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the aphid population level, increasing plant species rich-
ness increased the diversity of the aphid symbiont com-
munity, whereas at the individual aphid level, the opposite 
was found. These effects are potentially driven by vary-
ing selective pressures across different plant communi-
ties of varying diversities, mediated by defensive protec-
tion responses and a changing cost-benefit trade-off to the 
aphid for hosting multiple secondary symbionts. Our work 
extends documented effects of plant diversity beyond vis-
ible biotic interactions to changes in endosymbiont com-
munities, with potentially far-reaching consequences to 
related ecosystem processes.

Keywords Biodiversity · Hamiltonella · Multitrophic · 
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Introduction

Biodiversity, i.e. the variety of life on earth, is not only of 
ethical and aesthetical value but also of functional impor-
tance (Hector et al. 2001). Low diversity in a community 
has now been consistently found to be associated with a 
lowered mean (and an increase in the variance) in many 
of the ecosystem functions investigated (Hooper et al. 
2005; Allan et al. 2013). Most research on the relation-
ship between plant diversity and ecosystem functioning 
has focused primarily on plant-related ecosystem variables, 
revealing positive effects of biodiversity on processes such 
as primary productivity, nutrient use efficiency and inva-
sion resistance (Tilman et al. 1996; Ruijven et al. 2003), 
although the strength and shape of the relationship between 
plant diversity and ecosystem variables varies between the 
variables investigated (Roscher et al. 2004; Scherber et al. 
2010; Allan et al. 2013).

Abstract Biodiversity is important for ecosystem func-
tioning and biotic interactions. In experimental grasslands, 
increasing plant species richness is known to increase 
the diversity of associated herbivores and their predators. 
If these interactions can also involve endosymbionts that 
reside within a plant or animal host is currently unknown. 
In plant-feeding aphids, secondary bacterial symbionts 
can have strong fitness effects on the host, e.g. resistance 
to natural enemies or fungal pathogens. We examined the 
secondary symbiont community in three species of aphid, 
each feeding on a unique host plant across experimental 
plots that varied in plant species richness. Aphids were 
collected in May and June, and the symbiont community 
identified using species-specific PCR assays. Aphis fabae 
aphids were found to host six different symbiont species 
with individual aphids co-hosting up to four symbionts. 
Uroleucon jaceae and Macrosiphum rosae hosted two and 
three symbiont species, respectively. We found that, at 
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More recently, studies of biodiversity effects have also 
incorporated trophic complexity (Duffy et al. 2007) focus-
ing on variables relating to the interaction of plants with 
higher trophic levels, for example insect herbivores (Scher-
ber et al. 2006; Borer et al. 2012; Loranger et al. 2014), 
fungal pathogens (Mitchell 2003), or on multi-trophic inter-
actions (Haddad et al. 2009; Petermann et al. 2010b; Ebe-
ling et al. 2012). These studies have shown that plant diver-
sity affects interactions between plants and other trophic 
levels (Rzanny and Voigt 2012), as well as ecosystem func-
tions mediated by these interactions (Scherber et al. 2010; 
Ebeling et al. 2014a). Again, the relationship between 
plant species richness and the abundances and diversities 
of other organisms differs between groups. For example, 
effects on the diversity of other organisms are stronger 
than effects on abundance (Allan et al. 2013), and insect 
herbivore diversity increases more strongly than predator 
diversity with increasing plant species richness (Scherber 
et al. 2010). The effect size of diversity can be high. In a 
long-term grassland experiment bottom–up plant-mediated 
diversity effects accounted for up to 60 % of explainable 
variation in the community of sucking herbivores whereas 
top–down forces (predation) explained only a further 25 % 
of the variation (Roscher et al. 2004; Rzanny et al. 2013). 
Resulting changes in the community of higher trophic level 
organisms can control rates of ecosystem functioning (Ebe-
ling et al. 2014a; Loranger et al. 2014), and indeed cascad-
ing interaction effects may underlie many of the observed 
biodiversity effects on ecosystem processes for which there 
is currently no mechanistic explanation (Allan et al. 2013). 
However, analyses of plant diversity effects on interactions 
have been largely restricted to two-species interactions, 
while analyses of interactions of three or more partners are 
still rare (Haddad et al. 2009; Petermann et al. 2010b; Ebe-
ling et al. 2012).

One example where interactions can span several trophic 
layers are plant-feeding aphids and their natural enemies 
(Bukovinszky et al. 2008). Plant species richness has been 
shown to affect the community composition, abundance 
and life-history traits of aphids and their associated para-
sitoids in experimental grassland plots (Petermann et al. 
2010a, b). Aphids feed on the phloem sap of a restricted 
range of host plants, with only 5 % of species considered 
as polyphagous (Pettersson et al. 2007). While aphids can 
easily distinguish a host plant from a non-host plant, they 
are also sensitive to subtle physiological changes within a 
host plant species (Powell et al. 2006). Aphids are known 
to exhibit host choice for different plant genotypes, which 
can be context-dependent on environmental factors such as 
the presence of another aphid (Zytynska and Preziosi 2011; 
Zytynska et al. 2014). A combination of all these variables 
in concert with natural enemy pressure is likely to influence 
the interaction an aphid experiences with its host plant.

Interactions can also involve organisms that perhaps are 
often overlooked since they reside within a host itself, for 
example symbiotic microorganisms (Omacini et al. 2001). 
Many aphids are host to secondary (facultative) symbiont 
bacteria that have been shown to confer resistance to par-
asitic wasps and fungi (Oliver et al. 2003, 2014; Scarbor-
ough et al. 2005), mediate effects of heat stress (Montllor 
et al. 2002; Russell and Moran 2006) and be involved in 
host plant use (Tsuchida et al. 2004; Wagner et al. 2015). 
While certain symbiont–aphid combinations increased 
aphid survival on specific host plants, other studies have 
found little species-specific effects (McLean et al. 2011) 
or, rather, that the symbionts provide a general benefit, 
thus allowing an aphid colony to better survive on a sub-
optimal host (Wulff and White 2015). Aphid symbionts are 
predominantly vertically transmitted, which means they are 
also a source of heritable variation which can lead to host-
associated differentiation and population adaptation (Fer-
rari and Vavre 2011). They may also be horizontally trans-
mitted (Russell et al. 2003), for example by parasitic wasps 
(Gehrer and Vorburger 2012) or potentially via the plant, 
as has been shown for Rickettsia in whitefly (Caspi-Fluger 
et al. 2012), although the extent to which this happens in 
aphids is unknown (Darby and Douglas 2003; Russell et al. 
2003; Gehrer and Vorburger 2012; Henry et al. 2013).

Aside from the wide benefits of hosting certain symbi-
onts, there can also be a fitness cost (reduced longevity and 
fecundity due to the energy demand of the symbiont) to the 
aphid (Chen et al. 2000; Vorburger and Gouskov 2011). 
Aphid symbionts are usually only hosted by a proportion of 
aphids in a population (Sandström et al. 2001), potentially 
due to a cost–benefit trade-off for hosting them. In some 
cases, symbiont species can be fixed in a population which 
suggests strong selection driving the association. For exam-
ple, Arsenophonus was found to infect 100 % of Aphis 
glycines aphids in some soybean populations (Wulff et al. 
2013). While Arsenophonus was not found to provide any 
defensive protection to natural enemies or a fungal patho-
gen, it was found to provide a more general benefit to the 
aphid, although this also indicates a reduced cost to hosting 
the symbiont and hence the larger number of aphids host-
ing it (Wulff et al. 2013; Wulff and White 2015). Further, 
Serratia, a symbiont with fitness effects on pea aphids and 
blue alfalfa aphids (Chen et al. 2000), was found to infect 
95 % of Microlophium carnosum aphids on Urtica dioica 
(Haynes et al. 2003), perhaps suggesting either lower fit-
ness costs or increased benefit is maintaining this symbiont.

There is growing evidence for aphids to host multiple 
species of symbiont (Zytynska and Weisser 2015). In field 
surveys, aphids host on average 1–2 symbiont species (Fer-
rari et al. 2012; Russell et al. 2013; Smith et al. 2015). Mul-
tiple infection may benefit the aphids through increased 
resistance (Oliver et al. 2006), but there could also be an 
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increased cost (Oliver et al. 2014). Multiple infections are 
also linked to an increased chance of transmission failures 
leading to more stable single infections and thus fewer than 
expected multiple infections in natural populations (Oliver 
et al. 2014). Further, within the aphid symbiont community, 
positive and negative interactions between symbiont spe-
cies could additionally influence the frequency of multi-
ple infections, either through impacts on fitness or through 
transmission failures (Frantz et al. 2009; Ferrari et al. 2012; 
Oliver et al. 2014).

Despite the growing area of aphid–symbiont research, 
we still know little of the range of effects that different 
symbiont species can have on the aphid host. It is increas-
ingly becoming clear that the effect of the symbiont can be 
context-dependent on aphid species, aphid clone, symbiont 
strain, host plant species and other abiotic factors (Montl-
lor et al. 2002; Tsuchida et al. 2002; Leonardo and Muiru 
2003; Brady and White 2013; Russell et al. 2013). Many 
of these factors could also be mediated by the surrounding 
interacting community to which an aphid, and its symbiont 
community, could respond. Aphid fitness is linked to plant 
quality, and plant diversity has been shown to change the 
availability of carbon and nitrogen in a plant, with cascad-
ing effects on associated grasshopper herbivores and polli-
nating bees (Abbas et al. 2014). However, the effect of this 
on the aphid or its symbionts is unknown, although some 
symbionts may have the ability to benefit the aphid if there 
is a nutritional imbalance in the plant, potentially leading to 
symbiont-mediated aphid–plant interactions. For example, 
Serratia is known to be able to act as a nutritional symbi-
ont in Cinara cedri aphids (Pérez-Brocal et al. 2006), and 
Arsenophonus has been found to provide an overall general 
benefit to A. glycines aphids, perhaps providing a nutri-
tional advantage (Wulff and White 2015).

The potentially large community of symbionts associ-
ated with aphids, along with the large food web in which 
aphids are embedded, make them ideal new study system 
for investigating plant diversity effects on interaction webs 
(Omacini et al. 2001; Bukovinszky et al. 2008; Petermann 
et al. 2010b; Hackett et al. 2013). Within an aphid popu-
lation, there are two levels at which to consider the effect 
of the plant community on the symbiont community: at 
the individual aphid level and at the population level. At 
the individual aphid level, the benefit and costs associated 
with hosting symbionts are important, as these can directly 
determine the fitness of the individual aphid. As the spe-
cies richness of symbionts in an individual aphid increases, 
the resistance to different selection pressures could increase 
but so also can the associated costs (Vorburger et al. 2013; 
Oliver et al. 2014). At the population level, the resulting 
frequency will be determined by the collective effect on all 
the aphids. For example, if one particular symbiont combi-
nation is by far the most beneficial to host, then it is likely 

that it will be found in the majority of aphids in a popula-
tion; in this case, the diversity of symbionts across the pop-
ulation would be low. However, if there is a higher diversity 
of selection pressures, then many different symbionts could 
confer resistance benefits, and perhaps one symbiont com-
bination is not the overall optimal population-level strat-
egy. Without a single optimal strategy, different aphids will 
likely host different symbiont communities.

It is not yet known whether the surrounding plant com-
munity can mediate changes in the symbiont community of 
aphids, and we study this in an experimental grassland on 
plots with varying levels of plant species richness. Given 
the plausibility that higher plant species richness leads to 
higher diversity of selection pressures on the aphids and 
symbionts, we might expect to see an increase in symbi-
ont diversity across the population with increasing plant 
species richness. In this study, we examined the symbiont 
community both within individual aphids and at the aphid 
population level in order to determine if the species rich-
ness (SR) of the plant community would influence the 
symbiont community structure (Fig. 1). We collected three 
species of aphids from host plants growing in experimen-
tal plots that differed in plant species richness. The main 
hypotheses we tested were: 

1. There are non-random associations of different symbiont 
species in an aphid.

2. Plant species richness influences:
(a) Symbiont species richness at the aphid level.
(b) Symbiont species richness at the population (plot) 

level.
(c) Symbiont diversity at the population (plot) level. 

Materials and methods

Study site

This study was undertaken within the framework of the 
Jena Experiment (Germany), a large grassland biodiversity 
experiment where both the species richness and functional 
diversity of plant communities are manipulated. We used 
existing plots within the trait-based diversity experiment 
(Ebeling et al. 2014b), which contain 20 different species 
of grasses and non-legume herbs separated into three pools 
of eight species each, with some species occurring in two 
pools. The experiment comprises experimental communi-
ties differing in species richness (SR) manipulated with 
four levels (1–4 species) in plots of 3.5 × 3.5 m. Due to the 
design of the experiment, each host plant species occurs in 
13–15 experimental plots of the 46 plots per species pool. 
Plots are located in three spatial blocks to account for dif-
ferences in surrounding vegetation.
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Study species and collection

We collected aphids from the plots in May and July 2012. In 
May, over the 14 days preceding collection, 2 days reached 
temperatures above 25 °C, 7 above 20 °C; there were 8 
rainy days with a total of 23.6 mm rain. In July, over the 
14 days preceding collection, 5 days reached temperatures 
above 25 °C, 12 above 20 °C and there were 9 rain days 
with a total of 39.3 mm rain (data from the Max-Planck-
Institute for Biogeochemistry, Jena, Germany; responsi-
bility of Olaf Kolle; http://www.bgc-jena.mpg.de/wetter/). 
Overall aphid abundance was found to be low across the 
experimental plots. Therefore, we first identified plant spe-
cies that were hosting aphids and then carefully screened 
each plot containing the host plant species in order to count 
all aphid colonies. In May 2012, only the black bean aphid 
(Aphis fabae, Scop.) occurred on the field site and was pre-
sent only on Anthriscus sylvestris (L.) Hoffm. (Apiaceae); 
this host plant was present in 15 experimental plots (pool 
3). In July 2012, we collected Uroleucon jaceae (L.) from 
the host plant Centaurea jacea (L.), (Asteraceae) and the 
rose aphid (Macrosiphum rosae, L.) on Knautia arvensis 
(L.) (Dipsacaceae); C. jacea and K. arvensis are present 
in 13 and 14 experimental plots, respectively (both in pool 
1). For symbiont analysis, one aphid from each colony was 
collected and stored in 100 % ethanol at −20 °C until DNA 
extraction. We only collected wingless aphids with a pref-
erence for adults or 4th instar, in order to use only those 
aphids which have been born on the plants from which they 
were collected and to reduce the chance of collecting an 
opportunistic aphid visitor. As covariates for our data, we 

counted the number of aphid colonies per plot as our meas-
ure of aphid population density, which we expected to have 
a positive relationship with both plant and symbiont species 
richness. We assumed that aphids in a colony (a discrete 
group of aphids) were all offspring from the same mother 
aphid and as such would all belong to the same clone, since 
during the summer months aphids reproduce asexually. 
We also estimated the cover of the host plant (%, arcsine-
transformed), as this could also be influenced by plant 
species richness and might affect aphid density. Since the 
plant carbon and nitrogen content may influence aphid fit-
ness through increased nutrition, and could influence or be 
influenced by the secondary symbionts, potentially through 
changing the aphid carbon and nitrogen content, we also 
collected data on this. For the carbon (C) and nitrogen (N) 
analysis, two additional aphids were collected from ten 
separate colonies per plot and pooled for analysis (total of 
20 aphids per plot). Plant stem material was collected from 
where the ten separate aphid colonies had been feeding. 
The aphids and plant samples were dried and analysed for 
C and N content (Flash EA 112 Thermo). The aphids and 
plants collected in this study are not protected under any 
national or international guidelines, thus no special permis-
sions were required.

Symbiont community identification

DNA was extracted from the aphids using the ‘salting-out’ 
method (Sunnucks and Hales 1996). Up to ten aphids per 
plot (i.e. ten colonies) were tested for symbiont presence/
absence. When more than ten aphids had been collected, 

Fig. 1  Graphical illustration of the study system. We collected three 
species of aphids each feeding on a unique host plant across experi-
mental plots with varying plant species richness. The aphids were 
tested for eight common secondary bacterial symbionts and the 
resulting effect of differing plant species richness on the symbiont 
community was analysed. The analyses were performed at two dif-

ferent levels, the first at the individual aphid which considered the 
species richness of symbionts within an aphid, and the second at the 
population (or plot) level which looked at symbiont species richness 
and diversity across all aphids of a single species in each experimen-
tal plot

http://www.bgc-jena.mpg.de/wetter/
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we used the ten largest aphids to maximise DNA yield 
recovered. We used species-specific PCR primers to detect 
eight different bacteria symbionts, following the methods 
in Thao and Baumann (2004), Tsuchida et al. (2010) and 
Ferrari et al. (2012). The bacterial symbionts we detected 
in the samples were Hamiltonella defensa, Regiella insec-
ticola, Serratia symbiotica, Rickettsia, Spiroplasma and 
Arsenophonus; for brevity, these symbionts are referred to 
as Hamiltonella, Regiella, Serratia, Rickettsia, Spiroplasma 
and Arsenophonus, respectively. ‘X-type’ (a γ Proteobacte-
ria) and Rickettsiella were also examined for but no posi-
tive infections were detected. The presence of the bacteria 
was visualised using agarose gel electrophoresis, with a 
successful amplification of bacterial DNA shown by a band 
on the gel. We repeated the analysis for a smaller number 
of samples for quality control, and used both positive and 
negative controls in every PCR run to ensure the absence 
of a band was informative and not due to a failed amplifica-
tion. Additional validation of these methods was performed 
on a subset of samples, which were sequenced to confirm 
that the species-specific primers were amplifying only from 
the correct symbiont. Samples were chosen with respect to 
single and multiple infection detection, and showed that the 
bands we detected on the agarose gel were from the correct 
symbiont.

The presence–absence data were used to create a com-
munity matrix with each individual aphid in a row and each 
bacterial species in a column. This data were prepared in 
three ways to benefit the analysis: (1) the species richness 
(number of species in a plot) of symbiotic bacteria was 
calculated for each individual aphid, giving one data point 
for every aphid analysed; (2) the species richness of sym-
biotic bacteria was calculated at the plot level, giving one 
data point per plot analysed; and (3) the Shannon–Weaver 
diversity of the symbiont community at the plot level was 
calculated, giving one diversity value for each plot. Spe-
cies richness and Shannon diversity were calculated in the 
vegan package in R (Oksanen et al.  2015). The plant and 
aphid C:N samples were pooled to produce one data point 
per plot; all other explanatory variables were also calcu-
lated per plot (host plant cover and aphid density).

Data analysis

The symbiont communities differed among aphid species, 
and therefore we analysed them separately. To test the asso-
ciation between different symbiont species, we first used 
a Chi-square test on the presence and absence of the dif-
ferent species across all aphids within each species, using 
the Yate’s correction for small numbers of observations. 
This was calculated in the Community Analysis Package 
4 (Pisces Conservation). We then calculated the expected 
number of aphids that would host each different symbiont 

combination, based on the frequency of the symbionts (all 
plots combined; Table S1). There was no spatial structur-
ing of symbiont presence (i.e. each symbiont was found 
in every block), and so in theory every symbiont could 
be found in every plot. A G-test {likelihood ratio test for 
goodness-of-fit; G = 2∑ [Observed × ln (Observed/
Expected)]} was used to test the expected and observed 
number of aphids hosting the different combinations. Fish-
er’s exact tests were used to test for the influence of plant 
diversity (low or high) on the association between specific 
symbionts.

At the aphid level, we conducted linear mixed effect 
models using plot as a random factor to control for non-
independence of sampling several aphids within each plot. 
Host plant cover was arc-sin-transformed. Models with 
normal errors were used since these gave better model fit 
(diagnostic plots showed these better fitted the underlying 
assumptions) than using an alternative error distribution 
(e.g. Poisson for count data with many zeros). Each model 
was first run with all variables (block, aphid density, plant 
cover, plant C:N, aphid C:N and plant SR). We conducted 
model simplification using the R package lme4 (Bates et al. 
2014) to assess the BIC (Bayesian information criterion) 
using the function anova to compare different models and 
the AIC (Akaike information criterion) through using the 
function drop1. Once the best model was found (lowest 
BIC and AIC), we used the nlme package in R (Pinheiro 
et al. 2015) for significant testing. At the plot level, we used 
linear models, with the same predictor variables as above, 
because each data point was from a single plot. A back-
wards stepwise removal of non-significant terms was again 
used to obtain the minimum adequate models. Interactions 
were tested each in turn but none were retained. Statistical 
models were run in R v.3.2.0 (R Core Development Team 
2015) using R-studio v.0.98.977 (http://www.rstudio.org/).

Confounding variables: plant diversity effects on host 
plant cover, aphid density and nutrient content

Plant diversity differences can drive many changes in an 
experimental plot, such as effects on host plant cover which 
will likely, in turn, affect aphid density. Before conduct-
ing our main analyses, we considered the effect of plant 
SR on host plant cover, aphid density and plant and aphid 
nutrient contents. Across all plots, we found little effect of 
plant SR on these covariates. The only significant associa-
tions (P < 0.05) were (1) plant SR influenced the cover of 
Knautia arvensis, where host plant cover decreased with 
increasing plant SR (F1,10 = 5.87, P = 0.036); (2) Macro-
siphum rosae aphid C:N was lower when aphid density was 
higher (F1,10 = 5.17, P = 0.046); and (3) there was a posi-
tive relationship between plant and aphid C:N for the Aphis 
fabae aphid and Anthriscus sylvestris plant combination 

http://www.rstudio.org/
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(F1,10 = 5.42, P = 0.040). Thus, due to the low number of 
correlations between potentially confounding effects, we 
show that any influence of plant SR on the aphid symbiont 
community is not driven by a confounding effect of these 
covariates and we can safely include them in the statistical 
models.

Results

Aphid and symbiont occurrence

In May 2012, we sampled 118 Aphis fabae aphids from the 
host plant Anthriscus sylvestris in all 15 plots where A. syl-
vestris occurred. Aphis fabae was found to host six species 
of secondary symbionts (average 2 symbionts per aphid) 
with various infection rates; Arsenophonus (57.6 %), Rick-
ettsia (44.9 %), Regiella (35.6 %), Spiroplasma (24.6 %), 
Hamiltonella (14.4 %) and Serratia (11.0 %). We found 
only five aphids (4.2 %) that hosted none of the tested sym-
bionts, and 29.7 % hosting only one, predominantly Arse-
nophonus. Co-infections occurred with 42.4 % of aphids 
hosting two species, 21.2 % hosting three and 2.5 % host-
ing four symbionts (Hamiltonella, Serratia, Rickettsia and 
Spiroplasma). Based on the population frequency of the 
symbionts (Table S1), some symbionts and combinations 
of symbionts were found more often than expected (Table 
S2). For example, more than the expected number of aphids 
co-hosted Hamiltonella and Serratia, both as double- and 
triple-infections alongside Rickettsia or Spiroplasma, 
despite these two symbionts having the lowest frequen-
cies in the population. A Chi-square association test at the 
community level, also indicated a positive significant asso-
ciation between Hamiltonella and Serratia (X2 = 61.95, 
P < 0.05).

Two additional aphid species occurred in the experimen-
tal plots in July 2012. We sampled 104 Uroleucon jaceae 
aphids from the host plant Centaurea jacea in all 13 plots 
with this host plant. These aphids hosted only two spe-
cies of secondary symbiont (average per aphid 1.34): Ser-
ratia and Rickettsia, with 97.1 and 36.5 % infection rate, 
respectively. The majority of aphids (60.6 %) hosted one 
symbiont (Serratia), with 36.5 % co-hosting both the sym-
bionts and three aphids (2.9 %) which did not host any 
symbiont. Here, all aphids hosting Rickettsia also hosted 
Serratia and, thus, no more aphids than expected were 
found to host these due to the high frequency of Serratia 
in this species (Tables S1, S3). Finally, we also sampled 
97 Macrosiphum rosae aphids from the host plant Knautia 
arvensis in all 14 plots with this host plant. This aphid spe-
cies hosted three species of secondary symbiont (average 
per aphid 1.89): Hamiltonella, Regiella and Serratia with 
infection rates of 8.3, 82.5, and 98.9 %, respectively. All 

aphids were found to host at least one species of symbiont, 
with 14.4 % hosting one (mostly Serratia), 81.5 % hosting 
two (mostly Regiella and Serratia) and 4.1 % hosting all 
three species. Similarly to A. fabae, we found more than 
the expected number of aphids hosting Hamiltonella and 
Serratia together (Table S4), despite the low frequency of 
Hamiltonella in this aphid species (Table S1).

Diversity effects on symbiont richness and diversity

At the level of individual aphids within plots, the bacte-
rial symbiont species richness was found to decrease with 
increasing plant SR for two of the three aphid species 
studied (Table 1; Fig. 2). On the contrary, at the plot level, 
the symbiont species richness and symbiont Shannon 
diversity was found to increase with increasing plant SR 
(Table 1; Fig. 2). The plots with four plant species hosted 
aphids with a greater number of different combinations of 
symbionts than did the other plots (Fig. S1). Aphis fabae 
aphids collected from the plot with a single plant species 
hosted only five different symbiont combinations, while 
from the two, three and four plant species richness plots, 
the aphids hosted 13, 10, and 17 combinations, respec-
tively. For M. rosae, all aphids hosted the Regiella–Ser-
ratia symbiont combination in the plot where plant spe-
cies richness equalled one, whereas those in plots with 
four plant species hosted three different combinations of 
symbionts.

The positive association found between the Ham-
iltonella and Serratia symbionts in A. fabae was also 
influenced by plant species richness. We found that, in 
the low species richness plots (with one or two plant spe-
cies), 17.8 % (8/45) of aphids co-hosted these two sym-
bionts, whereas at the higher species richness plots (with 
three or four plant species), only 5.3 % (4/71) of aphids 
co-hosted them (Fishers exact test P = 0.031). Therefore, 
the association was driven in part by the aphid–symbi-
ont communities within the lower plant species richness 
plots. In M. rosae aphids, all aphids with Hamiltonella 
also hosted Serratia, so there was no effect of plant spe-
cies richness (Fishers exact test P = 0.136). By compar-
ing the frequency of symbiont presence across the plant 
species richness gradient, we find that Regiella tends to 
increase in A. fabae but decrease in M. rosae with increas-
ing plant species richness (Fig. S2). Similarly, Rickettsia 
shows a decrease in A. fabae and no effect in U. jaceae 
with increasing plant species richness, suggesting differ-
ent mechanisms acting on this symbiont across the spe-
cies despite the general patterns being the same (see also 
Fig. S3, S4).

At the individual aphid level, there was little effect 
of covariates on symbiont SR (Table 1): within U. jaceae 
aphids, an increase in plant C:N resulted in a decrease in 
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the SR of symbionts (F1,9 = 6.79, P = 0.029) and this result 
could not be explained by changes in plant C:N across plant 
SR levels (F1,9 = 3.73, P = 0.090; Table 2). At the plot 
level, more variables significantly influenced the symbiont 
SR and Shannon diversity (Table 1). In particular, the cover 
of the host plant influenced the symbiont SR and diversity, 
yet in contradictory ways for the different aphid species. For 
A. fabae and U. jaceae, there was a decrease in symbiont 
SR and diversity with increasing host plant cover, but for 
M. rosae there was the opposite result, where there was an 
increase in symbiont SR and diversity with increasing host 
plant cover (Table 1). Increasing aphid C:N of A. fabae was 
found to decrease the symbiont SR and Shannon diversity at 
the plot level, but not at the individual aphid level (Table 1); 
this corresponds to the weak negative relationship between 
aphid C:N and plant SR (F1,11 = 4.76, P = 0.052; Table 2). 
Lastly, an increase in aphid density was found to be weakly 
associated with an increase in symbiont species richness 
and Shannon diversity, but only for A. fabae (Table 1).

Discussion

Our work is the first to study symbiont communities of aphids 
across different plant species communities. Our results sug-
gest that the community structure of aphid secondary bacte-
rial symbionts is affected by the species richness of the plant 
community in which the host plant of the aphid resides. The 
effect of the plant community was apparent even though each 
aphid species occurred on its own unique host plant along the 
diversity gradient, indicating there is variation for some trait, 
or traits, underlying this effect which we have not studied 
here. We found higher symbiont species richness at the plot 
level than the individual aphid level, with non-random asso-
ciations between certain symbiont species. The average num-
ber of symbionts hosted by an aphid was 1.34–2.00 depend-
ing on the species, which is consistent with previous studies 
that found pea aphids to host on average 1–2 symbionts (Fer-
rari et al. 2012; Russell et al. 2013). Even though correlation 
does not necessarily imply causation, our results suggest that 

Table 1  Summary of effects 
on symbiont species richness 
and diversity in the three aphid 
species

Models used were a linear mixed effect model with plot as a random factor for species richness (aphid 
level, nested by plot) and linear models for species richness (plot level) and Shannon diversity (plot level). 
Models with normal errors were used as these were found to produce a better model fit than any other error 
distribution, e.g. Poisson, which is often used for count data

– Indicates a term that was not retained in the minimal adequate model. Arrows show the direction of 
effect, where ↑ shows a positive relationship and ↓ shows a negative relationship between the two variables

Bold represents the main variable of interest (plant species richness), within each of the models presented

Species richness (aphid/plot) Species richness (plot) Shannon diversity (plot)

df F P df F P df F P

Aphis fabae

 Block 2,11 5.09 0.027 2,8 4.05 0.061 2,8 12.63 0.003

 Aphid density – – – 1,8 ↑6.58 0.033 1,8 ↑6.24 0.035

 Plant cover – – – 1,8 ↓3.91 0.083 1,8 ↓4.71 0.062

 Plant C:N – – – –  -  - – – –

 Aphid C:N – – – 1,8 ↓7.07 0.029 1,8 ↓13.1 0.007

 Plant SR 1,11 ↓5.86 0.034 1,8 ↑8.89 0.018 1,8 ↑7.86 0.023

Uroleucon jaceae

 Block 2,7 2.33 0.168 2,7 1.21 0.353 2,7 3.84 0.075

 Aphid density – – – – – – – – –

 Plant cover – – – – – – – – –

 Plant C:N 1,7 ↓8.30 0.024 1,7 ↓8.09 0.025 1,8 ↓15.9 0.005

 Aphid C:N – – – – – – – – –

 Plant SR 1,7 ↓10.3 0.015 1,7 ↑4.31 0.076 1,8 ↑9.10 0.019

Macrosiphum rosae

 Block – – – – – – – – –

 Aphid density – – – – – – – – –

 Plant cover – – – 1,11 ↑7.60 0.019 1,11 ↑5.57 0.034

 Plant C:N – – – – – – – – –

 Aphid C:N – – – – – – – – –

 Plant SR – – – 1,11 ↑4.76 0.052 1,11 ↑5.05 0.046
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plant biodiversity, in particular plant species richness, causes 
directed changes in the symbiont communities.

In all three aphid species studied, the symbiont species 
richness and diversity at the level of the plot increased with 
increasing plant species richness. The average increase in 
symbionts across the plant species richness gradient (1–4 
plant species) was around 0.5–0.8 symbiont species at the 
plot level. The apparently small increase in the number 
of symbionts is biologically significant, due to the strong 
effects that even a single symbiont can have on the aphid 
host, for example on aphid survival. Interestingly, at the 
level of the individual aphid, we found the opposite effect 
where a decrease in symbiont species richness was found 

with increasing plant species richness. There are a num-
ber of potential explanations for the effect of plant species 
richness on the symbiont community. While our results 
are only suggestive as to which hypothesis is most likely 
to be supported, i.e. they cannot clearly rule out one or the 
other hypotheses as our study was not designed to test a 
particular underlying hypothesis, they clearly show that it 
is worthwhile to study aphid–symbiont interactions in a 
wider ecological context. Future studies are needed to put 
the individual hypotheses we discuss to particular tests.

The first important observation is that there were dif-
ferences in the plant diversity effects on the within- and 
between-host symbiont community. This shows that there 

Fig. 2  Symbiont community changes across a plant species richness 
gradient. The effect of plant species richness on the species richness 
of secondary bacterial symbionts in aphids (at the aphid level and at 
the plot level) and on symbiont diversity (Shannon, at the plot level), 
across three combinations of aphid and host plant species. Both axes 

show ‘jittered’ data points in order to show the full extent of the data. 
We used linear mixed effects models at the individual aphid level, to 
control for plot (as a random effect) and we used linear models at the 
plot level. Minimum adequate model results are presented in Table 1
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are potentially different mechanisms driving the presence 
and abundance of symbionts at these two levels. One sce-
nario which explains these patterns is a potential trade-off 
between the number and strength of selection pressures, 
with more diverse, but individually weaker, selection pres-
sures within the plots with higher plant species richness. 
An earlier paper on the same field site showed that, at high 
plant species richness parasitoid diversity is increased but 
parasitism rate is decreased compared to plots with lower 
plant species richness (Petermann et al. 2010b). Further, 
Smith et al. (2015) found that an increase in the number of 
pea aphids hosting multiple symbionts (Hamiltonella, Ser-
ratia, and Regiella), linked to increased parasitoid-induced 
mortality (i.e. stronger selection pressure), was later fol-
lowed by a dramatic drop in symbiont frequency when the 
parasitism rate reduced (i.e. reduced selection pressure). 
Thus, temporal variation in selection pressures should also 
be considered in future work.

At the individual aphid level, we found higher symbi-
ont species richness at low plant species richness, contrary 
to the pattern at the plot level. This might be surprising, 
since one may expect that higher symbiont species richness 
would be found in the plots with higher plant species rich-
ness, as aphids with multiple symbionts would be favoured 
if selection pressures are diverse. If there was little cost to 
hosting a symbiont, it would be expected to be maintained 
in a population. Thus, we suggest that costs must also 
mediate the interactions to some extent and could explain 
the reduction in the numbers of aphids hosting multiple 
symbionts at higher plant species richness (Clay 2014). 
The cost of hosting symbionts is expected to increase with 

multiple infections (Oliver et al. 2006), and although this 
can vary with aphid genotype and symbiont combination 
(Lukasik et al. 2013) it is not expected that an aphid could 
host a wide variety of symbionts unless the benefit of mul-
tiple hosting outweighs any increased costs, but this is still 
to be fully explored. Under this scenario in our study, if, in 
the higher plant species richness plots selection pressures 
were indeed more diverse, then the impact of each selec-
tion pressure on each different symbiont must not have 
been sufficient to maintain it in our populations. We would 
then see only those symbionts retained that either infer lit-
tle cost, or are sufficiently beneficial, to the host. To test 
if this is true would require exposing aphids with different 
combinations of symbionts into plots of different diversi-
ties and measuring aphid survival (and fecundity) in the 
presence and absence of challenges such as parasitoids. 
In the low plant species richness plots, potentially with a 
lower diversity of selection pressures, then fewer combina-
tions of symbionts present the optimal strategy. This leads 
to many aphids hosting the same symbiont communities 
(i.e. lower symbiont diversity across the plot). If hosting 
multiple symbionts presents the optimal strategy, then more 
aphids will host multiple symbionts (i.e. higher symbiont 
species richness within individual aphids). For example, we 
found an association between Hamiltonella and Serratia in 
A. fabae, which were more often found together in aphids 
from lower plant species richness plots. In laboratory stud-
ies, this combination has been shown to increase aphid pro-
tective defence (Oliver et al. 2006): the protection offered 
by Hamiltonella against parasitoid wasps is less effective 
at higher temperatures but Serratia can protect against heat 

Table 2  Summary of 
relationships among covariates, 
plant cover and aphid density, 
plant and aphid C:N

Linear model run for each variable combination, models included block. Arrows show the direction of 
effect, where ↑ shows a positive relationship and ↓ shows a negative relationship between the two variables

Significant values shown in bold

Variables A. fabae/A. sylvestris U. jaceae/C. jacea M. rosae/K. arvensis

df F P df F P df F P

Plant species richness on

 Plant cover 1,11 0.21 0.659 1,9 4.39 0.067 1,10 ↓5.87 0.036

 Aphid density 1,11 1.09 0.318 1,9 0.49 0.500 1,10 1.37 0.269

 Aphid C:N 1,11 ↓4.76 0.052 1,9 0.01 0.911 1,10 1.71 0.221

 Plant C:N 1,11 1.19 0.299 1,9 3.73 0.090 1,10 1.21 0.298

Plant cover on

 Aphid density 1,11 1.93 0.192 1,9 ↑4.88 0.054 1,10 0.64 0.444

 Aphid C:N 1,11 0.99 0.341 1,9 0.01 0.932 1,10 2.35 0.156

 Plant C:N 1,11 0.03 0.860 1,8 3.85 0.085 1,10 0.90 0.364

Aphid density on

 Aphid C:N 1,11 0.24 0.632 1,9 3.46 0.096 1,10 ↓5.17 0.046

 Plant C:N 1,11 0.45 0.518 1,9 0.56 0.477 1,10 2.96 0.116

Aphid C:N on

 Plant C:N 1,11 ↑5.42 0.040 1,8 3.03 0.120 1,10 2.63 0.136
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shock (above 25 °C, which was reached in all our sampling 
periods) (Oliver et al. 2003, 2006; Bensadia et al. 2006; 
Russell and Moran 2006).

Importantly, it may not just simply be the taxonomic 
diversity of symbionts that is relevant to the aphid hosts but 
their functional diversity. The association between Hamil-
tonella and Serratia in A. fabae might indicate functional 
complementarity within a host, with Hamiltonella confer-
ring parasitoid resistance and Serratia enabling the protec-
tion to continue under high temperatures. Thus, the rela-
tive benefit of this combination is higher than co-hosting 
two symbionts that provide the same service to the host 
(redundancy). While a number of studies have quanti-
fied the effect of particular combinations of symbionts 
on aphid–natural enemy interactions (e.g. Nyabuga et al. 
2010), generally little is known about which symbionts are 
functionally complementary and in what respects. Further 
species-specific experiments on the aphid and symbiont 
species tested here need to be conducted, both in the labo-
ratory and in the field.

At low plant species richness, aphids hosted relatively 
similar symbiont combinations (Fig. S1), resulting in an 
overall low symbiont species richness at the overall plot 
level. Conversely, at higher plant species richness, the 
aphids host more combinations of symbionts (Fig. S1), 
leading to an increased symbiont species richness and 
diversity at the plot level. Such a pattern is again consistent 
with the hypothesis that there are changes in selection pres-
sures across the plant species richness gradient with more 
diverse challenges at the more diverse plots. For A. fabae, 
at plant species richness of one, the aphids host only five 
different combinations, whereas at plant species richness 
of four, they host 17 different combinations. One potential 
caveat is that the pattern may be affected by sampling effort 
because more aphids on more plots were able to be exam-
ined for the higher plant species richness. However, the sta-
tistical methods used should, to some extent, account for 
this variation, and we limited our number of aphids sam-
pled to each plot to ten so as not to overestimate any diver-
sity effect of the higher plant species richness plots where 
we expected to collect more aphids.

Plant species richness may affect aphid–symbiont inter-
actions in different ways. The scenarios presented above 
discuss patterns of symbiont distribution driven by plant 
diversity effects on selection pressures influencing aphids, 
such as pathogens or parasitoids. It is worth noting that 
such an effect on aphid natural enemies may be caused by 
increasing plant species richness in many different ways, 
for example by an increased diversity of flowers that aphid 
parasitoids may use for feeding (Ebeling et al. 2008), by 
providing more hosts for entomopathogens (Scherber et al. 
2010) or by affecting microclimatic conditions. In addi-
tion, there may also be direct plant effects on particular 

aphid–symbiont combinations. We tested for the effect 
of plant chemistry (carbon and nitrogen) and found little 
effect. In addition, we also found inconsistent effects of 
aphid density, plant cover and aphid C:N on the symbiont 
community of the three focal aphid species. These results 
show that the forces driving the effects we detected cannot 
be captured by these simple traits. In the Jena Experiment, 
it has been shown that plant species richness affects a mul-
titude of other variables (Allan et al. 2013) that need to be 
systematically explored to unravel the mechanisms under-
lying aphid symbiont interactions in differently diverse 
plots.

It may also be worth speculating about how the patterns 
of aphid–symbiont combinations in different plots will 
manifest. Variation in symbiont presence among an aphid 
population will be driven, in part, by colonisation–extinc-
tion scenarios. In grasslands, host plants will be colonised 
by a number of different founding aphid mothers that host 
varying symbiont communities, and often will come from 
neighbouring plots or from outside the experimental field. 
Upon settling on a host plant, there will be selection for 
particular symbiont combinations that confer a higher fit-
ness (Oliver et al. 2008). Dispersal morphs are present only 
at certain times in the season, as has been shown for many 
aphid species, for example when moving from a winter to 
a summer host or due to a reduction in host plant quality 
(Müller et al. 2001). During the summer months (May–
September), the generation time of an aphid can be as little 
as 7 days, due to the telescopic reproductive strategy of the 
summer asexual aphids. Thus, while the founding mother 
symbiont status will certainly influence the symbiont com-
munity structure, the following unwinged generations will 
be more influenced by selective dynamics within each plot 
rather than by new migrants. In our study, we collected only 
unwinged aphids that had been produced and developed on 
the host plant, i.e. we collected aphids after at least one but 
probably several generations of clonal selection had taken 
place. In addition to clonal selection, transmission rates 
of aphid symbionts from mother to offspring (or paternal 
inheritance if in sexual generations; Moran and Dunbar 
2006) are not always 100 % efficient, even in laboratory 
populations where external factors are controlled (Chen 
and Purcell 1997; Dykstra et al. 2014), and so may be lost 
across multiple generations. Although horizontal trans-
mission is not considered to be a frequent occurrence in 
aphids, the parthenogenetic reproduction of aphids coupled 
with a high-fitness advantage would nevertheless quickly 
increase the frequency of a new highly advantageous sym-
biont in a population. In whitefly, Bemesia tabaci, horizon-
tal transmission of Arsenophonus is thought to be relatively 
common, as shown through a study looking at phylogenetic 
incongruence between these symbionts and the different B. 
tabaci cryptic species (Ahmed et al. 2013).
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Our study also suggests that it may be worth studying 
the effects of the plant community on insect–microorgan-
ism interactions more widely, beyond aphids, and also con-
sider wider implications of such interactions for the ecosys-
tem as a whole. For example, in an experimental system, 
Hamiltonella infection status of aphids explained some 
variation in the relative allocation of plant biomass to the 
roots (Hackett et al. 2013), and in whitefly, this symbiont 
was found to suppress plant defences (Su et al. 2015). Fur-
ther, symbionts could mediate dietary breadth of an aphid 
(Wagner et al. 2015), which could, in theory, enhance aphid 
invasiveness or host-switching abilities (Feldhaar 2011). 
Despite limited current research on the community level 
effects of bacterial secondary symbionts in insects, such 
studies show promising evidence, from laboratory, field 
and modelling work, to indicate that these symbionts play 
a much stronger and wider role than previously acknowl-
edged (Oliver et al. 2014). Future work should follow up 
this line of research using manipulative approaches with the 
aphid–symbiont community. For example, one could cre-
ate an experimental system with diverse plant species (or 
even plant genotypes) and, using a variety of aphids with 
different symbiont communities, test the outcome of differ-
ent cost–benefit trade-offs, with varying selection pressures 
such as natural enemies or nutrient limitation.

In conclusion, we present evidence from a field study 
that shows an association between plant species rich-
ness and the secondary symbiont bacterial community in 
aphids, indicating that plant diversity effects can cascade 
across multiple trophic levels. The patterns we found were 
consistent across three different aphid–plant–symbiont 
communities, showing a general pattern not restricted to 
specific species combinations. It is possible that there are 
similar effects of plant diversity on other as yet unstudied 
sub-webs of the entire organismic community. Functional 
biodiversity research has so far described a large number 
of effects of plant species richness on a wide range of pro-
cesses at the ecosystem level (Allan et al. 2013). Our work 
extends documented effects of plant diversity beyond vis-
ible biotic interactions to changes in endosymbiont com-
munities, with potentially far-reaching consequences for 
related ecosystem processes.
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