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Molecular genetics and symbiont diagnostics have revolutionized our understanding of insect species diversity,
and the transformative effects of bacterial symbionts on host life history. Encarsia inaron is a parasitoid wasp
that has been shown to harbour two bacterial endosymbionts, Wolbachia and Cardinium. Known then as
E. partenopea, it was introduced to the USA in the late 1980s from populations collected in Italy and Israel for
the biological control of an ornamental tree pest, the ash whitefly, Siphoninus phillyreae. We studied natural
populations from sites in the USA, the Mediterranean and the Middle East as well as from a Cardinium-infected
laboratory culture established from Italy, with the aims of characterizing these populations genetically, testing
reproductive isolation, determining symbiont infection status in their native and introduced range, and
determining symbiont role. The results showed that the two Encarsia populations introduced to the USA are
genetically distinct, reproductively isolated, have different symbionts and different host-symbiont interactions,
and can be considered different biological species. One (‘E. inaron’) is doubly infected by Wolbachia and
Cardinium, while only Cardinium is present in the other (‘E. partenopea’). The Cardinium strains in the two
species are distinct, although closely related, and crossing tests indicate that the Cardinium infecting
‘E. partenopea’ induces cytoplasmic incompatibility. The frequency of symbiont infection found in the native and
introduced range of these wasps was similar, unlike the pattern seen in some other systems. These results also
lead to a retelling of a successful biological control story, with several more characters than had been initially
described. © 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 117, 217-230.

ADDITIONAL KEYWORDS: Cardinium — cryptic species — cytoplasmic incompatibility — Encarsia
inaron — Encarsia partenopea — invasive species — molecular systematics — parasitic wasps — Siphoninus
phillyreae — Wolbachia.

INTRODUCTION superfamilies Chalcidoidea and Ichneumonoidea
alone number in the tens of thousands, and these
are generally considered to represent only a fraction
of their true diversity. Recent estimates suggest that
there could be as many as 500 000 species of para-

*Corresponding author. E-mail id: mhunter@ag.arizona.edu sitoid wasps just in the megadiverse Chalcidoidea
tDeceased.

Parasitoid wasps rival insect herbivores as the
most diverse guild of animals. Described species in
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(Heraty, 2009). Explosive radiation in this group has
resulted in extraordinary morphological diversity
(Heraty et al., 2013), but the small size, convergence
and reduction or loss of morphological traits has
often led to limited differentiation at the species level
(Heraty, 2004). The advent of molecular systematics
and of an integrative approach to taxonomy (Dayrat,
2005; Padial & De La Riva, 2010) has given systema-
tists much greater resolution in delimiting species in
this problematic group (Chesters et al., 2012; Gebiola
et al., 2012). In this context, past applications of the
best systematic practices that were based entirely on
morphology may need to be revisited with the sup-
port of new molecular genetic information. Classical
biological control of arthropods, in which a specialist
natural enemy is introduced to an area where its
host or prey has become a pest, is one such impor-
tant application of systematics. Proper taxonomic
identification of both pest and prospective enemy
populations is a crucial component of a successful
introduction programme. For example, the misidenti-
fication of the pest in its native range may result in
importation into quarantine of a natural enemy that
does not recognize the pest as a host, while the con-
flation of two entities as one natural enemy can
result in missed opportunities to evaluate a better
candidate. Even within a single, host-specialized nat-
ural enemy species, the genetic, behavioural and
endosymbiont-associated attributes of populations
can differ significantly across the native range, mak-
ing matches between hosts and effective parasitoids
difficult (Hunter, 1999; Heraty, 2009). Furthermore,
cryptic species can interfere with each other through
ineffective mating, decreasing their ability to lower
pest populations (Stouthamer et al., 2000). More gen-
erally, introductions made for the purposes of biologi-
cal control serve as natural experiments where the
history and circumstances of the introduction are
known, and the effects of the introduction on the spe-
cies biology, population genetic structure and micro-
bial associates such as intracellular symbionts can
be studied (e.g. Fauvergue et al., 2012).

Maternally inherited intracellular bacterial sym-
bionts can be used in addition to host genes as auxil-
iary sources of genetic information that can be useful
in taxonomy and systematics (Gebiola et al., 2012).
Even more importantly, these symbionts are agents
of rapid and durable evolutionary change, sometimes
causing major shifts in host phenotype, or reproduc-
tive isolation and divergence from other populations
or sibling species (Breeuwer & Werren, 1990; Shoe-
maker, Katju & Jaenike, 1999; Bordenstein, O’Hara
& Werren, 2001; Himler et al., 2011). Documenting
the presence, identity and role of symbionts in host
taxa not only provides clues to gene flow and genetic
resources for systematic relationships, but also offers

insight into the evolutionary relationships among
groups, as well as into host reproduction and life his-
tory.

The parasitoid wasp Encarsia inaron Walker
(= E. partenopea Masi) (Hymenoptera: Aphelinidae)
is the biological control agent credited with a text-
book case of successful biological control of the ash
whitefly, Siphoninus phillyreae (Haliday), a pest of
numerous ornamental trees and fruit crops (Bellows
et al., 1990). Encarsia inaron was described with
minimal detail by Walker (1839) as Aphelinus
inaron. However, the only type specimen under the
name inaron at the Natural History Museum in Eng-
land (NHM) that could be assigned to the genus En-
carsia was badly damaged, with only the antennae
remaining intact (Graham, 1976). By comparing
these antennae with those of two Encarsia females
of the Haliday collection in Dublin, labelled inaron
by Walker, Graham (1976) designated a lectotype for
E. inaron, although this specimen had a damaged
gaster. Furthermore, Graham (1976) stated that
E. inaron is similar to the description of Encarsia
aleyrodis (Mercet). After examining type material of
E. aleyrodis and material of E. partenopea from the
type host and locality (Portici, southern Italy), Polas-
zek, Evans & Bennett (1992) synonymized both spe-
cies under E. inaron. The synonymy was justified by
a large degree of variation in the gaster coloration
(from entirely yellow to brown) that did not appear
consistent enough to associate with the described
species.

In 1989 and 1990, two populations of what was
then known as E. partenopea, one from southern
Italy and a second from Israel, were cultured first at
the University of California, Riverside (UCR) quar-
antine facilities and later at the California Depart-
ment of Food and Agriculture’s Biological Control
Insectary in Sacramento. Field releases began in
southern California in autumn 1989. Initially, the
two colonies were kept separate, and the wasps from
Israel were released throughout California except for
San Diego County, the only location where the wasps
from Italy were released (Gould, Bellows & Paine,
1995; Gerling, Rottenberg & Bellows, 2004). The
rationale was that the wasps from Israel were from
a region that more closely matched the warmer, cen-
tral valleys and deserts of California than the region
in which the Italian wasps were collected (Pickett
et al., 1996). However, the efforts to keep the two
colonies separate soon collapsed due to their proxim-
ity in adjacent UCR greenhouses (C. Pickett & J.
Gould, pers. comm.), and official documents (UCR
quarantine records) confirm that the two colonies
became mixed in 1991 and released throughout Cali-
fornia regardless of their geographical origin. In
1992, E. partenopea was synonymized with
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E. inaron, and this name then applied to both popu-
lations released in the USA (Polaszek et al., 1992).
In this year, wasps collected from established popu-
lations in California were redistributed to Tucson,
Arizona (David Byrne, pers. comm.), and in 1994 to
North Carolina (McDonald et al., 1995). Since its
introduction, this wasp has expanded its range in
the USA and has been found on ash whitefly in Flor-
ida (Stocks & Hodges, 2010) and in Nevada (this
study). In all three locations where it was released
(California, Arizona and North Carolina), E. inaron
established and reduced the ash whitefly to non-pest
status (Perlman et al., 2006).

The important role of intracellular bacterial sym-
bionts in the reproductive biology of parasitoid wasps
was not known at the time of the importation of
E. inaron, and yet both populations bore symbionts.
One population of wasps investigated in the current
study and collected in Tucson, Arizona, was found to
be infected by two bacterial endosymbionts, Car-
dinium and Wolbachia. Crosses between cured and
infected wasps showed that one or both symbionts
caused cytoplasmic incompatibility (hereafter ‘CT’;
Perlman et al., 2006). In unidirectional CI, three of
the possible crosses between symbiont-infected and
uninfected males and females produce normal num-
bers of offspring, but uninfected females mated with
infected males produce few or no offspring (Werren,
Baldo & Clark, 2008). White et al. (2009, 2011) dis-
entangled the role of the two symbionts in the Ari-
zona wasp population, showing that Wolbachia
causes CI and Cardinium does not manipulate repro-
duction. The second population investigated in the
current study was collected from the type locality of
E. partenopea in Italy, the same location from which
the wasps released in San Diego County had been
collected. Once established in the laboratory, we
observed consistent differences in the colour of the
gaster between the Italian population and the popu-
lation established in the field in Arizona, and also
observed that Cardinium alone infects this second
population.

The specific objectives of this study were to (1)
genetically characterize the Italian population (here-
after IT) in comparison with the population estab-
lished in Arizona (hereafter AZ), along with field
material collected from the native range; (2) assess
the symbiont infection status and characterize the
symbionts in all laboratory and field populations; (3)
determine the role of Cardinium in the IT popula-
tion; (4) assess the level of reproductive compatibility
between the IT and AZ populations; and (5) assess
their species status. The ultimate goal of the project
was to better understand the influence of symbionts,
genetic structure, geography and historical introduc-
tion on the biology of the E. inaron species complex.

MATERIAL AND METHODS
INSECT CULTURES AND SAMPLING

Encarsia inaron was established in the laboratory at
the University of Arizona from two locations as
described above, one collected from ash whitefly in
Tucson, AZ, USA, in 2002, and one collected in Por-
tici, southern Italy, in 2005. The University of Ari-
zona was the sole site of laboratory investigations for
this study. This wasp is a solitary endoparasitoid of
whiteflies, and was cultured on sweetpotato white-
flies (Bemisia tabaci, MEAM1’ or ‘B’ genetic group;
De Barro et al., 2011) on cowpea (Vigna unguiculata)
in our laboratory as described by Perlman et al.
(2006). The parasitoids lay both male and female
eggs in first- to third-instar whitefly nymphs. Single
adult wasps emerge ~ 2 weeks later. Upon verifica-
tion of Cardinium infection in the culture from Italy,
an antibiotic-cured culture was initiated by treating
females with rifampicin for three generations (follow-
ing Hunter, Perlman & Kelly, 2003); symbiont status
of both infected and cured lines from Italy and Ari-
zona was confirmed throughout using diagnostic
PCR. Additional material for molecular and morpho-
logical analyses was obtained from two locations in
Israel, two locations in Italy, one location in Turk-
menistan and three locations in Iran (Table 1, Sup-
porting Information, Fig. S1).

INSECT GENETIC ANALYSES

To assess genetic divergence between the IT and AZ
E. inaron, fragments of the mitochondrial gene cyto-
chrome oxidase ¢ subunit I (COI) and the D2 expan-
sion region of the 28S rDNA gene (28S-D2) were
sequenced. Wasp DNA was extracted using either a
Qiagen QiAmp DNA MicroKit following the manufac-
turer’s instructions or a Chelex-proteinase K protocol
as in White et al. (2009). COI was amplified using the
forward primers C1-J-2183 or C1-J-2195 (Simon et al.,
1994) and with the reverse primer TL2-N-3014 (Simon
et al., 1994). 28S-D2 was amplified with primers D2F
and D2R (Campbell, Steffen-Campbell & Werren,
1993). PCR conditions for COI and 28S-D2 were as
described by Gebiola et al. (2009). PCR products were
cleaned and sequenced in both directions at Macrogen
Korea, at the University of Arizona Genetics Core and
at Polo GGB (Perugia, Italy). Chromatograms were
assembled using BioEdit 7.0 (Hall, 1999) and edited
manually. COI sequences were verified for protein
coding frameshifts and nonsense codons using
EMBOSS Transeq (http:/www.ebi.ac.uk/Tools/st/em-
boss_transeq/). Sequences obtained from populations
included in the molecular analysis (Table 1) were
deposited in GenBank (accession numbers GQ423483-
GQ423487 and KR338369-KR338462). For 28S-D2,
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sequences of species belonging to the E. inaron species
group, namely E. inaron from London (UK), type
locality of E. inaron, Encarsia sp. near inaron, Encar-
sia estrellae Manzari & Polaszek, Encarsia azimi
Hayat, Encarsia sp. near azimi and Encarsia dichroa
(Mercet) (Manzari et al., 2002) were also included. As
outgroup taxa, Encarsia species were chosen based on
the availability of both 28S and COI sequences,
including Encarsia formosa Gahan, Encarsia hispida
De Santis, Encarsia luteola Howard, Encarsia pro-
transvena Viggiani and Encarsia sophia Girault &
Dodd.

The COI sequences were aligned manually and the
28S-D2 sequences were aligned using the G-INS-I
algorithm in MAFFT 7 (http:/mafft.cbre.jp/align-
ment/software/) (Katoh & Standley, 2013). Phyloge-
nies were obtained using maximum likelihood (ML)
in RAxML 7.0.4 (Stamatakis, 2006) and Bayesian
inference (BI) in MrBayes 3.2 (Ronquist et al., 2012)
on a supermatrix partitioned as 28S-D2, COI codon
positions 1 and 2, COI codon position 3, and imple-
menting the GTR+G evolutionary model, according to
the best partitioning scheme found by PartitionFin-
der (Lanfear et al., 2012). ML trees were obtained
after 1000 multiple inferences on the original align-
ment, starting from a random parsimonious tree and
default initial rearrangement settings and number of
rate categories. ML branch support was based on
1000 rapid bootstrap pseudoreplicates, and clades
were considered as supported when bootstrap was
>70%. For BI, two parallel runs of four simultaneous
Monte Carlo Markov chains (MCMCs) were run for
two million generations, and trees were sampled
every 1000 generations. Convergence of the separate
runs was checked using the average deviation of split
frequencies diagnostic (< 0.01), and the potential
scale reduction factor (close to 1.00 for all parame-
ters). The burnin value was set at 25% of sampled
topologies, and post-burnin trees were summarized
as a 50% majority rule consensus tree with posterior
probabilities as nodal support and the threshold for
clade acceptance set at 0.95. Uncorrected intra- and
interspecific p-distances based on COI were calcu-
lated using MEGA4 (Tamura et al., 2007).

SYMBIONT INFECTION STATUS

A sample of 12 individuals from each laboratory cul-
ture (cured IT, cured AZ, Wolbachia—Cardinium-in-
fected AZ and Cardinium-infected IT), all specimens
collected in the field and used for molecular analyses
(Table 1) and ten specimens from Reno, Nevada,
USA (collected on 10 September 2009 on ash white-
flies attacking a hawthorn tree, Crataegus sp.) were
screened for both Cardinium and Wolbachia by diag-
nostic PCR following the protocol described by White

et al. (2009) except using NEB (New England Bio-
labs) Taq polymerase and corresponding buffer
(which contains MgCly). For Cardinium, we used pri-
mers Ch-F/Ch-R that yield a product of 394 bp for
Cardinium-infected individuals (Zchori-Fein & Perl-
man, 2004). For Wolbachia, we used primers V1-V6
(O’Neill et al., 1992) that amplify a 900-bp fragment
of the hypervariable region of 16S rDNA. Products
were visualized with SYBR green as described by
White et al. (2009).

SYMBIONT CHARACTERIZATION

Cardinium was characterized by sequencing a frag-
ment of 16S rDNA and of the gyrase B gene (gyrB).
16S rDNA was amplified with Cardinium-specific
primers CLOf and CLOr (Weeks, Velten & Stoutha-
mer, 2003). Gyrase B was amplified using the
nested-PCR approach described by Yamamoto &
Harayama (1995) with the specific primers gyr125F
and gyr1023R (Zchori-Fein et al., 2004) in the second
PCR. However, due to failures in some amplifica-
tions, new specific primers that amplify a 910-bp
fragment were designed: 349F (5'-TTGCATGGTG-
TAGGGGTKTC-3') and 1259R (5'-CGTTCGGAA-
CARTCTGCTAA-3'), which were used in a direct
PCR with an annealing temperature of 54 °C. Car-
dinium gyrB from AZ wasps was previously
sequenced (GenBank accession no. DQ317669; Perl-
man et al., 2006). Gyrase B sequences were also used
for phylogenetic analyses to determine the closest
relatives of the bacterial strains identified. ML and
BI analyses were performed as described for insect
genes, and the best partitioning scheme found by
PartitionFinder was codon position 1+2 and codon
position 3, implementing the GRT+G and GTR+G+I
models, respectively. MCMCs were run for one mil-
lion generations.

For populations infected by Wolbachia, this sym-
biont was characterized at the strain level by using
multilocus sequence typing (MLST) by characterizing
the sequence of five housekeeping genes (Baldo et al.,
2006), as well as by sequencing the wsp gene (81F
and 631R; Zhou, Rousset & O’Neill, 1998) and 16S
rDNA with Wolbachia-specific primers wolF and
wolR (O’Neill et al., 1992).

CI CROSSES

To test for CI, all four possible crosses among the
Cardinium-infected and uninfected IT E. inaron
were conducted, with the uninfected female x Car-
dinium-infected male being the predicted CI cross.
The crosses were conducted using the procedure opti-
mized for E. inaron by White et al. (2009) with the
modifications and details described below.
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Experimental arenas were prepared by infesting 7-
day-old cowpea plants with a moderate density of
adult whiteflies in a large fabric cage in the green-
house (102 x 76 x 90 cm) overnight, after which the
adult whiteflies were removed by compressed air and
the plants stored in the greenhouse for whitefly
nymph development. Eighty leaf discs from leaves
chosen at random from the infested plants were cut
and placed on agar in 35-mm dishes 1 day before the
start of the experiment, when most whitefly nymphs
were first or second instar.

Wasp pupae were isolated from Cardinium-in-
fected and uninfected laboratory colonies, and upon
adult emergence were sexed and released according
to cross type onto whitefly-infested cowpea plants
caged in inverted, screened, 3.8-L plastic jars for
48 h, where mating occurred more readily than in
vials. Twenty females were randomly selected from
cages of each of the four crossing types, and
each individual was assigned to a leaf disc bearing
whitefly nymphs for 24 h, and was then transferred
to a second disc for one more day of oviposition as
described by White et al. (2009). This method
ensured reasonable numbers of progeny with which
to assess CI. Following wasp removal, leaf discs were
incubated in an environmental chamber at 27 °C,
16:8-h light-dark and 65% relative humidity until
wasp progeny emergence. Emerged wasps were
sexed and counted. Replicate females were excluded
from the analysis if they died before the completion
of the second day of oviposition or were lost during
transfer between leaf discs.

Encarsia inaron, like most Hymenoptera, is hap-
lodiploid and produces males from unfertilized eggs.
In the crossing test results, a lack of daughters pro-
duced by any particular female could indicate unsuc-
cessful mating or female embryo death as a result of
CI. Spermathecae were therefore dissected and
observed for sperm as described by White et al.
(2009) in eight of nine mothers that produced no
daughters.

Analyses of variance of the number of female pro-
geny and the number of male progeny in the four
treatments were used to test the CI hypothesis,
using ANOVA in R (R Development Core Team,
2010). We predicted significantly fewer female pro-
geny in the putative CI cross (infected males x unin-
fected females) than in the other treatments. In
haplodiploid organisms, only female embryos develop
from fertilized eggs and are killed by CI. For female
progeny, the prediction was tested with the full
model, and also with a contrast of the putative CI vs.
the other three crosses. The CI hypothesis predicts
one of two outcomes for male progeny. In hap-
lodiploid organisms, CI may result in female mortal-
ity, in which case male offspring number is not

expected to be different among crosses. It may also
result in the CI-affected embryo losing the entire set
of paternal chromosomes and developing as a haploid
male (the ‘male development’ type of CI; Vavre et al.,
2002), in which case we would expect a significantly
greater number of males in the putative CI cross
than in the other crosses.

INTERSPECIFIC CROSSES

To test for gene flow between the AZ and IT popula-
tions, we performed the four possible crosses using
cured AZ and cured IT cultures in mass matings on
whole plants in screened 3.8-L jars. Whitefly-infested
plants and parasitoids were obtained as described
above. Three replicate jars were used per cross.
Twenty virgin females and ten males were released
in each jar. Upon adult emergence, all wasps present
in the jars were collected, sexed and counted.

RESULTS
GENETIC ANALYSES

ML and BI based on the concatenated dataset
resulted in trees of identical topology and suggested
that the morphospecies E. inaron can be divided into
two main groups: one including populations from Ari-
zona, Israel (Yogneam Moshava) and Iran, and the
other including those from Israel (Tel Aviv), Italy and
Turkmenistan (Fig. 1). Populations in the first group
share their 28S-D2 sequence with E. inaron collected
in London, the type locality of E. inaron, so hereafter
we refer to this clade as ‘E. inaron’. A single polymor-
phism (A/T at position 219 of the alignment) distin-
guishes E. inaron from other populations from Israel,
Italy and Turkmenistan, which in turn have the
same 28S sequence as a sample collected from Portici
(Italy), the type locality of E. partenopea. Further-
more, the sample from Portici clustered with other
samples from Italy, whereas samples from Israel (Tel
Aviv) and Turkmenistan form a separate clade.
Therefore, we refer to these two clades as ‘E. parteno-
pea’ and ‘E. partenopea B’, respectively. Uncorrected
p-distance based on COI among ‘E. partenopea’ and
‘E. partenopea B’ is 1.8%, whereas the distance
between °‘E. inaron’ and either °E. partenopea’ or
‘E. partenopea B’ is 3.6%. Interestingly, a single COI
haplotype was recovered for E. inaron from Israel
(Yogneam Moshava), USA and Iran.

SYMBIONT INFECTION STATUS

The expected Cardinium and Wolbachia infection
status was confirmed for all samples from each
laboratory strain, i.e. both cured strains were
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uninfected by both symbionts, whereas the IT
infected strain (‘E. partenopea’) was infected by Car-
dinium only, and the AZ strain (E. inaron’) was
infected by both Wolbachia and Cardinium. Among
field samples, ‘E. partenopea’ and ‘E. partenopea B’
populations were infected only by Cardinium, but
the symbiont was not fixed. Indeed, Cardinium was
found in 5/10 specimens from Tel Aviv (Israel), 5/10
specimens from Italy and 2/3 samples from Turk-
menistan. In contrast, Cardinium was fixed in the
two laboratory cultures. In ‘E. inaron’, Wolbachia
was fixed in all field populations as well as in the
laboratory culture, whereas 11/15 specimens from
Yogqneam Moshava (Israel) and 4/10 from Reno,
Nevada, were infected by Cardinium.

SYMBIONT CHARACTERIZATION

We identified two different strains of Cardinium, one
infecting E. inaron and one infecting ‘E. partenopea’
and ‘E. partenopea B’ clades. The two strains are
identical at the 16S rDNA region sequenced, but dif-
fer by 3 out of 792 nt of the gyrase B gene. The clos-
est relative of these two strains for both gyrase B
(Fig. 2) and 16S (data not shown) is Cardinium
infecting Bemisia tabaci, with Cardinium infecting
other Encarsia species being part of the same mono-
phyletic assemblage (Fig. 2).

The Wolbachia MLST on Arizona, Nevada and Iran
populations of ‘E. inaron’ resulted in a single and
novel sequence type (ST #431) due to a novel gatB
allele, and the wsp gene further confirmed the pres-
ence of a single Wolbachia strain (data not shown).
The Wolbachia symbiont infecting the °‘E. inaron’
clade belongs to the B supergroup and its closest rela-
tive is found in the mosquito Mansonia africana.

CI CROSSES

The crossing results support the hypothesis that
Cardinium induces CI in ‘E. partenopea’. There were
statistically significant differences in female produc-
tion across treatments (F334 = 7.50, P < 0.001), and
the putative CI cross (infected males x uninfected
females) produced very few female offspring (mean of
0.60 females + 0.60 SE) relative to the other three
crosses (mean of 8.21 females + 1.00 SE, ANOVA
contrast of the putative CI cross vs. the other three
treatments: Fp 36 = 19.49, P < 0.0001; Fig. 3). The
average number of male offspring did not differ
among treatments, however (mean of 5.63
males + 0.54 SE, Fj334 =130, P=0.29; Fig. 3).
These results are consistent with the ‘female mortal-
ity’ rather than the ‘male development’ type of CI.
Most of the mothers with no female offspring were in
the putative CI cross (9/10 across treatments). All

spermathaecae dissected from this cross (n = 8) con-
tained sperm, indicating that the females had mated
successfully, and supporting CI, rather than mating
failure, as an explanation for the male-only broods.

INTERSPECIFIC CROSSES

We found no evidence of gene flow between
‘E. inaron’ (AZ) and ‘E. partenopea’ (IT). No daugh-
ters were produced from either the ITg x AZ? or the
AZg x IT? crosses, whereas an average of
1131.3 + 392.4 (SE), and 583.0 + 373.7 (SE) males
were produced per jar, respectively. In the
intraspecific crosses slightly female-biased sex ratios
were produced. In the IT x IT cross, an average of
1558.3 + 351.8 (SE) progeny were produced per jar,
of which 61.4% were female. In the AZ x AZ cross
an average of 896.3 + 496.6 (SE) were produced per
jar, of which 59.1% were female.

DISCUSSION

Several lines of evidence indicate that the morphos-
pecies E. inaron includes at least two species that
correspond to the taxonomic concepts of E. inaron
and E. partenopea. There is genetic distinctiveness
between samples from London (UK), the type local-
ity of E. inaron, and samples from Portici (Italy),
the type locality of E. partenopea, and this degree of
difference is consistent with species-level differentia-
tion found in other chalcidoid taxa. In general, 28S-
D2 is highly conserved, if not invariant between clo-
sely related species of various chalcidoids that are
well differentiated biologically and at COI (Heraty
et al., 2007; Gebiola, Bernardo & Burks, 2010). In
one case, Palearctic and Nearctic species of the
genus Pnigalio (Eulophidae) had the same 28S-D2
sequence (Gebiola et al., 2010). The single 28S-D2
polymorphism that distinguishes °‘E. inaron’ and
‘E. partenopea’ is consistent with what has already
been observed in Eulophidae, where variation in
COI can correspond to a single diagnostic polymor-
phism in 28S-D2 (Gebiola et al., 2009; Nugnes et al.,
2015). As for COI, the relatively low divergence
found between the three lineages (< 4%) is similar to
or even higher than that found between cryptic spe-
cies of other parasitoid wasps (Heraty et al., 2007;
Nugnes et al.,, 2015). Furthermore, the crosses
between populations from Arizona and Italy, which
belong to the ‘E. inaron’ and ‘E. partenopea’ clades,
respectively, were found to be entirely reproduc-
tively isolated. At present, the only way to distin-
guish the two species with certainty is by gene
sequences, as it seems that no discrete morphologi-
cal character can support the distinction. Although
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Figure 1. BI majority-rule consensus tree for the concatenated 28S-D2-COI dataset. Posterior probability values > 0.95
are shown above branches, along with bootstrap values > 70% for the topologically identical ML tree. ns, Not significant.
Scale bar, 0.3 changes per nucleotide position.
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Figure 2. BI majority-rule consensus tree for Cardinium
above branches, along with bootstrap values > 70% for the
0.06 changes per nucleotide position.

we found that the gaster colour is a useful character
in the laboratory under constant temperatures, we
also noticed that it may be temperature dependent
and is not generally a diagnostic character for this
species complex when specimens are collected in the
field, consistent with Polaszek et al. (1992) and
Laudonia & Viggiani (1993). As a taxonomic revision
of this species complex is beyond the objectives of
this study, a separate study will aim to document
morphological differences, if any, that could further
support the genetic distinctiveness, as well as to
resolve the species status of ‘E. partenopea B’.

The genetic and biological evidence for reproduc-
tive isolation of ‘E. inaron’ and °‘E. partenopea’ is
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gyrase B gene. Posterior probability values > 0.95 are shown
topologically identical ML tree. ns, Not significant. Scale bar,

supported by the symbiont infection status, which
differs between the two species. Encarsia inaron
samples collected from American, Mediterranean and
Middle Eastern sites were infected by both Wol-
bachia and Cardinium, showing that the pattern
first documented in the AZ population brought into
the laboratory (Perlman et al., 2006; White et al.,
2009) is widespread in this species. Additionally,
both ‘E. inaron’ and ‘E. partenopea’ are infected with
species-specific strains of Cardinium that, although
closely related, induce different phenotypes. A previ-
ous study showed Cardinium to be asymptomatic in
‘E. inaron’ (where Wolbachia causes CI; White et al.,
2009), but we found that the Cardinium in
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Figure 3. The mean number of male and female progeny
per mated female produced in the crosses of Cardinium-
infected (I) and uninfected (U) IT E. inaron. The number
of female progeny is significantly lower in the putative CI
cross, IdU?, than in any of the other -crosses
(F1 36 = 19.49, P < 0.0001), while the number of male pro-
geny does not differ significantly across cross types
(F3,34 = 1.30, P =0.29). n =10 in all but the IgI? treat-
ment (n = 8).

‘E. partenopea’ caused the female mortality type of
CI. While CI-Cardinium has been reported now in
several studies in mites (Gotoh, Noda & Ito, 2007;
Ros & Breeuwer, 2009) and in a planthopper (Naka-
mura et al., 2012; Zhang, Zhao & Hong, 2012), it is
still comparatively uncommon compared with CI-
Wolbachia, and the current study appears to be only
the second where it has been shown in parasitoid
Hymenoptera, with the first documented in the con-
gener E. pergandiella Howard (Hunter et al., 2003).

Interestingly, while fixed in our laboratory cul-
tures, Cardinium appears not to be fixed in either
species in the field. This might be expected for the
apparently asymptomatic infection in E. inaron but
is surprising for the Cl-inducing strain in
‘E. partenopea’. In general, given high vertical trans-
mission rates and strong CI, CI symbionts that are
at a frequency greater than the threshold deter-
mined by fecundity costs should sweep to a stable
equilibrium that is often close to fixation (Hoffmann,
Turelli & Harshman, 1990). This result suggests that
one of the three parameters that can influence the
stable equilibrium (CI strength, maternal transmis-
sion rates, fecundity relative to uninfected females)
is lower under field conditions than in the laboratory
(Hoffmann et al., 1990).

We also found symbiont infection status and fre-
quency to be similar in the native and introduced
ranges of ‘E. inaron’, the one species that established
in the USA. Wolbachia was fixed in field populations
sampled in both Old World sites and in Arizona and
Nevada, while Cardinium was at intermediate

frequency wherever it was sampled. This is interesting
because symbionts have been lost in other examples of
introductions, for example in invasive ants such as the
Argentine ant Linepithema humile (Mayr), the little
fire ant Wasmannia auropunctata (Roger) and several
fire ant Solenopsis species (Shoemaker et al., 2000;
Tsutsui et al., 2003; Reuter, Pedersen & Keller, 2004;
Rey et al., 2013). Whether bottlenecks due to small
founding populations, or differing selective pressures
in the new habitat are more important in determining
symbiont loss is an open question (Shoemaker et al.,
2000), but preservation of the symbiont composition
in the current example, where intentional intro-
ductions would probably have led to larger founding
population sizes, lends some support to the bottleneck
hypothesis.

‘Encarsia inaron’ is distributed in Israel, Iran,
Japan, New Zealand and the UK (this study; Man-
zari et al., 2002; Babcock et al., 2001), and has a
very low diversity of mtDNA, with only one COI hap-
lotype recovered so far. Our data suggest Israel is
the origin of the ‘E. inaron’ material introduced in
the USA and released in California (except for San
Diego County), Arizona and North Carolina, in accor-
dance with the written record. It also suggests a rel-
atively recent sweep in the mtDNA, possibly driven
by CI-Wolbachia. Mitochondrial sweeps may be
observed when an arthropod population is invaded
by a symbiont that rapidly spreads. Because both
host mtDNA and the symbiont are maternally inher-
ited, the mtDNA haplotype may hitchhike through
the population to fixation. Consequently, this selec-
tive sweep will lead to a loss of mtDNA diversity in
part of the host species distribution (Hurst & Jig-
gins, 2005). ‘Encarsia partenopea’ is distributed in
India, Israel, Italy and Turkmenistan (this study),
and there is evidence that the two species are sym-
patric in Israel. Indeed, the wasps originally intro-
duced to the USA (‘E. inaron’) were collected from
ash whiteflies at the same location in Tel Aviv where
subsequently wasps from B. tabaci (‘E. partenopea’)
were collected (D. Gerling, pers. comm.). Further-
more, within samples of ‘E. inaron’ collected some
70 km further north, in the Jezreel valley, there is
at least one ‘E. partenopea’ individual. At present,
we do not know if both wasp species established in
the USA. Literature suggests that only ‘E. inaron’
(from the original colony from Israel) became estab-
lished, although under the laboratory conditions of
this study ‘E. partenopea’ females had higher fecun-
dity. If so, the key for the prevalence of ‘E. inaron’
could have been the original expansion of the mass-
rearing of the colony from Israel (Bellows et al.,
1992; Gould, Bellows & Paine, 1992). An alternative
explanation could be that climatic adaptation played
a large role in establishment, as individuals collected
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from the drier Mediterranean climate of Israel (i.e.
‘E. inaron’) may have been more successful in the
interior valleys of California as well as in Arizona
and in the south-eastern USA.

This study is therefore also a cautionary tale for
modern biological control practice and underlines the
importance of (1) genetic characterization of intro-
duced natural enemy populations, (2) testing for
nuclear genetic and symbiont-associated barriers to
reproductive compatibility among introduced popula-
tions, and (3) characterization and testing of the role
of intracellular and potentially gut symbionts for
agent fitness. Indeed, the current study supports the
utility of both molecular tools and laboratory experi-
ments in delineating and characterizing introduced
agents and their symbionts for biological control of
pests. The molecular tools employed here were not
available to the ecologists and systematists involved
in the introduction of the two wasp populations for
biological control at that time, but we can now show
that the wasps introduced to the USA for the biologi-
cal control of the ash whitefly represent two geneti-
cally distinct and reproductively isolated species.
That these species are infected by a CI-Wolbachia
and a CI-Cardinium, respectively, reinforces the con-
cerns expressed by Perlman et al. (2006), even
though, in the current example, we found species
barriers that would have limited CI effects between
species. Mixing of two populations of the same spe-
cies with different CI symbiont infection status, how-
ever, may cause reproductive failure in quarantine
or after release in the new area. This may be detri-
mental in any situation where intentional introduc-
tions are made: for biological control, as described
here, or for conservation, where threatened or
endangered populations are augmented by popula-
tions from elsewhere (Frankham, 2010). Even with-
out any expectation of the direct suppression of
reproduction associated with CI, however, it is useful
to consider the influence of symbionts on host fitness.
Commonly, CI symbionts persist at high frequency
because uninfected individuals produce few progeny
due to CI, but they rarely benefit the host. The ener-
getic costs of bearing the symbiont itself may signifi-
cantly reduce host fecundity, and less than perfect
vertical transmission will produce uninfected females
that are then affected by CI (Perlman, Kelly & Hun-
ter, 2008). When a symbiont in a host population
causes reproductive manipulation, antibiotic treat-
ment in quarantine before release may be consid-
ered, as it may improve the fitness of the agents,
while after releases no manipulation is possible. On
the other hand, antibiotic treatment may be detri-
mental if some intracellular symbionts or gut micro-
biota perform other functions important for host
success. Ideally, fitness should be compared between

symbiotic and aposymbiotic cultures prior to release.
More generally, the study shows the utility of apply-
ing molecular tools to recent examples of historical
introductions to understand how host and symbionts
may be influenced by the introduction process. Here,
by showing that symbionts may be conserved when
insects are intentionally introduced, our results sup-
port the probable role of bottlenecks in the estab-
lished pattern of symbiont loss in new habitats.
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