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Abstract

Background The vine mealybug Planococcus ficus (Signoret) (Hemiptera: Pseudococcidae) is a cosmopolitan species
that causes economic damage to grapevines, especially in Mediterranean countries, South Africa, North and South
America and Europe. In this study, the co-parasitization effect of Anagyrus pseudococci (Girault) and Coccidoxenoides
perminutus Girault (Hymenoptera: Encyrtidae) on the vine mealybug Planococcus ficus (Signoret) (Hemiptera: Pseudo-
coccidae) and their intrinsic interspecific larval competition were investigated under laboratory conditions.

Results In non-choice experiments, the highest parasitism value (11.75+0.87) was obtained on 2nd instar mealybug
nymphs in containers with only C. perminutus, while the highest parasitism value (11.20+0.59) in choice experiments
was obtained on female mealybugs in containers with both parasitoids. It was determined that C. perminutus para-
sitized the 1st, 2nd and 3rd nymph stages, while A. pseudococci parasitized the 2nd, 3rd nymph and female stages

of vine mealybug. These mean that mealybug populations can be controlled more effectively by parasitizing all
mealybug stages in the environment when parasitoids are together. In intrinsic interspecific larval competition experi-
ments on the mealybugs 2nd and 3rd nymph stages, where both parasitoids can parasitize, it was determined that C.
perminutus generally won the competition, even though A. pseudococci had a three-day parasitism priority. The high-
est A. pseudococci emergence rate in competition trials occurred on 2nd instar mealybug nymphs when A. pseudoc-
occi had 72 h parasitism priority (36.09%). In addition, head capsule width and tibia lengths of A. pseudococci and C.
perminutus adults obtained from intrinsic interspecific larval competition were measured, and it was determined

that the head capsule width and tibia length of adult parasitoids generally increased as the host period progressed.
In addition, it has been determined that there may be some differences in the measured characteristics of the adult
parasitoids obtained due to intrinsic interspecific competition compared to the control.
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Conclusions Using these two parasitoids together in the biological control of vine mealybugs will allow parasitizing
all mealybug nymph stages and females in the environment and provide more effective pest control.

Keywords Anagyrus pseudococci, Coccidoxenoides perminutus, Planococcus ficus, Co-parasitization, Encapsulation,

Intrinsic competition

Background

The vine mealybug Planococcus ficus (Signoret) (Hemip-
tera: Pseudococcidae) is a cosmopolitan species that
causes economic damage to grapevines, especially in
Mediterranean countries, South Africa, North and South
America and Europe (Garcia Morales et al. 2016). Due to
its biological characteristic of living in hidden places and
its body surface being covered with waxy secretions, the
chance of success in chemical control methods applied
against P ficus decreases, and this situation generally
leads producers to more intensive chemical use. For this
reason, alternative control methods to chemical control
are emphasized in the control of vine mealybugs and
biological control is one of the most important of these
methods. Different natural enemies have essential poten-
tial for biological control of vine mealybug. The most
well-known of these are the encyrtid parasitoids, which
have been successfully used for years in some countries
where the pest is known to be a problem (Cocco et al.
2021).

One of the most essential encyrtid parasitoids of vine
mealybug is Anagyrus pseudococci (Girault) (Hymenop-
tera: Encyrtidae). A. pseudococci is a solitary, koinobiont
endoparasitoid that prefers the third instar nymphs and
unmated young females of its host (Rosen and Rossler
1966). A. pseudococci, actively used to control vine
mealybugs (Walton and Pringle 2003), is commercially
available in some countries (Anonymous 2023). It is gen-
erally recognized as an effective parasitoid, although it is
occasionally reported to be ineffective in controlling vine
mealybugs. For example, in vineyards in the San Joaquin
Valley and some coastal areas of California, USA, it has
been reported that A. pseudococci parasitized 65% of the
vine mealybug toward the end of the season (Daane et al.
2004).

Coccidoxenoides perminutus Girault (Hymenoptera:
Encyrtidae), along with A. pseudococci, is one of the
two most essential parasitoids of the vine mealybug
(Walton and Pringle 2005). C. perminutus is a solitary,
proovigenic endoparasitoid that completes its life cycle
in about four weeks (Bartlett 1978). C. perminutus
reproduces almost exclusively via thelytoky (Bartlett
1978). Males in a population are produced sporadically
and at low frequency (1.2%) (Ceballo and Walter 2004).
It has been used to control P, ficus in South Africa and

California, USA (Walton and Pringle 2003). However,
in previous years, C. perminutus was also reported to
have been used against P. citri in biological control pro-
grams in California, Bermuda, Chile, and Italy (Bartlett
1978). It has been reported that mass releases of C. per-
minutus can be highly successful, especially when the
initial population of P. ficus in the vineyard is low, and
in general, it can be as effective as chemicals applied in
vineyards in terms of suppressing the mealybug popu-
lation (Walton and Pringle 2003). Furthermore, C. per-
minutus is thought to be more effective under the bark
of grapevine plants as it has a smaller structure than A.
pseudococci (Sime and Daane 2014). On the other hand,
there are some opinions in the literature that C. per-
minutus may not be sufficiently successful under field
conditions due to its temperature tolerance and limi-
tations in host stage selection (Sime and Daane 2014).
However, studies have reported different results on the
mealybug stage preference for C. perminutus. It is gen-
erally stated that C. perminutus prefers mealybugs in
the 1-3 nymphal stage, and that its main host stage is
the 2nd stage nymphs (Ceballo and Walter 2004).

In some countries, such as South Africa (Walton
and Pringle 2003) and the USA (California) (Gonzalez
1998), these parasitoids were released at various times
against vine mealybug, and therefore, both species can
be found in some vineyards. Some researchers have
reported that releasing both parasitoid species against
the target pest would help determine their effective-
ness (Sime and Daane 2014). However, all laboratory
studies on these parasitoid species and vine mealybugs
have investigated the relationship between a single
parasitoid and its host. Only one study in the literature
investigated the host preference and biological charac-
teristics of these two parasitoids separately at different
temperatures and reported that C. perminutus had a
higher reproductive potential on vine mealybug than A.
pseudococci (Sime and Daane 2014).

The present study aimed to determine the co-par-
asitization effect of A. pseudococci and C. perminutus
on P ficus and the intrinsic interspecific competition
between both parasitoids. Thus, it aimed to reveal the
potential of using A. pseudococci and C. perminutus
together to control vine mealybugs in vineyards.
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Methods

Insect cultures

Planococcus ficus individuals were collected from mul-
berry trees in Adana/Tiirkiye. The mealybugs were cul-
tured on germinated potatoes in 3 I plastic jars tightly
covered by muslin (40 mesh cm?) mesh (0.3-0.4 cm) in
the laboratory climate room.

The parasitoids: A. pseudococci and C. perminutus, were
collected from mulberry trees infested with P. ficus colo-
nies in Adana/Tirkiye, brought to the laboratory and cul-
tured on sprouted potatoes infested with vine mealybug.
Parasitoids were produced separately for both species. To
rear parasitoids, potatoes infested with mealybugs in the
appropriate stage (unmated young females for A. pseudoc-
occi and 2nd stage nymphs for C. perminutus) were placed
in 3 1 plastic jars with a ventilation hole covered with mus-
lin (Mustu and Kilinger 2015). All insect stock cultures
were reared in climate chambers with a temperature of
25+1 °C, 60£10% relative humidity, and (16:8) (light/
dark) lighting conditions (Mustu et al. 2022).

Co-parasitization effect of A. pseudococci and C.
perminutus on various stages of P. ficus

The experiments were conducted with two differ-
ent methods, choice and non-choice modified from
(Mustu et al. 2022). In the experiments, the 1st, 2nd,
and 3rd nymphal and female stages of P. ficus were pre-
sented to both parasitoids for parasitism at the same
time as 20 individuals each, separately (non-choice) and
together (a total of 80 individuals, 20 from each stage)
(choice). For the experiments, mealybug individuals were
reared on sprouted potatoes placed in plastic contain-
ers (10.5x11.5X9 cm) with a ventilation hole covered
with muslin. To obtain mealybug individuals for the
experiments, 20 potatoes, infested with mealybug eggs,
were placed in individual containers. This process was
repeated daily until the experiments were completed. The
mealybugs that reached the appropriate stage by molting
were identified; 20 individuals were left on each potato,
and the excess individuals on the sprout were removed.
For the choice experiments, mealybugs were reared
with the same method, and other mealybug stages were
transferred to the potato sprouts in a container contain-
ing 20 nymphs of the first stage. Each newly emerged
female parasitoid was released 24 h before the experi-
ment into Petri dishes (A. pseudococci females with
three males for mating, C. perminutus females alone)
containing 50% honey solution for feeding. At the end
of 24 h, the parasitoids were transferred into the con-
tainers with mealybugs, 1 @ A. pseudococci, and 1 @ C.
perminutus together. Only 1 @ A. pseudococci or 1 @ C.
perminutus was released into the containers as a con-
trol. The containers were placed in a climate cabinet at
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the temperature of 25+1 °C, 60+10% relative humidity
(16:8) (light/dark). After 24 h, the parasitoid females were
removed from the containers and the test containers
were placed in the climate cabinet under the same condi-
tions. At least 10 days after parasitization, mummies on
the potatoes were collected, placed in Eppendorf tubes,
and kept under the same conditions for emergence. Non-
mummified individuals were placed in 70% alcohol and
dissected at the end of the experiment. Before dissection,
mealybug individuals were kept in saline for 24 h and dis-
sected under a stereo binocular microscope. At the end
of the experiment, parasitism rates, developmental times,
and effective encapsulation rates of A. pseudococci and
C. perminutus at various stages of vine mealybug were
determined. The experiments were conducted with 20
replicates.

Intrinsic interspecific competition of A. pseudococci and C.
perminutus on P. ficus

Based on the literature (Walton and Pringle 2005) and the
results of co-parasitism trials, 2nd and 3rd instar nymphs
of P ficus, which both parasitoids can parasitize, were
used in the experiments. Petri dishes with a diameter
of 5 cm were used in parasitization studies, and mealy-
bugs parasitized by both species were placed on sprouted
potatoes in plastic containers of (10.5X11.5X9 cm). Each
newly emerged female parasitoid was released 24 h before
the experiment into Petri dishes (A. pseudococci females
with three males for mating, and C. perminutus females
alone) containing 50% honey solution for feeding.

The experiments were conducted in three separate
ways based on (Mustu and Kilinger 2015). First, using the
method described in the co-parasitism trials, mealybugs
that reached the appropriate period were parasitized
individually in Petri dishes by both A. pseudococci and C.
perminutus for two hours. Parasitized mealybugs were
transferred onto new sprouted potatoes, and the con-
tainers with these potatoes were placed in the climate
chamber. Second, mealybugs parasitized individually by
A. pseudococci in Petri dishes were also parasitized by C.
perminutus after 24, 48, and 72 h. Third, the mealybugs
were first presented to C. perminutus for parasitism, and
24, 48, or 72 h after parasitism, they were parasitized by
A. pseudococci. In addition, the studied nymphal stages
of mealybugs were parasitized only by A. pseudococci
or C. perminutus using the same methods as the con-
trol group. Mealybugs parasitized by both parasitoids or
parasitized by only one parasitoid were transferred onto
a new sprouted potatoes, and the containers with these
potatoes were placed in a climate cabinet with a tempera-
ture of 25+ 1 °C, 60+ 10% relative humidity (16:8) (light/
dark). Each experiment was conducted in five replicates,
with 20 individuals in each replicate.
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At least 10 days after parasitization, the mummified
individuals in the containers were collected, transferred
to Eppendorf tubes, and kept for emergence. The head
capsule width and tibia length of the 3rd pair of legs of
parasitoid adults obtained from each experiment were
measured (Mustu et al. 2022). The measurement pro-
gram Leica IM50 Image software was used for the meas-
urements. Non-mummified individuals were placed in
70% alcohol and dissected at the end of the experiment
to determine effective encapsulation rates. Before dissec-
tion, mealybugs were kept in saline solution for 24 h and
dissected under a stereo binocular microscope.

At the end of the experiment, the result of the intrin-
sic interspecific competition between A. pseudococci
and C. perminutus parasitizing vine mealybug at differ-
ent time intervals and the developmental time, effective
encapsulation rates, and some morphometric measure-
ments of the individuals winning the competition were
determined.

Statistical analysis

Two-way ANOVA for independent samples was used to
compare the means in the non-choice trials of the co-
parasitization effect of A. pseudococci and C. perminutus
on P, ficus, and differences between groups were deter-
mined according to the Tukey multiple comparison test.
The experiments in choice, repeated measures two-way
ANOVA was used to compare the means, and differences
between groups were determined by the Tukey multiple
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comparison test. One-way ANOVA for independent
samples was used to compare the group means in the
intrinsic interspecific competition trials of A. pseudococci
and C. perminutus on P. ficus, and differences among the
groups were determined according to the Tukey multiple
comparison test. Effective encapsulation rates (EE) were
determined according to the following formula (Giileg
et al. 2007):

__ Mealybugs with encapsulated eggs only y

EE = 100

Total parasitized mealybug number

IBM SPSS Statistics, for windows version 22.0, was
used for all analyses (SPSS 2013).

Results

Co-parasitization effect of A. pseudococci and C.
perminutus on various stages of P. ficus

The results of the co-parasitization experiments
showed that there was an interaction between parasi-
toid species and mealybug stages in the parameters of
number of mummies and developmental time (Table 1).
When the results of non-choice trials were analyzed in
terms of the number of mummies, it was observed that
A. pseudococci did not develop at all in the 1st stage
nymphs of P. ficus and very few developed in the 2nd
stage nymphs (Fig. 1a). In C. perminutus, no mummy
formation was observed in female individuals of P. ficus,
while the number of mummies formed in the 3rd instar

Table 1 Two-way ANOVA of co-parasitization effect of Anagyrus pseudococci and Coccidoxenoides perminutus on various stages of

Planococcus ficus

Parameter Source df MS F p

Number of mummies (non-choice) Mealybug stages 3 29.083 8440 <0.001
Parasitoid species 713329 206.999 <0.001
Interaction (Mst x Psp) 6 730.596 212.009 <0.001
Error 228 3446

Number of mummies (choice) Mealybug stages 3 147.717 23.703 <0.001
Parasitoid species 2 453.162 134.166 <0.001
Interaction (Mst x Psp) 6 497.362 23.703 <0.001
Error 171 (Ps: 57) 6.232

Developmental time Mealybug stages 3 71.139 41458 <0.001
Parasitoid species 5 561.480 327.218 <0.001
Interaction (Mst x Psp) 8 90.435 52.703 <0.001
Error 1684 1.716

Effective encapsulation rates Mealybug stages 3 342.586 4.055 0.008
Parasitoid species 2 366.530 4.339 0.015
Interaction (Mst x Psp) 2 15.065 0.178 0.837
Error 152 84.476

Two-way ANOVA results of number of mummies (non-choice), number of mummies (choice), developmental time, and effective encapsulation rates of Anagyrus
pseudococci and Coccidoxenoides perminutus parasitizing various stages of Planococcus ficus (df: degrees of freedom; MS: mean squares; Mst: Mealybug stages; and

Psp: Parasitoid species)
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Fig. 1 Mummy numbers, developmental times, and effective encapsulation rates of Anagyrus pseudococci and Coccidoxenoides perminutus
parasitizing various stages of Planococcus ficus. Mean + SE mummy numbers [ (a) (non-choice test) and (b) (choice test)], developmental times (c),
and effective encapsulation rates (%) (d) (non-choice test) of Anagyrus pseudococci and Coccidoxenoides perminutus parasitizing various stages

of Planococcus ficus. Different lowercase letters in the same figure are statistically different according to the Tukey test (p <0.05)

nymphs was meager. However, when parasitoids were
together, all mealybug stages were parasitized, and only
the number of mummies in the 1st nymph stage was
statistically lower than the number of mummies in the
2nd and 3rd nymphal and female stages (Fig. 1a).

When the number of mummies formed in the choice
experiments was examined, it was determined that
when A. pseudococci and C. perminutus were together,
the parasitoids preferred the 3rd nymphal and female
stages of the mealybug to parasitize (Fig. 1b). When
parasitoids were together, the number of mummies in
the 3rd nymphal and female stages of the mealybug was
statistically different from the first two nymphal stages,
but the number of mummies in the 2nd nymphal stage
was same with the 1st nymphal stage (Fig. 1b).

When the developmental times of the parasitoids were
examined, both A. pseudococci females and males and
C. perminutus individuals were found to differ in their
developmental time at different mealybug stages (Fig. 1c).
The developmental time of A. pseudococci females and
males increased as the mealybug stages progressed,
whereas the shortest developmental time of C. perminu-
tus was observed when the parasitoid developed on
mealybugs in the 2nd nymph stage (Fig. 1c).

The present study showed that the interaction between
various stages of mealybug and parasitoid species in
terms of effective encapsulation rate was non-signifi-
cant (F(y 155=0.178, p=0.837) (Table 1). In addition,
there was no difference in effective encapsulation rates
whether different stages of the mealybug were parasitized
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by a single parasitoid species or by both parasitoid spe-
cies (Fig. 1d).

Intrinsic interspecific competition of A. pseudococci and C.
perminutus on P. ficus

Mealybug parasitized by both parasitoids at the same time
(within two hours)

Only the C. perminutus species emerged from the 2nd
nymphal stage of P ficus parasitized by A. pseudococci
and C. perminutus at the same time (Table 2). Due to
the values obtained, statistics could not be applied to the
emergence rates of the species, but when the sexes of the
emerging parasitoids were compared, it was determined
that there was a difference between the emergence rates
of the individuals (F 54=1,140.680, p<0.001). When
the developmental times of the parasitoids emerging
from 2nd stage mealybugs were examined, a statistical
difference was found in both species (Fy ;54 =220.059,
p<0.001) and sex (F 354 =147.147, p<0.001) compari-
sons. When the encapsulation rates of the species were
compared, it was determined that the encapsulation
rate in the host parasitized by both parasitoids together
was higher than in the C. perminutus control group (F,
12)=5.209, p=0.024).

There was a statistical difference between the para-
sitoid species (F(3 15 =67.010, p<0.001) and sex ratios
(F(5, 249=89.199, p<0.001) of parasitoids emerging
from mealybugs in the 3rd nymphal stage of P. ficus,
parasitized by C. perminutus and A. pseudococci on
the same day (Table 2). The developmental time of
parasitoids emerging from the host was different in
terms of both species (F 3 504 =540.293, p <0.001) and

(2024) 34:52

Page 6 of 12

sex (F(y 204y=423.138 p<0.001). The encapsulation
rate of the 3rd instar mealybugs parasitized by the two
parasitoids on the same day was found to be the same
as in the A. pseudococci control group but considera-
bly lower than in the C. perminutus control group (F,
12)=19.345, p <0.001) (Table 2).

Mealybug parasitized by C. perminutus, then
multi-parasitized by A. pseudococci

It was determined that a very high rate of C. perminutus
emerged from mealybugs parasitized by A. pseudococci
24, 48, and 72 h after being parasitized C. perminutus.
The highest A. pseudococci emergence (10.39%) was from
mealybugs in the 3rd nymph stage, which were also para-
sitized by A. pseudococci one day after being parasitized
C. perminutus (Table 3). There was a statistical differ-
ence between the ratio of both species (F3 14=299.725,
p<0.001) and sex ratio (F5 54)=214.908, p <0.001) of par-
asitoids emerging from the 3rd nymphal stage individu-
als of P, ficus parasitized by A. pseudococci one day after
being parasitized by C. perminutus. When the develop-
mental times of the parasitoids were examined, it was
found that the individuals emerging from the 3rd stage
nymphs were parasitized by both parasitoids at one-day
intervals were statistically different from each other and
the control groups in terms of species (F(3194)=956.287,
p<0.001) and sex (F(5 194=565.271, p<0.001). When
encapsulation rates of these mealybugs were evaluated, it
was found that the encapsulation rate in the host para-
sitized by both parasitoids was lower than in the C. per-
minutus control group (F, 1,,=10.227, p=0.003).

Table 2 Parasitoid emergence rates (%), effective encapsulation rates (%), and developmental times from Planococcus ficus in the
2nd and 3rd nymphal stage parasitized by Coccidoxenoides perminutus and Anagyrus pseudococci at the same time (within 2 h)

(mean = standard error)

Host stage Parasitoid species Emergence rate of Duration of Effective Sex Emergencerateof  Duration of
parasitoid species development  encapsulation parasitoid sexes (%) development
(%) (d) (%) (d)
2 A. pseudococci 0.00+0.00 - 32.00+6.04a [} 0.00+0.00d -
3 0.00+0.00d -
C. perminutus 100+0.00 310240514 ? 100+0.00a 31.02+051a
A. pseudococci (control) 100+ 0.00 17.00+£0.17¢ 28.00+2.55ab Q 17.06+£2.53c 18.17+£031c
3 82.94+253b 16.72+0.16¢C
C. perminutus (control) 100+0.00 28.07+0.35b 15.00+1.58b o} 100+0.00a 28.07+0.35b
3 A. pseudococci 1808+6.728° 16.71+1.09d 13.00+3.39b Q 1.11+£1.11d 22.00+0.00
3 16.97+5.90 cd 15.83+0.75d
C. perminutus 8192+6.72a 30.30+0.27a Q 81.92+6.72ab 30.30+0.27a
A. pseudococci (control)  100+0.00a 19.68+0.13C 11.00+1.87b Q 29.63+3.48¢ 20.19+0.23c
3 70.39+3.48b 19.55+0.16¢
C. perminutus (control) 100+0.00a 2747+027b 35.00+3.54a Q 100+0.00a 2747+027b

*Different lowercase letters in the same column are statistically different according to the Tukey test (p <0.05)
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Table 3 Parasitoid emergence rates (%), effective encapsulation rates (%), and developmental times from Planococcus ficus in the 2nd
and 3rd nymphal stage parasitized first by Coccidoxenoides perminutus and later by Anagyrus pseudococci at different time intervals

(mean +standard error)

Priority time Host stage Parasitoid species

Emergence rate of Duration of

parasitoid species development

Effective
encapsulation

Sex Emergence rate

of parasitoid

Duration of
development

(%) (d) (%) sexes (%) (d)
24+2h 2 A. pseudococci 105+ 1058 12.00£0.00 22.00+5.3% Q 0.00£0.00d -
3 1.05+1.05d 12.00+0.00
C. perminutus 98.95+1.05a 30.75+£0.21a Q 98.95+1.05a 30.75+0.21a
A. pseudococci 100+0.00a 17.00+0.17¢c 28.00+2.55a Q 17.06+2.53c 18.17+0.31c
(control) 8 8294+253b  1672+0.16¢
C. perminutus 100+0.00a 28.07+0.35b 1500+ 1.58a Q 100+0.00a 28.07+0.35b
(control)
3 A. pseudococci 1039+3.54¢ 15.71+0.61d 15.00£5.70b Q 328+2.14d 16.50£0.50de
3 7.11+2.92d 1540+081e
C. perminutus 89.61+3.54b 31.97+0.20a o} 89.61+354a 31.97+0.20a
A. pseudococci 100£0.00a 19.68+0.13c 11.00+£1.87b Q 29.63+3.48c 20.19+0.23c
(control) 8 703943480 1955+0.16 cd
C. perminutus 100+£0.00a 2747+0.27b 35.00+3.54a 1 100+0.00a 2747+027b
(control)
48+2h 2 A. pseudococci 0.00+0.00 - 17.00+2.55b o} 0.00+0.00d -
3 0.00+0.00d -
C. perminutus 100+0.00 324440138 o} 100+0.00a 3244+0.13a
A. pseudococci 100£0.00 17.00+0.17c¢ 28.00+2.55a Q 17.06+2.53c 18.17+0.31c
(control) 3 8294+253b  1672+0.16¢
C. perminutus 100+0.00 2807+035b  1500+1580 Q@  100+000a 2807+0.35b
(control)
3 A. pseudococci 0.00+0.00 - 15.00+3.16b Q 0.00+0.00d -
3 0.00+0.00d -
C. perminutus 100+0.00 32.10+0.184 o} 100+ 0.00a 32.10+£0.18a
A. pseudococci 100+0.00 19.68+0.13¢c 11.00+1.87b Q 29.63+3.48c 20.19+0.23¢
(control) 8 70394348b  19.55+0.16¢
C. perminutus 100+0.00 2747+027b  3500+354a @  100+0.00a 2747+027b
(control)
72+2h 2 A. pseudococci 735+2.14¢ 16.33+£042¢c 1700+464ab @ 0.00+0.00d -
3 735+2.14d 16.33+£0.42c
C. perminutus 92.65+2.14b 3043+0.18a ? 9265+2.14 a 3043+0.18a
A. pseudococci 100+0.00a 17.00£0.17¢ 28.00+2.55a Q 17.06+2.53c¢ 18.17+£0.31c
(control) 8 8294+253b  1672+0.16¢
C. perminutus 100+0.00a 2807+035b 150041580 @  100+0.00a 28.07+035b
(control)
3 A. pseudococci 546+2.288 15.75+0.25d 17.00+4.06b ? 0.00+0.00d -
3 546+2.28d 15.75+0.25d
C. perminutus 94.54+2.28a 30.24+0.18a ? 94.54+2.28a 30.24+0.18a
A. pseudococci 100+0.00a 19.68+0.13¢ 11.00+1.87b Q 29.63+348c 20.19+£0.23c
(control) 8 703943480 19.55+0.16¢
C. perminutus 100+0.00a 2747+027b 35.00+3.54a Q 100+0.00a 2747+027b

(control)

* Different lowercase letters in the same column are statistically different according to the Tukey test (p <0.05)
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Table 4 Parasitoid emergence rates (%), effective encapsulation rates (%) and developmental times from Planococcus ficus in the 2nd
and 3rd nymphal stage parasitized first by Anagyrus pseudococci and later by Coccidoxenoides perminutus at different time intervals

(mean +standard error)

Priority time Host stage Parasitoid species

Emergence rate of Duration of

parasitoid species development

Effective
encapsulation

Sex Emergence rate

of parasitoid

Duration of
development

(%) (d) (%) sexes (%) (d)
24+2h 2 A. pseudococci 0.00+0.00 - 30.00+2.24a o} 0.00+0.00d -
3 0.00+0.00d -
C. perminutus 100+0.00 31.65+0.208 [} 100+0.00a 31.65+0.20a
A. pseudococci 100+0.00 17.00+0.17¢c 28.00+2.55a Q 17.06+2.53c 18.17+0.31c
(control) 8 8294+253b  1672+0.16¢
C. perminutus 100+0.00 280740350 1500+£158b @  100+0.00a 28.07+0.35b
(control)
3 A. pseudococci 859+3320 13.00+0.37d 11.00+5.79b [} 0.00+0.00d -
3 8.59+332d 13.00+0.37d
C. perminutus 9341+£191a 31.76+0.17a 1} 9341+£191a 31.76+0.17a
A. pseudococci 100£0.00a 19.68+0.13c 11.00+£1.87b Q 29.63+3.48c 20.19+0.23c
(control) 3 7039+348b  19.55+0.16¢
C. perminutus 100+0.00a 2747+027b 35003542 @  100+0.00a 2747+027b
(control)
48+2h 2 A. pseudococci 0.00+0.00 - 21.00+187ab @ 0.00+0.00d -
3 0.00+0.00d -
C. perminutus 100+0.00 3137+0.194 ? 100+0.00a 31.37+£0.19a
A. pseudococci 100+£0.00 17.00£0.17¢ 28.00+2.55a Q 17.06+£2.53c 18.17+£0.31c
(control) 3 8294+253b  1672+0.16¢
C. perminutus 100+0.00 2807+035b  1500+1580 @  100+000a 2807+0.35b
(control)
3 A. pseudococci 1628+2.87¢ 15.64+0.16d 11.00+5.10b ? 0.00+0.00d -
3 0.00+0.00d -
C. perminutus 83.72+2.87b 31.97+0.19a ? 100+ 0.00a 31.37+£0.19a
A. pseudococci 100+0.00a 19.68+0.13¢ 11.00+1.87b Q 17.06+2.53c¢ 18.17+£031c
(control) 8 8294+253b  1672+0.16¢
C. perminutus 100+0.00a 2747+027b 350043542 Q@  100+0.00a 2807+0.35b
(control)
72+2h 2 A. pseudococci 36.09+2.25¢ 14.82+0.12d 22.00+339%9b @ 3.65+2.32f 16.33+0.33 cd
3 32.44+1.20d 14.63+0.13d
C. perminutus 63.91+2.25b 29.30+0.13a ? 63.91+2.25¢c 29.30+£0.13a
A. pseudococci 100+0.00a 17.00£0.17¢ 28.00+2.55a Q 17.06+£2.53e 18.17+£031¢c
(control) 8 8294+253b  1672+0.16¢
C perminutus 100+0.00a 2807+035b  1500+158b @  100+0.00a 2807+0.35b
(control)
3 A. pseudococci 2163+238¢ 16.94+0.20d 13.00+3.3%b ? 11.18+4.02d 1744+0.18d
3 1045+1.72d 16.38+0.26d
C. perminutus 7837+2.38b 30.70+0.15a ? 7837+238b 30.70+£0.15a
A. pseudococci 100+0.00a 19.68+0.13c 11.00+1.87b Q 29.63+3.48c 20.19+0.23c
(control) 8 703943480 19.55+0.16¢
C. perminutus 100+0.00a 2747+0.27b 35.00+3.54a Q 100+0.00a 2747+027b

(control)

* Different lowercase letters in the same column are statistically different according to the Tukey test (p <0.05)

Mealybug parasitized by A. pseudococci, then
multi-parasitized by C. perminutus

Although A. pseudococci had parasitism priority for 24, 48
and 72 h, it was found that C. perminutus adults usually

emerged from the 2nd and 3rd stage mealybug nymphs
parasitized by both parasitoids. The highest A. pseudococci

emergence (36.09%) was from mealybugs in the 2nd nymph
stage, which were also parasitized by A. pseudococci 72 h
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after being parasitized C. perminutus (Table 4). Parasitoids
emerging from P, ficus individuals in the 2nd nymph stage
parasitized by C. perminutus three days after A. pseudoc-
occi were statistically different than the control groups in
terms of species ratios (F3 15=380.928, p<0.001) and sex
ratios (F(5 54)=575.349, p<0.001). When the developmental
times of parasitoids emerged from these mealybugs were
analyzed, it was determined that there was a difference
between the developmental times of parasitoid species (F
169)=557.740, p <0.001) and the developmental times of dif-
ferent sex groups (F(5 147=341.362, p<0.001) (Table 4). In
addition, although there was a statistical difference between
the effective encapsulation rates of the host parasitized
by different parasitoid groups (Fp, 15=6.195, p=0.014),
the encapsulation rate of P, ficus in the 2nd nymph stage
parasitized by both parasitoids was not different from the
encapsulation rate of the host parasitized by a single para-
sitoid species.

Some morphometric measurements of A. pseudococci and
C. perminutus adults

When the head width and tibia lengths of parasitoids
emerging from hosts parasitized only by A. pseudococci
or only by C. perminutus or as a result of intraspecific
competition between both parasitoid species were exam-
ined, it was observed that the head width and tibia length
of parasitoids emerging from mealybugs increased as the
nymphal stage of P, ficus progressed (Table 5). When the
2nd and 3rd nymphal stages were examined separately,
there was no statistical difference between the head
widths or tibia lengths of A. pseudococci females emerg-
ing due to competition and the control group A. pseudo-
cocci females emerging from the same mealybug stage.
However, when the tibia length of A. pseudococci males
was analyzed, a statistical difference was found between
the tibia lengths of all A. pseudococci males emerging
from both intrinsic interspecific competition and control
groups (F3 15, =288.038, p<0.001).
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It was determined that there was no difference in both
head width and tibia length measurements between
the C. perminutus adults emerging from the intrin-
sic interspecific competition or control groups in the
2nd nymphal stage of the mealybugs (Table 5). In con-
trast, while in the 3rd nymphal stage, both head width
(F3, 343=430.043, p<0.001) and tibia length (F
343y=305.190, p<0.001) of the adults emerged from the
control group were longer than those emerged from the
intrinsic interspecific competition.

Discussion

This study showed that the biological stages of P ficus
preferred for parasitization by A. pseudococci and C.
perminutus are significantly different. It was determined
that A. pseudococci did not develop at all in the 1st instar
nymphs of its host and developed extraordinarily little in
the 2nd instar nymphs. When A. pseudococci parasitized
2nd instar nymphs, it was observed that male individu-
als usually developed from the host at this stage. How-
ever, A. pseudococci mostly preferred to parasitize the 3rd
instar nymphs and females of P ficus. Previous studies
have shared similar findings with the results we obtained.
Islam et al. (1997) reported that while no mummies
were formed in the 1st stage nymphs of P citri, para-
sitized with A. pseudococci, mummies were formed in the
2nd and 3rd stages of mealybugs within eight to eleven
days. Giileg et al. (2007) found that A. pseudococci laid
eggs mostly on P, ficus nymphs aged 21 days and not on
nymphs aged nine days, but showed feeding behavior on
them from the host.

In this study, no mummy formation was observed
in female individuals of P ficus offered to C. perminu-
tus, while the number of mummies formed in 3rd instar
nymphs was meager. On the other hand, C. perminutus
mostly preferred 2nd instar vine mealybug nymphs, while
it was found to develop very well on 1st instar nymphs. In
previous studies, there are different reports on the host

Table 5 Head width and tibia length of adult parasitoids emerging from Planococcus ficus at various stages parasitized by Anagyrus
pseudococci and Coccidoxenoides perminutus (mean + standard error) (Lm)

Mealybug stage A. pseudococci C. perminutus

? 3 Q

Head width Tibia Head width Tibia Head width Tibia
N, 363.60+4.658° 34147 £546b 35444+ 1.48b 284.08+1.32c 350.96+0.87¢ 232.64+1.13c
N, 480.20+10.53a 393.99+7.24a 42466+ 1.36a 324.16+1.04a 391.93+1.28b 291.99+1.14b
N, (control) 398.46+2.51b 318.12+1.96b 363.79+3.62b 265.61+1.46d 351.10+£0.87c 229.60+0.56¢
N; (control) 481.45+3.59% 401.54+3.03a 427.75+1.25a 29444 +1.54b 396.99+1.77a 336.30£6.75a

* Different lowercase letters in the same column are statistically different according to the Tukey test (p <0.05)
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stage parasitized by C. perminutus. Ceballo and Wal-
ter (2004) reported that C. perminutus can parasitize all
nymphal stages of P. citri except the female stage, but it
mainly prefers 2nd stage hosts. Most of the eggs laid on
2nd stage mealybugs (82%) reached the adult stage, while
only a few of the eggs laid on 1st and 3rd stages (about 5%
each) thrived. Joyce et al. (2001) found that C. perminu-
tus prefers all stages of P. ficus, but the 2nd, 3rd and 4th
stages of mealybugs are more suitable for the parasitoid
than the 1st stage nymphs, and the parasitoid does not
feed on the host. Sime and Daane (2014) reported that
C. perminutus can parasitize all stages of P. ficus with-
out making a clear preference among the stages. The
results obtained from this study were similar to the ones
obtained by Ceballo and Walter (2004). In this study,
only the number of parasitoids developed from 1st instar
nymphs was higher than the rate reported by Ceballo
and Walter (2004). However, when both parasitoid spe-
cies were released together into an environment where
all stages of mealybugs were present, all mealybug stages
parasitized at a high rate in the environment, unlike
when only one parasitoid species was released.

In the study, when the developmental times of A.
pseudococci and C. perminutus were compared, it was
observed that A. pseudococci completed its develop-
ment in a considerably shorter time than C. perminu-
tus. When the developmental times of the parasitoids
were considered separately, it was determined that there
were differences between the developmental times of
the parasitoids according to sex and host stage differ-
ences, and there were also slight differences between the
developmental times of the parasitoids obtained from the
containers with two parasitoids together and the indi-
viduals obtained from the control groups with a single
parasitoid species. Rosen and Rossler (1966) reported
that A. pseudococci produced a maximum of 65 offspring
per female on P. citri (Risso) at 26 °C and completed its
life in 17-18 days on average. Giileg et al. (2007) deter-
mined the average female developmental time of A. pseu-
dococci in 15- and 21-day-old individuals as 17.7£0.39
and 16.65+0.25 days, respectively, and the average male
developmental time as 16.85+0.29 and 15.25+0.09 days
under 28 °C temperature, 60—65% RH and 16:8 (light/
dark) conditions. Ceballo and Walter (2004) reported
the developmental time of C. perminutus on different
nymphal stages (N1, N2, and N3) of P, citri as 25.5 +0.65,
27.5+0.87, and 28.1+0.78 days, respectively, under 28 °C
temperature, 75+5% RH and 12:12 (light/dark) condi-
tions. Walton and Pringle (2005) reported that the devel-
opmental time from egg to adult of C. perminutus on P
ficus at five different temperatures (18, 20, 25, 27, and
30 °C) ranged from 27.98 days to 82.29 days depending
on the temperature and the value at 25 °C was 31.19 days.
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Kurt and Karaca (2016) reported the developmental time
of C. perminutus on P. citri as 15.975+0.352 days under
25+1 °C temperature and 60+5% RH and (16:8) light/
dark conditions. Although the developmental time value
reported by Kurt and Karaca (2016) is quite unusual, it is
seen that the values given in the literature regarding the
developmental times of both parasitoids may differ from
each other, even though they were studied under similar
conditions. In this study, it was observed that there could
be differences of 3-5 days between the developmental
periods of C. perminutus individuals.

It was determined that the effective encapsulation rates
of A. pseudococci and C. perminutus were generally close
to each other (25-35%). However, they varied according
to the host stage and parasitoid species differences, but
the effective encapsulation rate when the two parasitoids
were statistically lower than the control groups. No stud-
ies on the encapsulation rate of C. perminutus were found
in the literature. However, Ceballo and Walter (2004)
reported that the hemolymph of individuals parasitized
by C. perminutus contained some granular or spherical
structures, a possible sign of encapsulation. Blumberg
et al. (1995) reported that the effective encapsulation rate
of A. pseudococci in P. ficus was 7.7%. Giileg et al. (2007)
reported the effective encapsulation rates of P ficus in
15 (3rd instar nymph) and 21 days old (unmated female)
individuals as 24.82 and 37.50%, respectively. The values
obtained from this study are similar to those reported by
Giileg et al. (2007).

According to the co-parasitization trials, although the
host stage preferences of A. pseudococci and C. perminu-
tus were significantly different, intrinsic interspecific
competition trials were planned to reveal the competi-
tion that could occur on the host stages that both para-
sitoids could parasitize, and it was determined that C.
perminutus generally won the intrinsic interspecific
competition in all combinations formed as a result of the
trials. Even in the experiment where A. pseudococci had
parasitism priority for three days, mostly C. perminu-
tus emerged from the host mealybug at both the 2nd
nymph (63.91 +2.25) and 3rd nymph (78.37 + 2.38) stages.
Although this gives a clue to what might be encountered
in nature, it should be remembered that parasitoids para-
sitize mealybugs individually and obligatorily in intrinsic
interspecific competition trials. According to the co-par-
asitization trials, mealybugs in the 3rd nymph stage were
preferred by C. perminutus, and A. pseudococci mealy-
bugs in the 2nd nymph stage at low rates.

Given that various stages of the host coexist in nature,
two parasitoids are unlikely to parasitize the same host.
There are few studies on intrinsic interspecific competi-
tion of mealybug parasitoids in the literature. Mustu and
Kilinger (2015) examined the parasitism competition
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between A. pseudococci and L. dactylopii parasitizing P
ficus on the same and different days. They reported that
68.63% of L. dactylopii and 31.37% of A. pseudococci
emerged from the host parasitized by the two parasitoid
species on the same day, and the species with parasitism
priority usually won the competition. Pijls et al. (1995)
examined the competition between the parasitoids A.
lopezi and A. diversicornis of P manihoti and reported
that when both parasitoids parasitized the host within
two hours, 80% A. lopezi adults emerged from the hosts.
Researchers also reported that when the host was para-
sitized first by A. lopezi and 24 h later by A. diversicornis,
there was non-significant increase in A. lopezi emergence,
but when the host was parasitized first by A. diversicornis
and 24 h later by A. lopezi, A. diversicornis emergence
from the host increased to 50% (Pijls et al. 1995).

Varied factors that determine the outcome of compe-
tition between parasitoids. One of them is the hatching
time of parasitoid eggs. In endoparasitoids, the larva
whose eggs hatch first usually wins the competition
within the host (Mackauer 1990; Godfray 1994). Another
is the parasitism priority of the parasitoid. In competi-
tion between parasitoids, the parasitoid that parasitizes
the host first usually wins the competition (Mills 2003).
However, despite the parasitism priority of A. pseu-
dococci in this study, C. perminutus generally won the
intrinsic interspecific competition. Another factor is the
encapsulation rate. However, the study found no sig-
nificant difference between the encapsulation rates of
the two parasitoids. Super-parasitism is another factor
affecting the outcome of competition, though. However,
in the present study, super-parasitism was avoided to the
maximum extent, and parasitoids were removed as soon
as the hosts were parasitized. The study determined that
the head capsule width and tibia length of A. pseudoc-
occi and C. perminutus adults generally increased as the
host period progressed. The literature has little informa-
tion about the morphological characters of A. pseudoc-
occi and C. perminutus. Bugila (2014) reported that the
mean tibia length of female parasitoids emerging from
P ficus females parasitized by Anagyrus sp. nr. pseudoc-
occi was 0.58 £ 0.005. In this study, the tibia length values
of A. pseudococci females obtained from both competi-
tion and control groups were lower than those reported
by Bugila (2014). However, this difference is thought to
be related to the parasitized host stage and size. Also,
this study found that when both parasitoids parasitized
the host, there were differences in the measured charac-
teristics of the developing parasitoids compared to the
control. According to the results obtained, there was no
change in A. pseudococci females; there was an increase
in the tibia length of A. pseudococci males and a decrease
in the measured characters of C. perminutus individuals.
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Harvey et al. (2013) reported that in a super-parasitized
or multi-parasitized hosts, adult size could sometimes
decrease or increase, as can some biological characteris-
tics of the parasitoid that wins the competition.

Conclusions

In this study, the co-parasitization effect of A. pseudo-
cocci and C. perminutus, parasitoids of P ficus, one of
the most important pests of vineyards, and intraspecific
competition between both parasitoids were determined.
As a result, it was revealed that there might be a meager
amount of competition between the both parasitoid spe-
cies on P, ficus, as the host stages preferred by the two
parasitoids to parasitize differ significantly from each
other. If parasitoids parasitize the same P, ficus individual,
C. perminutus was usually found to win the competition,
although A. pseudococci had a three-day parasitization
priority. Using these two parasitoids together in the bio-
logical control of vine mealybugs will allow parasitizing
all mealybug nymphal stages and females in the environ-
ment and provide more effective pest control. However,
the combined use of these parasitoids must be tested
under field conditions to make a definitive judgment.
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