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Abstract. The effectiveness of natural enemies in controlling pests may be determined by many traits linked to their ability to regu-
late the density of their prey. In this respect, the phenomenon of pseudoparasitism, in which female parasitoids reject a host after
inserting their ovipositor into it, is fairly common among hymenopteran parasitoids. However, in spite of this its effect on hosts is
rarely reported in entomological and biological control literature. For this reason, in the present study, the pseudoparasitism by the
parasitoid Spalangia cameroni Perkins of the Mediterranean pest Ceratitis capitata (Wiedemann) and its effect on several biologi-
cal parameters of the host were studied under laboratory conditions. The results indicate that the percentage pseudoparasitism
by S. cameroni of medfly in the laboratory is high, even slightly higher than host-feeding, which is commonly used to evaluate the
potential of parasitoids as biological control agents. In addition, the adults that emerge from pseudoparasitized medfly pupae have
a male-biased sex ratio, low levels of survival and are frequently damaged, which results in small adults and an inability to mate
successfully. In conclusion, our results indicate that pseudoparasitism is common and enhances the effectiveness of S. cameroni
attacking medfly, which highlights the importance of this phenomenon when selecting parasitoids to be included in a biological

control programme.

INTRODUCTION

The Mediterranean fruit fly, Ceratitis capitata (Wiede-
mann) (Diptera: Tephritidae), also known as the medfly, is
currently an important pest of the Spanish citrus industry.
It is a highly polyphagous and multivoltine species, which
has a high fecundity and is globally widespread (Fletcher,
1989; Liquido et al., 1991; Papadopoulos, 2008). Thus, this
species is subject to quarantine measures in many countries
(EPPO, 2012), and special control measures are needed in
areas affected by this pest, such as the biological control of
this species using native natural enemies in recent years.

In this regard, Spalangia cameroni Perkins (Hymeno-
ptera: Pteromalidae) is an idiobiont and solitary pupal ec-
toparasitoid widely used in America, Europe and Australia
for the biological control of house and stable flies (King,
1988; Birkemoe et al., 2009; Tormos et al., 2009). This
species was first identified as a parasitoid of C. capitata in
2006, when it was reported as a native pupal parasitoid of
this pest in Spain (Falco et al., 2006). Thus, since 2006, S.
cameroni has been bred in the laboratories of the Instituto
Valenciano de Investigaciones Agrarias (IVIA, Valencia,
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Spain) using medfly pupae (and, since 2009, medfly pupae
killed by cold-shock) as hosts, for use in experiments that
assess its usefulness as a biological weapon against this
pest (Tormos et al., 2010, 2014). In this respect, the ef-
fect of natal host and learning on the host preference of S.
cameroni and the intraguild interactions between this para-
sitoid and other natural enemies (Tormos et al., 2018a, b)
have recently been assessed. In both of these studies the
“induced mortality” attributed to parasitoids, which is de-
fined as the mortality of pupae, from which adults do not
emerge (de Pedro et al., 2017), was recorded, since it is
one of the most relevant parameters regarding the parasitic
activity of a parasitoid wasp.

Induced mortality may be caused by several factors, such
as oviposition, host-feeding or pseudoparasitism. The term
pseudoparasitism, also known as overstinging (Cebolla et
al., 2018), was originally coined by Jones (1985) and de-
scribes the rejection of a host in which a female parasitoid
has inserted its ovipositor without feeding or ovipositing.
More precisely, pseudoparasitized hosts may be defined
as stung hosts that do not contain living parasites. This
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phenomenon can lead directly to host death (e.g., through
mechanical injury caused by ovipositor insertion) or to
mutilation, which as a consequence reduces its fecundity,
fertility and survival (Brown & Kainoh, 1992; Biondi et
al., 2013; Cebolla et al., 2018); nevertheless, in both cases
it increases the effectiveness of the parasitic activity of a
parasitoid. However, despite the importance of pseudo-
parasitism in the performance of parasitoids as biological
control agents, this phenomenon and its implications are
rarely mentioned in entomological literature.

Therefore, in the present study, the frequency of pseudo-
parasitism by S. cameroni of C. capitata, and its effect on
several parameters of the host were assessed, under con-
trolled laboratory conditions.

MATERIAL AND METHODS

Study centre and insects

All experiments in this study were performed in compliance
with current Spanish law. This study was carried out at the fa-
cilities of IVIA. The medfly pupae and S. cameroni adults used
in this study were obtained from standard cultures maintained
at IVIA, where both insects have been reared on a large scale
for more than eight years. The rearing processes for C. capitata
and S. cameroni are described by Albajes & Santiago-Alvarez
(1980a, b) and Pérez-Hinarejos & Beitia (2008), respectively.
Ceratitis capitata was reared in methacrylate boxes (40 x 30 x
30 cm), containing sugar and hydrolyzed protein (in a ratio of
4:1) and water as nutritional sources, and equipped with a front
cloth-covered window for egg deposition. Eggs were collected
in plastic trays partially filled with water and placed under the
rearing cages, before being placed in artificial medfly diet, where
they developed into larvae and pupae. The artificial medfly diet
was made of wheat bran, sugar, brewer’s yeast, methylparaben
Nipagin®, propylparaben Nipasol®, benzoic acid Panreac® and
water.

Spalangia cameroni was reared in small methacrylate cages
(30 x 20 x 15 cm) with an upper cloth-covered window for ven-
tilation and water, honey and sugar as sources of nutrition. As
hosts, 10, 2—5-day-old live medfly pupae (obtained from medfly
stock cultures), were offered to each parasitoid female every 48
h. This number was selected because it resulted in high numbers
of parasitized pupae, eggs laid and offspring produced (Tormos et
al., 2012). Each rearing cage housed around 600 parasitoids (the
sex ratio of the S. cameroni adults was 1: 1) and every three days
100 newly emerged individuals (50 females and 50 males) were
added to each cage.

To perform the experiments, medfly pupae that were attacked
(parasitized, fed on or pseudoparasitized) by S. cameroni females
and non-attacked were obtained from the above mentioned cul-
tures of S. cameroni and C. capitata, respectively, between 2006
and 2009. The laboratory conditions for both rearing and experi-
ments were 21-24°C, 55-80% RH, and a 16L : 8D photoperiod.

Experimental design

Two experiments were conducted to assess the frequency of
pseudoparasitism by S. cameroni (Experiment 1) in the labora-
tory and the effect thus has on several biological parameters of
the host, such as survival, body size and sex ratio (Experiment 2).

Experiment 1. Frequency of pseudoparasitism by S. cameroni
in the laboratory
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As in a previous study by the same authors on superparasit-
ism by S. cameroni of medfly in the laboratory (Tormos et al.,
2012), first a method for estimating the frequency of pseudo-
parasitism was determined. This consisted of determining the
degree of pseudoparasitism based on the presence of “marks” on
the surface of a puparium. These marks (holes) can be of three
types depending on the type of attack. Based on our experience:
oviposition holes, are each surrounded by a dark ring that is sur-
rounded by a bleached halo (like a miniature raised crater), which
is formed when the ovipositor is withdrawn; host-feeding holes,
each have a whitish halo (probably due to drops of fluid produced
by the female, which aid the development of oocytes inside eggs)
around the puncture; and pseudoparasitism holes, in which the
puncture does not have a halo.

To confirm this and supply preliminary data, a random sam-
ple of medfly pupae was taken from the laboratory cultures of
S. cameroni on three occasions (replicates). From this sample,
a total of 300 “marked” pupae were separated on each occasion,
100 of each type of mark, in plastic trays (20 x 12 x 3 c¢cm, one
for each type of mark and occasion) after determining the type
of mark on each host pupa by examining it under a stereomicro-
scope. When a single pupa had more than one type of mark, it was
classified as “parasitized” if there was at least one oviposition
hole; in the absence of oviposition holes, pupae were classified
as “pseudoparasitized” when there were no host-feeding holes.
This determination was confirmed in each case by dissecting
these pupae under a microscope, in order to determine whether
an egg was present [parasitism (oviposition)] or not (host-feed-
ing/pseudoparasitism). In addition, in the latter case, whether the
pupae showed signs that the parasitoid had fed on them, such as
the above mentioned whitish halo (host-feeding), or not (pseu-
doparasitism), was recorded. Furthermore, pupae from the same
parasitoid rearing showing no sign of attack were also dissected;
no eggs or signs of feeding were recorded on any of them. A Leica
MZ9.5 high-performance microscope was used for examining the
marks and the dissected pupae; sample preparation and dissection
were done using the same procedure, with pupae placed on cav-
ity slides in saline solution in order to obtain a better display of
each pupa. After being separated, all pupae were placed in Petri
dishes in a climatic chamber at 5°C (to prevent egg development)
for a few days before dissection, as there was insufficient time to
separate and dissect them on the same day.

Thus, in this experiment, the medfly pupae attacked in the labo-
ratory cultures of S. cameroni were collected on three occasions
(replicates) until a satisfactory number was reached (total: 603).
Following the above mentioned procedure, the number of each
type of attack was scored, in order to estimate the frequency of
pseudoparasitism versus parasitism and host-feeding in labora-
tory cultures.

Experiment 2. Effect of pseudoparasitism on host fitness
and survival

This experiment was designed to evaluate the effect of pseu-
doparasitism on several biological parameters of the host, such
as survival or body size and sex ratio. For this purpose, the pseu-
doparasitized pupae obtained in the previous experiment were
kept in plastic boxes (20 x 15x 10 cm) with a cloth-covered win-
dow in the lid for ventilation, until the emergence of adults. The
number of male and female descendants was scored in order to
obtain the survival and offspring sex ratio. Moreover, the body
size of male and female descendants was estimated based on the
size of their wings (Zucoloto, 1987; Rodriguero et al., 2002). For
this, the wings of 20 male and 20 female specimens from each
replicate were separated and placed on “wet-mount” microscope
slides, in distilled water and covered by a plastic coverslip. Wings
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were measured to the nearest 0.001 mm using a Leica MZ12.5
high-performance stereomicroscope equipped with a Canon S50
camera and Leica IM50 software (Leica Microsystems Imaging
Solutions). Wing length was measured as the distance between
the intersection of the humeral (H) and costal (C) veins and the
apex of the radial vein (R, ;) (Rodriguero et al., 2002).

To assess the effect of pseudoparasitism on the above men-
tioned biological parameters, survival, body size and sex-ratio,
results obtained for pseudoparasitized medfly pupae were com-
pared with those for the same number of non-attacked pupae,
randomly separated from the medfly culture and, consequently,
isolated from parasitoids.

Statistical analysis

As mentioned above, each type of attack (parasitism, host-
feeding and pseudoparasitism) and its corresponding frequency
was determined based on the type of mark observed. The rela-
tionship among the frequencies of the different types of attack
was analysed using a Pearson’s chi-squared ()°) test. This test
was also used to determine whether the survival and offspring
sex ratio of pseudoparasitized and non-attacked pupae differed
significantly. Moreover, two-way factorial ANOVA was used to
test body size depending on the type of pupae (pseudoparasitized
vs. non-attacked), with occasion (block effect) a random factor.

Prior to the analysis, data normality was checked and data
transformed when necessary. Values are reported as absolute
numbers or percentages (%). Data were analyzed using the IBM
SPSS 17.0 statistical software package (IBM SPSS, Chicago, IL,
USA), with o = 0.05.

RESULTS

Experiment 1. Frequency of pseudoparasitism in
laboratory cultures

Of the 603 attacked pupae, 279 (46.2%) had oviposition
holes, 156 (25.8%) host-feeding holes and 168 (27.9%)
only pseudoparasitism holes (Table 1). There were signifi-
cant differences among the frequencies of the three types
of attack (¥ =21.298, d.f. =2, P <0.0001). Nevertheless,
these differences were due to more of the attacked pupae
being parasitized rather than used for host-feeding or pseu-

Table 1. Pupae with different types of “marks” (oviposition holes:
279; host-feeding holes: 156; pseudoparasitism holes: 168) ob-
tained from a random sample of attacked medfly pupae, on several
occasions, from laboratory cultures of S. cameroni. The standard-
ized residuals obtained from the chi-squared test only show statis-
tically significant differences for parasitism at 95% level.

Type of attack Attacked Attacked Sta.ndardized
pupae pupae (%) residuals (x?)
Parasitism 279 46.2 2.5
Host-feeding 156 25.8 -1.7
Pseudoparasitism 168 27.9 -1.2
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doparasitized (see Table 1), since the incidence of the latter
two behavioural traits were not statistically significantly
different; however, it should be noted that pseudoparasit-
ism occurred more frequently than host-feeding (Table 1).

Experiment 2. Effect of pseudoparasitism on host
fitness and survival

Adult hosts only emerged from 117 of the 168 pseudo-
parasitized pupae (69.6%) and had a male-biased sex ratio
(74.3%). A chi-squared test revealed significant differences
between pseudoparasitized and non-attacked pupae in terms
of survival, measured as the number of emergences (y> =
45.343,d.f. =1, P<0.001). A significantly higher number
of pseudoparasitized pupae died and, consequently, fewer
adults emerged than from non-attacked pupae. Moreover, a
significant effect of the type of pupae (pseudoparasitized/
non-attacked) on the host sex ratio (y* =7.739,df=1,P =
0.005) was also recorded. In this regard, adults emerging
from pseudoparasitized pupae, unlike non-attacked pupae
(*=0.191,d.f. =1, P=0.662), had a male-biased sex ratio
(x* =10.319, d.f. = 1, P = 0.002). In addition, a two-way
factorial ANOVA [¢” (residual variance): 301.38, *(block
variance): 5.6 x 10#] revealed that males emerging from
pseudoparasitized pupae were significantly smaller than
females (F ,, = 34.057, P = 0.01) and also smaller than
males that emerged from non-attacked pupae [¢? (residual
variance): 590.12, * (block variance): 4.8 x 107] (F, ., =
837.138, P <0.001).

DISCUSSION

The results of this study indicate that in laboratory cul-
tures of S. cameroni, pseudoparasitism (i.e., the rejection
of medfly pupae by the females of this parasitoid, without
ovipositing or host-feeding, after stinging them with their
ovipositor), is a common behavioural trait, as it is in other
hymenopteran parasitoids, both under controlled condi-
tions and in the wild (Jones et al., 1986; Hegazi & Khafagi,
2000; Cebolla et al., 2018). In addition, the results indi-
cate that in S. cameroni this behaviour is more frequent
when attacking male pupae and can result in the death of
the host or, in many cases, damage that results in smaller
adult hosts.

Regarding the host mortality linked to pseudoparasitism,
it should be noted that it represents a case of “overkill”,
since in this case hosts are not used for feeding or oviposit-
ing. In previous studies (Legner & Gerling, 1967; Gerling
& Legner, 1968) it is reported that many S. cameroni fe-
males feed on the first host they encounter and, upon com-
pletion of host-feeding, begin to search for a suitable ovi-

Table 2. Survival, sex ratio and body size of adult medflies that emerged from pseudoparasitized and non-attacked pupae (n = 168 in both
cases). These pupae were obtained from laboratory cultures on three occasions. In each column, values with different lower case letters
differ significantly at the 95% level.

Tvoe of pupae Survival (Emergences, Sex ratio Male size (Range; Female size (Range;
ype ot pup Deaths; %) (&, 2 318+9) Mean + SE) (mm) Mean + SE) (mm)
Pseudoparasitized' 117, 51; 69.6a 87, 30; 0.74a 3.4-3.8;3.6 £ 1.14a 3.9-4.3;4.1 £0.25a
Non-attacked? 163, 5; 97.1b 78, 85; 0.48b 3.7-4.3;3.9+0.18b 3.9-4.4;42+0.22a

"Pupae randomly collected from the S. cameroni culture and determined as pseudoparasitized in Experiment 1. 2Pupae randomly col-
lected from the medfly culture.
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position site on a second puparium. These studies do not
refer to “overkilling” ability; however, in our study, this
parasitoid killed more hosts than needed for parasitism or
host-feeding. This type of host-killing is reported in other
parasitoids (Jones et al., 1986; Abram et al., 2016) and is a
desirable trait when assessing their potential as biocontrol
agents, as it is for predators (Johnson et al., 1975).

The other most significant consequence of S. cameroni
pseudoparasitism of medfly is the effect it has on the size
and sex ratio of the host offspring. In this regard, our study
revealed that pseudoparasitized pupae produced male-bi-
ased offspring. According to previous studies (King, 2002;
Beitia et al., 2016), this could be due to the smaller size of
male medfly pupae, making them less beneficial or attrac-
tive to ovipositing females of S. cameroni and thus being
more frequently rejected than female pupae. Furthermore,
the male descendants were smaller in size than females and
also than male offspring produced by non-attacked pupae.
On this point, it should be noted that in medfly, unlike in
other tephritid species such as Rhagoletis cerasi (Linnaeus)
and Bactrocera dorsalis (Hendel) (Boller et al., 1977; Iga,
1981), body size is one of the most important factors deter-
mining mating success. More specifically, mating occurs
more often in this species when males are of equal size
or larger than the females (Churchill-Stanland et al., 1986;
Krainacker et al., 1989; Bloem et al., 1993; Orozco &
Loépez, 1993; Rodriguero et al., 2002). This could be due to
the fact that large males have large wings and thus are able
to displace larger air masses that produce louder sounds,
which may be attractive for females (Churchill-Stanland et
al., 1986). Therefore, the negative effect of pseudoparasit-
ism on the size of the host adversely affects mating in the
next generation of C. capitata and thus could reduce med-
fly population increase, which is one of the main goals of
every control programme.

In summary, on the basis of the results of the present
study it can be concluded that, since pseudoparasitism
is common in hymenopteran parasitoids (Cebolla et al.,
2018) and adversely affects the biotic potential of its host
(in this case, C. capitata), it should be considered as a rel-
evant beneficial trait and taken into account when select-
ing a parasitoid to be included in a biological control pro-
gramme. Furthermore, the results of this study increase our
knowledge of the biology and parasitic ability of S. cam-
eroni when attacking medfly pupae and adds new results
to those of recent studies (Beitia et al., 2016; Tormos et
al., 2018a, b) on its efficiency as a biological control agent
against this important pest.
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