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While many endosymbionts have beneficial effects on hosts under specific ecological conditions, there can also be associated
costs. In order to maximize their own fitness, hosts must facilitate symbiont persistence while preventing symbiont exploitation
of resources, which may require tight regulation of symbiont populations. As a host ages, the ability to invest in such mecha-
nisms may lessen or be traded off with demands of other life history traits, such as survival and reproduction. Using the pea
aphid, Acyrthosiphon pisum, we measured survival, lifetime fecundity, and immune cell counts (hemocytes, a measure of im-
mune capacity) in the presence of facultative secondary symbionts. Additionally, we quantified the densities of the obligate pri-
mary bacterial symbiont, Buchnera aphidicola, and secondary symbionts across the host’s lifetime. We found life history costs
to harboring some secondary symbiont species. Secondary symbiont populations were found to increase with host age, while
Buchnera populations exhibited a more complicated pattern. Immune cell counts peaked at the midreproductive stage before
declining in the oldest aphids. The combined effects of immunosenescence and symbiont population growth may have impor-
tant consequences for symbiont transmission and maintenance within a host population.

Endosymbiotic relationships are pervasive in nature and may
comprise obligate or facultative partnerships (1, 2). Obligate

(primary) symbionts have extremely close relationships with
hosts, having coevolved to the extent that both partners are de-
pendent on one another for survival (1, 2). Conversely, facultative
(secondary) symbionts may profit hosts only under certain eco-
logical conditions (for examples, see references 3 and 4). The con-
sequences of harboring secondary symbionts can include modifi-
cations to host life history traits such as mating, dispersal,
fecundity, and longevity (5–7).

Host-symbiont interactions rely on a delicate balance to
ensure the success of both partners. Hosts must be able to
maintain control of their symbiont populations and conse-
quently have developed a range of mechanisms to help regulate
symbiont reproduction and transmission. These include specialist
cells (bacteriocytes) or organs in which to house symbionts (8, 9),
extensive screening processes (10), periodical expulsion of surplus
bacteria (11, 12), and employment of components of the immune
system to police populations (13–15). As yet, little is known about
the complexities involved in these processes or how they may dif-
ferentiate between primary and secondary symbionts. Tight co-
evolutionary relationships between a host and the primary sym-
biont can result in reduction of the symbiont genome. Lost genes
include those associated with bacterial virulence and cell wall
structure, which may modify interactions between the symbiont
and the host immune system (16). Additionally, bacteriocytes in
some hosts have been found to contain high concentrations of
antimicrobial peptides shown to selectively target primary symbi-
onts, aiding population control (14). Outside bacteriocytes, the
mechanisms involved in host recognition and selective immune
responses toward symbionts are even less well known. Hemocytes
have been shown to be involved in symbiont establishment and
may adapt to tolerate the presence of extracellular symbionts, but
the receptors and signaling molecules involved in these interac-
tions have not yet been identified (17).

All known potential symbiont control strategies require host
resources for their establishment and/or maintenance. When

faced with limited resources, hosts may trade off investment in the
processes associated with symbiont control with other important
life history traits, such as reproduction, growth, and development
(18–20). As a host ages, the selective pressures that govern such
investments will change.

Biological aging, or senescence, is defined as the progressive
deterioration of an organism. Most importantly from an evolu-
tionary perspective, aging is associated with a decline in survival
probability and fecundity. These phenotypes are the result of se-
nescence acting on a complex combination of biological processes
(21, 22). In particular, the effectiveness of the immune system
generally appears to decline with age, a process known as immu-
nosenescence, with older organisms having a higher susceptibility
to infection (23, 24). If specific immune responses are employed
by hosts to maintain control of symbiont populations, the effects
of immunosenescence could alter the host-symbiont balance,
leading to potentially harmful outcomes for the partners involved.

The pea aphid, Acyrthosiphon pisum, represents an ideal system
with which to explore symbiont-conferred costs and benefits and
symbiont population dynamics across the host lifetime. Pea
aphids maintain a primary symbiont, Buchnera aphidicola, which
provides vital amino acids otherwise lacking from the host’s diet
(25). Buchnera is vertically transmitted and housed in bacterio-
cytes (26). In addition, pea aphids may acquire one or several
secondary symbionts, which, following initial establishment by
horizontal transmission, maintain a high host fidelity via maternal
transfer (27). Under specific conditions, these symbionts have
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been shown to confer strong fitness benefits to their hosts (for a
review, see reference 27). However, maintaining secondary sym-
bionts in the absence of explicit ecological stressors can be costly
for the host (7, 28).

To date, little is known about the regulation of primary and
secondary symbionts in aphids. Buchnera have a reduced genome,
lacking, among others, genes involved in cell wall function, poten-
tially leaving the bacteria vulnerable to host immune responses
(29). The reduction of the genome may have also altered the bac-
teria’s capacity to proliferate. Bacteriocytes may provide a con-
trolled environment for regulation of Buchnera populations, as a
few antibacterial genes have been found to be upregulated within
these cells, suggesting a role in symbiont control or protection
from invading pathogens (30). Aphid secondary symbionts can
inhabit a variety of host tissues but are also found extracellularly in
the hemolymph, where they freely come into contact with host
immune cells (hemocytes) (14, 27). Aphid hemocytes have known
phagocytic properties and may play a role in symbiont regulation
(14, 31, 32). Secondary symbionts have been identified within
hemocytes, although whether their uptake is passive or active on
the part of the host is unknown (32).

In this study, we measure the reproductive output, survival,
immune response, and relative populations of primary and sec-
ondary symbionts in pea aphids as they age. Using a single genetic
host background and single infections with three different sec-
ondary symbiont species, we are able to assess how the conse-
quences of maintaining facultative relationships change over a
host’s lifetime. We predict that costs associated with such interac-
tions will be reflected in life history measures. Specifically, main-
taining a secondary symbiont may result in a decrease in host
survival and fecundity and increased activation of the immune
response, with host senescence serving to amplify the magnitude
of any effects. The deterioration in host condition may also pro-
vide a favorable environment for the less constrained secondary
symbionts, resulting in an increase in relative population densi-
ties.

MATERIALS AND METHODS
Aphids. All A. pisum aphids used were clonal females produced from
parthenogenetic mothers from the 5A genotype (4). For most experi-
ments, four different aphid lines were used from this genotype, each con-
taining the primary symbiont, Buchnera aphidicola, but harboring a dif-
ferent Gammaproteobacteria secondary symbiont: “No secondary” is the
5A control line that lacks any secondary symbiont and has been main-
tained in stock since collection in 1999 from Madison, WI; “Serratia” is 5A
with Serratia symbiotica; “Hamiltonella 1” is 5A with Hamiltonella defensa
(with the APSE-2 bacteriophage [33]); and “Regiella” is 5A with Regiella
insecticola. Secondary symbionts were introduced into 5A aphids without
secondary symbionts in 2003 and have been maintained as lab stocks ever
since. For the symbiont quantification assays comparing mothers and
embryos, an additional Hamiltonella line, Hamiltonella 2, was used. This
originated from the same mother stock, with the same aphid genotype, H.
defensa strain, and bacteriophage as Hamiltonella 1. Hamiltonella 1 was
separated from the mother stock in 2008 and maintained in the Gerardo
Lab. Hamiltonella 2 was obtained by the Gerardo Lab in July 2012 and
allowed to establish for five generations before being used for assays (see
“Symbiont quantification” below for further details). Aphids were kept in
cages in a walk-in growth chamber and maintained on Vicia faba (fava
bean) at 20°C and a light/dark cycle of 16 to 8 hours. All experimental
aphids were randomly selected from source populations housed on three
separate plants per line, each supporting seven adult females.

Survival and lifetime fecundity. Twenty aphids from each of the four
lines were raised individually on plants from birth. Reproduction began
when they were 9 to 10 days old. Offspring produced daily by each aphid
were counted and removed, and maternal survival was recorded. Due to
experimental time constraints, the experiment was run in two identical
replicates, each with n of 10 per line (final sample sizes: No secondary, 19;
Serratia, 18; Hamiltonella 1, 18; Regiella, 20).

Embryo retention. It was noted during the above survival experiment
that some aphids retained embryos that where never birthed, representing
a large fitness cost. To test whether the incidence of retention is linked to
presence of secondary symbionts, a third replicate of the survival experi-
ment was run, with 20 aphid mothers from each symbiont line. Offspring
production was monitored until aphids were deemed to have reached
their postreproductive phase (more than 20 days old and not having pro-
duced any offspring for 48 h). Aphids were dissected and scored for the
presence and number of retained embryos. Some aphids did not survive to
the postreproductive phase; the combined final sample sizes from two
replicates (data were also collected from the second survival replicate)
were as follows: No secondary, 26; Serratia, 21; Hamiltonella 1, 21;
Regiella, 26.

Immune cell counts. The number of immune cells in 0.25 �l hemo-
lymph (each sample pooled from two aphids) was used as a proxy for
standing immune capacity. Immune cells were identified as granulocytes,
with known phagocytic abilities, as described in reference 31. Recent work
has suggested that this group may in fact comprise both granulocytes and
plasmatocytes, although a differentiation in function has yet to be shown
(32). As both of these cell types have immune function, here we conser-
vatively count all these cells as “immune cells” but do not discriminate
between these two cell types. Aphids from each of the four lines were
raised from birth (seven aphids per plant). Hemolymph was collected
from aphids at 10, 16, and 24 days old and was fixed and stained using a
Diff-Quik stain set (31). The time points were chosen to represent the
beginning, middle, and end of the reproductive phase of aphids. Due to
experimental time constraints, samples were collected in two identical
replicate experiments, resulting in combined final sample sizes ranging
from 5 to 20 per line (average, n � 12).

Symbiont quantification. Three individual aphids from each symbi-
ont line were collected at three time points (10, 16, and 24 days old) and
stored at �80°C until required. DNA was extracted using Bender buffer
(with proteinase K) and ethanol precipitation (34). Samples were all ex-
tracted on the same day and stored at �20°C after extraction. Bacterial
densities of the primary and secondary symbionts were quantified using
absolute quantification real-time PCR (qPCR). Gene copy numbers were
calculated based on a standard curve produced using serial dilutions of
plasmids containing each PCR product. We used an endogenous control
aphid gene, elongation factor 1� (Ef1-�), to correct for differences in
concentration among samples, and present symbiont densities as the ratio
of symbiont gene copy number to host gene copy number (35). Reaction
volumes were 10 �l, comprising 1 �l DNA, 0.8 �l of each primer (see
primer specifics in Table S1 in the supplemental material), 3.2 �l RNase-
free H2O, and 5 �l Power SYBR green Universal MasterMix (Applied
Biosystems). Samples were run at 100 ng �l�1 DNA for Ef1-� and sec-
ondary symbiont genes and at 30 ng �l�1 DNA for the Buchnera gene.
Dilutions were based on primer and DNA efficiencies calculated to
100% � 10%. Samples were run on an Applied Biosystems Step One Plus,
with three technical replicates per sample. Negative controls using RNase-
free H2O were included in each plate.

Initial assays measured the combined populations of symbionts in
both the adults and any embryos that they contained. However, this ap-
proach presumes that the ratio of symbionts is identical within mothers
and embryos, which previous research suggests is unlikely to be the case
(36). Consequently, the experiment was replicated with samples collected
at the same time points, but any embryos remaining were dissected out of
the adults, the number of embryos was recorded, and the two samples
were screened separately. When mothers and embryos were assayed sep-
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arately, dissections were carried out with 20 �l phosphate-buffered saline
(PBS). All embryos from a given mother were counted into a 1.5-ml mi-
crotube and washed twice with 50 �l PBS. The adult carcass and dissecting
buffer were added to a second microtube. Adult samples also received the
50 �l PBS from the first embryo wash, and a further 100 �l PBS was used
to rinse the dissection plate and instruments, ensuring maximum aphid
tissue retention for the sample. Relative symbiont density was calculated
for the embryo samples as the ratio of bacterial gene copies to aphid gene
copies, divided by the number of embryos. Sample sizes of 3 to 5 biological
replicates were collected for each line per time point. In some cases, we
were able to quantify symbiont load in only two biological replicates be-
cause of aberrant qPCR amplification.

Preliminary analysis indicated that the Hamiltonella 1 line experienced
a significant decrease in Hamiltonella titer in early 2012 (see Fig. S1 in the
supplemental material for full details). Hamiltonella 2 was included in the
qPCR assays of mothers and embryos to confirm whether, given different
symbiont titers, symbionts exhibited the same population responses over
the course of host aging. Because of very low symbiont densities in Ham-
iltonella 1, we confirmed that both Hamiltonella 1 and Hamiltonella 2
tested positive for Hamiltonella via sequencing of the amplified qPCR
products.

Statistical analysis. All data were analyzed using the statistical package
R v2.13. Survival analysis used a Cox proportional hazards model
(coxph), with no censoring (data conformed to the model assumptions).
Count data were analyzed using a generalized linear model (glm) with a
quasi-Poisson distribution. Cumulative offspring production was ana-
lyzed using a linear mixed effects model (lme), with individual aphid
nested within symbiont line, using the nlme package in R. qPCR data were
analyzed using analysis of variance (ANOVA), with data log transformed
to conform to the standards of normality. Minimal models were derived
by removing terms followed by model comparisons. Terms were retained
if their removal significantly reduced the explanatory power of the model.
When appropriate, experimental replicate was included as a cofactor to
control for any variation due to collection day.

RESULTS
Survival and lifetime fecundity. There was a significant effect of
symbiont line on aphid survival (�2 on coxph survival analysis,
degrees of freedom [df] � 3, 71; P � 0.001), with the Serratia (P �
0.01) and Hamiltonella 1 (P � 0.01) lines having significantly
lower survival than the “No secondary” and Regiella lines (Fig. 1).

There was a significant effect of symbiont line on the start of
reproduction (F3, 71 � 3.76; P � 0.05) with Serratia exhibiting a
delay compared to the other lines (glm, quasi-Poisson, P � 0.01).
Serratia also had a lower rate of reproduction than the other sym-

biont lines (Fig. 2A; lme, df � 1,582; P � 0.01). Consequently,
there was a significant effect of symbiont line on lifetime fecundity
(Fig. 2B; F3, 71 � 3.78; P � 0.05), with the Serratia line producing
significantly fewer offspring than the other lines (glm, quasi-Pois-
son, P � 0.01). However, there was no significant difference be-
tween symbiont lines in the age at which aphids stopped repro-

FIG 1 Survival plot for aphid lines: control (No secondary), Serratia, Hamil-
tonella 1, and Regiella.

FIG 2 (A) Mean cumulative lifetime offspring production for aphid lines:
control (No secondary), Serratia, Hamiltonella 1, and Regiella. (B) Total life-
time fecundity for each aphid line (error bars are � 1 standard error of the
mean [SEM]). Asterisks indicate statistically significant difference. (C) Per-
centage of aphids retaining at least one embryo in the postreproductive phase
for each symbiont line. Asterisk indicates statistically significant difference.
(Inset) Older aphids are generally paler in color than younger aphids, and
retained embryos can be clearly seen through the cuticle.
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duction (F3, 71 � 1.75; P � 0.165), although the Serratia and
Hamiltonella 1 lines had a shorter postreproductive period than
the Regiella and “No secondary” lines (�2, df � 3, 71, P � 0.001).
There was no significant effect of experimental replicate on sur-
vival or lifetime fecundity, so it was removed from the models.

Embryo retention. There was a significant effect of symbiont
line on whether an aphid did or did not retain an embryo (Fig. 2C)
(�2, df � 3, 90; P � 0.027), with the Serratia line having a higher
incidence of embryo retention than the other lines (glm, binomial,
P � 0.032). Within those aphids that did retain at least one em-
bryo, the number of embryos retained ranged from 1 to 8 (mean �
2) (Fig. 2C, inset). There was no significant effect of symbiont line
on the number of embryos that were retained (�2, df � 3, 37; P �
0.223). There was no significant effect of experimental replicate,
so it was removed from the model.

Immune cell counts. There was a significant effect of both
symbiont line (glm, quasi-Poisson, F3, 143 � 4.52; P � 0.01) and
age (glm, quasi-Poisson, F2, 141 � 8.39; P � 0.001) on immune cell
counts (Fig. 3). All of the lines containing secondary symbionts
produced more immune cells than the “No secondary” control,
and immune cell counts in all aphid lines were elevated in 16-day-
old aphids compared to the other ages tested. There was no signif-
icant effect of experimental replicate, so it was removed from the
model.

Symbiont quantification. (i) Buchnera symbiont. Assays of
whole aphids (containing embryos) found no significant effect of
age (ANOVA, F2, 27 � 3.08; P � 0.062) or symbiont line (ANOVA,
F3, 27 � 2.09; P � 0.124) on Buchnera population density (Buch-
nera density presented as the ratio of the symbiont gene copy
number to the host gene copy number). Analysis of the more
detailed mother and embryo data set, combining mother’s age
(days), sample type (mothers or embryos), and host line, found
significant interactions between mother’s age and line (Fig. 4A
and B; ANOVA, F7, 65 � 4.06; P � 0.001) and mother’s age and
sample type (Fig. 4A and B; ANOVA, F2, 65 � 11.65; P � 0.0001).
Mothers had significantly higher Buchnera densities than embryos
across all ages and symbiont lines (compare Fig. 4A and B;
ANOVA, F1, 65 � 461.73; P � 0.0001). For mothers, with the
exception of the Serratia and Hamiltonella 2 lines, all lines exhib-
ited a drop in Buchnera densities at day 16, but populations in-
creased at day 24 (Fig. 4A). In the embryos (when present), Buch-

nera densities increased at day 24 (Fig. 4B). Because no
Hamiltonella 2 aphids survived to 24 days, this time point is miss-
ing for the Hamiltonella 2 line.

(ii) Secondary symbionts. Analysis of whole aphids found that
secondary symbiont population densities (calculated as the ratio
of the symbiont gene copy number to the host gene copy number)
differed dramatically among the lines tested, with Serratia having
the highest relative symbiont density (day 24 mean, 57.5 symbiont
genes/aphid gene), followed by Regiella (day 24 mean, 16.5 sym-
biont genes/aphid gene) and then Hamiltonella 1 (day 24 mean,
0.0140 symbiont gene/aphid gene). This variation between the
lines was significant (ANOVA, F2, 22 � 204.39; P � 0.0001), with
the Hamiltonella 1 line having a much lower density than the
other two (P � 0.0001). Universally, secondary symbiont pop-
ulations also increased significantly with increasing host age
(ANOVA, F2, 22 � 18.15; P � 0.0001).

Analysis of the more detailed mother and embryo data set
found that, with the exception of the Hamiltonella 1 aphids, the
relative secondary symbiont populations in mothers were signifi-
cantly higher than in embryos (ANOVA, F1, 47 � 351.21; P �
0.0001). Consequently, data from mothers and embryos were an-
alyzed separately. The secondary symbiont densities in Hamilto-
nella 1 mothers and embryos were both highly significantly lower
than their counterparts from the other symbiont lines (P �

FIG 3 Number of immune cells (hemocytes) per 0.25 �l hemolymph for each
of four aphid lines: control (No secondary), Serratia, Hamiltonella 1, and
Regiella (error bars are � 1 SEM).

FIG 4 Variation in Buchnera density with maternal age in adults (A) and
embryos (B) across the five symbiont lines tested: control (No secondary),
Serratia, Hamiltonella 1, Hamiltonella 2, and Regiella. Buchnera density is cal-
culated as the number of Buchnera gene copies divided by the number of aphid
gene copies in the same sample (error bars are � 1 SEM). For embryo results,
this number was subsequently divided by the number of embryos in the sample
to get the average density per embryo. N/A, data not available.
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0.0001) and were therefore analyzed separately to ensure that the
data conformed to the assumptions of normality.

Analysis of mothers from Serratia, Regiella, and Hamiltonella 2
lines found a significant effect of host age (Fig. 5A; ANOVA,
F2, 17 � 14.93; P � 0.001), with the oldest aphids having the high-
est densities of secondary symbionts. There was significant varia-
tion between the population densities of the symbiont lines (Fig.
5A; ANOVA, F2, 17 � 30.05; P � 0.0001) with the Hamiltonella 2
line having the largest secondary symbiont populations. Exclud-

ing the Hamiltonella 2 line, it should be noted that the pattern of
relative symbiont densities seen in mothers at day 24 replicated
that found in the analysis of whole aphids, being, in descending
order, Serratia, Regiella, and Hamiltonella 1. There was also a sig-
nificant interaction between age and symbiont line (Fig. 5A;
ANOVA, F3, 17 � 4.98; P � 0.012): following an initial increase in
the Regiella line, the relative symbiont density decreased at 24 days
old, whereas Serratia and Hamiltonella 2 line symbiont densities
increased progressively with maternal age. This pattern differs
from the first data set, in which there was a universal increase in
symbiont density with age in all the lines (ANOVA, F2, 22 � 18.15;
P � 0.0001). Analysis of the Hamiltonella 1 adults also showed a
significant increase in symbiont density with increasing host age
(Fig. 5C; ANOVA, F2, 8 � 10.61; P � 0.01).

There was a significant effect of host age (ANOVA, F2, 15 �
29.12; P � 0.0001) and symbiont line (ANOVA, F2, 15 � 24.26;
P � 0.0001) on secondary symbiont densities in the embryos (ex-
cluding Hamiltonella 1) (Fig. 5B). Symbiont density in embryo
samples increased with maternal age (but see Discussion), and
Hamiltonella 2 had significantly higher symbiont levels than the
other lines. There was no significant effect of host age on second-
ary symbiont densities in the Hamiltonella 1 embryos (Fig. 5C;
ANOVA, F2, 6 � 4.38; P � 0.067), despite a trend for increasing
populations in embryos recovered from 24-day-old mothers. Fo-
cusing on the Hamiltonella 1 mothers and embryos (Fig. 5C),
adults had significantly higher Hamiltonella densities than em-
bryos (ANOVA, F1, 16 � 15.60; P � 0.01).

DISCUSSION

This study demonstrates that the impact of symbiosis on host life
history traits depends on both symbiont species and age of host. In
addition, population densities of secondary symbionts were found
to increase significantly with host age. This may represent an in-
creased rate of symbiont reproduction with host age or indicate
that symbiont regulation declines with host age.

The two symbionts that significantly decreased host survival
were Serratia and Hamiltonella. These are known to provide pro-
tection to their hosts against heat stress and parasitoid infection,
respectively (27), but symbionts may be costly to maintain outside
specific ecological conditions (28). Although the reduction in host
fitness recorded here indicates a cost of infection to hosts, such
costs are likely dependent on both the symbiont and host geno-
types (6, 7, 37, 38). However, recent work on Hamiltonella-in-
fected aphids indicates that in the absence of parasitoid wasps,
against which Hamiltonella can provide considerable protection,
harboring the symbiont may be universally costly, regardless of
genetic background, although the extent of these costs varies (7,
38). Results from the Serratia line indicate that the symbiont de-
lays host development, effectively shortening the reproductive
window. Given that aphids can produce approximately 10 off-
spring per day, this represents a substantial cost for the host and
may have important implications for the spread of a symbiont
through the host population.

Under standard lab conditions, about 29% of the aphid life
span was spent in the postreproductive phase. While this phase is
likely to be rare in wild populations due to predation and parasit-
ism, the postreproductive state may have evolved if the presence of
old aphids increases offspring survival. Aphid offspring tend to
stay in the vicinity of their mother and so may benefit from the
proximity of postreproductive females if they add strength to the

FIG 5 Secondary symbiont densities. (A) Variation in adult secondary sym-
biont density with maternal age of aphid lines hosting Serratia, Hamiltonella 2,
and Regiella. (B) Variation in embryo secondary symbiont density with mater-
nal age for lines containing Serratia, Hamiltonella 2, and Regiella. (C) Variation
in secondary symbiont density with maternal age in Hamiltonella 1 adult and
embryo samples. Symbiont density is calculated as the number of symbiont
gene copies divided by the number of aphid gene copies in the same sample
(error bars are � 1 SEM). For embryo results, this number was subsequently
divided by the number of embryos in the sample to get the average density per
embryo. N/A, data not available.

Laughton et al.

474 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


alarm pheromone signal used to indicate predator presence and
initiate avoidance behaviors (39, 40). Alternatively, postreproduc-
tive females may be slower moving and, combined with their
lighter cuticle (Fig. 2C, inset), may present an easy target for pred-
ators, allowing the survival of younger, fitter offspring.

The retention of embryos that we saw in all symbiont lines was
an unexpected observation. While the genital aperture of aphids
can occasionally get blocked, preventing the birthing of further
offspring, this was not the case here. Otherwise seemingly healthy
individuals retained embryos, which, on dissection, appeared to
be putrefying. The presence of Serratia was found to significantly
increase embryo retention; maintaining the secondary symbiont
may sideline resources that the host would otherwise invest in the
final stages of offspring production. However, it should be noted
that although embryo retention is likely costly for the mother, the
number of embryos retained represents a small fraction of the
mother’s total reproductive output, and consequently any associ-
ated reduction in fitness may be small. Overall, we found that the
rates of fecundity senescence varied depending on both the host
age and symbiont species being housed. This may have repercus-
sions for host health and survival and symbiont prevalence and
distribution.

Investment in immunity is dynamic. Hosts must balance costs
associated with establishing and maintaining immune responses
against the requirements of other life history traits (18–20). Strik-
ingly, our results demonstrated the same temporal pattern of im-
mune cell populations in all four symbiont lines: early- and late-
stage adults contained approximately the same number of
immune cells, but numbers peaked at day 16 (Fig. 3). Ecdysis in
insects (molting to the next developmental stage) is commonly
associated with changes in hemocyte numbers (41–43), and the
rise in immune cells seen between day 10 and day 16 may represent
an increase in immune investment to adult capacity. Alternatively,
elevated immune cell numbers may be a prophylactic response to
the increasing risk of pathogen encounter with age (44). Studies
have demonstrated senescence of immune responses in a range of
invertebrates (for examples, see references 24, 45, 46, and 47),
including a decrease in the number of circulating hemocytes (46,
48), although the relationship may be complex (18, 49). The re-
duction in immune cells seen at day 24 may be an indication of
immunosenescence. The conservation of the pattern of immune
cell densities over time across all tested symbiont lines indicates a
dependence on host developmental stage rather than an artifact of
symbiont infection and provides support for evidence of cellular
breakdown with age.

The presence of secondary symbionts was found to lead to a
universal increase in immune cell numbers. Despite having a re-
duced or altered immune repertoire compared to previously stud-
ied invertebrates (31, 50), aphid immune cells have the capacity to
phagocytose a range of pathogens (31, 32). Secondary symbionts
have also been observed inside aphid immune cells, suggesting a
role in symbiont control (26, 32). The finding of elevated immune
cell counts in aphids harboring secondary symbionts differs from
the results reported in reference 32, whereby the presence of sec-
ondary symbionts resulted in cell counts that were either lower
than, or equal to, the symbiont-free controls. One possibility is
that the relatively recent introduction of symbionts into aphids
used in that study (32) may inflict different stresses on host im-
mune responses from those of long-established associations. An-
other possibility is that aphid genotype or symbiont genotype may

impact immune cell proliferation. Previous research has provided
evidence that both host and symbiont genotypes may contribute
to variation in host life history traits (51, 52). While our work tests
only a single host genotype against single strains of each symbiont
species, it serves to illustrate that symbionts have an impact on
host life history traits, incorporating host age as a confounding
variable for the first time.

Primary symbiont densities in mothers showed variation de-
pending on line, with the No symbiont, Hamiltonella 1, and
Regiella lines exhibiting a significant drop in Buchnera density in
16-day-old aphids (Fig. 4A). While previous work also reported a
decrease in Buchnera density during the peak reproductive period
(53), this is not universally supported (54), and the fact that this
pattern is not conserved across all our lines indicates an interac-
tion between symbiosis and the aging process. Bacteriocytes and
sheath cells (cells associated with bacteriocytes, often found to
contain secondary symbionts) contain high levels of lysozymes
that are hypothesized to help regulate symbiont populations (13,
30) but may be subject to senescence. In addition, as aphids age,
bacteriocytes increase in size but decrease in number and become
increasingly fragile (36). Variation in the timing of both the de-
crease in bacteriocyte numbers and potential senescence of the
lysozyme control mechanisms that they contain, compounded by
secondary symbiont effects on host senescence, may explain the
different patterns in Buchnera populations across lines with alter-
native secondary symbionts.

Secondary symbiont densities in mothers increased substan-
tially with host age (Fig. 5A). The fold increase between youngest
and oldest aphids was much higher than seen with Buchnera and
may be due to a combination of factors. As with bacteriocytes,
sheath cells disperse and may rupture with increasing host age,
causing secondary symbionts to dissipate into the hemocoel (36,
55). Senescence of sheath cells likely occurs before bacteriocytes,
as sheath cells are rarely seen in older aphids that retain intact
bacteriocytes (36, 55). Once in the hemocoel, the change in eco-
logical constraints may allow symbionts to proliferate, initiating
the recruitment of defensive hemocytes by the host. However,
symbiont proliferation, coupled with increasing senescence of im-
mune cells, could potentially overwhelm host immune cells, re-
sulting in unchecked symbiont populations.

Embryos collected from older mothers contained significantly
higher Buchnera and secondary symbiont densities than those col-
lected from younger mothers (Fig. 4B and 5B and C). However, it
should be noted that the embryos collected from older mothers
were fewer and in the latter stages of development. As the density
of both primary and secondary symbionts is predicted to increase
with developmental age, it is therefore not surprising that the rel-
ative density, calculated per embryo, increased with maternal age.
The mechanisms for vertical transmission of secondary symbionts
are not fully understood, although there is often a high fidelity of
maternal transmission during parthenogenetic reproduction (27,
56). In accordance with previous research (57), we found that the
density of secondary symbionts in embryos was much lower than
in Buchnera, suggesting that either fewer symbionts are initially
transmitted or bacterial replication is suppressed.

The seemingly aggressive profile of secondary, compared to
primary, symbionts may be linked to transmission mode. Al-
though established secondary symbiont infections are vertically
transmitted with high fidelity (58), initial infections are estab-
lished via horizontal transfer (27). Recent work indicates that hor-
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izontal transmission may occur relatively frequently in wild aphid
populations but is dependent on the aphid’s environment (59). If
symbiotic relationships are viewed as a continuum from mutual-
ism to parasitism (60, 61), it is possible that host senescence trig-
gers a shift to a parasitic strategy in order to maximize the proba-
bility of horizontal transmission before host death. Selecting a
horizontal transmission strategy may be detrimental to symbiont
fitness if the shift to parasitism results in costs to host fitness that
effectively prevent transmission opportunities (62). However, in
the case of the aphid, if a change of transmission strategy occurs
only in the latter stages of the host’s life, hosts are already experi-
encing a decline in fitness due to age. Consequently, any opportu-
nity that the symbiont can exploit to improve transmission should
increase symbiont fitness. Previous research has shown that even
in young aphids, novel infections with secondary symbionts can
be very aggressive, in some cases displacing Buchnera, but that
there is variation in the transmission efficiencies of secondary
symbionts (55, 63, 64). Within the lines tested here, we saw differ-
ences in the virulence of secondary symbionts. Aphids infected
with a higher concentration of Hamiltonella (Hamiltonella 2) did
not survive to day 24, and even in very low doses (Hamiltonella 1;
see Fig. S1 in the supplemental material) Hamiltonella was shown
to have a significant impact on host life history traits. Such effects
may be due to a much shorter coevolutionary period of secondary
symbionts with their host than the ancient and specialized associ-
ation that pea aphids have with Buchnera (27, 55). However, the
Regiella line displayed lower levels of virulence than the other
symbiont lines despite a similar period of association with the
host, indicating that this may not be the full story.

The work presented here highlights the impact that interac-
tions between host age and secondary symbiont species have on
host life history traits, which may have important implications for
symbiont population dynamics. Further work examining the
mechanisms involved in secondary symbiont horizontal trans-
mission and how the expression of host control genes (e.g., ly-
sozymes in bacteriocytes) changes with age will allow us to under-
stand how the relative importance of host and symbiont
contributions to the symbiotic relationship shifts as hosts age.
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