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Abstract

The host-parasitoid relationshipsAriagyrussp. nr.pseudococaoivere investigated, including
host selection behavior, host defenses, host dlityadnd parasitoid functional response in
relation to five mealybug species with differentyfglgenetic relationships and geographical
origins: i) a Mediterranean native speci®sanococcus ficuswith a long co-evolutionary
history with the parasitoid; ii) three alien spegRlanococcus citri, Pseudococcus calceolariae
andPseudococcus viburniyith a more recent co-evolutionary history; andl aiifourth alien
speciesPhenacoccus peruvianugith no previous common history with the parasitd@he
parasitoid recognized as potential hosts and camgk/elopment in all five mealybug species,
but showed a clear preference Rianococcuspp. Host suitability of the studied mealybugs
seems to fit a phylogenetic/biogeographic trendwshg the highest level iRI. ficusand its
closely related congend?l. citri, followed by the AustralasiaRs. calcelolariae,and the
NeotropicalPs. viburniand Ph. peruvianusThe functional response of the parasitoid varied
between host species, with a type Il and typedsponses observed fBs calceolariaeand

Pl. ficus,respectively. The results suggest thasp. nr.pseudococchas a broader host range

and a more generalist behavior in comparison witlerd\nagyrusspecies

Key-words: host selection, host defense, host suitability,cfiomal response, biological

control

viii



Resumo

As relacbes parasitdide-hospedeiro Aleagyrussp. prox. pseudococcinomeadamente o
comportamento de selec¢do do hospedeiro, as dedeshsspedeiro e sua adequacéo e a
resposta funcional do parasitoide, foram estudadaselacdo a cinco espécies de cochonilhas-
algodao, com diferentes relacdes filogenéticasgens geograficas: i) uma espécie nativa do
MediterraneoPlanococcus ficus;om longa histéria co-evolutiva com o parasitOidetrés
espécies exoticaRlanococcus citri, Pseudococcus calceolargeseudococcus viburniom
histdria co-evolutiva mais recente; e iii) uma qaaspécie exdtic®henacoccus peruvianus
sem relacdo evolutiva com o parasitéide. O patidsitdeconheceu como hospedeiros
potenciais as cinco espécies de cochonilhas edsms glas completou o desenvolvimento, mas
evidenciou clara preferéncia pBtanococcusspp. A adequacéo das espécies estudadas de
cochonilhas como hospedeiros de sp. prox. pseudococciparece seguir um padrao
fiologenético/biogeografico, tendo evidenciado wehimais elevado erRl. ficuse Pl. citri,
seguido da espécie de origem australiRsacalceolariae das duas espécies neotropidass,
viburni e Ph. peruvianusA resposta funcional do parasitéide variou entrgplkdeiros, tendo-
se observado uma resposta do tipo Il e llIRsncalceolariaee PI. ficus,respectivamente. Os
resultados sugerem que sp. prox.pseudococcapresenta maior leque de hospedeiros e

comportamento mais generalista em comparacdo ctrasaspéecies denagyrus.

Palavras-chave:seleccdo do hospedeiro, defesas do hospedeiroyagier do hospedeiro,
resposta funcional, luta biolégica



1. Introduction



1.1. State of the art

Mealybugs (Hemiptera: Pseudococcidae) are softeaogliiercing-sucking insects constituting
the second largest family of scale insects (Hemapt€occoidea), with more than 2000
described species (Ben-Dov, 1994; Downie & Gul04). About 160 species of mealybugs
are recognized as pests worldwide (Miller, Mill&, Watson, 2002). Many of them are
cosmopolitan species belonging to the gedamococcus, PseudococcasdPhenacoccus,
such as the citrus mealyb&ganococcus citr(Risso), the vine mealybugy. ficus(Signoret),
the citrophilus mealybudPseudococcus calceolarig®askell), the obscurus mealybiRs.
viburni (Signoret), and the bougainvillea mealybBbenacoccus peruvianuSranara de
Willink (Ben-Dov, 1994, Beltra et al., 2010; Fran&ada, & Mendel, 2009; Hardy, Gullan, &
Hodgson, 2008). Mealybugs are notorious invadetalme they are small insects, often live in
hidden habitats, and frequently are transported commodities that are common in
international commerce (Miller et al., 2002). Damaygiginated by mealybugs is often linked
to sap feeding, honeydew excretion and associatag smold development, toxin injection and
virus transmission, including leaf yellowing, deébion, reduced plant growth, and in some
cases death of plants (Franco et al., 2009). Famele, in Georgia in 1996, the estimated losses
and cost of mealybugs amounted to $98,658,000 (§;H0etting, & lersel, 2003).

Adult females of mealybugs are wingless, often géde or oval, with about 0.4 to 0.8 mm
in body length, resembling immature stages, wheaidat males are winged, short-lived, non-
feeding and rarely seen insects (Kosztarab & Kar@88). Females usually lay 100-400 eggs
into a white, filamentous ovisac, which they seefedtm glands in their cuticle (Cox & Pearce,
1983; Mckenzie, 1967). Typically, mealybugs repmrawsexually, but some species are
parthenogenetic (Kosztarab & Kozar, 1988; McKeni@67; Nur, 1977). Their life cycle
includes five stages for females (egg - 1th ins@th instar - 3th instar - adult) and six stages
for males (egg - 1th instar - 2th instar - prepupapa - adult) (Chong et al., 2003; Mckenzie,
1967; Walton & Pringle, 2004). Mealybugs often cdete several generations per year,
depending on temperature, allowing a quick buildtifheir populations (Franco et al., 2009).

Planococcus ficugs a major pest in many grapevine-growing regionsaworld (Ben-
Dov, 1994; Daane et al., 2006; Walton, Daane, &dre, 2004).Planococcus citri, Ps.
calceolariaeand Ps. viburniare polyphagous mealybugs with pest status onrdiftecrops,
including citrus and ornamental plants (Ben-Dov94;9Franco, Suma, Silva, Blumberg &
Mendel, 2004; Franco et al., 2009; Pellizzari & @ain, 2010) Phenacoccus peruviasus a
major pest oBougainvilleaspp. (Beltra et al., 2010Planococcus ficus considered native to

the Mediterranean basin (Cox & Ben-Dov, 1986), whsePlanococcus citri,although of
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uncertain origin, is believed to be AfrotropicatdRco et al., 2008Pseudococcus calceolariae
is from Australasia (Pellizzari & Germain, 2018»hdPs. viburniandPh. peruvianusire native

to South America (Beltra et al., 2010; Charles,130According to Pellizzari and Germain
(2010),PL. citri, Ps. calceolariaeandPs. viburniarrived and established in Europe during the
19" century. However, studies on the biogeographigimrand molecular characterization of
Ps. viburnisuggest that its introduction in Europe may haseured much earlier, in the 16
century (Charles, 2011; Correa, Germain, Malaus@agiezi, 2012). This is possibly also the
case forPl. citri and Ps. calceolariae NeverthelessPh. peruviang was only recently
introduced into Europe (Beltra et al., 2010).

Chemical control is still the most common contrattic used against mealybug pests.
However, the cryptic behavior of mealybugs, thgpit¢al waxy body cover, and clumped
spatial distribution pattern render the use of masgcticides ineffective. Repeated insecticide
use, especially of broad-spectrum chemicals, aésoduverse ecological and environmental
impacts (Franco et al.,, 2009). Therefore, bioldgicantrol has been considered an
environmentally friendly alternative tactic to bged in integrated pest management strategies
for the control of pest mealybugs (Franco et &109.

The Encyrtidae are considered one of the six mastessful families of Hymenoptera used
in biological control programs. Within this familyhe tribe Anagyrini consists mainly of
mealybug primary endoparasitoids, including sevspakcies of the gendshagyrus which is
the most successful Anagyrini genus used in bickdgcontrol (Noyes & Hayat, 1994).
Anagyrus pseudococsil. (i.e.,sensu latucorresponding to the references before Triapjtsyn
Gonzalez, Vickerman, Noyes, & White, 2007) is anktiont solitary endoparasitoid of
mealybugs (Islam & Copland, 1997; Noyes & Haya®4)9 It has been used as a biological
control agent, especially agaimdt citri andPl. ficus(Noyes & Hayat, 1994; Triapitsyn et al.,
2007). About 24 mealybug species have been repasedhosts ofA. pseudococcs.l.,
representing 11 different genera (Noyes & Haya®4)9However, some of these records are
possibly erroneous. For example, Noyes and Hay@4(lrefer to records dRastrococcus
iceryoides(Green) andaccharicoccus sacchaiCockerell) as hosts &. pseudococd.l. are
probably misidentifications. Recently, Triapitsyri al. (2007) showed thafnagyrus
pseudococcs.l. comprises two sibling, reproductively incortipi@ and genetically different
speciesAnagyrus pseudococfiirault) andAnagyrussp. nrpseudococdiGirault). Anagyrus
pseudococdis apparently restricted to Sicily, Argentina (oduced), and Cyprus, where&s
sp. nr.pseudococcseems to be more widely distributed, since it leenlrecorded from many

countries including Portugal, Spain, Italy, Gredseael, Turkmenistan, South Africa, Brazil
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and USA (Franco et al., 2011; Guerrieri & PellizZ409; Karamaouna, Menounou, Stathas,
& Avtzis, 2011; Mgocheki & Addison, 2009; Triapitswet al., 2007). Therefore, there is a need
to study the biology of both parasitoid speciespriater to further clarify the taxonomic status
of A. sp. neapseudococcias well as to support decision making about thsdrin biological
control of pest mealybugs. A further understandihgheir host-parasitoid relationships, in
particular their host range is needed (Triapitsyal.e 2007).

1.2. Objectives

In this research work, we aimed at studying thet-pasasitoid relationships oA. sp. nr.
pseudococciby investigating host selection behavior, host Wedés, host suitability, and
functional response in relation to host mealybuigdifferent geographical and phylogenetic
origin, as a basis to further clarify the taxonomiiatus and biological traits of this parasitoid
species, as well as to improve its effective usa lbmlogical control agent of pest mealybugs.
With that purpose, we selected five pest mealybpecies from three different genera
(Planococcus, Pseudococcumd Phenacoccysand two subfamilies (Pseudococcinae and
Phenacoccinae) (Downie & Gullan, 2004; Hardy, Gul& Hodgson, 2008): ipl. citri andPlI.
ficus (Pseudococcinae, Planococcini); H¥. calceolariaeand Ps. viburni(Pseudococcinae,
Pseudococcini); and iiiPh. peruvianugPhenacoccinae). Although in the same subfamily,
Pseudococcuss a distant genus in respect Rtanococcuspelonging to a different tribe.
Phenacoccuss even more phylogenetically distant frétfanococcusbeing part of a different
subfamily (Downie & Gullan, 2005; Hardy et al., 3)0Therefore, the selected mealybug
species are expected to present different evolajorelationships with the parasitaddsp. nr.
pseudococciThis parasitoid is considered to have a close ¢&wolary relationship wittPl.
ficus(Franco et al., 2008, 201However,Pl. citri, Ps. calceolaria@ndPs. viburnihave been
possibly in contact witl\. sp. nr.pseudococconly for the last few centuries, at most. Finally,
the lack of previous contact of the parasitoid w#h. peruvians excludes any previous
adaptation in this host-parasitoid system.

The specific objectives of this research were:

1. Comparing the host selection behaviorAfsp. nr.pseudococcamong the select
mealybug species, focusing on close range hostidogahost recognition, and host
acceptance components (Chapter 2);

2. Analyzing differences on the host defense behandrimmune response of the selected

mealybug species to the attackfAofagyrussp. nr.pseudococciChapter 3);
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3. Assessing host suitability of the selected mealybpecies for the development Af
sp. nr.pseudococdbased on different fithess parameters of the gardssuch as body
size, development time, emergence rate, and sex(Gtiapter 4);

4. Investigating the functional responsefofsp. nr.pseudococcand testing if it could be

affected by the host species, depending on itaugeolry history (Chapter 5).
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Abstract

The host selection behavior Ahagyrussp. nr.pseudococcwas compared in no-choice tests
among five mealybug species of different geogragdlaad phylogenetic origin, including the
Mediterranean native hod®lanococcus ficysand four exotic mealybug species, one of the
same genug?l. citri, two PseudococcuspeciesPs. calceolariaeandPs. viburni,and a more
distant onePhenacoccus peruvinaull five studied mealybug species were recognibagd
the parasitoichs potential hosts and parasitized, but the bera\pattern of host recognition,
host handling and the level of host acceptancanafgyrussp. nr.pseudococcsignificantly
varied among the five studied species, indicatirgdear preference for the twRlanococcus
speciesPI. ficusin particular. The results suggest thasp. nrpseudococdnas a broader host
range and a more generalist behavior in compangtn other Anagyrusspecies Practical

implications of the findings are discussed.

Key-words:. parasitoids, mealybugs, foraging behavior, hasge, handling time, biological

control



2.1.Introduction

Parasitoids are the most important and successfulpgof natural enemies used in biological
control of insect pests (Mills & Wajnberg, 2008; /s & Hayat, 1994). The behavioral
ecology of parasitoids is critical for the succe$®iological control implementation, as the
effective suppression of insect pests dependsepdhasitoid behavioral decisions during host
searching and acceptance (Mills & Wajnberg, 2008)general, host selection behavior of
parasitic Hymenoptera involves a series of steyaduding host habitat location, host location,
host recognition and host acceptance, each invgldiffierent kinds of cues (Vinson, 1998).
Considering that the fundamental host range of ragitaid is expected to be largely
influenced by parasitoid host selection procesaguin, 1998), the study of behavioral aspects
involved in parasitoid-host relationships is impmitt for predicting parasitoid host range.
Parasitoid host range has been attracting muchtiattefrom researchers and is considered a
central question for both theoretical and applessons. Knowledge on host range is of critical
importance to understanding the functioning andwian of parasitoid communities (Shaw,
1994; Stireman & Singer, 2003a,b), as well as wess the risk of non-target impacts of
biological control of insect pests (Wajnberg, S&tQuimby, 2001). Realized host range, i.e.,
the host species actually used by the parasitoetlibls, Kauffman & Schaefer, 1992) is
traditionally obtained from literature. However,htished host records are often unreliable,
especially those from older literature, due to desitification of parasitoid and/or host (Conti,
Salerno, Bin, & Vinson, 2004; Hopper, 2001; Sha®94). The realized host range of a
parasitoid integrates its natural host range @wattea of origin of the parasitoid) and novel host
range (in areas where it has been introduced) &Baet al., 2012), which are delimited by the
fundamental host range, i.e. genetically defineecidls et al., 1992). The study of parasitoid
behavior can also contribute to our knowledge oragitoid taxonomy and co-evolution
between parasitoids, their hosts and the plantbdbktlives on (van Alphen & Jervis, 1996).
Mealybugs (Hemiptera: Pseudococcidae) constitueesticond largest family of scale
insects (Hemiptera: Coccoidea), with more than 2666cribed species (Ben-Dov, 1994;
Downie & Gullan, 2004), of which about 160 spec&s recognized as pests worldwide
(Miller, Miller, & Watson, 2002). Many of them amsmopolitan species belonging to the
generaPlanococcus, PseudococcaisdPhenacoccu@-ranco et al., 2009). Damage originated
by mealybugs is often linked to sap feeding, hoeayeéxcretion and associated sooty mold

development, toxin injection and virus transmisgiBranco, Zada, & Mendel, 2009).
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The Encyrtidae are considered one of the six mastessful families of Hymenoptera used
in biological control programs. Within this familyhe tribe Anagyrini consists mainly of
mealybug primary endoparasitoids, including sevspakcies of the gendshagyrus which is
the most successful Anagyrini genus used in bickdgcontrol (Noyes & Hayat, 1994).
Anagyrus pseudococsil. (i.e.,sensu latucorresponding to the references before Triapjtsyn
Gonzalez, Vickerman, Noyes, & White, 2007) is anktiont solitary endoparasitoid of
mealybugs (Islam & Copland, 1997; Noyes & Hayat©4)9 It has been used as a biological
control agent, especially against the citrus maajyPlanococcus citri{Risso) and the vine
mealybugPlanococcus ficuéSignoret) (Noyes & Hayat, 1994; Triapitsyn et 2007). About
24 mealybug species have been reported as hosds p$eudococcs.l., representing 11
different genera, namelyntonina (1 species) Dysmicoccus(1l), Maconellicoccus(1),
Nipaecoccug?2), Peliococcus(l), Phenacoccugb), Planococcoideg1), Planococcud3),
Pseudococcud), Rastrococcuél), andSaccharicoccugl) (Noyes & Hayat, 1994). However,
some of these records are possibly erroneous. Xaon@e, Noyes and Hayat (1994) refer to
records ofRastrococcus iceryoidg§reen) andsaccharicoccus sacchaiCockerell) as hosts
of A. pseudococd.l. are probably misidentifications. Recently apitsyn et al. (2007) showed
that Anagyrus pseudococa.l. comprises two sibling, reproductively incortipie and
genetically different specieAnagyrus pseudococfsirault) andAnagyrussp. nrpseudococci
(Girault). Anagyrussp. nr.pseudococcis apparently the more common of the two parasitoi
species in the Mediterranean basin (Triapitsyr. e2@07; Guerrieri & Pellizzari, 2009; Franco
et al., 2011; Karamaouna, Menounou, Stathas & Ay2011). According to Triapitsyn et al.
(2007), “the host range and host preference of BofiseudococandA. sp. nr.pseudococci
need to be further investigated (...) in order to/ate taxonomists with the information needed
for further clarification of the taxonomic status A. sp. nr.pseudococgiand also to help
biological control practitioners make proper demis about the use of both forms against the
citrus, vine, and possibly other mealybugs (suckoasePseudococcuspp.).”

In the present study, we aimed at studying the harsge ofA. sp. nr.pseudococcby
investigating its relationship with host mealybudsifferent geographical and phylogenetic
origin. With that purpose, we selected five pesalyleug species from three different genera
(Planococcus, Pseudococcasd Phenacoccusand two subfamilies (Pseudococcinae and
Phenacoccinae) (Downie & Gullan, 2004; Hardy, Gul& Hodgson, 2008): ipl. citri andPl.
ficus (Pseudococcinae, Planococcini); i) the citrophiltealybugPseudococcus calceolariae
(Maskell) and the obscure mealybugseudococcus viburn{Signoret) (Pseudococcinae,

Pseudococcini); and iii) the bougainvillea mealybBtpenacoccus peruvianuSranara de
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Willink (Phenacoccinae). Although in the same sablg Pseudococcus a distant genus in
respect to Planococcus, belonging to a different tribePhenacoccusis even more
phylogenetically distant fronfPlanococcusheing part of a different subfamily (Downie &
Gullan, 2005; Hardy et al., 2008).

Except forPl. ficus which is considered native to the Mediterraneasirb (Cox & Ben-
Dov, 1986), all other selected mealybug speciesabea, having different origin and history
of invasion of the Mediterranean bagttanococcus citris believed to have Afrotropical origin
(Franco et al., 2008Rs. calceolariags from Australasia (Pellizzari & Germain, 2018@nhd
Ps. viburniandPh. peruvianugre native to South America (Beltra et al., 2018aitzs, 2011).
Planococcus ficugs a major pest in many grapevine-growing regionge world (Ben-Dov,
1994; Daane et al., 2006; Walton, Daane, & Pring(l®4).Planococcus citri, Ps. calceolariae
andPs. viburniare cosmopolitan, polyphagous mealybugs with gasison different crops,
including citrus and ornamental plants (Ben-Dov94,9Franco, Suma, Silva, Blumberg, &
Mendel, 2004; Franco et al., 2009; Pellizzari & @am, 2010)Phenacoccus peruviaaus a
major pest oBougainvilleaspp. (Beltra et al., 2010).

According to Pellizzari and Germain (201@), citri, Ps. calceolariaeand Ps. viburni
arrived and established in Europe during thé" X®ntury. However, studies on the
biogeographic origin and molecular characterizatibRs. viburnisuggest that its introduction
in Europe may have occurred much earlier, in theckhitury (Charles, 2011; Correa, Germain,
Malausa, & Zaviezi, 2012). This is possibly alse tiase for the other two mealybug species.
NeverthelessPh. peruviana was only recently introduced into Europe (Bedtral., 2010).

Therefore, the selected mealybug species are egéutpresent different evolutionary
relationships with the parasitofl sp. nr.pseudococciThis encyrtid is considered to have a
close evolutionary relationship witi. ficus(Franco et al., 2008, 201However Pl. citri, Ps.
calceolariaeandPs. viburnihave been possibly in contact wahsp. nr.pseudococoonly for
the last few centuries, at most. Finally, the latkrevious contact of the parasitoid wiih.
peruvians excludes any previous adaptation in this hostguaid system. As an experimental
approach, we compared in no-choice tests the lktstton behavior oA. sp. nr.pseudococci
among the selected mealybug species, focusingase chnge host location, host recognition,
and host acceptance components.

2.2. Material and methods
2.2.1. Mealybug rearing
The origin of the mealybugs used in the studyfsrred to in Table 2.1. Mealybugs were reared

on sprouted potatoeS@lanum tuberosuin) during multiple generations. Third instarseaich

12



species were isolated on sprouted potatoes witntilated plastic boxes seven days before the
beginning of the experiments to standardize agessiplogical state and obtain pre-
reproductive adult females. Isolated mealybugs Wwepe at controlled conditions (25.0.5°C,

55-65% RH, in the dark).

Table 2.1- Origin of the mealybug populations usetthe experiments.

Mealybug species Region Host plant
Planococcus citri Silves (Mainland Portugal) Sweet orange
Planococcus ficus Tavira (Mainland Portugal) Grapevine
Pseudococcus calceolariae  Loulé (Mainland Portugal) Sweet orange
Pseudococcus viburni Biscoitos (Azores, Portugal) Grapevine

Phenococcus peruvianus Queluz (Mainland Portugal) Bougainvillea glabra

2.2.2. Parasitoid rearing

Anagyrussp. nr.pseudococaias collected in the region of Silves (Portugat] eeared within
ventilated plastic boxes oRIl. citri for multiple generations under controlled condiso
(25.0:0.5°C, 55-65% RH, 16L:8D photoperiod). To obtain naadelt female wasps less than
24h old, the rearing plastic boxes were first obseérand kept free of parasitoids, and then
checked every 24h. Before the experiments, eachaleerwasp was fed and mated by
introducing it into a new box containing one drdgoney and two male wasps, in which they
were kept for 72h under the same controlled comastimentioned above, until the beginning

of the experiment.

2.2.3. Experiments

The experiments were conducted between 12:00h @001, under laboratory conditions (19-
22°C and 55-65% RH). In each of the 22 replicate® naive adult parasitoid female was
exposed to 10 pre-reproductive adult mealybug femal a Petri-dish (9cm diameter), and
observed during 30 min. The behavior of wasp femalas described according to the
following five categories (Heidari & Jahan, 200Grmaouna & Copland, 2000): i) searching
(the parasitoid moved randomly while moving its emmiae upward and downward
successively); ii) antennatidthe female wasp examines the host mealybug, by mingithe

antennae); iii) probing (the females inserts thipasitor to collect information from inside the
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host); iv) oviposition (the female wasp turns hedy clockwise or counterclockwise and flexes
the tip of her abdomen to place the ovipositor asifpon and insert it into the host); and v)
grooming and resting (the parasitoid cleans itsybadolving the mouthparts, antennae, legs
and wings, and afterwards eventually remains mtags). For each replicate, the duration of

each type of the parasitoid behavior was recordesgconds, using a chronometer.

2.2.4. Dissection of mealybugs

After the end of each experiment, the mealybugsach replicate were maintained in the same
Petri-dish under laboratory conditions during sestays. After this period, the mealybugs were

individually immersed in a clarification solutiommsisting of 1 part glacial acetic acid and 1

part chloral-phenol and then dissected to deterrtiieenumber of mealybugs parasitized as

well as the total number of oviposited wasp eggs@eaicate.

2.2.5. Statistical analysis

The number of host encounters, number of mealypagasitized, number of parasitoid eggs
oviposited, as well as the number of times each tffparasitoid behavior was observed were
analyzed using Generalized Linear Models, by fit@nPoisson distribution.

Univariate General Linear Models (ANOVA) were ugedthe analysis of time duration
of each parasitoid behavior, percentage of totaétallocated to host searching and to host
handling (antennation + probing + oviposition), dxahdling time per parasitized host. Normal
distribution and homogeneity of variances wereetgdiased on Shapiro-Wilk and Levene’s
tests, respectively. When necessary, a squareoramgular transformation of data was used
for time duration of parasitoid behavior and petage of total time allocated to host searching
and to host handling, respectively. The angularsfi@rmation, corresponding to arspnwhere
p is a proportion, was used as a tool to stabi@&ances and normalize data in percentages or
proportions (Sokal & Rohlf, 1981).

Data are presented as mean £ SEM (standard ertloe afean). The significance level was
set ata=0.05. All statistical tests were carried out usiB§yl SPSS 20.0 for Windows (IBM
Corporation, Armonk, New York, USA).

2.3. Results

2.3.1. Parasitism

The number of observed encounters betweeap. nrpseudococcnd the host mealybugs did
not significantly vary among host species (Table2p. Yet, the number of mealybugs

parasitized by the wasp was significantly higherPianococcusspecies than in the other
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mealybug species tested, with the exceptiorPbfficus and Ps. viburni (Table 2.2). No
significant differences were observed betwBércitri andPl. ficus,or amongPseudococcus
and Phenacoccuspecies The number of eggs oviposited By sp. nr. pseudococciwas
significantly higher inrPlanococcuspp. than in all other mealybug species testedI€TaR).
No significant differences were registered betwgentwoPlanococcusspecies, and among
PseudococcuandPhenacoccuspecies

Table 2.2 - Mean number of mealybugs parasitizetikbale ofAnagyrussp. nr.pseudococci
and mean number of wasp eggs oviposited per réplma the studied five host mealybug
species in no-choice test. For each replicate, ntividuals were exposed to one female
parasitoid for 30 min (N=22).

. Number of host Number of parasitized Number of
Host species

encounters* mealybugs wasp eggs
Planococcus citri 8.1+0.6 3.0+0.4a 3.2+0.4a
Planococcus ficus 8.7+0.6 2.2+0.3ab 2.6+0.3a
Pseudococcus calceolariae 7.5+0.6 1.4+0.3c 1.5+0.3b
Pseudococcus viburni 7.6+0.6 1.6+0.3bc 1.7+0.3b
Phenacoccus peruvianus 8.91+0.6 1.1+0.2c 1.3+0.3b
X24 4.164 25.49 25.79
p 0.384 < 0.001 <0.001

*Within columns, means followed by the same leser not significantly different (p=0.05)

2.3.2. Host salection behavior

Description of wasp behavior. When encountered lybags were usually examined and

eventually accepted or rejected by the wasp basedfarmation collected from the host body
surface through antennation. If the host is acckfiten the wasp turns her abdominal end
towards the host, and repositions to insert hepasitor into the host and deposit an egg.
Sometimes, after probing, the wasp rejects theyhagland does not oviposit. The frequency
of rejection after probing, when a female paraditsas exposed to 10 mealybugs for 30 min,
was on average 1.5+0.3, 1.2+0.2, 0.7+0.2, and 1240r PlI. citri, PI. ficus, Ps. calceolariae,
and Ps. viburni,respectively. No rejection after probing was obsednin the case dPh.
peruvianusHost-feeding was observed in none of the studiealybag species. Usually, after

oviposition the wasp moves away from the host amy spend some time cleaning her
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antennae, legs and wings and eventually restingsdme cases, ifPlanococcusand
Pseudococcuspecies, but especially . ficus the wasp showed a particular behavior of host
acceptance after antennation. She stayed motiomasby the host with her antennae in upper
position for a period of 50 seconds up to aboutn7ifsutes, during which the antennae came
down gradually. Then the wasp turned back for reemeng the host for no longer than 15
seconds, resuming antennation and ovipositinghik ¢ase oviposition takes more than 50
seconds.

Frequency of each type of behavior. The frequerid¢yst searching behavior Af sp. nr.

pseudococcifemales was not significantly different among mbaly species X?,=7.54,
P=0.11). However, significant differences were fduamong host mealybug species
(X?4=18.32, P=0.001) for the frequency of antennatibfemale wasps. The higher frequency
of antennation was observed &b ficus (14.0£0.8) and the lowest oRh. peruvianus
(10.4+0.7) No significant differences were detected betweeatigs within botliPlanococcus
andPseudococcugenera and betwedétseudococcuspecies an@h. peruvianus

The frequency of host probing by wasp females wagsifgcantly different among
mealybug speciesXfs=31.433, P<0.001). The highest value was registéme®!. ficus
(7.8+0.7). Neverthless, similar valuesRb ficuswere found forPl. citri (7.6+0.2), andPs.
viburni (7.2+£0.9), whereas significantly lower values wienend forPs. calceolariag¢5.4+0.7)
andPh. peruvianug4.3+0.9).

The frequency of oviposition behavior observedhie femalesof A. sp. nr.pseudococci
significantly differed among mealybug host speci{¥$=15.74, P=0.003). However, no
significant differences were detected between sgewithin the genuBlanococcug6.6+0.5
and 6.2+0.6 foPl. ficusandPl. citri, respectively) and the genBseudococcu&.0+£0.5 and
4.7 £ 0.5 foPs. viburniandPs. calceolariagrespectively)Pseudococcus viburdid not differ
from both Planococcusspecies andPs. calceolariaeshowed no significant differences in
relation toPh. peruvianug4.3+0.4).

Finally, the frequency of wasp grooming and restitsp differed significantly among host
species X%=17.56, P=0.002). This parameter was significahiijher onPI. ficus (5.6+0.5)
Ps. viburni(5.2+0.5), andPs. calceolariag5.1+0.45), compared tl. citri (3.7+0.4) andPh.
peruvianug3.5+£0.4).

Time duration of each type of behavior. The duratd host searching behavior showed

by females oA. sp. nr.pseudococaias significantly influenced by the host mealybpga@es
(Table 2.3). The time the wasps spent searchingigagicantly higher irPh. peruvianushan
in the other mealybug species. No significant défees were observed amarQ citri, Ps.
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calceolariaeand Ps. viburni.The lowest time was observed . ficusbut it did not differ
significantly fromPlI. citri andPs. viburni.

Table 2.3 - Mean time duration (xSE) (in minuteperst by femaleAnagyrussp. nr.
pseudococadn host searching, antennation, oviposition andming + resting when exposed
to each of the studied five host mealybug speciesorchoice test. For each replicate, 10
mealybugs were exposed to one female parasitoig0fonin (N=22).

Host species Searching*  Antennation  OvipositioGrooming
and resting

Planococcus citri 12.1+1.0bc 5.240.5a 3.3+0.4ab 7.2£1.0b

Planococcus ficus 8.610.8c 5.2+0.4a 4.7+0.5a 9.6+£0.9ab

Pseudococcus calceolariae 13.9+1.0b 4.0+0.6ab 2.2+0.3bc 7.8x1.2b

Pseudococcus viburni 10.0+0.9bc 2.5+0.4b 1.3+0.2cd 14.4+1.1a
Phenacoccus peruvianus  22.5+1.4a 1.1+0.2¢c 1.0+£0.3d 4.2+1.1c
Fa, 105 28.40 21.02 17.55 14.44
p <0.001 <0.001 <0.001 <0.001

* Within columns, pairs of means followed by thessletters are not significantly different
(p=0.05)

The amount of time the parasitoid spent examinimg host through antennation was
significantly dependent on mealybug species (T23¢. The lowest value was registered in
Ph. peruvianugsnd the highest values were observeBlanococcuspecies.

The amount of time the parasitoid spent ovipositias also significantly influenced by
the host species (Table 2.3). The highest and lovedises were registered Ri. ficusandPh.
peruvianus,respectively. No significant differences were okedr between species within
PlanococcusaandPseudococcugenera Planococcus citrdid not significantly differ fronPs.
calceolariae,andPs. viburnifrom Ph. peruvianus.

The time spent grooming and resting by the panasiemales significantly varied among
mealybug species (Table 2.3). When exposelstoviburni,the wasps spent a significantly
higher amount of time grooming and resting compé&oeall other mealybug species except for
PIl. ficus. No significant differences were observed amdPlg citri, Pl. ficus and Ps.
calceolariae. Phenacoccus peruvianwgas significantly different from all other mealybug
species.

Percentage of time allocated to host searching lkeamdiling. The percentage of time

allocated to host searching by the parasitoid wgsfeeantly affected by the host mealybug
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species (Table 2.4). The highest and lowest vakers registered iPh. peruvianugandPlI.
ficus,respectively. No significant differences were oledrbetweerPs. calceolariaandPl.

citri and amondpl. citri, PI. ficusandPs. viburni.

Table 2.4 - Percentage (£SD) of time allocated éapdlesAnagyrussp. nt pseudococcior
host searching and handling (antennation + probingiposition) in each of the studied five
host mealybug species (no-choice test). For egiltage, 10 mealybugs were exposed to one
female parasitoid for 30 min (N=22).

Host species Searching* Handling
Planococcus citri 42.5+3.1bc 32.3+3.1ab
Planococcus ficus 30.1+2.9c 36.7+2.5a
Pseudococcus calceolariae 49.7+3.5b 22.8+2.8bc
Pseudococcus viburni 35.4+3.4c 14.0+1.7c
Phenacoccus peruvianus 78.0+4.5a 7.3t1.4d
Fa4,105 28.02 27.59
p <0.001 <0.001

* Within columns, pairs of means followed by thengaletters are
not significantly different (p=0.05).

The percentage of time dedicated to host handlinghe wasps, including antennation,
probing and oviposition, was significantly dependamthe host mealybug species (Table 2.4).
Apparently, it decreased according to the followsgguencePlI. ficus > PIl. citri > Ps.
calceolariae > Ps. viburni > Ph. peruvian{&ig. 2.1). However, no significant differences
were found betweerPlanococcusspecies, as well as betwedtseudococcusspecies.
Planococcus citrdid not significantly differ fronPPs. calceolariador the same parameter. The
percentage of time allocated to host handling byaleA. sp. nrpseudococdn Ph. peruvianus
was significantly lower than in all other mealylspmecies (Table 2.4).

The handling time was significantly influenced I thost species, varying between 2.1
and 5.2 minutes per parasitized mealybugln peruvianugndPl. ficus,respectively (Table
2.5). This parameter was significantly highePInficuscompared to all other mealybug species
except forPl. citri andPs. calceolariaeNo significant differences were observed améhg

citri, Ps. calceolariae, Ps. vibur@ndPh. peruvianus
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Figure 2.1 - Percentage of time allocated to eattatior ofAnagyrussp. nr.pseudococawith
five mealybug specie®(. citri, Pl. ficus, Ps. calceolariae, Ps. vibuyith. peruvianusin no-
choice tests.

Table 2.5 - Mean handling (antennation + probir@ytposition) time (minutes per parasitized
mealybug £SE) of females éhagyrussp. nt pseudococdor the studied five host mealybug
species (no-choice test). For each of the 22 aels; 10 mealybugs were exposed to one
female parasitoid for 30 min.

Host species N Handling time*
Planococcus citri 21 3.6+0.7ab
Planococcus ficus 20 5.2+0.6a
Pseudococcus calceolariae 17 4.3+0.7ab
Pseudococcus viburni 18 2.5+0.6b
Phenacoccus peruvianus 11 2.1+0.6b
Fag2 3.54
P 0.01

* Within columns, pairs of means followed by thersaletters are not
significantly different (p=0.05).

2.4. Discussion

The observed host selection behavior of the femaflés sp. nr.pseudococcwas in general
similar to that described by Avidov et al. (196fdaHeidari and Jahan (2000) fé.
pseudococcs.l. No host-feeding was observed in wasp femélegiever, we cannot exclude

the possibility of host-feeding . sp. nr.pseudococdn younger host stages, such as first and
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second instars, as our observations were carriedrdy on pre-reproductive adult mealybug
females. For example, Karamaouna and Copland (2008grved that the females of
Leptomastix epon@Nalker) might host feed on second and third instamphs ofPs. viburni

in which they do not oviposit. Host-feeding is udgdnany synovigenic parasitoids as a source
of proteinaceous nutrients for egg production, aad be of biological significance in pest
suppression (Karamaouna & Copland, 2000).

Host location by parasitoid females generally inreslambulatory searching behavior for
slightly volatile chemical cues, i.e., searchingnsiants, such as frass, defensive secretions,
pheromones, or feeding secretions, which after emeoed will retain the wasp and stimulate
the searching for a certain amount of time, dependn experience, host encounter rate, the
nature of the substrate, or changes in the corat@rirof the chemical cues (Vinson, 1998). In
previous works, we have shown that the female&. sp. nr.pseudococcare attracted to (S)-
(+)-lavandulyl senecioate, the sex pheromon®Ilofficus (Franco et al., 2008) and use this
kairomonal cue in host location, possibly as aestant (Franco et al., 2011). Other mealybug
products, such as honeydew, are likely to be ugell bp. nr.pseudococcas kairomonal cues
in host location (Franco et al., 2008; Islam & JghH93). Recently, Dhami, Gardner-Gee,
Van Houtte, Villas-Bbas, & Beggs (2011) showed tinat honeydew excreted by each scale
insect species have a distinctive amino acid angbtgdrate signature. This signature may be
used as a chemical cue by mealybug parasitoidstinglish among hosts.

In the present study, host location was limitedthsy size of Petri dish arena. In such a
scenario only short range searching behavior isiples No significant differences were
observed among mealybug species on the searcleiqugeincy of\. sp. nr.pseudococcas well
as on the frequency of host encounters. Howeverathount of time spent searching by the
wasp varied among mealybugs host species, witlstibeest time registered Fi. ficusand
the longest irPh. peruvianugTable 2.3). The differences observed among meglgpecies
on the level of parasitim bj. sp. nr.pseudococcivere not apparently determined by the
frequency of host encounters, as no significariedihces were found among host species for
this parameter (Tables 2.2).

Host recognition by parasitoid females is expetddae based on the external examination
of the host using nonvolatile chemicals or physataracteristics as cues (Vinson, 1998). If
the host is eventually recognized and considerédlde the parasitoid female might resume
antennation and probe the host with the ovipogitarson, 1998). After probing the wasp will
eventually accept the host based on the preserbe afjht cues and the absence of deterrents

(Vinson, 1998). In the present study,sp. nr.pseudococciecognized and accepted all five
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tested mealybug species as potential hosts defyte different geographical origin and
phylogenetic relationships. Nevertheless, the biehnalvpattern of host recognition and the
level of host acceptance significantly varied ambiogt species. The number of parasitized
mealybugs inPl. citri and PI. ficus was about twice as higher as Rseudococcusnd
Phenacoccuspecies. The cues used by femAlesp. nr.pseudococcin host recognition
through antennal examination are probably relatati¢ waxy secretions covering the body of
mealybugs. These secretions are produced by emdlerax glands whose function has been
associated with protection against water loss, wenditions, natural enemies, and
contamination with their own honeydew and defensixadates (Cox & Pearce, 1983; Gulan
& Kosztarab, 1997). The chemical composition obthe/ax secretions differ among mealybug
species (Zvi Mendel, pers. communication, 2013 fBmales oA. sp. nrpseudococgresent
uniporouschaeticasensillae in the ventral side of the antennal elblzh are apparently contact
chemoreceptors and may be associated with infodaniletection during external
examination of the host through antennation (Fa&turanco, & Rebelo, 2013). Mozaddedul
and Copland (2003) reported that searching behafitre parasitoid.eptomastixr. epona
(Walker) is arrested by the wax secretions of igmlybug host. The ostiolar secretions, which
can be produced by the mealybugs when attackedabgsipoids or predators (Gullan &
Kosztarab, 1997), may also affect host recogniéind acceptance &. sp. nr.pseudococci.
This reflex bleeding behavior is much more frequems. viburnithan in the other mealybug
species (Bugila et al., in prep), which may exptammuch higher amount of time spent by the
parasitoid in grooming and resting when exposethi® mealybug, in comparison with the
other studied mealybugs (Table 2.4; Fig. 2.1).

The females oA. sp. nr.pseudococaiejected some individuals after probing all meatybu
species except fdth. peruvianusSome of the cues detected by probing are pos®laied to
mealybug resistance. Mealybugs are known to rdsesattack of parasitoids through immune
defense response by encapsulation of their eggsvae (Blumberg, 1997; Blumberg, Klein,
& Mendel, 1995). On the other hand, it has beerothgsized that superparasitism might be
used byA. sp. nr.pseudococcand other solitary parasitoids of mealybugs agategyy for
counteracting host immune defenses (Blumberg eP@01; Suma et al., 2011). The fact that
female parasitoids tend to lay higher number ofsegg more resistant host mealybugs
(Blumberg et al., 2001; Suma et al., 2011) suggbstshey are able to access the level of host
resistance based on the detection of internal ad@nscues through ovipositor probing. We

hypothesize that eventually female wasps may deicideject the most resistant hosts after
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probing. The ability of the five studied mealybugsencapsulate eggs or larvaefofsp. nr.
pseudococawill be addressed elsewhere (Bugila et al., in prep

The duration of host handling may be influencedhiogt species, as well as by host
aggregation, host size, host developmental staggt,dtate, and parasitoid experience (Segoli,
Harari, Bouskila, & Keasar, 2009, and referencemeiim). Our results showed that host
handling time by femal@&. sp. nr.pseudococcwas affected by host species, with the highest
value registered iRl. ficus,the host for which the parasitoid showed highest searching
efficiency. A reduction in host handling time ispexted to increase reproductive success of
parasitoids which require more time for searchingable hosts than for egg production
(Heimpel, Mangel, & Rosenheim, 1998). The obsemathtion in host handling time among
mealybug species may also be related to differemtdsehavioral defenses among host
mealybugs. We would expect a reduction in handiimeg of femaléA. sp. nr.pseudococanith
respect to mealybug species reacting more aggedgsosparasitoid attack. For example, it is
known that the process of ovipositor insertion &yéle wasps is longer when a sessile host is
parasitized and often faster in more mobile andemfe hosts (Vinson, 1998). Our
observations on defensive behavior of the fiveistlidnealybugs support this hypothesis, as
Ps. viburnishowed the highest level of defensive behaviorRladococcuspecies the lowest
ones (Bugila et al., in prep.). A more rapid haasitwtling may also reduce the exposure to the
predators, such as it seems the case of parasitmds adapted to successfully attack ant-
tended scale insects (Barzman & Daane, 2001). Agghomealybugs are known to be
commonly ant-tended insects and ants may disredhvity of mealybug parasitoids (Daane,
Sime, Fallon, & Cooper, 2007; Gullan & Kosztara®917; Way, 1963), it is not likely that the
observed differences among host mealybugs on hasdling time of femaleA. sp. nr.
pseudococcare related to ant-tending.

Anagyrussp. nr.pseudococcseems to be much less host specific than its cangansp.
nr. sinope Noyes & Menezes andd. kamali Moursi. Anagyrus kamaliis a solitary
endoparasitoid of the pink hibiscus mealybigaconellicoccus hirsutussreen (Sagarra,
Vincent, & Stewart, 2001), whereds sp. nr.sinopeis a gregarious endoparasitoid of the
Madeira mealybugPh. madeirensigChong & Oetting, 2007). In Table 2.6, we compdre t
results of the studies by Sagarra et al. (2001)G&muhg and Oetting (2007) on the host ranges
of these two parasitoids with those obtained bfou#\. sp. nr.pseudococci. Anagyrisp. nr.
sinopeandA. kamaliwere shown to be very selective mealybug parasitadly completing
development in their principal host species (T&x®. In most of the cases, the two parasitoids

were able to discriminate among the tested mealgpegies and select the most suitable ones.
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However, they showed different behavioral respaonsthe non-selected mealybug species.
Some mealybug species were almost ignored and atighduce searching behavior by the
parasitoid (e.gA. kamal) (Table 2.6). Other mealybugs were rejected by Hragtoids after
external antennal examination (e.Bs. longispinusand F. virgata for A. sp. nr.sinope L.
neotropicusandPu. barberifor A. kamal) or after being probed with the ovipositor (eRj.,
citri, Ps. viburni,and Ph. solanifor A. sp. nr.sinope Ps. elisaefor A. kamal) (Table 2.6).
Finally, a few other mealybug species were accepydatie parasitoid as potential hosts despite
being unsuitable hos{3able 2.6). In contrash. sp. nr.pseudococcaccepted and is able to
complete development in all tested mealybugs (Bugilal., in prep.), despite their different
geographical origin and phylogenetic relationshifsvertheless, the behavioral pattern of host
recognition, host handling and the level of hosteptance significantly varied among host
species, indicating a clear preference for the RlamococcusspeciesPlI. ficusin particular.
Our results suggest a broader host range and a gereralist behavior foA. sp. nr.
pseudococcin comparison with otheAnagyrusspecies, which is in accordance with the
hypothesis that this wasp might have evolved byagng its host range (Franco et al., 2008).
In previous studies we found thatsp. nr.pseudococaiesponded to the sex pheromon®bf
ficus(Franco et al., 2008) and use this chemical cuekasromone in host location (Franco et
al., 2011). This innate kairomonal respons@.cp. nr.pseudococdemales to a chemical cue
of a specific host species indicates an intimatdugonary relationship between the wasp and
Pl. ficus suggesting that this mealybug speciess its primary host in the region of origin
(Franco et al., 2008). However, all the availaldtadincluding the innate kairomonal response
to the pheromone @&l. ficus,the host selection behavior in comparison to spisti@nagyrus
species, and an apparent realized host range eitaral mealybug species from different
genera (Guerrieri & Pellizzari, 2009; Triapitsyna&t 2007), support the hypothesis tAap.

nr. pseudococcevolved from a specialist to a more generalistegna(Franco et al., 2008).

Table 2.6 - Specificity aAnagyrussp. nr.pseudococan comparison with two other mealybug
parasitoids of the same genéssp. nr.sinopeandA. kamali Elaborated based on data from
Chong and Oeting (2007), Sagarra et al. (2001) tlaagresent study, f&. sp. nr.sinope, A.
kamali,andA. sp. nr.pseudococcirespectively. Mealybug species are organized acuptd
their phylogenetic relationships (Hardy et al., 20@.egendN (no response) - The host did
not induce searching behavior on the parasiRidAll the available hosts were rejected after
antennation or probingA - At least part of the available hosts were a@pind parasitized
(% parasitism)D - the parasitoid was able to complete developmetitis host.

Family/Subfamily Mealybug species Parasitoid
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A.sp.nr.  A. kamali A.sp. nr.
sinope pseudococci

Pseudococcidae

- Pseudococcinae  Nipaecoccus nipae - N -
Planococcus citri R A (11%) A (30%) D
Planococcus ficus - - A (22%) D
Planococcus halli - A (8%) -

Saccharicoccus - N -
sacchari

Dysmicoccus brevipes - N -

Leptococcus - R -
(=Plotococcuy
neotropicus

Pseudococcus elisae - R -

Pseudococcus R - -
longispinus

Pseudococcus - - A (14%) D
calceolariae

Pseudococcus viburni R - A (16%) D
Ferrisia virgata R - -

Maconellicoccus - A (45%) D -
hirsutus

- Phenacoccinae Phenacoccus A (17%) - -
madeirensis

Phenacoccus - - A (11%) D
peruvianus

Phenacoccus solani R - -

Putoidae Puto barberi - R -

This is in line with the idea that the innate ussamiochemicals by generalist carnivores is the
result of evolving from monophagous ancestors (&te& van Loon, 2003). Based on the host
range information available for about 1A@Aagyrusspecies, among the 270 described species,
it seems that most of them (ca. 76%) are spedaligth less than five known hosts, and only

few species show a more generalist behavior (NREE?).
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The specificity of a parasitoid is considered apantant attribute in selected candidates
for classical biological control programs aimingmmimize the risks of impacts on non-target
native species. In this respect, the us@.afp. nr.pseudococcin classical biological control
may present risks of impact on native species odlybeigs due to its apparent generalist
behavior. Nevertheless,htis been used both in classical biological comnol augmentative
releases in different areas (Triapitsyn et al.,7Z2@hd there is no evidence of negative impacts
on native mealybug species. On the other handexistence of alternative hosts is considered
important for the success of biological controlitawill support parasitoid populations over
periods of scarcity of the primary hosts (Chong &ttihg, 2007; DeBach & Bartlett, 1964).
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Abstract

The host behavioral and immune (encapsulation)ndefe against the parasitédagyrussp.

nr. pseudococciwere compared for five mealybug species with déifer phylogenetic
relationships and geographical origins: i) a Meadieean native mealybug species,
Planococcus ficuswith a long co-evolutionary history with the patagl; ii) three alien
mealybugs specie®lanococcus citri, Pseudococcus calceolaraae Pseudococcus viburni,
with a more recent co-evolutionary history; and @ fourth alien mealybug species,
Phenacoccus peruvianuwith no previous common history with the parasitorhree host
defense behaviors were registered: abdominal figppieflex bleeding and walking away. The
native hostPI. ficus and its congenePl. citri exhibited the lowest probability of defense
behavior (0.11+0.01 and 0.09+0.01 respectivelyemhs the highest value was observdel in
viburni (0.31+0.02). Intermediate levels of defense behawiere registered forPs.
calceolariag andPh. peruvianusThe probability of parasitoid encapsulation wasdst and
highest for two alien host specié3h. peruvianug0.20+0.07) andPs. viburni(0.86+0.05),
respectively. The native ho8ll. ficus its congenelPl. citri and Ps. calceolariaeshowed
intermediate values (0.43+0.07, 0.52+0.06, and D41, respectively). The results are
relevant with respect to biological control anduttderstand possible evolutionary processes

involved in host range @&&. sp. nr.pseudococci.

Key-words: behavioral defense; biological control; encapsatgti host parasitoid co-

evolution; host resistance; immune defense
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3.1. Introduction

In general, host selection behavior of parasitoynienoptera includes habitat location, host
location, host recognition and host acceptancentaadly resulting in oviposition (Vinson,
1998). As an evolutionary response to the selegtigesure from parasitoids, insect hosts have
developed defensive strategies which may affe@gsaid activity and development along the
different steps of host selection. These host defeican be divided in three major categories
(Gross, 1993): i) host characteristics, that redhegorobability of being located by parasitoids
(e.g., refugia, elimination of cues); ii) host beioaal and morphological defenses, which may
act after host location by reducing the probabibfyparasitoid oviposition (e.g., evasive
behavior, defensive secretions); and iii) host piggical defenses, that if parasitoid
oviposition occurs may prevent the successful dgmkent of endoparasitoids (e.g.,
sequestration of allelochemicals, encapsulatiorgstHlefenses can also be designated as
(Gentry & Dyer, 2002): i) primary defenses, whideyent enemies from encountering the
host/prey; ii) secondary defenses, that are aetivahce the host/prey has been encountered by
a parasitoid/predator; and iii) tertiary defenseisich include host immune responses after an
endoparasitoid attack. In the present work we aatl with host defenses of categories ii) and
i), in particular behavioral defenses and encégign.

Host behavioral defenses against parasitoids ieckidisive and aggressive behaviors.
Evasive behaviors allow the host to escape fromattecking parasitoid and often involve
vigorous wriggling, thrashing, rolling, curling,mping, walking way, or dropping of the plant,
whereas aggressive behaviors are responsible ifonglraway or disabling adult parasitoids
(e.g., defensive secretions), as well as dislodgingilling parasitoid eggs or larvae (Gross,
1993).

Encapsulation is an immune defense mechanism ettinfsosts triggered by eggs and
larvae of parasitoids which involves the productipnhemocytes of a multilayered capsule
around the invader, usually associated with me#ditia (Carton, Poirié, & Nappi, 2008;
Schmid-Hempel, 2005; Strand, 2008; Strand & PegB5)

The study of host defenses will contribute to ustierd the evolution of parasitoid
oviposition behavior as well as to understand wie insect species are less susceptible to
parasitism than others (Gross, 1993). This knovwdadalso of practical importance as it will
provide the theoretical background to support dewcimaking for the selection of best
candidates to be used in biological control of abgeests.

Mealybugs (Hemiptera: Pseudococcidae) are the denwrst diverse family of scale

insects (Coccoidea) comprising more than 2000 spedistributed worldwide including many
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economic important agricultural and ornamentalpésardy, Gullan, & Hodgson, 2008), such
has the citrus mealybuBlanococcus citri(Risso), the vine mealybuBl. ficus (Signoret),
Pseudococcus calceolarig®laskell), the obscurus mealyb®s. viburni(Signoret), and the
bougainvillea mealybu@henacoccus peruvian@@ranara de WillinKBen-Dov, 1994; Beltra

et al., 2010; Franco, Silva, & Carvalho, 2000). @fel control is still the most common
control tactic used against mealybug pests. Howeliercryptic behavior of mealybugs, their
typical waxy body cover, and clumped spatial disttion pattern render the use of many
insecticides ineffective. Repeated insecticide aspecially of broad-spectrum chemicals, also
has adverse ecological and environmental impacg@, Zada, & Mendel, 2009). Biological
control has been considered an environmentallyndiie alternative tactic to be used in
integrated pest management strategies for thealmftpest mealybugs (Franco et al., 2009).
Among mealybug parasitoids, many Encyrtidae waysnenoptera), such @nagyrusspp.,
have been used for the biological control of pesalybugs (Noyes & Hayat, 1994). The
efficacy of biological control relies on the hostrasitoid interactions and of their co-
evolutionary history. In particular, understandihg ability of the host to escape parasitism by
immune response and of the parasitoid to overcaraedefense strategies has been considered
a most relevant factor for the success of the gardsn biological control programs (Blumberg
& van Driesche, 2001).

Among parasitoids used for the biological controir@alybugs, the genusnagyrushas
been one of the most studied. Recently, Triapit§yonzalez, Vickerman, Noyes, & White
(2007) have shown thaknagyrus pseudococd.l. (i.e.,sensu latu corresponding to the
previous references) comprises two sibling specesA. pseudococdiGirault) andA. sp. nr.
pseudococc{Girault), which are reproductively incompatibledagenetically different, also
differing on their geographical distributioAnagyrussp. nr.pseudococciapparently the more
common species is widely distributed throughout Mexliterranean Basin (Triapitsyn et al.,
2007; Franco et al., 2011), wheréapseudococcseems to be restricted to Sicily and Cyprus,
and was apparently introduced in Argentina (Tr@pit et al., 2007)Anagyrussp. nr.
pseudococdis a common parasitoid &f. citri andPlI. ficus(Franco et al., 2011; Mgocheki &
Addison, 2009). The foraging behavior of female pgawhen parasitizing mealybugs has been
described as a sequence of events involving se@rchntennation, probing, oviposition, and
resting (Bugila, Branco, Silva, & Franco, 2014; ¢t & Jahan, 2000). Usually, after
antennation, when a suitable host is found, theoe®male turns her body and flexes the tip of
her abdomen to oviposit (Bugila et al., 2014; Heida Jahan, 2000). During this process
mealybugs may escape parasitism by respondingpaiticular defense behaviors. Three types
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of active defense behaviors have been describechéatybugs against their natural enemies
(Gillani & Copland, 1999; Heidari & Jahan, 200Q)abdominal flipping; ii) escaping; and iii)
reflex bleeding. Abdominal flipping refers to repsup and down movements of the hind half
of the mealybug body that may force the attackiagagitoid or predator to leave. By just
walking away the mealybug may also escape fronagigeessor. Finally, reflex bleeding refers
to the secretion of ostiolar fluid. When disturbedalybugs may segregate one droplet of a
waxy fluid, from one or more of the two pairs ofrgal ostioles, which quickly solidifies on
contact with air, a reflex bleeding that has besgsumed to be a defensive behavior of these
insects (Gullan & Kosztarab, 1997). However, ongywfew studies have been carried out
demonstrating this function (e.g., Gillani & Copthri999).

Heidari and Jahan (2000) suggested that diffeggties of mealybugs may differ on their
behavioral defense reaction against the wagpseudococd.l., in particular when comparing
PI. citri andPs. viburni So far such possible differences of behavior agmapalybug species
were not studied. After successful parasitoid osifan, the host mealybugs may still respond
with their immune defenses by encapsulating the egdarvae of the parasitoid. Well succeed
encapsulation will arrest the development of thegitoid and allow the mealybug to resist the
attack and survive (Blumberg & van Driesche, 20B(leg, Kilinger, Kaydan, & Ulgentiirk,
2007). Only little information is available on epsalation ofA. sp. nr.pseudococcby
mealybugs (Suma et al., 2012).

In a previous work we compared the foraging behaofdA. sp. nr.pseudococcamong
five host mealybugs with different phylogeneticateinships and geographical origins (Bugila
et al., 2014). Here we aimed at analyzing diffeesnan the host defense behavior and immune
response of the same mealybug species to the aftAclkagyrussp. nrpseudococciEspecially
we intend to compare the defense reaction pattgamst this wasp among potential hosts,
including i) a Mediterranean native mealybug spgé ficus,considered to have a long co-
evolutionary history with the parasitoid; ii) thredien mealybugs specieB)|. citri, Ps.
calceolariaeandPs. viburni,with a more recent co-evolutionary history; angaifourth alien
mealybug speciefh. peruvianuswith no previous common history with the parasiton
order to understand host-parasitoid relationshpsomplete description of the phylogenetic
relationships of the selected mealybug speciesiefisas their possible regions of origin and
history of introduction in the Mediterranean basws presented in Bugila et al. (2014).

We hypothesize that the defensive behavior and in@masponse of the five mealybug
species selected for our study differ in relatior\t sp. nr. pseudococcas a consequence of

different life traits and evolutionary historiesofn a practical point of view, understanding the
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parasitoid-host relationships betwekrsp. nr. pseudococcnd selected mealybugs will allow
us to predict its potential as a biological conarigént of these and other mealybug species.

3.2. Material and methods

3.2.1. Mealybug rearing

The origin of mealybugs used in the experimentepsrted in Table 3.1. All mealybug species
were reared on sprouted potatogsl@num tubersurn.) on laboratory conditions (25.0+0%
55-65% R.H., in the dark). Before the beginninghe experiments, third instars nymphs of
each species were isolated on sprouted potatoasweentilated plastic boxes (25 x 15 x 12
cm) and kept at the same laboratory conditions exstioned before for seven days to obtain

pre-reproductive females (Bugila et al., 2014).

Table 3.1 - Region and host plant of origin of shedied mealybug species.

Mealybug species Species origin  Population origin osthplant
Planococcus citri Afrotropical SilvesAlgarve Sweet orang&itrus sinensis
Planococcus ficus Mediterranean  TaviraAlgarve Vineyard\Vitis vinifera
Pseudococcus Australasian Loullgarve Sweet orangé&itrus sinensis
calceolariae
Pseudococcus viburni  Neotropical Biscoitos-Terceira Vineyahditis vinifera
Phenococcus peruvianusNeotropical Queluz-Lisboa Bouganvillea glabra

3.2.2. Parasitoid rearing

The parasitoiAnagyrussp. nr.pseudococaias obtained from parasitized mealyb&gscitri
collected in citrus orchards in the region of Ssl{Eortugal). About 30 individuals were used
to start a colony in the laboratory. Rearing wasedwithin ventilated plastic boxes &h citri
under laboratory conditions (25.0+{C5 55-65% R.H., and photoperiod 16L:8D). To obtain
naive adult female wasps, parasitized mealybugs first isolated on separate boxes. Then the
boxes were checked every 24h, in order to colledps less than 24h old. Two males and one
female were then moved to a new box containingdyop of honey and maintained for 72h
until the beginning of the experiments, to allowtifeation and feeding of female wasps
(Bugila et al., 2014).

3.2.3. Mealybug defense behavior
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The experiments were conducted between 12h andub@ler laboratory conditions. For each
of the five studied mealybug species, 22 replicata® performed. In each replicate, one naive
adult parasitoid female was exposed to 10 pre-temtive adult mealybug females in a Petri-
dish (9cm diameter) and observed during 30 min {Bugt al., 2014; Sagarra, Vincent, &
Stewart, 2001). The defense behavior of the meglybwas described according to the
following three categories: i) abdominal flipping;escaping, by walking away; and iii) reflex
bleeding. The frequency of each defensive behaategory, following the parasitoid contact

was recorded for each replicate.

3.2.4. Mealybug immune response: encapsulation

After the end of each experiment, mealybugs werlataiaed for 7 days in the same Petri-dish,
under laboratory conditions in order to allow ersdation to occur before dissection. After
this period, the mealybugs were individually imneeten phenol-chloroform (50%) and acetic
acid (50%), for 24h for clarification and then disged in order to count the number of wasp
eggs or larvae, as well as the number of encagsuleggs and larvae. Encapsulation was
considered based on the existence of melanin deposin eggs or larvae (Blumberg, 1997,
Blumberg, Klein, & Mendel, 1995). Observations weaeried out under magnification (40X)
using a stereomicroscope (Leica MZ6).

3.2.5. Statistical methods

Generalized Linear Models (GLM) were used to edtintlae probability of a defense behavior
pattern of mealybugs to occur after wasp contagifigua Binomial distribution model. Host
species was considered a factor explanatory varidble following types of defensive behavior
were considered as dependent variables: i) abdériping; ii) walking away; iii) reflex
bleeding; and iv) any type of defense behavior. $ame approach was used to model the
probability of an egg of the parasitoid to be erstégied, either at the egg or larval stage
(aggregated encapsulation). Behavior patterns aodpsulation were expressed in mean
probability of occurrence + standard error (SE)adtesignificant differences (LSD) test was
used to compare host species®.05). GLM were further used to test differencedle scale
dependent variables: i) number of eggs ovipositedl.lsp. nr.pseudococgii) number of wasp
eggs encapsulated by mealybugs; iii) number of iesfae encapsulated by mealybugs; and
iv) number of parasitoids escaping encapsulatiomelation to the explanatory variable host

species. Poisson distribution, which best fit theagdwas used as model function.
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Pearson correlations (r) were used to test relstipgramong behavior patterns and between
active defense and encapsulation.

Data are presented as mean + standard error ofeha (SEM). GLM results are presented
in the form of Wald Chi-squané’test and P values. The significance level wastset@O05.
All statistical tests were carried out using IBMS&3°20.0 for Windows (IBM Corporation,
Armonk, New York, USA).

3.3. Results

3.3.1. Mealybug defense behavior
Except for reflex bleeding, which was not displaysdP|. citri, all three defensive behaviors
were observed in the studied mealybug speciesfil@enealybug species varied significantly
in respect to the frequency of abdominal flippif@hicsquareX?=89.89,P<0.001), reflex
bleeding K%=26.26,P<0.001) and walking away$,=81.95,P<0.001) behaviors (Table 3.2).
In agreement, differences were found in the dispfagny type of defense behavior among the
five mealybug speciesXfs=65.3,P<0.001). For all the variableBs. viburnihad the highest
probability of displaying a defensive behavior, exc on walking away for which the
probability did not differ significantly fromPh. peruvianus(Table 3.2). In general, the
probability of a mealybug responding with a defeasbehavior to the attack &f. sp. nr.
pseudococcdecreased according to the following sequeRse:viburni> Ph. peruvianus =
Ps. calceolariae> PI. ficus = PI. citri (Table 3.2). The probability of showing any type of
defense behavior was about three times highBsirviburnithan inPl. citri andPlI. ficus

The three defense behavior variables were signifigaorrelated both at individual host-
parasitoid contact level (n=1997) and at speciesl Ig1=5): abdominal flipping with walking
away (individual: r=0.5402<0.001; species: r=0.943, p=0.016); abdominal ffigpvith reflex
bleeding (individual: r=0.351P<0.001; species: r=0.921, p=0.026); and walkingyawdh
reflex bleeding (individual: r=0.278&<0.001; species: r=0.967, p=0.007).

Table 3.2 - Mean probability of occurrence (xSEibferent types of defense behavior of five
mealybug species belonging to the genelayococcus, PseudococarsdPhenacoccusyhen
exposed to the parasitoihagyrussp. nr.pseudococci
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Host mealybug Abdominal Reflex bleeding Walking away Any type of

flipping* defense behavior
Planococcus citri 0.07+0.012 0.06:0.000 0.04t0.010 0.09+0.014
Planococcus ficus 0.08+0.012 0.06+0.002 0.05-0.010 0.1$+0.014
Pseudococcus calceolariae 0.18+0.021 ~ 0.02:0.008 0.08+0.014  0.21+0.022
Pseudococcus viburni 0.27+0.023 0.07+0.013 0.2%+0.021 0.32+0.023
Phenacoccus peruvianus ~ 0.19+0.022 0.06+0.013 0.14+0.019  0.2140.023

*Within columns, means followed by the same lettex not significantly different (P=0.05)

3.3.2. Mealybug immune response

Significant differences were registered among mmajyspecies for the total number of eggs
oviposited(X%=21.35,P=0.001), the number of encapsulated egs¢9.66,P=0.001) and
the number of encapsulated larva@:€13.92,P=0.003) (Table 3.3). Significant differences
were also found on the number of parasitoid eggapisg from encapsulatiorX?:=18.15,
P=0.001).

Both total oviposited and encapsulated eggs weyleehniinPl. citri than in the other four
mealybug species. Yet, encapsulated larvae wendisantly higher inPs. viburniwhich also
showed significantly higher probability of aggreghtencapsulation (eggs+larvae) than all
other mealybug species (Table 3.4). The proballitgncapsulation was similar f&t. citri,

Pl. ficus and Ps. calceolariag but significantly lower inPh. peruvianusthan in all other
mealybugs (Table 3.4). The percentage of aggregatedpsulation (number of eggs+larvae
encapsulated/total eggs) was 59%, 46%, 45%, 86%28&6 for Pl. citri, Pl. ficus Ps.
calceolariae, Ps. viburmandPh. peruvianusrespectively.

The probability of expression of any defense bedragnd of encapsulation were not
correlated (r=0.205, n=$=0.741).

Table 3.3 - Mean number (+SE) of oviposited eggsapsulated eggs and larvaedofagyrus
sp. nr.pseudococgias well as of eggs escaping from encapsulatiothé&yhost in no-choice
test with five mealybug species.
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Host of mealybugs Total Encapsulated Encapsulated Escaping from

oviposition* eggs larvae encapsulation
Planococcus citri 3.1+0.38 1.6+0.27 0.0¢ 1.5+0.26
Planococcus ficus 2.1+0.3¢ 0.7+0.18° 0.2+0.09 1.2+0.23"
Pseudococcus 1.5+0.26¢ 0.4+0.14 0.3+0.12 0.6+0.17¢

calceolariae
Pseudococcus viburni 2.0+0.29¢ 0.9+0.2%" 0.8+0.2F 0.3+0.1F
Phenacoccus peruvianus 1.3+0.2% 0.2+0.1¢ 0.1+0.08 1.1+0.2%

*Within columns, means followed by the same lettex not significantly different (P=0.05)

Table 3.4 - Estimated probability (+SE) of aggregaencapsulation aAnagyrussp .nr
pseudococdby five mealybug species

Host mealybug Probability of encapsulation*
Planococcus citri 0.52+0.060
Planococcus ficus 0.43+0.0738
Pseudococcus calceolariae 0.45+0.087
Pseudococcus viburni 0.86+0.053
Phenacoccus peruvianus 0.20+0.078

*Within columns, means followed by the same letége not
significantly different (P=0.05)

3.4. Discussion

3.4.1. Mealybug defense behavior

Mealybugs may respond to the attack of parasitbidslisplaying defense behaviors which
eventually may allow them escaping parasitism &Rill& Copland, 1999; Heidari & Jahan,
2000). Three types of defense behavior, namelyinglaway, reflex bleeding and abdominal
flipping, may be activated by a mghlig when attacked by a parasitoid. These threestgpe
defensive behavior can be further divided intoE&asive behaviors, in the case of walking
away; or 2) Aggressive behaviors, in the caseftéxdleeding and abdominal flipping (Firlej,
Lucas, Coderre, & Boivin, 2010; Gross, 1993). SoVary few studies have been carried out
on mealybug defense behavior (Gillani & Copland%,Heidari & Jahan, 2000). Heidari and
Jahan (2000) suggested that mbab defense behavior could vary among mealybugiepec
but at the extent of our knowledge this hypothess not tested before. In the present study,

we comprehensively quantified the mdalg defense behaviors and tested differences among
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five mealybug species with different phylogenegéationship, geographical origin and history
of host-parasitoid relationship witA. sp. nr.pseudococciOur data clearly show that the
studied mealybugs respond differently to the attaicR. sp. nr.pseudococcby combining
different levels of evasive and aggressive behali@sponses. A similar trend was observed
among mealybug species for both types of aggresskiavior (abdominal flipping and reflex
bleeding): the highest level of response was regedtinPs. viburnj the lowest was observed
in bothPlanococcuspecies; and an intermediate on®#) calceolariaeandPh. peruvianus

A slightly different pattern was shown in the cagehe evasive behavior (walking away).
Globally, considering all types of defense behaviomth Pseudococcuspecies, which were
probably introduced in the Mediterranean basin d@€ryears ago, and the recently introduced
Ph. peruvians exhibited higher active defensive behavior thenttvo most common host
species in the Mediterranean, the naiBVdicusand the phylogenetic relat&d. citri.

The impact of host defense behaviors on parasitititess is dependent on their
effectiveness in affecting host handling time aodtlacceptance, and thus reducing parasitism
rate, or even in harming or killing parasitoidssome cases (Firlej et al., 2010 and references
therein). We can evaluate the effectiveness ofrdefdehaviors of the studied mealybugs by
comparing the level of these defenses (Table 3itk) the parasitism rate of the mealybugs by
A.sp. nrpseudococdiletermined by us in a previous study (Bugila e28l14):Pl. citri (30%);

Pl. ficus(22%); Ps. calceolariag14%); Ps. viburni(16%); andPh. peruvianug11%). There

is an inverse relationship between these two pasmsisuggesting that mealybug defensive
behaviors in the studied species affect host aaoept and thus parasitism rateAysp. nr.
pseudococciA similar inverse relationship also exists betwtenlevel of mealybug defensive
behaviors and the parasitoid handling (antennatiprobing + oviposition) time (Bugila et al.,
2014):Pl. citri (3.6 minutes per parasitized mealybug)); ficus(5.2); Ps. calceolariag4.3);

Ps. viburni(2.5); andPh. peruvianug2.1). The reduction of handling time in those mbab
species with higher level of behavioral defenseficates that possibly in such hosts the
parasitoid strikes back by reducing the time speiost processing for host acceptance and
ovipositing in order to limit the impact of mealygpdefenses. This may explains why the impact
on the parasitism rate &fs. viburniwas lower than expected considering its relativegh
level of behavioral defenses.

According to Gross (1993), many host defenses @ssilply not an evolutionary response
to selective pressure from parasitoids. Insteagy grobably evolved for biological functions
not related with parasitoids, but which eventugitgvided some protection against them. For

example, aphids (Aphidoidea), present a pair ofaaglandular cornicles or siphunculi, that
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similarly to the dorsal ostioles of mealybugs alslease waxy droplets (Gullan & Kosztarab,

1997). Although the major function of these stislegretions is probably to dispense the alarm
pheromone, they may also have defensive purpostgegsare capable of incapacitating the

aggressors (Dill, Fraser, & Roitberg, 1990). Thaoter secretions of mealybugs which are

associated with the defensive behavior of refleedling may have also other functions (Gullan
& Kosztarab, 1997). For example, they have beegestgd of mediating interactions between
ants and obligate ant-attended mealybugs (Willid3g).

Therefore, the defense behaviors of mealybugsilkegy Ilgeneralist responses. That is,
although behaviors such as walking away, abdonflipgding or reflex bleeding may allow
mealybugs to defend themselves against attacksiéyies, they probably did not evolve in
response to a specific parasitoid or predator sgedihis hypothesis is supported by the fact
that mealybugs apparently respond with behaviardses not only against parasitoid attacks,
as evidenced by our results but also against poegads reported by Gillani and Copland
(1999). These authors observed that the longtaiedlybug, Pseudococcus longispinus
(Targioni Tozzetti) respond with reflex bleeding ttee attack of the predatory larvae of
Sympherobius fallaNavas (Neuroptera: Hemerobiidae), which eventuetiyld die from
starvation if their mouthparts were blocked by diséiolar fluid. However, it is reasonable to
expect that the pattern of mealybug behavioralrdefe, as well as the way these defenses are
combined, may evolve differently depending on gpetof selection pressure produced by the
corresponding community of enemies. Thus, mealydpegies with higher defense behavior,
such asPs. viburni might have evolved under higher pressure from rahtenemies, in
comparison with those species showing lower behalvatefenses, such &anococcusspp.
Nevertheless, host insects may also modulate bediavioral defenses depending on the risk
of attack and/or the virulence of the parasitoidr(i§, Dillon, & Griffin, 2010). This hypothesis
should be tested in mealybugs by comparing thepatif behavioral defenses of a particular
mealybug species in response to parasitoid spedtileslifferent levels of virulence.

Trade-offs between defense strategies with variabkt-benefit balances may also be
expected. Protection against natural enemies lnditig ants as a result of mutualistic
interactions with honeydew-excreting hemipterart®issidered another category of behavioral
defense, i.e. associative (Gross, 1993). BWtlitri andPlI. ficusare known to produce copious
honeydew excretion and thus attracting hemiptegadihg ants, which in turn may protect it
against predators and parasitoids (Mgocheki & Aalti2009; Way, 1963; Way & Khoo,
1992). In particular, in Mediterranean fruit cropach as citrus orchards, ant-mealybug

interactions are common, involving different aneaps (Cerda, Palacios, & Retana, 2009;
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Pekas, Tena, Agular, & Garcia-Mari, 2011; Zina,r8salLaranjo, & Franco, 2011; V. Zina and
J.C. Franco unpublished data). We observedRhatitri andPl. ficusare slower mealybugs,
and its roundish shape may constrain the abdominaéments, when compared with the faster
and elongatedPseudococcuspecies, which may reduce their ability of defebgewalking
away or abdominal flipping, respectively. Howeude lower mobility and active defense of
Planococcusspecies might be compensated by ant-mediated pimtethrough higher
honeydew excretion in comparison with mealybug Esepresenting more active defensive
behaviors, such as the studiegeudococcuspecies anéh. peruvianusThe hypothesis that
the intensity of ant-tending may differ among méaly species depending on the amount of
honeydew they are capable of excreting is suppdrtethe findings recently published by
Zhou, Lu, Zeng, Xu, & Liang (2012). These authdrevged that the foraging intensity of the
ant Solenopsis invictavas directly related with the amount of honeydewadpiced by tended
hemipterans. Differences in honeydew sugar compos#mong ant-tented hemipterans may
also influence the response intensity of foragints gvVo6lkl, Woodring, Fischer, Lorenz, &
Hoffmann, 1999).

The three types of defense behavior showed by rmeg$yagainst the parasitoid were
significantly correlated, suggesting possible direc indirect relationships among them.
Naturally, higher movement capacity may reflecthbot higher probability of abdominal
flipping and walking away. For reflex bleeding aedit relationship with the other variables is
not so obvious. Nevertheless, the differences erptbbability of occurrence among the three
types of defense behavior are likely a reflex ffiedent cost-benefit balances among them. Dill
et al. (1990) showed that the likelihood of tw@attative defense behaviors of aphids (dropping
versuswalking away) when attacked by a predator couldoteslicted using a cost-benefit
approach. In the case of mealybugs, we would expattvalking away would present higher
cost than abdominal flipping. In order to walk awaglditionally to the energetic cost of
walking, the mealybug should withdraw the styletsf the host plant tissue and thus possible
losing a feeding opportunity. Abdominal flippingetonot imply stop feeding and is expected
to have lower energetic cost than walking awayldXdfleeding is expected to have higher cost
since this defense reaction is dependent on atsstfeom hemolymph (Gullan & Kosztarab,
1997) and is source limited (Gillani & Copland, I99These authors observed that the capacity
of Ps. longispinugproducing ostiolar secretions against the attadck@fpredatot. fallaxwas
exhausted after the mealybug releasing six or sexty droplets. In agreement with these
expected costs, our results showed that in alietutiealybug species abdominal flipping had

the highest probability of occurrence, followedvgiking away and finally by reflex bleeding.
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However, a complete analysis should also consiebénefits of each defense behavior, which
were not estimated by us, as we do not know if they equally effective in preventing
parasitism. The benefits can be evaluated by datergithe effective impact of each behavior
on the rate of parasitism.

Here we studied only the individual defense behasfanealybugs against a parasitoid.
However, collective behavioral defenses have régbatn shown to exist in hemipteran living
in large aggregates of related individuals, suchapisid colonies (Hartbauer, 2010). The
hypothesis of collective defensive behaviors atsuaing in mealybugs should be investigated
as these insects often aggregate in large colohiedated individuals descending from one or
few females (Franco et al., 2009; unpublished ddéstel, Cohen, Saphir, Klein, & Mendel,
1995). Hamilton’s theory of kin selection predittgt collective defense is more likely to

evolve in groups consisting of highly related indisals (Hamilton, 1964).

3.4.2. Mealybug immune response

Mealybugs respond to parasitism with variable lewadl encapsulation of parasitoid eggs or
larvae, depending on different factors such ashayt and parasitoid species; ii) host
physiological age and condition; iii) host and g&i@d origins (or strains); iv) temperature;
and v) host plant species and stress conditiormd@nengo & Nenon, 1990; Blumberg, 1997;
Blumberg, Franco, Suma, Russo, & Mendel, 2001; 8agReterkin, Vincent, & Stewart, 2000;
Chong & Oetting, 2007). The probability Af sp. nr.pseudococaencapsulation varied among
the studied mealybug species. The highest valueregastered irPs. viburniand the lowest
one inPh. peruvianuswhereas intermediate encapsulation probabikte® registered for the
nativePl. ficus the congenePlanococcuspecies and fdPs. calceolariaeThus, our data do
not support the hypothesis suggested by Blumbeafj €001), according to which low levels
of encapsulation, corresponding to high physiolalgadaptation of the parasitoid to the host,
should occur for co-evolving hosts or closely metatones. Oppositely, high levels of
encapsulation were expected to occur when mealylggattacked by parasitoids with no co-
evolutionary history. However, coevolution in coeghlhost-parasitoid systems is expected to
involve an arms race between host resistance aagdifmad countermeasures (virulence), and
thus no-resistance of the host is unlikely unlaescosts of resistance are relatively high (Sasaki
& Godfary, 1999). Based on this prediction and anresults, we suggest in alternative to the
hypothesis proposed by Blumberg et al. (2001) bt low and high levels of encapsulation
by mealybugs may be connected with recent hostspaié associations, such as betwéen

sp. nr.pseudococcand the two alien mealybu@h. peruvianusandPs. viburni,respectivelly
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Intermediate levels are expected in associatiohgdsn a parasitoid and its principal host or
closely related ones, such as betwAesp. nr.pseudococcand the nativél. ficusor with its
closely related specid?l. citri. Similar levels of encapsulation in closely relatedalybug
species may further result from cross resistancagiieveld, van Alphen, & Godfray, 1998).
Our previous finds showing that sp. nr.pseudococcresponds to the sex pheromondPbf
ficus(Franco et al., 2008) and uses this kairomon@#t location (Franco et al., 2011) suggest
an intimate evolutionary relationship between tlespand this mealybug species. Therefore,
PI. ficusis likely the primary host oA. sp. nr.pseudococdn its region of origin (Franco et al.,
2008; 2011), which probably evolved by expandisgibst range (Bugila et al., 2014; Franco
et al., 2008). Further studies comparing the immdegnse of a range of mealybugs in
response to the attack by parasitoids with diffeterst selectivity are needed in order to test
our hypothesis and further clarify this issue.

The outcome of mealybug resistance through encafpsulis usually associated merely
with its survival (Blumberg, 1997; Blumberg et €2001). However, immune defenses are
maintained at some cost. Evolutionary costs magtewing to pleiotropic effects or genetic
covariance, when the selection for a more effedtiveune defense correlates with a loss in
another trait with fitness relevance. The costabifvating immune defense may further include
longer development time or decreased fecundity riiatHempel, 2005). Nevertheless, there
is a lack of knowledge on the eventual costs ohgitmid encapsulation for mealybugs, such as
about its effects on fecundity, development timelargevity, which is critical to better
understand the impact of different parasitoid sgeeis biological control agents.

The aggregate encapsulation of the studied Porsegu@pulation of. sp. nr.pseudococci
by PI. ficus(46%) was lower than that reported for the Sioikzotype of the parasitoid (58%)
by Suma et al. (2012), and for the Turkish ecotyfp&. pseudococa.l. (60%) by Gllec et al.
(2007), and higher than that registered by Blumlstrgl. (1995) in the Israeli ecotype Af
pseudococcs.l. (20%). In the case #l. citri, our estimate (59%) was also lower than that
reported for the Sicilian ecotype Afsp. nr.pseudococdi75%) (Suma et al., 2012) and higher
than the values observed for the Israeli ecotyféoj3(Blumberg et al., 1995). Furthermore,
the encapsulation level originated By. calceolariaewas not significantly different from that
registered foPI. ficusandPlI. citri, which apparently contradicts the results repobg&uma
et al. (2012) for the Sicilian ecotype Af sp. nr.pseudococciThese authors observed a
significantly higher level of encapsulation of tparasitoid in this mealybug species (94%).
These apparent discrepancies might result in pamrt tifferent experimental procedures (e.g.,

time of exposure of the parasitoid to the mealybumgsnber of mealybugs per replicate) or
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parasitoid identity A. sp. nr. pseudococciversusA. pseudococcs.l.). Yet, geographical
differences among populations of the parasitoidtaerdnealybugs are also likely to occur as a
consequence of different evolutionary processesorfigson, 2001). This hypothesis is
supported by the work of Blumberg et al. (2001)e Bluthors compared the immune response
of P. citri among the combination of three allopatric ecotypethe mealybug (Portuguese,
Sicilian, Israeli) and three allopatric ecotypes/Aofpseudococcs.l. (Portuguese, Sicilian,
Israeli) and observed a high variation on the esglation levels (58-88%) among the nine
studied combinations. Geographic variation in hesistance and parasitoid virulence has been
also documented in other insects, and alterna@wvagitoids and hosts have been suggested to
be the most important determinant of that variaioraaijeveld et al., 1998).

As hosts may evolve different defense mechanismainsyy parasitoids, we may
hypothesize that an investment on a defense syratag eventually compensate a lower level
of defense from other adaptations to resist pasasitFor example, the lower level of
behavioral defense observed in the tRlanococcusspecies again#. sp. nr.pseudococci
could be in part compensated by a moderate-highpsutation. Nevertheless, the probability
of expression of any defense behavior by the studiealybugs did not correlate with the
probability of encapsulation &. sp. nr.pseudococgisuggesting that behavioral and immune
defenses are independent on mealybugs.

3.4.3. General remarks

Here we present a comparison among mealybug spetiesth behavioral and immune
defenses against a parasitoid. A relationship tiéhhost phylogenetic closeness was found.
The nativePl. ficusand its congend?l. citri presented the lowest and an intermediate level of
behavioral and immune defenses, respectively (Taébt. Yet, differences on band
evolutionary history on diverse interacting comntisi might account for the divergences on
the behavioral patterns observed. The presentisdsglether with those obtained in a previous
study on host selection behaviorAfsp. nr.pseudococcfBugila et al., 2014) will contribute
for a better definition of both the ecological @hd fundamental (or physiological) host ranges
(Strand & Obrycki, 1996) of this parasitoid. Hositahility will be analyzed elsewhere (Bugila
et al., submitted). Altogether, these results Walve a practical relevance for the biological
control of mealybugs.

Table 3.5 - Relative defense level of the five Eddnealybug species against the parasitoid
Anagyrussp. nr.pseudococci+ lowest level; ++ intermediate level; +++ highlevel.
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Behavioral Immune defenses Global
Host mealybug

defenses (encapsulation) defense
Planococcus citri + ++ +/++
Planococcus ficus + ++ +/++
Pseudococcus calceolariae ++ ++ ++
Pseudococcus viburni +++ +++ +++
Phenacoccus peruvianus ++ + ++/+
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Abstract

Anagyrussp. nr.pseudococais an endoparasitoid which has been used as baoalogontrol
agent of pest mealybugs. In this study, we comptreduitability of five mealybugs species
with different phylogenetic relationships and gexgajrical origins as hosts of this parasitoid.
The selected mealybugs included: i) a Mediterramedie species?lanococcus ficusharing

a long co-evolutionary history with the parasitdijithree exotic species, the Afrotropidall
citri, the AustralasiaPseudococcus calceolariaad the Neotropicds. viburnj with a more
recent co-evolutionary history; and iii) the Negiial Phenacoccus peruvianusvith no
previous common history with the parasitoid. Hastability was assessed based on different
fithness parameters, such as body size, developtime&t emergence rate, and sex ratio. The
parasitoid was able to complete development innadlalybug species. Nevertheless, its
emergence rate significantly varied among mealydpegies, with the highest values observed
in Pl. ficusandPI. citri, intermediate values iRs. calceolariaeand the lowest ones iRs.
viburni andPh. peruvianusThe body size of adult wasp females varied witht lsagability
and was positively correlated with other measuf@asitoid fitness, including the emergence
rate and the sex-ratio. The parasitoid developriera differed among mealybug species, but
did not correlate with any other measure of fitnédstemale biased sex ratio was found in the
parasitoid progeny emerged from all mealybug specexcept inPs. viburni and Ph.
peruvianusThere was a direct relationship between the prapodf females in the parasitoid
progeny and the emergence rate.

Key-words. host range, host suitability, scale insect, natenamy, biological control
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4.1. Introduction

Mealybugs are the second largest family of scadedts (Hemiptera: Coccoidea), including
many economic important species, which are consigrests of agricultural crops and
ornamentals, such as the citrus mealyBlagnococcus citr{Risso), the vine mealybuR). ficus
(Signoret), the citrophilus mealybugseudococcus calceolaria@viaskell), the obscurus
mealybugPs. viburni(Signoret), and the bougainvillea mealybRigenacoccus peruvianus
Granara de Willink (Ben-Dov, 1994; Beltra et aD1P; Franco, Zada, & Mendel, 2009; Hardy,
Gullan, & Hodgson, 2008). Due to the ineffectivenebmany insecticides used to control pest
mealybugs, as well as to their adverse healthpgeml and environmental impacts, biological
control tactics has been suggested as an envirdahyeiniendly alternative to be considered
in integrated pest management strategies for th&aloof these insect pests (Franco et al.,
2009).

Encyrtids are amongst the most successful natumamees used in biological control
programs against mealybugs (Noyes & Hayat, 199dagyrus pseudococ{birault) is a well-
known solitary encyrtid endoparasitoid which hasrbeommonly used as a biological control
agent of mealybugs of the gendtnococcusand Pseudococcusspecially againsPI. citri
(Noyes & Hayat, 1994; Triapitsyn, Gonzalez, VickanmNoyes, & White, 2007). However, it
was recently shown tha. pseudococcs.l. (i.e, sensu latucorresponding to the previous
references) in fact comprises two sibling spedesgyrus pseudococbirault) andAnagyrus
sp. nr.pseudococc{Girault) (Triapitsyn et al., 2007)Anagyrus pseudococts apparently
restricted to Sicily, Argentina (introduced), angp@us, wherea#. sp. nr.pseudococcseems
to be more widely distributed, since it has beetomed from many countries including
Portugal, Spain, Italy, Greece, Israel, Turkmemisgouth Africa, Brazil and USA (Franco et
al., 2011; Guerrieri & Pellizzari 2009; Karamaoumdenounou, Stathas, & Avtzis, 2011;
Mgocheki & Addison, 2009; Triapitsyn et al., 2007Therefore, there is a need to further
investigate the host-parasitoid relationship ohb&tagyrusspecies in order to further clarify
the taxonomic status @&. sp. nr.pseudococcand improve their effective use in biological
control of pest mealybugs (Triapitsyn et al., 2007)

The success of host-parasitoid relationship inv®laenumber of events including host
selection, host suitability, and host regulationn@n & Iwantsch, 1980). Host selection
comprises a series of behaviors, such as hostabdbdation, host location, host recognition,
and host acceptance (Vinson, 1998). In previouksyave studied the host selection behavior
of A. sp. nr.pseudococciincluding host location (Franco et al., 2008, 20hibst recognition

and host acceptance (Bugila et al., 2014a). Marentty, we also investigated the host defense
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behavior and immune response of different mealydpegies to the attack of the parasitoid
(Bugila et al., 2014b). In the present work we almaé studying host suitability by comparing
the ability of A. sp. nr.pseudococcio complete development in five host mealybugd wit
different phylogenetic relationships and geogragharigins Host suitability was assessed
based on different fithess parameters of the gardsisuch as body size, development time,
emergence rate, and sex ratio.

These five mealybug species from three differenege Planococcus, Pseudococcasd
Phenacoccuswere the same selected in previous studies (Buailal., 2014a, 2014b): i) a
Mediterranean native specieB|. ficus sharing a long co-evolutionary history with the
parasitoid; ii) three exotic species, the possibfyotropical Pl. citri, the AustralasiarPs.
calceolariaeand the NeotropicdPs. viburnj with a more recent co-evolutionary history; and
iii) a fourth one, the Neotropic&h. peruvianuswith no previous common history with the
parasitoid. The phylogenetic relationships of thesalybug species, as well as their possible
origin and history of introduction in the Meditenesan basin were described in Bugila et al.
(2014a).

4.2. Material and Methods

4.2.1. Mealybug rearing

Feral mealybugs were collected from different regiand host plants according to each species
habitat in order to start the rearing in laborat@rgble 4.1). All five studied mealybug species
were reared on sprouted potato€ol@énum tuberosunt.) under controlled conditions
(25.0t0.5°C, 55-65% R.H., in the dark) in individual climatbambers (FitoClima, ARALAB)
during multiple generations to provide the necessatividuals for the experiments. Mealybug
colonies were regularly refreshed by adding newiddals collected from the field. Before
the beginning of the experiments, third instarseath mealybug species were isolated on
sprouted potatoes within ventilated plastic boxegst for seven days under the same controlled
conditions referred before, to standardize agesiplggical state and obtain pre-reproductive
adult females (Bugila et al., 2014a).

4.2.2. Parasitoid rearing

Feral individuals oAnagyrussp. nr.pseudococaivere obtained from parasitized adult females
of PI. citri collected in citrus orchards in the region of 8d\Portugal) and reared for multiple
generations within ventilated plastic boxesRbncitri under controlled conditions (2%0.5°C,

55-65% R.H., 16L:8D). To obtain naive adult femakesps, the rearing plastic boxes were first
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observed and kept free of parasitoids, and theokeaeevery 24h, in order to collect wasps
with less than 24h old. Two males and one femaleswgen moved to a new box containing
one drop of honey as food in which they were mawethfor 72h under laboratory conditions,

in order to allow mating and feeding before theeskpents (Bugila et al., 2014a).

Table 4.1 - Origin of the studied mealybug popuolagi

Mealybug species Region Host plant
Planococcus citri Silves (Mainland, Portugal) Sweet orange
Planococcus ficus Tavira (Mainland, Portugal) Vineyard
Pseudococcus calceolariae Loulé (Mainland, Portugal) Sweet orange
Pseudococcus viburni Biscoitos (Azores, Portugal) Vineyard
Phenacoccus peruvianus Queluz (Mainland, Portugal)  Bougainvillea glabr

4.2.3. Experiments

The experiments were conducted between 12:00h @00, under laboratory conditions (19-
22°C and 55-65% R.H.), using 20 replicates for ed¢he five studied mealybug species. Each
replicate consisted of one naive adult parasiterdaie exposed to 10 pre-reproductive adult
mealybug females in a Petri-dish (9cm diameterinduB0 min (Bugila et al., 2014a). During
this time observations were carried out and thebmrmof ovipositions by each female wasp
was registered. Then the parasitoid female was vethand all Petri-dishes with the exposed
mealybugs were maintained under controlled conuti25.@¢0.5°C, 55-65% R.H., 16L:8D)
until wasp progeny emergence. The gender of eaengad wasp was identified and the wasps

kept in separate vials for further analysis.

4.2.4. Size of wasp female progeny

The mean size of an adult femalefokp. nr.pseudococgdbrogeny was estimated based on the
hind tibia length (Chong & Oetting, 2007; Saga¥fmcent, & Stewart, 2001a; West, Flanagan,
& Godfray, 1996). With that purpose, the left hitibia of the emerged adult females was
removed and mounted on microscope slides and tleasumed under a binocular microscope
(100X magnification). Measurements were carried iouat least five specimens per host
species.

4.25.Host size
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The size of the adult mealybug females was estifrtaased on the projected area (fhaf the
body, assuming an elliptic shape. This parametgrwAs determined using the following
equation, corresponding to the area of an ellipse:

A =LWn/4

where L and W are the length and width of the fentaldy, respectively.

The measurements of the body length and width ailybeg females were carried out
using image capture softwaréJenoptik ProgRes CT5, Germany) connected to a
stereomicroscope (20X magnification; Meiji TechnMZ13TR, Japan). A total of 3-4

specimens were used for each mealybug species.

4.2.6. Data and statistical analysis

The number of parasitized mealybugs, as well asdih@ber of emerged wasps and their gender
was recorded per replicate. These data were useskfimmating the rate of emergence of the
parasitoid (number of emerged wasps/number of izt mealybugs) and the parasitism rate
(number of emerged wasps per 10 exposed mealybLigsnumber of days since oviposition
until emergence was recorded for each wasp offg@ina measure of its development time.

The rate of emergence Af sp. nr.pseudococcand tibia size of wasp adult females were
compared among host species by one-way ANOVA. Dgveéent time of emerged individuals
was analyzed using full factorial two-way ANOVA, rdering the factors gender of the
progeny and host species. Differences among hesiepwere subsequently tested by LSD
test. Normality assumption was previously tested&bimogorov-Smirnoff test. Relationship
between variables was tested by Pearson bivaatelation.

Sex ratio was analyzed by using Generalized Lindadel with Binomial model
distribution considering the binary dependent \@ea(male, female), and host species as
predictor variable. A logistic regression was udedelate the probability of female progeny
(dependent variable) with the rate of emergendb@parasitoid (explanatory variable).

Statistical analyses were performed using IBM SP&S for Windows (IBM Corporation,
Armonk, New York, USA).

4.3. Results
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4.3.1. Emergence and parasitism rate

The emergence rate Af sp. nr.pseudococcsignificantly varied among mealybug species (F
95=16.59, p<0.001), with the highest values observedRlanococcusspp. (Table 4.2).
Intermediate values were found s calceolariae whereasPs. viburniandPh. peruvianus

exhibited the lowest ones.

Table 4.2 - Parasitism rate and emergence rad@adyrussp. nr.pseudococdor each studied
mealybug species.

. Emergence rate Parasitism rate
Mealybug species

(%) * (%)
Planococcus citri 65.6+6.23a 22.5+2.28b
Planococcus ficus 67.0+£5.97a 31.5+£3.42a
Pseudococcus calceolariae 40.6+7.98b 15.0+2.67c
Pseudococcus viburni 14.8+4.44c 4.5+1.35d
Phenacoccus peruvianus 16.8+5.90c 5.5+1.53d

*Within columns, means followed by the same letter not significantly
different (P=0.05)

The parasitism rate originated by the parasitoid a0 significantly dependents(F
05=23.30,p<0.001) on the host species (Table 4.2). The higladse was registered Ri. ficus
and the lowest ones were observeBsnviburniandPh. peruvianusPlanococcus citrandPs

calceolariaeshowed intermediate values of parasitism.

4.3.2. Development time

The development time d&. sp. nr.pseudococcsignificantly varied with both the progeny
gender (F+=15.86, p<0.001) and the host speciess£E4.761, p<0.001). No significant
interaction was found between the two factors, Bpeties and progeny gendes {f=1.398,
p<0.237). The development time of female wasp$seudococcuspp. was significantly
higher than in the other mealybug species (Tal3g ftermediate values were foundRh
citri and PI. ficus Finally, a significantly lower development timé the parasitoid was
observed inPh. peruvianus This parameter registered higher values in femadesps
(20.4+0.23) than in males (18.7+0.36). Mean devalept time of female wasps was
significantly correlated with that of males for alealybug specie$<£0.99, n=5p<0.001).
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Table 4.3 - Development time, sex ratio, and badg sf the progenyf Anagyrussp. nr.
pseudococabriginated from each of the studied mealybug sfgecie

Development time  Proportion of Tibia length of

Mealybug species of progeny females progeny ?é?ngaelgg
(days)* females (x 10°mm)
Planococcus citri 19.8+0.30b 0.60+0.07b 0.56+0.008b
Planococcus ficus 18.5+0.15c 0.83+0.05a 0.58+0.005a
Pseudococcus calceolariae 23.3+0.51a 0.79+0.07ab 0.53+0.011c
Pseudococcus viburni 22.4+0.84a 0.33+0.10c -
Phenacoccus peruvianus 17.8+0.48c 0.18+0.08c 0.47+0.015d

*Within columns, means followed by the same lettex not significantly different (P=0.05)

4.3.3. Sex ratio of progeny

The proportion of female progeny & sp. nr.pseudococcsignificantly differed among
mealybug species (Walgf=38.35, p<0.001). More females than males of theagi®id
emerged from all tested mealybugs, excefsnviburniandPh. peruvianugTable 4.3). The
proportion of parasitoid female progeny was highe#il. ficus followed byPs. calceolariae
and PI. citri. Planococcus ficushowed for the same parameter significantly higredues
compared to all other mealybug species, excepP$orcalceolariagp=0.685). On the other
hand,Ps. viburniandPh. peruvianushowed significantly lower values than other meagyb
species. The probability of parasitoid female prggeas significantly explained by the rate of
parasitoid emergence through logistic regressigi¥24.72, df=1, p<0.001). From the
regression parameter estimafe@.575+0.116) we predicted that the parasitoid gemre

would increase 1.8-fould for females than males.

4.3.4. Host size
The size of the adult female mealybugs significatiffered among species {k=25.95,
p<0.001) varying according to the following sequerfoom the largest to the smallest species:

Ps. calceolariagPl. citri, Ps. viburnj Pl. ficus andPh. peruvianugTable 4.4).

4.3.5. Size of wasp adult females

The size of the adult female$ A. sp. nr.pseudococgiexpressed as hind tibia length, varied
significantly with the host speciess(§=18.71, p<0.001; Table 4.3). The size was highd?lon
ficus followed byPl. citri, thenPs. calceolariaeand finallyPh. peruvianusBody size could
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not be determined in the wasps emerged fRemviburnidue to the accidental loss of the low
number of wasp females obtained from this mealyBpgcies. A high and significant
correlation was found between the size of the tilbivasp females and the emergence rate of
the parasitoid (Figure 4.1). The body size of ttieltefemale of the parasitoid did not correlate

with the size of the host species.282,n=4, p=0.718).

Table 4.4 - Length, width and area of female boidhe studied mealybug species.

Mealybug species Length Width Area
(mm)* (mm) (mm?)
Planococcus citri 3.00+0.06b 1.80+0.06b 4.25+0.22b
Planococcus ficus 2.47+0.03d 1.47+0.03c  2.84+0.10cd
Pseudococcus calceolariae  3.20+0.06a 2.00+0.09a 5.03+0.32a
Pseudococcus viburni 2.80+0.06¢ 1.53+0.03c 3.37+0.14c
Phenacoccus peruvianus 2.17+0.07d 1.33+0.03c 2.27+0.13d

*Within columns, means followed by the same letéee not significantly
different (P=0.05)
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Figure 4.1 - Relationship between the emergeneeafd@nagyrussp. nr.pseudococcand the
size (x 16 mm) of adult female progeny of the parasita@tording to the host species.
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4.4. Discussion

Fitness of endoparasitoid adult females is direictfijpenced by host characteristics through
larval development of its offspring (Firlej, LucaSoderre, & Boivin, 2007). Therefore, it is
expected that parasitoid females will recognize andept the hosts that will allow the
development of larvae and optimize their fithessda on external and internal characteristics
which are monitored through antennation and ovtpogrobing, respectively (Firlej et al.,
2007; Vinson, 1998). The ability of a parasitoidmmeting development is related with the
host suitability which in turn is dependent on saVv&actors, such as: i) host immune defenses;
i) host nutritional suitability; iii) presence ithe host of substances toxic to the immature
parasitoid; and iv) environmental factors (Vinsotw&antsch, 1980). Therefore, we may divide
hosts in three different classes according to tipadity: i) suitable hosts, in which most of the
parasitoid larvae are allowed to complete develogniig¢ marginal hosts, in which only a small
percentage of parasitoid individuals will develamd iii) unsuitable hosts, in which no
parasitoid development will occur (Firlej et alQ(). The successful parasitism also depends
on the ability of parasitoids manipulating host gibyogy through gene products (e.g., venom,
polydnaviruses, teratocytes), which eventually dhefit the survival and development of the
parasitoid, namely by suppressing host immune defefe.g., encapsulation), and increasing
nutrient availability (Harvey, 2005; Pennacchio &#hd, 2006; Strand & Casas, 2008).

In an earlier study, we observed that the behaMpaidern of host recognition and the level
of host acceptance &. sp. nr.pseudococcsignificantly differed among the five mealybug
species here studied (Bugila et al., 2014a). Mepzmtly, we showed that the rate of host
acceptance b. sp. nr.pseudococcmight be affected by the level of behavioral deésnsf
each mealybug species (Bugila et al., 2014b). Merenvestigated the host suitability of those
mealybug species for the developmentAofp. nr.pseudococcand tested if, as predicted,
female wasps really know the best for their progéhy results showed that the parasitoid was
able to complete development in all five studiedalyleug species, despite the fact of these
hosts representing three different gendPéarfococcus, Pseudococcusnd Phenacoccus
which are not closely phylogenetically related (Dwev& Gullan, 2004; Hardy et al., 2008).
Nevertheless, the emergence rate of the paras#igigificantly varied among mealybug
species, with the highest values observed in thieefal. ficusand the phylogenetically related
Pl. citri, intermediate values iRs. calceolariaeand the lowest ones iRs. viburniand Ph.
peruvianugTable 4.2) Thus, the observed differences in host suitakaggarently reflect the
phylogenetic relationships of the studied mealybpgcies and the differences in their co-

evolutionary history withA. sp. nr.pseudococci
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To test the hypothesis that female wasps are capdlaccepting or rejecting a potential
host in function of its suitability for their progg we correlated the emergence raté dfp. nr.
pseudococcwith the level of host acceptance (i.e. number afapitized individuals per 10
exposed mealybugs) observed by Bugila et al. (20fb4dahe same mealybug species: 3.0+0.4
(PL. citri), 2.2+0.3 PI. ficug, 1.4+0.3 Ps. calceolariag 1.6+£0.3 Ps. viburn), 1.1+ 0.2 Ph.
peruvianu$. The correlation between these two parameteanstisignificant (=0.818,n=5, p
=0.091), indicating that in the case &fsp. nr.pseudococcnot always “mother knows the
best” (Henry, Gillespie, & Roitberg, 2005). Thistput was mainly due to the fact that the
parasitoid emergence rate frdas. viburni(14.8%) was lower than expected based on the
corresponding level of host acceptance and comgar#tht ofPs. calceolariag40.6%), for
which the parasitoid showed a similar level of hesteptance. Similar results suggesting that
the assessment of host quality by female waspstiperfect have been also reported for other
parasitoid species (e.g., Henry et al., 2005; Sagafincent, & Stewart, 2001b). However,
these apparent wrong decisions of the wasp femaldwst acceptance may favour the
recruitment of new host species, as it will be désed later.

The parameters &. sp. nr.pseudococdiitness including the rate of emergence, the body
size of adult females, the progeny sex ratio, &eddevelopment time significantly differed
among host species. As mentioned before, the emeggate of a parasitoid is dependent on
different factors, including host immune defendesst nutritional suitability, presence of toxic
substances within the host, and environmental facténcapsulation is a common immune
defense mechanism of mealybugs against the eggkaae of their parasitoids (Blumberg,
1997; Blumberg, Klein, & Mendel, 1995; Blumberg &rvDriesche, 2001; Sagarra, Peterkin,
Vincent, & Stewart, 2000; Suma et al., 2012b). previous work we found that the probability
of encapsulation oA. sp. nr.pseudococcivas highest irPs. viburni(0.86) lowest inPh.
peruvianus(0.20), and intermediate iAl. citri (0.52), Ps. calceolariag0.45), andPI. ficus
(0.43) (Bugila et al., 2014b). Therefore, the oledrdifferences in the emergence rate of the
parasitoid are apparently not explained only by difeerent level of encapsulation in the
mealybug species. This suggests that besides anaaps other factors related with host
quality are also involved. Considering that theeskpental environmental conditions were the
same for all five mealybug species, differences ragnmealybug species in the presence of
toxic substances accumulated from the host plamt thre environmental factors are unlikely.
Thus, host nutritional suitability is possibly otHactor involved.

Female size is an important measure of parasitinidss and is known to influence other

fitness parameters, including mating capacity, elisal, longevity, fecundity and reproductive
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rate (Godfray, 1994; Harvey, 2005; Jervis & Coplal®@B6). In the present work, we found as
expected that the body size of adult females.ep. nrpseudococoraried with host suitability
and was positively correlated with other measufgsaaasitoid fitness, such as the emergence
rate and the sex-ratio of the progeny. Similarti@hships between female body size and other
fithess parameters have been also reported for Atfegyrusspecies, as for example kamali
(Sagarra et al., 2001b).

The effects of development time on parasitoid Bmare still little known. A trade-off
between this parameter and parasitoid body size erey, that is a faster development can
occur at the expense of a reduction in body sideene versgHarvey, 2005; Harvey & Strand,
2002). In our study, the development timefosp. nr.pseudococcvaried with host species,
but did not correlate with any other measure oapiéwid fithess. Still, development time was
similar within each host genus, being highesPseudococcysntermediate irfPlanococcus
and lowest inPh. peruvianusin opposition to other fithess parameters, narctelationship
between parasitoid development time and host sliiyatvas found. The development time
was longer in females than in males. This reswdpgarently in contrast with those reported in
other studies foA. sp. nr.pseudococc{Karamaouna et al., 2011; Suma et al., 2012a)fand
pseudococcs.l. (Avidov et al., 1967) in which no significadifferences on development time
were observed between wasp genders. However, gested by Gulec, Kilincer, Kaydan, and
Ulgenturk (2007) differences in development timéneen male and female wasps might be
related with host stage. These authors observethsidevelopment time on male and female
wasps whenA. pseudococcs.l. developed on third instar mealybugs, whergashorter
development time was registered for male waspsgngefrom adult female mealybugs. Our
results are consistent with those obtained by Géilet. (2007) for adult female mealybugs.

Haplodiploidy is the sex determination system okhaf the hymenopteran parasitoids, in
which haploid males originate from unfertilized sgghereas diploid females are the result of
fertilized eggs (Jervis & Copland, 1986). Therefdeenale wasps are able to control the sex of
their progeny by regulating the release of spemmfispermatheca during oviposition. Sex
allocation in parasitoids is known to be influenbgchost quality. Sex ratio theory predicts that
female wasps should oviposit female eggs in highatity hosts and male eggs in lower quality
hosts, as females are considered the sex in wincimntrement gain in fitness per host is higher
(Charnov, 1982; Godfray, 1994; King, 1987; Weste&® & Sheldon, 2002). In the caseof
pseudococdcs.l., it has been shown that the sex ratio is arfed by the host stage/size within
the same mealybug species, with male biased sexotaerved in third instars or younger host

stages, and female biased ones in adult femaleymegd (Suma et al., 2012a and references
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therein). Here we investigated whether differentce$iost quality across the five studied
mealybug species would affect the sex ratidAo$p. nr.pseudococcprogeny. We found a
significant relationship between this parameter tredemergence rate of the parasitoid. That
is, the proportion of females in the parasitoidgamay was highest (female biased sex ratio) in
the native mealybug specié¥, ficusand lowest (male biased sex ratio) in the alientidgacal
mealybug species?s. viburniand Ph. peruvianus Apparently, the observed relationship
between the two parameters is not explained by-$imstvariation among mealybug species,
as no significant correlation was found betweert e and offspring sex-ratio @&f. sp. nr.
pseudococciTherefore, besides host size other factors df dpaality, host immune defenses
and host nutritional suitability were possible @sgible for the registered differences in sex
allocation by the parasitoid females among mealydpegies. Nevertheless, we cannot exclude
the hypothesis that the observed sex ratios migbtreave resulted from different survival rate
of female and male wasps, depending on host quabtye did not determine the primary sex
ratio in present study. Taken together, the avildhata suggest that sex ratio of progeny can
be used as a predictor of host suitabilitirsp. nr.pseudococci

The higher emergence rate, larger tibia length asmwfemales, and higher proportion of
progeny females clearly indicate thBt. ficus is the most suitable host fok. sp. nr.
pseudococciclosely followed byPl. citri. In contrast, the lower emergence rate, smallea tibi
length of wasp females, as well as the male biasrdatio registered in the parasitoid progeny
obtained fronPs. viburniandPh. peruvianusuggest that these two mealybug species are poor
quality hosts forA. sp. nr. pseudococci,and thus may be considered marginal hosts
Pseudococcus calceolariseems to be in an intermediate position.

Our results showing that. sp. nr.pseudococcis capable of developing in not closely
related mealybug species corroborate its genetadisavior suggested in previous studies on
host recognition and acceptance (Bugila et al.4aplin contrast with other congeneric species
which display a much higher degree of specialiratior exampleAnagyrus kamalMoursi
andAnagyrus amnestd@ameshkumar, Noyes & PooraniAfmagyrussp. nr.sinopeNoyes &
Menezes) are only able to complete developmerttair principal host species, respectively
the hibiscus mealybudylaconellicoccus hirsutuand the Madeira mealybuBh. madeirensis
although the first parasitoid species may accepviposit in a few unsuitable hosts (Chong &
Oetting, 2007; Rameshkumar, Noyes, Poorani, & Ch20¢3; Sagarra et al., 2001b). On the
other handAnagyrussp. nr.pseudococdnas apparently a close evolutionary relationshtp w
Pl. ficus since the parasitoid shows an innate kairomasganse to the sex pheromone of the

vine mealybug (Franco et al., 2008) and uses thiiokone in host location (Franco et al.,

64



2011). Overall, the available information, incluglins host selection behavior and apparent
realized host range, indicates tiatsp. nr pseudococcevolved from a specialist to a more
generalist strategy (Bugila et al., 2014a; Frarical.e 2008). Therefore, we suggest that the
host range ofA. sp. nr.pseudococcimight have evolved according to the “host-ecology
hypothesis” (Shaw, 1994; Tschopp, Riedel, KropfntMeg, & Klopfstein, 2013; Zaldivar-
Riveron et al., 2008), which assumes that a paidsiay expand its host range by recruiting
new host species within its searching niche. Tha da the host acceptance behavior (Bugila
et al., 2014a) and host suitability (here pres@ntesiwell as the records of mealybug parasitism
from field samples (Beltra, Tena, & Soto, 2013;fe@et al., 2011; Guerrieri & Pellizzari,
2009; Karamaouna et al., 2011; Mgocheki & Addise@Q9; Triapitsyn et al., 2007) indicate
that A. sp. nr.pseudococchas been expanding the host range from its pessilginal host,

Pl. ficus (Franco et al., 2008) by recruiting new host sggcspecially within the genera
PlanococcusandPseudococcusut also inrPhenacoccud-or example, in field surveys carried
out in Spain, the parasitoid was found, althoughvémy low numbers, parasitizingh.
peruvianus which has recently invaded Europe (Beltra et2110, 2013). It is expected that
the recruitment of new hosts will be possible anlyarasitoid species presenting a not very
selective behavioral pattern of host acceptanceshndwventually may oviposite in marginal or
even unsuitable host8nagyrussp. nr.pseudococdits this behavioral pattern.

In conclusion,PI. ficus was the most suitable host species Aorsp. nr.pseudococci
corroborating the hypothesis of a close evolutignaistory of the parasitoid with this
Mediterranean-native mealybug. Host suitabilityhaf studied mealybug species seems to fit a
phylogenetic/biogeographic trend, showing the hsglevel inPl. ficusand its closely related
congenerPl. citri, followed by the AustralasiaRs. calcelolariaeand the NeotropicaPs.
viburni andPh. peruvianusThe results have also implications in the effextise ofA. sp. nr.
pseudococcior the biological control of pest mealybugs. Byded) data on host suitability,
we complemented the information collected in prasistudies on host recognition/acceptance
behavior (Bugila et al., 2014a), and host defe(Basgila et al., 2014b), allowing a more clear

picture on the host selectivity and host rangédefgarasitoid.
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5. Functional response of the solitary parasitoid fomealybugsAnagyrus sp.
nr. pseudococci (Hymenoptera, Encyrtidae): comparative analysis between a

native and an alien host species



Abstract

Anagyrussp. nr.pseudococcis a solitary parasitoid worldwide used in biolkagicontrol of
pest mealybugs. In this work, we compared the fanat response oA. sp. nr.pseudococci
between a Mediterranean native host spePikesiococcus ficuand an alien mealybug species,
Pseudococcus calceolariaBensities of 2, 5, 10, 20, 30, 40, 50 and 60rpproductive adult
females of each of the twatudied mealybug species were exposed to matetédrnmhrasitoid
females during 24h. The number and gender of therged parasitoid offspring was
determined. The results showed that the functioegponse of the parasitoid varied between
host species. A type Il response was observeBdaralceolariae whereador PI. ficusa type

[l model better describe the response of the jgards The upper limit of the functional
response, i.e. the highest number of progeny pestiper wasp, was about three times higher
in PI. ficus(18.1+5.40) than ifPs. calceolariag6.31+1.24). The estimated handling time of
the parasitoid was longer its. calceolaria€0.159 d) than il. ficus(0.067 d). The proportion
of female progeny was significantly highermh ficus (0.78+£0.02) than irPs. calceolariae
(0.70 +0.02) P=0.031). However, the progeny sex ratio was notcdid by host density
(P=0.824). The results are discussed in terms of trags and practical implications for

biological control.

Key-words. host density, handling time, sex rati®lanococcus ficys Pseudococcus

calceolariag Pseudococcidae, biological control
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5.1. Introduction

The efficiency of a biological control organism degs in great part on its response to the
variation in population density of its host/prey (81 & Getz, 1996). Two non-exclusive
mechanisms can play a role in this density-depemn@dationship: i) a numerical response, in
which the predator/parasitoid responds to the aszan prey/host density by increasing its
reproductive or migratory rate; and ii) a functibresponse, where the response is translated
by an increase in the number of prey/host consupeedndividual and per unit of time (van
Alphen & Jervis, 1996). Three main types of funcéibresponse have been considered, in
function of the curve shape (Holling, 1959; van #dp & Jervis, 1996). In type |, a positive
linear relationship is assumed; type Il is desctibg a decelerated curve, with a constantly
decreasing rate; whereas in type Il the relatignghsigmoid, initially accelerating and then
decelerating. In any case, there is a saturatial,leorresponding to a maximum in the number
of prey/host attacked per predator/parasitoid, wegoby its behavioral and physiological
characteristics. In terms of mortality rate thesthtypes of curves result in a constant (type 1),
decreasing (type 1), or modal variable, with aitiah increasing and then decreasing curve
(type 111).

For population biologists, the density responsiitig two trophic levels, greatly explains
the fluctuation dynamics of predator/prey or pamdihost populations in an interdependent
way (Hassell, 2000). Functional and numerical respe can be used for evaluating the
potential of a parasitoid to regulate the poputatiof its host species (Luck, van Lenteren,
Twine, Juenen, & Unruh, 1979; Murdoch & Briggs, 629 he stabilization and destabilization
of the population dynamics in host-parasitoid iattions has been associated with type 11l and
type 1l functional responses, respectively (Chon@étting, 2006; Hassell, 1978; Murdoch, &
Oaten, 1975). Functional responses may also beind®dlogical control inundative releases
for estimating the optimal dose to obtain a fagirélase in pest numbers (Chong & Oetting,
2006; Mills & Lacan, 2004). Nevertheless, some arghquestion the relevance of the
functional response for the success of biologicaitiol (Fernandez-Arhex & Corley, 2003;
Lester & Harmsen, 2002).

Anagyrussp. nr.pseudococciGirault) is a solitary koinobiont parasitoid dfet vine
mealybug Planococcus ficugSignoret) and the citrus mealybW), citri (Risso) (Hemiptera:
Pseudococcidae), among other mealybug speciesoostc importance, which has been
recently separated from its sibling spechespseudococc{Girault) (Triapitsyn, Gonzélez,
Vickerman, Noyes, & White, 2007). Since then, salstudies have been conducted in order

to clarify its host-parasitoid relationships, inding the kairomonal response to host sex
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pheromone (Franco et al., 2008, 2011), host seledtehavior (Bugila, Branco, Silva, &
Franco, 2014a), host defenses (Bugila, FrancoaS#vBranco, 2014b; Suma et al., 2012b),
and host suitability (Bugila, Franco, Silva, & Bcan 2014c; Suma et al., 2012a). In the present
work, we aimed at investigating the functional @sge ofA. sp. nr.pseudococdby comparing
two host speciesvith different evolutionary relationships with thgarasitoid, as well as
different geographical origin: the vine mealybu@lanococcus ficus(Signoret), a
Mediterranean native host species which is consttldhe primary host oA. sp. nr.
pseudococciin its region of origin (Franco et al., 2008), atite citrophilus mealybug,
Pseudococcus calceolarig®Maskell), an Australasian alien species (Pelliz&gaiGermain,
2010). The parasitoid is believed to have a closgduéionary relationship wittPl. ficus,
whereas its relationship witRs. calceolariags much more recent, as this mealybug species
possibly invaded the Mediterranean basin only fentaries ago (Bugila et al., 2014a and
references therein). Our main aim was to testdfftinctional response of the parasitoid could
be affected by the host species, depending onalsiggonary history. Besides the effect on the
progeny production by the parasitoid, we also atered the effect on sex allocation as an
indicator of fitness. All together, the accumulat&dowledge on the host-parasitoid
relationships will contribute to further clarifygttaxonomic status @. sp. nr.pseudococcias
well as toimprove its effective usas a biological control agent of pest mealybugs.

5.2. Material and Methods

5.2.1. Mealybug rearing

Specimens of the two mealybugs speddsficus and Ps. calceolariaewere collected in
Algarve, Portugal, from vineyards and sweet orangshards, respectively. The collected
individuals were used to start laboratory colonidse two mealybug species were reared on
sprouted potatoess6lanum tuberosurn.) under controlled conditions (25:0.5°C, 60-70%
r.h., in the dark). Seven days before the experisméhird instars of each species were isolated
on sprouted potatoes within ventilated plastic Isaxestandardize age, physiological state and

obtain pre-reproductive adult females and kepaladiatory conditions as described above.

5.2.2. Parasitoid rearing
Specimens ofA. sp. nr. pseudococcwere obtained from parasitized coloniesRif citri
collected in citrus orchards in the region of Sslv@lgarve, Portugal) and reared within

ventilated plastic boxes d?l. citri under laboratory conditions (2%@.5°C, 60.0-70% r.h., and

73



photoperiod 16L:8D). To obtain naive adult femakesps, the rearing boxes were first observed
and kept free of parasitoids, and then checked/ér, in order to collect wasps less than 24h
old. For each replicate, two males and one femalewtroduced into a plastic box containing
one drop of honey as food and maintained for 72teutaboratory conditions until the setup

of the experiments for allowing mating.

5.2.3. Experiments

Eight densities of each of the two studied mealybpecies (2, 5, 10, 20, 30, 40, 50, and 60
adult females) were exposed to the parasitoid Arolicusdensity 70 was further tested. For
each density 20 replicates were performed in s&ghtaoxes. For each of the 20 replicates
considered in each mealybug density, the mealylueys exposed inside a plastic box to one
mated and fed adult female during 24h under cdettatonditions (24°C, 60-70% r.h., and
photoperiod 16L:8D). After the exposure period plaeasitoid was removed from the box and
the mealybugs were kept under the same controbeditons until the emergence of the
parasitoid progeny. The total number of emergedowaer replicate was recorded, as well as

the corresponding gender of each individual.

5.2.4. Model fitting and data analysis

Model fitting was done in two steps. In a firstgsteve used a logistic regression to model the
proportion of parasitized host mealybugsNa/No, considering a binomial response. The
model was fitted to all data using Generalized amdodels (GLM) and maximum likelihood
estimation techniques. The functional response datssfy the assumptions of logistic
regression analysis and this method is considered mobust than applying least squares
techniques (Trexler, Charles, & Joseph, 1988). Apeddent variables, we used linear,
quadratic and cubic terms of the host density. Siga of the parameter estimates for the
polynomial equation allows the differentiation betm types of functional response models. A
negative estimate for the linear term indicateg tiypnodel, whereas a positive estimate for the
linear term associated with a negative quadratin teveals type Ill model (Griffen & Delaney,
2007; Chong & Oetting, 2007). Plotting the propmmtiof parasitized mealybugs against
mealybug density allowed further confirmation of tigpe of functional response. A decreasing

function reveals type Il model, whereas a modalewonfirms Type Il model.

In a second step, we fitted by non-linear regrestie two types of models, according to

the following equations:
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Type Il Na= No(1-exp(-alb/(b+aNo)) (eq. 1)

Na= a No/(1+ @/b)Ny)) (eq. 2)
Type I Na=  No(1-exp(aNo/(1+cNo+(a/b)No?))) (eq. 3)
Na=  a No/(b?*+ NoP) (eq. 4)

whereas\, is the number of parasitized mealybuygsijs the total number of available
hosts an@, b andc are constant parameters determined by modeldittin

We used the mean estimate of parasitoid progenyedch initial host density to fit
equations (1) to (4). Several initial set of valuwesre used for the parametesh, andc, to
guarantee best and unique parameter estimate emithagk the possibility of local minima
estimatesFrom Holling type Il model, the prey capture ratereases linearly with the prey
density. The handling time is thus constant allgwvin estimate the handling time of the
parasitoidh, i.e. the average time spent in host processgigguhe following equatior=1/b
(Holling, 1959).

A univariate ANOVA was used to analyse differenoeshe progeny sex ratio between
host species, considering the initial host derestgovariate.

Data are presented as mean + standard error (BlEsuotherwise referred.

5.3. Results

5.3.1. Functional response

The average maximum number of parasitized mealybungkcating the threshold of the
functional response, i.e. the highest number of@ng produced by wasp, was 18.4+9.34
wasps forPl. ficusand 6.2+0.02 wasps fdéts. calceolariagFigure 4.1). The proportion of
parasitized mealybugs varied between 0.20 andfor43. ficusand between 0.04 and 0.58 for
Ps. calceolariae The shape of the function relating the proporidrparasitized mealybugs
with host density further indicates a modal funeti@r PI. ficus, whereas a monotonous
decreasing function is observed Rs. calceolariagFigure 5.1).

Results from the logistic regression support a typeodel for Ps. calceolariaewith a
negative parameter estimate for the linear ternbl€rd.1). Yet, forPl. ficusa positive linear
trend together with a negative quadratic term ssigga type Ill model (Table 5.1). Model
fitting was better adjusted féts. calceolariaghan forPl. ficusas indicated by the likelihood
ratio Chi-Square (Table 5.1).
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Figure 5.1 - Relationship between mean (xSEM) dgr(siumber of exposed adult female
mealybugs) of the mealybug spedrtanococcus ficuge) andPseudococcus calceolarigg.)
and the number (top) and proportion (bottom) ofapaized mealybugs b&nagyrussp. nr.
pseudococciThe solid and dashed lines represent the bestHfitinctional response curves for

Pl. ficus(type Ill model) andPs. calceolariadtype 1l model) respectively.
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Both Type Il and type Il models were fitted by nlimear regression. Due to difficulties
with model convergence, host density N=70 Rbr ficuswas excluded from the non-linear
regression analysis. Type Il equation (3) provithetter fit toPI. ficusbut was only slightly
better than type Il model equation (Table 5.2).aRwueter estimates, and ¢ were not
significantly different from zero. As expected frgrevious analysis, Type |l model provided
the best fit tdPs. calceolariagTable 5.2). Estimated curves are indicated iufag.1.

The estimated handling times were 0.067 daysPforficus and 0.159 days foPs.

calceolariae

5.3.2. Sex ratio

The sex ratio of the wasp progeny was higherHbrficus (0.778+0.024) compared to that
obtained foPs. calceolariag0.703+0.024). A significant effect of host spacieas observed,
(F1,28=4.674,P=0.031), but not of host density:(fs=0.761,P=0.384).

Table 5.1 - Results from logistic regression fa tasponse variable proportion of parasitized
mealybugs in relation to the linear, quadratic enbic terms of the initial density.

Parameter Estimate Standard Wald Chi- P
error Square

Planococcus ficuLRC*=84.63, df=3, P<0.001)

Intercept -0.500 0.2063 5.874 0.015
Linear 0.024 0.0210 1.356 0.244
Quadratic -0.002 0.0006 6.653 0.010
Cubic 1.61 10° 5.36 1¢° 9.005 0.003

Pseudococcus calceolarigeRC=290.80, df=3, P<0.001)

Intercept 0.927 0.2413 14.763 <0.001
Linear -0.219 0.0312 49.131 <0.001
Quadratic 0.006 0.0011 31.222 <0.001
Cubic -5.8810° 1.10 1¢° 28.836 <0.001

* Likelihood Ratio Chi-Square
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Table 5.2 - Results from non-linear regressioretate the number of parasitized mealybugs
and the initial host density.

Species / Model Parameter Estimate Standard errc  R?

Planococcus ficus a 0.776 0.269 0.954

Type Il eq. (1) b 20.158 4.528

Type Il eq. (2) a 0.543 0.130 0.954
b 20.401 4.566

Type 1l eq. (3) a 0.338 0.856 0.956
b 18.143 5.400
c 0.326 1.082

Type lll eq. (4) a 12.536 1.130 0.937
b 15.616 3.356

Pseudococcus a 1.064 0.699 0.819

calceolariae* b 6.280 1.035

Type Il eq. (1)

Type Il eq. (2) a 0.675 0.272 0.820
b 6.312 1.024

Type 1l eq. (4) a 4.929 0.538 0.731
b -5.388 1.907

* Type lll eq. (3) is not displayed as convergence nat achieved.

5.4. Discussion

We investigated the functional responsedosp. nr.pseudococcand tested if the parasitoid
could respond differently depending on its evolodicy relationship with the host mealybug.
The results showed that both the asymptote, asasdthe type of functional response of the
parasitoid was affected by the host species. Adriggymptote of the curve (upper threshold)
was observed iRl. ficuscompared withPs. calceolariae At higher mealybug densities, the
progeny produced bwA. sp. nr.pseudococciwas about three times higher Rl. ficus
(18.4£3.38) than irPs. calceolariag(6.2+0.02). This result may be explained by ddfer
behavioral responses exhibited by the parasito&inagthe two mealybug species, as well as

by their different host suitability. In a previostidy, we observed that rate of host acceptance
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by A. sp. nr.pseudococcwas significantly higher ifPl. ficusthan inPs. calceolariagwhen

the parasitoid was exposed to a density of 10 rbeglyadult females (Bugila et al., 2014a).
FurthermorePs. calceolariaalso showed to be a host with higher level of dedsragains.

sp. nr.pseudococcin comparison withPl. ficus(Bugila et al., 2014b; Suma et al., 2012b). In
accordance, we recently observed that the surviaed of A. sp. nr.pseudococcwhen
developing inPl. ficuswas significantly higher than iRs. calceolariagBugila et al., 2014c).
The results obtained by Chong and Oetting (200 8nndomparing between stages of the host
mealybug, Phenacoccus madeirensisGreen, the response ofAnagyrus amnestos
Rameshkumar, Noyes & Pooraniragyrussp. nrsinopeNoyes & MenezegRameshkumar,
Noyes, Poorani, & Chong, 2013) to increasing hesisdies also indicate that host suitability
can influence parasitoid functional response. Tlagbors reported that although the type of
functional response was not affected by the hasfestthe asymptote of the curve was highest
for the preferred host stage.

Anagyrussp. nr.pseudococaexhibited a type Ill functional response when fanggn the
native mealybug specieB|. ficus,whereas a type Il response was observed in tleeafdise
alien mealybug specieBs. calceolariaeMost of the studied parasitoids of homopterarcigse
showed either a type Il or type Il functional resge (Chong & Oetting, 2006, and references
therein), but type Il has been the most commontianal response documented for parasitoids
(Chen, Leopold, & Harris, 2006; Chong & OettingPZ Sagarra, Vincent, Peters, & Stewart,
2000), including otheAnagyrusspecies, such as. amnesto$Chong & Oetting, 2006, 2007)
and A. ananatis(Gonzalez-Hernandez, H., Pandey, & Johnson, 20@&\ever, it has been
suggested that this lower frequency of type llidiimnal response might be an experimental
artifact (Chong & Oetting, 2006; van Lenteren & Rak 1977). For example, Sagarra et al.,
(2000) reported thah. kamalicould exhibit either a type Il or type Ill functional msnse
depending on the experimental conditions: a typedponse was observed when parasitoids
were restricted to the experimental arenas dutingebioassay, where a type Ill response was
shown if the parasitoids were free to decide ttesidence time within the arenas. Nevertheless,
in our study the observed differences in the typgioctional response between host species
were not due to the experimental conditions asthese the same for both mealybug species
studied.

Host specificity may influence the type of functanesponse of parasitoids (van Lenteren,
Cock, Hoffmeister, & Sands, 2006). It is expecthdttspecialists tend to have a type Il
functional response, whereas generalists tend dav sh type Il response (Chesson, 1983;
Hassell, Lawton, & Beddington, 1978; Jeschke, Kofp,Tollrian, 2002). Overall, the
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accumulated data from previous studies on the karal response @&. sp. nr.pseudococci
to the sex pheromone 1. ficus(Franco et al., 2008, 2011), as well as on the selsiction
behavior (Bugila et al., 2014a), host defenses i{Bug al., 2014b), and host suitability (Bugila
et al., 2014c) support the hypothesis that thesitard evolved from a specialist, with a close
relationship withPl. ficus,its possible principal host in the region of ori¢fimtanco et al., 2008),
to a more generalist strategy, by recruiting nest lspecies such &s. calceolariag¢Bugila et
al., 2014c) Therefore, the observed differences in the typeioctional response &. sp. nr.
pseudococcihetweerPl. ficusandPs. calceolariaemay reflect this evolutionary trait.

The estimated handling time Af sp. nr.pseudococdior PI. ficus(0.067 d) was about half
of that forPs. calceolariag0.159 d). These values, determined based onafaaneters of the
functional response models, are apparently in adidtion with those estimated in a previous
study based on direct observations of the pardsiiehavior (Bugila et al., 2014a), in which
the estimated handling time f&. ficus(5.2+0.6 minutes) was higher but not significantly
different from that foPs. calceolariag¢4.3+0.7 minutes). This apparent contradicticat ieast
in part explained by the different criteria foriggting handling time in the two studies, as well
as by the different exposure times of the parasiimthe host mealybugs. The handling time in
Bugila et al. (2014a) corresponded to the mean spent by the parasitoid in antennation,
probing and oviposition per parasitized mealybugreHwe used the emergence rate of the
parasitoid progeny for determining the parasitisnel in the functional response. Therefore,
the obtained response reflects not only the hdeten behavioral characteristics of the
parasitoid, but also the level of suitability ofetlhost species. As mentioned befdPs,
calceolariaeexhibits higher level of defenses agaiAstsp. nr.pseudococc{Bugila et al.,
2014b; Suma et al., 2012b), and is a less suitaigefor the parasitoid (Bugila et al., 2014c),
in comparison withPl. ficus In the present study, the exposure timé& ap. nr.pseudococci
to the host mealybugs was 24h, whereas in Bugitd. §2014a) the observation of the host
selection behavior of the parasitoid was limite@@minutes. Furthermore, estimates of the
parasitoid’s handling times obtained from functiie@ponse models tend to be overestimated,
and thus direct behavioral observations are esdefioti more reliable estimates (Chong &
Oetting, 2007).

Sex ratio of the parasitoid progeny is an indicatbrits fitness (Visser, 1994). We
registered a significant higher proportionAfsp. nr.pseudococcfemale progeny when the
parasitoid developed d?l. ficuscompared to that observed Ba. calceolariagcorroborating
the results obtained in a previous work in wHish calceolariagvas shown to be a less suitable
host (Bugila et al., 2014b). On the other hand wlendt find an effect of host density on the
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sex ratio ofA. sp. nr.pseudococcprogeny for both mealybug species. Similar reswkse
reported for otheAnagyrusspecies, such a&. (=Epidinocarsi3 lopezi (De Santis) andh.
kamaliMoursi (van Dijken, van Alphen, & van Stratum, 89%agarra et al., 2000). However,
Chong and Oetting (2006) observed thaamnestosignificantly increased the proportion of
female progeny in response to the increase of derssity for both studied stages of the host
mealybug,Ph. madeirensisThe observed differences among parasitoid speuight be
related with their different reproductive behavié::sp. nr.pseudococci, A. lopezand A.
kamaliare a solitary parasitoids, wherdasamnestoss gregarious.

Our study was performed in laboratory conditionshwa fixed amount of time. This
allowed controlling for environmental factors timaight influence parasitoid behavior (Sagarra
et al., 2000). In field conditions, other fact@sch as weather, refuges, competitors, patch size,
and host plant, interfere directly or indirectlythvpredators or parasitoids activity and thus may
affect their functional response (Bezemer & Mil901; Farrokhi, Ashouri, Shirazi, Allahvari,
& Huigens, 2010; Milonas, Dimitrios, & AngéliqueQ21).

Studies comparing the functional response of agitaid among different host species are
rare. Here, we have shown that the host speciesaffest the functional responseAfsp. nr.
pseudococginot only regarding the efficiency of the parasitdut also the asymptote of the
curve, as well as the type of curve, with typeaht type Il functional responses exhibited when
foraging on a suitable and marginal host, respelstivio our knowledge, this is the first time
a parasitoid of mealybugs is shown to exhibit défe type of functional response depending
on the host species. The results have practicaligatipns for biological control of pest
mealybugs. Based on the type Il functional respadibited byA. sp. nr.pseudococdn the
case ofPl. ficus,we would expect that the parasitoid is capable aintaining a stable host—
parasitoid dynamics after augmentative releases ctotrolling this mealybug species
(Berryman, 1999). In contrast, the type Il funcibresponse observed fBs. calceolariae
indicates that in this case the parasitoid maybeadble to guaranty a stable dynamics, due to
inverse density-dependent host mortality (Chong é&iti@g, 2006). Nevertheless, no clear
relationship between the type of functional respsnand success in biological control was
found by Fernandez-Arhex and Corley (2003). Furtbirdies are needed, namely by
comparing the responseAfsp. nrpseudococdio other mealybug species, in order to confirm
if the parasitoid exhibit the same type of functibresponse observed by us in the present study
and to assess whether our results reflect thedfpesponse of the parasitoid to varying host

densities in field conditions.
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6. Conclusions



Anagyrussp. nr.pseudococaiecognized and accepted all five tested mealybagiep
as potential hosts despite their different geogcgbhorigin and phylogenetic
relationships. Nevertheless, the behavioral patéimost recognition and the level of
host acceptance exhibited by the parasitoid vaaredng host species. The parasitism
level in Planococcusspecieswas about twice as higher as Rseudococcusind
Phenacoccusspecies. We suggested that waxy secretions covehagbody of
mealybugs, as well as their ostiolar secretions méyence host recognition and
acceptance by parasitoid females.

We hypothesized that the females Ariagyrussp. nr.pseudococciare capable of
assessing the level of host resistance throughmyamnd eventualy use this information
for host rejection or acceptance.

Our results suggest a broader host range and ageaexalist behavior fok. sp. nr.
pseudococcin comparison with otheAnagyrusspecies, which is in accordance with
the hypothesis that this wasp might have evolvedx{panding its host range.

The host handling (antennation + probing + ovipos)t time by femaleA. sp. nr.
pseudococaivas affected by host species, with the highestevedgistered ifl. ficus,
the host for which the parasitoid showed highest kearching efficiency.

The studied mealybugs responded differently toatteeck ofA. sp. nr.pseudococdby
combining different levels of three types of defeadehaviorwhich can be classified
according to the following two categouries: i) Evasbehavior (walking away); and ii)
Aggressive behavior (reflex bleeding and abdonfiiggding). Globally, considering all
types of defense behavior, bdtkeudococcuspecies, which were probably introduced
in the Mediterranean basin over 400 years ago, thrdrecently introducedPh.
peruvians exhibited higher active defensive behavior thenttvo most common host

species in the Mediterranean, the naiVdicusand the phylogenetic relat&d. citri.
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Our observations lead us to hypothesize that tfende behaviors of mealybugs are
likely generalist responses, as they probably didavolve in response to a specific
parasitoid or predator speciesWe observed an iavetationship between the level of
mealybug defense behaviors and the parasitismofatee mealybugs by. sp. nr.
pseudococcsuggesting that defensive behaviors in the studiedlybug species were
effective in affecting host acceptance, and thuagism rate by the parasitoid.We
hypothesised that the intensity of ant-tendingdeisgive defenses) may differ among
mealybug species depending on the amount of hometjtey are capable of excreting
and that a trade-off between associative defenseésreealybug behavioral defenses
may exist.

The hypothesis of collective defensive behaviorsictv has been recently shown in
aphids, also occurring in mealybugs should be inya®d as these insects often
aggregate in large colonies of related individascending from one or few females.
The probability ofA. sp. nr. pseudococciencapsulation varied among the studied
mealybug species, with the highest value registierés. viburniand the lowest one in
Ph. peruvianuswhereas intermediate encapsulation probabilitiese registered for
the nativePl. ficus the congenePlanococcuspecies and fdPs. calceolariae.

Based on our results on the immune defences dttlthed mealybug species against
A. sp. nr.pseudococciwve proposed a new hypothesis to explain the diffegs in the
level of encapsulation exhibited by mealybug speaigainst parasitoids, according to
which both low and high levels of encapsulationrbgalybugs are connected with
recent host-parasitoid associations, such as betdvesp. nr.pseudococcand the two
alien mealybug®h. peruvianugndPs. viburni,respectivelly Intermediate levels are
expected in associations between a parasitoid tangtincipal host or closely related

ones, such as betwegnsp. nr.pseudococcand the nativ®l. ficusor with its closely
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related specie®l. citri. Similar levels of encapsulation in closely relatedalybug
species may further result from cross resistangghBr studies comparing the immune
defense of a range of mealybugs in response tatthek by parasitoids with different
host selectivity are needed in order to test opokiyesis and further clarify this issue.
Anagyrussp. nr.pseudococcivas able to complete development in all five stddi
mealybug species, but the emergence rate of thesipaid varied among mealybug
species, with the highest values observed in theafl. ficusand the phylogenetically
relatedPl. citri, intermediate values iRs. calceolariaeand the lowest ones iRs.
viburni and Ph. peruvianusThe observed differences in host suitability appty
reflect the phylogenetic relationships of the stddimealybug species and the
differences in their co-evolutionary history witietparasitoid.

It is expected that parasitoid females will recagrand accept the hosts that will allow
the development of larvae and optimize their fime3ur results did not support this
prediction, suggesting that in the caseAokp. nr.pseudococcnot always “mother
knows the best”. However, these apparent wrongsaes of the wasp females in host
acceptance may favour the recruitment of new hustiss.

We found as expected that the body size of aduafes ofA. sp. nrpseudococoraried
with host suitability and was positively correlatetth other measures of parasitoid
fitness, such as the emergence rate and the sexefdhe progeny.

In opposition to other fitness parameters, no cledationship between parasitoid
development time and host suitability was founde @evelopment time was longer in
females than in males.

We found a significant relationship between sejorat sp. nr.pseudococcprogeny
and the emergence rate of the parasitoid. Thahesproportion of females in the

parasitoid progeny was highest (female biaseda@) iin the native mealybug species,
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PI. ficusand lowest (male biased sex ratio) in the alientid@ical mealybug species,
Ps. viburniandPh. peruvianus

The higher emergence rate, larger tibia length agmfemales, and higher proportion
of progeny females clearly indicate tit ficusis the most suitable host fér sp. nr.
pseudococcilosely followed byPl. citri. In contrast, the lower emergence rate, smaller
tibia length of wasp females, as well as the madsdal sex ratio registered in the
parasitoid progeny obtained frd@s. viburniandPh. peruvianusuggest that these two
mealybug species are poor quality hostsXosp. nr.pseudococciand thus may be
considered marginal host8seudococcus calceolaria@ems to be in an intermediate
position.

Host suitability of the studied mealybug speciesense to fit a
phylogenetic/biogeographic trend, showing the hsgltevel inPl. ficusand its closely
related congenePl. citri, followed by the Australasiafs. calcelolariae,and the
NeotropicalPs. viburniandPh. peruvianus

Both the asymptote, as well as the type of funetioesponse oA. sp. nr.pseudococci
was affected by the host species. A higher asymubthe curve was observedrh
ficus compared withPs. calceolariaeThe parasitoicexhibited a type Il functional
response when foraging in the native mealybug spegl. ficus, whereas a type I
response was observed in the cashefalien mealybug specid3s. calceolariae

We did not find an effect of host density on th& satio of A. sp. nr.pseudococci
progeny for botHPl. citri andPs. calceolariae.

All the available data indicate thatsp. nr.pseudococcevolved from a specialist to a
more generalist strategy, expanding the host rémge its possible original hosBl.
ficus by recruiting new host species, specially withie tgeneraPlanococcusand

Pseudococcudyut also inPhenacoccus
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The specificity of a parasitoid is considered apontant attribute in selected candidates
for classical biological control programs aimingnanimize the risks of impacts on
non-target native species. In this respect, theotige sp. nr.pseudococcin classical
biological control may present risks of impact @tive species of mealybugs due to its
apparent generalist behavior. Nevertheledgstbeen used both in classical biological
control and augmentative releases in differentsaaga there is no evidence of negative
impacts on native mealybug species. On the othed,hthe existence of alternative
hosts is considered important for the success @bdical control as it will support
parasitoid populations over periods of scarcityhef primary hosts.

Based on the type Il functional response exhibitgd. sp. nr.pseudococadn the case

of PI. ficus,we would expect that the parasitoid is capable @hiaining a stable host—
parasitoid dynamics after augmentative releasesdoirolling this mealybug species.
In contrast, the type Il functional response obseérforPs. calceolariaendicates that

in this case the parasitoid may not be able toaqugira stable dynamics, due to inverse
density-dependent host mortality. Neverthelesshéurstudies are needed, namely by
comparing the response Afsp. nr.pseudococdio other mealybug species, in order to
confirm if the parasitoid exhibit the same typdwictional response observed by us in
the present study and to assess whether our resflést the type of response of the

parasitoid to varying host densities in field cdiudtis.
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