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Aphid suitability for the predatory hoverfly Episyrphus balteatus
altered with elevating atmospheric CO2 and sinigrin
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Abstract
The fitness of natural enemies should be altered in response to changes in herbivore quality induced by the
impact of increased atmospheric CO2 levels on plants. We studied the effect of different CO2 levels on the aphid
predator Episyrphus balteatus DeGeer fed either specialist or generalist aphids reared on either of two host
plants under laboratory conditions. In the host plant that contains sinigrin (black mustard), elevated CO2

increased the sinigrin content of both host plant and the specialist aphid, but reduced the already very low levels
in the generalist aphid. Predator development time increased with elevated CO2, while fecundity decreased.
Consequently, individual fitness decreased slightly with increasing atmospheric CO2. Sinigrin significantly
decreased fecundity and increased development time of the predator. As a result, fitness was significantly lower
too. The consumption rate was influenced significantly by plant and prey solely and the interactions of host
plant × prey type and CO2 level × prey type. Further research on the effects of climate change parameters (e.g.
greenhouse gases such as CO2, ozone (O3) and nitrogen dioxide (NO2), etc.) separately and jointly under
controlled environmental conditions will help to understand the nature and direction of their effects on natural
enemies as part of the tritrophic system.
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INTRODUCTION

There is great concern about the rise in global atmospheric
carbon dioxide (CO2) levels from about 280 ppm in pre-
industrial times to 379 ppm now, and double the current
level expected by the end of this century, mainly due to
human activities especially since the Industrial Revolution
(IPCC 2007). We need predictions about the potential
future biological effects, especially in agro-ecosystems. It
is well known that increases in CO2 levels enhance the
photosynthetic rate and the above-ground biomass, and
also influence plant quality by inducing changes in the
C/N ratio (e.g. Bezemer et al. 1998; Agrell et al. 2000;
Reich et al. 2006). As a result, allocation to plant
secondary metabolites should change in enhanced CO2

environments (Coviella & Trumble 1999), cascading to

higher trophic levels (Stiling et al. 2002). Such impacts
on herbivorous insects have been well studied (e.g.
Bezemer & Jones 1998; Bezemer et al. 1998; Stiling et al.
1999; Newman et al. 2003; Yin et al. 2010; Sun & Ge
2011; Amiri-Jami et al. 2012; Ryalls et al. 2017).
Although elevated CO2 seems to have few direct effects
on natural enemies, indirect effects are likely (Roth &
Lindroth 1995; Stiling et al. 2002) but have been little
studied.
The performance of aphidophages could be changed

by increasing CO2 levels just because aphids are
known to have species-specific responses (Bezemer &
Jones 1998). The few studies have shown inconsistent
performance. For instance, the harlequin ladybird
Harmonia axyridis (Pallas) (Chen et al. 2005) and
parasitoid performance increased (Chen et al. 2007; Sun
et al. 2010), whereas others have found decreased (Gao
et al. 2008; Gao et al. 2010) or neutral responses (Wang
2009; Yin et al. 2009).
For herbivores there is a major discrepancy between

what individual plants provide and insects require
(Schoonhoven et al. 1998), particularly nitrogen
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(White 1993), although other factors such as toxin
content clearly play a role in the allocation-based trade-
offs between growth and survival (Stockoff 1991).
Presumably there is little difference between the
nutritional requirements of predators and what prey
provide. As a result, other factors such as prey toxicity,
size and relative composition are probably more
important (e.g. Chaplin-Kramer et al. 2011; Kos et al.
2011; Amiri-Jami & Sadeghi-Namaghi 2014; Amiri-Jami
et al. 2016), and indeed the suitability of insect prey for
insect predators is thought mainly to be determined by
toxin content (Hodek 1993; White et al. 2017). Rising
levels of atmospheric CO2 can enhance the concentration
of allelochemicals in plant tissues (Scriber & Slansky
1981). Since many insects cannot synthesize their own
defensive compounds (Kazana et al. 2007), only obtaining
them through consumption (Ulusoy & Olmez-Bayhan
2006; Pratt 2008), as a consequence herbivores feeding
on plants under increased CO2 levels can acquire higher
levels of defensive compounds. Thus the palatability and
suitability of prey for predators can be affected.

Brassicas are good plant models for studying flow-
through effects under elevated CO2 because their defense
system arising from glucosinolates is particularly well
known (Gols & Harvey 2009; Hopkins et al. 2009).
Surprisingly, generalist and specialist aphids differ in the
way they exploit the toxic glucosinolates (Francis et al.
2001; Kos et al. 2011). Generalists such asMyzus persicae
Sulzer rely on direct detoxification, while specialists such
as Brevicoryne brassicae (L.) sequester some but not all
glucosinolates (Francis et al. 2001; Ratzka et al. 2002;
Hopkins et al. 2009): Goodey et al. (2015) showed
that they accumulate sinigrin to high concentrations
while preferentially excreting a structurally similar
glucosinolate, progoitrin.

Aphids are important pests in the agricultural
ecosystem, and there is some evidence that future elevated
levels of CO2 will enhance population outbreaks
and consequently increase the damage caused (Bezemer
et al. 1999). Aphidophagous hoverflies are considered
to be important biocontrol agents that can contribute
significantly to the suppression of aphid populations
(Chambers 1988). However, knowledge about the effects
of elevated CO2 on the efficiency of predators (including
hoverflies) is lacking. Since bottom-up factors (e.g.
secondary chemistry) will change, and flow-through
effects from the host plant to higher consumers is
expected, top-down effects will probably change too.

We investigate here the effect of elevated atmospheric
CO2 on the performance of a common predatory hoverfly
(Episyrphus balteatus DeGeer) feeding on two different
prey types (M. persicae vs. B. brassicae) reared on either
of two host plants with different levels of a defensive

glucosinolate, sinigrin (absent in Brassica napus L.,
present in Brassica nigra L.).

MATERIALS AND METHODS

The experiments were conducted in a greenhouse designed
for CO2 studies at Ferdowsi University, Mashhad,
Iran. Transparent plastic-walled chambers were built
within the greenhouse, each measuring 1.2×1.8×1.5 m,
maintained at 25±3°C, 55±10% (mean±S.E.) relative
humidity (RH), and a 16 L: 8D photoperiod. CO2 was
obtained from a tank and its concentration within each
chamber was monitored and adjusted using an infrared
CO2 analyzer (S157/ S158, Qubit systems Inc. Kingston,
ON, Canada) throughout the experimental period.
The three CO2 levels were 380±10 (the ambient level),

700±10 and 1,050±10 ppm. Seeds of canola (Brassica
napus var. Hyola 308, supplied by Torogh Agricultural
Research Center, Razavi Khorasan Province, Iran) and
black mustard (Brassica nigra, supplied by Pakan-Bazr
Co., Isfahan Province, Iran) were sown in April 2016 in
plastic pots (20 cm diameter, 30 cm height, containing a
2:2:1 mixture of soil, sand and leaf compost, respectively)
under greenhouse condition with ambient CO2 levels.
Plants at the stage of 4–5 fully expanded leaves were
transferred to the appropriate CO2 treatments and left
for two weeks. Thereafter these plants were infested with
a given aphid (B. brassicae orM. persicae, approximately
20 last-instar aphids per plant). Aphids were supplied
from stock cultures established under the same conditions
on the same host plants for at least four generations.
Infested plants were kept at the appropriate CO2

treatments for at least three weeks before use in
experiments. For HPLC analysis, some plants in each
treatment were isolated and kept uninfested.
The plant samples consisted of approximately 1 g of

fresh leaf matter from fully expanded leaves of five
uninfested plants in each treatment. Fifty apterous
aphids in their penultimate instar were selected from
colonies reared on black mustard in the different CO2

concentrations for at least four generations (and from at
least five different plants in each concentration) and
preserved in 5 mL 90% methanol for HPLC analysis.
The sinigrin of host-plant leaves and total aphid
bodies was extracted according to the EEC Regulation
N1864/90. Duplicated samples (400 mg leaf powder and
50 aphids related to each treatment) were extracted with
5 mL hot methanol 70% for 10 min at 80°C, and
centrifuged at 5,000 rpm for 20 min. Aliquots of 2 mL
extract were loaded twice on a mini-column filled with
0.6 ml DEAE Q-Sepharose anion-exchange resin,
conditioned with 25 mM acetate sodium buffer pH 5.6.
After washing with 3 mL buffer, volumes of 250 μL
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commercial sulphatase (Sigma Ltd. Cat. No. S9626-5KU)
were loaded on each mini-column, left overnight at room
temperature and the desulfo-sinigrin were eluted with
3 mL of ultra pure water and then were analyzed by
HPLC. The chromatographic analyses were carried out
on an HPLC system (Knauer Corporation, Scientific
Instruments, Berlin, Germany) equipped with a manager
5000, pump 1000 and UV detector 2600. Sinigrin and
desulfo-sinigrin were separated on a Eurospher (C 18)
100 A column (250 × 4.6 mm, 5 μm) at 30°C. The data
were processed with the software EZ Chrom Elite
(Shimadzu Corporation, Kyoto, Japan). The flow rate
was 0.5 mL/min and the injection volume was 20 μL.
The mobile phases consisted of water (eluent A) and
acetonitrile (eluent B), using a gradient program as
follows: 3 min 1% B; 9 min linear gradient up to 10%
B; 3 min linear gradient down to 1%B. Elution of sinigrin
was monitored at 229 nm. The sinigrin in both plants and
aphids was identified and quantified in relation to a
previously purified standard (sinigrin hydrate, Sigma
Ltd., Cat. No. 85440).
A stock culture of E. balteatus was established using

gravid females captured at the campus of Ferdowsi
University in May 2016. The stock culture was
maintained in a constant environment of 21–23°C under
a L16:8D photoperiod. The insects were provided with
cut flowers of candy tuft (Iberis sempervirens L.) as a
pollen source, diluted bee honey (10%), solid crystalline
sugar and water from a soaked pad of cotton wool in a
conical flask, all placed on the floor of a net-covered cage
(100×70×70 cm). To obtain a group of larvae of the
same age, females were induced to lay eggs on potted
plants (B. napus) infested with aphids. For experimental
purposes, eggs laid over a period of 12 h were selected
and placed in a large Petri dish to hatch in an incubator
(22±1°C, 60–70% RH and L16:8D photoperiod).

Performance of E. balteatus
The performance of the predator was measured in the
laboratory under all twelve combinations of CO2 level ×
prey species × host plant. For each combination, 24
individual predator larvae of the same age were used.
Since newly emerged larvae are very delicate and difficult
to handle, they were left in groups for the first 24 h and
allowed to feed ad libitum. After that, larvae were isolated
individually in experimental Petri dishes (9×1.5 cm) and
fed every day ad libitum with the relevant aphids (mixed
instars). The aphids and leaf fragments were replaced
every 12 h. Larvae were monitored each day and their
development and the number of prey eaten (aphid corpses
and survivors) recorded, continuing through pupation to
emergence as adults. The resulting adult females were

dissected after 24 h under a stereomicroscope and their
potential fecundity measured by counting the number of
ovarioles (both ovaries).
Individual fitness (r) was calculated as the measure of

performance (McGraw & Caswell 1996; Sadeghi &
Gilbert 2000) by integrating development time (D),
survival (m, either 1 [survived] or 0 [died]) and potential
fecundity (V) via the equation: r = [Ln (mV)]/D, where
Ln is the natural logarithm. Fitness was calculated for
all females including non-survivors. Because female
larvae/pupae cannot be differentiated from males, we
assumed half the mortality to be due to female, rounding
up when an odd number had died. The prey consumption
rate was calculated from the data.

Statistical analyses
All analyses were performed using the statistical program,
R (R Core Team 2015). For the analysis of development
time, potential fecundity and individual fitness a
randomization test was used because the data did not fit
any of the standard error distributions (fitness was
uniformly zero in all treatments involving Brevicoryne
on black mustard) and there were also different sample
sizes caused by mortality. The consumption data were
analyzed using a Kruskal-Wallis H-test, as again the
assumption of normality was violated. Survival was
analyzed using a log-linear approach. A linear regression
analyzed the relationship between sinigrin content
(in both plants and aphids) and the different CO2

concentrations.

RESULTS

Black mustard had high levels of sinigrin in its leaves
(mean±S.E. 10.83±0.34 μmol g�1), while canola lacked
sinigrin. Elevated CO2 increased significantly the sinigrin
content of black mustard and also that of the specialist
B. brassicae, but reduced the already very low levels in
the generalistM. persicae (Fig. 1).
Development time of Episyrphus increased with

increasing CO2, while fecundity was negatively affected
(Fig. 2A,B), although neither was significant overall
(Table 1). Survival decreasedwith increasingCO2 (Fig. 2C),
but was not significant (d.f. = 2, deviance ratio=0.11,
P=0.74). Individual fitness decreased slightly overall with
increasing CO2 (Fig. 2D), but again this was not a
significant effect (Table 1).
In strong contrast, both plant and prey species strongly

and significantly affected all performance measures both
overall and in interaction (Table 1). Females survived,
were more fecund and developed faster when fed on
aphids reared on canola (Fig. 3A–C), and as a
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Figure 1 The relationship between different CO2 concentrations and sinigrin content (mean± SE). (A) Host plant leaves (Brassica nigra);
(B) total aphid body samples reared on B. nigra.

Figure 2 The relationship between different CO2 concentrations and performance measures of Episyrphus balteatus (mean ± S.E.).
(A) Development time; (B) potential fecundity; (C) survival rate; (D) individual fitness.

Table 1 Summary of ANOVA results for effects of different CO2 concentrations, host plant and prey species on the performance
measures of Episyrphus balteatus

Factor

Randomized sum of squares

df

P

Fitness Fecundity Development time Fitness Fecundity Development time

CO2 0.007 437.6 17.7 2 0.19 0.08 0.11
Plant 0.427 21060.7 3944.2 1 <0.001 <0.001 <0.001
Prey 0.336 16036.3 4106.5 1 <0.001 <0.001 <0.01
CO2 × Plant 0.004 345.3 4.9 2 0.34 0.23 0.44
CO2 × Prey 0.002 270.7 2.5 2 0.92 0.32 0.78
Plant × Prey 0.197 13355.7 5141.3 1 <0.001 <0.001 <0.001
CO2 × Plant × Prey 0.005 319.5 7.2 2 0.29 0.27 0.29

Significant P-values (P< 0.05) are shown in bold-face type.
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consequence, fitness was significantly higher too (Fig. 3D).
Similarly, there were significant effects caused by aphid
prey type overall (Table 1, Fig. 4), but the interaction is
the important effect (Fig. 5).

The consumption rate was influenced significantly by
the main effects of plant and prey species (Fig. 6A,B),
whileCO2 concentration had no significant effect (Fig. 6C,
Table 2). However, there were significant interactions

Figure 3 Effect of host plant (zero-sinigrin canola vs. the high-sinigrin black mustard) on the performance measures of Episyrphus
balteatus (mean± S.E.). (A) Survival rate; (B) potential fecundity; (C) development time; (D) individual fitness.

Figure 4 Effect of prey type (polyphagous prey vs. oligophagous) on the performance measures of Episyrphus balteatus (mean± S.E.).
(A) Survival rate; (B) potential fecundity; (C) development time; (D) individual fitness.
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complicating interpretation of the main effects, those
of plant × prey species, and also CO2 × prey species
(Table 2). The difference between the consumption
of Brevicoryne and Myzus became gradually larger
with increasing CO2 levels (Fig. 7A) as Brevicoryne
consumption declined while that for Myzus held steady.
This difference wasminor when the host plantwas canola,
but major on black mustard (Fig. 7B).

DISCUSSION

The effects of elevated CO2 on natural enemies are
essentially indirect, mediated through changes in the
herbivores feeding on plants with altered nutritional
quality. The effects are mainly visible as changes in fitness
via some or all of the components: developmental time,
mortality and fecundity. It is generally believed that rising
levels of CO2 enhance the concentration of allelochemicals
in plant tissues, and consequently herbivores feeding on
such plants get more defensive chemicals compared with
plants reared under ambient level (Scriber & Slansky
1981; Bezmer & Jones 1988: Korner 2000). In our

Figure 5 The individual fitness (mean) of Episyrphus balteatus.

Figure 6 The number of prey eaten by each larva of Episyrphus balteatus per day (mean ± S.E.). (A) Effect of host plant (Brassica napus
vs. B. nigra); (B) effect of prey type (polyphagous vs. oligophagous); (C) effect of CO2 concentration.

Table 2 Summary of ANOVA results for effects of different CO2

concentrations, host plant and prey species on consumption rate
of Episyrphus balteatus

Factor X2 df P

CO2 0.345 2 0.84
Plant 65.09 1 <0.001
Prey 65.44 1 <0.001
CO2 × Plant 0.066 2 0.97
CO2 × Prey 32.7 1 <0.001
Plant × Prey 11.87 2 0.003
CO2 × Plant × Prey 1.36 2 0.51

Significant P-values (P< 0.05) are shown in bold-face type.
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experiment, the sinigrin content of black mustard and that
of the specialist aphid B. brassicae, increased with
increasing atmospheric CO2 concentrations, but it
reduced slightly in the generalist M. persicae. In contrast,
Dyer et al. (2013) examined the effects of increased CO2

and temperature on simple laboratory communities
of interacting alfalfa, chemical defenses, armyworm
caterpillars and parasitoid wasps, and found no
significant effects of CO2 on the saponins or sapogenins
contents of the host plant. Stacey and Fellowes (2002)
found that changes in plant quality caused by elevated
CO2 did not seem to alter aphid quality as prey species.
With increasing CO2 concentration, the larval

developmental time of the predatory hoverfly increased
slightly. Similarly, Gao et al. (2008) found that
developmental time of the coccinellid Propylaea japonicae
(Thunberg) was prolonged when fed on the aphid Aphis
gossypii Glover reared under elevated CO2

concentrations. In contrast, in a study by Chen et al.
(2005), the durations of the fourth instar, the total larval
stage, and the pupal stage of the coccinellid H. axyridis

were significantly shortened when fed A. gossypii reared
under elevated CO2 treatment. Extending the
development time of the predator might result in poorer
biocontrol, and hence increased pest population sizes;
some pests might become more serious pests in the future.
The larval survival rate of E. balteatus decreased with

increasing CO2 concentration, but the effect was not
significant. Both plant and prey species significantly
affected survival rate, probably due to differences
in the sinigrin content of the host plant–aphid
combination.
Consumption rates were influenced significantly by the

plant–aphid combination. While as a main effect CO2

concentration had no significant effect, surprisingly there
was an interaction with aphid species. The difference
between the number of generalist and specialist aphids
consumed gradually increased with increasing CO2

concentration: while consumption of the specialist
declined, that of the generalist remained almost constant,
again probably due to differences in the sinigrin
content of these two aphid species, namely the higher
concentrations of sinigrin in Brevicoryne compared with
Myzus when reared on black mustard. The few previous
studies that have looked at this have had variable results.
For instance, the consumption rate of the coccinellid
Hippodamia convergens Guérin-Ménéville under both
ambient and elevated CO2 conditions did not differ,
regardless of the species of aphid prey. In contrast, Chen
et al. (2005) found that the coccinellid predator H.
axyridis consumed more prey (A. gossypii) under
conditions of higher CO2 levels. In another study, Chen
et al. (2007) showed negligible impacts of elevated CO2

on the coccinellid predator H. axyridis fed on Sitobion
avenae Fabricius.
As a result of extending developmental time and

decreasing fecundity, individual fitness showed a slight
decrease with increasing atmospheric CO2, but this was
not significant. This finding is in line with the conclusion
of Wang et al. (2007) that the fitness of predators and
parasitoids will decline as the quality of their herbivore
hosts decreases. However, individual fitness was
significantly higher whenE. balteatus larvae fed on aphids
reared on canola, which lacks sinigrin, than when they fed
on aphids reared on black mustard with its high sinigrin
content. The most probable factor influencing predator
performance was the sinigrin content of the plant-aphid
system, rather than atmospheric CO2 concentration per
se. However, the combined effects of CO2 and defensive
chemicals might not be easily predictable because
of interactions between these effects. This has been
emphasized recently in models of the interaction between
plants, aphids and their natural enemies (Hoover &
Newman 2004).

Figure 7 The number of prey eaten by each larva of Episyrphus
balteatus per day (mean ± S.E.): interaction effects between CO2

concentration × prey species (A) and between host plant × prey
species (B).

Effect of CO2 and sinigrin on a predator

Entomological Science (2017) 7
© 2017 The Entomological Society of Japan

H. Sadeghi-Namaghi et al.

18 Entomological Science (2018) 21, 12–21
© 2017 The Entomological Society of Japan



This study did not measure changes in the size of prey
aphids under different CO2 treatments, but in other
studies decreases in size are seen, with contrasting effects
among different categories of natural enemies. Rates of
parasitoid larval growth and development, together with
adult biomass, are usually significantly influenced by
host size, age, stage of development and diet (Godfray
1994), and so decreases in prey size reduce parasitoid
size and hence fecundity (positively correlated with size:
Harvey et al. 1999). In the case of predators, decreases
in prey size due to rearing under elevated CO2

concentration has resulted in increases in the number of
prey consumed by predators (Chen et al. 2005; Coll &
Hughes 2008). In one of the few such studies, Coll and
Hughes (2008) considered the interaction between an
omnivorous pentatomid bug Oechalia schellenbergii
Guérin-Méneville (Hemiptera: Pentatomidae), and the
cotton bollworm Helicoverpa armigera (Hübner)
(Lepidoptera: Noctuidae) feeding on peas (Pisum
sativum L.). Under higher levels of carbon dioxide, the
nitrogen content of pea plants was reduced, and as a
consequence the size of the cotton bollworm larvae
reduced and this improved the predation rate of the
predator. The predatory bugs appeared to be better at
subduing smaller bollworm larvae.

Recently, Boullis et al. (2015) concluded that the
balance of studies of the impact of elevated atmospheric
CO2 on the efficiency of natural enemies have shown
disadvantages: only 16% of published studies showed a
benefit, whereas 30% indicated deleterious effects and
there was no effect in 54%. Overall, the results of our
work indicated a weak deleterious effect of elevated
atmospheric CO2 levels on the performance of the
predatory hoverfly, E. balteatus. The highly variable
outcome of similar studies may be due to the species-
specific details of the relationships, but experimental
conditions may also have influenced the results. For
instance, Klaiber et al. (2013) studied the same host–
parasitoid species complex, but obtained different results
due to differences in methodology. Choice of the
parameter for assessment is crucial because different traits
can produce different responses. For example, Chen et al.
(2007) found that the parasitism rate increased under
elevated CO2 treatments, whereas parasitoid emergence
rate clearly decreased. Similarly, Sun et al. (2011) found
that elevated CO2 did not influence the parasitism rate
of Lysiphlebia japonica, but did reduce the development
time.

As climate change influences the life-history traits of
hosts and natural enemies differently, a careful analysis is
needed on how the host–natural enemy systems react to
changes in atmospheric CO2 levels as well as to other
environmental factors (e.g. other pollutant gases,

temperature, etc.). Investigating the effects of these aspects
of climate change separately and jointly under controlled
environmental conditions will help to understand the
nature and direction of their effects on natural enemies
as part of the tritrophic system. A greater understanding
of the diverse effects is only possible by studying the
behavioral, physiological and functional adaptations of
natural enemies to climate change at both the species
and the community levels.
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