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Detection of intraocular infections relies heavily on molecular diagnostics. A fundamental 

challenge is that only 100–300 μL of intraocular fluid can be safely obtained at any given 

time for diagnostic testing. The most widely available molecular diagnostic panel for 

infections in ophthalmology includes 4 separate pathogen-directed polymerase chain 

reactions (PCRs): cytomegalovirus (CMV), herpes simplex virus (HSV), varicella zoster 

virus (VZV), and Toxoplasma gondii. Not surprisingly, more than 50% of all presumed 

intraocular infections fail to have a pathogen identified.1

Metagenomic deep sequencing has the potential to improve diagnostic yield as it is unbiased 

and hypothesis-free – it can theoretically detect all pathogens in a clinical sample.2, 3 

Previously, we demonstrated that unbiased RNA sequencing (RNA-seq) of intraocular fluid 

detects fungi, parasites, DNA and RNA viruses in uveitis patients.2 One obvious drawback 

regarding RNA-seq is that optimal RNA sequencing requires proper specimen handling, 
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including either flash-freezing or immediate placement the specimen on dry ice. While 

commercial room-temperature RNA-preservatives may address this issue, practicing 

ophthalmologists may find these collection techniques impractical in an outpatient setting. 

For pathogens with DNA genomes, metagenomic DNA sequencing (DNA-seq) can 

circumvent this challenge, as DNA is more tolerant of ambient temperature. The purpose of 

this study was to compare the performance of DNA-seq with conventional pathogen-directed 

PCRs to diagnose intraocular infections.

De-identified archived vitreous samples received by the Proctor Foundation for pathogen-

directed PCR testing from 2010–2015 were included. Samples were previously boiled and 

stored at −80C. A total of 31 pathogen-positive reference samples and 36 pathogen-negative 

reference samples by Proctor PCRs were randomized and subjected to DNA-seq. The 

sensitivity and specificity of the Proctor’s pathogen-directed PCRs range from 85–100% and 

98–100%, respectively. The DNA-seq workflow included the following steps: 50 μL of each 

vitreous sample was used to isolate DNA using the DNeasy Blood & Tissue Kit (QIAGEN, 

MD) per the manufacturer’s recommendations, 5 μL of the extracted DNA were used to 

prepare libraries using the Nextera XT DNA Library Preparation Kit (Illumina, CA) and 

amplified with 12 PCR cycles, and library size and concentration were determined as 

described.2 Samples were then sequenced to an average depth of 15 X 106 reads/sample on 

an Illumina HiSeq 4000 instrument using 125 nucleotide (nt) paired-end sequencing. 

Sequencing data were analyzed using a rapid computational pipeline developed in-house to 

classify sequencing reads and identify potential pathogens against the entire NCBI 

nucleotide reference database.2 Any infectious agent that had ≥ 2 non-overlapping reads to 

the reference pathogen genome was considered positive if it met both of the following 

criteria: (1) It is a pathogen known to be a cause of infectious uveitis, and (2) reads from this 

pathogen were not present in the no-template (“water only”) control on the same run and 

library preparation. Discrepant samples were evaluated at the CLIA-certified Stanford 

Clinical Microbiology and Clinical Virology laboratories, except for HTLV-1 which was 

confirmed at UCSF using primers targeting the tax gene4 and subsequent amplicon 

sequencing (Elim Biosciences, CA). Laboratory personnel involved in sample preparation, 

analysis, and confirmatory testing were masked to the reference PCR results until all 

analyses were completed.

Of the 31 positive-reference samples tested, 27 samples were identified correctly with DNA-

seq (Figure 1A, Table S1, available online at www.aaojournal.org). 3 samples positive for T. 
gondii and 1 sample positive for VZV by directed-PCR were not detected by DNA-seq. The 

positivity of these 4 samples was confirmed by directed real-time PCRs. The cycle threshold 

for VZV was 28.2, while the cycle thresholds for the three T. gondii samples ranged from 

27–36.5. The positive agreement between DNA-seq and directed-PCR was 87%.

Thirty-six archived vitreous samples that tested negative by all Proctor pathogen-directed 

PCRs (CMV, VZV, HSV, and T. gondii) were randomly selected for DNA-seq. 28 out of 36 

samples yielded no additional pathogen (Figure 1B, Table S1, available online at 

www.aaojournal.org), while 8 samples (22%) resulted in 6 additional pathogens either not 

detected or not tested with pathogen-directed PCRs. Those organisms included CMV, 

HHV-6, HSV-2, HTLV-1, Klebsiella pneumoniae, and Candida dubliniensis. All of these 

Doan et al. Page 2

Ophthalmology. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



organisms are known to cause infectious uveitis (Figure 1B). The results for HHV-6, 

HTLV-1, Klebsiella pneumoniae, and Candida dubliniensis were confirmed. Two samples 

tested positive for HSV-2 and CMV by DNA-seq were not confirmed by directed-PCR. 

Here, it was unclear if DNA-seq can achieve higher sensitivity for CMV and HSV-2 

compared to PCR, or whether these were false positive results by DNA-seq, as these samples 

yielded only 2 reads on DNA-seq. It should be noted that DNA-seq detected 100% of all 

samples that tested positive for CMV and HSV by PCR.

An advantage of metagenomic deep sequencing is the ability to apply sequence information 

to infer the phenotypic behavior of the identified pathogen. We compared samples in which 

CMV sequences were adequately recovered for the UL54 and UL97 genes, coding for the 

DNA polymerase and phosphotransferase respectively, and compared to a CMV antiviral 

drug resistance database developed at Stanford University.5 Of the 7 samples analyzed, 3 

had mutations in UL97 (phosphotransferase) that confer ganciclovir and valganciclovir 

resistance. Two samples were found to have C592G mutations, and 1 sample had both 

C592G and L595S mutations (Table S2, available online at www.aaojournal.org).

In summary, we showed that metagenomic DNA sequencing was highly concordant with 

pathogen-directed PCRs, despite non-ideal sample handling conditions (boiled, long-term 

frozen). The unbiased nature of metagenomics DNA sequencing allowed an expanded scope 

of pathogen detection, including bacteria, fungal species, and viruses, resolving 22% of 

cases that had previously escaped detection by routine pathogen-specific PCRs available to 

ophthalmologists, while concurrently provide drug resistance information. The number of 

missed pathogens reported in this study is likely an underestimation, as DNA-seq alone 

cannot detect RNA viruses (e.g., rubella), although a larger sample size may be more 

representative. These data suggests a practical diagnostic decision tree whereby samples 

negative by routine PCR are then advanced to both metagenomic DNA and RNA 

sequencing. This approach will not only complement the current diagnostic paradigm in 

ophthalmology but also allow for a more comprehensive characterization of the etiology of 

infectious uveitis.
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Figure 1. Detection of infectious agents by pathogen-directed PCRs and DNA-seq
(A) Metagenomic DNA sequencing identified 27 out of 31 (87%) infectious agents detected 

by pathogen-directed PCRs. (B) Metagenomic DNA sequencing detected bacteria, fungi, 

and DNA viruses in an additional 8 samples that were negative by pathogen-directed PCRs. 

Abbreviations: cytomegalovirus, CMV; herpes simplex virus, HSV; varicella zoster virus, 

VZV; Toxoplasma gondii, T. gondii; human T-cell leukemia virus type 1, HTLV-1; human 

herpesvirus 6, HHV-6.
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