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ABSTRACT Interactions between epiphytic bacteria and herbivorous insects are
ubiquitous on plants, but little is known about their ecological implications. Aphids
are devastating crop pests worldwide, so understanding how epiphytic bacteria
impact aphid populations is critically important. Recent evidence demonstrates that
plant-associated bacteria, such as Pseudomonas syringae, can be highly virulent to
one species of aphid, the pea aphid (Acyrthosiphon pisum). Currently, we have no
knowledge on how broad this phenomenon is across diverse aphid species that are
of high agricultural concern. In controlled experiments using oral exposure in an arti-
ficial diet, we challenged five aphid species of agricultural importance with three
strains of P. syringae that vary in virulence to the pea aphid. These strains also vary
in epiphytic ability and comprise two phytopathogens and one non-plant-patho-
genic strain. In general, differences in virulence to aphids remained relatively con-
stant across strains regardless of the aphid species, except for the bird cherry-oat
aphid (Rhopalosiphum padi), which is significantly less susceptible to two P. syringae
strains. We demonstrate that lower infection incidence likely plays a role in the
reduced susceptibility. Importantly, these data support previous results showing that
interactions with epiphytic bacteria are important for aphids and may play a large,
but underappreciated, role in insect population dynamics. Our study illustrates a
potential role of epiphytic bacteria in the biological control of aphid pests broadly
but suggests the need for more research encompassing a greater diversity of pest
species.

IMPORTANCE Sap-sucking aphids are insects of huge agricultural concern, not only
because of direct damage caused by feeding but also because of their ability to
transmit various plant pathogens. Some bacteria that grow on leaf surfaces, such as
Pseudomonas syringae, can infect and kill aphids, making them potentially useful in
the biological control of pest aphids. However, only one aphid species, the pea
aphid (Acyrthosiphon pisum), has been tested for infection by P. syringae. Here, we
challenged five aphid species of agricultural importance with three strains of P. syrin-
gae that vary in virulence to the pea aphid. We found that four of these aphid
species were susceptible to infection and death, suggesting that these bacteria are
broadly useful for biological control. However, one aphid species was much more re-
sistant to infection, indicating that more testing on diverse aphid species is needed.

KEYWORDS Pseudomonas syringae, aphids, biocontrol, insect-microbe interactions,
phyllosphere

Transient interactions between microbes growing on plant surfaces and herbivorous
insect species are ubiquitous in the phyllosphere, the aboveground parts of plants,

but are complex and dynamic. Some interactions are mutualistic, some are commensal,
where the insect benefits, others where the microbe benefits, and many others are
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parasitic (1–3). In the case of interactions between epiphytic bacteria and insects,
insects may serve as vectors for dispersal (4, 5), but there is also evidence that some
epiphytes, including several phytopathogens, such as Pseudomonas syringae, can infect
and kill agricultural pest insects (6–8). Consequently, ecological interactions between
microbes and insects on plants could be harnessed to prevent agricultural losses from
pest insects and also protect native plants threatened by invasive pests, but they must
first be better understood in order to predict potential outcomes.

Pest insect interactions with potential epiphytic pathogens such as P. syringae have
been described in detail for only one species, the pea aphid (Acyrthosiphon pisum)
(7–10). A. pisum appears to be exploited by several phytopathogens, including Dickeya
dadantii, Pantoea stewartii, Erwinia aphidicola, and P. syringae (6–9). In all of these stud-
ies, the bacteria were able to infect and grow to high titers in the insect (usually in the
gut) and to also cause death to the host. For P. syringae specifically, we have shown
that there is significant variation across strains in their virulence to A. pisum, with 23%
to 83% of aphids dead 72 h after oral exposure (11, 12). The frequency with which
strains infect aphids from the leaf surface also varies significantly and increases over
time, with 12 to 45% of aphids infected at 48 h and 23 to 100% infected after 5 days on
experimental plants sprayed with P. syringae strains (12). These interactions with
A. pisum are likely to be reflected broadly across other aphid species, as we know that
the more distantly related sap-sucking insect, the sweet potato whitefly (Bemisia
tabaci), shows similar death rates after ingesting P. syringae strains (11, 13).

P. syringae is a well-studied, diverse, and highly successful environmental bacterium
(14, 15). A species complex in the Gammaproteobacteria, P. syringae can be isolated
from plant surfaces, soils, leaf litter, and throughout the water cycle (16–18). Although
well studied as a plant pathogen, much is still unknown regarding the breadth of host
plant use or mechanisms of virulence of most P. syringae strains to insects. Strains are
often very phenotypically distinct even though they may be very phylogenetically
close (19, 20), and current pathovar designations are not predictive of the potential
host plant range of a strain (21). Some strains also have been shown to use aphids as
vectors and hosts, with variable levels of virulence and infection (7, 12). However, it is
unclear how these interactions affect diverse aphid species and how broadly this phe-
nomenon occurs across different agricultural systems.

There are more than 5,000 species of aphid worldwide, and many are devastating
crop pests. Individual species of aphid cause huge economic losses worldwide across
crops such as soybean, cruciferous vegetables, and various grains (22). As sap-sucking
insects that reproduce rapidly, aphids can cause damage through direct feeding on
the phloem of plants (23). However, many species of aphid are also efficient vectors of
plant pathogens, particularly viruses and fungi (24, 25). In most agricultural systems,
rapidly growing aphid populations are extremely hard to control, and many species of
aphid have a high propensity for evolving resistance to chemical pesticides (26, 27).
Consequently, in recent decades attention has turned to developing alternative control
methods, such as biocontrol techniques employing natural predators and pathogens
of aphids. These include parasitoid wasps, predacious larvae, and fungal pathogens to
which many species of aphid have known susceptibilities (28–30). However, compara-
tively little is known about bacterial pathogens of aphids that may have the potential
for biocontrol. Epiphytic bacteria in particular may be suitable, as aphids would fre-
quently interact with them on leaf surfaces. Many strains of the bacterium P. syringae
grow epiphytically on economically important plants such as fruits, vegetables, and or-
namental plants, making it a widely applicable and useful system for exploring biocon-
trol possibilities (16).

It is almost certain that the vast majority of, if not all, species of aphid encounter
epiphytic bacteria while feeding, as some bacterial strains can reach population den-
sities of 105 to 107 cells/cm2 on plant surfaces (16, 31–33). For A. pisum, the relatively
low minimum infectious dose of less than 10 cells of either P. syringae or D. dadantii (9,
34) suggests that infection likelihood in the field is high, as such low densities of
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epiphytic bacteria would be common on plant surfaces. The more highly virulent
strains of P. syringae also tend to be strains that grow better epiphytically and, there-
fore, are likely to be found more frequently on plants (11, 12). This suggests that aphid
pathogens like P. syringae do not need to be at high densities on leaves to impact the
population dynamics of aphid populations. However, to be able to make useful predic-
tions, data across a larger number of agriculturally important species is needed.

Here, we investigated whether the absolute and relative virulence of three strains of
P. syringae (P. syringae pv. aptata DSM50252, pv. syringae B728a, and Cit7) were consistent
across five aphid species, including four important pest species. We define virulence as the
proportion of aphids dead at the final time point of the assays. Expectations of the
virulence of each strain were based on previous results of the virulence of the strains
when orally ingested by the pea aphid (11, 12). We also explored whether the likelihood
of infection by one strain across different aphid species could impact observed differences
in virulence. Of the five aphid species compared here, four are in the top 15 aphid species
of most agricultural importance (35): the pea aphid, A. pisum; the cotton aphid, Aphis
gossypii; the bird cherry-oat aphid, Rhopalosiphum padi; and the green peach aphid, Myzus
persicae. In addition, the dock aphid, Aphis rumicis, was included as an additional species in
the genus Aphis, which includes a high density of pest species (Fig. 1). If commonalities
could be found across these phylogenetically distant and phenotypically different aphid
species, we could better predict the dynamics of these infections in the field.

RESULTS

Three bacterial strains were chosen for these assays based on previous results from
Smee et al. (11) and also based on their plant pathogenicity and collection source
(Table 1). All three were originally isolated from plant surfaces, although this is not nec-
essarily indicative of their potential host range. Two are known phytopathogens yet
differed in their expected virulence to aphids: Ptt50252 showed low levels of virulence

FIG 1 Phylogeny and pest capabilities of diverse aphid species. The phylogenetic tree is based on mitochondrial COI sequences, with
GenBank accession numbers given in the table. Aphids included in the study are in boldface. An asterisk indicates COI sequences that were
generated in the current study (MW740233 to MW740235).

TABLE 1 Summary of Pseudomonas syringae strains included in the assays

Name Pathovar Straina Groupb Source
Ptt50252 aptata DSM50252 2 Beta vulgaris
PsyB728a syringae B728a 2 Phaseolus vulgaris
Cit7 NA Cit7 2 Citrus leaf surface
aStrain isolation information for DSM50252, B728a, and Cit7 is from references 58, 60, and 61.
bPhylogroup (group) designations were taken from reference 59.
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to A. pisum, whereas PsyB728a showed high levels of virulence (11). The third strain, Cit7,
is considered a non-plant pathogen and has been used as a biocontrol strain against
phytopathogenic strains (36), but it previously showed high virulence to A. pisum.

Virulence assays. Using in vitro assays with bacterial suspensions in artificial
diet, aphid death was recorded at multiple times up to 72 h post-exposure. At the
final time point (72 h), there was considerable variation in virulence both for each
bacterial strain across aphid species and within each aphid species across the
three strains (generalized linear mixed model [GLMM] for interaction between
aphid species and bacterial strain: x 2

12 = 281.41, P, 0.001) (Fig. 2 and Tables 2
and 3). There were no significant differences in mortality for the control treat-
ments, where aphids were fed buffer mixed with diet; more than 85% of aphids
survived for all five species (Fig. 2).

The relative virulence of each bacterial strain was generally consistent across all aphid
species, with Ptt50252 being the least virulent (25 to 67% mortality) and Cit7 being the
most virulent (48 to 93% mortality). Notably, R. padi was more resistant to all P. syringae
strains, with no strain causing over 50% mortality to this species. Strain Cit7 showed the
highest virulence to R. padi but conferred significantly lower mortality than the other
aphid species (Table 2). Responses of R. padi were also unique in that it was the only spe-
cies in which death rates after feeding on either Ptt50252 or PsyB728a did not differ sig-
nificantly from death rates in the control treatment or each other (Table 3).

In general, both Aphis species were more susceptible to all three bacterial strains
than the other aphid species, with a minimum death rate of 59% of A. rumicis when
exposed to Ptt50252. Over 88% of both aphid species died when exposed to either

FIG 2 Comparison of the virulence of three P. syringae strains to five aphid species and a control
buffer-only treatment. Mean values are plotted 6 standard errors. In a GLMM analysis, the interaction
between bacterial strain and aphid species was highly significant (x 2

12 = 281.41, P, 0.001). Post hoc
pairwise comparisons are presented in Tables 2 and 3.

TABLE 2 Post hoc comparisons of virulence between aphid species within a bacterial strain
treatment

Comparison

P value for:

Control Ptt50252 PsyB728a Cit7
A. pisum-A. gossypii 1 ,0.0001 ,0.0001 1
A. pisum-A. rumicis 1 ,0.0001 ,0.0001 0.167
A. pisum-M. persicae 0.054 0.842 0.004 0.004
A. pisum-R. padi 1 0.551 ,0.0001 ,0.0001
A. gossypii-A. rumicis 1 1 1 1
A. gossypii-M. persicae 0.145 0.004 0.5763 0.441
A. gossypii-R. padi 1 ,0.0001 ,0.0001 ,0.0001
A. rumicis-M. persicae 0.11 0.089 1 1
A. rumicis-R. padi 1 ,0.0001 ,0.0001 ,0.0001
M. persicae-R. padi 0.113 0.029 ,0.0001 ,0.0001
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PsyB728a or Cit7. M. persicae was similarly susceptible to PsyB728a and Cit7 but less so
to Ptt50252. In general, A. pisum showed lower death rates than the other susceptible
species (apart from R. padi) across all bacterial strains, although not always significantly
so (Table 2).

Across all time points of the assay, there are evident differences in death rate for
aphids exposed to the different bacterial strains (Fig. 3). In particular, R. padi shows dif-
ferent temporal responses to Ptt50252 and PsyB728a despite having very similar final
death rates at 72 h of 25% and 21%, respectively. After exposure to PsyB728a, R. padi
shows a very slow cumulative death toll compared to the other aphid species, but in
response to Ptt50252 there is an initial sharp decline, in line with the other aphid spe-
cies, which then levels off at later time points (Fig. 3B and C). Despite Cox proportional
hazards analysis being quite conservative, the survival rate of R. padi across the 72-h
period is significantly higher than those of all the other aphid species for all three
bacterial strains, except pea aphids infected with strain Ptt50252 (Table 4).

FIG 3 Kaplan-Meier survival curves showing the proportion of aphids surviving over a 72-h period
after ingesting strains of P. syringae. Data are separated by bacterial treatment: controls (fed buffer
mixed with artificial diet) (A), Ptt50252 (B), PsyB728a (C), and Cit7 (D).

TABLE 3 Post hoc comparisons of virulence between bacterial strains within a single aphid
species

Comparison

P value for:

A. pisum A. gossypii A. rumicis M. persicae R. padi
Control-Ptt50252 ,0.0001 ,0.0001 ,0.0001 ,0.0001 0.034
Control-PsyB728a ,0.0001 ,0.0001 ,0.0001 ,0.0001 0.309
Control-Cit7 ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001
Ptt50252-PsyB728a ,0.0001 ,0.0001 ,0.0001 ,0.0001 1
Ptt50252-Cit7 ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001
PsyB728a-Cit7 0.318 0.061 1 0.206 ,0.0001
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Infection assay. Low virulence could be attributed to low incidence of infection if
aphids do not easily become infected in a given treatment. We define infection here
by our ability to detect a bacterial cell density that we know is sufficient to cause aphid
death (34) within aphids that have been orally exposed to bacteria. When this level of
infection is detected, we assume these aphids will eventually die, although they do not
display symptoms of infection at this time point. We investigated the incidence of
infection after ingestion of bacterial suspensions in artificial diet for three of the aphid
species. These species (A. pisum, A. rumicis, and R. padi) are phylogenetically diverse
yet also showed various levels of susceptibility. Susceptibility to strain PsyB728a was
tested, as it displayed the most variation in virulence across the five aphid species.

All three aphid species became infected by PsyB728a, although the mean propor-
tion of infected aphids within a species varied greatly, from 0.156 0.04 (R. padi) to
0.946 0.03 (A. rumicis) (Fig. 4). Also echoing the same pattern as that for virulence,
PsyB728a infected A. pisum less frequently and more variably than A. rumicis
(0.816 0.10) (Fig. 4). Overall, there was a significant difference in infection frequency
across aphid species (analysis of variance [ANOVA]; F2,6 = 47.31, P, 0.001), with only
the pairwise comparison between A. pisum and A. rumicis not differing significantly.

DISCUSSION

Three diverse strains of P. syringae that vary in plant pathogenicity and epiphytic
growth ability exhibited significant and generally consistent virulence toward five phy-
logenetically distant aphid species (Fig. 2). Over 20 strains of P. syringae have already
been characterized for their virulence to the pea aphid (12), but this is the first study to
explore the potential effects on other important aphid species. Given this breadth of

TABLE 4 Survival ranges across bacterial treatments for each aphid speciesa

Bacterial treatment
and aphid species Zdf=4

b HRc Survival ranged

Controls
R. padi 0.83–0.90
A. pisum 0.23 1.03 0.84–0.88
M. persicae 23.97 0.48*** 0.91–0.96
A. gossypii 0.25 1.05 0.83–0.90
A. rumicis 0.26 1.05 0.83–0.90

Ptt50252
R. padi 0.69–0.80
A. pisum 1.01 1.21 0.65–0.72
M. persicae 3.94 1.66*** 0.52–0.63
A. gossypii 13.40 3.44*** 0.28–0.39
A. rumicis 8.29 2.84*** 0.35–0.47

PsyB728a
R. padi 0.75–0.84
A. pisum 9.39 4.48*** 0.28–0.39
M. persicae 18.43 7.94*** 0.08–0.15
A. gossypii 18.35 11.39*** 0.04–0.10
A. rumicis 20.89 12.80*** 0.06–0.12

Cit7
R. padi 0.47–0.58
A. pisum 5.86 2.44*** 0.13–0.22
M. persicae 8.28 3.23*** 0.07–0.15
A. gossypii 3.93 2.58*** 0.09–0.16
A. rumicis 6.27 3.53*** 0.06–0.13

aStatistics are based on Cox proportional hazard analysis, and the hazard ratio (HR) is included to indicate effect
size compared to R. padi (HR of 1, no effect;,1, a reduction in the hazard;.1, an increase in the hazard).

bThe Z value is the Wald statistic with 4 degrees of freedom.
cThree asterisks indicate the value shows significantly different survival compared to R. padi at P, 0.001.
d95% confidence intervals for survival probability at 72 h postexposure.
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pathogenicity across aphid species, we speculate that P. syringae also infects other
sap-sucking hemipterans, as previous results found that the sweet potato whitefly (B.
tabaci) suffers mortality very similar to that of pea aphids when exposed to some
strains of P. syringae (11). Our data further erode the paradigm that bacterial phyto-
pathogens only exploit plant hosts, as more evidence of epiphytic bacteria utilizing
insect hosts continues to accumulate.

One species of aphid, R. padi, showed significantly lower susceptibility to the two
most virulent strains tested, PsyB728a and Cit7, than the other aphid species. Even more
intriguingly, R. padi was not susceptible at all to either PsyB728a or the low-virulence
strain Ptt50252. The large difference in susceptibility between R. padi and the other
aphid species tested prompts various hypotheses. Compared to aphids such as A. pisum,
R. padi is a very small aphid, and the reduced size of its stylet and digestive tract may
prevent the ingestion of certain bacteria. Studies on stylet size in whiteflies and aphids
have found this to be a factor that influences the insect’s ability to acquire vectored
pathogens (37, 38). However, other aphids used in the assay that were highly susceptible
to P. syringae (such as A. gossypii and M. persicae) were also small. Therefore, overall
body size may not matter for infection here, or it may not correlate well with stylet size.
Additionally, R. padi did display a moderate level of susceptibility to the non-plant patho-
gen Cit7, indicating that some bacterial cells could be picked up orally.

We subsequently determined that the propensity of an aphid species to become
infected by different strains of P. syringae could be a determining factor in how virulent
a strain is. We show that three aphid species, including R. padi, can ingest bacterial cells
and become infected by strain PsyB728a (Fig. 4). However, the proportion of R. padi indi-
viduals infected was much lower than that for A. pisum and A. rumicis, which both dis-
played much higher death rates after oral exposure to PsyB728a. Understanding why dif-
ferent aphid species have more or less propensity to acquire bacterial cells may be
pivotal to discovering attributes of successful microbial biocontrol candidates. As strains
of P. syringae can vary in cell size and particle size is known to be an important factor for
movement through stylets, it is possible that cell size influences infection incidence. We
speculate that the higher death rate of R. padi exposed to Cit7 is caused by higher infec-
tion incidence, which, in turn, may be due to the size of cells or other properties of Cit7.

Differences in aphid susceptibility may vary across aphid genera, but our data sug-
gest that phylogeny plays an integral role. Two Aphis species were included in the cur-
rent study to have multiple representatives from this particular genus, which is

FIG 4 Proportion of aphids infected 24 h after being moved to sterile diet, following 24 h of feeding
on artificial diet mixed with PsyB728a. Solid black points show independent data from the three
experimental replicates. The solid horizontal line in each boxplot denotes the median, and empty
diamonds indicate the means. Post hoc lettering denotes significant differences between aphid
species (ANOVA; F2,6 = 47.31, P, 0.001).
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comprised of many important pest species. Both A. gossypii and A. rumicis showed very
similar death rates after exposure to all three bacterial strains (Fig. 2, Table 1), suggest-
ing that susceptibility is common within this genus. Our screening for endosymbionts
found that our line of A. rumicis harbored the bacterial symbiont Rickettsiella, which
has been demonstrated to provide some protection against fungal pathogens (39) and
is involved in pea aphid coloration, changing red aphids to green (40). Due to the very
similar mortality obtained for the two Aphis species, we conclude that Rickettsiella had
no impact on the interaction of A. rumicis with P. syringae. However, the current study
used only one aphid genotype per species. Aphid phenotypes, such as resistance to
fungal pathogens and parasitoid wasps, can vary substantially across genotypes within
a species (41, 42). Although these results present a general pattern of consistent sus-
ceptibility within a genus and even across species, more variation in response would
be likely across more aphid genetic diversity.

Other immunological and nonimmunological mechanisms may affect the proportion
of aphids succumbing to P. syringae infection and virulence. In assays utilizing the plant
pathogen D. dadantii, it seemed that some aphids could regularly resist infection, indi-
cating a partial immune response (43). It is possible that R. padi is less susceptible to P.
syringae due to an immune response. Pea aphids have also been shown to avoid strains
of P. syringae that are fluorescent (44); however, the current study conducted all feeding
assays under UV-blocking plastic in a controlled setting using an artificial diet, so visual
detection of bacteria was unlikely. However, it would be of interest to determine if R.
padi had some mechanism for avoiding virulent strains, as both vision and olfactory cues
have the potential to alert them to the presence of entomopathogenic bacteria.

Aphid species such as M. persicae, shown here to be susceptible to all three P. syrin-
gae strains, are phenomenally well adapted to be successful pests. They are extremely
polyphagous, efficient virus vectors, and they exhibit great genetic variability across
many traits, including the ability to develop resistance to pesticides. Fungal pathogens
are already employed in some systems as biocontrol measures against aphid infesta-
tion (29), but bacterial pathogens have been largely overlooked until now. Given that
some strains of P. syringae are not plant pathogenic but grow well epiphytically and
also cause a high incidence of death to many aphid species, there is potential for their
use as effective microbial biocontrol agents. Testing a wider phylogenetic range of
aphids, and other sap-feeding or chewing herbivores, will allow us to more easily pre-
dict the role of epiphytic bacteria on important crop pests and their potential as
applied microbial pest control agents.

MATERIALS ANDMETHODS
Bacterial cultures. Three bacterial strains were used based on knowledge from previous work by

Smee et al. (11, 12): an expected low-virulence phytopathogenic strain (P. syringae pv. aptata
DSM50252), a higher virulence phytopathogenic strain (P. syringae pv. syringae B728a), and a non-plant-
pathogenic strain (P. syringae Cit7) (Table 1). Cultures were grown and kept on King’s B medium with
rifampin (50 ng/ml), as the strains all display resistance to this antibiotic. Culture plates and all experi-
mental plates were kept incubated at 27°C, and overnight cultures were grown in an incubator shaker
set at 28°C and 250 rpm. For each experimental assay, bacterial solutions were prepared from an over-
night culture that was pelleted and washed in 10mM MgCl2 twice and then resuspended and diluted to
an optical density at 600 nm (OD600) of 0.8.

Aphid collection, identification, and maintenance. Five species of aphid from the subfamily
Aphidinae were used in the study. The pea aphid, Acyrthosiphon pisum, clone CWR09/18, was collected
by Angela Douglas in Freeville, NY, in 2009. The cotton aphid, Aphis gossypii, had been maintained on
cucumber for more than 20 years and was obtained from Keith Perry (45). The bird cherry-oat aphid,
Rhopalosiphum padi, was originally collected by W. F. Rochow (46) and was obtained from Stewart Gray,
along with the green peach aphid, Myzus persicae, which was originally collected from a greenhouse in-
festation approximately 15 to 20 years ago (47). The dock aphid, Aphis rumicis, was collected by Tory
Hendry on Rumex sp. in Dryden, NY, in August 2018; a single female was used to establish a colony.
Identification of A. rumicis was confirmed by phenotypic traits and cytochrome c oxidase subunit I (COI)
barcode sequencing using primers LepF (59-ATTCAACCAATCATAAAGATATTGG-39) and LepR (59-
TAAACTTCTGGATGTCCAAAAAATCA-39). The COI sequence was 100% similar to A. rumicis sequence
HQ970784.1 in GenBank. Additionally, in the field and laboratory, these aphids caused curling of Rumex
leaves, a feature of A. rumicis.

The A. pisum clone was known to harbor no endosymbionts besides the obligate Buchnera aphidicola. As
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well as confirming this, the other four aphid species were also screened for secondary symbionts by amplifica-
tion of the bacterial 16S rRNA gene using the universal primers 10F (59-AGTTTGATCATGGCTCAGATTG-39) and
35R (59-CCTTCATCGCCTCTGACTGC-39), which detect a wide range of Eubacteria, with the notable exception
of the obligate symbiont Buchnera (48, 49). For positive samples, specific diagnostic primers were then used
to determine which facultative symbionts were harbored (50). The only occurrence of secondary symbionts
was Rickettsiella sp. harbored by A. rumicis.

Clonal populations of each aphid species were kept as follows. A. rumicis on Rumex sp. was grown
from seeds obtained from their collection site; A. gossypii was grown on cucumber (Cucumis sativus); M.
persicae was grown on turnip (Brassica rapa); A. pisum was grown on fava bean (Vicia faba); and R. padi
was grown on barley (Hordeum vulgare). All reproduce parthenogenetically under summer conditions,
so all laboratory populations were kept at a light:dark cycle of 16:8 h at 20°C. For experiments, all aphids
were age controlled to be 5 to 6 days old.

Virulence assays. To test the virulence of each strain to the five aphid species, we used oral infec-
tion assays with an artificial diet (51). Bacterial solutions at an OD600 of 0.8 were added at a ratio of 1:5 to
artificial diet, with 10mM MgCl2 buffer used for the negative-control treatment. A feeding sachet was
created by filling a 96-well plate with the diet, 200ml per well, and covering the plate with Parafilm. One
aphid was placed in each well of a second 96-well plate, and the feeding sachet was inverted and placed
above it, so each aphid had access to the mixture of diet and bacteria. The plates were kept at 20°C, and
after 24 h the feeding sachet was replaced with a new sachet of just sterile diet. The diet was replaced
again after an additional 24 and 48 h. Mortality was recorded at 0, 6, 24, 30, 48, 54, and 72 h after replac-
ing the bacterium-diet mixture with sterile diet. Aphids were assumed dead if they were observed at the
bottom of the well and did not move when the plate was agitated or if they had turned brown. Assays
were replicated a minimum of three times for each combination of aphid species and bacterial strain,
using fresh overnight bacterial cultures each time.

Infection assays. Infection assays were used to determine if differences in virulence to aphids were
a result of how successfully the bacteria were infecting aphids. Pathovar PsyB728a was used, as it dis-
played the greatest variation in virulence across the five aphid species and had already been shown to
infect aphids successfully (7, 12). Three of the aphid species were used, A. rumicis, A. pisum, and R. padi,
to which PsyB728a had demonstrated high, medium, and low virulence, respectively. Aphids were fed
artificial diet mixed with PsyB728a for 24 h as before and were then transferred to feeding sachets of
just sterile diet. After another 24 h, 12 to 16 live aphids were randomly selected and homogenized in
100ml 10mM MgCl2 buffer. A 5-ml droplet from each sample was plated, and the spots with a CFU count
higher than 5 for A. pisum and A. rumicis were marked as infected to be consistent with previously pub-
lished data (11, 12). Due to lower infection rates, we adapted our cutoff to 2 CFU for R. padi to be more
permissible, although the majority of the positive samples had greater than 10 CFU. Assays were repli-
cated three times for each aphid species to give a total of 36 to 48 aphids tested per species.

Statistical methods. All statistical analyses were conducted in R version 4.0.0 (52). Infection data
were analyzed using an ANOVA of the proportion of aphids infected in each of the three replicates per
aphid species. The model was checked for normality of residuals and heteroscedasticity by visual inspec-
tion of histograms and plots of residuals against predicted values. Significant differences in strain viru-
lence at 72 h postinfection were assessed using a generalized linear mixed model (GLMM) with a bino-
mial distribution, using the R packages lme4 (53) and car (54). Fixed effects included an interaction
between bacterial strain and aphid species, and experimental block was included as a random factor. To
determine significant differences in the above-described analyses between aphid species or between
bacterial strains, post hoc tests were assessed using the R package emmeans (55), and pairwise compari-
sons were adjusted with a Bonferroni correction.

Survival analyses were conducted using the R package survival (56). Kaplan-Meier curves were drawn
to visualize survival data over the whole period of the assays for each aphid species per bacterial strain
and to estimate survival probabilities (57). Cox proportional hazard survival models were carried out for
each bacterial treatment, with aphid species being the only fixed variable tested, and an experimental
block was included as a clustering factor to adjust standard errors appropriately.

Data availability. Mitochondrial COI sequence data generated during the current study are avail-
able under the following GenBank accession numbers: A. nasturtii, MW740233; A. rumicis, MW740234;
and Uroleucon caligatum, MW740235.
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