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Abstract

Aphids are major crop pests capable of colonizing the main plants grown for human consumption. They have specialized
cells, the bacteriocytes, which house the obligate symbiont Buchnera aphidicola that provide them with essential nutrients
missing from their diet. Bacteriocyte-specific cysteine-rich peptides (BCRs) are encoded by a defensin gene family exclu-
sively present in aphids and specifically expressed in bacteriocytes. One BCR family member, BCR4, has been shown to have
insecticidal properties against the pea aphid, Acyrthosiphon pisum (Hemiptera: Aphididae). In the present study, we exposed
the pea aphid to different doses of BCR4 and examined the impact on aphid survival, mass, anatomy, and fecundity, as well
as on bacterial symbiosis. As different pea aphid lines with various symbiotic status may be differently affected by stress, we
investigated the effect of BCR4 ingestion on three different A. pisum lines: LLO1 and YR2-amp, that are mono-infected with
B. aphidicola, and YR2-Ri, that is genetically identical to YR2-amp but also contains the extracellular facultative symbiont
Regiella insecticola. Our results show a strong dose—response effect of BCR4 on LLO1 survival and a more moderate effect
on both YR2 lines, while an impact on the mass was observed in the three lines. Histological analyses revealed severe embry-
onic developmental defects due to the treatment. Finally, BCR4 treatment reduced symbiont quantity, with B. aphidicola
being more affected than R. insecticola. This study supports the hypothesis that BCR4 could act as a key regulator of aphid
symbiosis and development and highlights its potential as a candidate bioinsecticide for pest control.
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Introduction

Aphids are major crop pests, causing global losses esti-
mated at hundreds of millions of dollars each year (Gula
2023). They make up to 26% of pests on important food
crops in temperate regions, including maize, wheat, pota-
toes, sugar beets, barleys, and tomatoes (Calevro et al.
2019; Dedryver et al. 2010). These hemipteran insects
feed on plant phloem sap, causing physiological stress
that hampers plant growth and leads to yield losses (Rab-
binge et al. 1981; Dedryver et al. 2010; El Fakhouri et al.
2021; Luo et al. 2022). Aphids have also been reported as
the most efficient and important vectors of plant viruses,
transmitting nearly 300 different virus species (Hogenhout
et al. 2008), which corresponds to 30% of the total number
of plant pathogenic viruses identified to date.
Aphids'ecological success is largely due to their sym-
biotic relationship with the y-proteobacterium Buchnera
aphidicola, an obligate ‘primary’ endosymbiont that pro-
vides them with essential nutrients poorly represented in
their diet (Wernegreen 2012; Hansen & Moran 2014). This
primary symbiont is vertically transmitted and lives within
specialized host cells known as bacteriocytes (Baumann
2005) that are the interface of metabolic exchanges between
the symbiotic partners (Smith & Moran 2020), regulate sym-
biont populations (Simonet et al. 2018) and are involved
in their vertical transmission (Koga et al. 2012). Aphids
can also host various facultative ‘secondary’ endosymbi-
onts, including Spiroplasma, Wolbachia, and Rickettsia
species, as well as Enterobacteria such as Regiella insecti-
cola, Hamiltonella defensa, and Serratia symbiotica (Oliver
et al. 2010; Guo et al. 2017). These secondary symbionts,
located in the hemolymph, secondary bacteriocytes, and/or
other organs (sheath cells, oenocytes, and digestive tract)
(Tsuchida et al. 2014), can be transmitted both vertically and
horizontally (Darby & Douglas 2003; Li et al. 2018; Pons
et al. 2019a, b; Renoz et al. 2019). They have been associ-
ated with benefits like thermal resistance (Montllor et al.
2002), protection against natural enemies (Oliver et al. 2003;
Scarborough et al. 2005; Frago et al. 2017), and adaptation
to different host plants (Renoz 2024; Tsuchida et al. 2004).
Current aphid control strategies rely essentially on
chemical treatments, whose extensive use contributes to
environmental pollution and the development of insect
resistances (Goulson 2018). Consequently, there is an
urgent need for the development of environmentally-
friendly alternatives. Small disulfide-rich proteins (DRPs)
from plants or arthropods are promising candidates to be
used instead of, or in combination with low doses of,
chemical insecticides, due to their wide range of biological
activities related to host defense, as well as their stability
and resistance to enzymatic degradation (Ho et al. 2023).
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A specific class of DRPs, known as bacteriocyte-spe-
cific cysteine-rich (BCR) peptides, has been identified in
the pea aphid, Acyrthosiphon pisum (Shigenobu & Stern
2013). These peptides, encoded by seven orphan genes, are
expressed in the bacteriocytes of both embryonic and adult
aphids, suggesting a role in the maintenance of bacteriocyte
homeostasis and the control of endosymbionts (Shigenobu
& Stern 2013). Previous research has shown that BCR4, in
particular, exhibits insecticidal effects when orally delivered
to the A. pisum line LLO1, reducing its survival and mass
(Loth et al. 2022).

This investigation aimed to determine what the develop-
mental and anatomical bases of BCR4 toxicity are, whether
this toxicity could be explained by a direct effect on symbi-
otic cells, and whether those vary depending on the aphid
genetic background and/or the presence of facultative symbi-
onts. The effects of ingesting sublethal doses of BCR4 were
investigated using a panel of complementary approaches
(life history traits, histological and FISH analyses, and flow
cytometry) applied to three A. pisum lines: LLO1, YR2-amp,
and YR2-Ri. LLO1 and YR2 lines are genetically different.
Moreover, the first two lines only harbor the obligate sym-
biont B. aphidicola, while the third also hosts the facultative
symbiont R. insecticola.

Material and methods
Aphid lines and rearing

All the experiments were performed using the pea aphid,
Acyrthosiphon pisum. Three distinct lines were used:
LLO1, YR2-Ri, and YR2-Amp. LLO1 corresponds to a nat-
ural line (Rahbé & Febvay 1993) harboring only the obli-
gate primary symbiont B. aphidicola. YR2-Ri naturally
harbors both B. aphidicola and the facultative symbiont R.
insecticola (Simon et al. 2011). YR2-Amp was produced
from the YR2-Ri line, after treatment with antibiotics to
eliminate R. insecticola (Koga et al. 2007; Simon et al.
2011). The presence of the latter and the absence of other
secondary symbionts that may be found in pea aphids (i.e.,
Hamiltonella defensa, cd. Fukatsuia symbiotica, Rickettsia
sp, Rickettsiella sp, Serratia symbiotica and Spiroplasma
sp.) were verified by a PCR-based diagnostic developed by
Peccoud et al. (2014). The three lines were maintained as
strictly parthenogenetic matrilines on young broad bean
plants (Vicia faba, L. cv. Aquadulce), with a photoperiod
of 16 h light-8 h dark, at 21 °C with ~60% of humid-
ity. To obtain synchronized aphids, around 100 reproduc-
tive females (9-11-day- old) per line were left on plants
for 24-72 h (pre-synchronization). The adults were then
removed, and newborn nymphs were kept on the plant for
9 days (= adult stage), then transferred to a new plant for
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24 h (synchronization). The resulting synchronized first
instar nymph (< 1 day old) were then placed on artificial
diets containing different concentrations of the BCR4 pep-
tide for the different experiments. The complete experi-
mental design is illustrated in Fig. S1.

Synthesis and purification of BCR4

The BCR4 peptide sequence was synthesized and folded
according to the optimized procedure described in a pre-
vious study (Loth et al. 2022). Briefly, BCR4 was gen-
erated by native chemical ligation (NCL) of two peptide
segments, followed by oxidative folding to form the three
disulfide bridges. Both peptide segments were purified
using C18 reverse phase (RP) HPLC. The purified peptides
were then chemoselectively coupled and purified under
standard NCL conditions to yield the pure reduced form of
BCRA4. This form was then subjected to in vitro oxidative
folding followed by purification to homogeneity using C18
RP-HPLC. Analysis of the final folded product by ESI-
HRMS confirmed the presence of three disulfide bridges.

Survival and growth monitoring following BCR4
ingestion

To test the effect of BCR4 ingestion on aphid survival
and growth, the synthetic peptide was serially diluted in
AP3 artificial diet (Rahbé et al. 1988; Calatayud 2000) at
the following concentrations (in pg/ml): 0 (control), 50,
100, 250, 375, 500, 750 and 1000, and prepared in ad
hoc feeding chamber as previously described (Rahbé et al.
1988). For each aphid line and each concentration, three
groups of ten first instar nymphs were collected and fed on
independent feeding chambers. In order to avoid contami-
nation, the artificial diet was replaced on the fourth day
of treatment. Moreover, to avoid crowding of the feeding
chamber, aphids were split into two groups of five aphids
(Fig. S1). Survival was monitored daily for seven days.
At the end of the experiment, all surviving aphids in the
control groups had reached the fourth nymphal stage and
ten surviving aphids per group were randomly selected
and individually weighed on a Mettler AE163 analytical
microbalance (Mettler Toledo, Columbus, OH, United
States). To confirm the specificity of the observed effect,
i.e. that this was due to BCR4, the same experimental
design was repeated, using a negative control peptide at
the highest concentration only (1000 pug/ml). The peptide
used (U, ;; for details, see Barassé et al. 2023) comes from
the ant Tetramorium bicarinatum, possesses a disulfide
bond and a molecular weight of 4.0 kDa, close to the 5.9
kDa of BCR4.

Analysis of the effect of BCR4 ingestion on aphid
morphology and anatomy

To study the effect of BCR4 ingestion on aphid morphol-
ogy and anatomy, the previous experimental design was
repeated with aphids fed either on a control AP3 diet or on
a diet supplemented with the dose of 1000 pg/ml of BCR4
for 7 days. At this time, all aphids in the control groups
had reached the fourth nymphal stage. Dissection and his-
tological preparations were carried out as described below.

Dissection and macroscopic observations

After 7 days of treatment, at least six aphids per condition
and per line were randomly selected, and photographed
with a Moticam S6 camera (MoticEurope, Barcelona,
Spain) attached to a Leica MZ FLIII stereomicroscope
(Leica Microsystems, Wetzkar, Germany) to compare
their size, shape and color. They were then dissected in
isoosmotic buffer A (0.025 M KCl, 0.01 M MgCl2, 0.25
M Sucrose, and 0.035 M Tris—HCI, pH 7.5) by opening
the abdomen with microdissection tweezers (Dumont type
5 Dumoxel; Electron Microscopy Science, Hatfield, UK)
as previously described (Ribeiro Lopes et al. 2021). The
digestive tract and the embryonic chains were isolated and
photographed using the same camera.

Aphid section preparation

For histological staining and FISH (Fluorescent In-Situ
Hybridization) of treated and control aphids, four indi-
viduals per condition were randomly selected after 7 days
of treatment, and sections were prepared as previously
described (Ribeiro Lopes et al. 2022). Briefly, anten-
nae and legs were removed from aphids with microdis-
section tweezers, before immersing them in a solution
of PBS containing 4% paraformaldehyde and 0.1% Tri-
ton X-100 at 4 °C for 24 h. Aphids were then transferred
to a solution of PBS with 4% paraformaldehyde. After
several washing steps in PBS, aphids were embedded in
1.3% agar. The resulting samples were dehydrated through
a series of ethanol solutions ranging from 70 to 100%,
and transferred in 1-butanol at 4 °C for at least 24 h. In
order to prepare aphid sections, aphids were embedded
in Paraplast/1-butanol (v/v) for 10 h and then in 100%
Paraplast (Paraffine Paraplast Plus Mc Cormick Scientific
Dutscher). Resulting Paraplast blocks were sectioned at
3 pm thickness using a HM340E rotary microtome (Ther-
moScientific, Waltham, MA, United States). Sections were
positioned on polylysine coated slides and conserved at
4 °C until staining.
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Histological preparation and observation

Sections were prepared for Hematoxylin and Eosin (H&E)
staining with RAL products (RAL Diagnostics, Martillac,
France) using a protocol adapted from Sapountzis et al.
(2014). Briefly, sections were deparaffinated in methylcy-
clohexane (2 x 10 min) and rehydrated through an ethanol
series to PBS. Nucleus and cytoplasm were stained in Mayer
Hematoxylin for 3 min and Eosin for 2 min, respectively,
with a water rinse in between. Sections were then washed in
water and treated through an ethanol series from 70 to 100%.
After a rapid bath in Diasolv (Diapath, Martinengo, Italia)
solution, sections were mounted with Diamount mounting
medium (Diapath, Martinengo, Italia). Histological obser-
vation was performed under transmitted light, on a Thunder
Imager 3D Live Cell™ microscope (Leica, Wetzlar, Ger-
many) with 4X or 20X magnification.

FISH analysis

FISH procedure was adapted from Simonet et al. (2018).
Sections were deparaffinated using methylcyclohexane (2
% 10 min), followed by two 10 min baths in 100% ethanol,
and then air-dried. Deproteinization was conducted with
0.01 M hydrochloric acid and 10 mg/mL pepsin at 37 °C for
10 min. Sections were rinsed in PBS and dehydrated through
a series of ethanol solutions ranging from 70 to 100%. Pre-
hybridization took place at 45 °C for 30 min in a prehybridi-
zation buffer consisting of 79% hybridization buffer (0.9 M
NaCl, 20 mM Tris, S mM EDTA, pH 7.2), 20% Denhardt’s
solution (5 g Ficoll, 5 g polyvinylpyrrolidone, 5 g BSA in
500 mL water), and 1% SDS solution (10% SDS). In situ
hybridization was performed by incubating the slides at 45
°C for 3 h, shielded from light, with 5 pl of 100 uM oligo-
nucleotide probes specifically targeting B. aphidicola and
R. insecticola 16S rRNAs (Table S1). Probes were prepared
in prehybridization buffer and their 5'end was labeled with
Alexa Fluor 488 and Alexa Fluor 594, respectively. Sec-
tions were washed twice in washing solution (99% hybridi-
zation buffer and 1% SDS 10%), rinsed in PBS and finally
mounted using PermaFluor Aqueous Mounting Medium
(Thermo Fisher Scientific) containing DAPI (3 pg/mL; Vec-
tor Laboratories). Positive fluorescent signals were analyzed
using a Thunder Imager 3D Live Cell™ microscope (Leica)
equipped with the appropriate emission filters.

Analysis of the effect of BCR4 ingestion on aphid
symbiont

The BCR4 bioassay experiment was repeated with only
aphids fed either a control AP3 diet or a diet supplemented
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with of 1000 pg/ul BCR4 for 7 days. To assess the impact
of the treatment on the quantity of the primary symbiont
B. aphidicola and the secondary symbiont R. insecticola,
a flow cytometry approach, that proved to be effective to
obtain the absolute numbers of bacteria in this model, was
used (Simonet et al. 2016).

For each condition, symbiotic bacteria from 12 whole
aphids were purified as previously described (Simonet
et al. 2016). Aphids were gently crushed with a Potter
homogenizer in 3 ml of ice-cold buffer A and the homoge-
nate was consecutively filtered through nylon net filters
with 60, 30 and 10 um pore sizes (Merck Millipore, Tul-
lagreen, Ireland). Following centrifugation (4,000 x g,
5 min, 4 °C), the pellet of endosymbiotic bacteria was
re-suspended in 200 pl, for aphids reared on AP3 + BCR4
(1000 pg/ml) medium, or 400 pl, for aphids reared on
AP3, of NaCl 0.85% supplemented with 20% glycerol as
a cryoprotective agent, and stored at — 80 °C until flow
cytometry analysis. Immediately prior to flow cytometry
analyses, samples were thawed for 3 min at 42 °C, vor-
texed and diluted to 1:20 with a NaCl 0.85% solution to
reach the optimal cell concentration for flow cytometry
analysis (< 2,000 events/sec). All solutions were filter-
sterilized at 0.22 pm prior to use to avoid contamination
with exogenous bacteria. For bacterial staining, 0.5 pl
of the nucleic acid probe SYTO9 (3.34 mm; Molecular
Probes Inc, Eugene, OR, USA) was added to 300 pl of
the diluted bacterial suspensions. The mixture was then
vortexed and incubated in the dark for 15 min at room
temperature, following the manufacturer’s instructions.
The stained samples were analyzed using a BD Accuri™
C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA) equipped with a blue laser (488 nm, air-cooled, 20
mW solid state) and cell green fluorescence was acquired
with a photomultiplier tube detector and a 530 nm band-
pass filter (503-563 nm). Flow cytometry measurements
were run at low flow rate (14 pl/min) and the core stream
was allowed to stabilize for 30 s prior to the 2 min acquisi-
tion. Data were collected and processed using BD Accuri
C6 software (version 1.0.264.21, BD Biosciences). The
analyses were performed using logarithmic gains and
specific detector settings, adjusted on non-stained sam-
ples to eliminate endosymbiont autofluorescence. Then,
the endosymbiont population was identified by screen-
ing samples on FSC-W versus FSC-H (Forward Scatter
Width vs. Height) and SSC-W versus SSC-H (Side Scat-
ter Width vs. Height) dot plots. B. aphidicola populations
were identified using the same parameter than previously
described (Simonet et al. 2016). A second population of
SYTO9-positive event, of different size and granularity,
was identified in YR2-Ri samples and used to count R.
insecticola symbionts (Fig. S2). For each condition, four
biological replicates were processed.
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Statistical analysis

Statistical analysis and graphical representations were con-
ducted using the R software (v4.3.1) (R Core Team 2023).
R packages « survival» and « survminer» (Therneau 2024)
were used to analyze survival data, comparing curves with
a Wilcoxon-Gehan rank test. To estimate the lethal time
taken for 20% of the aphid population to die (LT,,) when
fed on artificial diet containing 1000 pg/ul of BCR4, gen-
eralized linear models (glm) with a probit link transforma-
tion were fitted for each aphid line and compared with a
ratio test, using the R package “ecotox” (Hlina et al. 2021).
Dose-response curves of the effect of BCR4 ingestion on
aphid mass were fitted with the « drc» package (Ritz et al.
2015) using a log-logistic model with three parameters
(with the lowest limit fixed to 0) and box-cox transforma-
tion, allowing to predict 95% confidence intervals (Clys%)
and the effective dose that affect 50% of the mass com-
pared to control (EDs).

For the flow cytometry analyses, the absolute numbers
of symbionts obtained for each aphid pool were converted
into “symbiont numbers per aphid”. A linear regression
model was applied on data. Pairwise comparisons were
performed to investigate significant differences between
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modalities using the eammeans function of the R package
“emmeans”.

Results

BCR4 treatment reduces survival and mass of three
aphid lines

The dose-response effect of BCR4 ingestion on survival was
first compared between the three aphid lines LLO1, YR2-
amp, and YR2-Ri. In the absence of BCR4, the three lines
show comparable survival rates on the artificial diet, with a
7-day survival of 93%, 97%, and 97% for LLO1, YR2-amp,
and YR2-Ri, respectively. Survival of LLO1 and YR2-amp
lines is significantly affected by BCR4 ingestion (log-rank
test: p < 0.001), but not that of YR2-Ri (log-rank test: p=
0.113) (Fig. 1). However, both YR?2 lines survive better than
the LLO1 line (log-rank test LLO1 vs YR2-amp or YR2-
Ri: p<0.001). Similar results were obtained when focusing
solely on the treatment with the highest concentration of
BCR4 (1000 ug/pl): (i) the 7-day survival is of 77% and 83%
for YR2-amp and YR2-Ri, respectively, and only 50% for
LLO1; (ii) the estimated time to reach 20% of the mortality

! 1 | :

Wilcoxon-Gehan pvalue = 0.001

—f

Wilcoxon-Gehan pvalue = 0.113
4 6 0 2 4 6

Time (days)

BCR4 concentration (MQ/MI) == 0 == 50 =k=100 =250

Fig. 1 Dose-response effect of BCR4 ingestion on survival of three
Acyrthosiphon pisum lines. Survival curves of aphid fed on artificial
diets (AP3) containing different concentrations of BCR4 peptide
during 7 days. Left, central, and right panels correspond to survival

375 == 500 750 1000

curves of LLO1, YR2-amp, and YR2-Ri lines, respectively. n= 30
for each BCR4- oncentration group for each line. Data were analyzed
using the Wilcoxon—Gehan Test
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(LT, for LLO1 (3.5 days) is significantly different from
the LT,, of both YR2-amp (6.8 days; ratio test: p= 0.002)
and YR2-Ri (8,6 days; ratio test: p < 0.001). In contrast, no
mortality was observed in aphids fed with 1000 pg/ml of
Ul1 peptide (Fig. S3).

The results show that there is a dose—response effect
of BCR4 on the mass of each line (lack-of-fit test: p <
0.05; Fig. 2a). Feeding on BCR4 has a significant, negative
impact on aphids’ mass, with an average reduction of 78%,

65%, and 75% for LLO1, YR2-amp, and YR2-Ri, respec-
tively, compared to the control. The BCR4 concentration
that would cause a 50% reduction in aphid mass (EDs)
was predicted, revealing a more potent effect on the LLO1
line (EDsy+ SD of 383.8 +39.6 pg/ml; 535.3 +75.6 pg/
ml; and 445.2 pg/ml +52.1 for LLO1, YR2-amp, and YR2-
Ri, respectively). Discoloration of the aphid cuticle is also
observed for each line, with a more noticeable effect on
YR2-amp and -Ri compared to LLO1 probably due to their
more contrasted color (Fig. 2b—d).

a
1.5
~ 1.0+
[*)]
£
(2
(%]
(©
=
0.54
0.0
383.6 445.6
0 250 500 750 1000
BCR4 concentration (ug/ml)

Fig.2 Effect of BCR4 ingestion on fresh mass, size, and body color
of three Acyrthosiphon pisum lines. a Dose-reponse curves of aphids’
mass following 7 days of feeding on artificial diets containing differ-
ent concentrations of BCR4 peptide. Results for the LLO1 line, YR2-
amp line, and YR2-Ri line, are presented in green, yellow, and red,
respectively. For each BCR4 concentration, dots with error bar cor-
respond to mean mass with standard deviation. For each line, dose
response effect of BCR4 ingestion was modeled with a log-logistic
model with three parameters followed by box-cox transformation
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and displayed with its predicted confidence interval. Dash lines cor-
respond to the estimated BCR4 concentration that leads to a 50%
reduction in mass compared with aphids fed on AP3 medium without
BCR4 (ED50). n= 10 aphids for each BCR4 concentration group for
each line. b—d Pictures of seven-day-old aphids fed on artificial diets
(AP3) complemented or not with 1000 pg/ml of BCR4 during 7 days.
Panels b, c, and d correspond to the LLO1 line, YR2-amp line, and
YR2-Ri line, respectively. Scale bar: 1 mm
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Impact of BCR4 on the anatomy of aphids and their
embryos

To assess whether the reduction in mass following BCR4
treatment was accompanied by changes in aphid tissue
organization, dissections, histological and FISH analyses of
individuals treated with the highest concentration of BCR4
were carried out.

Macroscopic observations

Macroscopic observations of dissected aphids revealed no
obvious differences between the digestive tracts of control
and treated individuals. No signs of fragility were observed
during dissection, and the different regions of the digestive
tract (foregut, midgut, hindgut) were clearly identifiable and
appeared intact in both aphid groups (Fig. S4). However,
significant differences were observed in the development of
embryonic chains (Fig. 3). In control aphids, the classic two
ovaries, each containing seven ovarioles, are clearly visible.
These ovarioles consist of chains of embryos at different
developmental stages. In these aphids, the most developed
embryos exceed 500 um in length and are pigmented. The
pair of red eyes and the beginning of thorax segmentation
are also visible (Fig. 3). In contrast, the embryonic chains
of treated individuals are more crumbly and fragile. They

Fig.4 Effect of BCR4 ingestion on embryos and bacteriocytes in
three Acyrthosiphon pisum lines. a—f H&E staining of 7-day-old
aphids belonging to the LLO1, YR2-amp, and YR2-Ri Acyrthosiphon
pisum lines fed on artificial diets (AP3) complemented or not with
1000 pg/ml of BCR4 during 7 days. a’—f” Higher magnification of
embryos. The green- and red-dotted lines surround the bacteriocytes
and the central nervous system of embryos, respectively. The black
arrows indicate a visible limb (antenna or leg). a’’—f*> Higher magni-
fication of maternal bacteriocytes indicated by the black arrowheads.
Scalebars: 100 um in a-f, 20 pmin a’-f°, 20 ym in a’’-f”’

contain fewer and smaller embryos, with the largest ones
reaching only 300 pm. In addition, no coloration, no eyes,
and no segmentation is noticeable, regardless of the aphid
line (Fig. 3).

Histological analysis with hemalum and eosin staining

Histological analyses confirmed the macroscopic observa-
tions. Specifically, H&E staining reveals no evidence of
epithelial cell degradation in the digestive tract following
the treatment (Fig. 4d or f). On the other hand, an adverse
effect of BCR4 on aphid development is clearly visible.
In particular, numerous well-developed embryos with a
developed central nervous system (CNS) and visible limbs
(Fig. 4 a’, ¢’, €’) can be distinguished in sections from con-
trol aphids. Bacteriocytes are cellularized and form two
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lobes located in proximity to the developing digestive tract.
While embryos are still visible in treated aphids, they are
negatively impacted by the treatment: their organs are indis-
tinguishable and the bacteriocytes, though present, appear
acellularized, with no apparent cell membrane (Fig. 4 b’, d’,
e’). In all the embryos that could be observed, the bacterio-
cyte mass is found at the posterior pole, which suggests that
these embryos are undergoing a developmental delay.

BCR4 ingestion also shows a strong effect on the mor-
phology of the mother’s bacteriocytes (Fig. 4 a”—{”).
Although the symbiotic cells are present in both control and
treated aphids, bacteriocytes from the latter are deformed,
appearing crushed between organs, and sometimes difficult
to distinguish from each other (Fig. 4b”, d”, €”). In addition,
observation of whole-insect sections suggests a reduction in
bacteriocyte number (Fig. 4a-f).

FISH analyses

FISH analyses were carried out to assess the effect of BCR4
on symbiont localization and the structure of bacteriocytes.
Observation of control aphids (reared on AP3 artificial diet)
shows that the localization of B. aphidicola and R. insec-
ticola is the same as previously described in other aphid
lines (Moran et al. 2005; Tsuchida et al. 2005): B. aphidicola
is exclusively found in maternal and embryonic bacterio-
cytes (Fig. 5a-c), while R. insecticola is observed extracel-
lularly, in the hemolymph and around the bacteriocytes, and
intracellularly, in sheath cells attached to the bacteriocytes,
resulting in a signal that completely surrounds the bacterio-
cyte clusters (Fig. 5c).

After BCR4 treatment, the localization of the primary
symbiont is not affected, and it is strictly confined to mater-
nal and embryonic bacteriocytes. Nevertheless, consistent
with H&E observations, maternal bacteriocytes appear
deformed and less numerous (Fig. 5a’—c’). Moreover, in
embryos, bacteriocytes appear to be packed in the poste-
rior region, in contrast to their classical localization around
the digestive tract (Fig. 5d—f). Regarding R. insecticola, the
signal is also detected in treated aphids at the same localiza-
tion as in the control (Fig. 5f). However, a reduced signal
is observed in the hemolymph and around the bacteriocytes
and the signal surrounding the bacteriocyte clusters is not
continuous as in the controls (Fig. Sc and f).

BCR4 significantly reduces symbiont populations

To assess whether the observed effect of BCR4 ingestion
on bacteriocyte morphology and numbers translates into
a change in the density of symbiont populations, a flow
cytometry analysis using a single-cell counter cytometer was
performed to determine the absolute number of symbionts
per aphid (Simonet et al. 2016). The mean total number of
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Fig.5 Effect of BCR4 treatment on symbiont localization. FISH
observation of 7-day-old aphids belonging to the LLO1, YR2-amp,
and YR2-Ri Acyrthosiphon pisum lines fed on artificial diets (AP3)
only (a—c) or complemented with 1000 pg/ml of BCR4 during seven
days (d—f). Buchnera aphidicola is labeled in green and Regiella
insecticola in red, respectively. Maternal bacteriocytes are indicated
with white arrows. In YR2-Ri individuals (¢, f) higher magnifica-
tion shows maternal bacteriocytes filled with B. aphidicola and sur-
rounded by R. insecticola. White arrowhead indicates R. insecticola
signal in a sheath cell. Scale: 200 um and 50 um for whole body
images and zoom on bacteriocytes, respectively

events corresponding to B. aphidicola decreases drastically
from 1.07 x 10° to 1.48 x 10° for LLO1, from 6.67 X 10° to
1.82 x 10° for YR2-amp, and from 7.04 x 10° to 1.10 x 10°
for YR2-Ri. This corresponds to reductions of 86%, 73%,
and 84%, respectively. The BCR4 treatment (F; ;;=120.172,
p < 0.001) and the interaction between line and treatment
(F,.17= 4.224, p= 0.03) significantly impact B. aphidicola
count while the line alone do not (F, ;;= 3.327, p= 0.06).
The mean total number of events corresponding to R. insec-
ticola in YR2-Ri line decreases more modestly, from 1.79
x10° to 7.57 x 10°, a significant reduction of 58% (Fy 5=
50.336, p< 0.001) (Fig. 6).

Discussion

This study investigated the impact of BCR4 peptide inges-
tion on three A. pisum lines, LLO1, YR2-amp, and YR2-R},
differing in their genetic background (LLO1 or YR2) and
by the absence (LLO1 and YR2-amp) or presence (YR2-
Ri) of the secondary symbiont R. insecticola. Overall, we
showed an insecticidal effect of BCR4, with a strong impact
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on survival, fresh weight, embryo development, bacteriocyte
morphology, and symbiont numbers.

Our findings corroborate previous results obtained by
Loth et al. (2022), which showed a dose-response effect
of BCR4 on aphid survival and weight. However, the lat-
ter study was carried out on a single genetic line (LLO1),
carrying only the primary symbiont B. aphidicola, whereas
several works have shown a significant impact of the geno-
type on aphid response to biotic stresses, such as host plant
changes (Ferrari et al. 2007), parasitoid wasp attacks (Lib-
brecht et al. 2007; Martinez et al. 2018), or temperature
increase (Jahan et al. 2023), highlighting the importance
of considering different genetic lines. In the present study,
we showed a contrasting effect of BCR4 on aphids’ sur-
vival depending on their genetic background: at equivalent
concentration, LLO1 individuals died faster and to a greater
extent than YR2-amp and YR2-Ri. Similarly, BCR4 inges-
tion reduced aphid mass in a dose-dependent manner, with
the LLO1 line being the most affected. While the insecticidal
mode of action of BCR4 is unknown to date, our findings on
the impact of BCR4 on aphid survival are similar to previ-
ous results following the use of other known antimicrobial
peptides on aphids. Indeed, ingestion of indolicidin (an AMP
produced by bovine neutrophils) reduces the survival of
Myzus persicae (Le-Feuvre et al. 2007) and Luna-Ramirez
et al. (2017) showed that ingestion of certain scorpion AMPs
exerts insecticidal activity against A. pisum.

Presence of R. insecticola had no impact on A. pisum sur-
vival, however, the symbiont aggravated the negative impact
of BCR4 on aphid weight. Secondary symbionts have been
reported to positively or negatively affect aphids’ fitness,
depending on the environment or the stress to which the
insect is subjected, including xenobiotic exposure (Lemoine
et al. 2020; Zytynska et al. 2021). For instance, infection by
Serriatia symbiotica in A. pisum (Skaljac et al. 2018) and
Rickettsia in the whitefly Bemisia tabaci (Kontsedalov et al.
2008), is associated with increased susceptibility to chemi-
cal insecticides, while the infection by Hamiltonella defensa
is associated with reduced susceptibility in the aphid Sito-
bion miscanthi (Li et al. 2021). In A. pisum, infection by R.
insecticola is associated with reduced aphid survival during
heat stress (Russel and Moran, 2005) or bacterial infection
(Luo et al. 2021). Conversely, the symbiont confers protec-
tion against fungal (Scarborough et al. 2005; Parker et al.
2013, 2017) or viral infections (Higashi et al. 2023), indicat-
ing that the bacterium could contribute to host defenses in
different ways. Although symbionts have been reported to
increase their hosts’ sensitivity to insecticides (Kontsedalov
et al. 2008; Skaljac et al. 2018), the underlying mechanisms
remain unknown. Hosting secondary symbionts is a finely-
tuned cost—benefit trade-off for aphids, as symbionts are
associated with a permanent physiological cost, acting as
sinks for metabolites (Zytynska et al. 2021). Harboring the

R. insecticola symbiont has been shown to negatively impact
the host fitness (Sochard et al. 2021; Man et al. 2023). Here,
the cost of hosting R. insecticola may be exacerbated when
A. pisum experiences stressful conditions such as exposure
to BCR4. Similarly, specific symbiont combinations may
aggravate the whitefly B. rabaci performance on unfavorable
host plants (Benhamou et al. 2021).

The negative impact of BCR4 on survival and weight of
A. pisum could be direct, by affecting aphid cells, or indi-
rect, by targeting symbionts and disrupting the obligate
nutritional relationship between the insect and its symbiotic
bacteria. Concerning the direct cytotoxic effect of BCR4
on aphid cells, it is important to underline that this could
not be excluded, as it has been shown that high concen-
tration of certain AMPs could exert a cytotoxic activity,
in vitro, against mammalian cells, by disrupting cell mem-
branes (Vaucher et al. 2010; Greco et al. 2020). Moreover,
eukaryotic cells are generally resistant to AMPs. Contrary to
prokaryotes, eukaryotic cell membranes contain sterol and
mainly zwitteronic phospholipids that stabilize the mem-
brane and confer a protection against AMPs (Mason et al.
2007; Anderson et al. 2016; Almeida et al. 2021). Neverthe-
less, Greco et al. 2020 have shown that, when inoculated in
rats, AMPs lose their cytotoxic potential.

To gain an in-depth understanding of the effects of BCR4
ingestion on aphids and their symbionts, dissection and
histological observations were performed. These analyses
revealed a similar and significant negative effect on the
embryos of each aphid line. Following treatment, embry-
onic chains were more fragile and contained smaller and
fewer embryos, for which it was impossible to distinguish
appendages or organs on histological sections. Histological
and FISH observations revealed that the bacteriocytes and
the B. aphidicola they contain were mostly grouped at the
posterior pole of the embryo, a localization that is usually
limited to the early stages of embryo development (Miura
et al. 2003; Braendle et al. 2003). Furthermore, embryonic
bacteriocytes in treated aphids appeared acellularized, a dis-
position that is usually observed at the beginning of embry-
onic development. Taken together, these observations dem-
onstrate a delay in bacteriocytes morphogenesis. Whereas
previous studies using indolicidin (Le-Feuvre et al. 2007)
or scorpion AMPs (Luna-Ramirez et al. 2017) have shown
an adverse impact of these peptides on aphid fecundity, our
study presents for the first time a disruption of aphid embry-
onic development caused by the ingestion of an AMP.

Moreover, analyses of FISH and H&E staining revealed
an alteration in maternal bacteriocytes. While bacteriocytes
in the control group are numerous and round-shaped, most
bacteriocytes from treated aphids appear fewer in number
and distorted in the three aphid lines. The effect on aphid
bacteriocytes is similar to the one observed by Le-Feuvre
et al. (2007) in M. persicae, who reported distortion of
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Fig. 6 Effect of BCR4 ingestion on Buchnera aphidicola and Regiella
insecticola numbers in three Acyrthosiphon pisum lines. Number of
bacteria per aphid fed on AP3 (blue) or in AP3 +BCR4 (1000 pg/
ml) (yellow) for a B. aphidicola from different lines (i.e. LLO1, YR2-

bacteriocyte morphology and reduction of bacteriocyte num-
bers after treatment with indolicidin. Our study shows that
BCR4 does not destroy the bacteriocyte membrane at the
tested doses. Moreover, no disruption of the digestive tract
membranes was observed. Nevertheless, an ultrastructural
alteration of the membranes cannot be excluded. Further
studies are needed to dissect the precise effect of BCR4 on
aphid cell membranes using appropriate approaches such as
transmission electron microscopy.

With FISH, we also show that the R. insecticola signal
appears to be less intense around the bacteriocytes than in
the rest of the body.

Taken together, the disturbance in the anatomical organi-
zation of bacteriocytes and the reduction of R. insecticola
signal suggests an effect of BCR4 on both symbiotic popula-
tions. To test this hypothesis, we used flow cytometry to get
insights into the number of symbiotic bacteria. Comparison
between symbiont numbers in YR2-Ri lines showed that R.
insecticola is more than twice as abundant as B. aphidicola
in both control and treated aphids. This is consistent with a
previous study conducted on another parthenogenetic line
(LSR1) of A. pisum (Goldstein et al. 2023) showing similar
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amp, and YR2-Ri) and b the R. insecticola from YR2-Ri line. (pwc
=pairwise comparison with emmeans test: ****: p< 0.0001; **%*:
p< 0.001. n=4 per aphid, per line and per treatment)

relative abundance for certain R. insecticola strains. Con-
cerning the treatment with BCR4, flow cytometry showed
a massive reduction (72-84%) of B. aphidicola numbers
in BCR4-treated aphids. This method also showed that
BCR4 has a strong, but lower effect (58%) on R. insecti-
cola numbers. Comparable results have been obtained by
Luna-Ramirez et al. (2017), who showed that ingestion of
scorpion AMPs reduces the symbiotic load (B. aphidicola
and Serratia symbiotica) in A. pisum, and argue that insec-
ticidal effects of those AMPs are due to a direct effect on
symbionts. Importantly, previous studies have shown that
BCRA4 is bactericidal in vitro against E. coli, a Gram-nega-
tive bacterium closely related to B. aphidicola (Uchi et al.
2019; Loth et al. 2022). Combined with these observations,
our results suggest that orally administered BCR4 defensin
could have an in vivo bactericidal effect on aphid symbi-
onts in three A. pisum parthenogenetic lines, thereby having
a negative, indirect impact on their growth, survival, and
embryo development.

Interestingly, B. aphidicola symbionts appear to be more
sensitive to BCR4 than R. insecticola. Defensins typically
target bacterial membranes, often leading to membrane
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disruption or pore formation (Cociancich et al. 1993; Shai
2002; Wimley 2010; Wu et al. 2018; Agadi et al. 2022)
and it has been shown that BCR4 alter E. coli morphol-
ogy and membrane permeability (Uchi et al. 2019). It has
been demonstrated that the B. aphidicola outer membrane
lacks lipopolysaccharides (LPS) (Shigenobu et al. 2000;
Charles et al. 2011), which may explain its greater vulner-
ability compared to R. insecticola. As with other AMPs, one
could propose that BCR4 exhibits a selective activity, being
more specific against one symbiont (here B. aphidicola)
than another (here R. insecticola). For instance, in the bean
bug Riptortus pedestris, several AMPs called Crypt-specific
Cysteine-Rich peptides (CCRs) are expressed in the special-
ized posterior midgut region M4, prior to the acquisition
of orally transmitted microbiota. This results in a selective
barrier against unwanted bacteria, which facilitates the colo-
nization by its beneficial symbiont Caballeronia insecticola
(formerly known as Burkholderia insecticola) that is resist-
ant to host CCRs (Lachat et al. 2024). Once established,
beneficial C. insecticola becomes vulnerable to host AMPs
due to an alteration in its LPS, which allows the host to
regulate its gut symbionts (Kim et al. 2015). Similarly, in
Drosophila, AMPs expressed in the gut have been shown to
exhibit high selectivity depending on the invading pathogen
(Hanson et al. 2019). As an example, the commensal, Lac-
tiplantibacillus plantarum, is resistant to host AMPs during
infection phases, allowing it to stably colonize the fly gut
(Arias-Rojas et al. 2023).

Further investigations are needed to explore the potential
of orally administered BCRs in selectively targeting differ-
ent facultative symbionts in A. pisum, and more generally
in aphids.

Conclusion

In conclusion, this study highlights the detrimental effect of
BCR4 on aphids when administered orally. Further research
is needed to understand the functions of the BCR family
in aphids and their potential use as bioinsecticides. Target-
ing insect symbionts in the context of pest management
is increasingly being discussed (Arora & Douglas 2017;
Gonella et al. 2020; Noman et al. 2020; Sinno et al. 2020;
Gonella & Alma 2023; Rupawate et al. 2023). Combined
with advances in plant bioengineering (Bisht et al. 2019;
Suhag et al. 2021; Mateos Fernandez et al. 2022; Komal
et al. 2023), and because they are restricted to the aphid
lineage (Loth et al. 2022), BCR delivery could be a powerful
tool to specifically control aphid pest through interference
with their symbiont populations.
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