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Abstract

The bacterial communities inhabiting arthropods are generally dominated by a few endosymbionts that play an

important role in the ecology of their hosts. Rather than comparing bacterial species richness across samples, ecologi-

cal studies on arthropod endosymbionts often seek to identify the main bacterial strains associated with each speci-

men studied. The filtering out of contaminants from the results and the accurate taxonomic assignment of sequences

are therefore crucial in arthropod microbiome studies. We aimed here to validate an Illumina 16S rRNA gene

sequencing protocol and analytical pipeline for investigating endosymbiotic bacteria associated with aphids. Using

replicate DNA samples from 12 species (Aphididae: Lachninae, Cinara) and several controls, we removed individual

sequences not meeting a minimum threshold number of reads in each sample and carried out taxonomic assignment

for the remaining sequences. With this approach, we show that (i) contaminants accounted for a negligible propor-

tion of the bacteria identified in our samples; (ii) the taxonomic composition of our samples and the relative abun-

dance of reads assigned to a taxon were very similar across PCR and DNA replicates for each aphid sample; in

particular, bacterial DNA concentration had no impact on the results. Furthermore, by analysing the distribution of

unique sequences across samples rather than aggregating them into operational taxonomic units (OTUs), we gained

insight into the specificity of endosymbionts for their hosts. Our results confirm that Serratia symbiotica is often pre-

sent in Cinara species, in addition to the primary symbiont, Buchnera aphidicola. Furthermore, our findings reveal

new symbiotic associations with Erwinia- and Sodalis-related bacteria. We conclude with suggestions for generating

and analysing 16S rRNA gene sequences for arthropod-endosymbiont studies.
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Introduction

Endosymbiotic bacteria inhabiting arthropods are

increasingly recognized as major players in the ecology

and evolution of their hosts (Frago et al. 2012; Jaenike

2012; White et al. 2013; Oliver et al. 2014). Aphids (Hemi-

ptera: Aphididae) are model systems for the study of

bacteria-arthropod endosymbiosis, as an obligate mutu-

alistic association with Buchnera aphidicola (a ϒ-3 pro-

teobacteria) was established in these insects more than

180 Mya (Moran et al. 1993). These bacteria provide the

aphids with essential amino acids, and vitamins they

cannot synthesize or find in sufficient amounts in the

plant sap, their sole source of nutrients (Douglas 1998).

Aphids also harbour a diversity of facultative endosym-

bionts. Unlike obligate endosymbionts, facultative

endosymbionts are not required for survival or repro-

duction. However, their presence can increase the fitness

of their hosts in specific environmental conditions

(Oliver et al. 2010).

Most studies on the endosymbiotic communities of

aphids have involved PCR-based detection with specific

primers. The traits conferred by the endosymbionts are

then generally identified by investigating the correlations

between the presence of the endosymbiont and host
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ecological traits and environmental variables (e.g. Smith

et al. 2015). These techniques rely on strong prior

assumptions concerning the bacterial strains generally

present in the organisms studied. High-throughput

sequencing technologies are now replacing PCR for the

investigation of microbial communities. These methods

are based on the deep sequencing of PCR-amplified bac-

terial 16S ribosomal RNA gene fragments, potentially

making it possible to detect all the bacteria present in a

sample (Degnan & Ochman 2012). They have been

widely used to study environmental samples and are

becoming a method of choice in aphid microbiome stud-

ies (Jones et al. 2011; Bansal et al. 2014; Jing et al. 2014;

Gauthier et al. 2015). These methods are undoubtedly

powerful as they do not rely on prior knowledge about

the diversity of the communities investigated. Further-

more, the sequencing read abundances assigned to each

bacterial strain are sometimes used as a proxy for the rel-

ative abundance of each type of bacteria in a sample (e.g.

Bansal et al. 2014; Otani et al. 2014 for studies on insect

microbiomes).

However, the repeatability and reliability of results

obtained with high-throughput sequencing technologies

are rarely evaluated before undertaking large-scale stud-

ies on multiple host populations. Furthermore, unlike

microbial ecology studies, which aim to characterize bac-

terial diversity across different environments (Goodrich

et al. 2014), ecological studies on arthropod endosym-

bionts generally aim to detect the presence of a few

specific bacteria in individuals from natural populations,

with a high level of confidence, rather than focusing on

diversity indices. The accurate taxonomic identification

of bacteria and the exclusion of contaminants from the

results are therefore crucial steps in arthropod-endosym-

biont studies. Massively parallel sequencing of 16S rRNA

genes is highly susceptible to contamination. Bacteria

present in extraction kits and PCR mixes have been

shown to distort the results of microbiome analyses, par-

ticularly for samples with a low microbial biomass

(Goodrich et al. 2014; Salter et al. 2014), and the impact of

such contaminants on arthropod-endosymbiont studies

is unclear. In addition, studies on arthropod-endosym-

biont associations often evaluate the specificity of the

interaction between the partners (Jousselin et al. 2009;

Hendry & Dunlap 2014). This requires an evaluation of

the intrastrain genetic diversity of the bacteria. The

sequence data generated by high-throughput sequencing

technologies are generally clustered into operational

taxonomic units (OTUs) on the basis of sequence

similarity. This procedure is designed to cluster sequence

from the same ‘bacterial species’ together and also aggre-

gate sequences that are probably derived from base

incorporation errors to prevent the artificial inflation of

diversity indices. It is followed by the assignment of

representative sequences of the OTU to particular taxa.

OTUs are valuable tools for the investigation of complex

bacterial communities, but their use can introduce bias,

and they are not necessarily appropriate for endosym-

biont studies, for several reasons. First, OTU-picking

algorithms and sequence similarity thresholds strongly

influence the taxonomic composition of samples (Good-

rich et al. 2014; Mah�e et al. 2014). Second, clustering

approaches often erase information about within-strain

diversity and may render taxonomic assignment ambigu-

ous, as sequences not assigned to the same bacterial lin-

eage may be clustered into a single OTU (Mah�e et al.

2014). In addition, arthropod-endosymbiont communities

are generally dominated by a few known taxa (Aylward

et al. 2014; Jing et al. 2014; Vanthournout & Hendrickx

2015) and clustering sequences into OTUs might not be

necessary when assessing their composition.

In this study, we assessed the validity of a 16S rRNA

amplicon-based Illumina sequencing and analytical pro-

cedure, by comparing the results (in terms of taxonomic

identification and relative abundance of the reads

assigned to a phylum) obtained with several DNA

extracts from the same aphid colony, and for PCR repli-

cates for each DNA extract. We used aphids from the

genus Cinara (Aphididae: Lachninae), as studies using

PCR with specific primers for detection have indicated

that the incidence of bacterial endosymbiont infection is

high in Cinara species (Lamelas et al. 2008; Burke et al.

2009). As our aim was to identify the principal bacteria

associated with aphids and investigate their specificity

for their hosts, we removed individual sequences that

did not meet a minimum threshold number of reads in

each sample rather than grouped them into OTUs and

analysed the distribution of the remaining sequences

across samples. Negative controls were sequenced at

every step of the procedure, to evaluate the impact of

laboratory contaminants on the results obtained. This

study focused on Cinara species, but the approach used

could probably be transferred to any microbiome associ-

ated with an aphid or arthropod species.

Methods

DNA samples

We examined 12 species of Cinara. Each species was

comprised of multiple individuals collected from the

same aphid colony. The specimens were kept in 70%

ethanol at 6 °C immediately after collection (Table S1,

Supporting information).

We obtained three DNA extracts from each sample

(Fig. 1).

1 DNA samples enriched in bacteria were prepared with

a slightly modified version of the protocol described

© 2015 John Wiley & Sons Ltd

METAGENOMICS FOR ARTHROPOD ENDOSYMBIONTS 629



by Charles & Ishikawa (1999). For each Cinara species,

10–15 aphids per sample were first rinsed three times

in ultrapure water (Qiagen, Germany) and then

crushed in 1 mL of buffer A (35 mM Tris-HCl, 25 mM

KCl, 10 mM MgCl2 and 25 mM sucrose, pH 7.5) with a

Teflon pestle and a glass mortar. The resulting homo-

genate was then successively filtered through two fil-

ters (the first with 100 lm pores and the second with

30 lm filter pores) made of plankton net fabric. It was

then filtered through two Millipore� IsoporeTM white

polycarbonate membranes, the first with 10 lm pores

and the second with 5 lm pores. The filtrates were

centrifuged at 5000 9 g for 10 min, and the super-

natants were discarded. These successive filtrations

eliminated eukaryotic cells, which are generally about

10 times larger than bacterial cells (bacterial cells are

0.5–5.0 lm long, on average). We extracted DNA from

the residual pellets, with the DNeasy Blood & Tissue

Kit (Qiagen, Germany), according to the manufac-

turer’s recommendations. The DNA was eluted in

40 lL of elution buffer. These extracts concentrate bac-

terial DNA in comparison with extracts conducted on

a whole aphid individual; this should decrease the

influence of contaminants on the results (Salter et al.

2014).

2 A single individual from each colony was washed

three times in ultrapure water. Total genomic DNA

was extracted from whole individuals with the same

extraction kit as used for the procedure described

above.

3 In parallel, we used DNA extracts from our previous

phylogenetic investigations of the genus Cinara

(Jousselin et al. 2013). These extracts were obtained

with the EZ-10 96-Well Plate Genomic DNA Extraction

Kit, Animal Samples (Bio Basic Inc., ON, Canada), in

2012, from individuals from the same aphid colonies

Aphid colonies

10 to 15 
individuals

Total DNA extraction 
protocol

1 individual 1 individual

Total DNA extraction 
protocol (2012)

Filtration 
bacterial cells

DNA 
extractions

PCR 16S
Blank
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Sample
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C. 
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C. Ext 
filtration

C. PCR«Sample
ID » . F

«Sample
ID» . P

C. Extr «Sample ID» . T

X 12
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PCR triplicate PCR triplicate PCR triplicatePCR triplicate

DNA samples enriched with 
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Blank
template

Blank
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Fig. 1 Workflow of the laboratory procedure used to obtain Cinara DNA extracts, PCR products and related negative controls.
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as used in the other two protocols. Samples had

already been taken from these DNA extracts for sev-

eral PCR amplifications, and the extracts were stored

at �20 °C. The aim of this test was to determine

whether DNA extracts that had been stored for up to

3 years gave results similar to those for fresh extracts.

DNA degradation and contamination during previous

laboratory procedures might distort the results of 16S

rRNA gene sequencing. The feasibility of using stored

samples is an issue of particular relevance for investi-

gations of natural populations of arthropods that can

be difficult and costly to sample, and, particularly, for

small arthropods, such as aphids and mites, for which

DNA extraction necessarily involves the destruction of

the entire individual (DNA can therefore only be

extracted once from any given individual).

We included several negative controls. We filtered

1 mL of buffer A, using the laboratory reagents and

material used for the filtration procedure. This negative

control template was then processed in the same way as

the DNA extracts. During the extraction procedures con-

ducted for this study, a ‘blank template’ of ultrapure

water was processed with the same extraction kit

(Fig. 1). There was no negative control for the extractions

conducted in 2012.

As positive DNA controls, we used DNA extracts

from four pure bacterial strains and DNA extracts from

seven arthropod specimens with known bacterial

endosymbionts (Table S1, Supporting information).

All DNA samples were stored at �20 °C.

16S amplification and sequencing

We used a modified version of the protocol of Kozich

et al. (2013) for the targeted sequencing of an indexed

bacterial 16S rRNA gene fragment on a MISEQ (Illumina)

platform. We amplified a 251-bp portion of the V4 region

that has been shown to be one of the most effective mark-

ers for assessing bacterial diversity (Mizrahi-Man et al.

2013). We used slightly modified forms of the universal

primers described by Kozich et al. (2013) (16S-V4F:

GTGCCAGCMGCCGCGGTAA and 16S-V4R: GGAC

TACHVGGGTWTCTAATCC). The 50 regions of these

primers were modified by adding the appropriate Illu-

mina adapter (P5 or P7), an 8-nt index sequence (i5 or

i7), a 10-nt pad sequence and a 2-nt linker. This strategy

is called dual-index sequencing (Kozich et al. 2013).

Each DNA sample and negative control was ampli-

fied in triplicate. Each of these replicates was conducted

on a different 96-well microplate. A negative control for

PCR was included on each plate (Fig. 1). The PCR mix-

ture contained 5 lL Qiagen Multiplex PCR Master Mix

(19 final concentration, including Taq polymerase,

dNTPs and MgCl2 at a final concentration of 3 mM), 2 lL
each of the forward and reverse indexed primers (1 lM
final concentration) and 2 lL genomic DNA, or ultrapure

water for the PCR negative controls. The reaction mix-

ture was heated at 95 °C for 15 min to denature the

DNA and then subjected to 40 cycles of 95 °C for 20 s,

55 °C for 15 s and 72 °C for 5 min for amplification, fol-

lowed by a final extension for 10 min at 72 °C. We

obtained 150 PCR products in total. Each pair of indices

(i5 and i7) was unique to a PCR well, aiming to re-cover

the origin of each sequence to a sample.

Combinations of 24 i5 index primers and 36 i7 index

primers were used for identification, and we were

therefore able to multiplex up to 24 9 36 (=864) ampli-

cons in one MISEQ FLOWCELL. Our samples were pooled

with other libraries, including 711 amplicons from

another project.

PCR products were pooled, and the resulting mixture

was subjected to gel electrophoresis. The bands corre-

sponding to the PCR products were excised from the gel,

purified with a PCR clean-up and gel extraction kit

(Macherev-Nagel) and quantified with the Kapa Library

Quantification Kit (Kapa Biosystems). The pool of 854

libraries was submitted for paired-end sequencing in a

MISEQ (Illumina) FLOWCELL equipped with a version 2 500-

cycle reagent cartridge.

Data analyses

Sequence filtering. Sequence filtering criteria were applied

through Illumina’s quality control procedure. We then

used a pipeline of MOTHUR (v1.3.3) software package

(Schloss et al. 2009) functions implemented on a Galaxy

workbench (Goecks et al. 2010) (http://galaxy-work-

bench.toulouse.inra.fr/). The overlapped paired-end

reads were assembled with the make.contigs function of

MOTHUR, and the contigs exceeding 280 bp in length and/

or containing ambiguous base pairs were filtered out

and excluded from further analyses. A FASTA file contain-

ing unique contigs and a file reporting the occurrences of

these sequences in each sample were created. Unique

sequences from the FASTA file were then aligned with the

V4 portion of reference sequences from the SILVA 16S ref-

erence database (v119) (Quast et al. 2013). Sequences that

did not align with the V4 fragment were excluded from

further analyses. After this filtering step, a new file con-

taining unique sequences was created. The number of

reads resulting from sequencing errors was then reduced

by merging rare unique sequences with frequent unique

sequences with a mismatch of no more than 2 bp relative

to the rare sequences (pre.cluster command in MOTHUR).

We then used the UCHIME (Edgar et al. 2011) program

implemented in MOTHUR to detect chimeric sequences

(e.g. sequences resulting from the recombination of two
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sequences from two different taxa due to jumping PCR

events). This procedure was performed on each sample,

and the chimeric sequences identified were excluded

from the data set. The number of reads for each sequence

in each sample was determined and used to compile a

contingency table.

Analyses of the diversity of bacteria, repeatability across PCR

replicates and DNA extracts. For each sample, we trans-

formed read numbers into frequencies (percentages).

Many sequences were represented by very few reads

(Fig. S1, Supporting information). Sequences accounting

for <1% of all the reads for a given sample were excluded

with an R script (Appendix S1, Supporting information).

Before applying this threshold, we determined how the

number of unique sequences per sample decreased with

increasing threshold values (Fig. S2, Supporting informa-

tion). The script used also generates a table summariz-

ing, for each sample, the total number of reads, the total

number of unique sequences and the number of unique

sequences remaining after the removal of all the

sequences accounting for <1% of all reads.

For all samples (including negative controls), we

determined whether the total number of unique

sequences and the number of unique sequences making

up more than 1% of all reads differed between PCR repli-

cates for the same sample, using a General Linear Model

in R (the number of sequences was used as the response

variable and was considered to follow a Poisson distribu-

tion; ‘PCR replicate’ and sample were set as factors). For

Cinara samples, we used the model described above, but

with the inclusion of ‘DNA extract’ as a factor.

We investigated differences in the bacterial commu-

nity between PCR replicates and DNA extraction repli-

cates for each aphid colony, by calculating the Shannon

diversity index (H) of sequences making up more than

1% of all reads for each sample. We used ANOVA fol-

lowed by Tukey post hoc tests to determine whether this

index differed between PCR and DNA replicates. The

dissimilarity between the bacterial communities of

Cinara samples was also quantified by calculating Søren-

sen’s index, a metric based on the presence/absence of

taxa (here, ‘taxa’ were unique sequences). The Sørensen

dissimilarity matrix was ordinated following a non-

metric multidimensional scaling (nMDS). The result of

nMDS ordination was plotted on a three-dimensional

graph on which the position of each sample depended

on its distance from all other samples. We then con-

ducted an Adonis analysis with the Sørensen distance

matrix as the response variable and Cinara species, PCR

and DNA extract replicates as factors, to determine

whether the mean similarity between samples from the

same species (i.e. across PCR and DNA replicates) was

greater than that between samples from different species.

All community diversity analyses were conducted with

the R package VEGAN V.2.3-0.

We investigated whether the frequencies of reads

were similar across replicates for the same aphid colony.

We transformed the frequencies of each unique sequence

into ranks reflecting their relative abundance. For each

Cinara species, we then performed a Friedman rank test,

with bacterial types as ‘blocks’ and replicates (any repli-

cate of the same aphid colony, that is DNA extractions

and PCR) as ‘treatments’ in R.

The taxonomic affiliation of each unique sequence

was determined with the naive Bayes classifier tech-

nique, as implemented in the classify.seq function of

MOTHUR (Mizrahi-Man et al. 2013), with the SILVA refer-

ence database v119 (Quast et al. 2013) and a minimum

confidence value of 0.80. This step corresponds to the

‘sequence analysis’ module of the Galaxy pipeline.

Taxonomic identification was also achieved with the

LEBIBI
QBPP program (http://pbil.univ-lyon1/bibi/lebibi.

cgi) (Devulder et al. 2003). This online tool searches for n

(this number was set to 75 for this analysis) sequences

similar to the sequence submitted, by BLAST analyses of

precompiled databases. We first used the 16S SSU-rRNA

TS stringent database, which only includes sequences of

validly denominated species. When taxonomic assigna-

tion of a sequence was ‘undetermined’ or reached only

the family level, we used the 16S SSU-rRNA ‘LAX’ data-

base, which includes all sequences corresponding to

given criteria concerning sequence length and gene iden-

tification available in the NCBI database. Pairwise local

alignments from the BLAST output are then extracted, and

the n similar sequences are aligned with MAFFT (Katoh

et al. 2005). A maximum-likelihood phylogenetic tree is

generated with FASTTREE (Price et al. 2009) and a GTR-

gamma model of evolution. Taxonomic assignment is

based on the name of the sequence with the shortest

patristic distance to the query sequence.

We used these assignations and the table of sequence

frequencies per sample to determine the bacterial com-

position of each sample. We simplified the representa-

tion of the results by adding the frequencies of different

unique sequences assigned to the same bacterial species

(or genus). These taxonomic bins were used to visualize

community compositions, whereas ungrouped unique

sequences were used for all statistical analyses.

We investigated the intrastrain diversity and host

specificity of the main bacterial taxa (i.e. Buchnera aphidi-

cola and Serratia spp.) associated with our samples. We

built a heatmap representing the distribution of unique

sequences (i.e. haplotypes) and their relative abun-

dance across Cinara samples. We used CLUSTALX 2.0.11

(Thompson et al. 1994) to obtain sequence alignments for

B. aphidicola and Serratia spp. Sequences (Appendices S2

and S3: Supporting information); p distances between
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pairs of sequences were computed in MEGA v5.0 (Tamura

et al. 2007), and neighbour-joining trees were recon-

structed in PHYML-3.1 (Guindon et al. 2010). These phylo-

grams were incorporated into the heatmaps to illustrate

the relatedness of the sequences in each phylum.

Results

Data set description

Using Illumina’s stringent quality control (QC), we

obtained a total of 2 606 606 reads passing Illumina qual-

ity filters and assigned to a sample. The mean number of

reads generated for each sample was 13 947 (SD = 3615)

(excluding negative controls) (Table S2, Supporting

information). The number of unique sequences after all

filtering steps (i.e. the removal of sequences with

ambiguous base pairs, long contigs, nonspecific

sequences, chimeric sequences) was 37 509 represented

by 2 018 186 reads. We removed 7142 chimeric unique

sequences from the data set. Negative controls generated

fewer reads than DNA samples (Fig. 2): from 364 on

average for ‘C. PCR’ (PCR conducted on a blank tem-

plate, Fig. 1) to 6185 on average for ‘C. extractions’ (the

control for de novo extractions from whole individuals).

The total number of unique sequences per sample dif-

fered between PCR replicates (v2 = 56.8, d.f. = 2,

P < 0.001), but many of these sequences were repre-

sented by very few reads (18 314 of the 37 509 unique

sequences were represented by a single read) (Fig. S1,

Supporting information). Once the sequences making up

<1% of the reads in a sample were discarded from that

sample, our data set included only 191 unique sequences

and the number of unique sequences per sample did not

differ significantly between PCR replicates (v2 = 0.067,

d.f. = 2 P = 0.95). For Cinara colonies, the number of

unique sequences per sample did not differ between

DNA extracts (v2 = 5.76, d.f. = 2, P = 0.051).

Bacterial diversity in negative and positive controls

Negative controls generally contained ubiquitous bacte-

ria, such as Anoxybacillus, Methylobacterium and bacteria

from the Comamonadaceae family (Figs 2 and S3, Sup-

porting information). Overall, our negative controls con-

tained very few bacteria that were also found in aphid

samples: only 123 of the 37 509 unique sequences from

all reads were common to the negative controls and

Cinara species. Once the sequences accounting for <1% of

reads had been discarded, only seven unique sequences

were common to the negative controls and some of our

Cinara DNA samples. These sequences were assigned to

Brevibacillus, Anoxybacillus, Geobacillus and the Coma-

monadaceae family. The only negative control containing
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Fig. 2 Summary of 16S rRNA gene

sequencing results and taxonomic assign-

ment for negative controls. Each column

shows the relative frequency of each type

of bacterium obtained by sequencing a

PCR product: ‘Bis’ and ‘Ter’ indicate PCR

replicates for the same DNA extract (the

numbers of reads obtained for each sam-

ple are indicated in brackets). The taxo-

nomic assignments of sequences making

up <1% of all the reads in a sample are

not shown; these sequences are found in

the ‘unrepresented’ part of each column.

Taxonomic assignment was carried out to

genus level whenever possible (Fig. S2).

Here, we present a simplified version:

except for bacteria known to be arthropod

endosymbionts (indicated in bold) and

genera that were unique representatives

of a family, sequences were binned at the

taxonomic level of family or order.
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bacteria identified as aphid endosymbionts in all PCR

replicates was the control set up during the extraction of

DNA from filtration products (C.ext.filtration) (Fig. 2).

B. aphidicola accounted for up to 8% of the reads and Ser-

ratia for up to 5% of the reads in this control, but this cor-

responded to only a very small number of reads (26 and

12 reads, respectively, whereas B. aphidicola accounted

for 8800 reads, on average, per aphid sample). Three dif-

ferent Buchnera haplotypes were detected in these sam-

ples. The main haplotype (corresponding to 13 reads)

found in the C.ext.filtration control was also found in

C. brevispinosa (3412); the other two haplotypes were not

retrieved in any of our samples. The Serratia identified in

this control also had the same haplotype as the Serratia

detected in sample 3412. This suggests that this sample

contaminated our control. A few B. aphidicola sequences

were also found in one of the PCR replicates of the

extraction control (C.filtration.Bis: 88 reads) and one of

the PCR controls (C.PCR.Ter: eight reads).

In the positive controls, consisting of pure bacterial

cultures, bacterial diversity was low and the cultured

bacteria were successfully sequenced (Fig. S4, Support-

ing information). The Ricketssia conorii sequencing results

included sequences from a bacterium identified as Myco-

plasma, suggesting possible contamination of the culture

or the DNA sample. Ubiquitous bacteria, such as Acineto-

bacter, were found at low frequency in the Borrelia cul-

ture. Sequencing of DNA from arthropods with known

bacterial symbionts yielded the expected results in all

cases. For example, the two aphid samples (Acyrthosiphon

pisum) contained the expected secondary symbionts

(Regiella and Serratia) in addition to B. aphidicola.

Diversity of bacterial symbionts associated with Cinara

The mean Shannon diversity index was low: 0.78

(SD = 0.29), suggesting that each sample was dominated

by a few bacteria (Table S3, Supporting information). For

the various Cinara colonies, this diversity index did not

differ between PCR replicates (v2 = 0.002, d.f. = 2,

P = 0.99) or DNA extracts (v2 = 0.51, d.f. = 2, P = 0.72).

When percentages of reads were transformed into ranks,

these ranks did not differ significantly between PCR and

DNA extraction replicates, for 10 of 12 species (Table S3,

Supporting information, Fig. 3). Thus, when a 16S rRNA

gene haplotype was identified as the dominant feature in

one of the PCR products from an aphid colony, it was

also found to be the dominant feature in all the DNA

and PCR replicates for the same aphid colony.

Buchnera aphidicola generally predominated in Cinara

samples. Cinara also contained up to four other

endosymbionts (Fig. 3). In eight of 12 Cinara species, Ser-

ratia strains were found to be associated with all DNA

extracts, and in six of these eight species, Serratia was the

second most abundant endosymbiont after B. aphidicola,

even accounting for almost half the sequencing reads in

five species (Fig. 3). Other common aphid endosym-

bionts, such as Hamiltonella, Wolbachia and Regiella, were

found in our samples. Our results also revealed that

Erwinia-related strains were associated with Cinara pseu-

dotaxifoliae and Cinara laricis, and that Sodalis strains were

found in Cinara strobi. Two of the DNA extracts obtained

by filtration and one of the old DNA extracts contained

ubiquitous bacteria, such as Brevibacillus, Anoxybacillus,

Geobacillus and bacteria from the Comamonadaceae,

Bradyrhizobiaceae and Chitinophagaceae families

(Fig. 3). These bacteria were often represented by only a

few reads (1% to 5% of the reads), and they were not sys-

tematically present in all PCR replicates for any given

DNA extract (Fig. 3). None of the de novo extracts con-

tained such bacteria in significant proportions (i.e. repre-

senting more than 1% of the reads).

The scatter plots for Sørensen’s index revealed that all

replicate samples from an aphid species contained very

similar bacterial communities, whereas there was greater

dissimilarity between the communities present in differ-

ent aphid species (Fig. 4a). The R2 statistic of the Adonis

analysis was 0.99 for ‘species’ and highly significant

(P < 0.001), whereas those for ‘PCR’ and ‘DNA extracts’

were 0.00036 (P = 0.99) and 0.004 (P = 0.01), respectively.

The R2 values suggest that there was greater dissimilar-

ity between samples from different species than between

samples from the same species. PCR replicates for the

same DNA samples always yielded the same bacterial

communities, except for the C. schwartzii 2012 extraction,

for which a single PCR replicate revealed the occurrence

of Hamiltonella, and newly extracted C. laricis, for which

a single PCR replicate revealed the presence of Erwinia

(Fig. 3). However, there were slight differences between

DNA extracts from the same aphid colony. A single

DNA extract from Cinara confinis contained Serratia, and

Serratia was found in only two of the three DNA extracts

from C. strobi Hamiltonella was found in a single DNA

extract from C. pseudotaxifoliae, and a single extract from

C. schwartzi. Erwinia was found in only two of the three

DNA extracts from C. laricis (Fig. 3).

Each aphid species hosted Buchnera strains with dis-

tinctive 16S haplotypes (Fig. 4b), except for C. fresai and

C. confinis, which shared Buchnera strains with the same

haplotype. Seven Cinara species each contained a single

B. aphidicola haplotype. By contrast, in five Cinara spe-

cies, a second B. aphidicola 16S rRNA gene sequence was

found at low abundance (about 1–6% of the reads) in

some or all of the DNA extraction replicates. This second

sequence was always very closely related to the most

abundant haplotype (Fig. 4b). The mean p distance

between the B. aphidicola sequences present in different

Cinara species was 0.057 (SD = 0.035), whereas the mean

© 2015 John Wiley & Sons Ltd

634 E . JOUSSELIN ET AL .



p distance between sequences present in the same species

was 0.012 (SD = 0.001).

Cinara confinis, C. pini, C. schwartzii, C. pinea, C. strobi

each contained a single, specific Serratia haplotype,

whereas C. cedri, C. ponderosa, C. brevispinosa and C.

tujafilina each contained two specific Serratia sequences,

one of which occurred at low frequency (from 1% to 4%

of the reads) (Fig. 4b). C. ponderosa, C. fresai, C. bre-

vispinosa and A. pisum all contained a Serratia strain, of

the same haplotype in each case. The mean p distance

between the Serratia sequences present in different Cinara

species was 0.038 (SD = 0.014), whereas the mean p dis-

tance between sequences present in the same species

was 0.025 (SD = 0.011).

Discussion

Do contaminants affect aphid microbiome analyses?

The sequencing of negative controls often yielded

sequences from many ubiquitous environmental bacteria,

These communities were very similar to those described

in Salter et al. (2014). However, aphid samples had few

taxa in common with these controls and the predominant

taxa present in aphids always corresponded to phyla

known to be arthropod endosymbionts. Thus, the bacteria

found in laboratory reagents had little impact on aphid

endosymbiont analyses. Contrary to expectations, work-

ing with DNA preparations enriched in bacterial DNA

had little impact on the taxonomic compositions deter-

mined for our samples, demonstrating that the concentra-

tion of bacterial DNA is not required to optimize

investigations on aphid endosymbionts. These findings

are consistent with those of Rubin et al. (2014) showing

that insect DNA extraction procedures have no impact on

the results obtained concerning endosymbiont commu-

nity composition. However, DNA extraction by the cell

filtration procedure and classical methods of DNA extrac-

tion should be compared for arthropods with more com-

plex and less abundant microbiota than Cinara. Some of

the negative controls contained a small percentage of

aphid endosymbiont sequences. This may be due to
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cross-contamination of the samples, but it may also have

resulted from tag-reading errors, which affect a small

proportion of Illumina sequencing results in dual-index

strategies (Kircher et al. 2012; Esling et al. 2015).

The removal of sequences accounting for <1% of the

reads in aphid samples generally eliminated most of the

sequences from bacteria common to negative controls

and sequences not found in all the PCR replicates for a

given sample. These low-depth sequences not present in

all PCR replicates may originate from contaminants (e.g.

airborne bacteria) present at low frequency and, there-

fore, not always successfully amplified, or spurious

sequences. Their removal greatly increased the repeata-

bility of the results. Nevertheless, sequences matching

sequences from water- and soil-borne bacteria (Geobacil-

lus, Brevibacillus, Anoxybacillus and some Bradyrhizobi-

aceae, Comamonadaceae and Chitinophagaceae) were

found in some aphid samples: in C. brevispinosa extracts

from 2012, and in DNA obtained after the filtration of

C. laricis and C. pini samples to remove eukaryotic cells.

They were never found in all the DNA extracts from a

given aphid colony, and related bacteria were found in

our negative controls. This suggests that these bacteria

may be environmental contaminants. The filtration pro-

tocol might increase the risk of contamination, as more

reagents are required than for extraction from a whole

individual aphid. The extracts obtained in 2012 may also

have been contaminated during previous laboratory

manipulations.

We suggest that the detection of ubiquitous bacteria

in aphid samples should lead to caution in interpretation

concerning possible symbiotic associations. Bacteria from

the genera Acitenobacter, Brevundimonas and Brevibacillus,

which we found in several of our negative controls and a

few of our samples and are listed among the contami-

nants found in laboratory reagents (Salter et al. 2014),

have been detected in arthropod microbiome studies (in

aphids, Bansal et al. 2014; and other arthropods, Rogers

& Backus 2014) involving deep sequencing of the 16S

rRNA gene. These bacteria have been considered to be

possible symbiotic partners. In the absence of concurrent

sequencing of negative controls in these studies, we

believe that it would be risky to consider these bacteria

to be present in the arthropod microbiota. They may be

among the bacteria present in the gut or exoskeleton of

these insects, but they may also simply be contaminants

from the laboratory.

Reproducibility of taxonomic composition and bacteria
relative abundance determinations

Once low-depth sequences had been removed, the taxo-

nomic composition of our samples was highly similar

across technical replicates for any given aphid colony.

The few differences observed between DNA extracts

from the same colony may be due to intracolony varia-

tion. Individuals from an aphid colony are generally the

parthenogenetic progeny of a single female and, as aphid

endosymbiotic bacteria are usually maternally transmit-

ted (Michalik et al. 2014), it is therefore highly likely that

all the individuals from a given colony have the same

endosymbionts. However, it remains possible that some

of the colonies we sampled were founded by several dif-

ferent females.

When transforming read frequencies into ranks

reflecting the relative abundance of bacterial strains in

each sample, the ranks obtained were found to be repro-

ducible across the replicates for an aphid colony. Read

frequencies are therefore not the result of a random pro-

cess. Furthermore, our results concerning the abundance

of Serratia in Cinara are consistent with those of previous

studies: Serratia symbiotica bacteriocytes are abundant in

C. cedri and C. tujafilina (Lamelas et al. 2008). However,

as pointed out in many studies (e.g. Amend et al. 2010;

Kembel et al. 2012; Bachy et al. 2013), the read frequen-

cies of 16S rRNA genes cannot be used as direct esti-

mates of bacterial cell abundance. Differences in read

abundance may reflect biases in PCR success. Sequences

from some bacterial species may be more likely to be

amplified than those of other species, due to differences

in primer specificity (Kurata et al. 2004). This hypothesis

could easily be tested with different 16S rRNA gene pri-

mer sets. More specifically, for our biological model, read

frequencies may reflect differences in 16S rRNA gene

copy number rather than actual bacterial loads (Kembel

et al. 2012). In the pea aphid, B. aphidicola, chromosome

copy number per bacterial cell varies from 50 to 200,

depending on the age of the aphid (Komaki & Ishikawa

2000). The ploidy levels of other symbionts are not

known. It is therefore difficult to correct read abun-

dances for gene copy numbers. Furthermore, the loads of

B. aphidicola and secondary bacteria may vary during the

nymphal development of aphids (Koga et al. 2003), and

it is therefore risky to link quantitative estimates of

endosymbiont loads to host-species life history traits

Fig. 4 (a) Nonmetric multidimensional scaling (NMDS) scores for the dissimilarity distance matrix between each sample. Each point

represents a PCR product; each aphid colony is represented by a colour code. (b) Heatmaps showing the distribution and frequency

(mean percentage) for Buchnera and Serratia 16S rRNA haplotypes across Cinara species. On the left-hand side of the figure, the NJ trees

depict phylogenetic relationships between 16S rRNA haplotypes.*Indicates cases in which haplotypes were not present in all DNA

extraction replicates.
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(e.g. diet, reproductive mode) without assessing individ-

ual variations over time. In summary, the read frequen-

cies obtained by Illumina 16S rRNA gene sequencing

should be interpreted with care. They may indicate the

bacteria abundant in an individual at a given point in

time and can guide future studies investigating this asso-

ciation.

Can Illumina 16S rRNA amplicon sequencing provide
insight into the specificity of aphid/endosymbiont
associations?

The 16S rRNA gene fragment sequenced in the Illumina

procedure is short (251 bp), but it can provide a first

indication of intraspecific endosymbiont diversity and

insight into the specificity of the host–endosymbiont

interaction. The distribution of sequences across samples

clearly showed that there was a specific haplotype of

B. aphidicola associated with each species of Cinara, as

expected from fine-scale studies of cospeciation between

aphids and their primary symbiont (Jousselin et al. 2009).

This analysis also suggests that slightly divergent

B. aphidicola 16S rRNA gene copies (differing by 2–3 bp)

can be found in a single colony of Cinara. These strains

were always more closely related to each other than to

the B. aphidicola present in other species, and one of the

haplotypes was more abundant than the others. The less

abundant haplotypes could be derived from base incor-

poration mistakes (occurring during the PCR or the

sequencing procedure), but such errors should have been

removed with the pre.cluster command in MOTHUR (see

Methods). These haplotypes accounted for more than

400 reads in some samples and were present in all PCR

replicates for the same DNA extract and, in some cases,

in all DNA extracts from the same aphid colony, suggest-

ing that they were not artefacts due to PCR errors (which

are generally not reproducible) or sequencing errors

(which have a frequency of 0.001–0.01 per base

sequenced with the Illumina technology used here). This

polymorphism may therefore result from B. aphidicola

polyploidy: 16S rRNA gene copies may display slight

variations.

Our results also revealed that three Cinara species and

A. pisum harboured Serratia strains of the same haplo-

type. This suggests that these species have acquired clo-

sely related Serratia strains. The sequencing of multiple

loci will be required to confirm this hypothesis. There

were 11 Serratia haplotypes, each specifically associated

with a single Cinara species. This species-specific pattern

of association opens up the possibility of codiversifica-

tion scenarios for Serratia and Cinara. We also observed

some Cinara samples containing Serratia strains of two

different haplotypes: these strains were sometimes as

divergent as strains present in different species. This

pattern of association may result from independent

acquisitions of different strains or, as hypothesized for B.

aphidicola, polyploidy resulting in variations in the num-

ber of copies of the 16S rRNA gene.

Conclusions and future prospects

The taxonomic composition of our samples was very simi-

lar across replicates for the same aphid sample, suggest-

ing that our sequencing procedure and analytical

approach are robust. De novo extracts from single indi-

viduals were less likely to contain environmental contami-

nants than DNA samples enriched in bacteria or extracts

used in previous analyses. Nevertheless, when resam-

pling is not possible, DNA extracts from previous studies

can be used with no impact on the conclusions drawn

concerning the presence/absence of the main endosym-

bionts. The sequencing of positive controls is useful to

check amplification success, and it may also facilitate the

detection of cross-contamination between samples. Our

results for various arthropods also suggest that the pri-

mers used in our study successfully amplify many com-

mon endosymbionts. The removal of unique sequences

corresponding to very small numbers of reads and taxo-

nomic assignment of the remaining sequences excluded

most of the contaminants from the results and provided

insight into host–endosymbiont specificity. This is proba-

bly a sound approach for investigating arthropod

endosymbiotic communities dominated by a few bacteria.

Finally, our results confirm that Serratia is a dominant

feature of the microbiome of Cinara (Lamelas et al. 2011;

Manzano-Mar�ın & Latorre 2014). However, it was not

present in all species, which suggests that it has been

acquired several times or lost repeatedly in the evolu-

tionary history of the genus. We also show that Sodalis-

related bacteria dominate the C. strobi microbiome. This

bacterial genus is relatively ubiquitous in insects (Snyder

et al. 2011) and has previously been found in one Cinara

species (Burke et al. 2009). We also revealed associations

with Erwinia-like bacteria in two Cinara species: these

bacteria are usually free-living phytobacteria, but they

have also been found in aphid guts (Harada et al. 1997;

Clark et al. 2012; Gauthier et al. 2015). Neither Sodalis nor

Erwinia is common in aphids, and these genera may have

been overlooked in PCR investigations based on the use

of specific primers. Future work could focus on investi-

gating a larger sample with several specimens per spe-

cies to assess the prevalence of the predominant bacteria

from the Cinara microbiome identified here.
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