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Abstract

Purpose: To evaluate the utility of nanopore sequencing for identification of potential causative 

pathogens in endophthalmitis, comparing culture results against full-length 16S rRNA nanopore 

sequencing (16S Nanopore), whole genome nanopore sequencing (Nanopore WGS) and Illumina 

(Illumina WGS)

Design: Cross-sectional diagnostic comparison

Methods: Patients with clinically suspected endophthalmitis underwent intraocular vitreous 

biopsy as per standard-care. Clinical samples were cultured by conventional methods, together 

with full length 16S rRNA and WGS using nanopore and Illumina sequencing platforms.
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Results: Of twenty-three patients (median age 68.5[range 47–88] years; 14[61%] male), 18 cases 

were culture-positive. Nanopore sequencing identified the same cultured organism as in all of 

the culture-positive cases and identified potential pathogens in 2(40%) of culture-negative cases. 

Nanopore WGS was able to additionally detect the presence of bacteriophages in three samples. 

The agreement at genus level between culture and 16S Nanopore, Nanopore WGS and Illumina 

WGS were 75%, 100% and 78% respectively.

Conclusions: WGS has higher sensitivity and provides a viable alternative to culture and 

16S sequencing for detection of potential pathogens in endophthalmitis. Moreover, WGS has 

the ability to detect other potential pathogens in culture-negative cases. Whilst Nanopore and 

Illumina WGS provide comparable data, nanopore sequencing provides potential for cost-effective 

point-of-care diagnostics.

Synopsis/Precis

Nanopore sequencing detected the cultured organism in all (18/18) of the culture-positive 

endophthalmitis cases and identified potential pathogens in 40% (2/5) of culture-negative cases. 

Whole genome nanopore sequencing had higher sensitivity than 16S sequencing and was 

comparable to Illumina whole genome sequencing.

Introduction

Endophthalmitis is one of the most feared ocular infections, particularly following 

intraocular procedures1. It occurs secondary to pathogens entering the eye, either 

exogenously through a breach in the globe due to surgery or trauma, or endogenously 

via hematogenous spread from an infective focus elsewhere in the body largely in 

immunocompromised patients1,2. Incidence rates following intraocular procedures range 

from 2.5 to 50 per 10000 cases post-cataract surgery and 0.7 to 13 per 10000 cases following 

intravitreal injections worldwide1,3–8. Despite aggressive medical and surgical interventions, 

endophthalmitis often results in permanent partial or total vision loss.

Conventional microbiology techniques in endophthalmitis rely on culture-based assays, 

but have low sensitivity, ranging between 40–70%3,4,9,10. Some causative pathogens, such 

as Cutibacterium acnes, are not easily cultured. PCR-based molecular tests are more 

sensitive but require prior hypothesis and only target known common pathogens11,12. DNA 

sequencing can be broadly classified into two techniques – targeted amplicon sequencing 

and untargeted whole genome sequencing (WGS). An example of targeted amplicon 

sequencing is the amplification of the universal 16S bacterial ribosomal RNA (rRNA) gene, 

which spans 1550 base pairs and composed of a highly conserved region interspersed with 

nine variable regions (V1–9), has been commonly used for assessing bacterial profiles13. 

However, due to the limitations in the Illumina sequencing platform whereby only short 

reads of less than 500 base pairs are generated, only part of the 16S gene is able to be 

sequenced e.g. single variable region V4 or three variable regions V1–3, thus limiting the 

taxonomic resolution to genus-level classification14. Full-length 16S rRNA sequencing reads 

may provide better taxonomic resolution compared to reads that only target a certain region 

of the 16S gene15,16. Deep metagenomic whole genome sequencing (WGS) techniques 

have allowed for the discovery of novel pathogens, provide better taxonomic resolution to 

Low et al. Page 2

Am J Ophthalmol. Author manuscript; available in PMC 2023 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



species-level, and may provide vital prognostic information for clinical outcomes10,17,18. 

Nevertheless, most clinical samples have high host DNA content and relatively lower 

abundance of pathogen DNA, and therefore require greater sequencing depth leading to 

higher costs17,19. The prohibitively high running costs of Illumina sequencing platforms 

mean that these facilities are only available in select centers20.

Recently, the rapid diagnostics arena has seen the introduction of a portable, pocket-

sized, relatively low-cost nanopore sequencer (Oxford Nanopore Technologies’ MinION 

sequencer)20. This technology measures the translocation of ionic currents as nucleotides 

pass through nanoscopic pores, which generates real-time sequencing data for analysis21. 

In comparison to Illumina short-read (~500 base pairs) sequencing platforms, nanopore 

sequencing is capable of generating very long reads (~1500 – 882k bases), allowing for 

better coverage of genomic elements22,23. Nanopore sequencing has been utilized for in-the-

field point-of-care, real-time genomic surveillance of the Ebola, Zika and SARS-CoV-2 

virus24–26. In small-scale pilot studies, nanopore sequencing has proven useful in profiling 

bacterial pathogens and their resistance genes directly from clinical samples of patients 

with respiratory tract infections, urinary tract infections, joint infections, and sepsis27–30. 

Additionally, the utility of full-length 16S rRNA nanopore sequencing has been evaluated 

for microbial keratitis31.

The aim of this study was to evaluate the utility of nanopore sequencing for identification 

of potential causative pathogens in endophthalmitis, comparing culture results against 

full-length 16S rRNA nanopore sequencing (16S Nanopore), whole genome nanopore 

sequencing (Nanopore WGS) and Illumina whole genome sequencing (Illumina WGS) to 

provide rapid point-of-care diagnostics.

Methods

The study was approved by the United Kingdom Health Research Authority Ethics 

Committee [Commensal Organisms and Rapid Diagnosis of Ocular Infections (CO-

RADAR); Reference: 11/EM/0274] and the Institutional Review Board from the University 

of Washington, Seattle, Washington, United States of America, and conducted in accordance 

with the Declaration of Helsinki.

Patient recruitment and sample collection

Patients (n = 11) presenting to the Birmingham and Midland Eye Centre, Birmingham, 

United Kingdom with suspected post-procedural endophthalmitis were invited to participate 

in the study and written informed consent was obtained. DNA samples from intraocular 

fluid biopsy (aqueous humor or vitreous “tap”) of patients with suspected endophthalmitis 

from a previously published USA cohort10 (n = 12) were also used in this study. Patients 

underwent either intraocular fluid biopsy or pars plana vitrectomy according to standard-of-

care protocol for endophthalmitis at their respective clinical institutions. The vitreous tap 

was attempted and if unsuccessful, an aqueous tap was performed. The samples were sent 

for routine culture at the clinical microbiology laboratory at the respective recruiting centers 

in the US and UK, and remaining samples for research were snap frozen, stored at −80°C 

and transported on dry ice to the University of Washington.
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Clinical microbiology culture

One or two drops of intraocular fluid samples were inoculated onto agar plates and streaked 

out with a sterile loop for isolation of individual colonies32. Chocolate and blood agar 

were incubated at 35–37°C at 5–10% CO2 for 40–48 hours, fastidious anaerobe agar was 

incubated at 35–37 °C at anaerobic conditions for up to 10 days, and Sabouraud agar at 

28–30 °C at atmospheric air for up to 5 days32.

Host DNA enrichment by saponification, DNA extraction, sequencing and bioinformatics

The intraocular fluid biopsy samples were processed for DNA extraction, nanopore full-

length 16S rRNA, nanopore WGS and Illumina WGS as outlined in Appendix section.

Negative controls

Negative control DNA extraction and sequencing was performed on reagents without a DNA 

template and processed in the same manner as the clinical intraocular fluid biopsy samples 

to account for any potential contamination.

Definitions

The microorganism was considered to be a potential pathogen or credible ‘hit’ on 

sequencing taking into account the background contamination (i.e. sequences present in 

the negative control samples) if:

1. The organism was known to be potentially pathogenic given the clinical context 

of the particular patient17

2. The organism represented the highest bacterial load (for WGS) or most abundant 

reads (for 16S) in the sample17,33

Bacterial load was defined as the median number of the presumed pathogen per recovered 

human genome by whole genome sequencing10, calculated as:

Bacterial load = Total number of pathogen reads
Total number of human reads × Size of human genome

Size of pathogen genome

Alignment breadth was calculated as10:

Alignment breadth = Number of bases with ≥ 1 aligned base
Size of reference pathogen genome

Alignment depth was calculated as10:

Alignment depth = Sum of all aligned bases of the query sequence
Length of regions with ≥ 1 aligned base of the reference sequence

Coverage was calculated as10:

Coverage = Alignment depth × Alignment breadth
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Results

Clinical samples

A total of 23 samples from 23 patients used in the study, 22 of which were vitreous 

humor and 1 aqueous humor. The patients had a median age of 68.5(range 47–88) years 

and 14(61%) were male. The most common preceding clinical history was post-intravitreal 

injection (10[43%]) followed by post-cataract surgery (9[39%]). The majority of the patients 

presented with visual acuity worse than 20/200 (87%) [Table 1].

Agreement between microbial culture and full-length 16S rRNA nanopore sequencing

A total of 18 samples were culture-positive and 5 were culture-negative. The most 

commonly cultured organism was Staphylococcus epidermidis (7[39%]), followed by other 

Staphylococcus spp (3[17%]), Streptococcus spp (2[11%]) and Pseudomonas spp (2[11%]) 

[Table 2].

Twenty samples had sufficient volume for full-length 16S rRNA nanopore sequencing. The 

predominant organism detected by full-length 16S rRNA nanopore sequencing agreed with 

culture result in 15 cases (15/20, 75%) at genus-level [Table 3].

Two culture-positive cases did not yield any significant organism on 16S rRNA nanopore 

sequencing – sample 1 grew Pseudomonas aeruginosa, whilst sample 6 grew Cutibacterium 
acnes. In two culture-negative cases, 16S rRNA nanopore sequencing detected potential 

pathogens including Staphylococcus epidermidis in sample 19 and polymicrobial Massillia 
oculi and Cutibacterium acnes in sample 22. These 2 culture-negative samples were tested 

by Illumina WGS and the results agreed with 16S rRNA nanopore sequencing results. 

Staphylococcus epidermidis was detected by Illumina WGS in sample 19. In sample 22, 

Cutibacterium acnes was detected by Illumina WGS in sample 22, but Massillia oculi 
was not detected. One sample (sample 5) grew Escherichia coli in culture while the 

predominant organism detected by 16S nanopore sequencing was Staphylococcus sanguinis. 
Nanopore WGS for sample 5 detected polymicrobial Escherichia coli and Streptococcus 
mitis, however no significant taxon was detected by Illumina WGS.

Agreement between microbial culture and Nanopore WGS

A total of 18 samples had sufficient volume for Nanopore WGS. The predominant genus 

detected by Nanopore WGS agreed with culture results in all cases (18/18) [Table 3]. 

Speciation by Nanopore WGS agreed with culture results in 16/18 cases. The bacteriophage 

Staphylococcus phietavirus was detected in two cases of Staphylococcus endophthalmitis 

and Streptococcus virus 9874 (bacteriophage) was detected in one case of Streptococcus 
endophthalmitis through Nanopore WGS.

Nanopore sequencing reads of culture-positive cases were aligned to the corresponding 

reference genome of the predominant organism detected by Nanopore WGS [Supplementaty 

Table 1]. Low levels of alignment breadth were observed in samples from the UK (sample 

1 – 11), ranging from 0.17% to 12.89%, and could either be due to application of DNase 

in the saponification process or bead-beating step in the DNA extraction process. These UK 
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samples had relatively high bacterial load (by sequencing reads), with a median of 608.4 

(range: 5.62 – 418445.89). The samples from the USA cohort (sample 12 – 23) had higher 

levels of alignment breadth, ranging from 6.96% to 88.77%, compared to the UK samples.

Agreement between culture and Illumina WGS

All 23 samples were processed for Illumina WGS. The predominant organism detected 

by Illumina WGS agreed with culture results in 18 cases (78%) [Table 3]. Illumina WGS 

detected the cultured pathogen as the predominant genus in 15 of 18 (83%) culture-positive 

samples. The remaining 3 culture-positive samples grew Escherichia coli (Sample 5), 

Cutibacterium acnes (Sample 6), and Staphylococcus epidermidis (Sample 7) respectively 

and were detected but did not constitute the most abundant read by Illumina WGS as 

the predominant sequences were similar to the sequences in the negative controls. Fifteen 

samples were sufficient for culture, 16S Nanopore, Nanopore WGS and Illumina WGS 

sequencing, with 73% (11/15) agreement between all 4 methods [Figure 1].

Discussion

Of the 23 endophthalmitis cases in the present study, we found that Illumina deep 

sequencing detected potential organisms in 17 (74%) cases, 16S nanopore sequencing 

yielded potential organisms in 15 of 20 (75%) cases and nanopore WGS detected 15 of 

18 (83%) cases. Nanopore sequencing (16S and WGS together) identified the cultured 

organism in all of the culture-positive cases (18/18) and identified potential pathogens 

in 40%(2/5) of culture-negative cases. Nanopore WGS was able to additionally detect 

the presence of bacteriophages in three samples. The agreement at genus level between 

culture and 16S nanopore, Nanopore WGS and Illumina WGS were 75%, 100% and 78% 

respectively. Taken together, these results suggest that nanopore sequencing may provide 

useful information on the pathogens associated with endophthalmitis.

In the present study, the concordance of whole genome nanopore and Illumina sequencing 

results with cultured organism was better than 16S amplicon sequencing. Previous pilot 

studies on nanopore sequencing for endophthalmitis were based on amplicon sequencing, 

which utilizes PCR primers to amplify specific target regions of interest, such as 16S rRNA 

for bacteria or ITS for fungi. Jun and associates were able to identify pathogens in 5 cases of 

bacterial endophthalmitis and 3 cases of fungal endophthalmitis using 16S and ITS nanopore 

amplicon sequencing34. Similarly, Huang and associates identified pathogens in 17 of 18 

cases of endophthalmitis using 16S, ITS and rpoB gene nanopore amplicon sequencing35. 

Identification of organisms using targeted amplicon sequencing, such as 16S, is restricted 

by the primer sequence used and quantification can be challenging given the highly variable 

per-genome copy number of the 16S rRNA gene15,36. Amplicon sequencing is also prone 

to bias and false-positive errors compounded by DNA amplification of contaminants and 

sequencing errors37,38. As modelled by Doan and associates, with an estimated polymerase 

error rate of 1 × 10−7, additional 27 new genera would be detected after 25 cycles of 

amplification38. Chimeric sequences can also produce spurious operational taxonomic units 

and be falsely classified as novel organism37. Whole genome sequencing provides better 

bacterial taxonomic resolution to the level of species- or strain compared to 16S sequencing, 
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which is usually limited to genus level classifications39. Furthermore, by sequencing 

the entire community of genomes, the sequences of all organisms including viruses and 

fungi could be captured, along with their functional genomic capacity and phylogeny (for 

example the presence of antibiotic resistance genes or factors affecting pathogenicity). 

This could have clinical relevance for treatment, particularly in immunocompromised 

patients and endogenous endophthalmitis cases. To illustrate, in this study, the bacteriophage 

Staphylococcus phietavirus was identified in two cases of Staphylococcus endophthalmitis 

and the bacteriophage Streptococcus virus 9874 was identified in one case of Streptococcus 
endophthalmitis through whole genome sequencing but not on 16S amplicon sequencing.

Two of the five culture-negative samples in this study revealed potential organisms on 

molecular sequencing. The 16S nanopore sequencing results agreed with Illumina short-read 

sequencing suggesting an identification of a putative organism in the context of a false 

negative culture. The cause of endophthalmitis in the three culture- and sequencing-negative 

cases is unknown and could either be due to clearance of the organism by the host immune 

system prior to biopsy, extra-ocular source of infection not present in the aqueous or 

vitreous humor, or pathogen undetected due to potential bias in the study laboratory or 

bioinformatics workflow such as RNA virus or parasite10,28. Lee and associates pioneered 

the application of deep DNA sequencing (Biome Representational in Silico Karyotyping) 

to intraocular biopsies of patients with endophthalmitis and confirmed that culture-negative 

cases of presumed infectious endophthalmitis were either devoid of or have limited bacterial 

loads18. Additionally, they reported an unexpected finding of anellovirus (torque teno virus) 

in culture-negative endophthalmitis samples18. Seminal work by Lee and associates, on 50 

endophthalmitis patients (24 culture-positive and 26 culture-negative) enrolled prospectively, 

demonstrated that the detection of pathogens and their bacterial load by Illumina WGS 

and directed PCR had prognostic significance for clinical outcomes in post-procedural 

endophthalmitis, where the presence of torque teno virus was associated with higher rates of 

retinal detachment and secondary intraocular surgery10.

Molecular sequencing technology has the potential in advancing diagnostics for ocular 

infections10,17–19,40. Using metagenomic deep sequencing, Doan and associates were able 

to detect the presence of RV virus (Rubivirus genus) in the intraocular fluid sample of a 

patient with a 16-year history of idiopathic uveitis. By performing phylogenetic analysis of 

the genomic sequence in comparison with other RV strains deposited in public repositories 

(GenBank), along with estimates of the nucleotide substitution rate, they were able to 

approximate the time and place of when the patient might have been exposed to the 

virus17. Whole genome sequencing has shown positive impact on clinical care in other 

medical specialties, such as neurology and critical care. For example, Wilson and associates 

showed that metagenomic sequencing of cerebrospinal fluid improved diagnosis and guided 

treatment in 7 of 13 cases of infectious meningitis and encephalitis in a one-year multi-

center prospective clinical trial41.

In comparison to the large and expensive Illumina sequencing platforms (estimated cost for 

Illumina MiSeq sequencer is USD100,000), the nanopore MINion sequencer is pocket-sized, 

weighs less than 450g, costs less than USD1,000 and is able to provide rapid sequencing 

results which would make it ideal to deliver point-of-care diagnostics21,42. The estimated 
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cost of sequencing reagents (excluding labor) for Illumina and nanopore sequencing was 

USD170 and USD150 per sample, respectively43, whilst the median cost of conventional 

microbiology is between USD128 – 24244. A major advantage of nanopore sequencing is 

the rapid turnover time from sample collection to diagnosis, with a median of 6–8 hours, 

compared to 48 hours to 5 days for full culture and sensitivities43. More recently, nanopore 

sequencing provided genetic diagnosis in critically ill patients within 8 hours of sample 

collection45. The portability and ease of use of the nanopore MINion sequencing system was 

first demonstrated by Quick and associates, who successfully developed a portable Ebola 

virus genome surveillance system in Guinea, using just instruments, reagent and disposable 

consumables that fit within an aircraft baggage24, and could potentially be replicated in a 

community hospital setting.

Genomic sequencing of ocular clinical samples is extremely challenging, given the low 

volumes and high background of host DNA, which can lower the sensitivities for microbial 

detection17,31,46. Therefore, we have utilized differential centrifugation and saponification 

method to enrich for microbial DNA28. In our study, we have shown that there was excellent 

genus level agreement between nanopore WGS and culture (15/15 in culture-positive cases; 

3/3 in culture-negative cases). In clinical cases, genus level identification may be sufficient 

to guide long-term clinical therapy47. Reduced sensitivities at species level taxonomic 

identification may be attributed to the relatively higher error rate in nanopore compared 

to Illumina sequencing. The read accuracy for nanopore sequencing is lower, ranging 

from 80 – 98%, compared to >99.9% Illumina sequencing, however there is ongoing 

effort to overcome this with improvements to the pore chemistry and development of 

newer bioinformatics software42. Implementation of the Scalable Metagenomics Alignment 

Research Tool (SMART) metagenomic algorithm which only considers 30-mer matches for 

speciation and incorporates human and mammalian sequence filtering resulted in higher 

specificity for non-host taxonomic assignments48. In terms of taxa classification, Pearman 

and associates reported that longer reads improved the accuracy in taxa classification 

compared to short reads, albeit being having higher sequencing error rates49. This might 

explain the higher agreement rates between culture and nanopore WGS compared to 

Illumina WGS seen in this study.

In our study, there were no observable differences in the identification of microbial 

sequences between aqueous or vitreous fluid biopsy samples using nanopore 

sequencing, which is in concordance to the previously published studies using Illumina 

sequencing10,17,19. Our group has also shown that nanopore sequencing could be applied 

directly to other clinical ocular samples with low biomass, such as conjunctival and corneal 

swabs31.

In the present study, nanopore WGS was able to reliably detect the pathogen and its 

bacterial load directly from intraocular fluid biopsy samples. This suggests that with further 

optimization, the future use of the portable, real-time nanopore sequencing technology as a 

point-of-care testing for pathogen identification and quantification may be beneficial in the 

initial management of endophthalmitis10. There were several limitations to this study. First, 

there was limited sample size and limited amounts of ocular samples available for molecular 

sequencing. We included ocular samples from the USA cohort that have previously been 
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processed for Illumina WGS and other molecular testing, therefore in certain cases there 

was insufficient DNA leftover to perform both 16S and whole genome nanopore sequencing. 

There could be potential impact from the saponification process or different DNA extraction 

kits used for both cohorts. However, the nanopore and Illumina sequencing protocol were 

completed in a single center to minimize any potential sequencing bias.

In summary, our study has demonstrated the utility of nanopore sequencing in identifying 

potential pathogens and its bacterial load in endophthalmitis. Further optimization through 

the use of internal spike-in controls to determine the limit of detection and accuracy, 

single-use flow-cell (Nanopore Flongle) to reduce cost and minimize risk of contamination 

between samples, miniaturization of laboratory steps through microfluidic devices, and 

automation of bioinformatic workflow (cloud-based, secure and encrypted), may facilitate 

the adoption of nanopore sequencing as a point-of-care testing in a clinical environment20. 

The combination of transcriptomic analyses of host immune responses and pathogenic 

virulence may elucidate the pathophysiologic mechanisms underpinning poor clinical 

outcomes and provide personalized, targeted treatment in endophthalmitis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Venn diagram for agreement between microbial culture, full-length 16S nanopore 

sequencing (16S Nanopore), nanopore and Illumina whole genome sequencing (WGS) at 

genus level. Fifteen samples were sufficient for culture, 16S Nanopore, Nanopore WGS and 

Illumina WGS sequencing, with 73% (11/15) agreement between all 4 methods. Culture and 

Nanopore WGS were in 100% agreement and are superimposed.
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