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Abstract

Thesolitary endoparasitoid AenasiusvexansKerrich (Hymenoptera:Encyrtidae)isusedfor augmentativereleases
against thecassavamealybug,Phenacoccusherreni Cox & Williams (Sternorrhyncha:Pseudococcidae),an impor-
tant pest on cassava in South America.In light of the needfor largenumbersof high quality females,experiments
wereconductedon host stagesuitability andsex allocation.In choiceandno-choiceexperiments, individualfemale
wasps wereofferedsecondandthird instar, as well as adult, hosts. During thefirst five daysafter emergence,the
wasps showed a steady increasein the number of hosts they successfully parasitisedper day, but the respective
secondarysex ratio for eachinstar remainedconstant. Parasitism washighest for third instar hosts in no-choice
tests,while in choice testsparasitismwashighest in both third instars and adults. The later the developmental
stageof the host at oviposition, the faster the parasitoids developedand emerged,andfor eachhost stage,the
developmenttime of maleswas shorter than for females. The sex ratio of the wasps emerging from hosts that
wereparasitised assecondinstarswasstrongly male-biased, while the apparentlypreferredlaterstagesyielded
significantly morefemalesthanmales. Femaleand maleA. vexansemerging from hosts parasitisedat the third
instarweresignificantly larger thanfor theotherstages. Thismayexplain thepreferencefor thethird instar aswell
asthefemale-biasedsex ratio, assize isusually positively correlatedwith higher fitness,especially in females.The
resultssuggest that third instar hostsarethemost suitable for rearing high numbersof largefemales.

Intr oduction

The cassava mealybug, Phenacoccusherreni Cox
& Williams (Sternorrhyncha:Pseudococcidae),has
rather suddenly becomea pest in South America.
It was first found in Northeast Brazil and was later
reported in Colombia, Venezuela, and Guyana(Bel-
lotti et al., 1994, 1999; CIAT, 1984, 1987, 1988,
1990).The encyrtid parasitoid Aenasius vexansKer-
rich (Hymenoptera:Encyrtidae)is a potential biolog-
ical control agentagainst this pest. Aenasius vexans
was releasedin 1994and1995in Brazil togetherwith
two other encyrtids, Acerophaguscoccois Smith and
Apoanagyrus (Epidinocarsis) diversicornis Howard

(Bellotti et al., 1994,1999).Additionalaugmentative
releasesof parasitoidsarecurrently being considered.

We found differencesbetween the three wasp
species in their attraction to odoursof healthy and
mealybug-infestedcassava plants, with Aenasius vex-
ansshowing thestrongest attraction to infested plants
andabetterability to distinguish infestedfromhealthy
plants (Bertschy et al., 1997). A. vexansappearsto
bethemost specialisedof thethreeparasitoid species
andmay offer advantagesespecially whenreleasedin
pure cassava stands(Dorn, 1996). Such releases re-
quirelargenumbersof healthy females, but therearing
colony of A. vexansat CIAT (CentroInternacionalde
AgriculturaTropical) in Cali, Colombia, presentedon
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several occasionsanextremelymale-biasedsex ratio.
To resolve this problem,currentsex allocation theory
wasconsideredin thedesign of aseriesof experiments
to optimisethesex ratioand quality of thecolony.

Most Hymenopteraexhibit arrhenotokouspartheno-
genesisin whichmalesdevelop from unfertilisedhap-
loid eggs and females from fertilised diploid eggs.
This haplodiploid sex determination mechanism al-
lows the insects to precisely control the sex of their
offspring.In parasitic Hymenoptera,oneobserved sex
allocationstrategy is that femaleeggs are preferen-
tially laid in larger hosts (King, 1993).This may be
explainedby differential fitness consequences; para-
sitoid sizeis positively correlatedwith host size, and
female fitness may increase more strongly with size
than for males(Charnov, 1982; King, 1993).Waage
(1982) suggested that size-dependentsex allocation
is unlikely to occur in koinobiont parasitoids, which
lay eggs in still growing hosts, because at oviposi-
tion afemalewasp isunableto determinetheeventual
size of a host. However, several studiesdemonstrate
size-dependentsex ratios for koinobiotic parasitoids
(reviewedby King,1989,1993).This isalso expected
to be the casefor A. vexans. After parasitism, hosts
continueto grow for about10daysandcanmoult dur-
ing that period. Hoststhat are parasitisedat different
stagesmaythusrepresentresourcesof differentqual-
ity during parasitoid development and the waspmay
haveadaptedits sex allocationaccordingly.

Local mate competition is another aspect of the
biology of some parasitoids that may shapesex allo-
cation. It is the consequenceof malesstaying closeto
their site of emergence in order to mate with females
thatemergeatthesamesite(Hamilton,1967;Taylor&
Bulmer, 1980;Godfray, 1994;Hardy, 1994).In such
situations, the likelihoodof mating amongsiblingsis
high and sex ratios are female-biased, which reduces
competition among brothers. This is commonly used
to explain extreme female-biased sex ratios in gre-
garious parasitoids where more than one parasitoid
developsper host (Godfray, 1994).However, it may
alsoapply to solitary parasitoids that attack spatially
groupedhosts, such as aphids, mealybugs, and egg
masses (Waage,1982).Phenacoccusherreni usually
occursin groupsof variousinstarson individualcas-
savaleavesandan A.vexansfemale parasitisesseveral
individuals onceit hasfound such a cluster of hosts.
Therefore,afemale-biasedsex ratiomightbeexpected
asanadaptation to localmatecompetition if parasitoid
dispersal is low. These hypotheseswereconsideredin
the design of a seriesof no-choiceandchoiceexper-

iments that were conducted to optimise mass-rearing
methodsof A. vexans.

Materialsand methods

Plants. Cassava plants were grown at CIAT in Cali,
Colombia. Twenty cm long stakes of the variety
CMC40 wereplantedevery weekin potsand kept in
a screenedcompartmentsubjectedto naturalweather
conditions but protected from rain. Approximately
six weeks after planting, the plants were used in
experiments, whenthey had10–30leaves.

Hosts. Thecassavamealybug,P. herreni, wasreared
at CIAT on 30–40 cm potted cassava plants (var.
CMC40) asdescribedby Van Driesche et al. (1987).
First instar mealybugsaremuch smaller thanA. vex-
ansadults, are rarely parasitised, and, if they are, no
parasitoid offspring emergesfrom them(CIAT, 1987–
1991).Therefore,only subsequentinstarswereused
for theexperiments.

Hosts werecollectedfrom the rearingcolony, us-
ing individuals of approximately the same size for
eachinstar. Secondinstar nymphsof the mealybug
were chosenwhenthey were big enoughto berecog-
nisedas females, which remain white, while males
turn rosy beforethey start spinning a cocoon.Third
instar mealybugswerechosen at a mid-development
averagesize. Adult femaleswereused after they had
moulted, but beforethey startedproducing ovisacs.

Wasps. The parasitoid, A. vexans, has been con-
tinuously rearedat CIAT on mealybug-infested cas-
sava plants since this parasitoid was first collected
in Venezuela in 1990. Parasitoids were maintained
in a greenhouse at 35◦C undernatural light condi-
tions. Five days before eachexperiment,mummies
(parasitised mealybugs), which canbe recognised by
their dark grey colourandhardconsistency, were col-
lectedfrom thecolony. They werekeptindividually in
gelatinecapsulesandstoredat about28◦C.

Preparation of the experimental plants. Leaves on
a living plant were enclosed in Petri dishes (15 cm
diam.). The dishes were fixed to a thick iron wire
plantedinto the soil so that the leaves would remain
in their natural position. In order to reducethe con-
densation dueto plantrespiration, two holesof 10 cm
eachwerecut in theupperand lowersidesof thePetri
dishes and covered with nylon gauze.Two holesof
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1 cm diameterwere drilled in the opposite sidesof
the vertical rims. Onehole wasused to introducethe
plant petiole. Cotton wool was wrappedaround the
petiole to protect it andto plug the hole. Thesecond
hole wasusedfor theintroduction and captureof par-
asitoids. After introduction of the insects, the dishes
werewrapped with Parafilmr to sealtheholesandthe
spacebetweenthetwo dish halves. ThreePetridishes
wereplacedoneachplant.

For theno-choiceexperiment, 50 mealybugsof the
sameinstar weretransferredfrom an infestedcassava
plantontoa leafenclosedin aPetri dish, usingasmall
paintbrush. In eachof threedisheson one plant we
placedmealybugs of a dif ferent instar. Fresh plants
werepreparedlikethisfor fivedaysin arow. Carewas
taken to prevent thestylet, which wasusually inserted
in the plant, from breaking.The insectswereplaced
ontheuppersideof theleaf,from wheremost of them
thenmoved to the lower side. A few wasps escaped
so thattheexperimentwas replicated19 timesfor the
secondinstarsandadultsand17 timesfor third instars.

For the choiceexperiment,20 mealybugsof each
instar weretransferredto a dish attachedto a leaf as
describedabove. This experimentwas replicatedwith
21 A. vexansfemales. The following day, after they
hadbeenexposedto a parasitoid, themealybugsfrom
eachdish wereseparatedby instarandtransferredinto
threenew Petri disheson a freshplant.

Parasitism. On the first morning of an experiment,
newly emerged A. vexans females (1–6 h old) were
individually introducedinto a Petri dish containing
a mealybug-infested leaf. A few femaleswere in-
troducedalone and unmatedto confirm that virgin
femalescanreproduce,but areconstrainedtoonly pro-
ducemales. Theotherfemaleswereaccompaniedby
a male to allow them to copulate. At about10 AM
on each morning of the next four days, the para-
sitoid couplewastransferredinto anew dish on anew
plantwith fresh mealybugsof thesameinstar or instar
combination.

Plants with parasitised mealybugs were kept for
two weeksin a greenhouse at an averagetemperature
of 32◦C (max.40◦C) during thedayand 23◦C (min.
19◦C) at night and an averagedaytime humidity of
40% and 74% at night. After this period, mummies
were removed and kept individually in gelatine cap-
sules. The sex and the time betweenoviposition and
emergencewasrecordedfor eachemergingparasitoid.
Wasps that emerged over the weekend were not in-
cludedin the final analysis of developmenttime. In

thechoiceexperiment, wealso measuredthelength of
thehind tibia of eachwasp, asameasureof parasitoid
size.

Statistics. Percentage data for sex ratio and pref-
erence experiments were subjected to a one-way
analysis of varianceafterarcsine transformation.The
lengths of the tibia and the duration of development
were not normal distributed, even after a log trans-
formation. For these data, Kruskal–Wallis one-way
ANOVA onrankswasused.

Results

Sex ratios. Mealybugsof the secondnymphalinstar
yieldeda considerably higherproportion of A. vexans
males thandid third instar or adult hosts, in both no-
choiceandchoiceexperiments(Figures1aandb). The
sex ratio was only measuredat emergence(secondary
sex ratio).It shouldbenotedthatdifferentialmortality
of thesexesbeforeemergencemayhavecontributed to
theobserved differencesin secondarysex ratio among
the differenthost instars. During the mummystage,
however, A. vexansmortality was low and similar for
all host instars (about5% and8% for no-choice and
choiceexperiments, respectively).

Over the five-day oviposition period, the sex ra-
tios of wasps emerging from the different instars
remainedrelatively constant in both experiments(Fig-
ure2). However, maleratiosin thechoiceexperiments
showeda slight, but not statisticallysignificant, trend
to decreasefor third andfourthinstarsandincreasefor
secondinstar over time (Figure2b).

Host stage preference. In the no-choiceexperiment,
significantly more wasps emerged from third instar
hostsandfewest from theadult stage(Figure3a).The
apparentpreferencefor the third instar was also re-
flected in the results for the choice experiment, but
here,the third instar emergencewas not significantly
differentfrom theemergencefrom adults (Figure3b).

The curves for daily parasitismall show a signifi-
cantincrease over thefive-dayperiod(Figure4). The
increase was most pronouncedfor the secondinstar
hosts in a no-choicesituation. In contrast to the para-
sitism of second and adult stages, the parasitismrate
for the third instar wasalready high on the first two
dayswhenthewaspshadno 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. vexansfemales were offered 50 hosts of one stage only (n=19, 17, 19 for second, third, and fourth stages, respectively). (b)
choice: individualA. vexansfemales were offered 20 mealybugs of each stage (n=21). Different letters within each graph represent data that
are statistically different (P<0.05).

Figure 2. Proportion (± S.E.) of males produced per day and per host stage byA. vexansfemales 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 emerged (± S.E.) for each host stage. Same experiments as described for
Figure 1. Different letters within each graph represent data that are statistically different (P<0.05).

Figure 4. Average percentage of hosts from which a parasitoid emerged (± S.E.) 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 oviposition, ofA. vexansfor the different host stages. Same experiments as described for
Figure 1. Different letters within each graph represent data that are statistically different (P<0.05).

Wasp development time and wasp size.The older
the host that was attacked, the faster a wasp would
develop (Figure 5). Moreover, in each host instar
males developed significantly faster than females.Ae-
nasius vexansfemales were significantly larger than
males (P<0.0001). Female as well as male parasitoids
emerging from hosts of third instars were significantly
larger (longer hind tibia) than parasitoids emerging
from second instars and adults (Figure 6). The two
last mentioned groups were not significantly different
from each other.

Discussion

The size of wasps emerging fromP. herreni was
strongly correlated with host stage (size) at the time
of parasitism. Third instar hosts of the mealybug
produced larger parasitoids than adults and second in-
stars, which is similar to what Cadée & van Alphen
(1997) found for the citrus mealybug,Planococcus
citri (Risso) and its encyrtid parasitoid,Leptomastidea
abnormis(Girault). Cadée & van Alphen (1997) sug-
gest that parasitoids that emerge from adult mealybugs
are lighter because resources that the adults use for egg
production are not available to the parasitoid larvae.
Late nymphal stages do indeed appear to provide the
parasitoids with superior resources, resulting in larger
size wasps. The size of adult parasitoids is usually
correlated with fitness, especially in females; larger
females lay more eggs over their lifetime (Sandlan,
1979; Charnov et al., 1981; van Dijken & van Alphen,
1991; Srivastava & Singh, 1995). Third instar lar-

vae of mealybugs are therefore likely to be the most
suitable forA. vexans.However, development time is
most favourable in adult hosts; males and females both
developed fastest in adult hosts (Figure 5).

The sex ratio we found for the three different host
stages is in accordance with the apparent suitability
of the third instar host larvae. Third instar and adult
mealybugs produced more female parasitoids, while
second instar produced more males. This host-stage
dependent sex ratio corroborates Charnov’s model
(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
will depend on relative host size distribution, thus sex
allocation decisions when parasitising a host of a par-
ticular size are influenced by the availability of hosts
of different sizes. However, the results forA. vexans
suggest an innate ability to recognise second instar
hosts as less suitable for females, because the strongly
male-biased sex ratio for second instar hosts was very
similar in the no-choice and choice situation. On the
other hand, in the no-choice test, wasps appeared to
lay more male eggs in the third instar and adult hosts
than in the choice test. Interestingly, the secondary sex
ratios for these two stages in the no-choice test was
almost identical (about 0.40) to the overall sex ratio in
the choice test. De Jong & van Alphen (1989) found
a very similar host stage preference and sex allocation
for Leptomastix dactylopii(Howard) parasitising the
citrus mealybug,P. citri, which attacks the last three
of five developmental stages. They too found a clearly
female-biased overall sex ratio.

6



Figure 6. Average hind tibia length (mm) ofA. vexansinsects 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 (P<0.05).

Local mate competition theory (Hamilton, 1967)
predicts that female-biased sex ratios will evolve in
cases where related males compete for mates, given
that one male can inseminate more than one female.
Aenasius vexansis a solitary parasitoid, but one fe-
male attacks several hosts within an aggregated batch.
Therefore, frequent mating between brothers and sis-
ters is possible and sex allocation could be adapted
accordingly.Aenasius vexansshows an average sec-
ondary sex ratio that is moderately, but clearly female-
biased. Such ratios could be adaptations to partial local
mating (Hardy, 1994; Hardy & Mayhew, 1998; West
& Herre, 1998). To determine if local mating affects
sex allocation inA. vexansrequires additional stud-
ies on the wasp’s mating behaviour and the effects of
parasitoid density.

One confusing result was that in the no-choice ex-
periment, adult hosts yielded the fewest parasitoids,
while in the choice experiment, the numbers were low-
est for the second instar host and statistically not dif-
ferent between third instar and adult hosts (Figure 3).
However, overall parasitism rates in both experiments
were similar. Also, the increase in parasitisation over
time was very similar in both experiments (Figure 4).
Adult mealybugs show aggressive defensive behav-
iour, which may result in increased handling time.
Long handling times in the no-choice test with only
adult hosts may have limited the number of hosts
A. vexanscould parasitise in the allotted time.

Our results are based on the sex ratio at emer-
gence, which may not correspond to the sex allocation

at oviposition. Differential mortality during larval de-
velopment may have influenced emergence, giving a
misleading impression of preferences and sex alloca-
tion strategies. Mortality in mummified hosts, how-
ever, was low and did not significantly differ among
the stages, nor between the experiments (about 6% and
8.5% for no-choice and choice experiments, respec-
tively). Still, the sex ratio may have been influenced
by a differential mortality of the sexes at an earlier
preimaginal stage. One cause of mortality is encapsu-
lation of the parasitoid inside the host. It has been fre-
quently reported that hosts have a better encapsulation
ability at a later stage in their development (Brodeur &
Vet, 1995; Benrey & Denno, 1997; Blumberg, 1997).
This seems to be different forP. herreni; adults are less
successful at encapsulating the parasitoidA. diversi-
cornisthan the second instar mealybugs (Van Driesche
et al., 1986). However, this difference in the encapsu-
lation rate forA. diversicorniswas not very high (15%
vs. 10%) (van Driesche et al., 1986) and is unlikely to
have a significant effect on host preference.

Differential mortality for parasitoid males and fe-
males also occurs in cases of superparasitism (King,
1987). In our experiments, superparasitism is unlikely
to have been important. In previous studies at CIAT
(1992), fiveA. vexanscouples were offered different
mealybug nymph densities for 24 h. At the same den-
sity that was used for the no-choice experiment (250
mealybugs for fiveA. vexanscouples), superparasitism
was on average only 1.3% (CIAT, 1992).
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Following Sandlan’s example (1979), we com-
pared themortality of theprogeny of virgin and mated
females. Male offspring of virgin femalesshowed a
mortality for third instars (11.4%) and adults (14.6%)
thatwas four timesashigh asfor secondinstars(3%)
(thedifferencebetweensecondinstarsand adultswas
significant). Althoughtheseresultsshould beregarded
with cautionbecause few virgin femaleswere tested
(n=5 for second instars and adults, n=7 for third
instars), they do suggest that malessuffer highermor-
tality in larger hosts, which may have influencedthe
emergentsex ratio.

Aenasiusvexansis oneof several candidatesbeing
consideredfor further augmentative releases against
the cassava mealybug. As third instar hosts yielded
more and larger female wasps than the other two
stagesof hosts, werecommendthattheformerbeused
for massrearing.If, however, fast developmentof par-
asitoids isan important consideration,adult hostsmay
be moresuitable. Other studies that aim to optimise
rearing of large numbers of high quality biological
control agents may also benefit from considering sex
allocation theoryin thedesignof experiments.
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