0.05).

Local mate competition theory (Hamilton, 1967) at oviposition. Differential mortality during larval de-
predicts that female-biased sex ratios will evolve in velopment may have influenced emergence, giving a
cases where related males compete for mates, givenmisleading impression of preferences and sex alloca-
that one male can inseminate more than one female.tion strategies. Mortality in mummified hosts, how-
Aenasius vexanss a solitary parasitoid, but one fe- ever, was low and did not significantly differ among
male attacks several hosts within an aggregated batch.the stages, nor between the experiments (about 6% and
Therefore, frequent mating between brothers and sis- 8.5% for no-choice and choice experiments, respec-
ters is possible and sex allocation could be adaptedtively). Still, the sex ratio may have been influenced
accordingly.Aenasius vexanshows an average sec- by a differential mortality of the sexes at an earlier
ondary sex ratio that is moderately, but clearly female- preimaginal stage. One cause of mortality is encapsu-
biased. Such ratios could be adaptations to partial local lation of the parasitoid inside the host. It has been fre-
mating (Hardy, 1994; Hardy & Mayhew, 1998; West quently reported that hosts have a better encapsulation
& Herre, 1998). To determine if local mating affects ability at a later stage in their development (Brodeur &
sex allocation inA. vexansrequires additional stud-  Vet, 1995; Benrey & Denno, 1997; Blumberg, 1997).
ies on the wasp’s mating behaviour and the effects of This seems to be different f& herrenj adults are less
parasitoid density. successful at encapsulating the parasitidiversi-

One confusing result was that in the no-choice ex- cornisthan the second instar mealybugs (Van Driesche
periment, adult hosts yielded the fewest parasitoids, et al,, 1986). However, this difference in the encapsu-
while in the choice experiment, the numbers were low- lation rate forA. diversicornisvas not very high (15%
est for the second instar host and statistically not dif- vs. 10%) (van Driesche et al., 1986) and is unlikely to
ferent between third instar and adult hosts (Figure 3). have a significant effect on host preference.

However, overall parasitism rates in both experiments  Differential mortality for parasitoid males and fe-
were similar. Also, the increase in parasitisation over males also occurs in cases of superparasitism (King,
time was very similar in both experiments (Figure 4). 1987). In our experiments, superparasitism is unlikely
Adult mealybugs show aggressive defensive behav-to have been important. In previous studies at CIAT
iour, which may result in increased handling time. (1992), fiveA. vexansouples were offered different
Long handling times in the no-choice test with only mealybug nymph densities for 24 h. At the same den-
adult hosts may have limited the number of hosts sity that was used for the no-choice experiment (250
A. vexangould parasitise in the allotted time. mealybugs for fivé. vexangouples), superparasitism

Our results are based on the sex ratio at emer- was on average only 1.3% (CIAT, 1992).

gence, which may not correspond to the sex allocation



Following Sandlan’s exampk (1979), we com-
pared the mortality of the progeny of virgin and mated
females. Male offspring of virgin femalesshowed a
mortality for third instass (11.4%) and adults (14.6%)
thatwas fourtimesashigh asfor secondinstars(3%)
(thedifferencebetweersecondinstarsand adultswas
significan). Althoughthe reaults should beregarded
with cautionbecaus few virgin femaleswere teged
(n=5 for secondinstars and aduts, n=7 for third
instarg, they do sugges that males suffer highermor-
tality in larger hosts, which may have influencedthe
emegentsex ratio.

Aenasus vexansis oneof several canddates being
congderedfor further augmentatie releags agains
the casava mealbug. As third indar hods yielded
more and larger female wags than the other two
stagef hods, werecommendhattheformerbe used
for massrearing.If, however, fast developmentof par
astoidsisan important consderaion,adut hogs may
be more suitable. Other studiesthat aim to optimise
reaing of large numbers of high quality biological
contol agens may also beneft from conddering sex
allocaton theoryin thedesgn of experimens.
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