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Direct sequencing of insect symbionts via 
nanopore adaptive sampling
Jonathan H Badger1, Rosanna Giordano2, Aleksey Zimin3,  
Robert Wappel4, Senem M Eskipehlivan4, Stephanie Muller4,  
Ravikiran Donthu5, Felipe Soto-Adames6, Paulo Vieira7,  
Inga Zasada8 and Sara Goodwin4

Insect symbionts can alter their host phenotype and their effects 
can range from beneficial to pathogenic. Moreover, many insects 
exhibit co-infections, making their study more challenging. Less 
than 1% of insect species have high-quality referenced genomes 
available and fewer still also have their symbionts sequenced. 
Two methods are commonly used to sequence symbionts: 
whole-genome sequencing to concomitantly capture the host 
and bacterial genomes, or isolation of the symbiont’s genome 
before sequencing. These methods are limited when dealing with 
rare or poorly characterized symbionts. Long-read technology is 
an important tool to generate high-quality genomes as they can 
overcome high levels of heterozygosity, repeat content, and 
transposable elements that confound short-read methods. 
Oxford Nanopore (ONT) adaptive sampling allows a sequencing 
instrument to select or reject sequences in real time. We describe 
a method based on ONT adaptive sampling (subtractive) 
approach that readily permitted the sequencing of the complete 
genomes of mitochondria, Buchnera and its plasmids (pLeu, 
pTrp), and Wolbachia genomes in two aphid species, Aphis 
glycines and Pentalonia nigronervosa. Adaptive sampling is able 
to retrieve organelles such as mitochondria and symbionts that 
have high representation in their hosts such as Buchnera and 
Wolbachia, but is less successful at retrieving symbionts in low 
concentrations.
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Introduction
The study of arthropod genomics and metagenomics is 
critical to the study of ecology as arthropods play a sig
nificant role in many ecosystems. Arthropods are the 
most diverse group of animals on the planet, with over 
five million species thought to exist [1]. They play im
portant roles in many ecological niches, from pollination 
to decomposition as well as to serve as food for other 
species. The study of arthropods can give researchers 
insights into their evolution, adaptation, interactions 
with other species, and mechanisms that regulate their 
behavior and ecological functions, including how bac
terial and fungal symbionts can modulate host behavior 
and physiology.

Arthropods’ success may be in part attributed to the 
symbiotic relationships they have with various micro
organisms. Research on symbionts in arthropods has re
vealed their roles in nutrient acquisition, defense against 
pathogens, host reproduction, and more. Understanding 
the relationship between arthropod hosts and their 
symbionts has important implications for understanding 
the biology of arthropods in general, but also for the 
development of novel approaches to pest control and 
disease transmission and prevention.

One symbiont of particular interest is Wolbachia, a 
Rickettsia bacterium commonly found in arthropods and 
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nematodes and estimated to be one of the most common 
symbiotic bacteria [2]. Wolbachia is an obligate in
tracellular bacterium that has defied rearing outside a 
living cell environment. It perpetuates and favors its own 
reproduction via various methods such as cytoplasmic 
incompatibility, feminization, parthenogenesis, and male 
killing [3,4] and in rare cases can be pathogenic [5]. 

In recent years, there has been growing interest in using 
Wolbachia as a tool to control the spread of mosquito- 
borne diseases, such as dengue, Zika, and chikungunya  
[6–8]. This is because Wolbachia can be introduced into 
mosquito populations and reduces their ability to 
transmit these diseases to humans. This approach is 
known as Wolbachia-based vector control, and it has 
shown promising results in field trials in Indonesia and 
Brazil [9–11]. 

Despite the growing interest in arthropod/symbiont 
genomics, the field remains understudied, with less than 
1% of insect species having high-quality reference gen
omes available and with fewer still having their sym
bionts sequenced [12,13]. 

In the last several years, a number of initiatives such as 
the i5k [14] and ag100Pest [15] have aimed to take ad
vantage of long-read sequencing methods to increase the 
number and quality of publicly available genomes, tran
scriptomes, and symbionts for arthropods. Today, these 
initiatives are relying heavily on long-read methods to 
achieve their goals. The first publicly available sequence 
of Drosophila melanogaster [16,17] catapulted arthropod 
research and genome science in general, but these studies 
had significant limitations compared with genomes ob
tained currently with long-read technology. 

Long-read sequencing is an essential element in ar
thropod research as high levels of heterozygosity, high 
repeat content, and high proportion of transposable ele
ments pose significant challenges for traditional short-read 
sequencing technologies [18]. Long-read sequencing can 
overcome these challenges by generating reads that span 
repetitive regions, complex rearrangements, and gene 
fusions that may be missed by short-read sequencing. 

These advances are important for understanding arthropod 
biology and evolution. While there have been hurdles to 
address, Oxford Nanopore (ONT) sequencing has been of 
particular interest for arthropod researchers due to its low 
cost and scalability relative to PacBio sequencing. 

The quality of DNA extractions needed has been a 
limitation for the wider adoption of ONT for arthropod 
genomics. DNA extraction from insects can be a chal
lenging process due to a number of factors. The size and 
structure of insects can make it difficult to obtain suffi
cient DNA from a single individual for analysis. Some 

insects have a tough exoskeleton that is resistant to 
chemical and mechanical disruption, making it difficult 
to break down the cells and release the DNA. In addi
tion, many insects produce defensive chemicals, such as 
polyphenols and quinones, that can interfere with DNA 
extraction protocols. DNA extractions of insects also 
have high levels of DNA-degrading enzymes such as 
nucleases, which can break down genomic DNA if not 
properly preserved. In addition, insect samples obtained 
from the field can be accompanied by environmental 
contaminants such as bacteria and fungi. These chal
lenges make it important to use appropriate sample 
preservation techniques and extraction methods to ob
tain high-quality DNA for downstream analysis. 

PacBio established early protocols for dealing with low- 
input library preparations, such as the single-mosquito 
method for de novo assembly highlighted by PacBio in 
2019 [19] and ultra-low-input methods [20]. While these 
methods have also been adapted for ONT sequencing, 
the higher sequencing coverage needed to address the 
higher error rate [21] has limited its adoption. Recently 
however, ONT sequencing has greatly improved its ac
curacy, with 114 chemistries, to > 98% [22] and ultra- 
long methods are proving invaluable for creating highly 
contiguous or even gapless assemblies [23,24]. 

The sequencing of symbionts poses a particular chal
lenge to sequencing and to long sequencing in general. 
Investigations studying symbionts have relied on PCR to 
amplify the target DNA from the host background  
[25–27]. While effective at increasing the abundance of 
the target sequence, the resulting product is usually 
fragmented and not representative of the entire genome. 
The PCR method is further confounded if the symbiont 
is poorly characterized, making primer design challen
ging and not possible in many cases. In some rare in
stances, symbionts can be isolated and cultured in vitro 
facilitating their augmentation for sequencing. Another 
approach has been to dissect infected ovaries from 
multiple individuals followed by whole-genome ampli
fication [28]. However, the genomic amplification step 
can add artifacts to the data. 

ONT has introduced a method unique to its platform, 
referred to as adaptive sequencing, that can be invalu
able for dealing with issues of contamination and sym
biont sequencing [29]. This method, given a reference, 
can selectively reject DNA or RNA fragments of in
terest. The method can be implemented in one of two 
ways. In an additive mode, a reference is provided and 
only the sequences that match the reference are allowed 
to move forward and sequence. Alternatively, in a sub
tractive mode, fragments that match the reference are 
rejected. This protocol can be used to selectively se
quence the host genome, if this is known, thus reducing 
off-target contamination or to selectively sequence 
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symbionts or gut contents [30]. Herein, we describe re
sults from the implementation of the ONT-subtractive 
approach with the goal of enriching for the en
dosymbiont component from genomic extractions of two 
aphid species, Aphis glycines (soybean aphid) and Penta
lonia nigronervosa (banana aphid). 

Methods 
Origin of samples 
Aphis glycine biotype-3 aphids were obtained from a cul
ture maintained at the Soybean/Maize Germplasm, 
Pathology, and Genetics Research Laboratory, Urbana, 
IL. Aphids were reared in a Percival, TC-2 plant tissue 
culture chamber at 23ºC, 60% humidity and at 16-hours 
light regime, on whole soybean LD08-12435a (Rag2) and 
were obtained from the culture on March 22, 2022. P. 
nigronervosa adults and nymphs were collected from 
Musa sp. (Linnaeus) in Gainesville, FL, USA (N 
29.62825 W 82.35839), and flash-frozen on dry ice on 
October 4, 2022. Voucher samples were deposited in the 
Florida State Collection of Arthropods and can be ac
cessed under sample number 10052022-08884. 

DNA extraction and Oxford Nanopore library preparation 
Approximately 10 aphids were placed in a standard 1.5- 
ml centrifuge tube and ground with a disposable pestle 
on dry ice (Fisher PN 12141364). The powder was then 
extracted using a Qiagen MagAttract kit following 
the manufacturer’s instructions for a tissue sample. 
Samples were quantified with a Qubit Fluorometer, 
Nanodrop, and Femto Pulse for sizing. Oxford Nanopore 
DNA libraries were prepared with either SQK-LSK109 
or SQK-LSK110 following the manufacturer’s instruc
tions. Individual libraries were sequenced on a GridION 
with R9.5 flow cells for 48 hours. The reference for 
adaptive sampling consisted of the host references or 
host reference plus the species-specific Wolbachia re
ference. 

The reference for the genome of P. nigronervosa genome 
and its Buchnera and Wolbachia symbionts were obtained 
from (https://doi.org/10.5281/zenodo.3765644) [31]. 
Reads that mapped to the reference were rejected from 
the run. Real-time base calling with Guppy v 6.3.8, set to 
high accuracy, was used. Sequencing data are in process 
for deposit to NCBI and will be released pending 

publication of related manuscripts. Additionally, data 
may be accessed upon request. 

Analysis 
Raw read data from each condition (control, host only, or 
host plus selected nonhost targets) were used as input 
for metaFlye [32] to assemble the mitochondria and 
bacterial genomes. A custom Kraken2 [33] database was 
used as a reference to classify the contigs for meta
genome classification, the targets in the database are 
listed in Supplementary Table 1. The final assemblies 
were polished via Medaka [34] (Github) by comparing 
the raw reads to the metaFly reference. Reference 
comparison plots were generated by MUMmer2 [35]. 
The purging of Wolbachia sequences from P. nigronervosa 
was done by inputting the assembly into Kraken2, then 
removing the contigs classified as Wolbachia from the 
reference. The alignment yield from runs was calculated 
by aligning the read data with Minimap2 [36] to de
termine the number of reads that mapped to the hosts, 
symbionts, and the symbiont plasmids. 

Results 
Effectiveness of adaptive sampling 
We performed several trials of adaptive sampling for two 
different aphid species, A. glycines and P. nigronervosa. 
These were selected as representative aphids grown in 
culture, A. glycines, and ‘the wild’ P. nigronervosa. Data 
illustrating the performance of each flow cell are found 
in Table 1. There was a notable difference in the yield 
of individual flow cells. This is likely the result of normal 
nanopore variations as well as reduction in performance 
due to the demands of adaptive sampling. Standard se
quencing without adaptive sampling had the highest 
yield at 22Gb. The P. nigronervosa host plus Wolbachia 
run performed the worst with a maximum per flowcell 
yield of 1.4 Gb. The overall read length was also affected 
by adaptive sampling. During adaptive sampling, the 
sequence data from a pore are aligned to the provided 
references file in real time. In the depletion mode used 
here, if the sequence data align to the reference, the 
voltage in the pore is reversed and the DNA fragment is 
rejected. This occurs within the first few hundred bases. 
Ultimately, this means that the average length of the 
reads generated is shorter due to the rejection of un
desirable reads. In this study, the mean length of the 

Table 1 

Summary of performance of all runs executed to test adaptive sampling for A. glycines and P. nigronervosa.   
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accepted reads was 5–10 kb longer than the mean length 
of all reads (Table 1). 

To test the feasibility of adaptive sampling to deplete 
the representation of the abundant host genome, we 
conducted control nonsubtractive and host-only sub
tractive sequencing for A. glycines. A comparison of the 
nonsubtractive control run (Tables 1 and 2, Run 1) with 
a run rejecting the host genome (Tables 1 and 2, Run 2) 
shows that for the former, the host was represented by 
> 89% of the data, while in the latter, only 33% of the 
data mapped to the host. Likewise, the total bases 
mapping to nonhost genomes (mitochondria, Buchnera, 
and Wolbachia) in Run 1 were substantially less abundant 
than in Run 2 (Table 2). The Buchnera bases increased 
more than 50-fold, the bases mapping to Wolbachia in
creased fivefold, and the Buchnera-associated plasmids 
increased more than 1000-fold. 

When Wolbachia was included as a subtraction target, the 
overall flowcell performance declined notably, down to 
2.6 total Gbs (Table 1, Run 3). Despite this, the pro
portional abundance of Buchnera was much higher, ac
counting for nearly 20% of all bases and 300% more 
abundant than in the control run. As expected, the 
Wolbachia abundance was drastically reduced, accounting 
for just 652 kb of total sequence (Table 2, Run 3). In
terestingly, the abundance of both the pLeu and pTrp 
plasmid was much lower than would be expected based 
on the reduced flowcell yield. While their abundance 
remained higher than in the control run, they were 
considerably less abundant than in the host-only sub
tractive run, implying that reads mapping to these 
plasmids were rejected more than expected. The Buch
nera plasmids pLeu and pTrp are plasmids that code for 
the essential amino acids leukine and tryptophan and are 
necessary for the proper functioning of Buchnera. 

We next evaluated host depletion in a sample of P. ni
gronervosa collected from the wild. 

Based on published data from the sequencing of a 
genome of a banana aphid population from Kenya [37], 
we surmised that P. nigronervosa is infected with Wol
bachia. As with A. glycines, the initial run of P. nigronervosa 
(Table 2, Run 4), using the public P. nigronervosa 

genome as reference [37], showed that the abundance of 
Buchnera represented > 36% of the total data generated. 
This result is compatible with the Buchnera abundances 
in Runs 2 (65%) and 3 (20%). Given the expectation that 
P. nigronervosa is infected with Wolbachia, the absence of 
reads mapping to Wolbachia from Run 4 was unexpected. 
Our results concur with the conclusion of [37] that dif
ferent geographic populations of P. nigronervosa differ 
with respect to their Wolbachia infection status and the 
association is not likely to be obligate. 

We closely examined the original reference genome of P. 
nigronervosa and determined that it contained data map
ping to Wolbachia. We purged these data and generated a 
new reference used for a subsequent P. nigronervosa ex
periment. The results of the new experiment were 
comparable to the first, resulting in ∼19% of the data 
mapping to Buchnera and its plasmids, while 75% of the 
data mapped to the host (Table 2, Run 5). 

Examination of symbiont genomes and 
mitochondria obtained for each run 
To generate the assemblies of constituent symbionts, for 
all runs, the reads were assembled with metaFlye. The 
length in base pairs of the metaFlye assemblies and 
coverage for the mitochondria, Wolbachia, and Buchnera 
and its plasmids (pLeu, pTrp) are found in Table 3. 

With the exception of a few cases that were slightly 
shorter in length, most of the assembled genomes were 
complete (Table 3). The resulting coverage generated 
for the A. glycines host subtraction (Run 2) can be seen in  
Table 2. We used Medaka to polish the metaFlye as
semblies of mitochondria, Wolbachia and Buchnera and its 
plasmids generated from this run. These results can be 
seen in Figure 1. Similarly, the host subtraction run 
conducted for P. nigronervosa can be seen in Run 4 and 
the Medaka-polished metaFlye assemblies in Figure 2. 

Variations in coverage impacted the assembly in two 
cases. In the A. glycines nonsubtractive run (Run 1), 
Wolbachia was assembled into two contigs, due to lower 
overall coverage, while in the P. nigronervosa host-sub
tractive run (Run 5), Buchnera was assembled into eight 
contigs (Table 3) due to excessive coverage that nega
tively impacted the assembly. 

Table 2 

Yield mapping obtained for host, mitochondria, and symbiont genomes.   
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We successfully assembled the pLeu plasmid for the 
Buchnera of both A. glycines and P. nigronervosa, but it was 
not possible to assemble the complete pTrp plasmid due 
to its highly repetitive nature. When Medaka polishing 
was attempted to improve the assembly, it collapsed into 
a single operon matching the published length for this 
plasmid of ∼3000 bp. To further explore this assembly, 
we extracted the longest read from each of the data sets 
and used NCBI BLAST to visualize what it aligned to 
(Sup. Figure 9). From the alignments obtained, we 
concluded that for both A. glycines and P. nigronervosa, 
the plasmid was composed of multiple copies of genes 
for tryptophan biosynthesis. In the case of A. glycines, the 
plasmid is composed of at least 17 identical copies of the 
pTrp operon, similar to what has been reported for other 
aphid species [38] (Figure 1, B4). While the pTrp 
plasmid in P. nigronervosa is composed of two complete 
operon copies and many additional incomplete copies 
(Figure 2, D4). 

A visualization of the coverage for mitochondria, 
Wolbachia, and Buchnera and its plasmids for each run, for 
both A. glycines and P. nigronervosa, can be found in  

Supplementary Figures 1–5. Likewise, Medaka-polished 
plots of the mitochondria and symbiont assemblies for 
Run 1 (A. glycines, no subtraction), Run 3 (A. glycines, host 
and Wolbachia subtraction), and Run 5 (P. nigronervosa, 
host and Wolbachia subtraction) can be found in  
Supplementary Figures 6–8. 

Metagenome analysis 
Subsequent to generating the metaFlye assemblies, 
Kraken2 was used to classify the contigs generated with 
metaFlye to assess the composition of genomes obtained 
from the subtractive runs for both A. glycine and P. ni
gronervosa. As expected, Kraken2 classified the host 
genomes and the most abundant symbionts (Table 4). In 
addition, the metagenome analysis also revealed the 
presence of environmental contaminants. Of these, Al
kalihalobacillus miscanthi, a bacteria found in soil [39], was 
identified in the A. glycines runs. The combined length of 
the contigs obtained for A. miscanthi was equal to the size 
of its genome (Table 4). Other environmental con
taminants such as Microbacterium sp. and Escherichia coli 
were also identified with the latter being present in both 
the A. glycines and P. nigronervosa preparations. However, 

Table 3 

Assessment of mitochondria and metaFlye symbiont assemblies for each run performed.   

# The accurate size of the pTrp plasmid is uncertain because the number of operons has not been confirmed.  
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their contig lengths were less than their genome sizes 
(Table 4). It is important to note that the Kraken2 
classification is limited to the database used and that the 
genomes not found in the database would not be clas
sified by this method. A list of the taxa used in the 
custom database created for this analysis can be found in  
Supplementary Table 1. 

Discussion 
Long-read sequencing of arthropods is often a daunting 
task confounded by the small size and variable biochem
istry of insects. Full-length sequencing of their symbionts is 
more challenging in that they account for only a small 
proportion of the mass of a single insect and are rarely 
amenable to isolation and culturing. Significant strides have 
been made in adapting long-read sequencing to obtain the 

genomes of arthropods and their symbionts. Assemblers 
such as metaFlye are adept at grouping and assembling 
long reads from different species present in a complex 
sample, an inevitability when individuals are difficult or 
impossible to dissect. Furthermore, as the accuracy of long 
reads increases, the coverage needed to assemble a genome 
decreases, thus, less mass is needed to carry out sequen
cing. Despite these advances, working with small organisms 
to sequence their genome and their symbionts remains a 
challenge. Adaptive sampling strategies show promise for 
managing some of these difficulties. In this work, we tested 
adaptive sequencing using ONT technology. By selectively 
rejecting the host genome, we show that it is possible to 
generate contiguous assemblies of mitochondria, Wolbachia, 
and Buchnera and its plasmids without the need for other 
enrichment strategies. The subtractive approach used in 

Table 4 

Classification of MetaFlye contigs from A. glycines and P. nigronervosa.   
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this work substantially reduces the effort and cost needed 
to acquire the genomes of insect symbionts and avoids 
many of the pitfalls that come with short-read methods or 
long-range PCR. While we were successful in enriching for 
mitochondria, Wolbachia, and Buchnera and its plasmids, we 
were also confounded by high levels of variability in flow
cell performance, reductions in flowcell yield due to the 
burden of adaptive sampling, and environmental con
taminants that accompanied the insect samples. For A. 
glycines, it was not possible to enrich for Hamiltonella and 
Arsenophonus, likely due to their low abundance in com
parison to the levels of the obligate Buchnera symbiont and 
the opportunistic Wolbachia. While these low-abundance 
symbionts have been demonstrated to be present in other 
samples of the same species [40], reads mapping to them 
were not found. Future work will explore active enrich
ment that consists of positively selecting for low-abundance 
targets, as an alternative method to enrich for symbionts 
that exist in low concentration. 

While further work is needed to optimize adaptive 
sampling for the symbionts of specific insects, we have 
demonstrated that it is effective for the ecologically 
important Wolbachia symbiont. As long reads improve in 
accuracy, drop in cost, and computational approaches 
such as adaptive sampling improve, the number of ar
thropods that will be sequenced with long reads will 
increase. Some initiatives such as the USDA pest in
itiative and the i5k consortium have already committed 
to generating 100% of their genomes using long-read 
methods. The higher accuracy and long reads possible 
with these technologies will result in more accurate, 
complete, and high-quality chromosome-level assem
blies, opening a new era in arthropod genome research 
and their symbionts. 
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