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Abstract

Host range in parasitoids could be described by the preference-performance hy-
pothesis (PPH) where preference is defined as host acceptance and performance is
defined as the sum of all species on which parasitoid offspring can complete their
life cycle. The PPH predicts that highly suitable hosts will be preferred by ovipositing
females. However, generalist parasitoids may not conform to this hypothesis if they
attack a large range of hosts of varying suitability. Under laboratory conditions, we
tested the PPH relationship of three aphid parasitoids currently considered as gen-
eralist species (Aphelinus abdominalis, Aphidius ervi, Diaeretiella rapae). As expected,
the three parasitoids species showed low selectivity, i.e., females stung all aphid spe-
cies encountered (at least in some extent). However, depending on the parasitoid
species, only 42%-58% of aphid species enabled producing parasitoid offspring. We
did not find a correlation between the extent of preference and the performance
of three generalist aphid parasitoids. For A. ervi, host phylogeny is also important
as females showed higher attack and developmental rates on hosts closely related
to the most suitable one. In addition, traits such as (a) the presence of protective
secondary endosymbionts, for example, Hamiltonella defensa detected in Aphis fabae
and Metopolophium dirhodum and (b) the sequestration of plant toxins as defense
mechanism against parasitism, for example, in Aphis nerii and Brevicoryne brassicae,
were likely at play to some extent in narrowing parasitoid host range. The lack of PPH
relationship involved a low selectivity leading to a high adaptability, as well as selec-
tion pressure; the combination of which enabled the production of offspring in a new
host species or a new environment. Testing for PPH relationships in parasitoids may

provide useful cues to classify parasitoids in terms of specialization degree.
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1 | INTRODUCTION

Host specificity, and more broadly diet breath, has been described by
the preference-performance hypothesis (PPH) of Jaenike (1978). It
predicts a positive relationship between the choice of adult females
(preference) and the degree of successful offspring development
(performance). Various studies have shown support for the prefer-
ence-performance hypothesis for specialized phytophagous arthro-
pods (Craig, Itami, & Price, 1989; Gripenberg, Mayhew, Parnell, &
Roslin, 2010; Jaenike, 1978; Nylin & Janz, 1993; Thompson, 1988) as
well as for specialized predators (Sadeghi & Gilbert, 1999) and par-
asitoids (Brodeur, Geervliet, & Vet, 1998; Desneux, Barta, Hoelmer,
Hopper, & Heimpel, 2009; Driessen et al., 1991). However, it has
been argued that such relationships may not be common in the case
of generalist arthropods (Chesnais, Ameline, Doury, Roux, & Couty,
2015; Eben, Benrey, Sivinski, & Aluja, 2000; Gripenberg et al., 2010).

Parasitoids are insects of which free-living adult females de-
posit eggs in, on, or near hosts and immature stages develop by host
consumption (parasitic stage; Godfray, 1994). Hence, the host rep-
resents the only food source for the parasitoid larvae and female
choice to lay its egg is decisive. The selection of hosts by parasitoids
involves the detection of physical and/or chemical cues from the
other trophic levels (e.g., host species and/or host plants) (Mackauer,
Michaud, & Volkl, 1996; Vet & Dicke, 1992; Vinson, 1985), and the
host specificity of parasitoids may be mainly shaped by infochemi-
cals, i.e., chemicals emitted by host and/or host plant (Afsheen, Wang,
Li, Zhu, & Lou, 2008). Specialist parasitoids may use more specific
cues related to their hosts (Barbosa, 1988; McCormick, Unsicker, &
Gershenzon, 2012; Vet & Dicke, 1992). This is the case, for example,
for Microplitis croceipes that uses host kairomones from a variety of
host-related sources (e.g., frass, hemolymph, and salivary secretions;
Alborn, Lewis, & Tumlinson, 1995; Jones, Lewis, Bowman, Beroza, &
Bierl, 1971). By contrast, generalist parasitoids often use more gen-
eralized cues to identify potential host species (Vet & Dicke, 1992).
For example, the generalist fly parasitoid Aphaereta minuta does not
use host-derived chemical cues to select host larvae and attacks al-
most all hosts that are present in encountered decaying materials
(Vet, 1985).

Assessing PPH relationships in parasitoids may provide useful
clues to classify parasitoids in terms of specialization degree; i.e.,
specialized parasitoids may show significant PPH relationships,
whereas generalist ones rarely do. However, several studies have re-
ported positive preference-performance relationships in parasitoids
considered to be generalists (Kos et al., 2012; Li, Miller, & Sun, 2009).
It should be noted though that all of these studies (a) tested only a
few host species (a maximum of 3), and (b) the host species belonged
to the same tribes or genus thus representing a possible bias in as-
sessing the preference-performance correlation (Poulin & Mouillot
in, 2005). Such reported positive PPH relationships may actually be
false positives in the sense that these studies were not designed per
se to assess the link between the preference of females and the per-
formance of offspring in the context of the PPH (Gripenberg et al.,
2010).
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In this context, we assessed the PPH relationship in three aphid
parasitoid species Aphelinus abdominalis (Aphelinidae), Aphidius ervi
(Braconidae), and Diaeretiella rapae (Braconidae) that have been
considered generalists, i.e., attacking a broad phylogenetic range
of aphids (Honek, Jarosik, Lapchin, & Rabasse, 1998; Kavallieratos
et al., 2004), through characterization of the behavioral (prefer-
ence) and physiological (performance) determinants of host speci-
ficity of these parasitoid species under laboratory conditions. To
achieve this, we used twelve aphid species that feed on six differ-
ent host plants and spread over two different tribes (Aphidini and
Macrosiphini) within the subfamily Aphidinae. They were chosen to
cover a broad phylogenetic range of aphid species (Coeur d'Acier,
Jousselin, Martin, & Rasplus, 2007; Desneux, Barta, Hoelmer, et al.,
2009; von Dohlen, Rowe, & Heie, 2006). In addition, we calculated
the host specificity index S;D from Poulin and Mouillot (2005) to
classify the parasitoids according to their host specificity; doing so
we identified an endpoint for quantifying where these species lie on
a generalist-specialist continuum. For this, we considered also pre-
vious results on specialist parasitoids generated by our laboratory
(Desneux, Barta, Hoelmer, et al., 2009; Monticelli, 2018). Finally,
because various ecological factors such as secondary endosymbi-
onts (Hopkinson, Zalucki, & Murray, 2013; Oliver, Russell, Moran,
& Hunter, 2003) may modulate the preference and/or performance
of parasitoids (Monticelli, Outreman, Frago, & Desneux, 2019), each
aphid colony was screened for the presence of nine secondary

endosymbionts.

2 | MATERIALS AND METHODS

2.1 | Biological materials

All the aphid colonies used in the study were initiated from individu-
als collected in France, and all colonies were mixtures of clones. The
description of the aphid species, their color, hosts plants, the aphid
tribe, and the number of replications performed in experiments for
each parasitoid species are reported in Table 1.

Aphelinus abdominalis and A. ervi colonies were initiated from
parasitoids naturally colonizing Macrosiphum euphorbiae on S. ly-
copersicum in the INRA Sophia Antipolis greenhouse complex (57
[21 males and 36 females] and 61 individuals [19 males and 42 fe-
males], respectively). Diaeretiella rapae colony was initiated from
parasitoids naturally colonizing Brevicoryne brassicae in Brittany (29
[12 males and 17 females]). They were reared for 4-5 generations
in the laboratory before starting the experiments. All parasitoids
were maintained on their principal hosts (most frequent and/or suit-
able host): Acyrthosiphon pisum for A. abdominalis (Hullé, Turpeau,
& Chaubet, 2006; Pons, Lumbierres, Antoni, & Stary, 2011) and
A. ervi (Kavallieratos et al., 2004; Nguyen et al., 2018) wasps and
B. brassicae for D. rapae (Desneux, Rabasse, Ballanger, & Kaiser,
2006; Kavallieratos et al., 2004) in climatic cabinets (23 = 2°C, RH
65 + 5% and photoperiod 16:8 L:D hr). Before experiments, the par-
asitized aphids were retrieved at the mummy stage and isolated in
plastic Petri dishes. After adult emergence, females were mated and
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TABLE 1 Aphid tribe, species, their color, host plants, and the number of replicates for Aphelinus abdominalis, Aphidius ervi, and

Diaeretiella rapae, respectively

Replication
Tribe Species Aphid color Host plant species Preference Performance Endosymbiont presence
Aphidini Aphis fabae Black Bean (Vicia fabae) (32, 52, 30) (n/a, 64, n/a) (6)
Aphis gossipy Yellow Squash (Cucurbita (32,47, 30) (n/a, 69, 59) (5)
moschata)
Aphis craccivora Black Bean (Vicia fabae) (31,70, 31) (41,45, n/a) (5)
Aphis nerii Yellow Milkweed (37,63, 31) (58, 46, 70) (5)
(Asclepias sp.)
Rhopalosiphum padi Black Wheat (Hordeum (33, 67,32) (66, 59, 73) (4)
vulgare)
Schizaphis graminum Green Wheat (Hordeum (32, 58, 40) (63, 53, 68) (5)
vulgare)
Macrosiphini Brevicoryne brassicae Green Cabbage (Brassica (33,109,46) (65, 56, 76) (5)
oleracea)
Myzus persicae Green or Red Cabbage (Brassica (66,127,80) (181, 99, 171) (10)
oleracea)
Sitobion avenae Green Wheat (Hordeum (37, 59, 45) (82, 54, 78) (5)
vulgare)
Metopolophium dirhodum Yellow Wheat (Hordeum (32, 55, 30) (80, 52, n/a) (6)
vulgare)
Macrosiphum euphorbiae Green Potato (Solanum (64,107, 60) (221,138,118) (10)
tuberosum)
Tomato (Solanum
lycopersicum)
Acyrthosiphon pisum Green Bean (Vicia fabae) (32, 41, 30) (80, 42, 61) (6)

Note: All aphid species tested belonged to the family Aphididae (subfamily Aphidinae), Blackman and Eastop (2006). All aphid colonies were initiated
from 2200 collected individuals naturally colonizing fields in France during 2013-2014 and infesting their respective host species. Two strains of

M. euphorbiae were maintained on their respective collection plant species: S. tuberosum and S. lycopersicum (indicated as P and T for potato and
tomato in the text, respectively). Two strains of M. persicae were used (one green and one red). All aphids were maintained (for 35-45 generations) on
their host plant in a ventilated cage (60 x 60 x 60 cm) covered by mesh, under controlled conditions (23 + 2°C, RH 65 + 5% and photoperiod 16:8 hr
L:D). n/a means that data are nonavailable due to the unsuccessful sting of the parasitoids in these aphid species.

fed a honey solution (50% water + 50% honey) for at least 24 hr.
Parasitoids used for all experiments were 24-48 hr old, used only
once, and had never been in contact with plants or aphids (i.e., no
experience before being tested).

2.2 | Experiment 1: Parasitoid preference and
performance measurements

Parasitoid preference. Preference for the different host species for
all three parasitoid species was estimated by observing parasitoid
behavior when they encountered individuals of the different aphid
species tested. Three parasitoid behavioral steps were identified: de-
tection, acceptance, and oviposition (see Desneux, Barta, Hoelmer, et
al., 2009). For A. ervi and D. rapae, detection was defined as physical
contact between aphid and parasitoid, followed by antennal palpa-
tion. Acceptance was described as the parasitoid abdomen bending
underneath its thorax in the direction of the aphid, and sting was de-
scribed as the introduction of the ovipositor into the aphid. In case of
A. abdominalis wasps, effective detection was described as right-left

bounces behind the aphid followed by parasitoid acceptance, i.e., 180°

rotation of the female, and the start of ovipositor use. A sting was de-
scribed as an ovipositor introduction into aphids lasting at least 20 s
and not ending as a result of aphid defensive behaviors (Wahab, 1985).
Aphid defensive behaviors were also recorded, and three behaviors
were considered defensive: kicking, cornicle secretion, and escape.
For the analyses, all defensive behaviors were grouped.

For each replicate, one leaf of one host plant was placed upside
down under a binocular magnifier (8x). One individual from one aphid
species was placed on the leaf with a fine brush. After 5 min of es-
tablishment, one mated female parasitoid was introduced. When the
parasitoid touched the leaf, the observation began and the parasitoid's
behavior was noted over 5 min for A. ervi and D. rapae (short stinging
time) and over 10 min for A. abdominalis (long stinting time, Wahab,
1985). The preference experiment was stopped after the 5 or 10 min
or when the parasitoid exhibited oviposition behavior. Each parasitoid
and aphid species was tested randomly every experimental day.

Aphid size is known to have an impact on the parasitoid host se-
lection process (Wyckhuys et al., 2008). Hence, the aphids used in
the experiment were all of the equivalent size of 3rd- and 2nd-in-

star A. pisum for A. abdominalis and A. ervi wasps, respectively, and
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equivalent to 3rd-instar B. brassicae for D. rapae, i.e., the known in-
star preferred by these parasitoids for oviposition (Henry, Gillespie,
& Roitberg, 2005; Khakasa, Mohamed, Lagat, Khamis, & Tanga,
2016; Wahab, 1985).

Parasitoid performance. The physiological host range was estab-
lished by monitoring parasitoid development in the different aphid
species. Aphids stung in part 1 of the experiment were isolated in
plastic Petri dishes (@ 9 cm x H 1.7 cm) on one leaf of their respective
host plant in a climatic room at 23 + 1°C, RH 65 + 5% and photope-
riod of 16:8 hr L:D. In order to increase the sample size for the per-
formance analyses, additional replicates were performed under the
same conditions as in part 1 without recording parasitoid behavior.

Parasitoid development within the host was monitored at four
different times. The aphids were (a) dissected within 1 hr after
being stung to check the presence of parasitoid eggs, under a bin-
ocular microscope at 100x magnification (to adjust the sting rate),
(b) dissected after 4 days to measure survival of immature para-
sitoids under a binocular microscope at 40x magnification, and (c)
checked at 7 days to monitor aphid mummification (number of rep-
licate Table 1). The emergence rate of mummies and the sex ratio of

emerged adults were recorded as well.

2.3 | Experiment 2: Presence of secondary
endosymbionts in aphid

To evaluate the impact of aphid secondary endosymbionts on
the development of juvenile parasitoids, each aphid colony was
screened using PCR (Materials and Methods S1) to detect the pres-
ence of nine facultative symbiont genera (Table S1) that are known
to interact with aphids (Desneux et al., 2018; Ferrari & Vavre, 2011):
Arsenophonus sp., Hamiltonella defensa (T-type), PAXS (Pea-aphid X-
type symbiont), Regiellainsecticola (U-type), Rickettsia sp., Rickettsiella
sp., Serratia symbiotica (R-type), Spiroplasma sp., Wolbachia sp (num-
ber of replicates for each aphid colony detailed Table 1). Hamiltonella
defensa was found in all six A. fabae individuals tested and in 4 of
the 6 Metopolophium dirhodum individuals tested. Regiella insecticola
was found in all six M. dirhodum individuals tested. Arsenophonus sp.,
PAXS, Rickettsia sp., Rickettsiella sp., Serratia symbiotica, Spiroplasma
sp., and Wolbachia sp. were not found in any of the aphid species

screened.

2.4 | Data analysis

All statistical analyses were carried out using R version 3.2.2 (R Core
Team 2017). The parasitoid behavior was analyzed using generalized
linear models (GLMs) based on a binomial distribution. They were
used (a) to compare parasitoid behaviors, i.e., detection, acceptance,
and sting rates among aphid species, (b) to analyze the effect of
aphid defensive behaviors on sting rate, and (c) to analyze the ef-
fect of aphid color, host plant, and aphid tribe on the proportion of
aphids stung by the various parasitoids. The parasitoid performance
was also analyzed using GLMs based on a binomial distribution. They
were used (a) to compare proportion of egg, larvae, mummy, and
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adult parasitoids recorded among all aphid species; (b) to compare
parasitoid mortality across the different development stages in each
aphid species, that is, egg, larvae, mummy, and adult stages; and (c)
to analyze the effect of aphid color, host plant, and aphid tribe on
the proportion of emerged parasitoids. When required, the GLMs
were followed by a multicomparison test (Tukey, package “mult-
comp”). The deviation from a 0.5 sex ratio for only the parasitoids
that produced 2= 10 offspring (number enable to reasonably estimate
a sex ratio) was tested with permuted Fisher's exact test (with the
Bonferroni adjustment method). Finally, to analyze the relationship
between the preference (sting rate) and the performance (emer-
gence rate) of parasitoids, a comparative analysis of independent
contrasts (calculation of phylogenetically independent variables, as
described by Felsenstein (1985)) was used (CAIC, package “caper”).

In addition to testing for occurrence of a PPH relationship, we
also calculated the index of host specificity S;D from Poulin and
Mouillot (2005) to better characterize host specificity of tested par-
asitoids. Contrary to the former S;, from Poulin and Mouillot (2003),
the S;D is a value which depends on (a) the prevalence of the para-
sitoid on the various hosts and (b) the position of these host species
within a taxonomic hierarchy (Poulin & Mouillot, 2005). The smaller
the value, the more specialist the parasitoid. The S;D was computed
using the program TaxoBiodiv2 (Poulin & Mouillot, 2005), which
considers a taxonomic tree of hosts built based on family, tribe,
genus, and species (Blackman & Eastop, 2006) and the proportions
of parasitoid adult emergence for each species in every aphid spe-
cies. It was done for the generalist parasitoids A. abdominalis, A. ervi,
and D. rapae, as well as for three other parasitoid species previously
analyzed in the laboratory: Binodoxys communis (Desneux, Barta,
Hoelmer, et al., 2009) and Binodoxys koreanus (Desneux, Stary, et al.,
2009) described as specialist aphid parasitoids as well as Lysiphlebus
testaceipes described as moderate specialist aphid parasitoids (from
France and from United States; Monticelli, 2018).

3 | RESULTS

For each parasitoid species tested, we tested the impact of the aphid
colony, the host plant, the endosymbiont presence, the aphid color,
and the aphid tribe on both the parasitoid preference and perfor-
mance (Table 1).

3.1 | Parasitoid preference

For Aphelinus abdominalis, the proportion of aphid individuals detected
by the parasitoid for each aphid species ranged from 0.91 to 1.00 and
was not significantly different (Tables 2 and 3). Three aphid species,
A. craccivora, A. fabae and A. gossypii, were significantly less accepted
and stung by the parasitoid than A. pisum, A. nerii, M. euphorbiae (P
and T), and Sitobion avenae. Aphelinus abdominalis stung less black
than green aphids and stung mainly aphids from the Macrosiphini
tribe. The presence of secondary endosymbiont or the different host
plants tested did not impact their preference (Tables 3 and S2). Due
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TABLE 2 Proportion of aphids detected, accepted, and stung by Aphelinus abdominalis (Aa), Aphidius ervi (Ae), and Diaeretiella rapae (Dr),

respectively, upon the encounter of different aphid species

Proportion of aphids detected®

Proportion of aphids accepted

Proportion of aphids stung

Aphid species/Parasitoid

species Aa® Ae Dr Aa
Acyrthosiphon pisum 1.00 1.00a 1.00a 0.97 a
Aphis craccivora 1.00 1.00a 0.58 ¢ 0.48b
Aphis fabae 0.94 0.92b 0.83 bc 0.34b
Aphis gossypii 0.91 096 b 0.93b 0.34b
Aphis nerii 1.00 0.98 ab 0.97 a 0.89a
Brevicoryne brassicae 0.97 0.96b 1.00a 0.73 ab
Macrosiphum euphorbiae (P) 0.97 1.00a 0.77 bc 0.94a
Macrosiphum euphorbiae (T) 0.97 1.00a 0.93a 1.00a
Metopolophium dirhodum 0.97 0.96 ab 0.77 bc 0.81a
Myzus persicae (Green) 0.97 0.97 ab 1.00a 0.84a
Myzus persicae (Red) 0.97 1.00a 0.93b 0.69 ab
Rhopalosiphum padi 1.00 0.92b 0.94b 0.82a
Schizaphis graminum 0.97 091b 0.98 ab 0.81a
Sitobion avenae 1.00 1.00a 1.00a 0.89 a

Ae Dr Aa Ae Dr
0.95a 0.83 ae 0.85a 0.89 ab 0.65 ab
0.5b 0.19 cd 0.05c¢ 0.30 ce 0.13¢
0.48b 0.3 bed 0.31 bc 0.29 ce 017 ¢
0.77 ab 0.47 bde 0.25 bc 0.55 abcd 0.24 bc
0.68 ab 0.74 ae 0.75a 0.47 abcd 0.34 bc
0.57 b 0.98 a 0.55 ab 0.10e 0.87 a
0.96 a 0.43 bede 0.88a 0.86a 0.14c
0.88a 0.37 bed 0.88a 0.48 ¢ 0.17 c
0.93a 0.23 bc 0.69 ab 0.56 bc 0.13c¢
0.94a 0.79 ae 0.64 ab 0.71 ad 0.64 ab
0.93a 0.63 ab 0.62 ab 0.55 abcd 0.39 bc
0.55b 0.47 bede 0.59 ab 0.28 ce 0.30 bc
0.71ab 0.95a 0.63 ab 0.27 ce 0.76 a
092a 0.84a 0.78a 0.67 ad 0.54
abc

Note: For each parasitoid species, proportions followed by the same letter are not significantly different (GLMs followed by a multicomparison test)

and the proportions of the rearing host (A. pisum for A. abdominalis and A. ervi and B. brassicae for D. rapae) are indicated in italics. The most detected,

accepted, and stung aphid species are indicated in bold text.

#No significant difference in the proportion of aphids detected by A. abdominalis among the species.

to the very low number of A. craccivora, A. fabae, and A. gossypii stung
by A. abdominalis, these aphid species could not be considered in the
subsequent performance assessment.

For Aphidius ervi, the proportion of detected individuals of
each aphid species ranged from 0.91 to 1.00 and varied signifi-
cantly among the aphid species (Table 2 and 3). Five aphid species,
A. craccivora, A. fabae, B. brassicae, R. padi, and S. graminum, were
significantly less accepted and stung than A. pisum, M. euphorbiae
(P), M. persicae (green strain), and S. avenae. Aphidius ervi accepted
and stung less black than green aphids and aphids from the Aphidini
tribe, regardless of the host plant species tested (Tables 3 and S2).
Brevicoryne brassicae was stung by A. ervi at the lowest level and it
could not be considered in the followed performance assessment.

For D. rapae, the proportion of aphid individuals detected ranged
from 0.58 to 1.00 and varied significantly among the aphid spe-
cies (Tables 2 and 3). Three aphid species (A. craccivora, A. fabae,
and M. dirhodum) were significantly less accepted and stung than
A. pisum, B. brassicae, M. persicae (green strain), and S. graminum.
Macrosiphum euphorbiae (P and T) were not less accepted that these
aphid species but were less stung. Diaeretiella rapae preference
was similar regardless of aphid color, tribe, or host plant (Tables 3
and S2). Due to the very low number of A. craccivora, A. fabae, and
M. dirhodum stung by D. rapae, these aphid species could not be con-
sidered in the subsequent performance assessment.

When attacked by A. abdominalis, A. ervi, and D. rapae, respec-
tively 45%, 20%, and 62% of aphids exhibited defensive behaviors.

Acyrthosiphon pisum, M. euphorbiae, and S. avenae exhibited signifi-
cantly higher defensive behaviors (57% rate of defensive reaction)
than A. craccivora, A. gossypii, A. nerii, M. dirhodum, M. persicae (green
strain), and S. graminum (34% rate of defensive reaction). There was
a negative relationship between the proportion of aphids stung and
exhibiting defensive behaviors when attacked by A. abdominalis
(;(12 = 53.1, p < 0.001) (Figure 1). By contrast, this relationship was
positive for A. ervi wasps (;(12 =53.1, p < 0.001) and no relationship
was observed for D. rapae (;{1 = 3.3, p > 0.07). The occurrence of
aphid defensive behaviors thus varied depending on the parasitoid
species (y2 = 270.9, p < 0.001) and the aphid species (;(123 = 99.3,

1
p < 0.001).

3.2 | Parasitoid performance

For Aphelinus abdominalis, the offspring emergence rate ranged
from 0.71 to 0.90, the highest being in A. pisum, M. euphorbiae (on
potato and tomato plants), M. dirhodum, M. persicae (green and red
strains), R. padi, and S. avenae (Table 3, Figure 2a). The other aphid
species were grouped based on the stage at which the parasitoid
development failed. First, in Aphis nerii, mortality was significantly
higher between egg and larval stages (;(32 = 63.0, p < 0.001). Second,
in B. brassicae and S. graminum, significant mortality was observed
between larval and pupal stages (;(3 =48.7 and 19.7, respectively, all
p < 0.001). Finally, in S. avenae, mortality was observed during the
pupal stage (;(3 = 9.7, p = 0.022). Aphelinus abdominalis performance
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Aphid defense behavior rate

Aphelinus abdominalis (— —)
@ Aphidius ervi ( )

A Diaeretiella rapae
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Preference — Sting rate

FIGURE 1 Relationship between the proportion of aphids stung in each aphid species by every parasitoid species tested (Aphelinus
abdominalis, Aphidius ervi, and Diaeretiella rapae) and the proportion of aphid defensive behaviors exhibited by the aphid when it encountered
these parasitoid species. The dashed line represents the negative relationship in A. abdominalis (;(1 =53.1, p < 0.001), and the continuous line
represents the positive relationship in A. ervi (;(f =53.1, p < 0.001). No relationship was observed in D. rapae (;(12 =3.3,p >0.07)

did not vary depending on the aphid colors and/or host plants
(Tables 1, 3 and S2). However, a higher number of larvae survived
in aphid species belonging to the Macrosiphini tribe (Table 3). The
sex ratio was male-biased in M. dirhodum, M. persicae (green and red
strains), and R. padi (all p < 0.001) and female-biased in M. euphorbiae
on tomato (p = 0.036; Table 4).

For Aphidius ervi, the highest adult emergence rate was 0.62 and
0.69, respectively, for S. avenae and A. pisum (Table 3, Figure 2b).
The other aphid species could be grouped upon the stage at which
the parasitoid development failed. First, in M. euphorbiae on potato,
mortality was significant higher between the egg and larval stages
(;(3 =24.7, p < 0.001). Second, in A. craccivora, A. fabae, A. gossypii,
A. nerii, M. dirhodum, R. padi, and S. graminum, significant mortality
was observed between the larval and pupal stages (;(32 > 15.0, re-
spectively, all p < 0.001). Finally, in M. persicae (green and red strains),
mortality was primarily observed during the pupal stage (;(g =17.8,
p < 0.001). Aphidius ervi produced a higher proportion of offspring in
the green aphids compared to the black ones, in the aphids belong-
ing to the Macrosiphini tribe and in the aphids that did not harbor
a secondary endosymbiont (Tables 1 and 3). The host plant did not
modulate the performance of A. ervi (Tables 1, 3, and S2). The A. ervi
sex ratio was similar to 50:50 in all aphid species tested (all p > 0.05;
Table 4).

For D. rapae, the adult emergence rate ranged from 0.38 to 0.61
and the highest was in A. gossypii, B. brassicae, M. persicae (green
and red strains), R. padi, and S. avenae (Table 3, Figure 2c). The other
aphid species could be grouped upon the stage at which parasitoid
development failed. First, mortality was significant between the egg
and larval stages in A. pisum and M. euphorbiae (;(3 = 63.9, 58.8, all
p < 0.001). Second, significant mortality was observed between the
larval and pupal stages in A. nerii and S. graminum (;(g =83.9 and 72.0,
respectively, all p < 0.001). Finally, mortality was observed during
the pupal stage in B. brassicae, M. persicae (green strain), and R. padi
(;(32 =13.9, 16.3, and 11.9, p = 0.003, 0.0009, and 0.007, respectively).
Diaeretiella rapae performance was modulated by the host plant, and a

lower offspring proportion was observed in aphid species maintained

on Asclepias, bean, potato, and tomato than on cabbage, squash, and
wheat (Tables 1, 3, and S2). However, the aphid color and tribe did not
modulate the parasitoid performance (Tables 1 and 3). The D. rapae sex

ratio was similar to 50:50 in all aphid species (all p > 0.05; Table 3).

3.3 | The PPH relationship

The preference-performance hypothesis (PPH) have been found
in specialist arthropod, but it has been argued that such relation-
ships may not be common in generalist ones. In this study, no
significant relationship was found between the preference (sting
rate) and the performance (emergence rate) of A. abdominalis
(F,, = 0.99,p = 0.353, R? = 0.12), A. ervi (Fyq = 3.96, p = 0.078,
R? = 0.31), and D. rapae (F,, = 0.21, p = 0.663, R* = 0.03; Figures
3 and S1).

3.4 | Index of host specificity

Aphelinus abdominalis and D. rapae are the more generalist aphid
parasitoid considered in this study and their S;D are 2.37 and 2.55,
respectively (Figure 4). Aphidius ervi and L. testaceipes (from previ-
ous study) are oligophagous species and their S;D are 2.21, 1.75, and
1.83, respectively. Finally, B. communis and B. koreanus (from previ-
ous study) were the most specialized species considered in our study
and their S;D are, respectively, 1.17 and 1.32.

4 | DISCUSSION

Generalist parasitoids are known to use a broad set of cues to iden-
tify potential hosts, and this may alter the relationship between
their preference and performance traits (Mackauer et al., 1996; Vet
& Dicke, 1992). Testing such a PPH relationship in three generalist
aphid parasitoids on twelve aphid host species revealed that such a
relationship is absent in A. abdominalis, A. ervi, and D. rapae. All three

parasitoids showed low behavioral selectivity when encountering
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FIGURE 2 Proportion of stinging aphids that contained an egg (dissection after stung), contained a larva (dissection after 4 days),
mummified (after 10 days), and produced an adult parasitoid for (a) Aphelinus abdominalis, (b) Aphidius ervi, and (c) Diaeretiella rapae
(experiment 2). For each aphid species, bars followed by the same letter are not significantly different (generalized linear models followed by

multicomparison test)

potential host species (preference traits), and thus, their host range
was primarily dictated by the actual host suitability for their offspring
development. Host suitability in two particular aphid species was
likely affected by the presence of two detected secondary endos-
ymbionts (von Burg, Ferrari, Muller, & Vorburger, 2008; Oliver et al.,
2003). In parallel, the calculated Ser values were consistent with the
results from PPH assessments (present study and our previous ones)
and enabled the categorization of the aphid parasitoids as generalist

(D. rapae and A. abdominalis), oligophagous (A. ervi and L. testaceipes),
or more specialized (B. communis and B. koreanus) species.

4.1 | Preference traits

As expected for generalist parasitoids, the three species tested
showed low host selectivity, i.e., they stung all aphid species encoun-
tered (at least in some extent) regardless to the host plant species



MONTICELLI eT AL.

3
9] e y- e —

Female sex ratio (proportion females)

TABLE 4 Female sex ratio
(proportions: females/adult emerged) for

Aphid species Apbhelinus abdominalis Aphidius ervi
Acyrthosiphon pisum 0.67 0.73
Aphis gossypii n/a n/a
Brevicoryne brassicae n/a n/a
Macrosiphum euphor- 0.44 0.60
biae (P)
Macrosiphum euphor- 0.76* 0.56
biae (T)
Metopolophium 0.04*** n/a
dirhodum
Myzus persicae (red) O*** n/a
Myzus persicae (green) 0.09*** n/a
Rhopalosiphum padi 0.05*** n/a
Sitobion avenae 0.32 0.54
Aphis fabae n/a n/a
Aphis craccivora n/a n/a
Schizaphis graminum n/a n/a
Aphis nerii n/a n/a

each parasitoid species developing on
different hosts.

Diaeretiella rapae
n/a

n/a

0.59

n/a

n/a

n/a

0.50
0.61
0.59
0.55
n/a
n/a
n/a

n/a

Note: n/a means that data are nonavailable due to the unsuccessful development of the parasitoids

in these aphid species.
*p < 0.05,
***p < 0.001 (deviation from a 0.5 sex ratio).

or the endosymbiont presence. However, A. abdominalis and A. ervi
might show a preference for the green aphids over the black ones
(though confounding effect could not be excluded, for example, all
Macrosiphini aphids tested were greenish, whereas all the black
aphids belonged to the Aphidini tribe). Still, visual cues are used by
many organisms to evaluate and select resources (Bell, 1991), and
green aphids are known to be well detected by aphid parasitoids;
Aphidius rhopalosiphi, Monoctonus paulensis, and Praon pequodorum
preferred green aphids (Michaud & Mackauer, 1994, 1995). In ad-
dition, A. abdominalis and A. ervi attacked significantly more aphids
from the Macrosiphini tribe. Overall, they stung all the aphid species
from the Macrosiphini tribe encountered at high proportions and
some species from the Aphidini tribe, such as R. padi and S. graminum.
Closely related species may share characteristics recognized by par-
asitoid to select their hosts (Bell, 1991; Harvey et Pagel, 1991; Ives
& Godfray, 2006; Michaud & Mackauer, 1994). In our study, we did
not consider the beginning of the host selection process which may
occur at long distance, i.e., habitat location (according to the defini-
tion by Vinson, 1985) and doing so we could have missed a part of
the behavioral selectivity. However, the host selection process by
generalist parasitoids mostly relies on semiochemicals originating
from the hosts themselves (Becker et al., 2015) and notably in aphid
parasitoids (Hatano, Kunert, Michaud, & Weisser, 2008).

Aphid defensive behaviors are known to potentially affect
oviposition behavior of various aphid parasitoids and to reduce
the parasitoid host range (Desneux, Barta, Hoelmer, et al., 2009;
Kouamé & Mackauer, 1991; Wyckhuys et al., 2008). To avoid

o 10—

s Aphelinus abdominalis S

N

é @ Aphidius ervi N N

o 0.8+ . . N

20 A Diaeretiella rapae S 8

g ;s ®

S A® N
j'g 0.6 + A N A
.‘é N A

et
£ 04+ A ¢

|

3 (

g 021t N

9
< ° o 8 °
a0 0+——AA @A +— 9 +—A—N+—

0.0 0.2 0.4 0.6 0.8 1.0

Preference — Sting rate

FIGURE 3 Relationship between the sting rate (preference)
and the emergence rate (performance) when three generalist
parasitoids (Aphelinus abdominalis, Aphidius ervi, and Diaeretiella
rapae) encountered twelve aphid species. Relationship between
the proportion of aphids stung in each aphid species by every
parasitoid species tested (A. abdominalis, A. ervi, and D. rapae)
and the proportion of emerged adults of the aphids stung. No
relationship was observed in A. abdominalis (F1,7 =0.99,p = 0.353,
R?=0.12), A. ervi (F, , = 3.96, p = 0.078, R* = 0.31), and D. rapae
(F,,=0.21,p = 0.663,R* = 0.03)

aphid defensive behaviors, some parasitoids, including A. ervi
and D. rapae, exhibited a “quick” sting syndrome (Desneux, Barta,
Delebecque, & Heimpel, 2009; Vo6lkl & Mackauer, 2000). In this
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FIGURE 4 Host specificity index (STD) values and ranking of the parasitoids according to their degree of specialization

study, D. rapae did not show a relationship between its sting rate
and the aphid defense rate, suggesting that D. rapae is able to avoid
aphid defensive behaviors. A positive relationship was found be-
tween the A. ervi sting rate and the aphid defenses rate induced by
this parasitoid species; aphid defenses such as cornicle secretions
and defensive movements might be used by A. ervi as chemical
and physical cues, respectively (Battaglia et al., 2000). Contrarily,
there was a negative relationship between the proportion of aphid
species stung by A. abdominalis and the proportion of aphid defen-
sive behaviors. Aphelinus abdominalis demonstrated a sting time
ranging between 20 and 60 s, about four times that of the two
other parasitoid species tested. This suggests that aphid defen-
sive behaviors may disturb females during their stinging event (De
Farias & Hopper, 1999; Wahab, 1985). Secondly, success of aphid
defenses depends on the relative size of the attacking parasitoid
versus the aphid. Aphelinus abdominalis is two times smaller than
A. erviand D. rapae, whose size allows them to attack aphids more
easily (Le Ralec et al., 2010).

4.2 | Performance traits

Aphelinus abdominalis and D. rapae were able to produce offspring
with high prevalence in aphids from both Aphidini and Macrosiphini
tribes, whereas A. ervi was able to produce offspring in aphid species
mainly from the Macrosiphini. As previously, closely related species
can share characteristics used by parasitoids to complete their de-
velopment in their hosts (Harvey et Pagel, 1991; Ives et Godfray,
2006), suggesting that A. ervi is specialized on aphids belonging to
the Macrosiphini tribe (as in Zepeda-Paulo, Ortiz-Martinez, Figueroa,
& Lavandero, 2013).

Different physiological and ecological factors could then pro-
vide aphids with resistance against immature parasitoids and could
modify parasitoid host range (Monticelli, 2018). The main sources of
resistance include poor parasitoid ability to control host metabolism
(Godfray, 1994), the aphid host plant (Desneux, Barta, Hoelmer, et
al., 2009), the presence of secondary endosymbionts (Oliver, Moran,
& Hunter, 2005; Vorburger, Gehrer, & Rodriguez, 2009), the aphids'

ability to sequester toxic compounds (Desneux, Barta, Hoelmer, et
al., 2009; Francis, Lognay, Wathelet, & Haubruge, 2001), and/or the
host quality itself (Godfray, 1994; Kouamé & Mackauer, 1991).

The facultative endosymbionts present in aphids may compro-
mise the successful development of parasitoids explaining the par-
asitoid mortality between the egg and larvae stage (Ferrari, Darby,
Daniell, Godfray, & Douglas, 2004; McLean & Godfray, 2015; Oliver
et al., 2005). Specifically, Hamiltonella defensa and Regiella insecticola
(detected in A. fabae and M. dirhodum as reported by Henry, Maiden,
Ferrari, & Godfray, 2015) associated with a toxin-encoding bacte-
riophage (ASPE, Oliver, Degnan, Hunter, & Moran, 2009) are known
to provide aphids protection against different natural enemies, such
as parasitoids (Oliver et al., 2003). In this study, A. abdominalis was
not impacted by the presence of secondary endosymbionts since it
had 84% successful parasitism in M. dirhodum (as in McLean, Hrcek,
Parker, & Godfray, 2017 and Hopper et al., 2018). The presence of
R. insecticola may, in the case of Aphelinus sp., induce a higher parasit-
ism rate (Luo et al., 2017) or a higher fitness, for example, Aphelinus
glycinis produced more and larger female adult progeny on infected
than on uninfected aphids (Hopper et al., 2018). By contrast, a strong
parasitoid larval mortality of Aphidius ervi was observed when it en-
countered A. fabae and M. dirhodum, suggesting that H. defensa and/
or R. insecticola had a strong negative impact on A. ervi performance
(as in Oliver et al., 2003, Vorburger et al., 2009). In addition, A. ervi is
well known to parasite Macrosiphininae species such as M. dirhodum
(Stary 1993, Kavallieratos et al., 2004), suggesting that the presence
of H. defensa and/or R. insecticola reduces the A. ervi host range.
Finally, D. rapae stung A. fabae and M. dirhodum at a low rate that does
not permit an evaluation of the impact of H. defensa and R. insecticola
on parasitoid performance. The impact of endosymbionts is variable
depending on the aphid-parasitoid system considered and more
studies are needed. Several studies have shown that endosymbionts
confer protection only against the more specialized natural enemies
and less against generalist ones (Asplen et al., 2014; Hrcek, McLean,
& Godfray, 2016; Kraft, Kopco, Harmon, & Oliver, 2017; Parker,
Spragg, Altincicek, & Gerardo, 2013), which support the hypothesis

whereby A. ervi is more specialized than A. abdominalis and D. rapae.
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The host plant may also contribute to a reduction in aphid par-
asitoid host range. Aphelinus abdominalis and A. ervi can parasitize
aphids on multiple host plants, whereas D. rapae fails to develop in
aphid species maintained on milkweed, bean, potato, and tomato.
Diaeretiella rapae is an aphid parasitoid generalist and a habitat spe-
cialist (notably on Brassicae and Gramineae, Kavallieratos et al., 2004).
In our study, A. craccivora and A. fabae were not stung by D. rapae,
whereas when these aphid species are found on Brassicaceae, they
are considered as suitable hosts for D. rapae (Alikhani, Rezwani,
Stary, Kavallieratos, & Rakhshani, 2013; Kavallieratos et al., 2004),
suggesting that bean modulates parasitoid performance.

The specialist aphid species A. nerii and B. brassicae are able to se-
quester cardenolide (Asclepias) and glucosinolate (cabbage), respectively
(Desneux, Barta, Hoelmer, et al., 2009; Jones, Bridges, Bones, Cole, &
Rossiter, 2001), and these toxic allelochemical molecules have a drastic
impact on immature parasitoid survival (Desneux, Barta, Hoelmer, et al.,
2009; Kos et al., 2012; Mooney, Jones, & Agrawal, 2008; Pratt, Pope,
Powell, & Rossiter, 2008) and may explain the parasitoid mortality be-
tween the larvae and pupae stage. The three generalist parasitoids can-
not successfully parasitize A. nerii aphids living on Asclepias, despite a
high sting rate (up to 0.75) equal to that of other, nontoxic host plants. All
developing parasitoids reached the larval stage and then died. Diaeretiella
rapae s able to use glucosinolates (and/or related compounds) as long- and
short-distance kairomones for selecting its hosts (Bradburne & Mithen,
2000) as well as to promote effective development of its offspring in
aphids such as B. brassicae (Kos et al., 2012). However, A. abdominalis
cannot successfully parasitize B. brassicae despite a non-negligible sting
rate (0.55). Myzus persicae also feeds on cabbage but is not a glucosino-
late-sequestering aphid and excretes the glucosinolates in its honeydew,
reducing the impact on parasitoid offspring development (Francis et al.,
2001; Weber 1986). Aphelinus abdominalis exhibits successful develop-
ment in M. persicae (0.73 adults emerged), suggesting that A. abdominalis
is strongly affected by glucosinolates. Conversely, A. ervi did not sting
B. brassicae and cannot complete its development in M. persicae, which
is generally found to be a suitable host (Colinet, Salin, Boivin, & Hance,
2005; Kavallieratos et al., 2004), suggesting that aphid genotype could
be involve in this failure to parasitize (Bilodeau, Simon, Guay, Turgeon,
& Cloutier, 2013; von Burg et al., 2008). Aphid ability to sequester the
toxic compounds from their host plant involves a high specialization of
aphid species (Mooney et al., 2008) and only a few (up to four) parasitoid
species can parasite A. nerii and B. brassicae (Kavallieratos et al., 2004),
suggesting that strong circumventing mechanisms are needed for a par-
asitoid to adapt to aphid defense. Furthermore, sequestering is a general
aphid defense against parasitoids as well as natural enemies (Omkar &
Mishra, 2005; Toft & Wise, 1999).

Finally, host quality could also contribute to a high mortality of
later parasitoid larval stages prior to emergence, or at least a mod-
ulation of their sex ratio (male-biased; Godfray, 1994; Kouamé &
Mackauer, 1991; Mackauer, 1986). Host species and age are the
two most important factors determining parasitoid development.
However, generalist parasitoids are less demanding in terms of host
choice, as shown in the behavioral results of this study. For example,
S. graminum caused a high larval mortality of the three parasitoid

species (consistent with Desneux, Barta, Hoelmer, et al., 2009) and
a high proportion of unemerged parasitoids of A. ervi were observed
in R. padi despite high sting rates, indicating that S. graminum and
R. padi are poor hosts for these parasitoid species. Furthermore,
some parasitoids tend to place male eggs in unfavorable hosts
(Godfray, 1994; Kochetova, 1978). In A. abdominalis, a male-biased
sex ratio was observed in M. dirhodum, M. persicae (green and red
strains), R. padi, and S. graminum, suggesting that these aphid species

are considered as low quality hosts for A. abdominalis.

4.3 | The preference-performance relationship in
generalist parasitoids

The meta-analysis of Gripenberg et al. (2010) of the PPH relationship
in phytophagous insects described a relationship between preference
and the performance, present in specialist, but lacking in generalists.
The lack of the PPH relationship in A. abdominalis and D. rapae is due to
their low host selectivity and their high performance in multiple hosts
(in 6 and 5 aphid species, respectively). In A. ervi, both its preference
and performance were significantly higher in the aphids belonging to
the Macrosiphini tribe (as in Zepeda-Paulo et al., 2013), suggesting a
host phylogenetic specialization (Desneux, Blahnik, Delebecque, &
Heimpel, 2012). The PPH relationship provides useful clues to clas-
sify parasitoids in terms of degree of specialization, although it does
not enable strictly separating generalist from oligophagous organ-
isms. Hence, the host specificity index (from Poulin & Mouillot, 2005)
provides useful complementary information, quantifying where these
species lie on a generalist-specialist continuum. Indeed, when com-
paring the S'*I'D values of the parasitoids tested in this study and the
parasitoids tested in our previous studies, we demonstrated that
A. abdominalis and D. rapae are generalist aphid parasitoids and are
able to produce offspring with high prevalence in aphids from both
Aphidini and Macrosiphini tribes, whereas A. ervi and L. testaceipes
are moderate specialist aphid parasitoids able producing offspring in
aphid species mainly from the Macrosiphini or Aphidini tribe, respec-
tively. Finally, B. communis and B. koreanus are classified as specialist
parasitoids, being able to produce offspring mainly in aphids belonging
to the Aphis genus (with the exception of S. graminum, an aphid spe-
cies from the Aphidini tribe, still closely related to the Aphis genus,
Desneux, Barta, Hoelmer, et al., 2009; Desneux, Stary, et al., 2009).
Parasitoid within-species genetic variability could have some
degree of influence on preference- and/or performance- related
traits (Cayetano & Vorburger, 2015; Diehl & Bush, 1984; Raymond,
Plantegenest, Gagic, Navasse, & Lavandero, 2015). For example,
Derocles et al. (2016) reported that various generalist parasitoid
species are composed of biotypes linked to a given host species. This
suggests that results on behavioral and/or physiological traits in-
volved in parasitoid specialization might vary slightly according to the
actual biotype considered when studying a given parasitoid species.
For example, a biotype of D. rapae reared on M. persicae parasitized
only M. persicae and B. brassicae, whereas another biotype reared
on Hayhurstia atriplicis was able to parasitize H. atriplicis, M. persicae,
B. brassicae, and A. fabae (Navasse, Derocles, Plantegenest, & Ralec,
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2018). Therefore, examining several biotypes of a same parasitoid
species may be useful when characterizing its degree of specializa-
tion. It may also help to provide a more accurate assessment when
developing biological control programs requiring parasitoids with a
high degree of specialization (e.g., classical biological control).

5 | CONCLUSION

We demonstrated that the preference-performance relationship is
present for specialist parasitoids, but not for intermediate special-
ist-generalist and true generalists, likely owing to combined effects
of low selectivity and variable performance in generalist parasitoids
(van Klinken, 2000). The generalists are less affected by specific
aphid defenses against them (such as endosymbionts, whereas they
are strongly affected by general ones that are used against natural
enemies (e.g., aphid ability to sequester the toxic compounds). The
preference of generalists is not an accurate proxy of actual parasi-
toid realized host range, i.e., performance. The occurrence (or lack
thereof) of such a relationship, as well as the host specificity index,
may provide a reliable indicator of actual generalism-specialism in

parasitoids.
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