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Abstract

For generalist parasitoids such as those belonging to the Genus Aphidius, the choice of host
species can have profound implications for the emerging parasitoid. Host species is known to
affect a variety of life history traits. However, the impact of the host on thermal tolerance has
never been studied. Physiological thermal tolerance, enabling survival at unfavourable
temperatures, is not a fixed trait and may be influenced by a number of external factors
including characteristics of the stress, of the individual exposed to the stress, and of the
biological and physical environment. As such, the choice of host species is likely to also have
implications for the thermal tolerance of the emerging parasitoid. The current study aimed to
investigate the effect of cereal aphid host species (Sitobion avenae, Rhopalosiphum padi and
Metopolophium dirhodum) on adult thermal tolerance, in addition to sex and size, of the aphid

parasitoids Aphidius avenae, Aphidius matricariae and Aphidius rhopalosiphi. Results
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revealed no effect of host species on the cold tolerance of the emerging parasitoid, as
determined by CTmin and Chill Coma, for all parasitoid species. Host species significantly
affected the size of the emerging parasitoid for A. rhopalosiphi only, with individuals
emerging from R. padi being significantly larger than those emerging from S. avenae,
although this did not correspond to a difference in thermal tolerance. Furthermore, a
significant difference in the size of male and female parasitoids was observed for A. avenae
and A. matricariae, although, once again this did not correspond to a difference in cold
tolerance. It is suggested that potential behavioural thermoregulation via host manipulation
may act to influence the thermal environment experienced by the wasp and thus wasp thermal
tolerance and, in doing so, may negate physiological thermal tolerance or any impact of the

aphid host.

Keywords Aphidius, biological control, cereal aphids, host quality, host manipulation,

behavioural thermotolerance.
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Introduction

Ectothermic organisms such as insects have a limited ability to control their internal
temperature above and below ambient. What ability they do possess to withstand and survive
unfavourable temperatures, referred to as thermal tolerance, is conferred via a variety of
biochemical and physiological mechanisms (Parsell and Lindquist, 1993; Bale, 2002). These
may include the synthesis of cryoprotectants e.g. antifreeze proteins (AFPs), polyols and
sugars (Duman, 1982, 2001; Zachariassen and Husby, 1982; Zeng et al., 2008) and ice
nucleating agents (INAs) (Zachariassen and Hammel, 1976; Duman and Patterson, 1978), the
restructuring of cell membranes (Los and Murata, 2004; Lee et al., 2006; Michaud and
Denlinger, 2006; Tomcala et al., 2006), and the upregulation of heat proteins (Parsell and

Lindquist, 1993; Denlinger, 2002; Rinehart et al., 2000; 2007).

The thermal tolerance of an individual is not a fixed trait and numerous internal and external
factors are known to impact the physiological thermal tolerance of an individual. These can
include 1) characteristics of the temperature stress itself e.g. the rate of temperature change
and the duration of exposure, in addition to any prior exposure eliciting an acclimation or
hardening response (e.g. Kelty and Lee, 1999, 2001; Powell and Bale 2006, 2008; Lachenicht
et al., 2010; Chidawanyika and Terblanche, 2011; Allen et al., 2012), 2) characteristics of the
individual exposed to the stress e.g. age (Bowler and Terblanche, 2008), size, which in turn
may be linked to sex in insects displaying sexual dimorphism (Renault et al., 2003; Roux et
al., 2010; Le Lann et al., 2011), the level of inbreeding (Dierks et al., 2012), developmental
plasticity (Colinet and Hoffmann, 2012; Foray et al., 2013), or infection by symbiotic bacteria
(Montllor et al., 2002; Russell and Moran, 2006; Dunbar et al., 2007), and 3) aspects of the

physical environment e.g. photoperiod (Fischer et al., 2012), landscape intensification
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(Tougeron et al., 2016; Alford et al., 2017) and 4) aspects of the biological environment e.g.
available diet (Andersen et al., 2010; Verdu et al., 2010), population overcrowding (Sgresen
and Loeschcke, 2001), or contact with the host plant for phytophagous insects (Butts et al.,

1997; Alford et al., 2016).

For generalist species, be they phytophagous organisms exploiting multiple plant species,
predators exploiting multiple prey species, or parasites and parasitoids exploiting multiple
host species, the choice of plant, prey or host can greatly affect the fitness of the generalist
concerned (e.g. Salt, 1941; Awmack and Leather, 2002; Gnanvossou et al., 2003). Since
thermal tolerance is not a fixed trait, such choices are likely to have implications for the
physiological thermal tolerance of an organism. However, for the insect parasitoids, the
choice of host has perhaps more far-reaching consequences because the parasitoid is confined
to the insect host during immature development. Here, the insect host represents the sole
source of nutrients for the developing parasitoid and subsequently, the quality of the host can
greatly affect development and resultant fitness of the emerging parasitoid (Godfray 1994).
Host quality is known to impact an array of life history traits including development time,
adult size, fecundity, longevity and offspring sex ratio (e.g. Harvey et al., 2004; Ris et al.,
2004; Colinet et al., 2005; Silva et al., 2008; Xu et al., 2008; Sidney et al., 2010; Kishani
Farahani et al., 2016). However, how the host affects the physiological thermal tolerance of a

generalist parasitoid is unknown.

Much research has focused on the thermal biology and thermal tolerance of insect parasitoids
to better understand and predict their efficacy as biological control agents (Wanderley et al.,
2007; Hughes et al., 2010, 2011; Iranipour et al., 2010; Le Lann et al., 2011) and their

potential for establishment following release (Hughes et al., 2010, 2011; Hanson et al., 2013).
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This is especially pertinent in the face of global climate change, where any disruption to the
temporal or spatial synchronization of the host-parasitoid system could increase the risk of
host outbreaks (Hance et al., 2007). However, whilst research has focused on the thermal
requirements and thermal tolerance of parasitoid insects, research on the impact of the host

has not been considered.

The current study aims to elucidate the effect of host species on the thermal tolerance,
specifically the low temperature tolerance, of a generalist parasitoid using parasitoid wasps
belonging to the genus Aphidius (Hymenoptera: Braconidae) and their cereal aphid hosts
(Hemiptera: Aphididae) as a study system. In winter months, three cereal aphid species are
present in the cereal fields of Northern France: The English grain aphid Sitobion avenae
(Fabricius), the bird cherry oat aphid Rhopalosiphum padi (L.) and the rose grain aphid
Metopolophium dirhodum (Walker) (Andrade et al., 2013; Alford et al., 2014, Andrade et al.,
2016). During this period, the female parasitoids must make a choice of which species to
parasitize at a time when thermal tolerance is vital to the survival of their offspring. The
literature suggests that these species of cereal aphids may differ in their nutritional value for
aphid predators and parasitoids, impacting life-history traits such as size, wing area,
developmental time, and survival rate during development (Andrade et al., 2013; Eoche-Bosy
et al., 2016). For the generalist spider, Erigone atra, a diet of M. dirhodum resulted in
increased juvenile size and survival when compared to a diet of R. padi and S. avenae, leading
authors to conclude that M. dirhodum was of greater nutritional value (Bilde and Toft, 2001).
However, for the parasitoid wasps, Aphidius rhopalosiphi and Aphidius matricariae, females
produced more offspring when parasitizing R. padi, although they produced larger offspring
when parasitizing S. avenae, (Andrade et al.,, 2013) suggesting the aphid host can

differentially impact varying aspects of parasitoid fitness. As such, the choice of host is vital
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for parasitoids of the genus Aphidius when faced with multiple host species. This would be
especially true in harsh winters where thermal tolerance is integral to survival should host
species impact the thermal tolerance of the emerging parasitoid. Furthermore, in the studied
area (Brittany), it has been shown that parasitoid species have ceased to enter diapause (since
2010) (Andrade et al., 2016, Tougeron et al., 2017), making thermal tolerance all the more
crucial. In addition, such information concerning the impact of the aphid host on parasitoid
wasp thermal tolerance may contribute to the mass rearing of parasitoid wasps to enhance

their efficacy as biological control agents.

Here we report on laboratory experiments designed to investigate the effect of cereal aphid
host on the cold tolerance of three species of parasitoid wasps (Aphidius avenae, A.
matricariae and A. rhopalosiphi). The thermal tolerance of parasitoids was determined using
measures of Critical Thermal Minima (CTmin) and Chill Coma (Hazell and Bale, 2011).
However, for Aphidius parasitoids, and indeed all insects, size is an important factor
influencing thermal tolerance, with smaller wasps commonly displaying enhanced cold
tolerance (Le Lann et al., 2011; Ismail et al., 2012). This finding is in line with the “absolute
energy demand hypothesis” (AED), which predicts that larger individuals require more
energy to sustain body functions (Blanckenhorn et al., 1995, Reim et al., 2006), most likely
the result of possessing a proportionately higher metabolic rate (Calder 1984, Gillooly et al.,
2001). As such, these larger individuals are at a disadvantage in stressful environments. In
addition, Aphidius parasitoids are sexually dimorphic, with males smaller in size than females
(Roux et al., 2010; Le Lann et al., 2011; Tougeron et al., 2016). Aphid host is known to
impact both the size and sex of the emerging parasitoid (Andrade et al., 2013; Eoche-Bosy et
al., 2016). For this reason, morphological measures of the host and emerging male and female

parasitoids will further be measured to elucidate any possible size, sex or interaction effect
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with thermal tolerance. The following hypotheses were subsequently tested 1) aphid host
species will significantly affect the thermal tolerance of the emerging parasitoid; 2) for a
given parasitoid species, larger aphids, whatever the species, will produce parasitoids of
greater size, but a reduced cold tolerance. This will follow the AED theory which proposes
that larger individuals are less resistant to stress, 3) female wasps, which are generally larger

than male wasps, will display a reduced cold tolerance.

Materials and methods

Aphid collection and rearing

Cultures of anholocyclic Metopolophium dirhodum, Rhopalosiphum padi and Sitobion avenae
were established using aphids collected in the Long Term Ecological Research (LTER) site
Armorique (http://osur.univ-rennesl.fr/za-armorique/) located in Brittany, North-western
France. Aphids were reared in the laboratory on winter wheat, Triticum aestivum, ‘Renan’
cultivar grown in vermiculite within Plexiglas cages (50 x 50 x 50 cm) and housed in a

controlled environmental room at 20+£1°C and LD 16:8 h photoperiod.

Parasitoid collection and rearing

Aphid mummies were originally collected in wheat, triticale and clover fields near Rennes
(Brittany, France) in October and November 2014 and used to establish laboratory cultures of
Aphidius avenae, Aphidius matricariae and Aphidius rhopalosiphi. Additional mummy
collection occurred throughout December and January to maintain genetic diversity of the
laboratory culture. Parasitoid wasp cultures were maintained within Plexiglas cages (50 x 50 x
50 cm) at 20£1°C and L16:D8 on the aphid Sitobion avenae, unless otherwise stated, and fed

on a solution of honey and water. Pots of winter wheat infested with S. avenae were added to
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the cages containing the parasitoid wasps on a weekly basis to provide the wasps with a

continuous supply of hosts.

Obtaining parasitoids for experimentation

To obtain parasitoids for experiments, aphid mummies were collected from the stock
parasitoid cultures and isolated in gelatin capsules. Isolating mummies in this way enabled
tight control over access to food and the aging of parasitoids to within a day. The capsules
were checked twice daily for emergence. Following emergence, parasitoids of each species
were pooled in a plastic vial containing honey and water for 24 h to allow for feeding and

mating.

To provide hosts for the mated parasitoids, aphids of a single species were put in microcages
(L =16 cm, @ = 4 cm) comprising T. aestivum grown in vermiculite. Aphids were selected at
the L3 and L4 stage, the preferred instar for all the species, and placed at densities of
approximately 10. Microcages were created in this way containing M. dirhodum, R. padi or S.
avenae. Mated female parasitoids were subsequently placed within microcages at densities of
one per microcage and allowed to lay eggs within the aphids during a 24 h period. Each
parasitoid was tested on the host species that represent the natural host range in Brittany
(Andrade et al.,, 2015; Eoche-Bosy et al., 2016), allowing successful parasitoid host
acceptance, oviposition and the production of viable offspring under laboratory conditions.
This included A. avenae on M. dirhodum and S. avenae, a parasitoid-host combination
common in spring months (Eoche-Bosy et al.,, 2016), and both A. matricariae and A.
rhopalosiphi on R. padi and S. avenae, combinations common in winter months (Eoche-Bosy
et al., 2016). Following the 24 h period, the female parasitoid was removed and the aphids left

to develop into mummies. One mummy was selected from each microcage to avoid selecting
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mummies containing sibling larvae. Resultant mummies were isolated in gelatin capsules and
checked twice daily for emergence. After emergence, parasitoids were isolated individually in
plastic vials containing honey and water for a period of 24 h. Following the 24 h, parasitoids
were used in cold tolerance experiments. As a result, all parasitoids used in experiments were
no more than 48h old, but older than 24h. This procedure was repeated to produce test
parasitoids for every viable parasitoid species x host species combination. All aphid mummies

were retained for morphological measurements.

Determination of thermal tolerance (CTmin)

Thermal tolerance was determined by measuring distinct stages of the Chill Coma process
(Hazell and Bale, 2011) using an experimental design described by Powell and Bale (2006).
The method employed a glass column (35 x 5cm) which was connected to a programmable
alcohol bath (Haake F3, Thermo Electron Corp., Karlsruhe, Baden-Wirttemberg, Germany),
enabling the circulation of alcohol fluid around the outer chamber and thus fine control over
the air temperature experienced within the inner column. Previous work has shown that air
temperature is consistent along the length of the column (Powell and Bale, 2006). In addition,
due to the relatively small body size of the test insects, it is concluded that the air temperature
of the column approximates the body temperature of the insects (Huey et al., 1992).
Consequently, a single thermocouple was placed against the glass surface of the inner column

to monitor air temperature during experimentation.

In all experiments, a single parasitoid wasp was inserted into the bottom of the column pre-set
to the culture temperature of 20°C. The column was subsequently closed with a sponge
stopper to reduce air flow and maintain a stable thermal environment within the inner column.

Following a 5 min acclimatization period, the programmable alcohol bath was set to decrease
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the temperature of the column from 20°C to -10°C at a rate of 0.75°C min™. The rate of
0.75°C min was chosen since it is fast enough not to induce a rapid cold hardening response
in the test insects (Powell and Bale, 2004, 2005), whilst being slow enough to not shock the

insects.

Two distinct stages of the Chill Coma process (Hazell and Bale, 2011) were measured, as
previously described for Aphidius wasps in Le Lann et al. 2011. The first, referred to as the
Critical Thermal Minima (CTmin), represents the temperature at which the parasitoid is no
longer able to walk in a coordinated manner and corresponds to the loss of coordinated
muscle function. The second stage is determined as the temperature at which the parasitoid
wasp is unable to cling to the vertical column and subsequently falls to the bottom of the
column in a comatose state (Le Lann et al., 2011). This is synonymous with the point of cold-
induced paralysis and will be referred to as the temperature of Chill Coma, as defined by

Hazell and Bale (2011).

The temperatures of CTmin and Chill Coma were recorded manually to an accuracy of 0.1°C.
The procedure was repeated to obtain CTmin and Chill Coma values for approximately 25-30
individuals, of approximately equal gender, for each parasitoid species X host species
combination. Following determination of the CTmin and Chill Coma, all parasitoids were

preserved in 70% ethanol for morphological measurements.

Morphological measurements
The hind tibia of parasitoids and of the corresponding aphid mummy (which gives a measure
of the host size at the moment of its death) were measured using a camera (Zeiss AxioCam

ERc5s® HD) mounted on an x9 binocular microscope. Photographs were taken using
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Intelcam software and morphological measurements made using the image processing
software Image J® software (v. 1.48). Tibia length was chosen since it is a commonly used
indicator of body size in insects and correlates strongly to other measures such as dry mass

(Godfray1994; Cohen et al., 2005).

Statistical analyses

Statistical analyses were performed using R Software (R Development Core Team, 2013).
Statistical differences in thermal tolerance measures and size (as determined by hind tibia
length) of parasitoids emerging from different cereal aphid hosts were tested using a standard
repeated-measures ANOVA. Aphid host species, parasitoid sex and host size were treated as
predictors, qualitative factors for the first two, quantitative covariate for the third, and

possible interactions were tested.

Results

Aphid host species effects

For all parasitoid species tested, there was no significant effect of aphid host species on the
CTmin or Chill Coma temperature of the resultant parasitoid (Table 1), nor were there
significant interactions between aphid host, host size and parasitoid sex (Supplementary Table
1). There was no significant effect of aphid host species on the size of the resultant parasitoid
for A. avenae and A. matricariae, although a significant effect was observed for A.
rhopalosiphi with parasitoids emerging from R. padi being significantly larger than those

emerging from S. avenae (Figure 1) (Table 1), but without impacting thermotolerance.

Aphid host size effects
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As there is no effect of the aphid species, all the data (aphids and parasitoids species) were
pooled to analyse separately the effect of the host size, as determined by hind tibia length
(mm) of the aphid mummy. Host size did not significantly affect the size of the emerging
parasitoid for A. avenae (F = 0.01, df = 1, p = 0.924), A. matricariae (F =0.004, df =1, p =
0.948) and A. rhopalosiphi (F = 2.39, df = 1, p = 0.129), nor were there significant
interactions between aphid host, host size and parasitoid sex (Supplementary Table 1).
Furthermore, aphid host size did not significantly affect the CTmin or the Chill Coma

temperature of the emerging parasitoid for any of the tested species (Supplementary Table 1).

Parasitoid sex effects

There was no significant effect of sex on parasitoid CTmin or Chill Coma temperature (Table
2), nor were there significant interactions between aphid host, host size and parasitoid sex
(Supplementary Table 1). However, there was a significant effect of sex on parasitoid size, as
determined by hind tibia length (mm), for A. avenae and A. matricariae (Figure 2) (Table 2).

No significant effect of sex on parasitoid size was observed for A. rhopalosphi.

Discussion

In the current study, host species did not significantly affect parasitoid cold tolerance, as
determined by CTmin and Chill Coma temperature, for any of the tested parasitoid species.
This disproves hypothesis 1 which stated that the aphid host species would significantly affect
the thermal tolerance of the emerging parasitoid. In addition, aphid host size, as determined
by hind tibia length, did not significantly affect the size nor the thermal tolerance of the
emerging parasitoid. This disproves hypothesis 2 which stated that, for a given parasitoid
species, larger aphids, whatever the species, will produce parasitoids of a greater size, but a

reduced cold tolerance. Furthermore, whilst females of A. avenae and A. matricariae were
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found to be significantly larger than males, this increase in size did not correspond to a
difference in thermal tolerance. This disproves hypothesis 3 which stated that the larger size

of female wasps would correspond to a reduction in cold tolerance.

During development, the immature parasitoid is confined to the insect host and, as such, the
host represents the sole source of nutrients for the developing parasitoid. For this reason, the
choice of host has profound implications for the emerging parasitoid and has been shown to
impact an array of life history traits such as development time, emergence rate, longevity, size
and sex ratio (e.g. Harvey et al., 2004; Colinet et al., 2005; Silva et al., 2008; Xu et al., 2008;
Sidney et al., 2010; Kishani Farahani et al., 2016). However, the impact of the host on adult
parasitoid thermal tolerance was unknown until this study. Host species is regarded as an
indicator of host quality for the ovipositing parasitoid (Brodeur and Boivin, 2004). For the
cereal aphids R. padi and S. avenae, Andrade et al. (2013) revealed that aphid host species
significantly impacted A. rhopalosiphi fitness. Here, parasitoid females produced more
offspring when parasitizing R. padi compared to S. avenae, although they produced larger
offspring when parasitizing S. avenae. Furthermore, female A. avenae, preferentially oviposit
in S. avenae suggesting that S. avenae is a better quality host for offspring development than
M. dirhodum (Eoche-Bosy et al., 2016) . For these reasons, it is surprising that aphid host
species may impact parasitoid fitness via wasp fecundity or development rate, but not
significantly affect thermal tolerance. One possible explanation is that certain traits may be
more susceptible to variation in host species and associated quality. For example, in the study
of Eoche-Bosy (2016), some of the studied traits did not vary with host species, as for
example the size of the emerging parasitoid. The same result was obtained in another family
of parasitoids, the wasp Diaeretiella rapae, where the aphid host species was found to impact

parasitoid developmental time, although host species had no significant effect on emergence
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rate, sex ratio and longevity (Silva et al., 2011). This may explain the absence of an effect of

aphid host on the thermal tolerance of the emerging parasitoid.

The absence of host size and parasitoid size (even mediated by sex) effects is also surprising
because, it is widely accepted that adult body size of many parasitoid species is determined by
host size (Daza-Bustamante et al., 2003; Henry et al., 2006; De Conti et al., 2008; Sampaio et
al., 2008), with larger hosts containing more resources for the developing parasitoid and thus
acting to enhance adult fitness. In line with this, female wasps are commonly larger than
males (Godfray 1994; Le Lann et al., 2011; Rehman and Powell, 2010) and this size
difference is believed to be the consequence of sex-specific allocation of offspring to hosts of
varying quality (Charnov et al., 1981; Mackauer, 1996; Rehman and Powell, 2010). However,
whilst larger aphids may represent hosts of greater quality, resulting in a female bias and
individual parasitoids of increased size, the literature suggests that a larger size may
negatively impact the thermal tolerance of parasitoids in line with the Absolute Energy
Demand hypothesis (Blanckenhorn et al., 1995, Reim et al., 2006). The Absolute Energy
Demand hypothesis states that larger individuals are at a disadvantage when faced with
conditions of stress since a larger body requires greater energy to sustain bodily functions
(Blanckenhorn et al., 1995; Reim et al., 2006). Le Lann et al. (2011) and Ismail et al. (2012)
have shown that this theory could match with the lowest cold resistance observed in the larger
Aphidius individuals. However, in this study, firstly, we did not observe an effect of size of
host on the size of the emerging parasitoids, and secondly, we did not observe an effect of size
on parasitoid thermotolerance. For the first point, it could be that we only used 3™ and 4%
instars (the preferred instars), which may not present enough variation in size to influence the
size of the emerging parasitoids. Moreover, Sequeira and Mackauer (1992a,b) showed that

parasitoid adult size was not a linear function of host size at parasitization for A. ervi on the
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aphid Acyrtosiphon pisum. For the second point, it seems that physiological thermotolerance
is not affected by the host, whatever the species or its size, meaning that thermotolerance is

probably achieved by other means, as detailed below.

The current study investigated the effect of the aphid host on the thermal tolerance of the
emerging parasitoid. However, a parasitoid, and indeed any living organism, may also survive
unfavourable thermal conditions employing behavioural thermoregulation (e.g. Larsen and
Lee, 1994; Barton et al., 2014; Ward and Seely, 1996), instead of physiological
thermoregulation. For the parasitoid wasp, confined to the aphid host during development,
behavioural thermoregulation may occur via host manipulation. Such behavioural
thermoregulation could provide an explanation to why parasitoid thermal tolerance is not
significantly affected by aphid host. In a recent study investigating the potential for host
manipulation by A. avenae to aid thermal tolerance, behavioural differences between
parasitized and non-parasitized aphid hosts were observed, in addition to inter-host species
differences (Alford et al., 2016). Here, differences in the behaviours of parasitized aphids at
unfavourable temperatures were observed for the less cold tolerant aphid M. dirhodum, but
not for the more cold tolerant S. avenae. As such, immature parasitoid survival at
unfavourable temperatures may represent a trade-off between the physiological thermal
tolerance of the aphid host and the need for additional behavioural thermoregulation via host
manipulation. It may be possible, therefore, that the parasitoid can manipulate the behaviour
of the host in order to influence its thermal environment and thus thermal tolerance, and, as

such, may utilise behavioural thermoregulation over physiological thermotolerance.

In conclusion, the present study showed with three different parasitoid species, each of them

tested on two different aphid hosts species, that there is no effect of the host on the
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physiological thermotolerance of the three parasitoids. With recent work suggesting that at
least one of the studied species of parasitoid, A. avenae, may be capable of behavioural
thermoregulation via host manipulation, any ability to influence the thermal environment and
thus thermal tolerance may negate physiological thermal tolerance or any impact of the aphid

host.
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Figure 1 Tibia length (mm) of cereal parasitoids Aphidius avenae (Aa), A. matricariae (Am)
and A. rhopalosiphi (Ar) emerging from the aphid host species Metopolophium dirhodum
(Md), Sitobion avenae (Sa) and Rhopalosiphum padi (Rp). Box plots represent median tibia
length and the upper and lower quartiles, and mean tibia length is represented by X.

Significant differences are indicated by an asterisk.

Figure 2 Tibia length (mm) of male (M) and female (F) cereal parasitoids Aphidius avenae
(Aa), A. matricariae (Am) and A. rhopalosiphi (Ar). Box plots represent median tibia length
and the upper and lower quartiles, and mean tibia length is represented by X. Significant

differences are indicated by an asterisk.
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Table 1. Mean + SE CTnmin and Chill Coma temperature (°C) for Aphidius parasitoid species (Aphidius avenae, Aphidius matricariae and
Aphidius rhopalosiphi) emerging from different cereal aphid hosts (Metopolophium dirhodum, Rhopalosiphum padi and Sitobion avenae).

Parasitoid and aphid host tibia length (mm) is also provided.

Parasitoid Aphid host CTmin (°C) n  Chill Coma (°C) n  Aphid Host Tibia (mm) n Parasitoid Tibia (mm) n

A. avenae M. dirhodum 1.52+0.15 22 0.93+0.20 23 1.04 £ 0.04 22 0.57 £0.02 24
R. padi - - - -
S. avenae 1.64 +0.08 25 0.83£0.08 28 0.95+0.03 27 0.61+0.01 28
ANOVA (d.f.=1) F=0.71, P =0.407 F =0.06, P =0.801 F=147,P=0.232

A. matricariae M. dirhodum - - - -
R. padi 1.25+0.18 18 0.89+£0.11 36 0.69 £0.02 34 0.54+0.01 38
S. avenae 1.30+£0.16 26 0.79+0.14 30 0.88 £0.02 30 0.52+0.01 33
ANOVA (d.f.=1) F=0.92, P=0.344 F =0.02, P =0.893 F=1.70,P=0.198

A. rhopalosiphi M. dirhodum - - - -
R. padi 1.55+0.11 28 0.96 £0.12 29 0.69 £0.03 27 0.57+0.01 30
S. avenae 1.24+£0.12 28 0.76 £0.13 28 1.03+£0.03 28 0.55+0.02 30
ANOVA (d.f. = 1) F=1.90,P=0.162 F=0.81, P=0.450 F=4.14,P=0.022

Results of repeated-measures ANOVA comparing the cold tolerance and size of parasitoids emerging from different aphid hosts.

-Denotes non-variable parasitoid x host combinations that failed to produce offspring



Table 2. Mean £ SE CTwmin and Chill Coma temperature (°C) and parasitoid tibia length for male and female parasitoids belonging to the genus
Aphidius. Data were pooled across aphid host species for each parasitoid species since the effect of aphid host species on the measured
parameters proved non-significant.

Parasitoid Parasitoid sex CTmin (°C) n  Chill Coma (°C) n Parasitoid Tibia (mm) n

A. avenae Male 1.59+0.11 23 0.93+£0.15 24 0.54 £0.02 25
Female 158 £0.13 24 0.83+£0.13 27 0.63 £0.02 27
ANOVA (d.f.=1) F=0.001, P=0.974 F=1.8,P=0.670 F=17.02, P <0.001

A. matricariae  Male 1.31+£0.16 24 0.78 £0.13 36 0.52£0.01 37
Female 1.24+0.19 20 0.92+0.12 30 0.55+0.01 34
ANOVA (d.f. = 1) F=0.18, P=0.678 F=0.25P=0.618 F =4.93, P =0.030

A. rhopalosiphi  Male 1.50+0.11 28 0.85+0.11 29 0.55+0.01 30
Female 1.31+£0.11 30 091+0.14 30 0.57 £0.02 31
ANOVA (d.f.=1) F=0.79, P=0.378 F=0.52,P =0.476 F =0.35 P =0.557

Results of repeated-measures ANOVA comparing cold tolerance and size of different Aphidius parasitoids



Supplementary Table 1 Generalized linear model for thermal tolerance and size traits of
Aphidius species emerging from different aphid host species.

Variables and factors A. avenae A. matricariae A. rhopalosiphi
F value P F value P F value P
CTmin
Aphid tibia 0.96 0.335 1.40 0.246 0.71 0.403
Sex 0.001 0.974 0.18 0.678 0.79 0.378
Host 0.71 0.407 0.92 0.344 1.90 0.162
Aphid tibia x Sex 0.15 0.700 0.60 0.446 0.07 0.796
Aphid tibia x Host 2.23 0.144 1.45 0.237 0.15 0.859
Sex x Host 0.0004 0.983 0.06 0.814 0.15 0.699
Aphid tibia x Sex x Host 0.74 0.395 0.001 0.975 1.04 0.313
Chill Coma
Aphid tibia 1.93 0.173 0.77 0.392 111 0.299
Sex 0.18 0.670 0.25 0.618 0.52 0.476
Host 0.06 0.801 0.02 0.893 0.81 0.450
Aphid tibia x Sex 0.09 0.772 1.04 0.312 0.06 0.808
Aphid tibia x Host 0.88 0.353 0.03 0.866 0.15 0.857
Sex x Host 0.07 0.788 2.86 0.097 0.03 0.874
Aphid tibia x Sex x Host 0.21 0.650 0.07 0.798 0.39 0.537
Parasitoid tibia
Aphid tibia 0.01 0.924 0.004 0.948 2.39 0.129
Sex 17.02 <0.001 4.93 0.030 0.35 0.557
Host 1.47 0.232 1.70 0.198 4.14 0.022
Aphid tibia x Sex 2.84 0.100 0.02 0.889 0.71 0.403
Aphid tibia x Host 0.26 0.613 0.02 0.883 0.00 0.969
Sex x Host 0.16 0.687 0.28 0.599 0.11 0.741
Aphid tibia x Sex x Host 0.01 0.904 0.03 0.855 0.51 0.481






