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ABSTRACT Insects and other animals commonly form symbioses with heritable
bacteria, which can exert large influences on host biology and ecology. The pea
aphid, Acyrthosiphon pisum, is a model for studying effects of infection with herita-
ble facultative symbionts (HFS), and each of its seven common HFS species has
been reported to provide resistance to biotic or abiotic stresses. However, one
common HFS, called X-type, rarely occurs as a single infection in field populations
and instead typically superinfects individual aphids with Hamiltonella defensa, an-
other HFS that protects aphids against attack by parasitic wasps. Using experimental
aphid lines comprised of all possible infection combinations in a uniform aphid ge-
notype, we investigated whether the most common strain of X-type provides any of
the established benefits associated with aphid HFS as a single infection or superin-
fection with H. defensa. We found that X-type does not confer protection to any
tested threats, including parasitoid wasps, fungal pathogens, or thermal stress. In-
stead, component fitness assays identified large costs associated with X-type in-
fection, costs which were ameliorated in superinfected aphids. Together these findings
suggest that X-type exploits the aphid/H. defensa mutualism and is maintained primar-
ily as a superinfection by “hitchhiking” via the mutualistic benefits provided by another
HFS. Exploitative symbionts potentially restrict the functions and distributions of mutual-
istic symbioses with effects that extend to other community members.

IMPORTANCE Maternally transmitted bacterial symbionts are widespread and can have
major impacts on the biology of arthropods, including insects of medical and agricul-
tural importance. Given that host fitness and symbiont fitness are tightly linked, inher-
ited symbionts can spread within host populations by providing beneficial services.
Many insects, however, are frequently infected with multiple heritable symbiont species,
providing potential alternative routes of symbiont maintenance. Here we show that a
common pea aphid symbiont called X-type likely employs an exploitative strategy of
hitchhiking off the benefits of a protective symbiont, Hamiltonella. Infection with
X-type provides none of the benefits conferred by other aphid symbionts and in-
stead results in large fitness costs, costs lessened by superinfection with Hamilto-
nella. These findings are corroborated by natural infections in field populations,
where X-type is mostly found superinfecting aphids with Hamiltonella. Exploitative
symbionts may be common in hosts with communities of heritable symbionts and
serve to hasten the breakdown of mutualisms.

KEYWORDS Hamiltonella defensa, PAXS, entomopathogenic fungi, heat stress,
heritable symbionts, parasitoids, pea aphid resistance

Heritable bacterial symbionts are ubiquitous in arthropod species, especially insects
occupying terrestrial ecosystems (1). These heritable symbionts are usually mater-

nally transmitted and cannot survive outside host tissues and consequently have
limited strategies for reaching new hosts (2–4). Given that host fitness and symbiont
fitness are intimately linked, symbionts can invade host populations by providing
net fitness benefits, often by mediating resource acquisition or providing protection
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against natural enemies (5). Alternatively, heritable symbionts can invade populations
by manipulating host reproduction to favor infected females (6, 7). Moreover, individual
hosts are often infected with multiple inherited symbionts and antagonistic or syner-
gistic interactions between superinfecting symbionts may enhance or reduce mutual-
istic services or costs, influencing symbiont spread within the host population (8–10).
Instances of heritable pathogens are expected to be exceedingly rare (1), yet under some
conditions, a heritable symbiont that was neither providing conditional benefits nor
manipulating host reproduction could spread by “hitchhiking” alongside a beneficial
symbiont (11). A hitchhiking symbiont could be maintained in host populations even
when superinfection causes harm to host fitness as long as the conditional benefits
provided by the mutualist in the superinfection context outweigh these costs. Such
symbionts can act as third-party exploiters and potentially interfere with the services
conferred by beneficial symbionts, altering spatial and temporal dynamics of the
symbioses and possibly hastening the breakdown of the mutualism (12).

The pea aphid Acyrthosiphon pisum (Hemiptera: Aphididae) has emerged as a model
organism for studying phenotypic effects of infection with heritable facultative symbi-
onts (HFS) (3). This is due to the diverse assemblage of heritable symbiont species
infecting this aphid combined with its clonal reproduction and the relative ease in
manipulating heritable symbiont communities (3). All pea aphids carry the obligate
symbiont Buchnera aphidicola, which provides essential nutrients not found in sufficient
quantities in their phloem diet (13, 14). In addition, most individual pea aphids are
variably infected with up to seven species of HFS, which confer diverse protective
benefits to the aphid host (3, 8). For example, Hamiltonella defensa confers resistance to
the dominant parasitoid of the pea aphid, Aphidius ervi (15, 16). The mechanism of
resistance is not known but requires that the bacterial symbiont be infected with the
bacteriophage APSE, which encodes eukaryotic toxins hypothesized to harm A. ervi larvae
developing within the aphid (17–19). Other HFS commonly found infecting pea aphids and
associated with protective roles include Serratia symbiotica, which confers resistance to
thermal stress, and Regiella insecticola, Spiroplasma, Rickettsia, and Rickettsiella viridis, which
protect against an aphid-specific fungal pathogen, Pandora neoaphidis (8, 20–24).

Despite the pea aphid’s status as a model for studying HFS, relatively little is known
about the consequences of infection with some species, including the informally
named X-type (also known as PAXS, for pea aphid X-type symbiont [25]). This common
HFS often infects up to 40% of individuals in some North American populations (8, 11).
Sequences of the X-type 16S rRNA gene place this HFS in the Enterobacteriaceae
(Gammaproteobacteria), along with other aphid symbionts, including Buchnera and H.
defensa, as well as notable human pathogens, such as Salmonella (25). Interestingly,
population-level studies show that X-type occurs uncommonly as a single infection but
rather is typically found “superinfecting” individual pea aphids with the defensive
symbiont H. defensa (8). Here we define superinfection as an infection with �1 HFS
species in an individual aphid (e.g., aphid with H. defensa plus X-type) and excluding
Buchnera, which is present in all individuals. While HFS superinfections are common in
pea aphids, most HFS species also occur frequently as single infections (8, 26). Host-
level selection can result in the spread of particular combinations of synergistic
HFS (e.g., multiple distinct benefits conferred) or remove combinations exhibiting
increased costs (relative to singly infected and uninfected aphids); costs to the symbi-
ont may occur over competition for space or resources within the host (4, 8, 10, 27–29).
Nonselective factors may also be important in HFS maintenance, as vertical transmission
rates are generally expected to be lower in superinfections than in single infections (8–10,
27, 30), although transmission rates of either partner may vary for specific HFS pairings. The
propensity of X-type to occur only as a superinfection suggests that it may act synergisti-
cally by improving the performance of superinfected aphids, either by providing distinct
benefits or by enhancing those of H. defensa. Alternatively, X-type may deploy a cheating
strategy and spread by “hitchhiking” with the defensive mutualist H. defensa (4, 9).

Building on prior research indicating that H. defensa-conferred protection against
the parasitoid A. ervi likely fails at warmer temperatures (31), a subsequent study
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identified a possible synergistic role for X-type, as symbiont-based protection was not
lost at higher temperatures in aphids infected with both X-type and H. defensa (25).
These studies did not control for variation in aphid and symbiont genotypes, which
potentially contributed to the observed results, especially given the later findings that
some pea aphid genotypes are resistant to A. ervi and that endogenous aphid resis-
tance does not fail at high temperatures (32, 33). Furthermore, aphids were dissected
prior to parasitoid pupation such that effects caused by strains of H. defensa (e.g., those
with APSE2) that kill wasps late in development (32) may not have been observed.
Indeed, in a separate study which controlled for aphid genotypic effects, we found no
evidence that X-type rescued loss of H. defensa-based protection at high temperatures,
nor did we find that X-type provided any protection against the wasp A. ervi as a single
infection (33). However, several studies with aphids, including pea aphids, show that
symbiont-based protection against parasitoids can be specialized to particular parasi-
toid species (34–37), rendering it possible that X-type provides protection specifically
against the only other parasitoid, Praon pequodorum, commonly attacking the pea
aphid in North America (38). In European pea aphids, some X-type strains have been
implicated in providing protection from thermal stress, as well as challenges by the
wasp A. ervi and the fungal pathogen P. neoaphidis (39). In this previous study, X-type
could not be isolated from the superinfecting symbiont Spiroplasma, but lines with
X-type and Spiroplasma generally received more protection than lines with only
Spiroplasma, which has also been shown to provide protection against P. neoaphidis
(24). In North American pea aphid populations, Spiroplasma is less common and does
not frequently partner with X-type (8, 33).

In summary, several reports indicate that X-type provides diverse protective roles to
pea aphids, yet no benefits have been established for X-type as a single infection, and
these other studies have not fully separated effects from coinfecting symbionts and
aphid genotypes. Here we examined roles of X-type as a single infection and superin-
fection with its common partner H. defensa. This was accomplished by establishing
experimental lines sharing aphid genotype, yet differing in the four possible symbiont
infection types: uninfected with HFS (UC), infected with H. defensa only (H), infected
with X-type only (X), and superinfected (XH). Using these lines, we examined the
constitutive cost of harboring the X-type symbiont, both as a single infection and as a
superinfection. We then investigated whether X-type infection results in increased host
protection against two natural enemies—P. pequodorum, a species of parasitoid wasp
native to North America, and the fungal pathogen P. neoaphidis—as well as thermal
stress. We also estimated symbiont titers using quantitative PCR (qPCR) to investigate
possible interactions between these two symbionts. Finally, we analyzed strain variation
using a multilocus typing approach and assessed the phylogenetic placement of North
American X-type based on several housekeeping genes of related bacteria. In doing so, we
hope to deliver a robust account of X-type-induced effects on the aphid phenotype in an
effort to determine the propagation strategy of this common heritable symbiont.

RESULTS
X-type infection is highly costly as a single infection and as a superinfection.

We found substantial reductions in aphid fecundity for aphids harboring X-type relative
to uninfected controls (Fig. 1; Table 1). Surprisingly, while H. defensa infection resulted
in significant increases in fecundity compared to that of controls, superinfections with
X-type not only eliminated this benefit but also significantly decreased fecundity,
almost to levels seen in X-type single infections (Fig. 1). X-type-infected aphids (X and
XH) reproduced at rates similar to those in controls for the first 3 to 6 days of adulthood,
at which point reproduction was abruptly curtailed (Fig. 1). This cessation of reproduc-
tion is not due to shortened life span, as X-type-infected aphids exhibited an estimated
time to 0.5 survival (i.e., time point at which 50% of aphids were still alive) similar to
those of H. defensa-infected aphids and uninfected aphids (Table 1). Interestingly, this
reproduction cessation (3 to 6 days postadulthood) coincides with a severe phenotypic
change seen in X-type-infected aphids (both X and XH), in which the aphids become
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extremely engorged and occasionally produce small, developmentally incomplete and
inviable offspring (Fig. 2A). Dissections of these large, bloated aphids revealed only a
few malformed offspring, while uninfected aphids of the same age contained �15 to
20 properly developed offspring (Fig. 2B and C).

Single infection with X-type resulted in significantly faster aphid development than
for both uninfected and H. defensa-infected lines (Table 1). Aphids infected with X-type
(both X and XH) were significantly larger and heavier at adulthood (measured as period
from birth to first reproduction [TFR]) than uninfected aphids (UC and H) (Table 1). H.
defensa-only-infected aphids did not differ significantly in development time, weight, or
body size from the uninfected control (Table 1).

X-type infection does not protect aphids from heat stress, but heat shock
ameliorates costs in superinfections. To account for the increased mortality that can
affect fecundity at later time points, reproductive output was analyzed in terms of both
cumulative fecundity and reproduction rate (offspring of each living aphid/day). Sur-
prisingly, within-line comparisons (heat shock versus 20°C control) revealed that expo-
sure to heat shock generally increased total fecundity (Student’s t test: TX � 1.81 and
P � 0.0384; TXH � 4.28 and P � 0.0001) and rate of reproduction (TX � 2.24 and P �

0.0148; TXH � 3.14 and P � 0.0015) (Table 2) of aphids infected with X-type (X) or
superinfected with both X-type and H. defensa (XH). However, heat shock had no effect
on total fecundity (TUC � 0.332 and P � 0.742; TH � 0.11 and P � 0.91) or rate of
reproduction (TUC � 0.395 and P � 0.695; TH � �0.361 and P � 0.72) (Table 2) of
uninfected (UC) and H. defensa-infected (H) aphids compared to 20°C controls. In
among-line comparisons to the uninfected control, X-type-only-infected aphids again

FIG 1 Cumulative fecundity in the absence of natural enemies. Bars represent standard errors. UC, uninfected
with HFS; H, infected with H. defensa only; X, infected with X-type only; XH, infected with X-type plus H.
defensa. Total fecundity at day 30 was compared among lines using Dunnett’s test with the UC line as control.
Significant differences between lines are marked in Table 1. *, P � 0.01; **, P � 0.001.

TABLE 1 Aphid development and fecundity at 20°Ca

Line

Time to first
reproduction (h),
mean � SE (P value)

Fresh wt (mg),
mean � SE
(P value)

Cumulative 30-day
fecundity (no. of
offspring/female),
mean � SE (P value)

Time (days) to
0.5 survival
(n � 30)

UC 237.13 � 2.49 3.13 � 0.16 (1.0) 268.5 � 37.23 (1.0) 19.15
H 246.66 � 3.61 (0.2166) 3.11 � 0.092 (0.9983) 386.17 � 26.07 (0.0153) 19.58
X 227.62 � 2.36 (0.0196) 3.63 � 0.10 (0.0163) 123 � 21.44 (0.003) 18.91
XH 230.67 � 2.54 (0.0399) 3.65 � 0.14 (0.0111) 145.83 � 19.79 (0.0118) 16.87
aAnalyzed with multiple Wilcoxon rank sum tests (with Benjamini-Hochberg correction; � � 0.0214); only
comparisons to the uninfected control line are included. Fresh weight, body size, and fecundity were
compared using Dunnett’s test with the uninfected line as the control. Survival data were fit to a lognormal
distribution for estimates of 0.5 survivorship; � � 0.05.

Doremus and Oliver Applied and Environmental Microbiology

April 2017 Volume 83 Issue 8 e03276-16 aem.asm.org 4

http://aem.asm.org


exhibited greatly reduced fecundity and reproductive rate; thus, despite increased
reproductive output post-heat shock, these aphids still suffered a severe reduction in
fecundity relative to that of uninfected controls (Table 2). In contrast, H. defensa
infection did not impose a cost to total fecundity or reproductive rate in either
treatment compared to the uninfected control (Table 2), but we also did not observe
fecundity increases as seen in the first assay. Finally, superinfected aphids also exhibited
a reduction in fecundity and reproductive rate at 20°C, but interestingly, this cost was
eliminated in the heat shock assay, in which the reproduction of superinfected aphids
was on par with that of controls (Table 2).

FIG 2 (A) X-type-infected adults exhibiting the “puffy” phenotype (�12 days old). The red arrow indicates
aborted offspring. (B and C) Embryos from an �12-day-old dissected uninfected aphid (B) and embryos
from an �12-day-old dissected X-type-infected aphid (C). The live-aphid photo (A) is courtesy of Laura
Kraft (reprinted with permission); dissection photos (B and C) are by Matthew R. Doremus.

TABLE 2 Aphid development and fecundity following heat shocka

Line Temp treatment

Time to first reproduction (h), mean � SE
(P value)

Daily fecundity (no. of offspring/female),
mean � SE (P value)

Compared to UC Compared to 20°C Compared to UC Compared to 20°C

UC Control (20°C) 242 � 3.18 (1.0) (0.1626) 5.00 � 0.31 (1.0) (0.6951)
Heat shock (37.5°C) 251.9 � 4.52 (1.0) 5.16 � 0.29 (1.0)

H Control (20°C) 243.35 � 4.6 (0.782) (0.1555) 4.65 � 0.34 (0.4638) (0.7202)
Heat shock (37.5°C) 251.44 � 3.82 (0.8125) 4.50 � 0.20 (0.1081)

X Control (20°C) 228.03 � 5.57 (0.0063) (0.0055) 1.99 � 0.22 (�0.0001) (0.0296)
Heat shock (37.5°C) 245.93 � 4.69 (0.4075) 2.64 � 0.18 (�0.0001)

XH Control (20°C) 234.56 � 3.64 (0.1338) (0.8738) 3.89 � 0.29 (0.0097) (0.0029)
Heat shock (37.5°C) 236.74 � 2.92 (0.0083) 5.10 � 0.26 (0.9960)

aAnalyzed under control and heat shock conditions with multiple Wilcoxon rank sum tests (Bonferroni corrected; � � 0.0083), with comparisons to the control line
(among lines) and 20°C (within-line comparison; P values only) included. Daily fecundity was compared using Dunnett’s test with UC; � � 0.05.
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Consistent with our first fitness assay, conducted only at 20°C, aphids infected singly
with X-type reached developmental maturity faster than uninfected or H. defensa singly
infected aphids in both the presence and absence of heat stress (Table 2). Superin-
fected aphids also developed faster than uninfected control aphids when exposed to
heat stress (Table 2). Heat shock significantly delayed reproduction of X-type singly
infected aphids compared to that of their 20°C counterparts, while the other aphid lines
(UC, H, and XH) experienced only a minor delay in reproduction. Interestingly, the delay
was slightest for superinfected aphids. Infection with HFS (X-type or H. defensa) as a
single infection or superinfection, as well as heat shock, had no effect on aphid survival
to reproduction, although there was a nonsignificant reduction in survival in all aphid
lines in the heat shock treatment and in singly infected aphids (both HFS species)
in both temperature treatments (logistic regression equation [LRE], Y � �0.059 �

0.085XH � 0.299X � 0.152H � 0.154temp; likelihood ratio test [LRT], FXH � 0.202 and P �

0.653; FX � 2.27 and P � 0.132; FH � 0.611 and P � 0.435; Ftemp � 1.13 and P � 0.287).
X-type infection does not confer protection against the parasitoid P. pequo-

dorum. Single infection with X-type did not reduce P. pequodorum parasitism success
(Fig. 3) (LRE, Y � �0.17 � 0.03XH � 0.03H � 0.28X; LRT, FX � 0.935 and P � 0.3335),
nor did aphids superinfected with X-type and H. defensa-APSE8 receive any protection
against P. pequodorum (Fig. 3) (LRT, FXH � 0.0061 and P � 0.9376). As seen in prior
studies using H. defensa carrying different APSE variants, including APSE8, single
infection with the present study’s strain of H. defensa with APSE8 did not confer any
protection against attack by the parasitoid P. pequodorum (Fig. 3) (LRT, FH � 0.011 and
P � 0.9155 [36]).

X-type infection does not confer protection against specialized fungal patho-
gens. Neither single infection with X-type nor superinfection with both HFS increased
aphid survival when exposed to P. neoaphidis (Fig. 4) (LRE, Y � �1.10 � 0.09H � 0.07X �

0.07XH �0.79R; LRT, FX � 0.67 and P � 0.4118; LRT, FXH � 0.69, P � 0.4062). Infection
with H. defensa also did not significantly increase aphid survival against attack by P.
neoaphidis (LRT, FH � 1.07 and P � 0.3004); however, a significant increase in survival
was seen with R. insecticola infection (LRT, FR � 10.76 and P � 0.001).

Both X-type and H. defensa single infections resulted in decreased fungal sporulation
compared to that of the uninfected aphid line (Fig. 4) (LRE, Y � 0.27 � 0.637H � 0.571X �

0.561XH � 1.28HR; LRT, FH � 11.56 and P � 0.0007; LRT, FX � 8.33 and P � 0.0039).
Additionally, superinfection resulted in a similar, minor decrease in sporulation com-
pared to that of the uninfected line, suggesting that superinfection with X-type and H.
defensa does not provide any additive benefits in this interaction (LRT, FXH � 8.53 and
P � 0.0035). In all three of these cases (X, H, and XH) reductions in sporulation were
small relative to that observed for aphids infected with R. insecticola (Fig. 4) (LRT, FR �

FIG 3 Mean aphid survival, mummification, and mortality after parasitism by P. pequodorum. Different
letters represent significant differences determined by ANOVA with Tukey’s HSD test after arcsin
transformation of data (� � 0.05).
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29.55 and P � 0.0001 [24, 39]). HFS-infected lines also showed increased host mortality
after pathogen exposure, which may be responsible for the observed reduction in
sporulation (Fig. 4) (LRE, Y � �0.29 � 0.43H � 0.51X � 0.34XH � 0.84R; LRT, FH � 6.92
and P � 0.0085; FX � 10.61 and P � 0.0011; FXH � 4.22 and P � 0.0401; FR � 18.53 and
P � 0.0001). Additionally, average time of sporulation was delayed in all lines infected
with HFS compared to that of the line lacking HFS (see Fig. S1 in the supplemental
material; multiple Wilcoxon test, P � 0.001 for all comparisons, and Bonferroni-
corrected � � 0.0125).

No clear indication of antagonistic interactions between superinfecting HFS
based on estimates of within-aphid symbiont abundance. H. defensa titers in-
creased during nymphal development after single infection or superinfection (48 to
144 h) but decreased or leveled off upon adulthood (Fig. 5A). In adult aphids (e.g., 192
and 288 h) there were significantly fewer H. defensa cells in superinfected aphids
relative to those infected with H. defensa only, suggesting that superinfection with
X-type negatively impacts H. defensa abundance. X-type titers increased through adult-
hood (Fig. 5B) and were substantially higher in 12-day (288-h)-old adult aphids, suggesting
that X-type begins to overproliferate in older aphids. The increase, however, was not as

FIG 4 Mean aphid survival, sporulation, and mortality after exposure to P. neoaphidis. Asterisks represent
significant differences compared to the uninfected control line (UC) determined by logistic regression
with a likelihood ratio test using arcsin-transformed data (� � 0.05). HR, H. defensa plus R. insecticola. *,
0.05 � P � 0.01; **, 0.01 � P � 0.001; ***, 0.001 � P � 0.0001; ****, 0.0001 � P � 0.00001.

FIG 5 Natural log values of mean estimated gene copies within aphids across five time points. (A) Mean
H. defensa dnaK copies in single infections and superinfections, compared using Student’s t test. (B) Mean
X-type gyrB copies in single infections and superinfections, compared using Student’s t test. Letters
represent significant differences; � � 0.05 for all comparisons.
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large in superinfected aphids, which may explain why costs to these aphids are not as
severe. Buchnera genomic copies varied over time within each experimental line, with no
consistent effects of single or superinfections with HFS on Buchnera titers, although titers
were generally higher in the superinfected line (Fig. 6). In prior studies (29, 40), Buchnera
copy number increased during aphid development into early adulthood; however, we
observed consistent decreases across all experimental lines in middle-instar nymphs. The
reason for this is unclear but may involve stage-specific amplification inhibitors.

X-type natural occurrence, strain variation and phylogenetic placement. Sur-
veys of HFS from field-collected pea aphids collected from 2013 to 2015 found that 27%
of aphids (totaling 485) were infected with X-type. The vast majority of these (n � 449
[93%]) occurred as superinfections, with most involving X-type plus H. defensa (n � 401
[82.7%]); a subset of these (n � 95) also carried a third HFS (most often Rickettsiella).
Only 6% of superinfected aphids carried X-type and an HFS other than H. defensa.

A maximum likelihood phylogeny of 3 concatenated loci (gyrB plus accD plus 16S
rRNA genes) revealed that X-type resides within the Enterobacteriaceae and is closely
related to H. defensa and R. insecticola (Fig. 7). We also identified virtually no strain
variation in the X-type symbiont. In two housekeeping genes (hrpA and rpoS) we found
100% nucleotide similarity sequenced across samples from Wisconsin and reference se-
quences from earlier studies (8, 41). Among 146 X-type infected aphids collected across a
4-year span from Wisconsin, we found a single nucleotide polymorphism (SNP) in the accD
sequence from a single sample. While the sampling is most intense in Wisconsin, compar-
isons with sequences of samples from New York and Pennsylvania identified no additional
variation and strongly suggest that X-type diversity is very limited in North America.
Importantly, it identifies the strain used in this study as the dominant strain in Wisconsin
and likely North America (see Table S2 in the supplemental material).

As X-type is typically found superinfecting aphids with H. defensa, we also se-
quenced two H. defensa housekeeping genes (ptsI and recJ [Table S2]). Remarkably, we
found that 58 of the 65 total sequenced superinfected samples contained a single H.
defensa strain. Thus, X-type primarily associates with a single strain of H. defensa,
suggesting the presence of more complex interactions between not only HFS species
but also strains within those species (Fisher’s exact test, P � 0.0001).

DISCUSSION

Pea aphids are commonly infected with one or more of seven HFS, most of which
have been experimentally shown to confer protection against thermal stress and attack
by specialized fungal pathogens and parasitic wasps (3). One common HFS, X-type, has
been implicated in providing thermal tolerance and enhancing protection against
parasitoid wasps and fungal pathogens (25, 39). X-type is unusual among pea aphid
HFS, as it occurs primarily as a superinfection with a second symbiont, H. defensa (8; this
study); however, no studies have disentangled the impact of X-type on the aphid
protective phenotype in single-infection and superinfection contexts. After creating a

FIG 6 Natural log values of estimated Buchnera genome copy number in differentially infected aphids
across five time points. Different letters represent significant differences in the number of Buchnera
genome copies between aphid lines, determined by ANOVA with Tukey’s HSD test; � � 0.05.
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full complement of experimental aphid lines with all X-type–H. defensa infection
combinations in a shared aphid genotype, we examined the effects of X-type infection
on aphid fitness at normal temperatures and under thermal stress and when chal-
lenged by specialized fungal pathogens and parasitoid wasps. In total, we found that
as a single infection, X-type confers no protective services against thermal stress, fungal
pathogens, or parasitoids, and it neither substantially enhances nor degrades protec-
tion against parasitoids or other threats when co-occurring with H. defensa (Table 2; Fig.
3 and 4). Instead, we identified large fecundity costs for aphids infected with only
X-type (Table 1; Fig. 1). These costs are partially ameliorated in superinfections with H.
defensa at cool temperatures and are entirely recovered in superinfections following
heat shock (Table 2). That this strain of X-type confers none of the benefits hitherto
attributed to pea aphid HFS yet confers large costs, especially in the single-infection
context, suggests that X-type is maintained in pea aphid populations by exploiting
the mutualism between pea aphids and H. defensa and essentially hitchhiking via the
protective benefits conferred by its coinfector. This hypothesis is bolstered by the
aforementioned field surveys showing that X-type mostly co-occurs with H. defensa and
by our finding that H. defensa’s protective benefits are not substantially reduced, while
costs are ameliorated, in superinfections.

Two related parasitoid species, A. ervi and P. pequodoroum, commonly attack alfalfa-
associated pea aphids in North America. A prior study found that X-type infection did not
impact interactions with the dominant parasitoid A. ervi (33), and here we show that X-type,
as a single infection or superinfection with H. defensa, does not contribute significant
protection to the wasp P. pequodorum. Together these studies indicate that this common
X-type strain is not directly involved in providing protection against either wasp species
that attacks this aphid. So far, no identified aphid defenses, either of endogenous or
symbiont origin, provide any protection against P. pequodorum, which may partially explain
why this native wasp persists while other competitors have been excluded (37).

Infection with X-type also did not protect pea aphids from challenge by the specialized

FIG 7 PHYML TN93�G�I 1000 bootstrap phylogenetic tree showing the placement of X-type within the
Enterobacteriaceae, based on concatenated sequences of gyrB plus accD plus 16S rRNA genes with Vibrio
cholerae as the outgroup. X-type is shown in blue, and other A. pisum HFS are shown in green.
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aphid fungal pathogen P. neoaphidis. Although X-type single infections and superinfections
did decrease P. neoaphidis sporulation compared to that of uninfected controls, these
infections did not result in significantly increased aphid survival, rendering a direct anti-
fungal benefit unlikely (Fig. 4). Rather, the reduction of sporulation in X-type-infected
lines correlated with increased aphid mortality prior to fungal sporulation. We also
found that X-type did not provide thermal protection in our experimental lines. Aphids
infected only with X-type exhibited high fecundity costs at constant, cool temperatures
and under thermal stress. Interestingly, superinfection mitigated the cost of harboring
X-type under conditions of heat stress, where we found no difference in fecundity
between super- and uninfected aphids (Tables 1 and 2). The cause of this mitigation is
unclear but may involve reduction of symbiont titers (23). Based on these findings, we
may expect that superinfections involving X-type plus H. defensa will be more common
in warmer regions or seasons, although the loss of H. defensa-mediated resistance to
parasitism at warmer temperatures (31, 33) obscures this hypothesis. Our results
contrast with a previous study finding that European pea aphids superinfected with
X-type and Spiroplasma showed decreased susceptibility to numerous stressors relative
to those infected with Spiroplasma only (39). Given that this previous study did not
isolate X-type single infections and that Spiroplamsa’s only associated benefit is fungal
protection (24), indirect effects may account for the enhanced protection in superin-
fected hosts. The presence of an additional HFS (X-type) may have amplified the
protective effect of Spiroplasma. Also, variation between North American and European
X-type strains potentially contributed to the different findings. For example, strains of
H. defensa can vary from completely protective to nonprotective depending on the
presence of its associated phage, APSE (19).

While we examined only a single strain of X-type in our assays, sequence typing to
characterize strain variation revealed that this was the dominant strain found across
several sampled North American populations over a 4-year period. Moreover, this
dominant X-type strain was most often found coinfecting pea aphids with the specific
strain of APSE8-bearing H. defensa used in this study. Together, these findings indicate
that our results likely generalize to many, if not most, North American X-type infections,
with the caveat that aphid genotype by X-type interactions may introduce variation.
Unfortunately, numerous attempts to place this X-type strain into other aphid geno-
types were unsuccessful. Many successful transfections resulted in unstable infections
in aphid lines that produced so few offspring that we unable to use them in bioassays,
indicating that only some aphid genotypes are capable of tolerating infection with
X-type. The presence of genotypic tolerance suggests that we are generally underes-
timating costs to infection with X-type via selection of lines which produce enough
offspring to experimentally examine. These findings make it even more surprising that
X-type can infect up to 40% of individuals in pea aphid populations (9).

While X-type may yet provide some untested benefit, such as resistance to bacterial
or viral pathogens or modification of host dietary range (42, 43), pea aphid HFS are not
known to provide resistance to such pathogens and European X-type strains do not
improve aphid performance when aphids are fed on alfalfa or clover (39). The lack of
expected benefits identified in this study suggests that North American X-type is not a
conditional mutualist like the other common aphid HFS. It is also unlikely that X-type
invades pea aphid populations as a reproductive manipulator, as pea aphids primarily
reproduce asexually, although some reproductive manipulation has been seen with
Spiroplasma-infected pea aphids during their sexual phase (44). Preliminary transmission
experiments in the lab found high vertical transmission rates (�99%) and no instances of
horizontal (i.e., infectious) transmission, together indicating that X-type is primarily mater-
nally transmitted, similar to other common pea aphid HFS (45). Reduced costs and
increased transmission rates of superinfections may allow for the maintenance of H. defensa
and X-type superinfections when parasitism pressure from A. ervi is high.

Of course, there are numerous cases of heritable symbionts carrying high infection
costs, including strains of H. defensa in black bean aphids (46), but these costs are offset
by conditional benefits, with balancing selection maintaining intermediate frequencies
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(47). There are also virulent Wolbachia strains, most notably wMelPop, yet these HFS
also likely spread via protective benefits and/or reproductive manipulation (48, 49). The
phenotype conferred by X-type infection shares particular similarity with that of
wMelPop; both carry severe costs that develop in adult hosts, possibly due to overrepli-
cation of the virulent symbiont (48, 50, 51). In this study, we found large increases in X-type
titers only in older aphids (Fig. 5B), but other genotypes less tolerant of X-type infection
may exhibit more dramatic increases in symbiont abundance. Indeed, preliminary titer
estimations of X-type in a second aphid genotype (WI-12) are suggestive of overreplication
(see Fig. S2).

Theory and empirical work have revealed two primary strategies for the spread and
maintenance of heritable symbioses: providing net fitness benefits and manipulating
host reproduction (1–4). However, given the mostly parthenogenetic reproduction of
the aphid host, the findings that X-type does not confer any of the benefits attributed
to other aphid HFS, imposes large fitness costs in single infections, and occurs primarily
as a superinfection with defensive symbionts indicate that X-type likely persists in pea
aphid populations by exploiting the protective services of H. defensa. This appears to be
a tenuous strategy; X-type requires both a beneficial partner (H. defensa) and pressure
from a specific natural enemy to provide selection for the partner symbiont. Yet aphids
singly infected with H. defensa should still be expected to outperform superinfected
aphids, implying that susceptible hosts are also required for the maintenance of this
superinfection. In such a scenario, aphids superinfected with X-type and H. defensa
should increase in the population relative to susceptible aphids (uninfected or infected
with HFS other than H. defensa) during parasitism pressure. However, spread of this
superinfection is ultimately impeded as single H. defensa infections concomitantly
increase due to wasp pressure. Alternative explanations for X-type maintenance include
improved rates of vertical transmission in superinfections relative to single infections or
frequent lateral transfer, but neither of these was supported in preliminary lab trials.
While X-type appears to be an atypical case, superinfections are common in many
insect species (8, 10, 52) and this hitchhiking strategy, or similar scenarios, may
occur in other systems, even among conditional beneficial symbionts not under
direct selection (e.g., coinfecting antifungal HFS spread with H. defensa under
parasitism pressure [11]). Of course, confirming a purely exploitative hitchhiking
status of symbionts will remain troublesome, due to the difficulty in “proving a
negative,” as there is always the possibility that the hitchhiker confers some
unknown conditional benefit.

In a broad sense, facultative defensive mutualisms, such as those involving protective
HFS in arthropods, are maintained only in the presence of a third, nonmutualist species (12).
In pea aphids, for example, the proportion of aphids infected with H. defensa increases in
cage studies in the presence of parasitoids but decreases in their absence (47). However,
third-party participants can also exploit and impede mutualisms (12, 53, 54). For instance,
when communities of HFS occur within individuals, exploitative HFS potentially obtain
benefits supplied by other players in the interaction, without contributing any benefits
themselves. In our case, X-type, which is vertically transmitted at high rates and presumably
cannot live outside arthropod hosts, receives nutrient-provisioned housing and increased
access to new hosts under conditions of high parasitism pressure when H. defense-infected
aphids spread relative to aphids lacking H. defensa. While we did not find that protective
services were reduced in superinfected aphids, costs in the absence of enemy challenge
were much higher, indicating that symbiont-based defenses are likely to be removed from
the population faster under conditions of low parasitism pressure. Thus, identifying poten-
tial exploitative symbionts is important, as they can be expected to degrade heritable
mutualisms by depressing the benefit of the inherited mutualists. Given that defensive
heritable symbionts appear to be common and often occur in communities (5), such
interactions potentially restrict the distributions and function of these widespread mutu-
alisms with effects that cascade to trophic levels above and below.
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MATERIALS AND METHODS
Establishment of pea aphid experimental lines. Pea aphids are phloem-feeding herbivores that

consume a variety of herbaceous legumes. Due to their cyclically parthenogenetic life cycle, asexual
clonal lines can be maintained in the laboratory indefinitely via continued exposure to a long-day-length
photoperiod. All pea aphid experimental lines were maintained in small cages containing a fava bean
plant, Vicia fava, within Percival biological incubators at 20°C with 70% humidity under 16-h light/8-h
dark conditions, unless otherwise noted. The primary aphid line (5D) used in these experiments was
collected on alfalfa (Medicago sativa) from Dane County, WI, in 2012. A single parthenogenetic female
was placed in a petri dish with V. fava leaves to establish the line. A subset of her offspring were screened
for all known pea aphid HFS using diagnostic PCR (primers and reaction conditions found in references
32 and 41) as well as any “unexpected” symbionts using universal primers with denaturing gradient gel
electrophoresis (DGGE) (32). Line 5D was found to be naturally superinfected with H. defensa and the
X-type symbiont. The H. defensa strain used in this study carries the phage APSE8, which encodes the
cdtB2 toxin; this strain is functionally very similar to better-studied APSE2-H. defensa strains, and both
provide a moderate level of protection against A. ervi (16, 32, 37, 55).

Using the 5D aphid genotype, we created a full complement of differentially infected aphid
experimental lines for use in this study, consisting of the naturally superinfected line (XH), a line singly
infected with H. defensa-APSE8 (H), a line singly infected with X-type (X), and a line uninfected with either
symbiont (UC [uninfected control]). To create the X-type-only and uninfected lines, we selectively cured
aphids by allowing aphid nymphs to feed on aphid artificial diet spiked with an antibiotic cocktail
modified from that described in reference 56. We were unable to generate the H. defensa-only line
through selective symbiont curing and we instead used transinfection to create this line. Briefly,
hemolymph containing H. defensa was collected by homogenizing several superinfected 5D aphids in 40
�l of 1	 phosphate-buffered saline (PBS) in a 0.5-ml tube; the hemolymph was then centrifuged at 7,000 	
g for 15 s and transferred via pulled glass capillary needles to our UC line cured of both symbionts (16,
37). After producing the four experimental lines, we confirmed the expected symbiont profile of each line
using diagnostic PCR protocols over multiple aphid generations and again just prior to use in experi-
mental assays; experimental lines were maintained for at least six generations prior to use in experiments
(18; see supplemental material for full details). We also performed microsatellite genotyping (32), using
four loci (Ap-02, Ap-03, Ap-05, and Aph10M), to confirm that all four experimental lines were aphid
genotype 5D (Table S1). We made numerous attempts to establish X-type single infections in other aphid
genotypes but were unable to generate stable infections that produced sufficient offspring to conduct
bioassays.

Pea aphid natural enemies examined in this study. After its introduction in 1959 to control pea
aphids in North America, the parasitoid A. ervi competitively displaced numerous native and introduced
parasitoids attacking this aphid, except for the native aphidiine braconid (Hymenoptera) P. pequodorum
(38). Thus, P. pequodorum, which also has a standard solitary endoparasitoid life cycle, is typically the only
primary parasitoid other than A. ervi attacking pea aphids in North America. The P. pequodorum wasps
in this study were field-caught wasps reared on a mixture of susceptible pea aphid genotypes. Adult
wasps were provided honey and water, and females were at least 3 days old and mated prior to all
parasitism assays.

The fungal pathogen Pandora neoaphidus (Zygomycota: Entomophthorales) is another specialized,
widespread, and important natural enemy of the pea aphid acting as an effective natural biological
control of pea aphid populations (57, 58). The P. neoaphidis (genotype ARSEF 2588) used in this study
originated from the USDAARS Collection of Entomopathogenic Fungal Cultures. P. neoaphidis was
maintained on the susceptible aphid line WI-48 (no HFS), with desiccated fungal cadavers held at 4°C
with low humidity for no more than 2 months prior to use in experiment. Prior to experimental use,
cadavers were rehydrated to induce sporulation.

Fitness assays at 20°C. Casual observations of X-type-infected aphids, as well as the difficulty we
experienced in creating and maintaining X-type single infections, suggested that this symbiont imposed
significant constitutive costs on the aphid host, beyond that typically seen with other pea aphid HFS (22,
27). Component fitness assays were conducted to compare single infections and superinfections relative
to uninfected controls. Assays were modified from the parameters reported in reference 27 and designed
to measure aphid survival, fecundity, and developmental time, defined as the period from birth to first
reproduction (TFR), as well as fresh weight and dorsal body size at TFR. Six replicates of newborn aphids
were used for a total of 30 aphids/line (�120 aphids) in each assay. Aphid survival and fecundity were
checked every 3 days from the onset of reproduction (day 9) to day 30, at which point almost all aphids
had died or ceased reproduction; total output of offspring was summed as lifetime fecundity. To measure
the effects of HFS infection on development, we monitored aphids every 2 days until day 8 (near
adulthood), when we then monitored aphids every 3 h until first reproduction. Upon reproduction, the
new mothers were removed and weighed using a microscale. Aphid body size was then estimated using
dorsal view photographs generated with an Olympus SZX16. The dorsal circumference of the body,
excluding antennae and legs, was traced to estimate the dorsal body area of the aphid from each photo
using the measurement function in Olympus cellSens Standard software version 1.4.1.

Heat shock assay. The heat shock assays consisted of a modified version of the previous fitness
assays, except that cohorts consisted of 12 replicates of 10 newborn aphids per line which were divided
into one of two temperature treatments, modified from those described in reference 22. The control
treatment consisted of four replicates (�160 aphids) kept at the control temperature of 20°C for the
duration of the experiment, which lasted for 20 days in total. The remaining eight replicates (�320
aphids) were exposed to a heat shock regimen in which aphids were maintained at 20°C for 2 days (�2nd
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instar) and then the temperature was gradually increased over the span of 2 h to 37.5°C (�1°C) and held
for 2 h before being reduced gradually first to 30°C (�1°C) and held for 1 h and then reduced gradually
back to 20°C for the remainder of the experiment. Additionally, heat-shocked aphids were transferred
to fresh plants the day after heat shock to maintain consistent host plant quality between the heat
shock and control treatments. TFR was measured as described above, while fecundity was measured
as described in reference 22.

P. pequodorum parasitism assays. To test if X-type confers protection against P. pequodorum, either
as a single infection or as a superinfection with H. defensa, we conducted a parasitism assay at 20°C.
Cohorts of 15 2nd- to 3rd-instar pea aphids infected with either X-type (X), H. defensa-APSE8 (H), or
X-type plus H. defensa-APSE8 (XH) or lacking both symbionts (UC) were placed onto a fresh V. fava plant
and given 2 h to settle. A mated, female P. pequodorum wasp was then introduced into the cage and,
after visual confirmation that the wasp would readily attack aphids, was allowed to parasitize aphids for
24 h, after which point it was removed. Nine days later, the proportions of aphids surviving (resistant),
mummified (susceptible), and dead (dual mortality of aphid and parasitoid) were determined.

Fungal assays. To determine if X-type confers protection against a second natural enemy, the fungal
pathogen P. neoaphidis, we performed assays modified from those described in references 24, 59, and
60). Briefly, 16 cohorts of 10 apterous adult aphids (�160 aphids, 10 � 1 days old) from each line (5D-X,
H, XH, UC; 640) were placed in a 35-mm-diameter petri dish with an agar plate inoculated with two
sporulating P. neoaphidis-infested cadavers inverted over them for 90 min, thus mimicking a natural
spore shower. Additionally, four replicates (�40) of an aphid line (WI27-HR) superinfected with H. defensa
and Regiella insecticola and highly resistant to P. neoaphidis were included as a control in this assay. A
slide coverslip was placed under the aphids to ensure that sporulation occurred postexposure, and
fungal plates were rotated every 15 min between similarly infected replicates to normalize sporulation.
Each cohort was then placed onto a fresh V. fava plant at 20°C with 100% humidity (via an unvented cup
lid) and normal long-day light conditions for 24 h. At this point, the unvented lid was then replaced with
a vented lid (24, 59, 60; see supplemental material for additional setup methods). Aphids were checked
every 24 h for 10 days postexposure for aphid survival, dual mortality (aphid and pathogen), and fungal
sporulation (P. neoaphidis survival); any offspring produced were removed.

Symbiont titers. Symbiont titers in uninfected (only B. aphidicola), singly infected (H or X), and
superinfected (XH) aphids were estimated from whole extractions of aphids collected at five time points
representing the 2nd through 4th instars, as well as early and older adults (i.e., 48 h [2nd instar]), 96 h
[3rd instar], 144 h [4th instar], 192 h [early adult], and 288 h [older adult]) in replicates of eight aphids
per time point. DNA was extracted as previously described, except in the case of the 288-h-old aphids,
for which DNA was extracted using the E.Z.N.A. tissue DNA kit (OMEGA Bio-Tek) by following the
manufacturer’s protocol. Fragments of the single-copy bacterial genes dnaK from H. defensa and gyrB
from X-type, along with the dnaK gene from polyploid B. aphidicola, were amplified using quantitative
PCR (32, 61–63). The X-type primers new to this study were ACG GAG GTG AGT ACC CGA AAA (forward)
and ATC AGC GTT CAT CTC TCC CA (reverse). PCRs were performed as described in reference 63;
symbiont titers were estimated using external standard curves of each gene, and the aphid Ef-1 � gene
was amplified in all samples to correct for differing extraction efficiencies between DNA samples (27).

X-type natural occurrence, strain variation, and phylogeny. To investigate infection frequencies
and patterns of X-type in natural populations, we extracted DNA from field-caught pea aphids collected
on alfalfa from Dane County, WI, from 2013 to 2015 using the E.Z.N.A. tissue DNA kit (OMEGA Bio-Tek).
DNA was stored at �80°C until tested for the presence of pea aphid HFS using the protocols described
above (see “Establishment of pea aphid experimental lines”).

To examine strain variation of North American X-type, we PCR amplified and Sanger sequenced
(using Eurofins MWG) five X-type housekeeping genes (accD, hrpA, murE, recJ, and rpoS) (41) from two
pea aphid samples collected from 2012 to 2013 from Wisconsin, after enzyme cleaning with 0.3 �l of
exonuclease I and 0.5 �l of FastAP under the following protocol: 35°C for 15 min, 85°C for 15 min, and
holding at 10°C. Sequences, including references, were aligned with ClustalW using MUSCLE, trimmed
manually using Geneious v 8.1.5, and compared to European X-type sequences obtained from GenBank
(Table S2) (41). Preliminary screening revealed variation (a single, uncommon SNP) only at the accD locus;
hence, we sequenced a total of 146 aphid clones collected from 2012 to 2105 from Dane Country, WI,
at this locus. A subset of these samples was also used to generate additional rpoS (�19) and hrpA (�21)
sequences to reduce the likelihood that we were missing variation. The same protocol was used to
investigate the strain diversity of H. defensa found superinfecting with X-type, focusing on the ptsI and
recJ genes of H. defensa (Table S2; primers and reaction from reference 18). A total of 89 samples (65 from
superinfections with X-type) collected from Wisconsin from 2011 to 2015 were sequenced and aligned
as previously described.

To create a phylogeny of X-type within the Enterobacteriaceae, two X-type housekeeping genes (accD
and gyrB) and the 16S rRNA gene were amplified from strain 5D. We also obtained representative
sequences of these same housekeeping genes and 16S rRNA genes of several other Enterobacteriaceae,
including other pea aphid HFS and free-living bacteria downloaded from GenBank (Table S3). Concat-
enated sequences were aligned in Geneious as described above, and the Akaike information criteria (AIC)
were calculated using MEGA v6.0 and used to predict the best-fit model of evolution. Additionally,
concatenated sequences underwent DualBrothers recombination analysis. The best-fit model, Tamura-
Nei with gamma distribution and transition/transversion bias, was used along with PHYML in Geneious
to generate maximum likelihood trees, which were run with 1,000 bootstrap iterations.

Statistical analyses. All analyses were performed using the statistical package SAS JMP Pro version
11 (SAS Institute Inc., Cary, NC). In the fitness assays, lifetime fecundity, aphid body size, and fresh weight
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upon reproduction were compared using Dunnett’s test with the UC line as the control. TFR was analyzed
using the nonparametric multiple Wilcoxon rank sum tests with Benjamini-Hochberg-corrected signifi-
cance values, as the TFR data had a nonnormal distribution even after transformation attempts. Aphid
survival was fit to a lognormal distribution to estimate 0.5 survival time. The effects of heat shock were
analyzed as in the first fitness assay, except that the numbers of aphids surviving to adulthood were
compared between aphid line and temperature treatment using logistic regression. To compare TFRs,
the nonparametric Wilcoxon rank sum test with a Bonferroni-corrected significance level was used to
compare developmental times between lines and temperature treatments. To compensate for adult
mortality at the later time points, fecundity data were treated both as rate of reproduction (offspring/day)
and summed as total fecundity and compared using analysis of variance (ANOVA) with Tukey’s honestly
significant difference (HSD) test. Aphid survival, mummification (or sporulation), and mortality after P.
pequodorum parasitism and P. neoaphidis exposure, for each line, were arcsin transformed and the
distributions were checked for normality using the goodness-of-fit test. The results were then compared
between aphid lines and the UC line using logistic regression, as well as ANOVA with Tukey’s HSD post
hoc test to compare means. Additionally, a lognormal distribution was used to estimate 0.5 survival time
after exposure to P. neoaphidis as in the fecundity assay. Symbiont titers in differentially infected hosts
were log transformed, and the distributions of symbiont titers in each experimental line at each time
treatment were checked for normality using the goodness-of-fit test. Transformed titers of each symbiont
were then compared (when applicable) between aphid lines and time using ANOVA with Tukey’s HSD
test. Finally, the tendency for a particular strain of H. defensa to associate with X-type was analyzed using
Fisher’s exact test with Bonferroni correction.
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