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ABSTRACT

Influence of host stage on oviposition, development, and sex ratio of Anagyrus lopezi (De Santis) (Hymenoptera: Encyrtidae),
a parasitoid of the cassava mealybug, Phenacoccus manihoti Matile-Ferrero (Hemiptera: Pseudococcidae). The parasitoid
Anagyrus lopezi (De Santis) (Hymenoptera: Encyrtidae) was introduced from Thailand into Indonesia in early 2014 to control
the invasive cassava mealybug, Phenacoccus manihoti Matile-Ferrero (Hemiptera: Pseudococcidae). Because of the need to
produce large numbers of high-quality females, research was conducted in the laboratory to determine host stage preference
for A. lopezi on different instars of P. manihoti. Individual female wasps were exposed to first, second, third instar nymphs,
and pre-reproductive adult mealybugs. In the no-choice test, the frequency of parasitized hosts and the number of eggs laid
per host was significantly higher in second and third instar nymphs as well as adult mealybugs compared to first instar
nymphs. In the two-choice test, third instars nymphs and adult mealybugs were the most preferred host for oviposition.
Immature development of parasitoids was faster and the ratio of female to male parasitoids was higher following oviposition
in second and third instar nymphs and pre-reproductive adult hosts, compared to the first instar nymphs. Our findings
indicate that the use of pre-reproductive adults as hosts in a mass-rearing program would be the most productive and fastest
way to produce A. lopezi populations with a female-biased sex ratio. Field release of parasitoids should be conducted when
the host’s third instar nymph is the most abundant because the period during which preferred and suitable host stages are
available would be the longest.
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cassava production and food security in affected areas
(Yonow et al., 2017). To control the pest, a solitary
endoparasitoid, Anagyrus lopezi (De Santis)
(Hymenoptera: Encyrtidae), was introduced from Brazil
to Africa in 1981 (Bellotti et al., 2012). The parasitoid
was introduced from Benin to Thailand in 2008 (Winotai
et al., 2010), and subsequently from Thailand to
Indonesia in 2014 (Wyckhuys et al., 2014).

The degree to which parasitoids exploit host insect

INTRODUCTION

The cassava mealybug, Phenacoccus
manihoti Matile-Ferrero (Hemiptera: Pseudococcidae),
was an invasive pest native to South America. The pest
was accidentally introduced into Africa in the early
1970s (Bellotti et al., 2012) and Asia in 2008 (Winotai
et al., 2010; Parsa ef al., 2012; Graziosi et al., 2016).
In Indonesia, the pest was first detected in Bogor in

2010 (Muniappan et al., 2009), and since then has spread
throughout the regions of Java and Lampung
(Abduchalek et al., 2017) and eastern Indonesia
(Wyckhuys et al., 2018a; Fanani ef al., 2019). Severe
attacks had caused yield losses of up to 80% in Africa
(Bellotti et al., 2012) and 40-50% in Asia (Wyckhuys
et al., 2018b). The presence of P. manihoti threatened

populations depends largely on the availability of the host
stages that were suitable for the parasitoid development
(Stacconi et al., 2015; Khakasa et al., 2016; Li et al.,
2017; Schoeller & Redak, 2018). Because not all stages
of the host life cycle were equally suitable and the
relative abundance of the most suitable stages varies
both spatially and temporally, parasitoids had evolved
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an array of behavioral, ecological, and physiological
adaptations to discriminate and utilize their hosts (Vinson
& Iwantsch, 1980; Harvey & Malcicka, 2016). Solitary
parasitoids generally determine the host quality by the
size of the host. Large hosts were supposed to be better
quality, as they were believed to contain more resources
than small ones. However, host size might not always
be equated to host quality at the time of oviposition by a
parasitoid. The influence of host size on parasitoid
development might differ between idiobiont and
koinobiont parasitoids (Waage, 1986; Harvey &
Malcicka, 2016). Idiobiont parasitoids paralyzed their
hosts before oviposition, thereby fixing the host larval
resources. On the other hand, koinobiont parasitoids,
which did not paralyze their hosts at the time of
parasitism, allowed hosts to grow, so host size was not
directly representative of larval resources.

Knowledge of host selection was indispensable
for the efficient use of parasitoids, both for mass rearing
and biological control of pests (Zhang et al., 2016). The
parasitoid’s biology were greatly influenced by the
quality of the host (Monticelli ef al., 2019). Host stage
was an important ecological variable, which may
influence a parasitoid’s rate of attack, survival of its
immature stages, and sex ratio of its offspring (Waage,
1986). Host selection behavior was most important in
determining the sex ratio of arrhenotokous parasitoids,
which showed a haplodiploid sex determination
mechanism (King, 1987). A female parasitoid could
manipulate the offspring sex ratio at oviposition by
regulating fertilization. A particular host size may be more
suitable for the development of one sex. In general, a
female-biased off spring sex ratio was produced from
the largest hosts and a male-biased one from the smaller
hosts (King, 1987). Host stage often had a significant
impact on the development, survival, and reproduction
of the foraging parasitoid (Zhang et al., 2016). The
choice of host stage was an important determinant for
progeny fitness in parasitoids (Ueno, 2015; Harvey &
Malcicka, 2016; Mayhew, 2016). Generally, parasitoid
fitness was positively correlated with host size especially
for females (Charnov et al., 1981).

To gain a better understanding of the parasitoid-
host interaction between 4. lopezi and P. manihoti,
examination of various aspects of the parasitoids host
selection behavior were needed. Among host-parasitoid
interactions that need to be understood were those
concerning host selection and host suitability. Therefore,
the present study was conducted to determine which
host stages were susceptible to parasitism (oviposition),
preferred for oviposition by female parasitoids, and
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suitable for development, production, and sex ratio of
the parasitoid.

MATERIALS AND METHODS

Research Site. The study were conducted at the Insect
Bionomy and Ecology Laboratory, Department of Plant
Protection, Faculty of Agriculture, IPB University,
Bogor, Indonesia from August 2014 to August 2015. The
temperature, relative humidity, and light intensity in the
laboratory were maintained at 27 °C, 60%, and 12 hours
dark-light cycle, respectively.

Rearing of Mealybug and Parasitoid. First instars
of P. manihoti were collected from an insectary culture
and placed into 3-week old cassava cuttings. After two
weeks, the mealybugs had molted to third instar. Some
of the third instar mealybugs were allowed to become
adults and reproduce, while the rest were used for
rearing parasitoids and experiments. Each cassava
cutting with third instars was placed in a
12.5 x 9 cm plastic container filled with water. The
container was propped up with styrofoam to make the
cassava cutting stand upright. The containers then
placed inside a wooden cage measuring 50 x 45 x 45
cm, with a door to put cassava cuttings inside. About 50
pairs of A. lopezi wasps were introduced into the cage
and a cotton ball soaked with 10% honey solution was
hung on the roof of the cage, as a food source for adult
parasitoids. After about two weeks, parasitized
mealybugs (mummies) on cassava leaves were
collected and put into plastic containers for adult
emergence. The emerged parasitoids were used for
experiments and mass rearing. A pair of newly emerged
male and female wasps were kept in a glass tube for
two days and fed with a drop of 10% honey deposited
on the wall. The mated females were used for host stage
susceptibility and suitability experiments.

Preparing the Mealybug Instars. The research was
done by transfering the first instar nymphs of P. manihoti
from the insectary culture into a 3-weeks old cassava
cutting which then placed into a transparent plastic
cylinder cage (h=47 cm; d= 14 cm) with the top covered
with organdy cloth. After five days, the first instar
nymphs had molted to the second instars and were ready
to be used for experiments. Similarly, third instar nymphs
and pre-reproductive adults were obtained by allowing
the first instar nymphs to developed for 10 and 15 days,
respectively.
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Host Stage Susceptibility and Preference. In the
host stage susceptibility test (no-choice test), a batch of
each stage of P. manihoti was separately exposed to a
female parasitoid. For that purpose, ten mealybugs of
each stage (first instar, second instar, third instar, pre-
reproductive adult) were infested separately on a
cassava leaf. The leaf was then placed into a cage made
from a transparent plastic cylinder (h=7 cm; d= 10
cm) with the top covered with organdy cloth. A 2-days
old mated female A. lopezi then was introduced into
the cage and fed with a drop of 10% honey deposited
on the wall. Parasitoids were allowed to forage and
oviposit for 24 h. After 24 h, the adult parasitoids were
removed. Each mealybug was immediately dissected in
a drop of Scott’s saline solution (1% NaCl), and the
number of eggs in each host was counted and recorded.
After dissections, mealybugs were mounted on
microscope slides and examined under a compound
microscope to ensure that all of the eggs were counted.
The number of hosts parasitized per parasitoid, the total
number of eggs laid per replicate, and the number of
eggs per host parasitized were used as the criteria for
determining host stage susceptibility. Experiments were
carried out using 20 batches of each mealybug stage as
replicates.

In the host stage preference test (two-choice test),
the experimental procedures were similar to those in
the host stage susceptibility test, except that two
combinations of host stages were exposed to a female
parasitoid. The following combinations of cassava
mealybugs were used in the two-choice tests: first instar
vs second instar, first instar vs third instar, first instar vs
adult, second instar vs third instar, second instar vs adult,
and third instar vs adult. For that purpose, 10 mealybugs
of each stage (first instar, second instar, third instar, pre-
reproductive adult) were infested separately on a
cassava leaf. The leaf was then placed into a cage made
from a transparent plastic cylinder (h="7 cm; d= 10 cm)
with the top covered with organdy cloth. A 2-days old
mated female A. lopezi then was introduced into the
cage and fed with a drop of 10% honey deposited on
the wall. The parasitoids were allowed to forage and
oviposit for 24 h. After 24 h, the adult parasitoids were
removed. Each mealybug immediately dissected in a
drop of Scott’s saline solution, and the number of eggs
in each host was recorded. After dissections, mealybugs
were mounted on microscope slides and examined under
a compound microscope to ensure that all of the eggs
were counted. The number of hosts parasitized per
parasitoid, the total number of eggs laid per replicate,
and the number of eggs per host parasitized were used
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as the criteria for determining host stage preference.
Experiments were carried out on 20 batches of each
mealybug stage as replicates.

Host Stage Suitability. Twenty mealybugs of each
stage (first, second, and third instar, as well as pre-
reproductive adult) were transferred onto a sprouted
potato and placed into a cage made from a transparent
plastic cylinder (h= 20 cm; d= 12 cm) with the top
covered with organdy cloth. Two days old mated
parasitoid females were introduced into the cage for 24
h. Mealybugs were then allowed to develop on sprouted
potatoes. Mummified mealybugs were collected and
stored in petri dishes for parasitoid emergence.
Parasitoids were collected and sexed and the size was
estimated based on the length of the body (base of the
head to the tip of the abdomen) and length of left hind
tibia. The criteria used to determine suitability were the
number of emerged parasitoids per replicate, the sex
ratio, the immature developmental time, and the size of
emerged parasitoids.

Data Analysis. Analysis of variance (ANOVA) was
carried out to examine the effects of different host
stages on the number of hosts parasitized, the number
of eggs laid per wasp, and the number of eggs laid per
host in the no-choice test. ANOVA was also performed
to compare immature developmental time, number, and
size of emerged parasitoids in the host suitability test.
The means were then separated using the Tukey test at
a 5% of significance level. In the two-choice test,
differences in the average number of hosts parasitized,
the number of eggs laid per wasp, and the number of
eggs laid per host was examined by t-test. The sex ratio
of parasitoid progeny was analyzed with the chi-square
test to determine its fitness to the theoretical sex ratio
of 1:1. All analyses were done using SPSS 16.0.

RESULTS AND DISCUSSION

Host Stage Susceptibility and Preference. In the
no-choice test (host stage susceptibility test), when each
stage was exposed separately, all four of the P. manihoti
stages were susceptible to parasitism by A4. lopezi (Table
1). However, it was significantly higher on second and
third instar nymph and adult female hosts (F, ;= 50.63;
P<0.001) than the first instar nymph. Parasitization of
second and third instar nymph and pre-reproductive adult
female hosts was not significantly different from each
other, with the mean number of parasitized hosts were
7.15,7.05, and 8.15, respectively. The least parasitized
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stage was first instar nymph, 3.25 hosts parasitized, and
that stage was significantly different from all other stages.

The number of eggs oviposited was also
significantly affected by host stages (F , = 18.79;
P< 0.001). In the first instar, the total number of
oviposited eggs per wasp was 3.70, it was lower than
those in other stages (9.95-10.60). The number of eggs
deposited per parasitized hosts was also significantly (F
5.5~ 3-20; P=0.028) lower in the first instar (1.09) than
those in the third instar (1.57) and the adult female (1.55).

In the two-choice test (preference test), when
offered a choice between two stages of P. manihoti,
parasitoid females showed a significant preference for
second and third instar nymphs and adult females
compared to the first instar nymphs (Table 2). The
number of hosts parasitized on first instar nymphs were
significantly lower than those on second instar (t=9.98;
P< 0.001), third instar (t= 10.29; P< 0.001), and adult
(t=14.11; P<0.001).

Likewise, the average number of eggs laid in the
first instar nymphs was lower compared to second instar
(t=8.13; P<0.001), third instar (t=9.12; P<0.001), and
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adult (t= 10.14; P< 0.001). In the first instar nymphs,
the average number of eggs oviposited per parasitized
host was also significantly lower compared to second
instar (t=3.37; P=0.002) and adult (t=4.43; P<0.001),
but barely significant compared to third instar (t=1.78;
P=0.083). Third instar nymph was more preferred than
second instar by the parasitoid, in term of number of
hosts parasitized (t= 5.19; P< 0.001), number of
parasitoid eggs laid (t=5.11; P<0.001), and number of
eggs oviposited per parasitized host (t=2.75; P=0.009).
Meanwhile, the average number of parasitized hosts,
the total number of parasitoid eggs laid, and the number
of parasitoid eggs per parasitized host did not differ
significantly (P> 0.05) between the adult host with each
second instar and third instar nymphs, with the exception
of the number of parasitoid eggs oviposited between
adult and second instar (t= 3.07; P=0.004).

Overall, the results of no-choice and two-choice
tests indicated that the first instar nymph was the least
preferred host by the parasitoids for oviposition. This
might due to (1) the smaller host stages were being less
frequently encountered by the parasitoids, (2) the small

Table 1. Oviposition of Anagyrus lopezi (De Santis) on four stages of Phenacoccus manihoti Matile-Ferrero

Mean (;i SE) number Mean (} + SE) number Mean (; + SE) number of parasitoid

Mealybug stages - 0 o
of hosts parasitized of parasitoid eggs eggs per parasitized host
First instar 3.25+043 a* 370 £0.51a 1.09+0.08a
Second instar 7.15+£0.23b 9.95+0.63b 1.39+0.07 ab
Third instar 7.05+£0.25b 10.60+0.89b 1.57+0.22b
Adult female 8.15+0.25b 9.95+0.63b 1.55+£0.09b

*Mean in a column with the same letters are not significantly different at p<0.05.

Table 2. Oviposition of Anagyrus lopezi (De Santis) on pairs of two stages of Phenacoccus manihoti (Matile

Ferrero)
Pair of Mean (x+SE) number Mean (x+SE) number Mean (x +SE) number of parasitoid
mealybug stages of hosts parasitized of parasitoid eggs eggs per parasitized host
First instar 2.30+0.42 a* 245+ 047 a 0.83+0.09 a
Second instar 7.55+031b 9.40+0.72b 1.23+0.06 b
First instar 345+039a 370+ 041 a 0.99+0.11a
Third instar 8.05+£0.22b 9.70£0.51b 1.20+£0.05 a
First instar 090+0.22a 0.95+0.22a 0.75+0.12 a
Adult 740+£041D 10.40+0.90b 1.39+0.22b
Second instar 485+0.39a 520+047a 1.05+0.02 a
Third instar 7.45+032b 9.10£0.60 b 1.21+0.05b
Second instar 6.35+0.35a 7.60 +0.59 a 1.19+0.05 a
Adult 7.05+040a 10.95+0.92b 1.64+027a
Third instar 6.30+037a 740+043a 1.15+£0.04 a
Adult 6.90+042a 8.40+0.82a 1.18 £ 0.06 a

“Pairs of means in a column with the same letters are not significantly different at p <0.05.
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body size could be difficult for oviposition, and (3) the
small body size was being identified by the wasps as
being insufficient to support the development of parasitoid
larvae (Islam & Copland, 1997; Pacheco da Silva
et al., 2017). On the other hand, the large host stages,
especially third instar nymphs and adult females, had
more eggs. This was in accordance with Chong &
Oetting (2006) who found that the parasitoid Anagyrus
spec. nov near sinope Noyes & Menezes preferred
third instar nymph and adult female of P. madeirensis
(Green) for oviposition. Bertschy et al. (2000) also
reported that the parasitization of Aenasius vexans
(Kerrich) attacking P. herreni (Cox & Williams) was
higher in the third instar nymphs and adult female hosts.
Similar results were reported form A. kamali (Moursi)
that were attacking Maconellicoccus hirsutus (Green)
(Sagarra & Vincent, 1999), 4. bambawalei (Hayat) that
were attacking P. solenopsis (Tinsley) (Fand et al.,
2011; Zain-ul-Abdin et al., 2012; Vijaya & Ram, 2013;
Badshah et al., 2016; Shahzad et al., 2016), and
Blepyrus clavicornis (Compere) that were attacking
Pseudococcus viburni (Signoret) (Pacheco da Silva
et al.,2017). By choosing a large host, the parasitoids
gained access to more food resources so that they could
improve the progeny fitness (Sarkar et al., 2015; Ueno,
2015).

Our observations of the number of parasitoid eggs
laid per parasitized host, both in the no-choice test and
two-choice test, indicated the occurrence of
superparasitism. This could be examined from the
average number of eggs laid per parasitized host with a
value of > 1.0. In the two-choice test, superparasitism
only occured in second and third instar nymphs and
adults. Superparasitism was common in Encyrtidae
parasitizing mealybugs (Noyes & Hayat, 1994). It had
been suggested that superparasitism might be used by
the parasitoids as a strategy for overcoming host immune
response (encapsulation) (Blumberg, 1997; Luna et al.,
2016). The presence of more eggs per host increased
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the probability that one of these will survive and emerge
from the host (Godfray, 1994).

Host Stage Suitability. The parasitoid 4. lopezi
developed and emerged successfully from all parasitized
host stages. However, host stages significantly affected
immature development time (egg to adult) of males
(F, 7= 17.49; P< 0.001) and females (F, ,,= 41.66;
P< 0.001). The immature developmental time of
A. lopezi was longer when oviposition occurred in the
first instar nymphs (Table 3). Immature developmental
time of males and females emerging from third instars
was not significantly different from those of the second
instars. Immature developmental time was the shortest
when oviposition occurred in the adult host stages. The
older the host that was attacked, the faster a wasp would
develop. Vankosky & Hoddle (2019) found that larval
development and adult longevity of Tamarixia radiata
(Waterston) (Hymenoptera: Eulophidae), a parasitoid of
Diaphorina citri Kuwayama (Hemiptera: Liviidae),
were positively correlated to female oviposition
preference.

The results of our research were similar to those
of Sagarra & Vincent (1999) who reported that A.
kamali, parasitoid of M. hirsutus, required a shorter
time to develop from egg to adult eclosion from
parasitized adult and third instar than parasitized first
and second instar nymphs. Conversely, the immature
developmental time of parasitoid took a longer time to
develop in a smaller host (first instar). Similar results
were reported for other encyrtids that parasitize
mealybugs; such as A4. indicus attacking Nipaecoccus
vastator (Mask.) (Nechols & Kikuchi, 1985), 4. vexans
attacking P. herreni (Bertschy et al., 2000),
Leptomastix epona (Walker) and Pseudaphycus
flavidulus (Brethes) De Santis attacking P. viburni
(Karamaouna & Copland, 2009). Prolonging the
development of the parasitoid 4. lopezi in its earlier
host instars was also reported by other researchers

Table 3. Development period of Anagyrus lopezi (De Santis) in various host stages

Mean (; + SE) number of days for parasitoid development

Mealybug stages (egg to adult emergence)

Male Female
First instar 24.50 £0.96 a* 32.00+1.00 a
Second instar 19.09+£0.65b 21.27+£0.57b
Third instar 18.08 = 0.64 be 19.50+0.85b
Adult 16.19 £ 0.16 ac 15.90+0.13 ¢

*Mean in a column with the same letters are not significantly different at p<0.05.



Adriani et al.

(Kraaijeveld & van Alphen, 1986). The delayed
development of the parasitoid in the first instar P.
manihoti may be due to a lack of food or a delayed
development in a koinobiont life cycle as also reported
in A. pseudococci (Girault) attacking Planococcus
citri (Risso) (Islam & Copland, 1997). The developing
of A. lopezi slowed the development of its hosts. The
earlier stages of hosts had less nutrient supply for the
parasitoid at the time of parasitization and a slowing
down of the host development after parasitization might
delay the development of the parasitoid in early instar
hosts (Islam & Copland, 1997). The pooled immature
developmental time of male and female were 19.5 and
22.2 days, respectively. The shorter developmental times
of males than females was also reported to occur in
other species, such as 4. kamali in M. hirsutus (Sagarra
& Vincent, 1999) and 4. indicus in N. vastator (Nechols
& Kikuchi, 1985).

The parasitoid emergence was significantly
(F, ,=12.13; P<0.001) higher for second instar (12.8),
third instar (12.4), and adults (11.4) compared to first
instar nymphs (4.0) (Table 4). This might be related to
the behavior of parasitoid female which prefer to lay
eggs in second and third instar nymphs and adults than
in the first instar as mentioned previously. Besides, the
mortality of parasitoid larvae was reported to be higher
in the first instar nymph (Kraaijeveld & van Alphen,
1986). Sarkar et al. (2015) also reported that a much
lower emergence of Allotropa suasaardi (Sarkar &
Polaszek) when parasitizing first instar nymphs of
P. manihoti compared to other instars.

The host stages also affected the sex ratio of the
parasitoid progenies. Mealybugs in the first instar nymph
yielded a considerably higher proportion (0.90) of
A. lopezi males, significantly different (y*= 12.8;
P= 0.0003) from a theoretical sex ratio of 1:1. The
proportion of male parasitoids decreased with the
increasing host size (stages). P. manihoti parasitized as
second or third instar nymphs produced almost equal
proportion (0.53 and 0.65), but adult females produced-
female-biased off spring with a proportion of male of
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0.29. The decreasing proportion of males with
increasing host stage had been found in other mealybug
parasitoids. Kraaijeveld & van Alphen (1986) reported
that second instar P. manihoti produced no female
A. lopezi parasitoids. Islam & Copland (1997) reported
that 4. pseudococci parasitizing second instar nymphs
of P, citriyielded 91% males, whereas parasitized adults
yielded 33% males. Sagarra & Vincent (1999) found
that 97% of males in A. kamali when oviposited on the
first instar of M. hirsutus and 39% of those oviposited
on the third instar. Nechols & Kikuchi (1985) also
reported that the first and second instar nymphs of
N. vastator yielded mostly A. indicus males, while the
third instar nymph and adult yielded mostly females. A
similar result was reported for A. suasaadi attacking
P. manihoti (Sarkar et al., 2015), and A. arizonensis
(Girault) attacking P. solenopsis (Karmakar & Shera,
2018b).

The varied sex ratio of A. lopezi with different
host stages reflects a similar preference for host size
and active sex allocation (Islam & Copland, 1997). Host
selection behavior was most important in determining
the sex ratio of arrhenotokous parasitoids. A female
parasitoid can adjust the sex ratio of her offspring by
controlling fertilization during oviposition (King, 1987).
Parasitoid females tended to lay only unfertilized eggs
(which develop into a male) in smaller sized hosts, and
fertilized eggs (develop into a female) in larger sized
hosts (Godfray, 1994; King, 1987). This host-stage
dependent sex ratio corroborates Charnov’s model
(Charnov et al., 1981), which postulated that parasitoid
preferentially lay female eggs in the most suitable hosts.
Consequently, the parasitoid sex ratio was influenced
by the availability of hosts of different sizes (Bertschy
et al., 2000). Our results were based on the sex ratio at
emergence, which might not correspond to the sex
allocation at oviposition (Bertschy et al., 2000). Such
sex ratio might be influenced by differential mortality of
the sexes during larval development. One cause of
mortality was the encapsulation of the parasitoid inside
the host. It had been reported that hosts have a better

Table 4. Number and sex ratio of parasitoid Anagyrus lopezi (De Santis) emerging from four stages of Phenacoccus

manihoti Matile-Ferrero

Mealvbug st Mean (x + SE) number Sex ratio
CALYDUE STAEES o adult parasitoids emerged (males/total progeny)

First instar 4.00 £ 1.22 a* 0.90

Second instar 12.80 £ 1.20b 0.53

Third instar 12.40 £ 0.60 b 0.65

Adult female 1140+ 1.54b 0.29

*Mean in a column with the same letters are not significantly different at p< 0.05.
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encapsulation ability at a later stage in their development
(Blumberg, 1997). The encapsulation rate of A. lopezi
by adult hosts was quite low (8.4%) (Adriani et al.,
2016), and was unlikely to have a significant effect on
sex ratio. Differential mortality for parasitoid males and
females also occured in cases of superparasitism (King,
1987). Odebiyi & Bokonon-Ganta (1986) suggested that
a high proportion of females in 4. lopezi populations
was a result of competition between parasitoid larvae
in the host, with the female larvae as the winners.

The host stages affected significantly the length
of body (F, ,,= 6.00; P= 0.001) and left tibia (F, ,,=
7.73; P< 0.001) of the parasitoids. The body length of
female parasitoids emerging from hosts of the first instar
was 1.30 mm, much shorter than those parasitoids
emerging from hosts of third instar nymph (1.89 mm)
and adult (1.79 mm) (Table 5). Similarly, the length of
the tibia of female parasitoids emerging from hosts of
the first instar (0.35 mm) was shorter than parasitoids
emerging from third instar hosts (0.52 mm). Female
parasitoids emerging from hosts of the third instar were
significantly larger than parasitoids emerging from other
host stages, including adult hosts as also reported for
Leptomastidea abnormis (Girault) attacking P. citri
(Cadée & van Alphen, 1997) and 4. vexans
(Hymenoptera: Encyrtidae) attacking P. herreni
(Bertschy et al., 2000). Karmakar & Shera (2018a)
reported that parasitism of third instar and adult
P. solenopsis yielded larger sized A. arizonensis adults
in the progeny. In general, large parasitoids emerge from
large hosts (Ueno, 2015).

Cadée & van Alphen (1997) suggested that
parasitoids that emerged from adult mealybugs were
lighter because resources that the adults used for egg
production were not available to the parasitoid larvae.
The third instar nymphs provided the parasitoids with
superior resources, resulting in larger size wasps. The
size of adult parasitoids was usually correlated with
fitness, especially in females; larger females lay more
eggs over their lifetime (Charnov ez al., 1981; van Dijken
& van Alphen, 1991). Therefore, third instar nymphs of
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mealybugs were likely to be the most suitable for
A. lopezi. However, developmental time was most
favorable in adult hosts; males and females both
developed fastest in adult hosts. Similar results were
reported for A. vexans attacking P. hereni (Bertschy et
al., 2000) and A. bambawalei attacking P. solenopsis
(Vijaya & Ram, 2013).

Implication for Biological Control. Although the
population of P. manihoti had successfully been
controlled by the parasitoid 4. lopezi (Le et al., 2018;
Thancharoen et al., 2018; Wyckhuys et al., 2018a;
Wyckhuys et al., 2018b) their presence in the newly
infested region posed a potential threat to food security
(Yonow et al., 2017). For example, P. manihoti had
been spreading into the islands of Timor and Flores, but
A. lopezi had not yet been found in these islands
(Wyckhuys et al., 2018a; Fanani et al., 2019).
Therefore, it would be necessary to introduce the
parasitoids into the newly infested regions. In this
context, the results of this study provided direct
applications for mass rearing and field release of the
parasitoids. Anagyrus lopezi prefered to oviposit in the
third instar nymphs and pre-reproductive adults of
P. manihoti, and these two host stages yielded more
progeny with a relatively higher proportion of females.
Therefore, third instar nymphs and pre-reproductive
adults would be the most suitable host stages for
parasitoid mass rearing. In addition, parasitoids emerging
from third instar nymphs and pre-reproductive adults
were larger in size. The size of female parasitoids was
positively correlated with the level of fitness (longevity
and reproduction rate) and dispersal capacity (Charnov
etal.,1981; van Dijken & van Alphen, 1991). Releasing
high fitness parasitoids would increase the effectiveness
of the biological control program.

CONCLUSION

Anagyrus lopezi prefers to parasitize third instar
nymphs and pre-reproductive adults of P. manihoti. In

Table 5. Size of female parasitoid Anagyrus lopezi (De Santis) emerged from various mealybug stages

Mean ( x £ SE) length (mm)

Mealybug stages Body Left tibia !
First instar 1.30 + 0.00a* 0.35+0.05a 2
Second instar 1.65 £ 0.05ab 0.47+£0.01ab 30
Third instar 1.89+0.07¢ 0.52+0.01c 22
Adult 1.79 £ 0.03b 0.45+0.01ab 41

*Mean in a column with the same letters are not significantly different at p <0.05.
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the context of a mass rearing program, the use of pre-
reproductive adults as hosts would be the most
productive and fastest way to produce A. lopezi
populations with a female-biased sex ratio. Field release
of parasitoids should be made when the host’s third instar
nymph was the most abundant because the period during
which preferred and suitable host stages were available
would be the longest.
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