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Abstract
BACKGROUND: Lipopeptides extracted from the Bacillus genus are emerging biopesticides, especially in protecting crops
against phytopathogens. Among the three main families of lipopeptides, surfactins have been identiﬁed as having insecticidal
properties against several insect orders. However, the sublethal effects of these promising biopesticides on insect pests and
their natural enemies remain largely unknown. The aim of this study was to evaluate the effects of surfactins topically applied
on black bean aphid Aphis fabae mortality. First, the effects of surfactins on aphid mortality were determined by delivering
increasing concentrations to adults and nymphs. Second, the sublethal effects of surfactins on locomotor activity and feeding
behavior of surviving aphids were evaluated using the electropenetrography method. Finally, the effect of host exposure to
surfactins on host selection behavior by Aphidius matricariae parasitoid females was analyzed.
RESULTS: Four surfactins concentrations were studied (0.5, 1, 2.5 and 5 g L–1). There was concentration-dependent mortality in
response to surfactins at 24 h after treatment. Surfactins impacted aphid behavior when delivered at 1 g L–1 by inducing a
greater locomotor activity and a reduction in feeding activity. By contrast, at the third trophic level, exposure of aphid hosts
to surfactins did not affect behaviors leading to host recognition and acceptance by parasitoid females.
CONCLUSION: This study highlighted the consequences of aphid exposure to surfactins in the context of bottom-up regulation.
Although surfactins could directly impact aphid behavior, they had no apparent consequences on the host selection behavior
exhibited by parasitoid wasps.
© 2021 Society of Chemical Industry.
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The use of beneﬁcial microorganisms as biopesticides represents
promising safe and environmentally friendly crop protection
management.1 Lipopeptides obtained from numerous species of
the Bacillus genus display a wide spectrum of biocide activities,
targeting many microorganisms and more specially fungi.2 Lipopeptides are composed of a cyclic hydrophilic peptide linked to
a hydrophobic fatty acid chain and are classiﬁed into three different families: fengycins, iturins and surfactins. Lipopeptides are
produced as a mixture of isoforms that may vary in the composition of their peptide cycle but most often in the length of their
fatty acid chain. Surfactins are the most well-known lipopeptides
produced by Bacillus subtilis (Ehrenberg) and represent a family
that is found in almost all strains. Surfactins are produced alone
or as a binary or tertiary mixture with lipopeptides from other families.3 Moreover, the ecotoxicity of surfactins is very low compared
with their chemical counterparts4 and they are readily biodegradable.5 Fengycins and surfactins interfere with the structure of the
cell membrane as they penetrate the lipid layer, inducing cell lysis
when used at high concentrations.6,7 Despite similar modes of
action, fengycins and surfactins differ in their biocide activity.
For instance, surfactins show no marked antifungal efﬁciency

compared with fengycins.8 Iturins are also able to interact with
biological membranes, and their antifungal properties are related
to speciﬁc interaction with the ergosterol content of the biological
membrane.9 They also have hemolytic properties based on
osmotic perturbation due to the formation of ion-conducting
pores.10 These lipopeptides alone (fengycins and iturins) or in a
mixture (fengycins/surfactins or iturins/surfactins) have recently
demonstrated good efﬁcacy against the apple scab Venturia inaequalis (G. Winter).11
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Lipopeptides from various Bacillus species are active against a
wide spectrum of insects, making them promising bio-insecticides, as long as their unintended effects on non-target organisms
remain limited. Their insecticidal activities are generally achieved
by using cocktails of several molecules, either following ingestion12–14 or topical contact,15 inducing damage on midgut tissues
and cuticle modiﬁcation, respectively. Among lipopeptides, surfactins have been shown to induce mortality in insects belonging
to different orders such as Lepidoptera (moths16), Diptera
(mosquitoes,17 fruitﬂies18) and Homoptera (aphids16,19,20). These
different studies also revealed that the insecticidal activity of surfactins varied depending on the concentration and isomer used.
Because surfactins can trigger sufﬁcient insecticidal activity when
used alone, they represent the most promising insecticidal
candidates.
Besides their known insecticidal potential at given concentrations, the sublethal effects of lipopeptides on insect pests and
their natural enemies remain largely unknown. Sublethal effects
are deﬁned as modiﬁcations of the behavior or ﬁtness of individuals who survived exposure to a toxic compound.21 Concerning
insect pests, lipopeptide exposure may alter their preference/
performance towards their host plants, as shown with the use of
conventional pesticides.22,23 Regarding natural enemies, the sublethal effects of pesticides may impair their potential natural regulation of pests.24–26 However, information regarding the effects
of insecticides on the behavior of insects remains relatively
scarce.27,28 Moreover, in most studies, sublethal impacts are generally studied on either the behavior of the pest or the behavior of
its natural enemy, but rarely on both.
The purpose of the current work was to evaluate the sublethal
effects of surfactins exposure on the behavior of an aphid pest
and the consequences on the host preference of one of its parasitoids. The aphid model selected was the black bean aphid Aphis
fabae (Scopoli), because it is a common polyphagous aphid pest
of European agricultural crops that is also a vector of numerous
phytoviruses. The chosen parasitoid was a commercially available
aphid natural enemy, the generalist endoparasitoid Aphidius
matricariae (Haliday) known to parasitize at least 40 aphid
species.29 First, the effects of surfactins on aphid mortality were
determined by delivering, via topical exposure, increasing concentrations of surfactins to adults and nymphs. Second, the surfactins concentration determined as sublethal on adults was
evaluated for its effects on aphid behavior, in terms of the locomotor activity of both adults and nymphs, and feeding activity
of adults. Finally, we studied whether A. matricariae females
would be able to discriminate between aphid nymph hosts
exposed or not to surfactins.

2 MATERIALS AND METHODS

930

2.1 Plants and insects
Plantlets used in the experiments were obtained from Vicia faba
(cv.”Axel”) seeds. They were grown for 3 weeks in plastic pots
(60 × 60 × 70 mm) with commercial sterilized potting soil
(Botanic, reference: 386895, 86.50 g per pot) in a climatecontrolled room (20 ± 1°C, 60 ± 5% relative humidity (RH), and
a 16:8 h light/dark photoperiod at 2 klx).
The colony of Aphis fabae was initiated from a single apterous
parthenogenetic female provided in 2018 by the UCL (Leuven,
Belgium) and maintained in ventilated plastic cages (360 × 240 ×
110 mm; Enseignes Picardes) in a climate-controlled room (20 ± 1°
C, 60 ± 5% RH and a 16:8 h light/dark photoperiod at 2 klx) to induce
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parthenogenesis. Cohorts of synchronized Aphis fabae nymphs were
reared in 90-mm diameter plastic Petri dishes containing leaves
of V. faba embedded in 1.5% agar (w/v) under the controlled conditions described above, until they were used in the experiments.
Nymphs were obtained by placing parthenogenetic adult females
on plantlets for 24 h before removing them. Third-instar nymphs
and young adults (4- and 9-day-old aphids, respectively) were
selected for bioassays.
Aphidius matricariae parasitoids were obtained from Viridaxis as
mummies. The commercial line of A. matricariae had not been
reared on Aphis fabae or on V. faba. Upon reception, mummies
were transferred to plastic tubes (75 × 13 mm) closed with a cotton plug. Once emerged, parasitoids were sexed and mating was
allowed for 48 h by grouping two to three females with two males
in the same plastic tube (75 × 13 mm). Aphids were fed ad libitum
with a 1:1 honey/water (v/v) solution until used in experiments.
Parasitoids were maintained in a climate chamber (Panasonic,
Versatile Environmental Test Chamber MLR-352H, 294 L) at 20
± 1°C, 60 ± 5% RH and a 16 h light/dark photoperiod. Threeday-old standardized parasitoid females (mated, fed and without
oviposition experience) were used in the laboratory experiments.
2.2 Surfactins production and puriﬁcation
Surfactins were produced by Bacillus subtilis BBG131 in shaken
ﬂasks according to Coutte et al.30 and then puriﬁed and extracted
using ultraﬁltration with four steps of sequential diaﬁltration
according to Coutte et al.31 At the end of the process surfactins
were freeze-dried. The purity of the surfactins powder was evaluated using Ultra Performance Liquid Chromatography (UPLC) as
described below. The composition of the surfactins produced by
strain BBG131 has previously been analyzed by mass spectrometry and published.32 Surfactins isoforms are composed of fatty
acids of differing chain length from C12 to C16 carbons.
Surfactins solutions were prepared by solubilizing surfactins
powder (75%) at 20°C in a 5% dimethylsulfoxide and 0.2% HELIOSOL® (ActionPin) stirred solution at concentrations of 0.5, 1, 2.5
and 5 g L–1. The control solution was made from ultrapure water
also in 5% dimethylsulfoxide and 0.2% HELIOSOL stirred solution.
Addition of HELIOSOL is justiﬁed by the fact that it is an adjuvant
very often used for the treatment of different crops and especially
for apple trees. Surfactins powders and solutions were analyzed
by reverse-phase high-performance liquid chromatography using
a C18 column on Acquity UPLC system (Waters) with an acetonitrile/water/ Tri-Fluoroacetic Acid (TFA) 80:20:0.5 (v/v/v). The ﬂow
rate was 0.6 ml min−1, and the detection wavelength was
214 nm. Puriﬁed surfactins supplied by Sigma Aldrich was used
as standard. The retention time and second derivative of the
absorption spectrum between 200 and 400 nm were used to
identify the eluted molecules (Empower software, Waters).
2.3 Aphid exposure to surfactins
Using an Eppendorf micropipette (0.1–2.5 μl), 0.2 μl of surfactins
solution or control solution was applied topically onto the abdomen of young aphid adults. To avoid nymphs drowning in the
solution droplet, the volume applied to the abdomen of thirdinstar nymphs was 0.15 μl. After topical application, aphids were
left for 1 h in the Petri dish in which they had been treated, to
allow the solution to penetrate the cuticle and to estimate their
immediate mortality. Surviving aphids were then transferred to
a 90-mm diameter plastic Petri dish containing V. faba leaves
embedded in 1.5% agar, in which they were kept for 24 h before
being used in behavioral and physiological bioassays. All the
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experiments were conducted at 20 ± 1°C, 60 ± 5% RH and a
16:8 h light/dark photoperiod.
2.4 Aphid mortality and determination of the sublethal
concentration on adults
The purpose of this experiment was to evaluate the effect of surfactins on the mortality of aphids at two different time scales. Four
different concentrations were tested (0.5, 1, 2.5 and 5 g L–1) and
applied to aphids by topical contact as described above. One hour
after topical application (that is, before transferring aphids to Petri
dishes containing V. faba leaves), the percentage of mortality at
1 h (here deﬁned as the mortality occurring within 1 h following
the exposure) was assessed as the number of dead aphids divided
by the number of treated aphids. At 24 h after topical application,
the percentage of mortality was calculated as the total number of
dead aphids (number of aphids recorded dead both at 1 h and
24 h after exposure) divided by the total number of aphids initially
treated.
Determination of the sublethal concentration was based on
mortality experiments on adults. It was conventionally selected
according to the deﬁnition of Desneux et al.25 as the concentration inducing no signiﬁcant mortality in the treated population.
A concentration of 1 g L–1 was therefore used to study the sublethal effect on aphids of exposure to surfactins in all subsequent
experiments.
2.5 Aphid locomotor activity
To study the sublethal effect of exposure to surfactins (1 g L–1) on
the locomotor behavior of Aphis fabae nymphs and adults, the
dispersion behavior and velocity of aphids pre-exposed to the
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2.6 Aphid feeding behavior
The aim of this experiment was to study the sublethal effect of
exposure to surfactins (1 g L–1) on aphid adult feeding behavior.
This was done using the electrical penetration graph (EPG)
method.34 An electrode consisting of a 2-cm long copper wire soldered to the head of a 2.2-mm diameter brass nail was used to
wire the insects. The other end of the electrode consisted of a thin
20-μm diameter and 2-cm long gold wire glued to the copper wire
portion of the electrode. A droplet of conductive water-based silver glue was used to attach the gold wire to the copper wire of the
electrode and another was deposited on the abdomen of aphids
to attached them to the extremity of the gold wire with silver glue
(both provided by EPG Systems). Eight individual aphids were
connected to the Giga-8 DC-EPG ampliﬁer (EPG Systems), each
placed on the abaxial side of a leaf of an individual plant. Recordings were performed continuously for 8 h during the photophase
inside a Faraday cage, under controlled conditions of 20 ± 1°C,
60 ± 5% RH and a 16:8 h light/dark photoperiod. EPG data were
digitized using a DatQ Instruments DI-710-UH analog-to-digital
board and recorded using Stylet+ software (EPG Systems), at a
sample rate of 100 Hz, input impedances (Ri) of 109 ohms (Ω),
and DC substrate voltage. Analysis of the EPG waveforms was carried out using Stylet+ software. Parameters from the recorded
waveforms were calculated with EPG-Calc version 6.1.7 software.35 Parameters were based on different EPG waveforms36 corresponding to: total stylet probing activity within plant tissues;
phloem activity (salivation within phloem vessels and phloem
sap ingestion); xylem sap ingestion; and stylet derailment. A total
of 24 plants per treatment were used for the EPG measurements.
EPG records were obtained from 37 and 31 aphids exposed to the
control or 1 g L–1 surfactins solution, respectively.
2.7 Host recognition and acceptance by parasitoid
females
The aim of this experiment was to evaluate whether A. matricariae
females would be able to discriminate between aphid nymph
hosts exposed to surfactins and nymph hosts exposed to the control solution. One standardized A. matricariae female was introduced into a test arena, as described by Chesnais et al.37 The
test arena consisted of a 90-mm diameter plastic Petri dish,

© 2021 Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

931

FIGURE 1. Bioassay set-up used, adapted from Chesnais et al.,33 to record
the dispersion behavior and locomotor activity of aphids in a paper arena
covered with a square glass plate. Gray line: example of an aphid path
observed on the arena for 300 s. Red dots: number of spatial zones into
which the aphid entered. The maximum spatial zone reached was considered a “dispersion” parameter. The “velocity” parameter was equal to the
mean time taken to cross a given spatial zone.

control or surfactins solution were monitored on a target arena
according to the methodology of Chesnais et al.33 (Figure 1).
One single aphid was deposited in the center of an experimental
arena (285 mm diameter), divided into ten concentric circles
(“spatial zones”) 15 mm apart. Each aphid was deposited on a
transparent glass plate placed on top of the arena, which allowed
cleaning of the glass surface with ethanol and then water every
ﬁve recordings. To minimize external stimuli, the arena was positioned between four white foam cardboard “walls” (45 cm high).
For each aphid, the time taken to cross one particular spatial zone
for a maximum of 300 s (“velocity” parameter) and the maximum
zone reached (“dispersion” parameter) were determined. The test
was completed (i) if the aphid crossed the 10th spatial zone and
left the arena, or (ii) at the end of the 300 s. All aphids staying in
the introduction circle for the whole 300 s were considered
“non-responding”. A total of 60 nymphs and 28 adults were used
for the control treatment, and 64 nymphs and 28 adults for the
surfactins treatment. Results were analyzed for the responding
adults and nymphs (that is, 43 nymphs and 23 adults for control
aphids, and 31 nymphs and 25 adults for surfactins treated
aphids).
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containing one V. faba leaf embedded in 1.5% agar onto which
20 pre-exposed nymphs (ten exposed to 1 g L–1 surfactins solution, ten exposed to the control solution) had been deposited
1 h before the start of the experiment. A droplet of water-based
paint (blue or red) was deposited on the abdomen of the aphid
to discriminate between nymphs exposed to surfactins and control. Colors were permuted each day to avoid an effect of color
on host selection by the parasitoid female. Observations started
immediately upon deposition of the parasitoid female and lasted
for 10 min. The time before the ﬁrst recorded behavioral item
(latency time) and the ﬁrst choice (aphid with which the parasitoid
female ﬁrst interacted) were noted. The frequency and sequence
of the following behavioral items were then recorded: antennal
examination (AE), abdomen bending (AB) and ovipositor insertion
(OI).38 Ovipositor insertion was recorded whenever a parasitoid
female made physical contact with an aphid using its ovipositor,
while exhibiting an oviposition stance (abdomen bending). For
the analysis, the behaviors were regarded as a series of events
and only the ﬁnal event was recorded (for example, if a wasp
had antennated an aphid and then bent its abdomen, this was
noted as AB and not as AE + AB). To assess the proportion of OI
resulting in true oviposition (OV), all stung aphids were dissected
in a drop of NaCl solution (9‰) under a stereomicroscope to calculate the rate of oviposition (%_OV = number of OV/number of
OI). Thirty replicates were made in total for each treatment.
2.8 Statistical analysis
All statistical analyses were performed using R software version
3.6.2 (The R Foundation, https://www.r-project.org/). The effect
of surfactins on aphid mortality (adult and third-instar nymphs),
at 1 and 24 h, was analyzed using a chi-square test of homogeneity followed by pairwise comparisons between treatments using
chi-square tests (control, 0.5, 1, 2.5 and 5 g L–1), with a Bonferroni
test for multiple comparisons.
The impact of 1 g L–1 of the selected surfactins concentration on
aphid locomotor and feeding behavior was then assessed by carrying out a Monte Carlo permutation test (999 replicates) to test
for the signiﬁcance of the differences of the median of each
parameter between controls and treated aphids. The effect of
the surfactins treatment at the 1 g L–1 concentration on the
percentage on non-responding aphids was assessed by using a
chi-square test.
Regarding parasitoids, the difference of latency time between
treated and untreated hosts was compared using the Cox proportional hazards regression model, which is adapted to treat
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time-dependent parameters. The assumption of validity of proportional hazards was validated using the function “coxph” (package
R: “survival”, version 3.1.8: https://github.com/therneau/survival).
The ﬁrst choice of the parasitoid females as well as the rate of oviposition towards treated and untreated hosts were compared using a
chi-square test. Parasitoid attack rate parameters (AE, AB, OE)
towards treated and untreated hosts were compared using a
Mann–Whitney test because the data were not normally distributed
and homoscedasticity was not respected.

3 RESULTS
3.1 Aphid mortality
The percentage mortality of Aphis fabae adults and nymphs after
exposure to surfactins at four different concentrations is summarized in Table 1. Regarding adults, only the greatest surfactins concentration (5 g L–1) induced approximately 40% mortality at 1 h in
the treated aphids (χ 2 test, χ 2 = 39.03, p < 0.001). Percentage
mortality at 24 h was signiﬁcantly greater in aphids exposed to
2.5 and 5 g L–1 surfactins concentrations, reaching respectively
approximately 60 and 80% (2.5 g L–1 versus control: χ 2 test, χ 2
= 25.69, p < 0.001; 5 g L–1 versus control: χ 2 test, χ 2 = 63.25,
p < 0.001). Both the 0.5 and 1 g L–1 surfactins concentrations
induced mortalities in adults that were not signiﬁcantly different
compared with controls. Thus these two concentrations could
be considered sublethal, as deﬁned by Desneux et al.25 To carry
out all behavioral bioassays, we selected the greatest concentration tested that did not signiﬁcantly impact adult mortality, that
is, 1 g L–1.
Concerning exposed nymphs, although all mortalities at 1 h
tended to be overall greater compared with controls for all surfactins concentrations, differences from controls were signiﬁcant for
0.5, 2.5 and 5 g L–1 (χ 2 test, χ 2 = 95.52, p < 0.001). Percentage
mortality values at 24 h ranged from approximately 38%
(0.5 g L–1) to approximately 95% (5 g L–1), and revealed a
concentration-dependent lethality of surfactins (χ 2 test, χ 2 =
77.53, p < 0.001).
3.2 Aphid locomotor activity
Adult aphid velocity was signiﬁcantly greater following exposure
to surfactins and it doubled compared with aphids exposed to
the control solution (hereafter referred as “controls”) (Figure 2).
Indeed, the time taken to cross one particular spatial zone was
half that in adults exposed to surfactins compared with controls,
respectively 15.46 ± 2.03 and 37.07 ± 6.58 s (Monte Carlo

TABLE 1. Effect of the concentration of surfactins on mortality rates of Aphis fabae topically treated at two different life stages (third-instar nymphs
and adults)

Adults
Mortality at 1 h (%)
Mortality at 24 h (%)
Nymphs
Mortality at 1 h (%)
Mortality at 24 h (%)

p-value
<0.001
<0.001
p-value
<0.001
<0.001

Control

0.5 g L–1

1 g L–1

2.5 g L–1

5 g L–1

(n = 41)
7.32 a
21.95 a
(n = 66)
4.55 a
22.73 a

(n = 40)
10.00 a
20.00 a
(n = 60)
21.67 b
38.33 b

(n = 65)
9.23 a
32.31 ab
(n = 67)
17.91 ab
53.73 bc

(n = 47)
4.26 a
57.45 bc
(n = 59)
35.59 b
69.49 c

(n = 74)
39.19 b
78.38 c
(n = 59)
79.66 c
94.92 d
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The percentage mortality at 1 h corresponds to the number of aphids dead within 1 h divided by the number of aphids initially treated, and the percentage mortality at 24 h corresponds to the total number of aphids dead within 24 h after exposure divided by the number of aphids initially treated.
Percentages in the same line followed by the same letter are not signiﬁcantly different following post-hoc tests (p > 0.05, χ 2 tests with Bonferroni
correction).
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FIGURE 2. Locomotor activity of Aphis fabae adults and third-instar nymphs topically exposed to the control or 1 g L–1 surfactins solution. (a) Mean time
taken to cross one particular spatial zone (s) and (b) maximum zone reached. Box plots show mean (line) and 25–75% percentiles (box). Asterisks indicate a
signiﬁcant difference between aphids exposed to control and surfactins solutions, whereas the ‘NS’ label indicates an absence of signiﬁcant difference
(Monte Carlo permutation test, **p < 0.005; NS, p > 0.05).
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FIGURE 3. Feeding behavior parameters of Aphis fabae adults topically exposed to the control or the 1 g L–1 surfactins solution. (a–d) Duration of: (a) total
stylet probing activity within plant tissues, (b) phloem activity (both salivation and ingestion), (c) xylem sap ingestion and (d) stylet derailment. Box plots
show mean (line) and 25–75% percentiles (box). Asterisks indicate a signiﬁcant difference between aphids exposed to control and surfactins solutions
(Monte Carlo permutation test, *p < 0.05).
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TABLE 2. Host recognition and acceptance behavior of Aphidius matricariae females on Aphis fabae third-instar nymphs exposed to the control or
1 g L–1 surfactins solution

Behavioral parameters
Latency time (s; mean ± SEM)
First choice
AE (mean ± SEM)
AB (mean ± SEM)
OI (mean ± SEM)
%_OV

p-value
χ 2 (CPH): NS
χ 2: NS
Mann–Whitney: NS
Mann–Whitney: NS
Mann–Whitney: NS
χ 2: NS

Control

Surfactins

(n = 30)
161.31 ± 30.91
16
3.00 ± 0.57
1.63 ± 0.36
1.17 ± 0.24
85.71

(n = 30)
184.71 ± 31.16
14
2.60 ± 0.46
1.77 ± 0.36
1.13 ± 0.21
76.47

Abbreviations: AB, number of abdomen bending; AE, number of antennal examination; OI, number of ovipositor insertion; %_OV, percentage of true
oviposition.
p-values are given for each speciﬁc test carried out: χ 2 (CPH), Cox proportional hazard model; χ 2, chi-square test and Mann–Whitney tests. ‘NS’ indicates an absence of signiﬁcant difference in the behavior of the female parasitoids between aphid host nymphs exposed to the 1 g L–1 surfactins
solution and controls (p > 0.05).

permutation test, p = 0.008). Adult dispersion (that is, the maximum zone reached) was also signiﬁcantly greater following surfactins topical exposure compared with controls. On average,
adult aphids exposed to surfactins reached the ninth zone,
whereas controls reached the sixth zone (Monte Carlo permutation test, p = 0.003). The percentage of non-responding aphids
was not statistically different between controls and adults
exposed to surfactins, 18% and 11% respectively (χ 2 test,
χ 2 = 0.14, p = 0.70).
Regarding nymphs, no difference in velocity (Monte Carlo permutation test, p = 0.21) or dispersion (Monte Carlo permutation
test, p = 0.99) was observed between controls and aphids
exposed to surfactins. The percentage of non-responding nymphs
was signiﬁcantly greater in the surfactins treated group (52%)
than in the control group (28%) (χ 2 test, χ 2 = 6.01, p = 0.014).
3.3 Aphid feeding behavior
The duration of total stylet probing activity within plant tissues
was not signiﬁcantly different between aphids exposed to surfactins and controls (Monte Carlo permutation test, p = 0.18), and
lasted ca. 390 min (Figure 3a). The duration of phloem activity
(salivation within phloem vessels and phloem sap ingestion)
was 1 h shorter for aphids exposed to surfactins compared with
controls (Monte Carlo permutation test, p = 0.028; Figure 3b).
The mean duration of xylem sap ingestion was signiﬁcantly longer
for aphids exposed to surfactins (80.19 ± 10.58 min) compared
with controls (52.76 ± 10.30 min) (Monte Carlo permutation test,
p = 0.042; Figure 3c). Finally, the duration of stylet derailment
was signiﬁcantly longer for aphids exposed to surfactins (84.99
± 11.44 min) compared with controls (67.77 ± 26.16 min)
(Monte Carlo permutation test, p = 0.029; Figure 3d).
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3.4 Host recognition and acceptance by parasitoid
females
Results revealed that neither host recognition nor host acceptance
by A. matricariae were signiﬁcantly affected by the exposure of
nymphs to surfactins (Table 2). Whether aphids were exposed to
the surfactins or to the control solution, no signiﬁcant difference
could be observed for the ﬁrst choice of aphid host by
A. matricariae females (χ 2 test, χ 2 = 0.13, df = 1, p = 0.72), latency
times (Cox proportional hazards model, χ 2 = 0.04, df = 1,
p = 0.85), numbers of antennal examination (Mann–Whitney,
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U = 164.5, p = 0.43), abdomen bending (Mann–Whitney, U =
84.5, p = 0.68) and ovipositor insertion (Mann–Whitney,
U = 142.5, p = 0.84). Finally, the percentages of eggs actually
deposited after an ovipositor insertion were not signiﬁcantly different between exposed and control aphids (χ 2 test, χ 2 = 0.45,
df = 1, p = 0.50).

4 DISCUSSION
This is the ﬁrst study investigating the effects of lipopeptides on the
behavior of both an insect pest and one of its natural enemies. To
represent a ﬁeld context in which whole colonies would be
sprayed, we investigated the effects of surfactins topical applications on both nymphs and adults. A concentration-dependent
lethality of surfactins on the black bean aphid pest Aphis fabae
was revealed within 24 h when applied topically, especially
for nymphs. At the 1 g L–1 concentration studied, surfactins
signiﬁcantly impacted aphid behavior in terms of locomotor and
feeding activity. In contrast, concerning the third trophic level,
A. matricariae females host choice was not affected because they
did not discriminate between surfactins-exposed nymphs and
controls.
This study revealed a clear effect of surfactins on the mortality of
Aphis fabae, which conﬁrmed the aphicidal properties of lipopeptides described on Myzus persicae (Sulzer) and Rhopalosiphum
padi (Linnaeus).15,19,20 In our study, concentrations of 1 and
2.5 g L–1 induced mortality at 24 h after exposure in approximately 50% of the treated nymphs or adults, respectively. The
capacity of lipopeptides to interfere with the lipid layer could
explain their topical aphicidal properties.8 Indeed, Rodríguez
et al.15 showed via microscopy data that topical exposure to
Bacillus atrophaeus (Nakamura) surfactants, which contained the
three families of lipopeptides and mainly surfactins (90% or
more), altered the cuticle of R. padi. They hypothesized that exposure of aphids to surfactants led to perturbations of the cuticle,
because its thickness was reduced and clear evidence of damage
was observed.15 Surfactants from Pseudomonas sp. showed
similar activities on M. persicae.39,40
Our study clearly revealed that surfactins treatment altered
aphid adult behavior at the 1 g L–1 concentration used. Concerning locomotor behavior, the velocity and dispersion of treated
aphids were greater compared with controls. Pesticides or
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surfactants, via their neurotoxic effects, may induce such behavioral modiﬁcations.41,42 Some lipopeptides are known to have
contrasting effects on animals nervous system, either toxic43,44
or protective.45 Although under ﬁeld conditions increased
locomotion in adult aphids could enhance their potential to colonize new host plants and propagate viruses, it could also increase
their probability of escaping natural enemies.46 Concerning aphid
feeding behavior, the duration of total stylet probing activity
within plant tissues was not affected by surfactins exposure. However, the ratio of phloem sap ingestion to the global activity was
reduced. Phloem sap ingestion is considered one of the last steps
of host plant acceptance by aphids,47 thus surfactins may perturb
host plant colonization by aphids. This is congruent with the
results of Rodríguez et al.15 who demonstrated that treatment of
the aphid R. padi with surfactants (mostly containing surfactins)
of B. atrophaeus L193 induced a reduction in their feeding activity
through a decrease in honeydew excretion. Our results showed
that aphids exposed to surfactins did ingest xylem sap for a
greater duration than controls at the expense of phloem sap
ingestion. Xylem sap ingestion can occur to overcome hydric
stress, as demonstrated on Macrosiphum euphorbiae (Thomas)
aphids following exposure to mineral oil.48 The fact that cuticle
dehydration may be induced by the interaction between surfactants and membrane molecules such as phospholipids and fatty
acids39,40 could partly explain the aphid need for rehydration
recorded in our study. Finally, exposure of aphids to surfactins
induced a longer duration of stylet derailment. Surfactins treatment seemed to have stimulated the mechanics of stylet derailment, which could have partially impacted the accessibility of
aphid stylets to the phloem vessels and, consequently, the shorter
duration of phloem sap ingestion recorded.
Finally, contrary to the sublethal behavioral effects observed on
the second trophic level, no cascade effect of surfactins was
recorded on host selection by parasitoid females. Faced with a
choice between a surfactins-treated or a control host, parasitoid
females exhibited similar host recognition and acceptance in terms
of behavioral patterns. To our knowledge, the few studies investigating the effect of host exposure to insecticides revealed contrasting effects on parasitoid host selection. Whereas host exposure to
pesticides may reduce parasitoid attack rate,49 our results are congruent with studies highlighting a lack of discrimination in terms
of parasitoid oviposition behavior between exposed and unexposed hosts.50,51 Alongside chemical cues, parasitoids use physical
traits such as color or shape to locate their hosts.52,53 Among these
physical signals, host locomotion often represents a necessary stimulus for female parasitoids to initiate host contact/attack.54–56
Because no difference in terms of velocity or dispersion could be
observed between Aphis fabae nymphs exposed to surfactins and
controls, the lack of locomotor cues from the aphid hosts could have
contributed to the absence of discrimination in A. matricariae parasitoid females during the host selection process. It should also be
noted that the surfactins-treated aphid nymphs showed a signiﬁcantly greater number of non-responding individuals. Although it
is possible that the reason behind this signiﬁcant difference was that
the concentration of surfactins used caused a higher level of mortality in treated nymphs than the control, this had no impact on female
parasitoid host choice.

5
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