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Simple Summary: Oviposition preference of aphidophagous hoverflies is a key factor in the bi-
ological control of aphids, especially when using banker plant systems. In this laboratory study,
the oviposition preferences of Eupeodes americanus were evaluated in two-choice experiments with
different plant/aphid systems. The results show that the finger millet banker plant may be more
suitable for the control of A. gossypii in cucumber crops and the barley banker plant for the control of
M. persicae in pepper crops. Finally, this study demonstrates that the oviposition of E. americanus can
be adequate for the control of aphids in a mixed crop of cucumber and pepper. Future semifield or
field studies are needed to confirm these recommendations.

Abstract: Assessing the oviposition preferences of predatory hoverflies is a key factor in the prediction
of the success of these biological control agents against aphids in greenhouses, especially when
using banker plant systems or in mixed-crop contexts. In this study, two aspects of the oviposition
preferences of the American hoverfly, Eupeodes americanus (Wiedemann, 1830) (Diptera: Syrphidae),
were evaluated. Firstly, the preference between the banker plant and the target crop was evaluated for
three banker plant species (barley, finger millet, or corn) and two target crops (cucumber or pepper).
Secondly, the preference between the same two target crops was assessed. Female oviposition
preferences were evaluated via two-choice experiments using different plant/aphid systems. The
results showed that, for the cucumber crops, the species of banker plant used drastically influenced
the oviposition preference of the hoverfly, with a preference for barley over cucumber, cucumber
over finger millet, and no preference between corn and cucumber. Unlike cucumber, when used with
pepper, barley engendered a preference for the target crop. We conclude that the barley banker plant
could be adequate for aphid control in pepper but not in cucumber crops. In a mixed-crop context,
the American hoverfly had no preference between cucumber and pepper, which means it has the
potential to protect both crops in a mixed-crop greenhouse context. This study shows that the banker
plant system should be carefully chosen according to the crops/aphids present in the greenhouse to
optimize the impact of the hoverfly as a biocontrol agent. Further work is required to confirm this
choice of banker plant in semifield or field testing.

Keywords: aphidophagous hoverflies; Syrphidae; biocontrol; Aphis gossypii; Myzus persicae; Rhopalosiphum
padi; greenhouse crops

1. Introduction

Aphids are major greenhouse pests [1,2]. Their management used to be mainly
achieved via chemical control, but nowadays, the use of pesticides can be problematic
because aphids may become resistant to several active ingredients and because of their
harmful effects [1,3,4]. As an alternative, more and more growers implement integrated
pest management (IPM). In temperate climates, biological aphid control strategies generally
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include inundative releases of parasitoids of the genus Aphidius combined with predators
like the aphid midge, Aphidoletes aphidimyza Rondani, 1847 (Diptera: Cecidomyiidae) [2].
Predatory hoverflies, such as Sphaerophoria rueppellii, Episyrphus balteatus, and Eupeodes corol-
lae, are also used in greenhouses in Europe [5-8]. However, those biological control agents
have variable efficacy against aphids across crops and are not always reliable as stand-alone
treatments [9-11]. Moreover, this method can be costly as a preventive strategy, especially
when using biological control agents with a short life cycle since they need to be introduced
too often [12,13]. Therefore, aphids remain a major concern in several greenhouse crops [2].
For example, the melon aphid, Aphis gossypii Glover 1877 (Hemiptera: Aphididae), is today
still one of the most important pests limiting the production of cucumber (Cucumis sativus
L.) in many countries [14-18]. The development of new biological control methods is,
therefore, necessary to improve aphid control and prevent crop losses.

The main problem associated with the biological control of aphids as a curative
method is the delayed action of natural enemies [12,19]. Even when aphid colonies are
found early, the delay between detection, the introduction of biological control agents, and
the time required for them to take effect often allow pest populations to increase beyond
the economic threshold [12]. Among other methods, banker plants could constitute a
potential solution as they ensure the constant presence of biological control agents in the
crop by providing an alternative food source and oviposition sites even before the arrival
of pests [20,21]. One possible drawback of banker plants is that they may act as a sink for
the biocontrol agents and, thus, divert them from the target crop [20,21]. The success of
banker plants depends, then, largely on balance between the quality of the banker prey
and the oviposition preference of the predator for the target prey. The biological control
agent must be able to develop and reproduce on the banker plant but choose to leave
it, at least partially, when pests invade the crop [20,22]. Therefore, when evaluating the
efficacy of a biocontrol agent used in a banker plant system, it is necessary to investigate its
oviposition behavior and, more specifically, its preference among all the plants and aphid
species involved [20]. Moreover, in greenhouse production, two or three aphid species are
often present at the same time. For example, intercropping integrates two crops or more
under the same greenhouse [23-25], creating a similar scenario where oviposition behavior
is an important factor for biological control efficacy.

Determining the optimal use of banker plants is also very important for new biocontrol
agents. Predatory flies of the Syrphidae family (Diptera) generally exhibit characteristics
that predispose them to be successful biological control agents. For example, they tend to
have a high voracity, a good flight and searching ability, and a high fecundity [26,27]. The
American hoverfly, Eupeodes americanus (Wiedemann, 1830) (Diptera: Syrphidae), which,
at the aphidophagous larval stage and a pollinator adult stage, shows great potential at
controlling aphids. Previous research at the Biocontrol laboratory of Université du Québec
a Montréal (UQAM) on the American hoverfly has shown that this species is active at low
temperatures, e.g., for flight, oviposition, and predation activities [28], which enables it to
efficiently control the foxglove aphid, Aulacorthum solani (Kaltenbach 1843) (Hemiptera:
Aphididae) in Canadian greenhouse crops [29]. Furthermore, E. americanus has a longer
larval development time (i.e., predacious stage) and longer adult longevity compared to the
commercially available aphidophagous predator A. aphidimyza [30]. However, knowing that
hoverfly larvae do not disperse very well, their control depends largely on the dispersion
and oviposition of the females [27].

Hoverfly oviposition preference is influenced by numerous factors, such as predation risk
and the presence of intraspecific or interspecific competitors [31-35]. However, the most im-
portant factors are usually aphid species, nutritional quality, and density [35-37]. For example,
the female hoverflies of Episyrphus balteatus (De Geer, 1776), (Diptera: Syrphidae) prefer to
lay their eggs in colonies on the green peach aphid, Myzus persicae (Sulzer, 1776) (Hemiptera:
Aphididae) and the pea aphid, Acyrthosiphon pisum (Harris, 1773) (Hemiptera: Aphidi-
dae) rather than in colonies on the vetch aphid, Megoura viciae Buckton, 1876 (Hemiptera:
Aphididae) on broad beans (Vicia faba L.) [38]. Another factor influencing the oviposition
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preference of syrphid females is the host plant species, both in terms of physical traits and
chemicals emitted by the plant [35,37]. According to Vanhaelen et al. 2001 [38], E. balteatus
prefers white mustard (Sinapis alba L.) to rapeseed (Brassica napus L.) and broad beans.

The present study aims to evaluate the oviposition behavior of the American hoverfly
in common greenhouse contexts in temperate regions, that is, cucumber or pepper (Cap-
sicum annuum (L.)) crops, with or without banker plants. Both of those crops are affected by
major pests: the melon aphid on cucumber and the green peach aphid on pepper [39,40].
Three species of banker plants were evaluated in this study: barley (Hordeum vulgare L.),
corn (Zea mays L.), and finger millet (Eleusine coracana Gaert). Those plant species were
selected because either they are commonly used, such as barley, or have already demon-
strated their efficiency in previous studies, such as corn and finger millet [12,20,21,29,41,42].
They are also well suited for the experiment since they are all used with the bird cherry-oat
aphid, Rhopalosiphum padi L. (Hemiptera: Aphididae), as prey.

Our first objective was to evaluate if the oviposition preferences of the American
hoverfly are suitable for the control of the melon aphid on cucumber using three banker
plant species. For that, we verified if the American hoverfly prefers laying eggs on cucumber
rather than on the banker plants. We also verified if some banker plant species were more
suitable than others, i.e., leading to a larger proportion of eggs laid on the focal crop and a
higher total number of eggs.

Our second objective was to verify that the oviposition preference of the American
hoverfly is suitable for the control of the green peach aphid on pepper using the barley
banker plant (being the most commonly used), expecting that, proportionally, more eggs are
laid on pepper than on barley. We also verified if that banker plant was more appropriate
for this crop than for cucumber, i.e., leading to a larger proportion of eggs laid on the focal
crop and a higher total number of eggs.

Finally, our third objective was to verify if the oviposition behavior of the American
hoverfly was suitable for the simultaneous control of both the melon aphid on cucumber
and the green peach aphid on pepper in a mixed crop greenhouse context, expecting an
equal proportion of eggs laid on both focal crops.

2. Materials and Methods
2.1. Plants

The crop plants used during the experiment were pepper (Solanaceae) (cv. hybrid Aris-
totle X3R, Norseco, Laval, Canada) and cucumber (Cucurbitaceae) (cv. hybrid Speedway,
Norseco). The banker plants used were barley (Sollio Agriculture, Quebec, Canada), finger
millet (Snake River Seed Cooperative, USA), and corn (Sollio agriculture). All plants were
sown and grown in the greenhouses of UQAM at 25 °C during the day, 19 °C at night, and
60% relative humidity (RH) and 16:8 (L:D) under high-pressure sodium lamps. Seedlings
of cucumber, pepper, and corn were transplanted in plastic pots (9 X 9 cm). The number
of barley and finger millet seeds was constant between the replicates (identical volume
planted in plastic pots (9 x 9 cm)). The plugs and substrate used were a humus-content
potting mix enriched with compost (Garden soil, Fafard, Agawam, USA). The plants were
watered as needed and provided weekly with a fertilizer (20-20-20 NPK). No chemical
insecticides were applied to the plants. All species used during the experiment had a
vegetative growth phenological stage. Cucumber had 4 leaves, pepper had 6-7 leaves, and
corn had 4-5 leaves. Barley and finger millet were approximately 15 cm in height.

2.2. Insect Rearing

All insect colonies were kept at UQAM in the Biocontrol laboratory. Aphis gossypii were
reared on cucumber and M. persicae on pepper in a 35 x 35 x 35 cm cage kept in a growth
chamber at 24 °C, with a 16:8 (L:D) photoperiod and 70% RH. Wild adults of E. americanus
were collected on Phlox sp. (L.) in Sainte-Agathe-de-Lotbiniere (N 46°23'726" W 71°21'446"),
Québec, Canada, in 2014. Hoverfly colonies were refreshed yearly with new wild individu-
als. American hoverfly rearing was done as described in Bellefeuille et al. (2019) [28] except
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for the oviposition method. In the present case, four broad bean plants (Vicia faba (L.)) in-
fested with pea aphids, Acyrthosiphon pisum (Harris, 1776) (Hemiptera: Aphididae) were
placed in the center of the cage to allow females to lay eggs after mating. The larvae were
transferred to barley plants infested with the bird cherry-oat aphid. When needed, R. padi
were transferred onto finger millet or corn before using them for the experiment.

2.3. Objective 1: Suitability of Three Banker Plant Species to Control A. gossypii on Cucumber

To evaluate the suitability of the three banker plants, the oviposition preferences of
E. americanus between each banker plant and A. gossypii on cucumber were verified. Three
different choice trials (with barley, finger millet, and corn) were performed (Figure 1A).
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Figure 1. Composition of the different choice trials as plant/aphid systems. Banker plants are
represented in orange, cucumber in blue, and pepper in light blue.

Each choice trial was carried out in a 50 x 45 x 58 cm transparent plastic box with a
muslin-screened lid, and two 20 x 20 cm screened windows (Figure 2B). One banker plant
with R. padi (alternative prey) was placed at one end of the box, and one cucumber plant
with A. gossypii (focal crop and pest) was placed at the opposite end of the box (Figure 2A).
A total of 100 aphids of mixed developmental stages were placed on each plant in the box.
Such a high number of aphids was chosen to better study oviposition since hoverflies prefer
to lay eggs on plants with high densities of aphids [26]. Each plant was provided with an
artificial flower and a mixture of sugar:water (1:10 v/v) in a small cup with a roll of dental
cotton sticking out of the lid for feeding the adult hoverflies. The artificial flower was made
of a wooden stick with a cotton pad at its end, soaked in a mixture of water and honey,
and covered with bee pollen (Miel Gauvin Inc., Saint-Hyacinthe, Canada) (Figure 2A). For
each replicate, a one-week-old female hoverfly was released in the middle of the plastic box
between the two plant/aphid systems (Figure 2A). The test lasted four days, during which
time the box was placed in a Conviron growth chamber at 25 °C, 16:8 (L:D) photoperiod,



Insects 2023, 14, 295

50f13

>

Box : 50 x 45 x 58 cm

and 50% RH (Figure 2B). After four days, the eggs laid were counted on each plant. In the
case of barley and finger millet, the plants were cut at the base of each stem to ensure egg
count accuracy. Fifteen replicates were performed per choice trial. The quality of the aphid
colonies was checked, and the replicates in which the aphids did not develop correctly
(abundance less than the initial individuals), were not considered.
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Figure 2. (A) Experimental design of the choice trial used to determine the oviposition preference
of E. americanus between two different plant/aphid systems; (B) plastic boxes used to conduct the
choice trials and placed in a Conviron growth chamber.

Before their introduction to the experiments, female hoverflies that newly emerged
were put together in a screen cage measuring 30 x 30 x 60 cm for one week at a ratio of two
males to three females. The hoverflies were left in groups so that each female copulated
with several males, which reduced the chances of using an unfertilized female for a test
in the event of a dysfunctional male. They were fed with one artificial flower and sugary
water, as described above. One broad bean plant infested with pea aphids was also placed
in the center of the cage because the presence of an oviposition stimulus was proven to be
necessary for hoverflies to lay fertile eggs and avoid the resorption of eggs [43,44].

2.4. Objective 2: Suitability of Barley Banker Plant Species to Control M. persicae on Pepper and
Comparison with A. gossypii on Cucumber

To evaluate the suitability of the barley banker plant for the control of M. persicae
on pepper, the oviposition preferences of E. americanus between those two plant/aphid
systems were verified in a choice trial (Figure 1B). The same methods as for objective 1 were
used. The results were compared with the choice trial realized for objective 1 between
barley banker plant and A. gossypii on cucumber.

2.5. Objective 3: Suitability of the American Hoverfly to Control Aphids in a Mixed Crop
Greenhouse Context

To evaluate the suitability of E. americanus in mixed crops, its oviposition preference
between M. persicae on pepper and A. gossypii on cucumber was verified in a choice trial
(Figure 1C). The same method as for objective 1 was used.

2.6. Data Analysis

Statistical analyses were carried out with R 4.0.5 software. For all the experiments,
the normality and homoscedasticity of the residuals were verified with Shapiro-Wilk tests
(p > 0.05) and the diagnostic plots were inspected (residuals vs. fitted, normal QQ plot,
scale location, constant leverage). If they could not be obtained, even after square root, log,
or inverse transformations, nonparametric tests were used. For each test, the significance
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level was set at alpha = 0.05. Throughout the manuscript, the sample size (n) is defined as
the number of individuals or observations included in a statistical analysis.

For the first objective, the difference between the proportion of eggs laid by females on
cucumber/A. gossypii and on the three banker plant systems was analyzed with nonpara-
metric paired Wilcoxon tests or t-tests, depending on the normality and homoscedasticity
of the residuals. Afterward, within each choice trial, the number of eggs laid by females on
the target crop cucumber (and in total) were, respectively, square root- and log-transformed.
The impact of the banker plant system (corn, barley, or finger millet with R. padi) on those
two parameters was tested by one-way analysis of variance (ANOVAs). Posthoc Tukey’s
HSD tests were then performed to identify which banker plant systems engendered a
significantly different number of laid eggs in total and on the focal crop.

For objective 2, the difference between the proportion of eggs laid on pepper/M. persicae
and on barley/R. padi was tested by a paired t-test. To verify if the barley banker plant was
more adapted to the pepper or cucumber crops, the differences in the number of eggs laid
during those two choice trials were analyzed (barley vs. pepper and barley vs. cucumber).
The number of eggs laid on the focal crop (pepper or cucumber) was compared using a
nonparametric paired Wilcoxon test. The total number of eggs laid in those choice trials
(on the banker plant and on the focal crop) was compared with a t-test.

For objective 3, the difference between the proportion of eggs laid by females on the
pepper/M. persicae and cucumber/A. gossypii crop systems was analyzed with a nonpara-
metric paired Wilcoxon test.

3. Results
3.1. Objective 1: Suitability of Three Banker Plant Species to Control A. gossypii on Cucumber

Concerning the three choice trials (cucumber/A. gossypii and banker plant (barley,
finger millet, and corn/R. padi), the females showed statistically significant oviposition
preferences in two out of the three trials (Figure 3A). The female hoverflies laid a signifi-
cantly larger proportion of eggs on the barley banker plant than on cucumber (respectively,
82.0 & 8.0% and 18.0 £ 8.3%; n =30, V = 8, and p = 0.003). Moreover, in some cases, the
female chose to lay all her eggs only on one of the two plants. In this trial, 46.6% of females
laid all their eggs only on barley. In contrast, the female hoverflies laid a significantly
higher proportion of eggs on cucumber than on the finger millet banker plant (respectively,
94.5 + 3.6% and 5.5 £ 3.6%; n = 30, V = 120, and p < 0.001) and 53.3% of females laid all
their eggs only on cucumber. Finally, the female hoverflies had no oviposition preference
between the cucumber and the corn banker plant (respectively, 55.4 4= 7.7% and 44,7 £ 7.7%
of eggs laid on each plant/aphid system; n = 30, t = 0.653, df = 14, and p = 0.524) but only
6.6% of females laid all their eggs only on corn.

All females laid between 92.0 & 6.4 and 173.0 £ 18.7 eggs in total during the trials
(Figure 3B). This total number of eggs laid (per female) varied significantly according to
the banker plant species vs. cucumber (n = 45, F = 10.15, df = 2, p < 0.001). Females laid
38 to 47% fewer eggs in the choice trial between cucumber and barley. The difference
was significant compared to the choice trials between cucumber and finger millet or corn
(respectively, p = 0.007 and p < 0.001) (Figure 3B).

Similarly, in those choice trials, the number of eggs laid on cucumber varied signif-
icantly, depending on which banker plant system it was paired with (n = 45, F = 28.82,
df =2, p < 0.001) (Figure 3B). The number of eggs laid on the target crop, cucumber, in the
presence of barley as a banker plant was significantly lower than with finger millet by 88%
(p < 0.001) and corn by 83% (p < 0.001) The number of eggs laid on cucumber with finger
millet or corn as the banker plants was not significantly different (p = 0.122).
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Figure 3. (A) Proportion of eggs laid by E. americanus between cucumber and the three banker plant
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systems. Significant differences between plant-aphid systems are shown by asterisks (alpha = 0.05,
paired Wilcoxon test or t-test). The following significance code is taken into account: “***” corresponds
to a p-value under 0.001, “**” p-value between 0.001 and 0.01. Beyond that, the p-values are codified
with “ns”. The bars represent the mean + SE; (B) number of eggs laid by E. americanus in choice
trials involving cucumber and three banker plant systems. The letters indicate significant differences,
with an alpha = 0.05. Uppercase letters indicate differences between the total number of eggs laid in
4 days (ANOVA followed by Tukey’s HSD test). Lowercase letters indicate differences between the
number of eggs laid on the target crop (ANOVA followed by Tukey’s HSD test). The bars represent
the mean + SE.

3.2. Objective 2: Suitability of Barley Banker Plant Species to Control M. persicae on Pepper and
Comparison with A. gossypii on Cucumber

In the choice trial with pepper/M. persicae and the barley/R. padi banker plant system,
the female hoverflies laid a significantly larger proportion of eggs on pepper compared to
barley (Figure 4A) (respectively, 66.7 + 7.3% and 33.3 + 7.3%, n = 30, t = —2.372, df = 14,
and p = 0.032), and 13.3% of females laid all their eggs only on pepper.

When comparing this trial with the choice trial between cucumber and barley (objective
1), the total number of eggs laid per female was significantly 66% higher in the choice trial
with pepper than in the one with cucumber (n = 30, t = 2.2234, df = 15.647, and p = 0.041)
(Figure 4B). Moreover, the number of eggs laid on the focal crop was significantly higher on
a scale of 8.45 times in the choice trial involving pepper than in the one involving cucumber
(n =30, W =18, p <0.001) (Figure 4B).
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following significance code is taken into account: corresponds to a p-value between 0.01 and 0.05.
Beyond that, the p-values are codified with “ns”. The bars represent the mean + SE; (B) number of
eggs laid by E. americanus in choice trials involving barley banker plant system and two major crops
(cucumber and pepper). The letters indicate significant differences, with an alpha = 0.05. Uppercase
letters indicate differences between the total number of eggs laid in 4 days (f-test). Lowercase letters
indicate differences between the number of eggs laid on the target crop (paired Wilcoxon test). The

bars represent the mean + SE.
3.3. Objective 3: Suitability of the American Hoverfly to Control Aphids in a Mixed Crop
Greenhouse Context

In the mixed crop choice trial, the female hoverflies had no oviposition preference
between pepper/M. persicae and cucumber/A. gossypii (Figure 5) (respectively, 64.1 = 7.9%
and 35.9 £ 7.9% of eggs laid on each plant/aphid system; n = 30, V = 89, and p = 0.105), but
20.0% of the females laid all their eggs only on pepper.

Cucumber Pepper

b — ns

120 100 80 60 40 20 0 20 40 60 80 100 120
Proportion of eggs laid by female (%)
Figure 5. Proportion of eggs laid by E. americanus between pepper and cucumber. Significant

differences between the plant-aphid systems are shown by asterisks (alpha = 0.05, paired Wilcoxon
test). Beyond 0.05, the p-values are codified with “ns”. The bars represent the mean + SE.

4. Discussion

The oviposition preferences of the female hoverflies are influenced by numerous
factors, including the host plant, aphid species, aphid colony size, the presence of intra- or
interspecific competitors, female age, and the food resources for the adults [26]. All of these
factors must be taken into account when establishing strategies for biological control using
hoverflies against aphids. When using a banker plant system, a good biological control
agent should prefer the target crop/prey combination to the banker plant to ensure the
success of the biological control strategy [20,22,45]. Indeed, E. americanus should readily
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reproduce both on the banker plants and the target crop, and the newly emerged females
from the banker plants should move quickly to the target crop [19,21,22,45]. In the present
case, E. americanus should prefer A. gossypii on cucumber or M. persicae on pepper to R. padi
on banker plants.

The results showed that when cucumber was the target crop, E. americanus ovipo-
sition preferences changed drastically depending on which banker plant was used. In
this case, only the host plant species changed between choice trials since they were all
carrying the same banker prey, R. padi. It is, therefore, the characteristics of these host
plants which influenced the oviposition choice. Eupeodes americanus showed a significant
preference for ovipositing on barley banker plant rather than on cucumber (82.0 =+ 8.0%
compared to 18.0 £ 8.3%), which could be due to the difference in leaf surface morphol-
ogy. Indeed, hoverfly larvae and adults are negatively affected by plants with a high
density of trichomes [26,46-48]. Sadeghi (2002) [49] and Almohamad et al. (2007) [37]
proved that the oviposition preference of female syrphids is correlated with offspring
performance on preferred host plants because the aphidophagous larvae have limited
dispersal abilities [50-52]. For example, the oviposition of E. balteatus was lower on tomato
cultivars, with a high density of trichomes, than on broad bean, Vicia faba L., which has
a smooth surface [46]. This may explain the preference of the American hoverfly for the
smooth-surfaced barley banker plant rather than the pubescent cucumber. Similarly, the
American hoverfly did not have any oviposition preferences between cucumber and corn
banker plant. This could be attributed to the fact that both plants have trichomes. Indeed,
various studies have investigated the negative impact of corn leaf trichomes on insects and
particularly on oviposition [53-55]. In parallel, the preference of E. americanus to oviposit
on cucumber compared to the finger millet banker plant could be due to prey accessibility
and availability [26,56]. Indeed, the dense architecture of the finger millet greatly reduces
the prey’s accessibility to female hoverflies. Bird cherry-oat aphids, R. padi, at low density,
are found hiding at the base of finger millet stems (personal observation), and the density
of these stems constituting the banker plant left little access for the hoverflies.

The total number of eggs laid also varied between each choice trial. Indeed, our
results showed that when combined with cucumber, both corn and finger millet induced a
higher total number of eggs laid in each choice trial compared to barley. Further studies
are needed to explain these results. For example, the differences in the quantity and
composition of honeydew produced on the different banker plants could be an initial
step to investigate since it can influence the number of eggs laid by hoverflies [51,57-59].
These results, and the strong preference for barley over cucumber, lead to a significantly
lower mean number of eggs laid on the target crop than in the trials with corn and finger
millet. In the context of the biological control of A. gossypii on cucumber by E. americanus,
both finger millet and corn could constitute better banker plant systems than barley since
they maximized both the oviposition of females and the number of eggs laid on the
target crop cucumber. They also require less maintenance and have high longevity due
to their resistance to hot greenhouse temperatures and high aphid abundance, especially
compared to barley [12,19,41]. Nonetheless, finger millet was the only banker plant where
E. americanus showed a strong negative preference compared to cucumber, which constitutes
a good attribute for a banker plant (53.3% of females laid all their eggs only on cucumber).
This is even more important in commercial greenhouses where the density of aphids, at least
at the beginning of the infestation, will be higher on the banker plant than on the protected
crop. This could redirect the preference towards the banker plant. Indeed, it has been
proven that aphid density is also an important factor for hoverfly oviposition [26,52,59-61].
For this reason, finger millet is more appropriate than corn for the control of A. gossypii
by E. americanus in cucumber, but future field or semifield studies are needed to confirm
this conclusion.

The efficiency of a banker plant system also depends largely on the target crop it is
used with. Indeed, a good banker plant for a specific target crop may not be appropriate
in another greenhouse context. Our results concur with that since, contrary to cucumber,
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barley seems a more suitable banker plant for pepper. Indeed, females chose to oviposit
preferentially on pepper over barley (66.7 + 7.3% compared to 33.3 £ 7.3%). Moreover,
both the total number of eggs laid and eggs laid on the target crop were higher in the
pepper vs. barley trial than in the cucumber vs. barley trial. This higher total number of
eggs laid can be explained by the different attributes of the pepper/M. persicae system, such
as pepper plant morphology (smooth surface), aphid species preference, chemical cues,
etc. [33,36,62]. Overall, the results suggest that the barley banker plant is more appropriate
for the control of M. persicae in pepper crops than for the control of A. gossypii in cucumber
crops. This highlights the great importance of choosing a specific banker plant system
according to the target crop.

Finally, in the mixed crops, we expected the American hoverfly to prefer pepper
because of its smoother surface than a pubescent cucumber, but our results showed that
there was no oviposition preference between the two systems: pepper/M. persicae and
cucumber/A. gossypii. From a biocontrol point of view, this means that the oviposition
preference of E. americanus should not prevent the control of both pests in mixed crops.
However, differences in the population growth rates between the two aphid species could
be responsible for the observed results, and they should, therefore, be interpreted cautiously.
Indeed, A. gossypii has a higher growth rate than M. persicae [2,63,64]; thus, the population
density may have been different after the 4 days of the experiment. Since the oviposition
of hoverflies is positively affected by higher aphid densities [26,52,59-61], the absence of
preference may be due to changes in the relative densities of aphid species. Additionally,
as demonstrated above, banker plants are not equally suitable for all crops, so in the case of
mixed crops, care should be taken to find a banker plant that fits both crops.

Furthermore, in all the choice trials, even when a significant preference was found,
there was an intraspecific variability in the specialization of the oviposition site selection.
For example, when cucumber was used with finger millet, 53.3% of the females laid 100%
of their eggs on the target crop, while the rest still chose to lay a small proportion of
their eggs on the banker plant. This begs the question, are American hoverflies generalist
aphidophagous individuals, or is the species considered as such since it is composed of
multiple specialists with varying targets? If this is the case, an artificial selection program
may be applied to different isogroup lines in order to improve the level of aphid biocontrol,
depending on the context [62-64].

5. Conclusions

This study showed the impact of different banker plant/focal crop systems on the
oviposition preferences of the American hoverfly and its optimization in the context of
biocontrol against aphids. The finger millet banker plant should be more suitable for the
control of A. gossypii in cucumber crops, with the barley banker plant suitable for the
control of M. persicae in pepper crops. Furthermore, this study confirms that the oviposition
preference of E. americanus is adequate for the control of aphids in mixed cucumber/pepper
crops. Of course, it is essential to confirm these oviposition preferences in the context of a
commercial greenhouse in order to validate our recommendations for the choice of banker
plant. It is also necessary to determine how aphid density on the focal crop will affect
the female oviposition behavior, e.g., at which focal aphid density the predator will start
laying eggs on the target crop, and also what is the performance of the syrphid larvae when
preying upon banker and focal aphids.
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