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ABSTRACT
Aphids rank among the most detrimental pests of greenhouses, where they find optimal
conditions for their reproduction and development. Biological control through the release of
parasitoid wasps has a long history of success to control greenhouse aphids. However,
aphids can be infected by facultative bacterial endosymbionts that can protect their host
against parasitoids attack. Despite the economic importance of aphids as pests, their
microbial communities remain poorly characterized. Furthermore, most of the studies on
aphid endosymbiont communities rely on massive parallel sequencing through the
IlluminaTM platform. Therefore, the first goal of our study was to develop an optimized
method to identify the microbial communities of aphids using the MinIONTM nanopore
sequencer. Several studies show that the microbial composition of aphids (and more in
general insects) can be driven by the insect species, host plant, environment and abiotic
factors. Therefore, our second goal was to study whether microbiomes of Myzus persicae
and Aulacorthum solani sampled in conventional and organic sweet bell pepper
greenhouses were driven by (i) the aphid species, (ii) pest control strategy and (iii) location.
We expected all these factors to affect the microbial composition of our samples. Our results
showed that the bacterial communities of our samples are structured according to the aphid
species, but not according the pest control strategy. However, we believe that the bacterial
communities of our samples are also driven by the pest control strategy and that our results
are biased due to the small size of our samples. Furthermore, due to the small sample size
of our outdoor samples, we were not able to determine the impact of the location. Overall,
our method turned out to be efficient for the detection of aphid endosymbionts, however it
also showed weaknesses. Optimization of our methodology may include replicates, the use
of different primer pairs to target the same molecular marker and the use of different
bioinformatics pipelines.
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INTRODUCTION
Aphids rank among the most serious pests of agriculture and horticulture in temperate
regions. Among the over 5000 species of Aphididae, around 450 species are related to crop
plants and around 100 have been identified to be agriculturally important due to their
significant economic impact (Kumar, 2019). Furthermore, they are considered one of the
most detrimental pests of greenhouses, where they find optimal conditions for their
development and reproduction (Rabasse & van Steenis, 1999). Aphids (Hemiptera) are a
group of phloem-feeding insects belonging to the superfamily Aphidoidea (Sorensen, 2009).
They have evolved a specific needle-like feeding structure called stylet, which allows them
to penetrate plant cell walls and feed on sap (Dixon, 1975). Through their feeding activity,
aphids can damage crops indirectly by promoting the transmission of plant viruses (Ng &
Perry, 2004; Sorensen, 2009; Zepeda-Paulo et al., 2018). Furthermore, they can damage
crops directly, not only by causing leaf wilting and yellowing due to excessive sap
withdrawal, but also leaf deformation, stunting and gall formation due to their salivary
secretions (Will et al., 2012; Zhang et al., 2017).
In the past centuries we have mostly relied on pesticides for aphid control. However,
the current concern about environmental welfare, the even stricter pesticide regulations and
the development of aphid resistance to several insecticides increase the importance of
alternative strategies (Silva et al., 2012; Bass et al., 2014). Therefore, biological control
through the release of natural enemies has become more and more important as
complementary or alternative strategy to chemical control. Aphids are susceptible to several
groups of natural enemies such as predators and parasitoids (Rabasse & van Steenis, 1999;
Schmidt et al., 2003; Boivin et al., 2012). Among these classes of natural enemies,
parasitoid wasps are frequently used to limit aphid populations in greenhouses as they have
a high potential fecundity, a short generation time and they are very active (Boivin et al.,
2012). However, several studies demonstrated that infection with secondary bacterial
endosymbionts can protect aphids against parasitoid attack (Oliver et al., 2003; Ferrari &
Vavre, 2011; Frago et al., 2017; Ye et al., 2017; Gallo-Franco et al., 2019).
Symbiotic associations between bacterial endosymbionts and insects are common.
The ecological function of these symbionts may have an impact on insect nutrition, defense
5

against natural enemies, reproduction and development. Bacterial endosymbionts can be
divided into two categories: obligate and facultative symbionts. Obligate symbionts are
mutualists which tend to have a nutritional function. Normally, they balance the diet of
insects by synthesizing essential nutrients such as amino acids, vitamins or lipids (Ferrari &
Vavre, 2011; Su et al., 2013). On contrary, facultative endosymbionts have a wider range of
effects varying from mutualism to reproduction parasitism. Protection against natural
enemies, such as parasitoid wasps, is one of the effects of facultative endosymbionts (Oliver
et al., 2003; Ferrari & Vavre, 2011; Frago et al., 2017; Ye et al., 2017; Gallo-Franco et al.,
2019).
Buchnera is the obligate endosymbiont of aphids. It ensures normal development and
reproduction of its host by contributing to the production of essential amino acids, vitamins
and sterols (Sabater-Muñoz et al., 2001; Zepeda-Paulo et al., 2018; Gallo-Franco et al.,
2019). Hamiltonella, Regiella and Serratia are the most common and best studied genera
of facultative aphid endosymbionts. Hamiltonella defensa protects the pea aphid
Acyrthosiphon pisum from the parasitoid wasp Aphidius ervi by killing developing wasp
larvae (Ferrari & Vavre, 2011; Heyworth & Ferrari, 2015). H. defensa is itself infected by the
A. pisum phage secondary endosymbiont (APSE), which carries the key virulence factor
responsible for H. defensa protection role. Regiella insecticola protects pea aphids from the
fungal pathogen Pandora neoaphidis. In addition, some strains can protect aphids against
parasitoid wasps (Vorburger et al., 2010). Serratia symbiotica provides a wider range of
benefits to its aphid hosts. It confers heat resistance (Chen et al., 2000; Gomez-Valero et
al., 2004). It is involved in conferring resistance to parasitoid wasps both by reducing the
recruitment of parasitic wasps (Frago et al., 2017) and by inducing mortality of developing
parasitoid larvae (Oliver et al., 2003; Oliver et al., 2005). Furthermore, it can also be involved
in nutritional functions (Lamelas et al., 2011; Xu et al., 2019).
To study the presence of endosymbionts in aphids, diagnostic PCR using specificspecific primers has long been used. However, studying the diversity of endosymbiont
communities based only on target symbiont groups may omit the presence of novel symbiont
associations (Gallo-Franco et al., 2019). Furthermore, this approach may lead to the
omission of bacterial strains that have mutations in the target sites of the primers.
Nowadays, investigation of microbial community diversity using PCR amplification of the
16S rRNA gene and high-throughput sequencing has replaced traditional PCR (Reller et al.,
6

2007; Gallo-Franco et al., 2019; Kai et al., 2019). This approach relies on the use of
universal primers to amplify the 16S rRNA gene, or parts of it, and thus it does not require
prior knowledge about the investigated communities. The 16S rRNA gene is the most
commonly used molecular marker in microbial ecology (Case et al., 2007). It is involved in
the synthesis process of the 30S small subunit of a prokaryotic ribosome. Thus, it is highly
conserved among all bacteria. Furthermore, it consists of conserved regions flanked by nine
hypervariable regions (V1-V9) (Reller et al., 2007; Kai et al., 2019). The conserved regions
are used as universal binding sites for PCR and DNA sequencing, while the hypervariable
regions are used to infer taxonomy.
Massive parallel sequencing through the IlluminaTM (Illumina Inc., San Diego, USA)
platform and single-molecule sequencing through the MinIONTM nanopore sequencer
(Oxford Nanopore Technologies., Oxford, UK) are among the most common metabarcoding
sequencing strategies (Dilthey et al., 2019). Short DNA fragment assembly, high throughput
and high accuracy are the common features of IlluminaTM (Illumina Inc). Therefore, it
enables to target short fragments of the 16S rRNA gene. The most common choices for host
associated microbiota detection are the V3 and V4 regions due to their high discriminatory
power. However, short fragment strategies usually fail to assign taxonomy reliably at the
genus and species level (Cuscó et al., 2018; Kai et al., 2019). Issues related to fragment
length can be overcome by using single-molecule technology sequencers (e.g. Oxford
Nanopore Technologies), which allow sequencing the full-length 16S rRNA gene (~1,500
bp) or even the nearly-complete rrn operon (~4,300 bp). MinIONTM (Oxford Nanopore
Technologies) is a portable single-molecule technology sequencer, affordable with low
budget, which allows long-read and fast sequencing throughput. When compared to
massive sequencing technologies, its main limitations are a higher error rate and a lack of
bioinformatic protocols to investigate the massive amount of sequencing data generated
(Santos et al., 2020). Most of the studies on aphid endosymbiont communities rely on
massive parallel sequencing through the IlluminaTM (Illumina Inc) platform, by targeting a
short fragment of the 16S rRNA gene. Therefore, the first goal of our study was to develop
an optimized method to identify the microbial communities of aphids using the MinIONTM
(Oxford Nanopore Technologies) nanopore sequencer.
The second goal of our study was to use the above-mentioned optimized method to
study the microbiomes of greenhouse aphids. Aphids are considered one of the most
7

detrimental pests of sweet bell pepper (Capsicum sp.) greenhouses due to their extremely
rapid development on this crop (Rebasse & Steenis, 1999; Messelink, 2015). Despite the
importance of aphids as pests of sweet bell pepper greenhouses, the diversity of their
microbiomes remains poorly characterized. Furthermore, according to the Ministry of
Agriculture, Nature and Food Quality, sweet pepper is a crop of great economic importance
in the Netherlands. It accounts for a third of the Dutch exportations worldwide and, after
tomato, it is the second main crop produced in greenhouses (Visser, 2008). Therefore, we
determined that conventional and organic sweet bell pepper greenhouses around the
Netherlands would provide a suitable system to test (Figure 1). This allowed us to evaluate
the effects of the aphid species and pest control strategy on the bacterial communities of
aphids associated with bell pepper crops. Several studies show that the microbial
composition of aphids (and more in general insects) can be driven by the insect species,
host plant, environment and abiotic factors (e.g. insecticides) (Zepeda-Paulo et al., 2018;
Gallo-Franco et al., 2019; Xu et al., 2019; Zhang et al., 2019). Therefore, we also expected
microbiomes of sweet bell pepper aphids to be driven by the aphid species. Furthermore,
as Zhang et al. (2019) showed a correlation between pesticide resistance and relative
symbionts density, we hypothesized that microbiomes of our aphid samples were driven
also by the pest control strategy.
Ultimately, the microbial composition of aphids can be driven by the location (GalloFranco et al., 2019). When compared to greenhouse aphids, outdoor aphids are exposed
to a wider range of events that can influence their microbial composition. This includes for
instance different host plants, geography, dynamics of natural enemies and environmental
conditions (Oliver et al., 2008; Gallo-Franco et al., 2019). Therefore, our last goal was to
investigate whether the microbial composition of the sampled aphids was also driven by the
location. For this purpose, we compared the microbial composition of aphids sampled in
conventional and organic greenhouses with the one of aphids sampled in outdoor locations
(Figure 1). Due to the heterogeneous environment to which outdoor aphids are exposed,
we expected the microbial communities of outdoor aphids to be more diverse than those of
greenhouse aphids.
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Figure 1 The 24 geographical locations sampled around the Netherlands. This included
conventional (red color) and organic (blue color) sweet bell pepper greenhouses and outdoor
locations (green color). The black dot indicates a location in which we sampled both conventional
and organic greenhouses.
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MATERIALS AND METHODS
A. Samples collection and DNA extraction
Aphids were sampled in 25 locations around the Netherlands (Appendix, Table A1),
including 9 conventional, 5 organic and 3 biodynamic bell pepper greenhouses and 9
outdoor locations (Appendix, Table A2). Each greenhouse compartment was divided into
a 6x6 grid. Aphids per species, when present, were collected from each cell of the grid using
a small brush and immediately stored in 70% ethanol in PCR plates. Then, they were stored
either at -20 °C or -80 °C. In total we analyzed 55 aphids, belonging to the Myzus persicae
and Aulacorthum solani species.
Prior to DNA extraction, aphid samples were surface sterilized in commercial bleach
diluted at 4% for 30 seconds and rinsed three times in Milli-Q® water for a total of 1 minute
(Binetruy et al., 2019). DNA extraction was performed using the PowerSoil™ DNA isolation
kit (MO BIO Laboratories., Carlsbad, USA). For most extractions a single aphid was used.
However, whenever possible, multiple aphids coming from the same colony were pooled to
increase DNA yield. The DNA extraction method was optimized by including tissue
homogenization and enzymatic digestion steps. Samples were first homogenized in 500 µL
PowerSoil bead solution, 60 µL solution C1 and 100 µg proteinase K using an electric
homogenizer, and then incubated at 56 °C overnight (Rubin et al., 2014). The homogenized
samples were added to the PowerSoil tubes and the DNA extraction proceeded according
to the manufacturer’s instructions. Finally, all the samples were eluted in 30 µL solution C6
through two elution rounds of 15 µL each. DNA concentrations were assessed on a Qubit™
fluorometer 2.0 with the dsDNA High Sensitivity Assay Kit (Life Technologies Corp.,
Carlsbad, USA) by using 1 µL DNA input. DNA samples were stored individually at -20 °C
until later 16S rRNA PCR amplification.
In order to assess the efficiency of our DNA extraction method to detect different
bacterial strains, DNA was extracted from the Microbial Community standard I (D6300) of
ZymoBIOMICS™ containing 8 bacterial strains of varying size. In order to evaluate the
detection limit of our method, DNA was extracted from the standard II (D6310) of
ZymoBIOMICS™ containing 8 bacterial strains mixed to create a log-distribution abundance.
In addition, during each DNA extraction we performed a no-sample DNA extraction as
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negative control to assess possible contaminations introduced during the DNA extraction
protocol.
B. PCR amplification of the 16S ribosomal gene
1.Primers choice
We evaluated the performance of three bacterial primer sets: (i) 27F-1492R (Lane, 1991),
(ii) 341F-785R (Herlemann et al., 2011) and (iii) 10F-35R (Sandström et al., 2001; Russell
& Moran, 2005) (Appendix, Table A3). Each primers set was tailed with the universal
Oxford Nanopore tags. We used the 27F-1492R primers set to amplify the full-length 16S
rRNA gene (Figure 2) and the 341F-785R primers set to amplify the V3-V4 hypervariable
region (Figure 2). Furthermore, in order to filter out the aphid primary endosymbiont
Buchnera from our analysis, we used the 10F-35R primers set to target the nearly full-length
16S rRNA gene and the intergenic spacer between the 16S and 23S genes (Figure 2). This
allowed us to avoid amplifying bacteria for which the 16S and 23S rRNA genes are not
contiguous, such as Buchnera and Wolbachia.

Figure 2 Amplification of the full-length 16S rRNA gene using the 27F-1492R primers set.
Amplification of the 16S V3-V4 hypervariable region using the 341F-785R primers set. Amplification
of the 16S-ITS-23S region using the 10F-35R primers set.

Most of aphid endosymbionts belong to the Proteobacteria phylum. Thus, we used
the TestPrime 1.0 tool provided on the Silva website to evaluate the affinity of the three
primer sets for the Proteobacteria phylum by performing an in silico PCR on the SILVA
database. Furthermore, we evaluated the affinity of the three primer sets to different bacteria
in vitro. For this purpose, we used three DNA mock communities as positive controls: (i) The
Microbial Community standard I (D6305) of ZymoBIOMICS™ containing DNA of 8 bacteria
of varying size, (ii) the Microbial Community standard II (D6311) of ZymoBIOMICS™
containing DNA of 8 bacteria mixed to create a log-distribution abundance and (iii) a mock
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sample containing DNA of aphids infected with Wolbachia, Regiella, Hamiltonella,
Providencia and Arsenophonus.
2. Thermocycling conditions
In each PCR run multiple mock communities were included that served as positive
controls. These samples included: (i) the ZymoBIOMICS™ bacterial DNA mock communities
(D6300; D6310), (ii) the ZymoBIOMICS™ bacterial mock communities (D6305; D6311), and
(iii) the aphid DNA mock community as positive controls. In addition, each PCR reaction
also included the DNA extraction negative controls and a blank sample to assess possible
contaminations during the DNA extraction or the PCR reaction, respectively. The blank
samples (PCR negative control) always resulted negative. However, during the DNA
extraction of A. solani samples one of the DNA extraction negative controls resulted positive.
This was sequenced along with the other samples to identify the source of contamination
which entered the DNA extraction workflow.
For the full-length 16S rRNA gene and the 16S-ITS-23S region, PCR was performed
in a total volume of 10 µL containing 1X Green GoTaq® Reaction Buffer (Promega
Corporation., Madison, USA), 0.1 mM dNTP’s, 0.4 mM of each primer, 0.25 U of GoTaq®
Polymerase (Promega) and 1µl of DNA. The thermocycling conditions consisted of initial
denaturation at 95 °C for 3 min, followed by 30 cycles at 95 °C for 45 s, 53 °C for 30 s, 72
°C for 2.5 min and a final extension at 72 °C for 10 min. For the V3-V4 hypervariable region,
PCR was performed in a total volume of 25 µL containing 1X GoTaq® Reaction Buffer
(Promega Corporation., Madison, USA), 0.1 mM dNTP’s, 0.4 mM of each primer, 0.25 U of
GoTaq® Polymerase (Promega) and 2 µl of DNA. The thermocycling conditions consisted of
initial denaturation at 95 °C for 2 min, followed by 25 cycles at 95 °C for 30 s, 53 °C for 40
s, 72 °C for 1 min and a final extension at 72 °C for 10 min.
Amplicons were quantified on a Qubit™ fluorometer 2.0 with the dsDNA High
Sensitivity Assay Kit (Life Technologies Corp., Carlsbad, USA) using 1 µL DNA input.
Amplicon sizes were checked by agarose gel electrophoresis.
C. Amplicon library preparation
The amplicon library was prepared using the PCR Barcoding Expansion Pack 1-96 (EXPPBC096; Oxford Nanopore Technologies., Oxford, UK), following the manufacturer’s
12

instructions. Barcoding PCR was performed in a total volume of 15 µL containing 0.5 nM
first-round PCR product, 0.3 µL barcoding primers, 7.5 µL LongAmp Taq™ 2x Master Mix
(New England Biolabs., Madison, USA). In order to screen aphids individually, each DNA
sample received a different barcode.
The barcoded samples were quantified on a Qubit™ fluorometer 2.0 with the dsDNA
High Sensitivity Assay Kit (Life Technologies Corp., Carlsbad, USA) by using 1 µL DNA
input and then pooled in equimolar ratios to obtain a final pool of 2 µg. The pooled library
was purified with the AMPure XP beads (Beckman Coulter., Indianapolis, USA) according
to the manufacturer’s instructions. The concentration of the pooled library was assessed
using Qubit™ fluorometer 2.0 with the dsDNA High Sensitivity Assay Kit (Life Technologies
Corp) by using 1 µL DNA input. Finally, the pooled library was diluted to obtain a final pool
of 1 µg and the volume was adjusted to 47 µL with Milli-Q® water.
The amplicon library preparation was completed using the Ligation Sequencing Kit
(SQK-LSK109;

Oxford

Nanopore

Technologies.,

Oxford,

UK)

by

following

the

manufacturer’s instructions. DNA of the pooled library was end-repaired and dA-tailied using
the NEBNext End Repair/dA-tailing Module (New England Biolabs., Madison, USA). Adapter
ligation was performed in a total volume of 100 µL containing 60 µL DNA sample, 25 µL
Ligation Buffer (provided in the SQK-LSK109 kit), 10 µL NEBNext Quick T4 DNA Ligase
(New England Biolabs) and 5 µL Adapter Mix (provided in the SQK-LSK109 kit).
D. MinION ™ sequencing
For the full-length 16S rRNA and the 16S-ITS-23S amplicons, the Sequencing Mix was
prepared in a total volume of 30 µL containing 15 µL Sequencing Buffer (provided in the
SQK-LSK109 kit), 10 µL Loading Beads (provided in the SQK-LSK109 kit) and 5 µL DNA
library. Amplicon sequencing was performed on a Flongle flow cell (FLO-FLG001; Oxford
Nanopore Technologies). Immediately after priming, the sequencing library was loaded via
the sample port by twisting the pipette plunger down. We proceeded with a standard 24 h
sequencing protocol using the MinKNOW ™ software v1.15.
For the V3-V4 amplicons, the Sequencing Mix was prepared in a total volume of 75
µL containing 37.5 µL Sequencing Buffer (provided in the SQK-LSK109 kit), 25.5 µL Loading
Beads (provided in the SQK-LSK109 kit) and 12 µL DNA library. For amplicon sequencing,
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we used the R9.4.1 SpotON flow cell (FLO-MIN106; Oxford Nanopore Technologies).
Immediately after priming, the sequencing library was loaded via the SpotON port in a
dropwise fashion. We proceeded with a standard 72 h sequencing protocol using the
MinKNOW ™ software v1.15. However, we stopped the run after three and half hours as we
acquired enough data.
E. Sequence processing and analysis
Early downstream analysis components such as base-calling, demultiplexing and trimming
were performed by the MinKNOW™ (Oxford Nanopore Technologies) software. To assign
taxonomy to the obtained sequences we used the Fastq 16S r3.2.2 workflow of the cloudbased EPI2ME platform (Oxford Nanopore Technologies). The MinION 16S workflow uses
the specific NCBI 16S bacterial database as a reference. However, this approach turned out
not to be suitable for our data due to the absence of our target species in the database.
Therefore, for the V3-V4 amplicons we performed further taxonomic classification based on
the SILVA and Greengenes 16S databases by using the Kraken 2.0.8-beta software (Wood
& Salzberg, 2014).
From the report generated with Kraken, bacterial genera were filtered with the
exclusion of genera which accounted for < 0.75% of the total reads. According to Jousselin
et al. (2016), the exclusion of samples with < 1% frequency decreases the DNA
contamination impact on the analysis of aphid endosymbionts when using 16S rRNA
Illumina sequencing. However, applying this percentage to the ZymoBIOMICS™ DNA mock
communities resulted in the exclusion of taxa which were present with a relatively high
number of reads (> 100). Therefore, in order to avoid the removal of too many taxa, we
defined 0.75% of all the total reads as minimum threshold value. Finally, we created OTU
tables containing the number of sequences per sample and taxonomic information.
To compare the obtained microbiome data, multiple diversity indices were calculated
and tested. Alpha diversity (Shannon index) was calculated (Appendix, Table A4, A5) with
the microbiome R package (Lahti et al., 2017) to evaluate whether the microbial diversity
was driven by the aphid species. Due to the unequal group sizes of our samples, we
performed the non-parametric Wilcoxon tests to check for significant differences across the
two species. Beta diversity was calculated to evaluate whether the microbial diversity was
driven by pest control strategy and location (conventional greenhouses, organic
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greenhouses and outdoor locations). Data were rarefied using the rarefy_even_depth
function from the phyloseq package in R to achieve equal sample depth (Appendix, Figure
A1). Beta diversity was quantified using the Bray-Curtis dissimilarity on rarefied data with
the vegdist function in vegan. We performed a Principal Coordinates Analysis (PCoA) to
visualize dissimilarities among the samples using the ordinate and plot_ordination functions
from the phyloseq package. Finally, based on the Bray-Curtis dissimilarity values, we used
the adonis function from the vegan package to perform a permutational multivariate analysis
of variance (PERMANOVA) to check for significant differences across conventional and
organic greenhouse (Appendix, Figure A2).
RESULTS
Chapter 1: 16S sequencing method optimization
1.1 In silico and in vitro performance of three different 16S rDNA primer pairs
Firstly, the affinity of our primers to bacteria belonging to the Proteobacteria phylum was
tested in silico. The 341F-785R primers set was the best performing with 86.9% affinity for
Proteobacteria. On contrary, the 27F-1492R primers set showed just 23.2% affinity for this
phylum. The affinity of the 10F-35R primers set could not be tested because the SILVA
database is based only on the 16S rRNA gene and these primers also amplify the ITS
region.
Secondly, the affinity of the primers to different bacteria was tested in vitro. For this
purpose, we used the ZymoBIOMICS™ D6305 Microbial Community, which contained
genomic DNA from eight bacterial strains (Bacillus subtilis, Staphylococcus aureus, Listeria
monocytogenes, Lactobacillus fermentum, Enterococcus faecalis, Escherichia coli,
Salmonella enterica, Pseudomonas aeruginosa). To assign taxonomy we used the EPI2ME
platform and the NCBI Bacterial 16S database. With this approach we identified the mock
community at the genus level. The 27F-1492R primers set yielded a total of 5,654 high
quality bacterial reads with average read lengths of 1,540 bp. After read processing based
on the exclusion of taxa accounting for < 0.75% of all the total reads, a total of 3,751 reads
were retained. The 27F-1492R primers set detected seven out of eight bacterial genera
present in the ZymoBIOMICS™ D6305 mock community (Figure 3A). Escherichia was the
only genus not to be detected. The 341F-785R primers set yielded a total of 34,958 high
15

quality bacterial reads with average read lengths of 593 bp. After read processing, a total of
28,552 751 reads were retained. The 341F-785R primers set performed better at retrieving
the abundance of the ZymoBIOMICS™ D6305 mock community by detecting eight out of
eight bacterial genera present in this sample (Figure 3B). However, we also detected
unexpected bacteria belonging to the Citrobacter genera, which accounted for 1.5% of all
the reads.
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Figure 3 The ZymoBIOMICS™ D6305 mock community composition when mapped to the NCBI
Bacterial 16S database. (A) The 27F-1492R primers set detected seven out of eight bacterial
genera. (B) The 341F-785R primers set performed better at retrieving the abundance of the mock
community by detecting eight out of eight bacterial genera.

In order to assess the efficiency of our approach to detect aphid bacterial
endosymbionts, we used a mock sample containing DNA of aphids infected with Wolbachia,
Regiella, Hamiltonella, Providencia and Arsenophonus. For this purpose, we selected the
341F-785R primers set due to its high affinity for the Proteobacteria phylum and its high
performance in retrieving the ZymoBIOMICS™ D6305 mock community. Taxonomic
classification was based on the SILVA database by using the Kraken 2.0.8-beta software
(Figure 4). With this approach, the 341F-785R primers set yielded a total of 18,152 bacterial
reads. After read processing, a total of 15,492 reads was retained. Among these, 97.1% of
the reads were classified as Proteobacteria. Within the Proteobacteria phylum, Buchnera
was the most common genus, followed by Hamiltonella, Serratia, Regiella and Wolbachia
(Figure 4). Arsenophonus and Providencia were also detected but with a very low
percentage (Figure 4). Furthermore, other taxa were also detected (Figure 4). This included
plant pathogens belonging to the genera Chryseobacterium and Pseudomonas, gut
associated symbionts belonging to the genera Pantoea and other environmental bacteria
such as Escherichia, Klebsiella, Enterobacter, Proteus and Ruminobacter (Gauthier et al.,
2015; Santos-Garcia et al., 2020).
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Figure 4 The aphid DNA mock community composition when mapped to the SILVA 16S database.
The 341F-785R primers set detected all the expected symbionts genera (Buchnera, Hamiltonella,
Regiella, Wolbachia, Providencia, Arsenophonus). Furthermore, we also detected other symbionts
including the Serratia, Chryseobacterium and Pantoea genera.

Thirdly, we evaluated the ability of the 10F-35R primers set to filter out Buchnera and
Wolbachia but no other bacteria. For this purpose, we tested the affinity of the 10F-35R
primers for the ZymoBIOMICS™ D6305 Microbial Community. To assign taxonomy at the
genus level we used the EPI2ME platform and the NCBI bacterial 16S database. The 10F35R primers set yielded a total of 3,253 high quality bacterial reads with average read
lengths of 1,956 bp. After read processing, a total of 1,153 reads were retained. With this
primers set we detected two (Salmonella and Pseudomonas) out eight bacterial genera
present in the ZymoBIOMICS™ D6305 Microbial Community. (Figure 5). This suggests that
the 10F-35R primers set may exclude other bacterial taxa besides Buchnera and Wolbachia.

Pseudomonas

Salmonella

0

20

40
% of reads

60

80

Figure 5 The ZymoBIOMICS™ D6305 mock community composition when mapped to the NCBI
Bacterial 16S database. The 10F-35R primers set only detected two bacterial genera out of eight.

1.2 DNA extraction method evaluation
Firstly, we evaluated the efficiency of our extraction method to extract DNA from all Grampositive and Gram-negative bacteria present in our samples. For this purpose, we compared
the ZymoBIOMICS™ D6300 mock community containing eight bacterial strains of varying
size with the ZymoBIOMICS™ D6305 mock community containing DNA of the same eight
bacterial strains (Bacillus subtilis, Staphylococcus aureus, Listeria monocytogenes,
Lactobacillus fermentum, Enterococcus faecalis, Escherichia coli, Salmonella enterica,
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Pseudomonas aeruginosa). Due to the high performance of the 341F-785R primers set in
retrieving the ZymoBIOMICS™ D6305 mock community, we tested the V3-V4 samples.
Taxonomic classification was based on the SILVA database by using the Kraken 2.0.8-beta
software (Figure 6). The 341F-785R primers set detected eight out of eight bacterial strains
from both the ZymoBIOMICS™ D6300 (Figure 6A) and D6305 mock communities (Figure
6B). In both the samples we detected unexpected bacterial strains that included members
of the Buchnera and Enterobacter genera. Furthermore, from the ZymoBIOMICS™ D6300
bacterial mock community we also detected other unexpected bacterial strains belonging to
the Citrobacter and Klebsiella genera.

Figure 6 The ZymoBIOMICS™ D6300 and D6305 mock communities when amplified with the 341F785R primers set and mapped to the SILVA 16S database. The 341F-785R primers set detected
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eight out of eight bacterial strains from both the A) ZymoBIOMICS™ D6300 and B) ZymoBIOMICS™
D6305 mock communities. This indicates that our extraction method allowed us to extract DNA from
all the expected bacteria.

Secondly, we evaluated the detection limits of our DNA extraction method. For this
purpose, we compared the ZymoBIOMICS™ D6310 mock community containing eight
bacterial strains mixed to create a log-distribution abundance with the ZymoBIOMICS™
D6311 mock community containing genomic DNA from the same eight bacterial strains
(Listeria monocytogenes, Pseudomonas aeruginosa, Bacillus subtilis, Escherichia coli,
Salmonella enterica, Lactobacillus fermentum, Enterococcus faecalis, Staphylococcus
aureus) mixed to create a log-distribution abundance. Due to the high performance of the
341F-785R primers set, we tested the V3-V4 samples. Taxonomic classification was based
on the SILVA database by using the Kraken 2.0.8-beta software (Figure 7). The 341F-785R
primers set detected six out of eight bacterial strains from the ZymoBIOMICS™ D6310 mock
community (Figure 7A) and five out of eight bacterial strains from the D6311 mock
community (Figure 7B). Interestingly, we detected Escherichia from the ZymoBIOMICS™
D6310 mock community whose DNA was extracted by us, but not from the ZymoBIOMICS™
D6311 mock community. According to ZymoBIOMICS™, Listeria is the most abundant
bacteria, followed by Pseudomonas and Bacillus, while Enterococcus is the second least
abundant bacteria. From both the ZymoBIOMICS™ D6310 and D6311 mock communities,
we were not able to detect Salmonella, which was more abundant than Enterococcus.
Furthermore, in both the samples we detected unexpected bacterial strains that included
members of the Buchnera and Virgibacillus genera.
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Figure 7 The ZymoBIOMICS™ D6310 and D6311 mock communities when amplified with the 341F785R primers set and mapped to the SILVA 16S database. The 341F-785R primers set detected six
out of eight bacterial strains from the A) ZymoBIOMICS™ D6310 mock community and five out of
eight bacterial strains from the B) ZymoBIOMICS™ D6311 mock community. In both cases
Enterococcus was the least abundant bacterial strain to be detected.
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1.3 Bioinformatic analysis
In the bioinformatic analysis, our aim was to compare two different workflows and three
different databases for taxonomic identification. For this purpose, we used the
ZymoBIOMICS™ D6305 Microbial Community, which contained genomic DNA from eight
bacterial strains (Bacillus subtilis, Staphylococcus aureus, Listeria monocytogenes,
Lactobacillus fermentum, Enterococcus faecalis, Escherichia coli, Salmonella enterica,
Pseudomonas aeruginosa). Due to the high performance of the 341F-785R primers set, the
evaluation was conducted on the V3-V4 samples.
Firstly, we evaluated the NCBI bacterial 16S database using the EPI2ME workflow.
With this approach, we detected the entire ZymoBIOMICS™ D6305 mock community at the
genus level (Figure 8A). Furthermore, we also detected unexpected bacteria belonging to
the Citrobacter genera. Secondly, we evaluated the SILVA and Greengenes databases
using the Kraken 2.0.8-beta workflow. With the SILVA database, we detected the entire
ZymoBIOMICS™ D6305 mock community at the genus level (Figure 8B) and a small
percentage of unexpected bacteria, including the Enterobacter and Buchnera genera. With
the Greengenes database, we detected six out of eight bacterial genera present in the
ZymoBIOMICS™ D6305 mock community (Escherichia and Listeria were not detected)
(Figure 8C). Overall, the NCBI bacterial 16S and the SILVA databases performed better.
However, with both approaches we were not able to inspect the mock community at the
species level.
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Figure 8 The ZymoBIOMICS™ D6305 mock community (A) when mapped to the NCBI bacterial 16S
database using the EPI2ME program, (B) when mapped to the SILVA database and the (C)
Greengenes database using the Kraken 2.0.8-beta program.
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1.4 DNA extraction negative control
DNA contaminants can enter the analysis during each stage. The DNA extraction negative
control extracted together with six A. solani samples collected both in conventional and
organic greenhouses resulted to be positive. Thus, we sequenced it to detect the source of
contamination. Taxonomic classification was based on the SILVA database by using the
Kraken 2.0.8-beta software. After read processing, we obtained 20,805 reads. Most of them
were assigned to the Buchnera genus, followed by Escherichia and Pseudomonas (Figure
9).
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Figure 9 The DNA extraction negative control that resulted to be positive when mapped to the SILVA
database using the Kraken 2.0.8-beta program.
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Chapter 2: identification of aphid endosymbionts
2.1 Differences in microbiome composition between Myzus persicae and
Aulacorthum solani
Firstly, we compared the microbial community of M. persicae and A. solani sampled in
conventional greenhouses (Figure 10A). After read processing we obtained a total of
204,074 reads. As expected, the aphid primary endosymbiont Buchnera was the
predominant endosymbiont in both the aphid species (Figure 10A). This was followed by
unexpected taxa belonging to the Escherichia and Pseudomonas genera (Figure 10A). In
both the aphid species we detected unexpected taxa but no facultative endosymbionts.
When looking at this portion of unexpected taxa, A. solani reported a more diverse bacterial
community. This included gut-associated symbionts belonging to the Serratia and Pantoea
genus (Gauthier et al., 2015), environmental bacteria commonly found in sternorrhyncha
species belonging to the Annandia, Acinetobacter, Bacillus, Enterobacter, Moraxella,
Ruminobacter genera (von Dohlen et al., 2013; Santos-Garcia et al., 2020) and unexpected
bacteria belonging to the Edwardsiella, Endozoicomonas, Klebsiella, Nitrosomonas,
Proteus, Vibrio genera. Furthermore, we also found few reads classified as endosymbionts2
that is not present in the SILVA database. In M. persicae samples, we detected a less
diverse bacterial community. This included environmental bacteria commonly found in
sternorrhyncha species belonging to the Annandia, Acinetobacter, Enterobacter, Moraxella,
Ruminobacter genera and unexpected bacteria belonging to the Proteus and Klebsiella
genera. The Wilcoxon test on alpha diversity (Shannon index) (Figure 10B) showed
significant difference between the two aphid species (P = 0.007937 < 0.05 for Shannon
index). This suggests that the microbial composition of aphids sampled in conventional
greenhouses is driven by the aphid species.
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Figure 10 (A) The microbial composition of M. persicae and A. solani sampled in conventional
greenhouses. On the Y axis the % of reads is indicated. Due to the high abundancy of Buchnera we
used 70% of reads as minimum threshold to plot symbionts abundancy. (B) Alpha diversity (Shannon
index) indicated that the two species are not evenly distributed. Thus, the microbial composition of
aphids sampled in conventional greenhouses is driven by the aphid species. The Shannon index
values of each sample can be found in Appendix, Table A4.
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Secondly, we compared the microbial community of M. persicae and A. solani
sampled in organic greenhouses (Figure 11A). After read processing we obtained a total of
260,335 reads. As expected, the aphid primary endosymbiont Buchnera dominated the
microbial composition of both the aphid species (Figure 11A). This was followed by
unexpected taxa belonging to the Escherichia and Pseudomonas genera (Figure 11A). In
both the aphid species we found a small portion of facultative endosymbionts belonging to
the Hamiltonella genus (Figure 11A). Furthermore, we also found a small percentage of
symbionts belonging to the Serratia genus. In both the aphid species we found a small
portion of unexpected taxa less abundant than E. coli and Pseudomonas (Figure 11A). This
included gut-associated symbionts belonging to the Pantoea genus (Gauthier et al., 2015),
environmental bacteria commonly found in sternorrhyncha species belonging to the
Annandia, Acinetobacter, Bacillus, Enterobacter, Moraxella, Ruminobacter genera (von
Dohlen et al., 2013; Santos-Garcia et al., 2020) and unexpected bacteria belonging to the,
Endozoicomonas, Listeria, Klebsiella, Nitrosomonas, Proteus, Vibrio genera. Furthermore,
we also found few reads assigned to the endosymbionts2 genus in both the aphid species.
The microbial community of unexpected taxa differed between the two species only for the
presence of the Ellin6067 genus in M. persicae samples and the Edwardsiella genus in A.
solani samples. The Wilcoxon test on alpha diversity (Shannon index) (Figure 11B) showed
significant difference between the two aphid species (P = 0.005512 < 0.05 for Shannon
index). This suggests that the microbial composition of aphids sampled in organic
greenhouses is driven by the aphid species.
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Figure 11 (A) The microbial composition of M. persicae and A. solani sampled in organic
greenhouses. On the Y axis the % of reads is indicated. Due to the high abundancy of Buchnera we
used 75% of reads as minimum threshold to plot symbionts abundancy. (B) Alpha diversity (Shannon
index) indicated that the two species are not evenly distributed. Thus, the microbial composition of
aphids sampled in organic greenhouses is driven by the aphid species. The Shannon index values
of each sample can be found in Appendix, Table A5.
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2.2 The impact of pest control strategy on the microbiome composition of Myzus
persicae and Aulacorthum solani
In order to evaluate whether the microbial composition of the sampled aphids was driven by
the pest control strategy, firstly we compared the microbial community of M. persicae
sampled in conventional and organic greenhouses (Figure 12). After read processing based
on the exclusion of taxa accounting for < 0.75% of all the total reads, a total of 323,508
reads were retained. After normalizing OTU matrices by rarefying our data, we retained a
total of 155,520 reads (9720 sequences per sample).
In both the conventional and organic greenhouses, Buchnera was the predominant
endosymbiont. This was followed by unexpected taxa belonging to the Escherichia and
Pseudomonas genera (Figure 12). While in conventional greenhouses we did not detect
any facultative endosymbiont, in organic greenhouses we found a small percentage of
symbionts belonging to the Hamiltonella genus (Figure 12). Furthermore, we also found
symbionts belonging to the Serratia genus (Figure 12). In both the conventional and organic
greenhouses, we found other unexpected taxa less abundant than E. coli and
Pseudomonas. In organic greenhouses we detected a slightly more diverse bacterial
community of unexpected taxa (Figure 12). This included gut-associated symbionts
belonging to the Pantoea genus (Gauthier et al., 2015), environmental bacteria commonly
found in sternorrhyncha species belonging to the Annandia, Acinetobacter, Bacillus,
Enterobacter, Moraxella, Ruminobacter genera (von Dohlen et al., 2013; Santos-Garcia et
al., 2020) and unexpected bacteria belonging to the Ellin6067, Endozoicomonas, Klebsiella,
Listeria, Nitrosomonas, Proteus, Vibrio genera. Furthermore, we also found few reads
classified as endosymbionts2. In conventional greenhouses we detected a less diverse
bacterial community of unexpected taxa. This included environmental bacteria commonly
found in sternorrhyncha species belonging to the Annandia, Acinetobacter, Enterobacter,
Moraxella, Ruminobacter genera and unexpected bacteria belonging to the Proteus and
Klebsiella genera.
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Figure 12 The microbial composition of M. persicae sampled in conventional and organic
greenhouses. On the Y axis the % of reads is indicated. Due to the high abundancy of Buchnera,
we used 84% of reads as minimum threshold to plot symbionts abundancy.

According to the Principal Coordinates Analysis (PCoA) the microbial composition of
M. persicae seems to be driven by the pest control strategy (Figure 13). However, the
PERMANOVA analysis showed that there are no significant differences (P = 0.142 > 0.05
for Bray-Curtis distances) (Appendix, Figure A2, A).
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Figure 13 Principal Coordinates Analysis (PCoA) of the M. persicae bacterial communities in
conventional (red) and organic (blue) greenhouses and outdoor locations (green). However, we did
not consider outdoor samples in our analysis because the sample sizes were too small. Although
the PCoA analysis showed differences between conventional and organic greenhouses,
PERMANOVA showed that they are not significant (Appendix, Figure A2, A).

Secondly, we compared the microbial community of A. solani samples collected in
conventional and organic greenhouses (Figure 14). After read processing based on the
exclusion of taxa accounting for < 0.75% of all the total reads, a total of 342,073 reads were
retained. After normalizing OTU matrices by rarefying our data, we retained a total of
128,336 reads (8021 sequences per sample).
Similar to what was found for M. persicae, the microbial composition of A. solani
samples collected in conventional and organic greenhouses was dominated by Buchnera,
followed by Escherichia and Pseudomonas (Figure 14). In both the conventional and
organic greenhouses, we found a small percentage of symbionts belonging to the Serratia
genus (Figure 14). Furthermore, in organic greenhouses we also found a small percentage
of facultative endosymbionts belonging to the Hamiltonella genus. In both the conventional
and organic greenhouses, we found unexpected taxa less abundant than Escherichia and
Pseudomonas (Figure 14). This included gut-associated symbionts belonging to the
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Pantoea genus (Gauthier et al., 2015), environmental bacteria commonly found in
sternorrhyncha species belonging to the Annandia, Acinetobacter, Bacillus, Enterobacter,
Moraxella, Ruminobacter genera (von Dohlen et al., 2013; Santos-Garcia et al., 2020) and
unexpected bacteria belonging to the Edwarsiella, Endozoicomonas, Klebsiella, Listeria,
Nitrosomonas, Proteus, Vibrio genera. Furthermore, we also found few reads classified as
endosymbionts2. Conventional and organic greenhouses differed only for the presence of
Endozoicomonas bacteria in organic greenhouses.
Finally, we also analyzed richness of A. solani samples collected in outdoor locations
(Figure 14). The microbial pattern was similar to the one observed in greenhouse samples,
with most of the reads assigned to Buchnera, followed by Escherichia and Pseudomonas.
As in the greenhouse samples, we also found a small percentage of Serratia
endosymbionts. However, in outdoor samples we found facultative endosymbionts
belonging to the Regiella genus, which on contrary were absent in greenhouse samples.
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Figure 14 The microbial composition of A. solani samples collected in conventional and organic
greenhouses, and outdoor locations. On the Y axis the % of reads is indicated. Due to the high
abundancy of Buchnera, we used 70% of reads as minimum threshold to plot symbionts abundancy.
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According to the Principal Coordinates Analysis (PCoA) the microbial composition of
A. solani samples seems to be driven by the pest control strategy (Figure 15). However, the
PERMANOVA analysis showed that there are no significant differences (P = 0.111 > 0.05
for Bray-Curtis distances) (Appendix, Figure A2, B). According to the Principal Coordinates
Analysis (PCoA), the microbial composition of A. solani samples also seems to be driven by
the location (Figure 15). Indeed, the microbial pattern of outdoor samples is different from
the one of greenhouses samples (Figure 15). However, due to the small size of outdoor
samples, we did not take them into account for the statistical analysis.

Figure 15 Principal Coordinates Analysis (PCoA) of the A. solani bacterial communities in
conventional (red) and organic (blue) greenhouses and outdoor locations (green). However, we did
not consider outdoor samples in our statistical analysis because the sample sizes were too small.
Although the PCoA analysis showed differences between conventional and organic greenhouses,
PERMANOVA showed that they are not significant (Appendix, Figure A2, B).
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DISCUSSION
1. 16S sequencing method optimization
In recent years, PCR amplification of the 16S rRNA gene and high-throughput sequencing
became the most commonly used strategy for studying the diversity of microbial
communities. However, each methodological stage, from DNA extraction to data analysis,
can introduce bias, that can ultimately affect the perception of the microbial community
diversity. Therefore, the first aim of our study was to develop a protocol for aphid microbiome
identification using the MinION nanopore sequencer.
One of the most critical steps for accurate detection of bacteria based on the 16S
rRNA amplicon sequencing is the choice of primers (Thijs et al., 2017). Using of suboptimal
primer pairs can lead to biased results with -over or -under estimation of certain taxa. To
address the need of bacterial primers with a broad taxonomic coverage, we evaluated the
performance of two common bacterial primer sets (27F-1492R; 341F-785R) using both in
silico and in vitro approaches. Overall, the 341F-785R primers set performed better both in
silico and in vitro. Our finding supports previous work by Thijs et al. (2017), who also found
these primers to be the best performing when comparing them with other four bacterial
primers. Furthermore, we also evaluated the ability of the 10F-35R primers set to filter out
Buchnera and Wolbachia, but no other bacteria. However, these primers did not detect the
ZymoBIOMICS™ D6305 mock community, suggesting that they may exclude other bacterial
taxa besides Buchnera.
DNA extraction is another crucial step that can introduce bias in metabarcoding
studies. Some microbial cells, such as Gram-positive bacteria, are more resistant to lysis
(Pollock et al., 2018). Therefore, it is important to use a kit which incorporates both
mechanical and enzymatic lysis steps. Apart from the choice of the kit, the optimization of
the protocol is another important factor. Non-optimal DNA extraction protocols may lead to
a significant increase in failed 16S rRNA amplicon sequencing (Rubin et al., 2014).
Therefore, we tested the efficiency of our optimized protocol to extract DNA from both grampositive and gram-negative bacteria, and its detection limits. Our protocol turned out to be
efficient for the extraction of both Gram-positive and Gram-negative bacteria, however we
were not able to define the detection limit of our methodology because we found biased
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results. In both the ZymoBIOMICS™ D6310 and D6311 mock communities we did not detect
bacteria which were supposed to be present in high amount and on contrary, we detected
other bacteria which were supposed to be present in lower amount. As we found this pattern
also in the ZymoBIOMICS™ D6310 mock community, which did not require DNA extraction,
we concluded that this is not related to our DNA extraction protocol.
Taxonomic identification is the ultimate goal of any microbial community analysis.
Identification is inevitably affected by the choice of the database and the choice of the
program used to assign taxonomy. When using the EPI2ME workflow (with the NCBI
bacterial 16S database), we detected the entire ZymoBIOMICS™ D6305 mock community.
However, this approach turned out not to be adequate for the detection of aphid
endosymbionts due to the absence of our target species in the database. Therefore, we
focused our study on the use of the Kraken 2.0.8-beta program to evaluate the SILVA and
Greengenes databases. Among these two, the SILVA database performed better by
detecting the entire ZymoBIOMICS™ D6305 mock community. Overall, we were never able
to reach a space-level resolution and we only detected our samples at the genus level. This
may be related to the program used to infer taxonomy. Indeed, according to Wood &
Salzberg (2014), Kraken is reliable to assign taxonomy at the genus level. However, it may
also be related to the database itself as both the Greengenes and SILVA databases contain
sequences that have missing taxonomic information at the species level (Park & Won,
2018). Analyzing our aphid samples, we found that Kraken makes a mistake by placing in
the Enterobacteriacaea family every genus belonging to the Enterobacteriales order.
Furthermore, we also found few reads classified as endosymbionts2. Considering that in the
SILVA database this error does not occur and we did not find any match for endosymbionts2,
we may conclude that these errors are related to the Kraken program.
Microbial DNA contaminations, which may arise from DNA extraction kits, PCR
reagents, and the laboratory environment, may have a great impact on the interpretation of
results. One of our negative controls (reagent-only) turned out to be contaminated with
Escherichia, Buchnera and Pseudomonas. While the Escherichia genus includes bacteria
strains that may be acquired from the work environment, Buchnera is an aphid-associated
symbiont and Pseudomonas is a plant pathogen (Stavrinides et al., 2009; Zepeda-Paulo et
al., 2018; Gallo-Franco et al., 2019). In addition, these are the three most abundant bacterial
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genera detected in each aphid sample. Therefore, we may conclude that some aphid DNA
may have entered the negative control sample.
2. Identification of aphid endosymbionts
The second aim of our study was to use the above-mentioned protocol to study the
microbiomes of two aphid species, M. persicae and A. solani, sampled from conventional
and organic sweet bell pepper greenhouses, as well as from outdoor areas. Our goals were
to check whether microbiomes were driven by (i) the aphid species, (ii) the pest control
strategy and (iii) the location.
To investigate whether the microbial communities of M. persicae and A. solani
samples were driven by the aphid species, we studied the patterns of alpha diversity based
on the Shannon index. According to the Wilcoxon test on Shannon index, our results showed
that microbiomes of M. persicae and A. solani were not evenly distributed in both the
conventional and organic greenhouses. Several studies show that the microbial composition
of aphids can be influenced by the species, the host plant, the environment and abiotic
factors (Zepeda-Paulo et al., 2018; Gallo-Franco et al., 2019; Xu et al., 2019). Therefore,
we also expected the microbial composition of M. persicae and A. solani samples to be
driven by the aphid species and our results confirmed our expectations.
To investigate whether the microbial communities of M. persicae and A. solani
samples were driven by the pest control strategy, we studied the patterns of beta diversity
based on the Bray-Curtis dissimilarity. Abiotic factors are known to have an influence on the
microbial composition of aphids. Zhang et al. (2019) showed a correlation between pesticide
resistance and relative symbionts density. For example, they showed that pesticide
resistance was correlated with higher Wolbachia densities in the Culex pipiens mosquito,
while high densities of Rickettsia were correlated with higher susceptibility to pesticides.
Therefore, we hypothesized that the pest control strategy could play a role in the microbiome
composition of M. persicae and A. solani. Although according to the Principal Coordinates
Analysis (PCoA) the microbial composition of M. persicae and A. solani seems to be driven
by the pest control strategy, PERMANOVA showed that they are not statistically significant.
However, we believe that the small size of our samples influenced our results and thus, that
by increasing the size of the samples, the PERMANOVA analysis may confirm the pattern
observed in the PCoA analysis.
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Ultimately, we wanted to check whether the microbial communities of M. persicae
and A. solani were driven by the location. Due to the heterogeneous environment to which
outdoor aphids are exposed, we expected the microbial communities of outdoor aphids to
be more diverse than those of greenhouse aphids (Oliver et al., 2008; Gallo-Franco et al.,
2019). Indeed, the PCoA analysis showed a different pattern for greenhouse and outdoor
aphids in both the M. persicae and A. solani samples. However, we did not have enough
samples with good results for statistical testing. Therefore, further analysis with bigger
sample sizes are needed to investigate the role of the location on the microbiomes of
greenhouse and outdoor aphids.
In terms of species richness, our study revealed that the bacterial diversity of both M.
persicae and A. solani samples was dominated by a few bacterial taxa in both the
conventional and organic greenhouses. The three most abundant genera were Buchnera,
Escherichia and Pseudomonas. As expected, Buchnera was the most abundant symbiont,
harbored by all aphid samples. The massive presence of Buchnera reflects the obligate
mutualistic relationship between aphids and their primary endosymbiont. On the one hand,
Buchnera ensures normal development and reproduction of its host by contributing to the
production of essential amino acids, vitamins and sterols. On the other hand, aphids provide
Buchnera with nutrients such as non-essential amino acids and carbohydrates (SabaterMuñoz et al., 2001; Zepeda-Paulo et al., 2018; Gallo-Franco et al., 2019). Our results are in
line with what found in other studies. For example, Gallo-Franco et al. (2019) showed that
the microbial community of Aphis gossypii and M. persicae from pepper crops of
southwestern Colombia was dominated by Buchnera. Similarly, according to Zepeda-Paulo
et al. (2018) the microbial composition of the cereal aphids A. avenae and R. padi from Chile
was also dominated by Buchnera. These results show that the high abundance of Buchnera
is related to the key role this symbiont plays in aphid development, independently on the
aphid species or the sampling location.
The high abundancy of Pseudomonas was also reasonable as this genus includes
plant pathogenic species which can have -surface or -gut associations with insects (ZepedaPaulo et al., 2018; Gallo-Franco et al., 2019). Other studies reported the presence of
Pseudomonas sp. in aphid samples. For example, Stavrinides et al. (2009) showed that the
pea aphid may act as both vector and non-plant host of Pseudomonas syringe. Indeed,
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some strains of P. syringe may be pathogenic to aphids (Hendry et al., 2014; Zepeda-Paulo
et al., 2018). This may lead to wonder whether secondary endosymbionts may have a role
in these types of phytopathogen-vector associations. For example, Hendry et al. (2014)
reported that whiteflies infected with Rickettsia showed less mortality due to P. syringe. This
may suggest that this kind of interactions between endosymbiotic and phytopathogenic
bacteria may also occur in other insects (Zepeda-Paulo et al., 2018). In our aphid samples
we did not find any symbiont belonging to the Rickettsia genus. Thus, we may speculate on
the abundancy of Pseudomonas sp. in our samples, which may be also related to the
absence of a protective effect by Rickettsia symbionts. On contrary, particular associations
between insects and Escherichia coli have not been described. Therefore, we may conclude
that Escherichia have been acquired from the insect’s living environment (e.g. greenhouse
or outdoor areas).
Besides Buchnera, aphids may also harbor facultative bacterial endosymbionts.
Despite the role of protection against natural enemies, facultative symbionts are not
essential for the survival and reproduction of their hosts (Martínez-Díaz et al., 2016; Xu et
al., 2019; Gallo-Franco et al., 2019). Furthermore, their establishment may also lead to
fitness costs to the host (Vorburger & Gouskow, 2011). Hamiltonella was the only facultative
endosymbiont we detected in both M. persicae and A. solani aphids sampled in organic
sweet bell pepper greenhouses. However, further analysis with specific primers did not
confirm our results. This suggests that the presence of Hamiltonella in our samples may be
due to contaminations from our aphid mock community or due to a misinterpretation of the
results during data analysis. Hamiltonella is the most studied facultative endosymbiont with
a role in protection against parasitoid attack. Studies on the pea aphid A. pisum showed that
it contributes to protect its host from the parasitoid wasp Aphidius ervi by killing developing
wasp larvae (Ferrari & Vavre, 2011; Heyworth & Ferrari, 2015). Although Hamiltonella
provides his host with a strong evolutionary advantage, it occurs at low to intermediate
frequencies among natural aphid populations. This suggests that harboring Hamiltonella
may lead to fitness costs. Indeed, with a study on the bean aphid Aphis fabae, Vorburger &
Gouskow (2011) showed that harboring Hamiltonella may lead to longevity reduction.
Along with Hamiltonella, Serratia is one of the bacterial endosymbionts most widely
distributed among different aphid species (Martínez-Díaz et al., 2016). In conventional
greenhouses, we detected Serratia just in A. solani samples, while in organic greenhouses
38

in both the aphid species. Serratia is known to be both a facultative endosymbiont and a
gut-associated symbiont of aphids. Indeed, it can be involved in protection against parasitic
wasps (Frago et al., 2017), but it can also establish co-obligate associations in certain aphid
species (Lamelas et al., 2011; Xu et al., 2019). For example, Lamelas et al. (2011) showed
that Serratia co-exists with B. aphidicola in the conifer aphid Cinara cedri by contributing to
the biosynthesis of tryptophan. This underlines that an evolutionary transition from
facultative to obligate endosymbiosis is possible. However, further analyses are needed to
determine its role in our aphid samples.
Apart from Pseudomonas and Escherichia, we detected other bacteria that may have
been acquired from the aphids’ living environment. The presence of bacteria belonging to
the Pantoea genus was reasonable as other studies reported the presence of Pantoea as
gut-associated symbiont in A. pisum and other aphid species as well (Gauthier et al., 2015).
Pantoea is an ubiquitous plant pathogen that may have been acquired from the plant
surface or it may have been ingested from the plant sap (Gauthier et al., 2015). Similarly to
Fakhour et al. (2018), we also detected symbionts belonging to the Acinetobacter and
Staphylococcus genera. Acinetobacter may be involved in insect resistance to pesticides
(Zhang et al., 2019). Moreover, we detected symbionts belonging to the Annandia, Bacillus,
Enterobacter, Moraxella and Ruminobacter genera. According to Santos-Garcia et al.
(2020), these symbionts have been associated with other sternorrhyncha species. Similarly
to Barrios-Camacho et al. (2019) we found Klebsiella symbionts. These bacteria have been
reported to be associated with water, soil, plants, insects and other animals (BarriosCamacho et al. 2019). We detected Proteus symbionts, which have been reported to be
associated with flies (Ma et al., 2012). Furthermore, we also detected another group of
symbionts that have never been reported to be associated with insects. Among these, we
found Endozoicomonas symbionts, which have been reported to be associated with marine
invertebrates and vertebrates (Neave et al., 2016), Nitrosomonas symbionts, which have
been reported to be associated with soil and water (Bremner 1997), and Vibrio symbionts
which are involved in the removal of aluminum in contaminated soils (Purwanti et al., 2019).
All together, these findings suggest that insects are capable of establishing recurrent
associations with environmental bacteria.
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CONCLUSIONS
This study represents an attempt to use the MinION nanopore sequencer to detect bacterial
endosymbionts of aphids. Although MinION turned out to be an efficient tool for microbiome
detection, our methodology presents some weakness. For example, we were not able to
define the role played by the location due to the low quantity and quality of samples to test.
This suggests that more in-depth studies are required and an optimization of our
methodology is needed. This may include: replicates, the use of different primer pairs to
target the same molecular marker, and the use of different bioinformatics pipelines. For
example, to assign taxonomy Centrifuge can be used as an alternative program to Kraken
(Appendix, Figure A3).
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APPENDIX
Table A1 Greenhouses where we sampled aphids. In some greenhouses we sampled
different compartments. The code refers to the greenhouse compartment.
Code

Greenhouse name

Greenhouse Type

Location

Bar1.1

Barendse DC

Conventional

Middenmeer

Dui1.1

Firma Duijnisveld (first compartment)

Conventional

Nieuwveen

Noor

Noorland Paprika

Conventional

Ijsselmuiden

Oost2

Oostland Company

Conventional

Bergschenhoek

RGA1.3

Rainbowgroup Andijk (Kwekerij Andijk BV)

Conventional

Andijk

Sla

Slaman Paprika

Conventional

Zevenhuizen

vdS1.1

Paprikakwekerij van der Spek

Conventional

Bergschenhoek

vdH1.1

Firma van der Harg van Winden

Conventional

Bemmel

vdH1.2

Firma van der Harg van Winden

Conventional

Bemmel

vR1

Paprikakwekerij T.E. van Ruijven

Conventional

Kwintsheul

Biof

Biofood B.V.

Organic

Almere

BV

Rainbowgroup Andijk (Kwekerij Andijk BV)

Organic

Andijk

Oirs1

Oirschot Organics

Organic

Middelbeers

RGH1

Rainbowgroup Honselerdijk

Organic

Honselerdijk

RGH2

Rainbowgroup Honselerdijk

Organic

Honselerdijk

Wou

Wouters Green

Organic

Ens

Paas1.1.1

van Paassen van Balkom VOF

Biodynamic

Pijnacker

RvD1.1.1

Groenland Organics Schalkwijk (bell
pepper blokpaprika's)

Biodynamic

Schalkwijk

RvD1.5

Groenland Organics Schalkwijk (pointed
pepper, back compartment)

Biodynamic

Schalkwijk

RvD1.3

Groenland Organics Schalkwijk (pointed
pepper, front compartment)

Biodynamic

Schalkwijk

RvD2.1

Groenland Organics Andel (bell peppers)

Biodynamic

Andel
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Table A2 Outdoor aphid sampling locations. The NAK code refers to aphid samples
provided by the Dutch general inspection service. The US code refers to aphids sampled by
us.
Sampled by

Location

NAK

St Odilienberg

NAK

Arum

NAK

Hengelo

NAK

Texel

NAK

Steenbergen

NAK

Schoondijke

US

Bennekom forest

US

Leiden botanical gardens

US

Winterswijk, de Kattenberg

Table A3 Primer sequences used to amplify the full-length 16S rRNA gene, the 16S V3-V4
hypervariable region and part of the 16S-ITS-23R region.
Primer
name

Primer sequence

Amplicon size
(bp)

16S rRNA gene

(~1500)

V3-V4 region

(~500)

16S-ITS-23S

(~2500)

(5' to 3')

27F

AGAGTTTGATCCTGGCTCAG(a)

1492R

GGTTACCTTGTTACGACTT(a)

341F

CCTACGGGNGGCWGCAG(b)

785R

GACTACHVGGGTATCTAATCC(b)

10F

AGTTTGATCATGGCTCAGATTG(c)

35R
a
Lane (1991)

Target gene

CCTTCATCGCCTCTGACTGC(d)

b

Herlemann et al. (2011)

c

Sandström et al. (2001)

d

Russell & Moran (2005)
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Table A4 Shannon index values of M. persicae and A. solani samples collected in
conventional greenhouses.
Code

Aphid species

Shannon index

VR1

Myzus persicae

0.3792217

Sla

Myzus persicae

0.3885382

Bar1.1

Myzus persicae

0.3569298

RGA1.3

Myzus persicae

0.3726978

Oost2

Myzus persicae

0.4319461

VdS1.1

Aulacorthum solani

0.7472578

Oost2

Aulacorthum solani

0.8503282

VdH1.1

Aulacorthum solani

0.8632653

VR1

Aulacorthum solani

0.8598215

Bar1.1

Aulacorthum solani

0.8130541
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Table A5 Shannon index values of M. persicae and A. solani samples collected in organic
greenhouses.

Code

Aphid species

Shannon index

RGH1

Myzus persicae

0.3724413

Oirs1

Myzus persicae

0.3904993

RGH2

Myzus persicae

0.3861942

Paas 1.1.1

Myzus persicae

0.4656260

Wou

Myzus persicae

0.5233026

RvD 2.1

Myzus persicae

0.4774533

RvD 1.3

Myzus persicae

0.5169549

RvD 1.3

Myzus persicae

0.6503742

BV

Myzus persicae

0.4564099

Paas 1.1.1

Aulacorthum solani

0.6446547

Oirs1

Aulacorthum solani

0.5785140

BV

Aulacorthum solani

0.5655875

RGH1

Aulacorthum solani

0.7520953

RGH2

Aulacorthum solani

0.6139553

Biof

Aulacorthum solani

0.8552889

VdH1.2

Aulacorthum solani

0.8453312

RvD 1.1.1

Aulacorthum solani

0.4743729
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Figure A1 (A) Rarefaction curves of Aulacorthum solani samples collected in conventional
and organic greenhouses and outdoor locations. (B) Rarefaction curves of Myzus persicae
samples collected in conventional and organic greenhouses.

A)

B)
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Figure A2 (A) PERMANOVA on Myzus persicae samples using adonis (p-value in red
square) (B) PERMANOVA on Aulacorthum solani samples using adonis (p-value in red
square).

A)

B)
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Figure A3 Recommended pipeline for MinION 16S rRNA amplicons data analysis (Santos
et al., 2020).
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