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Improved metagenome assemblies through selective enrichment of bacterial genomic DNA from eukaryotic host genomic DNA using ATAC-seq
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Genomics can be used to study the complex relationships between hosts and their microbiota. Many bacteria cannot be cultured in the laboratory, making it difficult to obtain adequate amounts of bacterial DNA and to limit host DNA contamination for the construction of metagenome-assembled genomes (MAGs). For example, Wolbachia is a genus of exclusively obligate intracellular bacteria that live in a wide range of arthropods and some nematodes. While Wolbachia endosymbionts are frequently described as facultative reproductive parasites in arthropods, the bacteria are obligate mutualistic endosymbionts of filarial worms. Here, we achieve 50-fold enrichment of bacterial sequences using ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) with Brugia malayi nematodes, containing Wolbachia (wBm). ATAC-seq uses the Tn5 transposase to cut and attach Illumina sequencing adapters to accessible DNA lacking histones, typically thought to be open chromatin. Bacterial and mitochondrial DNA in the lysates are also cut preferentially since they lack histones, leading to the enrichment of these sequences. The benefits of this include minimal tissue input (<1 mg of tissue), a quick protocol (<4 h), low sequencing costs, less bias, correct assembly of lateral gene transfers and no prior sequence knowledge required. We assembled the wBm genome with as few as 1 million Illumina short paired-end reads with >97% coverage of the published genome, compared to only 12% coverage with the standard gDNA libraries. We found significant bacterial sequence enrichment that facilitated genome assembly in previously published ATAC-seq data sets from human cells infected with Mycobacterium tuberculosis and C. elegans contaminated with their food source, the OP50 strain of E. coli. These results demonstrate the feasibility and benefits of using ATAC-seq to easily obtain bacterial genomes to aid in symbiosis, infectious disease, and microbiome research.
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1 Introduction

Many symbiotic bacteria remain uncultured and may even be impossible to culture in the absence of the host (Ashton et al., 2003; Hongoh, 2010; Xie et al., 2019; Masson and Lemaitre, 2020). Genomics and metagenomics have long been used to study these bacteria through the analysis of the host and microbiota genome sequences. The creation of what are now called metagenome assembled genomes (MAGs) from host genome sequencing data was demonstrated for Wolbachia endosymbionts in the Drosophila genome sequencing projects (Salzberg et al., 2005).

Bacterial endosymbionts can live within eukaryotic hosts long-term, resulting in mutualistic, commensal, and parasitic relationships. In mutualistic relationships, both species benefit from their interactions. The microbial symbionts often provide metabolites from pathways absent in the eukaryotic host, while the host provides a nutrient rich environment for their resident bacteria (Douglas, 2014). For example, the human gut microbiome consists of trillions of bacteria, with many of them metabolizing nutrients from food components nondigestible by the host and protecting their host from pathogen invasion (Bäckhed et al., 2005; Bull and Plummer, 2014). Nitrogen fixing bacteria are common symbionts of plants, animals, fungi and protists where they increase the bioavailability of nitrogen for the eukaryotic host (Kneip et al., 2007).

In parasitic relationships, the bacteria will usually benefit at the expense of the eukaryotic host by causing disease or disrupting normal biological processes during their replication in the host (Balloux and van Dorp, 2017). The pathogenic bacterium Mycobacterium tuberculosis (M. tb) is an intracellular parasite that lives in macrophages in the respiratory system of mammalian hosts. The host provides a safe niche for bacterial replication in a tissue that allows the bacteria to spread through air droplets. The infection can lead to fibrosis and necrosis of the host’s lung tissue (Smith, 2003).

Wolbachia endosymbionts are some of the most abundant intracellular bacteria and are present in almost 60% of all arthropod species and some nematode species (Hilgenboecker et al., 2008). Wolbachia endosymbionts are maternally transmitted and live in the reproductive tissues of their host. In insects, the bacteria were first studied as reproductive parasites that act through male killing, feminization, parthenogenesis and cytoplasmic incompatibility (Werren, 1997; Chen et al., 2020). More recently, Wolbachia has been found to provide protection to arthropods from other pathogens, such as RNA viruses (Hedges et al., 2008; Ye et al., 2013; Drew et al., 2021). This demonstrates the complex relationships between hosts and their symbionts and how there is a continuum between parasitism and mutualism that can often be context dependent.

Wolbachia is also present in many filarial nematodes as an obligate mutualistic endosymbiont, meaning the worms cannot survive without the bacteria and the bacteria cannot live outside of the worms (Mclaren et al., 1975; Sironi et al., 1995; Bandi et al., 1998, 2001; Quek et al., 2022). Filarial nematodes are insect-borne parasites that cause filariasis, one of the leading causes of morbidity in the world. Brugia malayi (B. malayi) and Wuchereria bancrofti are the predominant species that cause lymphatic filariasis, which can lead to elephantiasis and disfigurement. Onchocerciasis, caused by Onchocerca volvulus, can result in visual impairment (WHO, 1995; WHO, 2019; Medeiros et al., 2021). Various combinations of ivermectin, diethylcarbamazine, and albendazole have been used to prevent filarial infections, but these drugs cannot treat established infections (Campbell, 1991; Richards et al., 2001; Mackenzie et al., 2002; Molyneux et al., 2003). Antibiotics, such as doxycycline and rifampicin, kill the endosymbiotic bacteria, leading to the eventual death of the adult worms (Taylor et al., 2005; Bazzocchi et al., 2008; Hoerauf et al., 2008; Specht et al., 2008; Supali et al., 2008; Coulibaly et al., 2009; Mand et al., 2009; Wanji et al., 2009; Johnston et al., 2014; Aljayyoussi et al., 2017). Therefore, anti-Wolbachia therapy is a promising avenue for the treatment and eradication of filariasis (Clare et al., 2019; Taylor et al., 2019; Johnston et al., 2021). The Wolbachia reside in the lateral cords in both sexes of adult worms but are also found in the ovaries and embryos of adult females (Kozek, 1977; McGarry et al., 2004; Landmann et al., 2010). The bacteria are required for the development, reproduction, and long-term survival of adult worms. It is likely that Wolbachia provide necessary metabolites from biological pathways that are incomplete or absent in the nematode genomes. These may include heme, riboflavin, nucleotide synthesis, and additional ATP for the host (Foster et al., 2005; Wu et al., 2009; Darby et al., 2012; Li and Carlow, 2012; Luck et al., 2016; Grote et al., 2017). In return, the worms may provide essential amino acids to the bacteria.

Sequences from Wolbachia and other bacterial symbionts have been found in eukaryotic host genomes, as a result of lateral gene transfer (LGT) (Hotopp et al., 2007; Ioannidis et al., 2013; Sieber et al., 2017). Nuclear Wolbachia transfers (nuwts) are found in over 80% of insect and nematode species infected with the bacteria. In B. malayi, there are hundreds of these nuwts, with over 10.6% of the wBm genome integrated into the host nuclear genome. While many bacterial LGT sequences have deteriorated in host genomes, some of these transfers appear to be functional with actively transcribed protein coding genes across a wide range of eukaryotic species (Gladyshev et al., 2008; Acuña et al., 2012; Husnik et al., 2013; Ioannidis et al., 2013; Sieber et al., 2017).

To study the complex co-evolution between eukaryotes and their symbionts, it is necessary to obtain genome sequences from both species. In filarial endosymbionts, these genomes can be used to identify new drug targets. In other symbionts, the genomes can be used to identify novel molecular pathways related to their persistent infections and biological outcomes in eukaryotic hosts. Yet sequencing the genomes of intracellular bacteria is difficult because many cannot be cultured outside of the host or eukaryotic cell lines due to genome reduction (Wade, 2002; Fenollar et al., 2003; Foster et al., 2005; McCutcheon, 2010; Almeida et al., 2019). Even for bacteria with a high multiplicity of infection, the larger host genome results in substantial host DNA contamination and low relative levels of bacterial sequences. Field and clinical specimens can be limited, making it difficult to use standard sequencing methods with low sample input. Deep metagenomic sequencing can be used to assemble symbiont genomes, however this can be expensive and still may not result in sufficient bacterial sequences for de novo assembly. Nuwts and LGTs from the bacterial genomes can also be difficult to assemble if the sequencing depth is similar between species in a metagenomic sample. Techniques have been developed to enrich for bacterial DNA, particularly with Wolbachia, including pulsed-field gel purification (Sun et al., 2001; Foster et al., 2004; Wu et al., 2004; Foster et al., 2005), fluorescence-activated cell sorting (Thompson et al., 2013; Dam et al., 2020) and oligonucleotide probe hybridization (Kent et al., 2011; Melnikov et al., 2011; Geniez et al., 2012; Lefoulon et al., 2019). Unfortunately, these protocols are time consuming, require specialized equipment, require a priori knowledge of antibodies or sequences for probes, require expensive reagents, and/or require large quantities of input material.

Here, we present a novel application of ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) for bacterial sequence enrichment to facilitate de novo genome assembly. Typically, ATAC-seq uses the Tn5 transposase to selectively cut and ligate sequencing adapters to accessible eukaryotic chromatin regions free of histones (Buenrostro et al., 2013). This leads to the enrichment of those “open” regions during sequencing, as the remaining majority of the genome is inaccessible to the transposase. Mitochondria and bacteria do not contain histones resulting in uniform Tn5 cutting across their genome. As a proof of principle, we performed ATAC-seq on B. malayi worms and show de novo genome assembly of the Wolbachia (wBm) endosymbiont. Similar enrichment of bacterial sequences in published ATAC-seq datasets in human cells infected with Mycobacterium M.tb (Pacis et al., 2015) and C. elegans with E. coli strain OP50 contamination (Daugherty et al., 2017) enabled de novo assemblies of these bacterial genomes. This bacterial enrichment method should improve species identification and de novo metagenome assembly for a variety of host-associated microbiota.



2 Materials and methods


2.1 Tissue collection

Live adult B. malayi females and males were shipped overnight from the NIH-NIAID Research Reagent Resource Center (FR3) at the University of Georgia (Michalski et al., 2011). Upon arrival, the worms were transferred to prewarmed 37°C RPMI 1640 containing 10% heat inactivated fetal bovine serum (Thermo Fisher Scientific), 2 mM L-glutamine, 5 g/L glucose, 100 ug/mL streptomycin, 100 U/mL penicillin and 250 ng/mL amphotericin (Millipore Sigma) and incubated overnight at 37°C with 5% CO2. The worms were sorted into groups of 3 by sex and rinsed two times in 1X PBS. All liquid was removed, and the worms were frozen in 1.5 mL LoBind tubes with liquid nitrogen. All samples were stored at −80°C.



2.2 Nuclei isolation and Wolbachia immunostaining

The presence of Wolbachia cells in nuclei isolations were assessed using immunostaining for the Wolbachia surface protein (WSP). Three frozen adult female worms were placed on ice for 5 min prior to Dounce homogenization in 0.5 mL chilled 1X homogenization buffer (320 mM sucrose), 0.1 mM EDTA, 0.1% NP40 substitute (Millipore Sigma), 5 mM CaCl2, 3 mM Mg (Ac)2, 10 mM Tris pH 7.8, 167 μM β- mercaptoethanol, 1X protease inhibitor cocktail (Millipore Sigma) in water. Lysates were filtered through 200 μm then 40 μm filters to remove large tissue fragments and cuticle fragments, while retaining released nuclei and bacterial cells. The nuclei were pelleted by centrifugation at 500 x g for 10 min. The pellet was resuspended in 4 mL nuclei extraction buffer (10 mM Hepes pH 7.4, 1.5 mM MgCl2, 10 mM KCl, 1X protease inhibitor cocktail and 0.2% NP40 substitute) (Neely and Bao, 2019). The samples were split into 1 mL aliquots and added to poly-L-ornithine-treated (Millipore Sigma) glass cover slips (Thermo Fisher Scientific) by centrifugation at 500 x g at 4°C in a 12 well cell culture plate. The coverslips with adhered nuclei were fixed using 10% formalin for 10 min. The coverslips were washed 3 times with 1X PBS for 10 min and then blocked for 30 min in blocking buffer (0.5% BSA in 1X PBS). The Anti-Wolbachia surface protein (WSP) antibody (BEI resources) was diluted 1:1000 in blocking buffer and placed on the coverslips overnight at 4°C. To remove excess antibody, the coverslips were washed 3 times in 1X PBS with 0.05% Tween-20 for 10 min. A goat anti-mouse IgG conjugated with Alexa Fluor 488 (Abcam) was used as secondary antibody to localize WSP. All subsequent steps were performed in the dark. The antibody was diluted 1:2000 in blocking buffer and placed on the coverslips for 1 h at room temperature. The nuclei were washed 3 times with 0.05% Tween-20 in 1X PBS for 5 min and then washed an additional 2 times in 1X PBS. Coverslips were placed upside down on to a glass microscope slide with a droplet of Prolong Gold Antifade Mount with DAPI (Thermo Fisher Scientific). The nuclei were imaged using a Zeiss LSM 880 confocal microscope. The channel images were pseudo colored and stacked using ImageJ (Fiji v2.1.0).



2.3 Nuclei isolation and ATAC-seq library preparation and sequencing

The Omni-ATAC-seq protocol (Corces et al., 2017) was adapted for fresh frozen nematodes. All steps were performed on ice unless noted otherwise. We prepared 2 biological replicates for each sex, with each replicate containing a pool of 3 worms. The frozen male and female worm samples were Dounce homogenized in 1X homogenization buffer (recipe in previous section) separately. The lysates were sequentially filtered through 70 μm, 40 μm and 20 μm filters, removing worm cuticles and undisrupted embryos. Nuclei were pelleted by spinning at 500 x g for 10 min in a fixed angle centrifuge at 4°C. After removing the supernatant, the pellet was resuspended in 1 mL ATAC Resuspension buffer (10 mM Tris–HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20) and pelleted again. The supernatant was completely removed, and the pellets were each resuspended in transposition mix containing 25 μL 2X tagmentation buffer (Diagenode), 2.5 μL loaded tagmentase (Diagenode), 16.5 μL 1X PBS, 0.5 μL 1% digitonin, 0.5 μL 10% Tween-20, and 5 μL ultrapure water. The samples were incubated at 37°C for 30 min at 1000 rpm in a thermomixer (Eppendorf). The tagmented DNA was cleaned up using the Monarch PCR and DNA Cleanup Kit (New England BioLabs) and eluted in 20 μL of ultrapure water. The libraries were indexed and amplified with 10 PCR cycles using unique dual indexes (Diagenode) and NEBNext High-Fidelity 2X PCR Master Mix (New England BioLabs). The libraries were size selected using consecutive AMPure XP bead (Beckman Coulter) clean ups by removing fragments bound to 0.5X beads and then keeping fragments bound to 1.0X beads. The samples were pooled and sequenced on a single flow cell of the Illumina NextSeq 550 to a depth of at least 20 million reads per library.



2.4 Genomic DNA library preparation and sequencing

Two biological replicates of genomic DNA (gDNA) from 10 adult female B. malayi worms were extracted using the Monarch High Molecular Weight DNA Extraction Kit for Tissue (New England BioLabs) using the standard protocol. DNA was run on a Pippin Pulse gel (Sage Science) and had an average length of 100 kb. The genomic DNA libraries were made following the Nextera DNA Library Prep Kit protocol (Illumina), starting with 50 ng of DNA. Replicate 1 was tagmented for 5 min and replicate 2 was tagmented for 15 min with 5 μL TDE1 at 55°C in the thermomixer. The reaction was cleaned using the Monarch PCR and DNA Cleanup kit. The libraries were indexed and amplified using Nextera dual indexes (Illumina) and NEBNext High-Fidelity 2X PCR Master Mix with 10 PCR cycles. Excess adapters and primers were removed by cleaning up with 1.5X AMPure XP beads (Beckman Coulter). The samples were pooled at equal concentrations and sequenced on a single flow cell of the Illumina NextSeq 550 to a depth of at least 20 million reads per library.



2.5 ATAC-seq analyses

Default options for each analysis tool were used unless noted otherwise. The paired-end reads from all libraries were trimmed to remove remaining adapter sequences and low quality bases using Cutadapt (v1.16) (Martin, 2011) with the –paired and –nextera options. The read quality was assessed using FastQC (v0.11.9) (Andrews, 2023). Some reads may map with equal quality to both the wBm and B. malayi genomes as a result of nuwt sequences. Therefore, we aligned all of the trimmed reads to both the reference B. malayi chromosomes (GCF_000002995.4) and the wBm genome (AE017321.1) separately and calculated the mapping percentages using Bowtie2 (version 2.4.5) (Langmead and Salzberg, 2012). To identify which reads map to both genomes, we first used “Samtools view -F 4 | cut -f 1” (v1.15.1) (Li et al., 2009) to extract mapped read names from each of the BAM files. The Unix “comm” command was then used to find the read names shared between the wBm and B. malayi mapped BAM files for each library. The proportion of shared reads was calculated by counting the number of common read names and dividing that by the total number of reads in each library. We retained the shared mapped reads in their respective BAM files for further analyses. Picard (v2.27.5) (Broadinstitute/picard Broad institute, 2023) was used to calculate the insert size (CollectInsertSzeMetrics) and to mark PCR duplicates (MarkDuplicates) in the BAM files. We used Deeptools (v3.5.1) (Ramírez et al., 2014) to make BigWig files (BamCoverage) of the ATAC-seq and gDNA libraries for visualization in IGV (v2.11.9) (Thorvaldsdóttir et al., 2013) and to calculate the sequencing depth (plotCoverage) for reads aligned to the B. malayi nuclear and Wolbachia chromosomes. We called peaks in the ATAC-seq samples aligned to the B. malayi nuclear chromosomes using MACS2 (v2.2.7.1) (Zhang et al., 2008) with an FDR cutoff for 0.05. ATAC-seq peaks that overlap with nuwt regions in the B. malayi genome were removed using Bedtools intersect (v2.30.0) (Quinlan and Hall, 2010), as we cannot determine if the reads originate from B. malayi or Wolbachia DNA. The BAM and filtered peak files were loaded into R using Diffbind (v3.4.11) (Stark and Brown, 2023) to create a read count matrix across all ATAC-seq samples for each peak region. This count matrix in Diffbind was then used to calculate the FRiP (fraction of reads in peaks) and Pearson correlation between replicates. We used ChIPseeker (v1.30.3) (Yu et al., 2015) to annotate ATAC-seq peaks to genomic features, with promoters calculated as 1 kb up and downstream of the first base in the gene model.



2.6 Wolbachia de novo genome assembly and assessment

Trimmed reads for female ATAC-seq and gDNA libraries were randomly downsampled to 10 million, 1 million, 500 thousand and 100 thousand total reads using Seqtk subseq (v1.3) (Li, 2023). We used SPAdes (v3.15.4) (Nurk et al., 2017; Prjibelski et al., 2020) to make metagenomic assemblies from the downsampled libraries with the “meta” setting. We mapped the reads from each library back to its respective assembly to obtain sequencing depth for each contig. Each assembly was aligned to the NCBI Nucleotide (NT) database (v5) containing Wolbachia genomes and to the B. malayi genome (GCF_000002995.4) using BLASTN (v2.13.0) (Altschul et al., 1990; Camacho et al., 2009). Blobtoolkit (v3.2.7) (Laetsch and Blaxter, 2017; Challis et al., 2020) was used to visualize and bin the ATAC-seq and gDNA assemblies (with 10 million input reads) by BLAST results, sequence coverage and GC content. Using the Blobtoolkit viewer, we filtered the gDNA and ATAC-seq assemblies using multiple metrics. First, all contigs with a length less than 500 bp were removed, as these are difficult to bin correctly (Strous et al., 2012; Gurevich et al., 2013; Vosloo et al., 2021). For the gDNA assembly, the contigs that aligned to bacterial sequences with BLASTN were kept to bin Wolbachia contigs. With the ATAC-seq assembly, all contigs with over 1,000X coverage were kept to isolate Wolbachia contigs from nematode sequences. The few remaining B. malayi (rRNA regions) and mitochondrial contigs were also removed based on BLAST results. Quast (v5.2.0) (Gurevich et al., 2013) was used to assess the genome qualities, with the published wBm genome (AE017321.1) and annotation used as a reference (Foster et al., 2005). With Quast, we identified the percentage of the genome assembled, misassembles, mismatches, N50, genome features, and contig number. BUSCO (v5.4.2) (Simão et al., 2015; Manni et al., 2021) with the bacteria odb10 database was also used within QUAST to assess genome completeness, comparing the gene content between the wBm reference and our new assemblies. We then used D-genies (v1.5.0) (Cabanettes and Klopp, 2018; Li, 2018) with Minimap2 alignment to visualize the alignment of our binned assemblies and the reference genome. BLASTN was used to map the binned assemblies to the reference wBm genome using output format 6. Columns 1, 7 and 8 were kept, creating a bed file to view the coordinates of gaps in our new assemblies using IGV. GenMap (v1.3.0) (Pockrandt et al., 2020) was used to identify repeats in the reference genome, by calculating the mappability of each region using 75 bp k-mers, the same length as our sequencing reads. Using Bedtools intersect (v2.30.0) (Quinlan and Hall, 2010), we found overlaps between the gaps in our new assemblies and the repeat regions of the reference genome. Bedtools intersect was also used to calculate overlap between mismatches and SNPs (identified with QUAST) with nuwts in the wBm genome. The repeat length, score and assembly status were visualized using ggplot2 (Valero-Mora, 2010).



2.7 Genome assembly with published ATAC-seq data

SRA-toolkit (v2.11.1) was used to download ATAC-seq runs from C. elegans (SRR5000677) (Daugherty et al., 2017) and human dendritic cells infected with M. tb (SRR1725731) (Pacis et al., 2015). The raw reads were trimmed with Cutadapt as described above (Section 2.5). We used Kraken2 (v2.1.3) (Wood et al., 2019) to classify the trimmed reads by taxonomy. The reads were then assembled with Spades as described above (Section 2.6). The trimmed reads were mapped back to the new assemblies using Bowtie2 to calculate sequencing depth. The assemblies were aligned to the NCBI NT database using BLASTN. The assemblies, coverage files and BLASTN results were visualized with Blobtoolkit.




3 Results


3.1 Prescence of Wolbachia cells after nuclei isolation

ATAC-sequencing using the Tn5 transposase was performed on adult B. malayi, containing Wolbachia endosymbionts. Nuclei isolation is the first step in ATAC-seq library preparation. Wolbachia presence after cell membrane lysis was confirmed with immunofluorescent staining. Wolbachia cells were stained using the anti-WSP antibody, while B. malayi nuclei were stained with DAPI. Intact Wolbachia cells can be seen amongst the nematode nuclei, confirming that Wolbachia DNA will be present during ATAC-sequencing (Figure 1).
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FIGURE 1
 Immunofluorescent detection of Wolbachia. (A) DAPI stain (blue) of isolated Brugia malayi nuclei. (B) Anti-WSP detection in the nuclei isolation using an anti-mouse IgG secondary antibody conjugated with Alexa Fluor 488 (pseudo colored red). (C) Merged image, showing the presence of Wolbachia cells in Brugia malayi nuclei extraction. All images at 40X, Scale = 100 μm.




3.2 Brugia malayi chromatin accessibility

ATAC-seq and gDNA libraries were aligned to both the B. malayi and Wolbachia genomes. Both libraries had an average insert size of 100 bp (Supplementary Figure S1). The Tn5 transposase cuts and attaches sequencing adapters to DNA that is not surrounded by histones. Since bacterial genomes do not contain histones, we expected an enrichment of Wolbachia reads in ATAC-seq libraries. We found that at least 60% of reads mapped to the Wolbachia genome in the adult female ATAC-seq libraries, while only 1.19% of reads were from the bacteria in the standard gDNA libraries (Figure 2; Supplementary Table S1). This represents an over 50-fold enrichment of bacterial reads when transposase library preparation is used on samples containing intact chromatin. 23.27% of reads map only to the B. malayi nuclear and mitochondrial chromosomes in the ATAC-seq library, with 96% of reads mapping to these chromosomes in the gDNA library. A small proportion of reads map to both the B. malayi nuclear and wBm chromosomes. These most likely represent reads mapping to nuwts, as these sequences are found in both species. There is a higher number of these dual-mapped reads in the ATAC-seq library. The bulk of these reads are likely originating from Wolbachia, as a result of the overall enrichment of the bacterial sequences. The remaining reads are unassigned or map to the gerbil genome, which is the laboratory host for the nematode.
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FIGURE 2
 Mapping statistics of ATAC-seq and gDNA libraries from Brugia malayi samples containing Wolbachia. The proportion of reads mapping to the Brugia malayi and mitochondrial chromosomes only is shown blue. The proportion of reads mapping to the Wolbachia genome only is shown in yellow. The proportion of reads that multi-map to both the Brugia malayi and wBm chromosomes are shown in black. Reads that are unmapped are shown in grey.


When mapped on the B. malayi nuclear genome, ATAC-seq reads pile up in distinct regions called peaks, while gDNA reads map relatively uniformly across the chromosomes (Figure 3A). The ATAC-seq peaks correspond to open chromatin regions where transcription factors can bind the DNA and actively regulate gene expression. Many peaks are shared across males and females. However, some peaks can only be found in one sample type, resulting in a unique chromatin landscape dependent on the nematode sex. The read coverage distribution was calculated for ATAC-seq and gDNA reads mapped to the B. malayi chromosomes (Supplementary Figure S2). The gDNA libraries have a bell-shaped coverage distribution curve, with an average depth of 25 reads. Both the male and female ATAC-seq libraries have an L shaped coverage distribution curve with an average depth of 16.8 and 9.7 reads, respectively. This means that the gDNA libraries have a more uniform coverage across all of the B. malayi chromosomes, while most genomic regions have little to no coverage in the ATAC-seq samples, as expected.
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FIGURE 3
 Brugia malayi chromatin accessibility. (A) IGV trace showing an example of ATAC-seq and gDNA read alignments in Brugia malayi Chr1. Adult female ATAC-seq replicates are shown in blue, adult males in orange and gDNA in green. Genes are shown in black. The scale for the ATAC-seq libraries is 0–1,500 and 0–500 for gDNA. (B) Heatmap showing the Pearson correlation between ATAC-seq samples. Dark colors correspond to higher correlation coefficients. (C) Pie chart showing proportion of ATAC-seq peaks mapped to each genomic feature.


Using Pearson correlation, we find that biological ATAC-seq replicates cluster together, showing the reproducibility of our data with this optimized ATAC-seq method (Figure 3B). The clustering also shows that males and females have global differences in the chromatin accessibility. The ATAC-seq peaks were assigned to genomic features using the B. malayi genome annotation (Figure 3C). Promoter regions (defined as 1 kb up- and downstream of the first base in the gene model) had the greatest number of peaks at 46.2%. Distal intergenic regions, which generally correspond to enhancers, have 27.3% of the peaks. The other 26.5% of peaks fall in genic regions, including untranslated regions, exons, and introns. An enrichment of peaks at promoter regions has been observed in other ATAC-seq datasets. In mammals, around 10–25% of peaks are found in promoter regions (Chung et al., 2018; Yan et al., 2020). Drosophila melanogaster data is more similar to B. malayi, where 40–50% of peaks are found in promoters (Santiago et al., 2021; Dhall et al., 2023).



3.3 Enrichment of Wolbachia reads in Brugia malayi ATAC-seq

As mentioned in the previous section, there was an enrichment of Wolbachia reads in the ATAC-seq libraries compared to the gDNA libraries. We found that the read coverage is almost uniform across the Wolbachia genome in all of the libraries, with much higher sequencing depth in the ATAC-seq libraries (Figure 4A). The average coverage distribution across the Wolbachia genome was calculated for all libraries (Figures 4B,C). The gDNA libraries had a bell-shaped distribution, with an average depth of 29.5 reads, similar to that observed for the nematode chromosomes (Figure 4B; Supplementary Figure S2). The male and female ATAC-seq libraries also had a bell-shaped distribution, with an average read depth of 1856.6 and 1991 reads, respectively (Figure 4C). The sequencing depth and coverage from the ATAC-seq libraries is much higher in the Wolbachia chromosome than in the B. malayi chromosomes (Supplementary Figure S2). There are some regions with higher read depth in the wBm genome with both library preparation methods, however, these regions have different coordinates in the ATAC-seq and gDNA libraries. There is a slight GC (guanine + cytosine) bias in the ATAC-seq libraries, leading to higher read coverage in genomic regions with higher GC content (Supplementary Figure S3). The gDNA libraries have an increase in sequencing depth over nuwts, with almost twice as many average reads compared to regions that have not been transferred to the B. malayi nuclear genome (Supplementary Table S2). ATAC-seq libraries have uniform depth between nuwts and the rest of the wBm genome. Therefore, reads from B. malayi nuwts artificially increase read depth in gDNA libraries, while they do not appear to have any effects on ATAC-seq mapping. This means that ATAC-seq reads mapping to the nuwts in the wBm genome most likely originate from Wolbachia. There is a similar distribution of reads mapping to the wBm and B. malayi chromosomes in the adult male and adult female ATAC-seq samples (Supplementary Table S1). While the larger females contain an overall higher number of Wolbachia, the ratio of Wolbachia cells to nematode nuclei appear to be similar between the two sexes (McGarry et al., 2004). Additionally, the Wolbachia containing embryos were removed during nuclei isolation, resulting in a loss of the embryonic Wolbachia DNA in the female libraries. Therefore, it is unsurprising that the adult female samples do not have a significantly higher proportion of Wolbachia reads than the adult males.

[image: Figure 4]

FIGURE 4
 Read coverage across the Wolbachia genome. (A) IGV trace showing read alignment across the wBm genome. ATAC-seq library tracks have a scale of 0–7,500 reads and the gDNA track has a scale of 1,000 reads per 50 bp bin. The nuclear transfer origins are shown in dark blue. GC fraction is shown in black with a scale of 0–1 with the solid black line representing 0.5. (B) Distribution of gDNA read depth across the wBm genome, with an average depth of 29.5. (C) Distribution of ATAC-seq read depth across the wBm genome. The female library has an average depth of 1991 reads and the male library has an average depth of 1856.6 reads. Colors correspond to sample type with female ATAC-seq in blue, male ATAC-seq in orange and gDNA in green. 100,000 bases were randomly sampled across the wBm reference genome for (B,C).




3.4 Wolbachia de novo genome assembly

Metagenomic assemblies for female ATAC-seq and gDNA libraries were created using metaSpades(Nurk et al., 2017) from 10 million randomly subsampled reads. We used Blobtools to visualize and bin our assemblies based on GC content, BLASTN alignment, and sequencing depth (Figure 5) (Laetsch and Blaxter, 2017; Challis et al., 2020). The plots show each contig represented as a circle, where the size represents the length of the contig, and the color represents the BLAST results. GC content and read coverage are represented on the x and y-axis, respectively. In both the ATAC-seq and gDNA assemblies, the contigs cannot be binned by GC content, as both the B. malayi and Wolbachia genomes are AT rich with similar GC percentages (25 and 34%, respectively) (Foster et al., 2005; Tracey et al., 2020). In the ATAC-seq assembly, the contigs can be binned by both coverage and BLAST results alone (Figure 5A). A combination of the two can be used to remove the few remaining B. malayi contigs from the coverage binning method. The contigs assigned to B. malayi with high coverage contain the ribosomal RNA (rRNA) tandem repeat, which appears to be completely open in B. malayi chr2 (Supplementary Figure S4), and the complete mitochondrial chromosome, which located outside of the nucleus and does not contain histones (Supplementary Figure S4). The gDNA assembly cannot be binned using coverage, as there is uniform coverage throughout both B. malayi and Wolbachia chromosomes (Figure 5B). Therefore, the contigs from the ATAC-seq assembly were binned using a coverage cutoff of 1,000, with the B. malayi mitochondria and rRNA tandem repeats removed, while the contigs from the gDNA assembly were binned by BLAST results only.
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FIGURE 5
 Visualization of assemblies using Blobtools. (A) Blobtools plot showing Female ATAC-seq de novo assembly. (B) Blobtools plot showing gDNA de novo assembly. In both plots, contigs are represented by circles, where the size corresponds to the length of the contig. The color of the circles displays the BLAST results, where blue contigs match eukaryotic sequences, yellow contigs match bacterial sequences and black contigs do not match to any sequences in the NCBI Nucleotide database. The x-axis is the GC content of the contigs. The y-axis is the coverage of the contigs, after the starting reads are mapped back onto the new assemblies. The y-axis labels are the actual values, while the distance between tick marks is on a log10 scale. The length of the contigs is summed by GC content bins (top of each plot) and by converge bins (right of each plot).


We end up with a more complete and correct assembly using ATAC-seq libraries compared to the gDNA library (Table 1; Figure 6). The ATAC-seq assembly has 56 contigs that align to the wBm genome, covering over 97% of the reference (Figure 6A). The gDNA assembly still covers 96% of the wBm genome, however the assembly is much more fragmented with 333 contigs aligning to the reference (Figure 6B). The ATAC-seq assembly has larger contigs, resulting in a much higher N50 value compared to the gDNA assembly, with 37,139 bp versus 7,533 bp, respectively (Table 1). The gDNA library has 9 misassemblies, including inversions, relocations, and translocations, while the ATAC-seq assembly has none. Additionally, the DNA from both the gDNA and ATAC-seq libraries were derived from the same batch of worms yet the gDNA library has 308 nucleotides that do not match the wBm reference genome and the ATAC-seq library only has one nucleotide change. 87.4% of the nucleotide mismatches in the gDNA assembly fall within nuwts and are most likely the result of nucleotide changes in the host nuclear genome. The ATAC-seq mismatch falls outside of nuwts and is either a real nucleotide change or is the result of a PCR error.



TABLE 1 Genome quality statistics for the new assemblies calculated using QUAST.
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FIGURE 6
 Alignments of new assemblies to the wBm reference genome. (A) ATAC-seq assembly with 56 contigs mapping to the wBm reference genome. (B) gDNA assembly with 333 contigs mapping to the wBm reference genome. The genomes were aligned using minimap2 and the dot plots were created with D-genies. All contigs are sorted based on the coordinates of the reference genome. Grey dashed lines represent contig boundaries.


Although we had an average sequencing depth of almost 2000X, there are still some gaps present in the ATAC-seq assembly. To determine whether the gaps are from repetitive regions or low read coverage, we first identified repeats in the wBm reference genome. These regions may be more difficult to assemble with short read sequencing. Repeat scores of the genomic sequences were calculated by taking the inverse of the mappability score (1 – m, where m = mappability). We mapped our ATAC-seq contigs onto the reference genome to identify the coordinates of our gaps and compared this to the sequencing coverage and repetitive regions (Supplementary Figure S5A). The gaps overlap with the repeats and are not correlated with read coverage and depth. However, not all repeats resulted in gaps in the assembly. When the repeats were plotted by repeat score and repeat length, we found that repeats longer than 163 bps were not assembled, except for two repeats with lengths of 557 and 584 bps (Supplementary Figure S5B). Therefore, gaps are generally caused by repeats significantly longer than our average fragment size and are not a result of low read coverage.



3.5 De novo genome assembly with decreasing starting sequencing reads

Deep sequencing of samples containing endosymbionts has been previously used to assemble unculturable bacterial genomes (Kumar and Blaxter, 2011; Mackelprang et al., 2011). These datasets contain hundreds of millions of reads, resulting in high sequencing and computational costs. We were able to obtain a high-quality assembly using only 10 million reads from our ATAC-seq dataset. Here, we further subsampled the starting read numbers to determine how many reads are necessary for Wolbachia genome assembly using both ATAC-seq and standard gDNA methods. The original ATAC-seq and gDNA libraries were randomly downsampled to 20, 10, 1, 0.5, 0.25 and 0.1 million total reads. These libraries with decreasing read numbers were then assembled using metaSpades (Nurk et al., 2017), as described in the previous section.

The metagenomic assemblies were evaluated and compared to the wBm reference genome using QUAST (Gurevich et al., 2013). We determined the length of each new assembly and compared it to that of the reference genome (Figure 7A). The gDNA assemblies created with 20 and 10 million starting reads resulted in an over assembly of the Wolbachia genome, indicating sequences are either inappropriately duplicated or B. malayi sequences are incorrectly added into the bacterial assembly because of nuwts. The gDNA assembly created with 1 million reads is much shorter than the reference, meaning there is not enough sequencing coverage to assemble the bacterial genome. The ATAC-seq genomes made with 20, 10, 1 and 0.5 million reads are all assembled to a similar length as the reference. The ATAC-seq data does not have the issue with over assembly when higher numbers of starting reads are used, likey because of increased correct reads originating from Wolbachia cells and little to no reads from the B. malayi nuwts. Even at 250 thousand reads, the ATAC-seq assembly results in an almost complete genome but with a larger number of contigs.
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FIGURE 7
 Genome length and genomic feature calculations from assemblies with decreasing input reads. (A) Graph showing the length of assemblies with decreasing starting reads compared to the wBm reference genome. The x-axis represents the number of contigs, and the y-axis represents the sum length of the contigs in millions of base pairs. (B) Graph showing the number of genomic features (genes) found in each assembly compared to that of the wBm reference genome. The x-axis represents the number of contigs, and the y-axis represents the sum of the genomic features assembled. The color of the line represents the assembly. In both panels the grey dotted line corresponds to the corresponding value in the wBm reference genome.


Another important aspect of genome quality is the presence of genomic features, such as genes. We identified the number of genomic features found in our new assemblies and compared these values to the wBm reference annotation which has 804 genomic features (Foster et al., 2005) (Figure 7B). The ATAC-seq assemblies with 10 and 20 million reads both have 787 genomic features assembled, while the genome from 1 million reads has slightly fewer with 779. The gDNA assembly with 20 million reads has only 730 genomic features, despite having a longer genome length. The genes present in the gDNA assemblies drop down to 677 with 10 million reads and only 6 genes assembled with 1 million starting reads. Therefore, the use of ATAC-seq for bacterial symbiont assembly results in higher quality genomes and requires a lower number of reads, resulting in less expensive sequencing costs.



3.6 Bacterial enrichment in published ATAC-seq datasets

Having determined that ATAC-seq performs efficiently as a bacterial sequence enrichment method for B. malayi and Wolbachia, we wanted to determine if this method works across diverse bacteria and eukaryote pairs using published ATAC-seq datasets (Pacis et al., 2015; Daugherty et al., 2017) (Supplementary Figure S6). Daugherty et al., published an ATAC-seq dataset in C. elegans across life cycle stages (Daugherty et al., 2017). We focused on the young adult sample (SRR5000677), as the nematodes at this life cycle stage consume OP50 E. coli as their primary food source. The dataset had 82.8% of total reads originating from E. coli DNA, with only 16.5% of reads mapping to C. elegans. Pacis et al., identified open chromatin in human dendritic cells (DCs) infected with M. tb using ATAC-seq (Pacis et al., 2015). The study used 5 M. tb cells per individual human DC. When taking into account the length of their respective genomes and the 5:1 ratio of bacterial to eukaryotic cells, we would expect 0.6% of the reads to originate from bacterial DNA if no enrichment method is used. This dataset (SRR1725731) contains 31.8% bacterial reads and 67.4% human reads. This results in a 50-fold enrichment of bacteria sequences over the expected value, similar to the enrichment we report here for B. malayi and Wolbachia. We created de novo assemblies from these datasets to obtain OP50 and M. tb genomes using metaSpades (Nurk et al., 2017). Similar to the ATAC-seq Wolbachia assemblies, we found higher read coverage on the bacterial contigs (Figure 8). These results demonstrate the bacterial sequence enrichment capabilities of ATAC-seq for bacteria with large genomes over 4 million bps.
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FIGURE 8
 Visualization of C. elegans with E. coli and Human with M. tb ATAC-seq assemblies with Blobtools. (A) Blobtools plot showing de novo genome assembly from published C. elegans ATAC-seq data contaminated with OP50 E. coli. (B) Blobtools plot showing de novo genome assembly with published ATAC-seq data from human DCs infected with M. tb. Further details for the plot organization are described in the Figure 5 legend.





4 Discussion

Sequencing of symbiont genomes is important in order to study complex co-evolution between species, including parasitic, mutualistic and obligate relationships (Moran et al., 2000; Wernegreen, 2002; McCutcheon and Moran, 2012). Here, we present a new use for ATAC-sequencing as a method of bacterial sequence enrichment for metagenome assembly. We used B. malayi containing the endosymbiotic bacteria Wolbachia as a proof of principal for de novo genome assembly. There is over 50-fold enrichment of bacterial sequences in our ATAC-seq datasets compared to that of the standard gDNA libraries. This is a result of the lack of histones in the bacteria. The Tn5 transposase is able to cut the bacterial DNA uniformly, whereas only a small fraction of eukaryotic chromatin is cut corresponding to regions where no nucleosomes are present. Therefore, only a small proportion of the B. malayi genome is sequenced, while the whole Wolbachia genome is sequenced at high levels. Future ATAC-seq datasets containing a mixture of prokaryotic and eukaryotic organisms will determine if this method can be used to quantify the ratio of bacterial cells and host cells present within a sample.

When mapped to the B. malayi nuclear chromosomes, the ATAC-seq reads pile up in peaks, corresponding to the accessible regions of the genome. The chromatin structure is unique across adult males and females, which may lead to their specialized gene expression. The peaks are highly enriched in gene promoters, with a proportion of 46.2%. This enrichment is higher than what is typically observed in mammals (Chung et al., 2018; Yan et al., 2020). Similar to B. malayi, nearly 50% of peaks fall in promoter regions in Drosophila melanogaster (Santiago et al., 2021; Dhall et al., 2023). There appears to be a smaller proportion of enhancers in nematodes and arthropods when compared to mammals, which may relate to their smaller genomes.

With the high proportion of reads mapping to the Wolbachia chromosome, we hypothesized that ATAC-seq could be an efficient sequencing method for de novo genome assembly of bacterial endosymbionts. We assembled genomes from both the ATAC-seq and gDNA libraries using metaSpades and performed quality assessment using Blobtools and QUAST (Gurevich et al., 2013; Laetsch and Blaxter, 2017; Nurk et al., 2017). The ATAC-seq assembly can be binned into Wolbachia and B. malayi contigs by read coverage alone, meaning a reference genome is not required to separate out the bacterial genome. This method can be useful when working with samples that contain unknown bacterial species. The ATAC-seq assembly is also higher quality than gDNA assembly across every metric measured, including contig number, N50, misassemblies, and nucleotide mismatches. The gDNA genome is over assembled, meaning that sequences are inappropriately incorporated into the assembly. This results in a longer length and an increased number of misassemblies. Additionally, the gDNA assembly has over 300 incorrect nucleotide changes compared to just one in the ATAC assembly. The gDNA assembly seems to be affected by nuwt sequences from the B. malayi nuclear genome, as these chromosomes have similar sequencing depth to the wBm genome. Therefore, the assembler cannot determine which sequence is correct for the Wolbachia assembly, resulting in B. malayi sequence incorporation. The ATAC-seq assembly does not have this issue, as there is significantly more sequencing depth over the regions transferred as nuwts originating from the Wolbachia, resulting in incorporation of the correct bacterial sequences. ATAC-seq shows vast improvement on assembly with symbiotic species which have experienced lateral gene transfer. Additionally, with ATAC-seq assembly, as few as 1 million starting reads can be used, while maintaining high quality of the resulting genome, including total length, low contig number and a high proportion of assembled genes. This aspect of ATAC-seq allows for lower sequencing and computational costs when compared to standard deep sequencing methods.

One drawback to the ATAC-seq enrichment method is the use of short read sequencing. Longer reads cannot be used, as enrichment involves the cutting of the histone free DNA. Despite high read coverage across the entire Wolbachia genome, we still have some gaps between contigs, specifically in highly repetitive regions. Repeats significantly longer than our fragment sizes could not be assembled, regardless of coverage depth. While ATAC-seq can still be used for high quality de novo genome assembly, it will also be useful for bacterial population genomics or SNP analysis, where short read sequencing is commonly used in combination with a long-read based reference genome (Joseph and Read, 2010; Epstein et al., 2012; Cornejo et al., 2013). Optimization of the ATAC-seq protocol, such as enzyme dilution, or lower Tn5 temperature and incubation time, may allow for longer reads. The ATAC-seq libraries also show more of a GC bias than the gDNA libraries. Therefore, ATAC-seq appears to be more sensitive to PCR bias with increasing PCR cycles (Benjamini and Speed, 2012). In future experiments, a lower number of cycles can be used, as we obtained a high yield from the ATAC libraries using 10 cycles.

Many comparative genomics studies are from field and clinical samples, where the starting material is limited, and the bacteria are unculturable outside of the host. An additional advantage to ATAC-seq, beyond bacterial sequence enrichment, is low sample input requirements. ATAC-seq can be performed on as little as 500 total cells with less than a day of library preparation time (Grandi et al., 2022).

Finally, ATAC-seq bacterial enrichment can be used beyond Wolbachia genome assembly. Bacterial enrichment was found in two previously published ATAC-seq datasets in C. elegans and human DCs (Pacis et al., 2015; Daugherty et al., 2017). Over 80% of reads from the C. elegans library originated from their food source, OP50 E.coli. In human DCs ATAC-seq data, there was also a 50-fold enrichment of M. tb sequences, similar to what we observed in our B. malayi and Wolbachia dataset. We were able to perform de novo assembly on the C. elegan and human libraries, resulting in bacterial genomes around 4 million base pairs long. These results show the utility of ATAC-seq enrichment across a wide variety of samples containing both eukaryotes and bacteria.



5 Conclusion

ATAC-seq provides a novel enrichment method for unculturable endosymbiotic bacterial sequences and can improve metagenome assembled genomes. We assembled higher quality genomes using ATAC-seq compared to standard gDNA sequencing, with as few as 1 million starting reads. Lateral gene transfer is common between closely associated bacterial endosymbionts and their eukaryotic hosts. ATAC-seq is able to correctly assemble these sequences that have been transferred to the host nuclear genome, while standard gDNA sequencing results in incorporation of incorrect sequences due to similar sequencing coverage of the bacteria and host. Compared to other symbiont sequencing methods, ATAC-seq requires a very low amount of starting material and sequencing depth. One of the main benefits of this method is the ability to enrich, sequence, assemble and bin contigs from unknown bacterial species, as no reference genome is required. ATAC-seq bacterial sequence enrichment will be beneficial for studying the complex relationships between bacteria and eukaryotes in symbiosis, infectious disease, agriculture, and microbiome research.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/, PRJNA1043224 https://figshare.com/, doi:10.6084/m9.figshare.24703149.v1 https://figshare.com/, doi:10.6084/m9.figshare.24701145.v1 https://figshare.com/, doi:10.6084/m9.figshare.24702282.v1 https://figshare.com/, doi:10.6084/m9.figshare.24702858.v1.



Author contributions

LC: Conceptualization, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. JD: Funding acquisition, Supervision, Writing – review & editing. JF: Conceptualization, Funding acquisition, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Research and salaries were funded by New England BioLabs and by federal funds from the National Institute of Allergy and Infectious Diseases, National Institute of Health, Department of Health and Human Services under grant number U19AI110820.



Acknowledgments

We thank New England BioLabs for supporting parasitology research, particularly Thomas Evans, Salvatore Russello and the late Donald Comb. We would also like to thank the NEB sequencing core. Finally, we acknowledge the Filariasis Research reagent Resource Center for supplying the nematodes used in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1352378/full#supplementary-material



References

 Acuña, R., Padilla, B. E., Flórez-Ramos, C. P., Rubio, J. D., Herrera, J. C., Benavides, P., et al. (2012). Adaptive horizontal transfer of a bacterial gene to an invasive insect pest of coffee. Proc. Natl. Acad. Sci. USA 109, 4197–4202. doi: 10.1073/pnas.1121190109 

 Aljayyoussi, G., Tyrer, H. E., Ford, L., Sjoberg, H., Pionnier, N., Waterhouse, D., et al. (2017). Short-course, high-dose rifampicin achieves Wolbachia depletion predictive of curative outcomes in preclinical models of lymphatic Filariasis and onchocerciasis. Sci. Rep. 7:210. doi: 10.1038/s41598-017-00322-5 

 Almeida, A., Mitchell, A. L., Boland, M., Forster, S. C., Gloor, G. B., Tarkowska, A., et al. (2019). A new genomic blueprint of the human gut microbiota. Nature 568, 499–504. doi: 10.1038/s41586-019-0965-1

 Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

 Andrews, S. FastQC. (2023). Available at: https://github.com/s-andrews/FastQC (Accessed October 31, 2023).

 Ashton, M., Rosado, W., Govind, N. S., and Tosteson, T. R. (2003). Culturable and nonculturable bacterial symbionts in the toxic benthic dinoflagellate Ostreopsis lenticularis. Toxicon 42, 419–424. doi: 10.1016/S0041-0101(03)00174-0 

 Bäckhed, F., Ley, R. E., Sonnenburg, J. L., Peterson, D. A., and Gordon, J. I. (2005). Host-bacterial mutualism in the human intestine. Science 307, 1915–1920. doi: 10.1126/science.1104816 

 Balloux, F., and van Dorp, L. (2017). Q&a: what are pathogens, and what have they done to and for us? BMC Biol. 15:91. doi: 10.1186/s12915-017-0433-z 

 Bandi, C., Anderson, T. J., Genchi, C., and Blaxter, M. L. (1998). Phylogeny of Wolbachia in filarial nematodes. Proc. R. Soc. B Biol. Sci. 265, 2407–2413. doi: 10.1098/rspb.1998.0591 

 Bandi, C., Trees, A. J., and Brattig, N. W. (2001). Wolbachia in filarial nematodes: evolutionary aspects and implications for the pathogenesis and treatment of filarial diseases. Vet. Parasitol. 98, 215–238. doi: 10.1016/S0304-4017(01)00432-0

 Bazzocchi, C., Mortarino, M., Grandi, G., Kramer, L. H., Genchi, C., Bandi, C., et al. (2008). Combined ivermectin and doxycycline treatment has microfilaricidal and adulticidal activity against Dirofilaria immitis in experimentally infected dogs. Int. J. Parasitol. 38, 1401–1410. doi: 10.1016/j.ijpara.2008.03.002 

 Benjamini, Y., and Speed, T. P. (2012). Summarizing and correcting the GC content bias in high-throughput sequencing. Nucleic Acids Res. 40:e72. doi: 10.1093/nar/gks001 

 Broadinstitute/picard Broad institute; (2023). Available at: https://github.com/broadinstitute/picard (Accessed October 31, 2023).

 Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y., and Greenleaf, W. J. (2013). Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat. Meth. 10, 1213–1218. doi: 10.1038/nmeth.2688 

 Bull, M. J., and Plummer, N. T. (2014). Part 1: the human gut microbiome in health and disease. Integr Med Clin J. 13, 17–22.

 Cabanettes, F., and Klopp, C. (2018). D-GENIES: dot plot large genomes in an interactive, efficient and simple way. PeerJ. 6:e4958. doi: 10.7717/peerj.4958 

 Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al. (2009). BLAST+: architecture and applications. BMC Bioinform. 10:421. doi: 10.1186/1471-2105-10-421 

 Campbell, W. C. (1991). Ivermectin as an antiparasitic agent for use in humans. Ann. Rev. Microbiol. 45, 445–474. doi: 10.1146/annurev.mi.45.100191.002305

 Challis, R, Richards, E, Rajan, J, Cochrane, G, and Blaxter, M. BlobToolKit – interactive quality assessment of genome assemblies. G3 Genes Genomes Genetics. (2020); 10:1361–74. doi: 10.1534/g3.119.400908

 Chen, H., Zhang, M., and Hochstrasser, M. (2020). The biochemistry of cytoplasmic incompatibility caused by endosymbiotic Bacteria. Genes 11:852. doi: 10.3390/genes11080852 

 Chung, M, Teigen, L, Libro, S, Bromley, RE, Kumar, N, Sadzewicz, L , et al. (2018). Multispecies transcriptomics data set of Brugia malayi, its Wolbachia endosymbiont wBm, and Aedes aegypti across the B. Malayi life cycle. Microbiol. Res. Announc. 7:e01306-18.

 Clare, R. H., Bardelle, C., Harper, P., Hong, W. D., Börjesson, U., Johnston, K. L., et al. (2019). Industrial scale high-throughput screening delivers multiple fast acting macrofilaricides. Nat. Commun. 10:11. doi: 10.1038/s41467-018-07826-2 

 Corces, M. R., Trevino, A. E., Hamilton, E. G., Greenside, P. G., Sinnott-Armstrong, N. A., Vesuna, S., et al. (2017). An improved ATAC-seq protocol reduces background and enables interrogation of frozen tissues. Nat. Meth. 14, 959–962. doi: 10.1038/nmeth.4396 

 Cornejo, O. E., Lefébure, T., Pavinski Bitar, P. D., Lang, P., Richards, V. P., Eilertson, K., et al. (2013). Evolutionary and population genomics of the cavity causing Bacteria Streptococcus mutans. Mol. Biol. Evol. 30, 881–893. doi: 10.1093/molbev/mss278 

 Coulibaly, Y. I., Dembele, B., Diallo, A. A., Lipner, E. M., Doumbia, S. S., Coulibaly, S. Y., et al. (2009). A randomized trial of doxycycline for Mansonella perstans infection. N. Engl. J. Med. 361, 1448–1458. doi: 10.1056/NEJMoa0900863 

 Dam, H. T., Vollmers, J., Sobol, M. S., Cabezas, A., and Kaster, A. K. (2020). Targeted cell sorting combined with single cell genomics captures low abundant microbial dark matter with higher sensitivity than metagenomics. Front Microbiol 11, 11:1377. doi: 10.3389/fmicb.2020.01377 

 Darby, A. C., Armstrong, S. D., Bah, G. S., Kaur, G., Hughes, M. A., Kay, S. M., et al. (2012). Analysis of gene expression from the Wolbachia genome of a filarial nematode supports both metabolic and defensive roles within the symbiosis. Genome Res. 22, 2467–2477. doi: 10.1101/gr.138420.112 

 Daugherty, A. C., Yeo, R. W., Buenrostro, J. D., Greenleaf, W. J., Kundaje, A., and Brunet, A. (2017). Chromatin accessibility dynamics reveal novel functional enhancers in C. elegans. Genome Res. 27, 2096–2107. doi: 10.1101/gr.226233.117 

 Dhall, J. K., Kasturacharya, N., Pandit, A., and Cp, L. (2023). Optimized protocol for assay for transposase-accessible chromatin by sequencing (ATAC-seq) from Drosophila melanogaster brain tissue. STAR Protoc. 4:102153. doi: 10.1016/j.xpro.2023.102153 

 Douglas, A. E. (2014). Symbiosis as a general principle in eukaryotic evolution. Cold Spring Harb. Perspect. Biol. 6:a016113. doi: 10.1101/cshperspect.a016113 

 Drew, G. C., Stevens, E. J., and King, K. C. (2021). Microbial evolution and transitions along the parasite–mutualist continuum. Nat. Rev. Microbiol. 19, 623–638. doi: 10.1038/s41579-021-00550-7 

 Epstein, B., Branca, A., Mudge, J., Bharti, A. K., Briskine, R., Farmer, A. D., et al. (2012). Population genomics of the Facultatively mutualistic Bacteria Sinorhizobium meliloti and S. medicae. PLoS Genet. 8:e1002868. doi: 10.1371/journal.pgen.1002868

 Fenollar, F., La Scola, B., Inokuma, H., Dumler, J. S., Taylor, M. J., and Raoult, D. (2003). Culture and phenotypic characterization of a Wolbachia pipientis isolate. J. Clin. Microbiol. 41, 5434–5441. doi: 10.1128/JCM.41.12.5434-5441.2003

 Foster, J., Ganatra, M., Kamal, I., Ware, J., Makarova, K., Ivanova, N., et al. (2005). The Wolbachia genome of Brugia malayi: endosymbiont evolution within a human pathogenic nematode. PLoS Biol. 3:e121. doi: 10.1371/journal.pbio.0030121 

 Foster, J. M., Kumar, S., Ganatra, M. B., Kamal, I. H., Ware, J., Ingram, J., et al. (2004). Construction of bacterial artificial chromosome libraries from the parasitic nematode Brugia malayi and physical mapping of the genome of its Wolbachia endosymbiont. Int. J. Parasitol. 34, 733–746. doi: 10.1016/j.ijpara.2004.02.001 

 Geniez, S., Foster, J. M., Kumar, S., Moumen, B., LeProust, E., Hardy, O., et al. (2012). Targeted genome enrichment for efficient purification of endosymbiont DNA from host DNA. Symbiosis Phila Pa. 58, 201–207. doi: 10.1007/s13199-012-0215-x 

 Gladyshev, E. A., Meselson, M., and Arkhipova, I. R. (2008). Massive Horizontal Gene Transfer in Bdelloid Rotifers. Science 320, 1210–1213. doi: 10.1126/science.1156407 

 Grandi, F. C., Modi, H., Kampman, L., and Corces, M. R. (2022). Chromatin accessibility profiling by ATAC-seq. Nat. Protoc. 17, 1518–1552. doi: 10.1038/s41596-022-00692-9 

 Grote, A., Voronin, D., Ding, T., Twaddle, A., Unnasch, T. R., Lustigman, S., et al. (2017). Defining Brugia malayi and Wolbachia symbiosis by stage-specific dual RNA-seq. PLoS Negl. Trop. Dis. 11:e0005357. doi: 10.1371/journal.pntd.0005357

 Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality assessment tool for genome assemblies. Bioinformatics 29, 1072–1075. doi: 10.1093/bioinformatics/btt086 

 Hedges, L. M., Brownlie, J. C., O’Neill, S. L., and Johnson, K. N. (2008). Wolbachia and virus protection in insects. Science 322:702. doi: 10.1126/science.1162418

 Hilgenboecker, K., Hammerstein, P., Schlattmann, P., Telschow, A., and Werren, J. H. (2008). How many species are infected with Wolbachia? – a statistical analysis of current data. FEMS Microbiol. Lett. 281, 215–220. doi: 10.1111/j.1574-6968.2008.01110.x 

 Hoerauf, A., Specht, S., Büttner, M., Pfarr, K., Mand, S., Fimmers, R., et al. (2008). Wolbachia endobacteria depletion by doxycycline as antifilarial therapy has macrofilaricidal activity in onchocerciasis: a randomized placebo-controlled study. Med. Microbiol. Immunol. 197, 295–311. doi: 10.1007/s00430-007-0062-1

 Hongoh, Y. (2010). Diversity and genomes of uncultured microbial symbionts in the termite gut. Biosci. Biotechnol. Biochem. 74, 1145–1151. doi: 10.1271/bbb.100094 

 Hotopp, J. C. D., Clark, M. E., Oliveira, D. C. S. G., Foster, J. M., Fischer, P., Torres, M. C. M., et al. (2007). Widespread lateral gene transfer from intracellular Bacteria to multicellular eukaryotes. Science 317, 1753–1756. doi: 10.1126/science.1142490

 Husnik, F., Nikoh, N., Koga, R., Ross, L., Duncan, R. P., Fujie, M., et al. (2013). Horizontal gene transfer from diverse Bacteria to an insect genome enables a tripartite nested mealybug Symbiosis. Cell 153, 1567–1578. doi: 10.1016/j.cell.2013.05.040 

 Ioannidis, P., Johnston, K. L., Riley, D. R., Kumar, N., White, J. R., Olarte, K. T., et al. (2013). Extensively duplicated and transcriptionally active recent lateral gene transfer from a bacterial Wolbachia endosymbiont to its host filarial nematode Brugia malayi. BMC Genom. 14:639. doi: 10.1186/1471-2164-14-639 

 Johnston, K. L., Ford, L., Umareddy, I., Townson, S., Specht, S., Pfarr, K., et al. (2014). Repurposing of approved drugs from the human pharmacopoeia to target Wolbachia endosymbionts of onchocerciasis and lymphatic filariasis. Int. J. Parasitol. Drugs Drug Resist. 4, 278–286. doi: 10.1016/j.ijpddr.2014.09.001 

 Johnston, K. L., Hong, W. D., Turner, J. D., O’Neill, P. M., Ward, S. A., and Taylor, M. J. (2021). Anti-Wolbachia drugs for filariasis. Trends Parasitol. 37, 1068–1081. doi: 10.1016/j.pt.2021.06.004 

 Joseph, S. J., and Read, T. D. (2010). Bacterial population genomics and infectious disease diagnostics. Trends Biotechnol. 28, 611–618. doi: 10.1016/j.tibtech.2010.09.001

 Kent, B. N., Salichos, L., Gibbons, J. G., Rokas, A., Newton, I. L. G., Clark, M. E., et al. (2011). Complete bacteriophage transfer in a bacterial endosymbiont (Wolbachia) determined by targeted genome capture. Genome Biol. Evol. 3, 209–218. doi: 10.1093/gbe/evr007 

 Kneip, C., Lockhart, P., Voß, C., and Maier, U. G. (2007). Nitrogen fixation in eukaryotes – new models for symbiosis. BMC Evol. Biol. 7:55. doi: 10.1186/1471-2148-7-55 

 Kozek, W. J. (1977). Transovarially-transmitted intracellular microorganisms in adult and larval stages of Brugia malayi. J. Parasitol. 63, 992–1000. doi: 10.2307/3279832 

 Kumar, S., and Blaxter, M. L. (2011). Simultaneous genome sequencing of symbionts and their hosts. Symbiosis 55, 119–126. doi: 10.1007/s13199-012-0154-6

 Laetsch, DR, and Blaxter, ML. BlobTools: interrogation of genome assemblies. F1000 Research; (2017) 6:1287. Available at: https://f1000research.com/articles/6-1287 (Accessed October 31, 2023).

 Landmann, F., Foster, J. M., Slatko, B., and Sullivan, W. (2010). Asymmetric Wolbachia segregation during early Brugia malayi embryogenesis determines its distribution in adult host tissues. PLoS Negl. Trop. Dis. 4:e758. doi: 10.1371/journal.pntd.0000758 

 Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 2. Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923 

 Lefoulon, E., Vaisman, N., Frydman, H. M., Sun, L., Voland, L., Foster, J. M., et al. (2019). Large enriched fragment targeted sequencing (LEFT-SEQ) applied to capture of Wolbachia genomes. Sci. Rep. 9:5939. doi: 10.1038/s41598-019-42454-w 

 Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094–3100. doi: 10.1093/bioinformatics/bty191 

 Li, H. lh3/seqtk. (2023). Available at: https://github.com/lh3/seqtk (Accessed October 31, 2023).

 Li, Z., and Carlow, C. K. S. (2012). Characterization of transcription factors that regulate the type IV secretion system and riboflavin biosynthesis in Wolbachia of Brugia malayi. PLoS One 7:e51597. doi: 10.1371/journal.pone.0051597 

 Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078–2079. doi: 10.1093/bioinformatics/btp352 

 Luck, A. N., Yuan, X., Voronin, D., Slatko, B. E., Hamza, I., and Foster, J. M. (2016). Heme acquisition in the parasitic filarial nematode Brugia malayi. FASEB J. 30, 3501–3514. doi: 10.1096/fj.201600603R 

 Mackelprang, R., Waldrop, M. P., DeAngelis, K. M., David, M. M., Chavarria, K. L., Blazewicz, S. J., et al. (2011). Metagenomic analysis of a permafrost microbial community reveals a rapid response to thaw. Nature 480, 368–371. doi: 10.1038/nature10576

 Mackenzie, C. D., Malecela, M., Mueller, I., and Homeida, M. A. (2002). “Approaches to the control and elimination of the clinically important filarial diseases” in The Filaria (Boston, MA: Springer), 155–165.

 Mand, S., Pfarr, K., Sahoo, P. K., Satapathy, A. K., Specht, S., Klarmann, U., et al. (2009). Macrofilaricidal activity and amelioration of lymphatic pathology in Bancroftian Filariasis after 3 weeks of doxycycline followed by single-dose Diethylcarbamazine. Am. J. Trop. Med. Hyg. 81, 702–711. doi: 10.4269/ajtmh.2009.09-0155

 Manni, M., Berkeley, M. R., Seppey, M., and Zdobnov, E. M. (2021). BUSCO: assessing genomic data quality and beyond. Curr Protoc. 1:e323. doi: 10.1002/cpz1.323 

 Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.journal. 17, 10–12. doi: 10.14806/ej.17.1.200

 Masson, F., and Lemaitre, B. (2020). Growing Ungrowable Bacteria: overview and perspectives on insect symbiont Culturability. Microbiol. Mol. Biol. Rev. 84, e00089–20. doi: 10.1128/mmbr.00089-20

 McCutcheon, J. P. (2010). The bacterial essence of tiny symbiont genomes. Curr. Opin. Microbiol. 13, 73–78. doi: 10.1016/j.mib.2009.12.002 

 McCutcheon, J. P., and Moran, N. A. (2012). Extreme genome reduction in symbiotic bacteria. Nat. Rev. Microbiol. 10, 13–26. doi: 10.1038/nrmicro2670

 McGarry, H. F., Egerton, G. L., and Taylor, M. J. (2004). Population dynamics of Wolbachia bacterial endosymbionts in Brugia malayi. Mol. Biochem. Parasitol. 135, 57–67. doi: 10.1016/j.molbiopara.2004.01.006 

 Mclaren, D. J., Worms, M. J., Laurence, B. R., and Simpson, M. G. (1975). Micro-organisms in filarial larvae (Nematoda). Trans. R. Soc. Trop. Med. Hyg. 69, 509–514. doi: 10.1016/0035-9203(75)90110-8

 Medeiros, ZM, AVB, Vieira, Xavier, AT, GSN, Bezerra, de FC, Lopes M, Bonfim, CV , et al. Lymphatic Filariasis: a systematic review on morbidity and its repercussions in countries in the Americas. Int. J. Environ. Res. Public Health. (2021); 19:316. doi: 10.3390/ijerph19010316

 Melnikov, A., Galinsky, K., Rogov, P., Fennell, T., Van Tyne, D., Russ, C., et al. (2011). Hybrid selection for sequencing pathogen genomes from clinical samples. Genome Biol. 12:R73. doi: 10.1186/gb-2011-12-8-r73 

 Michalski, ML, Griffiths, KG, Williams, SA, Kaplan, RM, and Moorhead, AR. The NIH-NIAID Filariasis research reagent resource center. M Knight, PLoS Negl. Trop. Dis. (2011). 5:e1261. doi: 10.1371/journal.pntd.0001261

 Molyneux, D. H., Bradley, M., Hoerauf, A., Kyelem, D., and Taylor, M. J. (2003). Mass drug treatment for lymphatic filariasis and onchocerciasis. Trends Parasitol. 19, 516–522. doi: 10.1016/j.pt.2003.09.004

 Moran, N. A., Wernegreen, J. J., Moran, N. A., and Wernegreen, J. J. (2000). Lifestyle evolution in symbiotic bacteria: insights from genomics. Trends Ecol. Evol. 15, 321–326. doi: 10.1016/S0169-5347(00)01902-9

 Neely, A. E., and Bao, X. (2019). Nuclei isolation staining (NIS) method for imaging chromatin-associated proteins in difficult cell types. Curr. Protoc. Cell Biol. 84:e94. doi: 10.1002/cpcb.94 

 Nurk, S., Meleshko, D., Korobeynikov, A., and Pevzner, P. A. (2017). metaSPAdes: a new versatile metagenomic assembler. Genome Res. 27, 824–834. doi: 10.1101/gr.213959.116 

 Pacis, A., Tailleux, L., Morin, A. M., Lambourne, J., MacIsaac, J. L., Yotova, V., et al. (2015). Bacterial infection remodels the DNA methylation landscape of human dendritic cells. Genome Res. 25, 1801–1811. doi: 10.1101/gr.192005.115

 Pockrandt, C., Alzamel, M., Iliopoulos, C. S., and Reinert, K. (2020). GenMap: ultra-fast computation of genome mappability. Bioinformatics 36, 3687–3692. doi: 10.1093/bioinformatics/btaa222 

 Prjibelski, A., Antipov, D., Meleshko, D., Lapidus, A., and Korobeynikov, A. (2020). Using SPAdes De novo assembler. Curr Protoc Bioinform. 70:e102. doi: 10.1002/cpbi.102

 Quek, S., Cook, D. A. N., Wu, Y., Marriott, A. E., Steven, A., Johnston, K. L., et al. (2022). Wolbachia depletion blocks transmission of lymphatic filariasis by preventing chitinase-dependent parasite exsheathment. Proc. Natl. Acad. Sci. 119:e2120003119. doi: 10.1073/pnas.2120003119

 Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics 26, 841–842. doi: 10.1093/bioinformatics/btq033 

 Ramírez, F., Dündar, F., Diehl, S., Grüning, B. A., and Manke, T. (2014). deepTools: a flexible platform for exploring deep-sequencing data. Nucleic Acids Res. 42, W187–W191. doi: 10.1093/nar/gku365

 Richards, F. O., Boatin, B., Sauerbrey, M., and Sékétéli, A. (2001). Control of onchocerciasis today: status and challenges. Trends Parasitol. 17, 558–563. doi: 10.1016/S1471-4922(01)02112-2 

 Salzberg, S. L., Hotopp, J. C. D., Delcher, A. L., Pop, M., Smith, D. R., Eisen, M. B., et al. (2005). Serendipitous discovery of Wolbachia genomes in multiple Drosophilaspecies. Genome Biol. 6:R23. doi: 10.1186/gb-2005-6-3-r23 

 Santiago, I. J., Zhang, D., Saras, A., Pontillo, N., Xu, C., Chen, X., et al. (2021). Drosophila Fezf functions as a transcriptional repressor to direct layer-specific synaptic connectivity in the fly visual system. Proc. Natl. Acad. Sci. USA 118:e2025530118. doi: 10.1073/pnas.2025530118

 Sieber, K. B., Bromley, R. E., and Dunning Hotopp, J. C. (2017). Lateral gene transfer between prokaryotes and eukaryotes. Exp. Cell Res. 358, 421–426. doi: 10.1016/j.yexcr.2017.02.009 

 Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M. (2015). BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 31, 3210–3212. doi: 10.1093/bioinformatics/btv351

 Sironi, M., Bandi, C., Sacchi, L., Sacco, B. D., Damiani, G., and Genchi, C. (1995). Molecular evidence for a close relative of the arthropod endosymbiont Wolbachia in a filarial worm. Mol. Biochem. Parasitol. 74, 223–227. doi: 10.1016/0166-6851(95)02494-8 

 Smith, I. (2003). Mycobacterium tuberculosis pathogenesis and molecular determinants of virulence. Clin. Microbiol. Rev. 16, 463–496. doi: 10.1128/CMR.16.3.463-496.2003 

 Specht, S., Mand, S., Marfo-Debrekyei, Y., Debrah, A. Y., Konadu, P., Adjei, O., et al. (2008). Efficacy of 2- and 4-week rifampicin treatment on the Wolbachia of Onchocerca volvulus. Parasitol. Res. 103, 1303–1309. doi: 10.1007/s00436-008-1133-y 

 Stark, R, and Brown, G. DiffBind: differential binding analysis of ChIP-Seq peak data. Bioconductor version: Release (3.18); (2023) 1–75. Available at: https://bioconductor.org/packages/DiffBind/ (Accessed October 31, 2023).

 Strous, M., Kraft, B., Bisdorf, R., and Tegetmeyer, H. (2012). The binning of metagenomic Contigs for microbial physiology of mixed cultures. Front. Microbiol. 3:410. doi: 10.3389/fmicb.2012.00410

 Sun, L. V., Foster, J. M., Tzertzinis, G., Ono, M., Bandi, C., Slatko, B. E., et al. (2001). Determination of Wolbachia genome size by pulsed-field gel electrophoresis. J. Bacteriol. 183, 2219–2225. doi: 10.1128/JB.183.7.2219-2225.2001 

 Supali, T., Djuardi, Y., Pfarr, K. M., Wibowo, H., Taylor, M. J., Hoerauf, A., et al. (2008). Doxycycline treatment of Brugia malayi—infected persons reduces Microfilaremia and adverse reactions after Diethylcarbamazine and Albendazole treatment. Clin. Infect. Dis. 46, 1385–1393. doi: 10.1086/586753

 Taylor, M. J., Bandi, C., and Hoerauf, A. (2005). Wolbachia bacterial endosymbionts of filarial nematodes. Adv. Parasitol. 60, 245–284. doi: 10.1016/S0065-308X(05)60004-8 

 Taylor, M. J., von Geldern, T. W., Ford, L., Hübner, M. P., Marsh, K., Johnston, K. L., et al. (2019). Preclinical development of an oral anti-Wolbachia macrolide drug for the treatment of lymphatic filariasis and onchocerciasis. Sci. Transl. Med. 11:eaau2086. doi: 10.1126/scitranslmed.aau2086

 Thompson, A., Bench, S., Carter, B., and Zehr, J. (2013). “Chapter three - coupling FACS and genomic methods for the characterization of uncultivated symbionts” in Methods in enzymology. ed. D. L. EF (Academic Press), 45–60.

 Thorvaldsdóttir, H., Robinson, J. T., and Mesirov, J. P. (2013). Integrative genomics viewer (IGV): high-performance genomics data visualization and exploration. Brief. Bioinform. 14, 178–192. doi: 10.1093/bib/bbs017 

 Tracey, A., Foster, J. M., Paulini, M., Grote, A., Mattick, J., Tsai, Y. C., et al. (2020). Nearly complete genome sequence of Brugia malayi strain FR3. Microbiol. Res. Announc. 9, e00154–e00120. doi: 10.1128/MRA.00154-20

 Valero-Mora, P. M. (2010). ggplot2: elegant graphics for data analysis. J. Stat. Softw. 35, 1–3. doi: 10.18637/jss.v035.b01

 Vosloo, S., Huo, L., Anderson, C. L., Dai, Z., Sevillano, M., and Pinto, A. (2021). Evaluating de novo assembly and binning strategies for time series drinking water metagenomes. Microbiol. Spectr. 9, e01434–e01421. doi: 10.1128/Spectrum.01434-21

 Wade, W. (2002). Unculturable bacteria—the uncharacterized organisms that cause oral infections. J. R. Soc. Med. 95, 81–83. doi: 10.1177/014107680209500207

 Wanji, S., Tendongfor, N., Nji, T., Esum, M., Che, J. N., Nkwescheu, A., et al. (2009). Community-directed delivery of doxycycline for the treatment of onchocerciasis in areas of co-endemicity with loiasis in Cameroon. Parasit. Vectors 2:39. doi: 10.1186/1756-3305-2-39 

 Wernegreen, J. J. (2002). Genome evolution in bacterial endosymbionts of insects. Nat. Rev. Genet. 3, 850–861. doi: 10.1038/nrg931

 Werren, J. H. (1997). Biology of Wolbachia. Annu. Rev. Entomol. 42, 587–609. doi: 10.1146/annurev.ento.42.1.587

 WHO (2019). Global programme to eliminate lymphatic filariasis: progress report, 2018. Wkly Epidemiol. Rec. 94, 457–470.

 WHO. Onchocerciasis and its control: Report of a WHO expert committee on onchocerciasis control. World Health Organization; (1995). Available at: https://iris.who.int/handle/10665/37346 (Accessed October 24, 2023).

 Wood, D. E., Lu, J., and Langmead, B. (2019). Improved metagenomic analysis with kraken 2. Genome Biol. 20:257. doi: 10.1186/s13059-019-1891-0 

 Wu, B., Novelli, J., Foster, J., Vaisvila, R., Conway, L., Ingram, J., et al. (2009). The Heme biosynthetic pathway of the obligate Wolbachia endosymbiont of Brugia malayi as a potential anti-filarial drug target. PLoS Negl. Trop. Dis. 3:e475. doi: 10.1371/journal.pntd.0000475 

 Wu, M., Sun, L. V., Vamathevan, J., Riegler, M., Deboy, R., Brownlie, J. C., et al. (2004). Phylogenomics of the reproductive parasite Wolbachia pipientis wMel: a streamlined genome overrun by Mobile genetic elements. PLoS Biol. 2:e69. doi: 10.1371/journal.pbio.0020069 

 Xie, S., Lan, Y., Sun, C., and Shao, Y. (2019). Insect microbial symbionts as a novel source for biotechnology. World J. Microbiol. Biotechnol. 35:25. doi: 10.1007/s11274-019-2599-8 

 Yan, F., Powell, D. R., Curtis, D. J., and Wong, N. C. (2020). From reads to insight: a hitchhiker’s guide to ATAC-seq data analysis. Genome Biol. 21:22. doi: 10.1186/s13059-020-1929-3 

 Ye, Y. H., Woolfit, M., Rancès, E., O’Neill, S. L., and McGraw, E. A. (2013). Wolbachia-associated bacterial protection in the mosquito Aedes aegypti. PLoS Negl. Trop. Dis. 7:e2362. doi: 10.1371/journal.pntd.0002362 

 Yu, G., Wang, L. G., and He, Q. Y. (2015). ChIPseeker: an R/Bioconductor package for ChIP peak annotation, comparison and visualization. Bioinformatics 31, 2382–2383. doi: 10.1093/bioinformatics/btv145 

 Zhang, Y., Liu, T., Meyer, C. A., Eeckhoute, J., Johnson, D. S., Bernstein, B. E., et al. (2008). Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9:R137. doi: 10.1186/gb-2008-9-9-r137 


Copyright
 © 2024 Cantin, Dunning Hotopp and Foster. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Improved metagenome assemblies through selective enrichment of bacterial genomic DNA from eukaryotic host genomic DNA using ATAC-seq



		1 Introduction



		2 Materials and methods



		2.1 Tissue collection



		2.2 Nuclei isolation and Wolbachia immunostaining



		2.3 Nuclei isolation and ATAC-seq library preparation and sequencing



		2.4 Genomic DNA library preparation and sequencing



		2.5 ATAC-seq analyses



		2.6 Wolbachia de novo genome assembly and assessment



		2.7 Genome assembly with published ATAC-seq data









		3 Results



		3.1 Prescence of Wolbachia cells after nuclei isolation



		3.2 Brugia malayi chromatin accessibility



		3.3 Enrichment of Wolbachia reads in Brugia malayi ATAC-seq



		3.4 Wolbachia de novo genome assembly



		3.5 De novo genome assembly with decreasing starting sequencing reads



		3.6 Bacterial enrichment in published ATAC-seq datasets









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Improved metagenome
assemblies through selective
enrichment of bacterial genomic
DNA from eukaryotic host
genomic DNA using ATAC-seq












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-15-1352378-g005.jpg
>

yi8us| wns

28eian02 peay

y18uaj wns

28eJan00 peay

ATAC Assembly

Blast results

. Eukaryota
. Bacteria
W ronit

gDNA Assembly

GC content

S e EE
Sum length

Blast results

. Eukaryota
. Bacteria
W ronit

GC content

Sum length





OPS/images/fmicb-15-1352378-g006.jpg
wBm reference

ATAC assembly contigs (56)

1 111 NO-{NODE 2.L.| NODE ...NODE 1. |N.. NOD..{N..| [||[NO..| NO-{N{| | Mo || [ 1] ] M- | NOD-

I | | ' ' | | | ol
MO YW NGEL NSO NS NTwr  NLME NKWZ XSSOl

wBm reference

i
ner

gDNA assembly contigs (333)

i | i i | L
WL ONTUS NVSRL NIS® IS ISR e

i
nigk

26K 34K 42K 50K BBIK  7TIK  BB4TK

108K





OPS/images/fmicb-15-1352378-g003.jpg
A Chr1:539800-1123800

seakb

wo now oo o 100w row
v

e o Lo odlal e L L
T DR N T
U R T T
T S

9DNA

Genes

: B remales
o B Males

o75_oss o9

o = Promoter
Coreiation

UTR
@3 UTR
mExons

®introns

8 Downstream (<=300)

@ Distal intergenic






OPS/images/fmicb-15-1352378-g004.jpg
A wBm:1-1080084.

1m0k
i i . i i :
ATAC AF
PO bbb il
gDNA reads
L i " 1l 1 s

_— R R LK
GC%
B [

aos

— ATACAR, mean= 19910
aonos — ATACAM, mean - 18565

5 008 =
3 I
E E
2 003 & 00003
E 3
S o 5 ooz
§ S
g ]
< o0 % 00001

s

[ T T S o 00 2000 om0 oo

Coverage (#reads per bp) Coverage (#ireads per bp)





OPS/images/fmicb-15-1352378-t001.jpg
Assembly ~ Genome fractiol # of contigs rgest contig N50 Misassemblies Mismatches
ATAC-seq 97.4% 56 106937 37,139 0 1

gDNA 96.0% 333 35,983 7,533 9 308





OPS/images/fmicb-15-1352378-g007.jpg
Genome length (Mbp)

Genome Features

15

ATAC 20M
ATAC 10M

05

gDNA 20M

_—— gDNA10M

ATAC 250K

gDNA 1M

Reference wBm genome

ATAC 100K

200

900

600 1000
Number of contigs

1400 1800

700

500

300

100

3

gDNA 20M
gDNA 10M

ATAC 250K

Reference wBm genome

ATAC 100K

gDNA 1M

200

600 1000
Number of contigs

1400 1800





OPS/images/fmicb-15-1352378-g008.jpg
>

Sum length

Read coverage

Sum length

Read coverage

C. elegans ATAC

Blast results

. Eukaryota
. Bacteria
W nonit

GC content

Human ATAC

]
Sum length

Blast results

. Eukaryota
. Bacteria
W noni

GC content

Sum length





OPS/images/fmicb-15-1352378-g001.jpg





OPS/images/fmicb-15-1352378-g002.jpg
Percentage of reads mapping to genome

ATAC gDNA

. B. Malayi

. wBm

. B. Malayi and wBm

[ unmapped





