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Effect of Rickettsiella viridis endosymbionts introduced into Myzus persicae 
aphids on parasitism by Diaeretiella rapae: A combined strategy for 
aphid control? 

Safieh Soleimannejad a,*, Perran A. Ross a,b, Ary A. Hoffmann a 

a Pest and Environmental Adaptation Research Group, School of BioSciences, Bio21 Molecular Science and Biotechnology Institute, The University of Melbourne, 
Parkville, Australia 
b Section for Bioscience and Engineering, Department of Chemistry and Bioscience, Aalborg University, Aalborg, Denmark   

H I G H L I G H T S  

• Female parasitoid Diaeretiella rapae prefer to probe Myzus persicae aphids transinfected with the endosymbiont Rickettsiella viridis. 
• Infection with R. viridis does not provide M. persicae with protection against D. rapae. 
• Consistent with earlier research, R. viridis can spread among M. persicae populations despite significant fitness costs. 
• While plant-based transmission is likely the most important factor in the spread of R. viridis, horizontal transmission via parasitoids may also contribute. 
• Simultaneous release of M. persicae infected with R. viridis and D. rapae early in the growing season could help biological control of this aphid.  

A R T I C L E  I N F O   
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A B S T R A C T   

Aphids are major crop pests in southeastern regions of Australia. Some aphid species harbor heritable facultative 
endosymbionts that may induce beneficial or detrimental impacts on aphids under certain ecological conditions. 
Aphid-parasitoid interactions can be greatly affected by facultative endosymbionts but there is still limited 
research on many species of economic significance. Here we assessed the effects of a facultative endosymbiont, 
Ricketsiella viridis, on parasitism of the major aphid pest, Myzus persicae, by Diaeretiella rapae. We found that 
R. viridis does not provide M. persicae with significant protection against D. rapae, with parasitoids showing a 
preference for probing aphids infected with R. viridis. The fecundity of M. persicae is reduced due to infection with 
R. viridis regardless of the presence of parasitoids. Moreover, we show that parasitoids may facilitate horizontal 
and subsequent vertical transmission of facultative endosymbionts in aphids which could increase the spread of 
deleterious effects associated with R. viridis. Based on these findings, simultaneous release of D. rapae and 
M. persicae infected with R. viridis in the early cropping season (lower population densities and cooler conditions) 
may contribute to an effective strategy for efficient management of this pest.   

1. Introduction 

The peach potato or green peach aphid, Myzus persicae (Sulzer) 
(Hemiptera: Aphididae) is a major pest throughout the world (Van 
Emden and Harrington, 2017) which feeds on and damages plants of 
over 40 families, particularly Brassica L. species in temperate regions 
(Cole, 1997), and transmits over 100 plant-infecting viruses (Blackman 
and Eastop, 2000). Most grain crop yield loss due to M. persicae is 
attributed to virus transmission, including the economically important 

virus of canola, Turnip Yellows virus (TuYV; Family Luteoviridae, Genus 
Polerovirus) (Congdon et al., 2020). TuYV is persistently aphid- 
transmitted (circulative and non-propagative) and host phloem limited 
(Schliephake, E et al., 2000). Chemical control is the main approach for 
reducing the direct and indirect impacts of pest aphids (DeBach and 
Rosen, 1991; Desneux et al., 2004; Gullan and Cranston, 2014; Hardin 
et al., 1995). However, considering the harmful effects of exposure to 
chemicals on the whole ecosystem and the fact that M. persicae has 
evolved resistance to more than 70 different insecticides (Bass et al., 
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2014; De Little et al., 2017; Umina et al., 2014), biological control 
strategies need to be developed against this pest. Diaeretiella rapae 
(McIntosh) (Hymenoptera: Aphidiidae) is an important biological con
trol agent of aphids feeding on Brassicaceae (Blande et al., 2004), 
including M. persicae elio (Elliott et al., 2014; Pike et al., 1999) in both 
the laboratory (Silva et al., 2011) and in field crops (Ward et al., 2021). 
The success of biological control of M. persicae is heavily reliant on the 
life history strategies of both interacting insects (Khatri et al., 2017). 

Aphids have established long-term mutualisms with obligate mi
crobial symbionts, the most common being Buchnera aphidicola, an 
endosymbiont which provides them with essential amino acids lacking 
in plant phloem (Baumann, 2005; Douglas, 1989; Guo et al., 2017; 
Shigenobu et al., 2000). Aphids also harbor other heritable facultative 
endosymbionts that may induce either beneficial or detrimental effects 
on aphids under certain ecological conditions (Oliver et al., 2010). These 
endosymbionts may confer better performance on host plants, heat 
tolerance, protection against natural enemies and body color changes, 
but can also have fitness costs in some circumstances (Asplen et al., 
2014; Peccoud et al., 2015). Aphid-parasitoid interactions can be greatly 
affected by facultative endosymbionts (Oliver et al., 2010). Aphids 
harboring Hamiltonella defensa (γ-Proteobacterium) show resistance 
against parasitoid wasps that lay eggs inside their hosts (Brandt et al., 
2017; Oliver et al., 2003; Vorburger et al., 2003). Likewise, aphids 
infected by Rickettsiella viridis and H. defensa may show altered survi
vorship when confronting predators such as ladybeetles (Polin et al., 
2015). Furthermore, parasitoids can facilitate horizontal transmission 
between aphids by probing infected and uninfected individuals, acting 
as vectors to promote the spread of endosymbionts (Russell et al., 2003; 
Russell and Moran, 2005). 

The gamma proteobacterial facultative symbiont, Rickettsiella viridis, 
occurs naturally in Acyrthociphon pisum and can be found in host he
molymph, sheath cells, secondary bacteriocytes and other tissues (Tsu
chida et al., 2010). Infection with R. viridis changes A. pisum body color 
from red to green (Tsuchida et al., 2010) and may provide them with 
context-dependent protection against predators (Polin et al., 2015). 
Rickettsiella viridis has recently been introduced into a non-native host, 
M. persicae, where it induces similar body color changes (Gu et al., 
2023). There are fitness costs associated with R. viridis infection in both 
A. pisum (Tsuchida et al., 2014) and M. persicae, where it reduces 
fecundity and thermal tolerance (Gu et al., 2023). Since other endo
symbionts can provide parasitoid protection and since aphid body color 
can influence parasitoid preferences (Libbrecht et al., 2007) R. viridis 
infection may also influence aphid-parasitoid interactions. However, 
while R. viridis protects aphids against the entomopathogenic fungus 
Pandora neoaphidis (Łukasik et al., 2013), no studies to date have tested 
whether R. viridis can provide protection against parasitoids. 

The release of R. viridis and other endosymbionts in the field may 
provide a way of modifying aphid populations by introducing fitness 
costs and thereby reducing plant damage (Gu et al., 2023). Here we 
investigated the effects of R. viridis on parasitism by D. rapae using 
aninfected line of M. persicae developed by Gu et al. (2023). We then 
examined whether R. viridis affected selection of hosts for parasitism by 
D. rapae when given a choice of infected and uninfected M. persicae. 
Additionally, we evaluated whether there was horizontal transmission 
of R. viridis via D. rapae. Finally, we tracked the spread of R. viridis in the 
presence or absence of parasitoids at cool temperatures in the labora
tory. These results help to predict population dynamics of R. viridis in the 
field which will dictate its usefulness as a biocontrol agent. 

2. Material and methods 

2.1. M. persicae lines and maintenance 

All experiments were conducted using a single clone of M. persicae 
with the multilocus genotype 188, except for the horizontal transmission 
experiment where two additional clones with the multilocus genotypes 

of Kyabram 98 and Elliott 158 (Umina et al., 2022) were used to test for 
R. viridis transmission via D. rapae. The Grains Innovation Park in Hor
sham, Victoria provided genotype 188, while multilocus genotype 
Kyabram 98 was collected from Victoria (GPS: − 36.383, 145.033) in 
April 2002 and multilocus genotype Elliotte 158 was collected from 
Queensland (GPS: − 24.982, 152.304) in October 2017 (Umina et al., 
2022). Multilocus genotype 188 from super clone B has resistance to 
carbonate, synthetic pyrethroids, organophosphates, and some resis
tance to neonicotinoids, whereas the resistance status of multilocus 
genotypes Kyabram 98 and Elliotte 158 are unknown (Gu et al., 2023). 
These genotypes, along with others, can be differentiated using a set of 
microsatellite loci (Umina et al., 2022). The main purpose of using these 
two multilocus genotypes was to ensure that positive detections of 
R. viridis in aphids in transmission experiments were not due to 
contamination with aphids infected with R. viridis (designated R+) from 
the initially infected clone. 

The facultative endosymbiont R. viridis had previously been intro
duced via microinjection to genotype 188 aphids from an A. pisum donor 
which was originally infected with R.viridis (Yang et al., 2023), collected 
on lucerne (Medicago sativa) from Tintinara, South Australia in 2019, 
with hemolymph of the donor injected into M. persicae nymphs (Gu 
et al., 2023). A clonal line of M. persicae infected with R. viridis (R+) was 
established and maintained under laboratory conditions on bok choy 
(Brassica rapa subsp. chinensis; grown at ambient conditions in a shade 
house). All aphids were bulk cultured three weeks prior to experiments 
in insect rearing cages (30 × 30 × 62 cm, mesh 160 μm aperture to 
prevent escaping of aphids) on whole bok choy plants in controlled 
temperature (CT) cabinets at 18 ◦C and a photoperiod of 16L:8D (Gu 
et al., 2023). We synchronized aphids at desired nymphal stages by 
placing 20 adults of M. persicae on bok choy leaf discs (35 mm diameter) 
in petri dishes (60 × 15 mm) covered by a base layer of 1% agar to 
maintain high humidity. Petri dishes were kept in CT cabinets, where we 
collected nymphs from each petri dish daily and reared them in new 
petri dishes under the same conditions to obtain nymphs of the desired 
stage. 

2.2. Facultative endosymbiont screening 

We used 150 μL of 5% Chelex 100 Resin (Bio-Rad laboratories, 
Hercules, California, USA) and 3 μL of Proteinase K (20 mg/ mL) (Roche 
Diagnostics Australia, Castle Hill, New South Wales, Australia) to extract 
genomic DNA from insects. Extracted DNA was incubated for 30 min at 
65 ◦C followed by 10 min at 90 ◦C. A 1 in 3 dilution of pure DNA was 
used to screen for R. viridis and its relative density with a RT-qPCR 
(Roche Light Cycler 480) assay (Lee et al., 2012). DNA amplification 
for RT-qPCR began with a 10 min pre-incubation at 95 ◦C (Ramp Rate =
4.8 ◦C/s), then 40 cycles of 95 ◦C for 5 sec. (Ramp Rate = 4.8 ◦C/s), 65 ◦C 
for 15 sec. (Ramp Rate = 2.5 ◦C/s) and 72 ◦C for 30 sec. (Ramp Rate =
4.8 ◦C/s) (Chirgwin et al., 2022). 

We used two primer sets to confirm the presence of aphid DNA 
(β-actin as reference gene; F: GTGATGGTGTATCTCACACTGTC and R: 
AGCAGTGGTGGTGAAACTG) and R. viridis (RCL16S-211; F: 
GGGCCTTGCGCTCTAGGT and R: TGGGTACCGTCACAGTAATCGA). 
Crossing point (Cp) values of three consistent replicates were averaged 
and the differences between the mean Cp values of the actin reference 
gene and R. viridis markers were used to calculate ΔCp values. Standard 
deviations (SD) were measured based on ΔCp values of the technical 
replicates. Technical replicates with SD < 0.5 were considered valid and 
ΔCp values were transformed by 2n to produce relative endosymbiont 
density (Chirgwin et al., 2022). 

2.3. Diaeretiella rapae line and maintenance 

Biological Services (Loxton, South Australia) supplied mummies of 
D. rapae collected from Lipaphis pseudobrassicae (Turnip aphid) infesting 
bok choy. Diaeretiella rapae were kept in CT cabinets at 18 ◦C and a 
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photoperiod of 16L:8D and 50–80% humidity for at least 7 generations 
before experiments commenced. On arrival, we separated mummies into 
groups of 50 and placed them in glass vials (95 mm diameter) covered 
with a fine mesh and a drop of organic honey as a food resource for 
emerged wasps. Emerged D. rapae were transferred to insect rearing 
cages (30 × 30 × 62 cm) with 6 bok choy plants and M. persicae. 

For experiments, emerged wasps were left to mate for at least 24 h 
before being anesthetized with CO2. Wasps were sexed under a dis
secting microscope using a fine paint brush based on the presence of an 

ovipositor in females and differences in the number of antennal seg
ments (13–15 in females and 16–17 in males) (Gazmer et al., 2015). The 
separated females were given a recovery time of 24 h after exposure to 
CO2, and they were then transferred to the experimental units using a 
mouth aspirator. 

2.4. Effects of nymphal instar on R. viridis density 

To test whether the density of R. viridis changed as M. persicae 
nymphs developed (which may affect potential parasitism by D. rapae), 
we compared 3–10 individuals from each of the nymph instars of 
M. persicae for their R. viridis density using RT-qPCR. A general linear 
model (GLM) was run to test for differences among nymphal instars in 
density of R. viridis. This statistical test and most others used in this 
paper were performed in Minitab software (version. 19.2020.2.0 for 
Mac, Minitab, LLC). 

2.5. Effects of R. viridis on parasitism by D. rapae against M. persicae at 
two densities 

To determine how R. viridis affects parasitism by D. rapae and the 
fecundity of M. persicae in the presence of D. rapae, we placed syn
chronized fourth instar nymphs of R+ or R- (uninfected by Rickettsiella) 
M. persicae at a density of 5 or 20 nymphs on 3 bok choy leaf discs (35 
mm) in a petri dish (100 × 20 mm) and exposed them to a single female 
D. rapae for 48 h at 18 ◦C. We initially trialed D. rapae against 2nd instar 
(3 days old) M. persicae nymphs, in which we found low parasitism rates 
and no significant effects of the infection with R. viridis. Petri dishes were 
covered with fine mesh to prevent parasitoid escape and one drop of 
organic honey was smeared on top of the mesh as a source of food. We 
performed this experiment with 30 replicates for each density and each 
of the R + and R- lines. We also included 10 control replicates without 
D. rapae for each combination of line and density. After 48 h, D. rapae 

Fig. 1. Experimental design for testing horizontal transmission of R. viridis in 
M. persicae via D. rapae. A: Female D. rapae were introduced to bok choy discs in 
petri dishes with approximately 10 adult R + M. persicae and allowed to probe 
the aphids. B: Female D. rapae were removed. C: Female D. rapae were placed in 
petri dishes with bok choy with 10 uninfected M. persicae nymphs and allowed 
to probe aphids for 24 h. D: Female D. rapae were removed, and live aphids 
were placed individually on bok choy in petri dishes and kept until 3 nymphs 
were produced. E: Individual aphid adults were screened for R. viridis using 
RT-qPCR. 

Fig. 2. Density of R. viridis at different ages of M. persicae. 10 nymph per time point was screened using RT- qPCR. Symbols denote the transformed (2n) density of 
R. viridis in individual R + M. persicae. Lines and error bars show means with 95% confidence intervals. 
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were removed from petri dishes and live nymphs were transferred to 
new 60 mm petri dishes with 1 bok choy disc and maintained at 18 ◦C. 
The numbers of live aphids, mummies and emerged wasps were recor
ded daily. Mummies were collected in small vials covered with a fine 
mesh and wasps were stored in 100% ethanol. 

For the 20 nymph treatment, we determined the parasitism rate of 
D. rapae by calculating the percentage of mummified aphids out of the 
initial aphid number in each replicate. Because data from this experi
ment was mostly not normally distributed even after transformation, we 
used Mann-Whitney U tests to compare parasitism rates among infected 
and uninfected aphids separately for each nymph density. Emergence 
rates were calculated by taking the percentage of mummies that 
emerged as wasps in each replicate and comparing them with Mann- 
Whitney U tests. We used the same approach to compare sex ratio (the 
percentage of emerging D. rapae that were female) and the duration of 
immature stages (eggs, larval stages, and pupae, averaged across repli
cate). Since quite a low number of emergences occurred in replicates 
with 5 nymphs, data across all replicates were combined in order to 
assess infection effects on emergence rate and sex ratio. Chi-square tests 
were undertaken on two-way contingency tables and emergence/sex 
ratios with binomial confidence intervals were computed using a Wilson 
test (Epitool online calculator: https://epitools.ausvet.com.au/cipropo 

rtion). 
To test changes in fecundity of M. persicae due to R. viridis infection 

and the presence or absence of D. rapae, the daily count of the number of 
nymphs produced per replicate was recorded until all the aphids either 
transformed into mummies or died. The cumulative number of nymphs 
per aphid per day was assessed. A general linear model including the 
factors infection with R. viridis and the presence of D. rapae as well as 
aphid density (5 or 20 nymphs) was used to examine the effects of these 
variables on this fecundity measure after log transformation. We also 
considered the overall association between parasitism and fecundity 
when 20-nymphs were present by fitting a linear regression between 
parasitism rate and fecundity for infected and uninfected aphids. We 
examined whether the slope and intercept of the regression lines differed 
between the infected and uninfected aphids. 

2.6. Effects of R. viridis on D. rapae preference 

To test if infection with R. viridis affects the probing preferences of 
D. rapae females in M. persicae, we performed an experiment where in
dividual D. rapae were provided a choice between R+ and R- M. persicae. 
Single mated female D. rapae were separated using CO2 and kept in a CT 
cabinet at 18 ◦C for 24 h to ensure recovery. We exposed each female to 

Fig. 3. Parasitism rate (%) (A), duration of immature stages (days) (B) of D. rapae exposed to R- or R+ M. persicae at densities of 5 or 20 fourth instar nymphs, 
emergence rate (%) and sex ratio (% female) of D. rapae against 5 (C) and 20 fourth instar nymph M. persicae (D). Each data point shows a single replicate which 
consisted of 20 aphids (R+/R-) in petri dishes (60 mm) and one female D. rapae at 18 ◦C, with boxes and whiskers for min to max range data except for C where 
binomial confidence intervals are presented. 
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5 R+ and 5 R- nymphs of M. persicae (4th instar) inside petri dishes (30 
× 6 mm) at room temperature and recorded their behavior with a 
compact camera (Casio EX-ZR1000) for 20 min. For each petri dish, we 
recorded the number of probing attempts against R+/R- M. persicae in 
the time intervals of 5 min. We distinguished between R+ and R- 
M. persicae based on color differences (dark green for R+ and light green 
for R-) (Gu et al., 2023). This experiment was performed with 13 rep
licates. A Wilcoxon Sign-Rank test was used to compare preference of 
D. rapae for M. persicae either infected or uninfected with R. viridis based 
on the relative number of probing attempts of R+ or R- aphids in each 
replicate. 

2.7. Effects of D. rapae on the spread of R. viridis through M. persicae 
populations 

To investigate the spread of R. viridis in M. persicae in the presence or 
absence of D. rapae, we placed a mixture of 50 R- and 50 R+ (frequency 
of 1:1) on one bok choy plant inside an insect rearing cage (30 × 30 ×
62 cm, mesh 160 μm aperture to prevent escaping of aphids and para
sitoids) at 18 ◦C. To ensure that aphids settled on plants before being 
exposed to parasitoids, 3 pairs of D. rapae were added to each cage after 

24 h. Plants were replaced at 2-week intervals and 100 M. persicae from 
the previous plant were transferred to the new plant. The remaining 
aphids were stored in ethanol for subsequent analysis. We performed 
this experiment with 5 experimental replicates as described above and 5 
controls where no D. rapae were added to insect cages and the initial 
aphid population was 30 R- and 30 R+ M. persicae. After 3 and 9 weeks, 
we estimated R. viridis infection frequencies by screening 12 aphids from 
each time point and replicate plant for R. viridis according to the pro
cedures described above. 

2.8. Horizontal and subsequent vertical transmission of R. viridis in 
M. persicae via D. rapae 

We hypothesized that D. rapae is a potential candidate to facilitate 
horizontal transmission of R. viridis between different clones of 
M. persicae (multilocus genotypes Kyabram 98 and Elliotte 158) infest
ing canola in Victoria and designed an experiment to test this (Fig. 1). 
Female D. rapae were separated using CO2 and kept in a CT cabinet at 
18 ◦C for 24 h to recover. Afterwards, 15 female D. rapae were placed 
individually in 30 mm petri dishes containing 5 adult R+ M. persicae. 
Female D. rapae were observed until they probed the aphids at least 3 

Fig. 3. (continued). 
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times, then aspirated into 100 mm petri dishes containing 10 R- 
M. persicae on 3 bok choy leaf discs (35 mm). Female D. rapae were 
allowed to probe R- M. persicae for 48 h before being removed from petri 
dishes. Once D. rapae were removed, live aphids were placed in 30 mm 
petri dishes on bok choy leaf disc (25 mm) individually and maintained 
at 18 ◦C. Once mummies were formed, all live aphids were screened for 
R. viridis infection using RT-qPCR (see above). 

The offspring of R- M. persicae samples which tested positive for 
R. viridis were transferred individually to new leaf discs in 30 mm petri 
dishes to evaluate vertical transmission of R. viridis in the following 
generations. Nymphs were reared to adulthood to produce at least 3 
nymphs before screening their genomic DNA for R. viridis. This process 
was repeated to monitor the vertical transmission of R. viridis across 
generations. 

3. Results 

3.1. Effects of nymphal instar on R. viridis density 

R. viridis density differed among instars (GLM: F6,40 = 4.79, P =
0.001) with a gradual increase over developmental stages of M. persicae 
nymphs (Fig. 2) in which 1-day-old nymphs represent first instars, 3- 
day-old nymphs represent second instars, 5-day-old nymphs represent 
third instars, and 7-day-old nymphs represent fourth instars. 

3.2. Effects of R. viridis on parasitism by D. rapae against M.persicae at 
two densities 

We compared the parasitism rate of R+ and R- M. persicae by D. rapae 
at densities of 5 and 20 fourth instar nymphs. Mann-Whitney U tests 

Fig. 4. Effects of infection with R. viridis on M. persicae fecundity per aphid at two densities of 5 or 20 fourth instar nymphs and in the presence or absence of D. rapae. 
Each data point shows a single replicate consisting of 5 aphids or 20 aphids (R+/R-) in petri dishes (60 mm) and one female D. rapae at 18 ◦C, with lines and error 
bars showing means and 95% confidence intervals. 

Fig. 5. Association between parasitism rate (%) and fecundity of R + and R- M. persicae at a density of 20 fourth instar nymphs. Lines indicate linear regression lines 
for R + and R- data. 
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showed that infection with R. viridis had no significant effect on the 
parasitism rate of D. rapae (5-nymphs: Z = 1.63, P = 0.072, 20-nymphs: 
Z = 1.52, P = 0.128, Fig. 3A). The duration of immature stages of 
D. rapae was also not significantly affected by R. viridis infection in 
M. persicae (5-nymphs: Z = -2.49, P = 0.887; 20-nymphs: Z = 0.10, P =
0.917, Fig. 3B). Moreover, for the 5-nymph treatment, the emergence 
rate (X2 = 1.127, df = 1, P = 0.288, Fig. 3C) and sex ratio (X2 = 0.097, df 
= 1, P = 0.755, Fig. 3C) of D. rapae showed no significant difference due 
to the presence of R. viridis, where we only presented pooled data and 
binomial confidence intervals due to low sample sizes per replicate 
(Fig. 3C). These patterns are consistent with the 20-nymph treatment, in 
which the emergence rate (Z = -0.06, P = 0.926, Fig. 3D) and sex ratio 
(Z = -0.54, P = 0.172, Fig. 3D) of D. rapae were also similar between the 
R+ and R- treatments. 

3.3. Fecundity of M. persicae 

We tested whether the presence of D. rapae interacts with the 
infection to affect fitness costs of R. viridis by comparing the fecundity of 
R+ and R- M. persicae in the presence or absence of parasitoids at two 
nymphal densities (Fig. 4). A general linear model on log transformed 
data showed that there was a significant effect (GLM: F1,147 = 12.6, P =
0.001) of infection with R. viridis on fecundity of M. persicae, regardless 
of aphid density (GLM: F1,147 = 0.46, P = 0. 50). There was also a 
substantial effect of the presence of D. rapae (GLM: F1,147 = 30.17, P <
0.01), where treatments with wasps had greatly reduced fecundity. 
Moreover, a strong interaction between D. rapae presence and aphid 
density was found (GLM: F1,147 = 18.24, P < 0.01) with a lower decrease 
in fecundity due to D. rapae when aphid density was higher (i. e. 20- 
nymphs), compared to the 5-nymph treatment (Fig. 4). 

3.4. Association between parasitism rate (%) and fecundity of 
M. persicae 

A negative relationship between parasitism rate and fecundity of 20 
fourth instar nymphs was found for both the R + and R- aphids (Fig. 5). 
Linear regression was used to test if parasitism rate and infection with 
R. viridis significantly predicted fecundity of M. persicae. Overall, para
sitism had a significant effect on fecundity (F1, 147 = 24.75, P < 0.001) 
and infection did as well (F1, 147 = 12.60, P = 0.001) but the interaction 
between parasitism and infection was not significant (F1, 147 = 0.46, P =

0.50). The intercept and slope (with standard errors) of the regression 
line for R- was y = 20.40 (1.19) − 0.206 (0.035) and for R+ it was y =
14.06 (2.66) − 0.187 (0.035). These patterns indicate similar regression 
slopes for the R+ and R- aphids but with a lower intercept for the R+
aphids with population collapse due to parasitism (fecundity = 0) pre
dicted to occur earlier when aphids are infected. 

3.5. Effects of R. viridis on D. rapae preference 

To test whether R. viridis infection influenced the probing behavior of 
D. rapae, we recorded probing attempts of individual female D. rapae 
against mixed groups of 5 R- and 5 R+ M. persicae (4th instar nymphs) 
which differed in body color for a period of 20 min. A Wilcoxon Sign- 
Rank test suggests a clear preference towards M. persicae infected with 
R. viridis, in terms of the relative number of probing attempts (0–5) of R 
+ or R- M. persicae within the replicates during the first 20 min of their 
interactions (Z = -2.285, P = 0.022), with infected aphids being 
preferred in 11 of 13 replicates. There were also more R+ aphids probed 
on average compared to R- aphids at each 5 min interval (Fig. 6). 

3.6. Effects of D. rapae on the spread of M. persicae infected with 
R. viridis 

Our results indicated an initial persistence of the R. viridis infection in 
the M. persicae populations 3 weeks after exposure to D. rapae at 18 ◦C 
(Fig. 7A). However, the infection reduced at week 9 in two of the three 
replicates where the population was not completely suppressed by 
D. rapae but increased in the other replicate, although the confidence 
intervals overlapped (Fig. 6A). Note that in two replicates (2 and 4) 
parasitism was 100% after week 3. In the absence of D. rapae, R. viridis 
spread in the first three weeks in all replicates, followed by a consistent 
decrease in the next 6 weeks (Fig. 7B). 

3.7. Horizontal and subsequent vertical transmission of R. viridis in 
M. persicae via D. rapae 

We tested the potential for D. rapae to facilitate horizontal trans
mission of R. viridis between M. persicae individuals. In two separate 
experiments with different genotypes as recipients, we found horizontal 
transmission rates of 10% (4/40 testing positive for R. viridis) and 6% 
(5/83 positive) for multilocus genotypes Kyabram 98 and Elliotte 158 

Fig 6. Effects of R. viridis on the number of probing attempts of D. rapae against R+/R- M. persicae in time intervals of 5 min. Each data point shows a single replicate 
which consisted of 5 R+ and 5 R- aphids in petri dishes (30 mm) and one female D. rapae at 18 ◦C, with boxes and whiskers for min to max range data. 
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respectively. Our results suggest that D. rapae could potentially facilitate 
horizontal transmission of R. viridis among different clones of 
M. persicae. 

Subsequently, R. viridis was transmitted from mother to offspring 
over two generations before the infection was lost in multilous genotype 
Kyabram 98, whereas in Elliotte 158 it persisted through one generation. 
The R. viridis infection rate in the first generation was 33.3% (5/15 

positive) for Kyabram 98 and 20% (2/10 positive) for Elliotte 158, fol
lowed by a decline in both infection rate and density in Kyabram 98 
(20% infection rate, 5/25 positive) and a loss (0/10 positive) in Elliotte 
158 (Fig. 8). The endosymbiont may therefore be transmitted through 
the parasitoid and then in some cases even persist across generations. 

Fig. 7. Changes in frequency of R. viridis infection among M. persicae populations (%) in the presence of D. rapae (A) and absence of D. rapae (B) at 18 ◦C. Data points 
for A and B show the frequency of M. persicae R + using RT- qPCR in which the initial number of aphids placed on each bok choy plant and exposed to D. rapae were 
50:50 M. persicae R-/ R+ (ratio of 1:1) and 30:30 for control treatments without D. rapae (12 aphids were tested per time point, per replicate cage). All M. persicae in 
replicates 1 and 2 were either mummified or dead after 3 weeks meaning that no aphids were left to continue experiment (A). 
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4. Discussion 

Our results indicate that R. viridis has no detectable effect on sus
ceptibility to the specialist parasitoid D. rapae in M. persicae populations, 
despite a parasitoid preference for probing infected aphids. We also 
found a low level of horizontal and subsequent vertical transmission 
mediated by this parasitoid. Our data also confirmed persistence of the 
R. viridis infection in M. persicae populations regardless of the presence 
of parasitoids, despite strong costs to host fecundity at 18 ◦C. As dis
cussed elsewhere (Gu et al., 2023), the rapid spread of this facultative 
endosymbiont in host populations seems to be mediated by horizontal 
transmission via leaf tissue which may allow it to spread in clonal 
species. 

Facultative endosymbionts such as H. defensa (Oliver et al., 2005, 
2003), R. insecticola (Vorburger et al., 2013), Serratia symbiotica (Guo 
et al., 2017; Russell and Moran, 2005) and Fukatsuia symbiotica (Hey
worth and Ferrari, 2015) protect their hosts against parasitoids, within 

the context of laboratory assays. However, we found no clear evidence of 
a protective effect of R. viridis against D. rapae among M. persicae. This 
result was established with fourth instar nymphs in which we found the 
highest titer of R. viridis (Fig. 2) and parasitism. We also found no effect 
in pilot experiments on parasitism of second instar nymphs thought to be 
preferred by D. rapae (Soni and Kumar, 2021) but for which we obtained 
lower parasitism (Fig. S1). 

Cornicle secretions of A. pisum, together with sesquiterpene trans-b- 
farnesene (EBF: the main component of aphid alarm pheromone 
secreted from the cornicles), have been described as a contact kairo
mone for Aphidius ervi (Russell et al., 2003) and the quantity of this 
volatile compound seems to play a role for discriminating between 
infected and uninfected hosts (Oliver et al., 2012). Since the density of 
aphids seems to be directly related to the secretion of alarm pheromone, 
we compared two densities of nymphs (5 and 20). The 20-nymph 
treatment showed a lower parasitism rate (Fig. 3) although this would 
have translated into a higher rate of parasitism per parasitoid present. 

Fig. 8. Box plots of density of R. viridis transmitted vertically from mother to offspring in two different clones of M. persicae after being transmitted horizontally via 
D. rapae. Changes in density of R. viridis were tracked across three generations of M. persicae multilocus genotype 98 (A) and two generations of multilocus genotype 
158 (B) using RT-qPCR. Symbols denote the transformed (2n) density of R. viridis in individual M. persicae R + with boxes and whiskers for min to max range data. 
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Regardless, at both densities there were no clear effects of R. viridis on 
parasitism by D. rapae even though density effects were clearly having 
an impact on parasitism rate which can determine potential functions of 
alarm pheromone as a contact kairomone for D. rapae. Furthermore, our 
results suggest that R. viridis presence does not affect development time, 
sex ratio or the emergence rate of D. rapae. 

Rickettsiella viridis affects aphid body color which is considered as an 
important ecological and evolutionary trait (Gu et al., 2023; Tsuchida 
et al., 2014). In A. pisum, greenish body color is caused by polycyclic 
quinone pigments (Tsuchida et al., 2010). Previous studies demon
strated that the parasitoid A. ervi prefers to oviposit in green morphs of 
A. pisum compared to red morphs (Bilodeau et al., 2013; Libbrecht et al., 
2007; Losey et al., 1997). While the nature of the color change here is 
different, Rickettsiella viridis may have a similar effect on M. persicae as 
our data indicated a probing bias towards infected M. persiace. However, 
this effect did not translate into a detectably higher rate of parasitism. It 
is possible that R. viridis does provide some protection against parasitism 
that is offset by an increased probing rate, but confirming this hypoth
esis and determining the basis of differences in probing behavior re
quires further study. In pea aphids, lambda bacteriophage inside the 
genome of endosymbionts such as H. defensa could be involved in 
lowering parasitism rates despite a high probing incidence; this lambda 
bacteriophage encodes eukaryotic toxins that prevent parasitoid larvae 
and eggs from further development inside their hosts (Moran et al., 
2005; Oliver et al., 2009). However, lambda phages have not been 
identified in the genome of R. viridis although its genome does carry a 
prophage region (Nikoh et al., 2018). 

Our data indicate that M. persicae individuals harboring R. viridis 
experienced a significant decline in their lifetime fecundity in the 
presence of parasitoids, consistent with data in Gu et al. (2023). Similar 
costs were reported in aphids infected with Fukatsuia symbiotica endo
symbionts under benign conditions (Heyworth and Ferrari, 2015) and 
most H. defensa strains (Simon et al., 2011; Tsuchida et al., 2014; Vor
burger et al., 2013; Vorburger and Gouskov, 2011). Facultative endo
symbionts usually have stronger fitness costs in artificially infected hosts 
compared to natural infections which could be associated with in
compatibility between aphid and host genotypes (Heyworth and Ferrari, 
2015). 

We found that D. rapae may facilitate horizontal transmission of 
R. viridis in M. persicae clones which aligns with previous studies con
firming horizontal transmission of some endosymbionts via parasitoids 
and oral acquisitions (Darby and Douglas, 2003; Gehrer and Vorburger, 
2012; Heath et al., 1999; Kellner, 2002; Schilthuizen and Stouthamer, 
1997). However, transmission via parasitoid ovipositor did not result in 
stable establishment of R. viridis in two different clones where the 
infection was lost in early generations. This could be associated with 
lower densities of R. viridis transferred via parasitoids when compared to 
microinjection (Gu et al., 2023). The transmission success of R. viridis 
may have differed between the two clones. Although the reasons for this 
difference are unclear, it has previously been noted that horizontal 
transmission of another symbiont (H. defensa) can vary among aphid 
clones which is only partly related to symbiont density (Kaech and 
Vorburger, 2021). Weak protection against parasitoids and potential 
effects on horizontal transmission may contribute to variation in the 
persistence of the infection across generations. Nevertheless, occasional 
parasitoid-mediated transmission may contribute to the transmission of 
this endosymbiont across aphid species which occupy different host 
plants but are attacked by the same parasitoid species. 

Our study indicates that there may be potential benefits of simulta
neously releasing R. viridis and D. rapae in crops early in the aphid season 
when M. persicae populations are expanding. The R. viridis infection not 
only reduces fecundity but can also spread through M. persicae pop
ulations. Furthermore, the parasitoids provide an additional level of 
control and may facilitate some additional horizontal transmission of 
R. viridis among M. persicae populations. With the overall population of 
M. persicae reduced due to the presence of R. viridis and parasitoids, it 

may be possible to maintain aphid populations under an economic 
threshold or even cause a local collapse as happened in some of our 
laboratory populations (Fig. 6). Such integrated pest management 
strategies may help reduce reliance on pesticides and help increase the 
impact of biocontrol agents. 
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