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Purpose: The purpose of this study was to explore if 16S rDNA amplicon sequencing
can improve the conventional diagnosis of causative pathogens for bacterial corneal
infection.

Methods: Corneal scraping and conjunctiva and eyelid margin swab samples from
infected eyes of patients diagnosed with “bacterial corneal infection” and conjunc-
tiva and eyelid margin swab samples from a random eye of healthy participants were
collected. Each swab was used for both aerobic and anaerobic cultures and 16S rDNA
amplicon sequencing. The V3 to V4 region of the 16S rDNA was amplified using
polymerase chain reaction (PCR) and sequencedon the IlluminaHiSeq2500 Sequencing
Platform.

Results: The overall culture positivity rate for all 72 samples was 69% (72% in the bacte-
rial keratitis group and 67% in the healthy control group), whereas 1719 operational
taxonomicunits in totalweregeneratedusing16S rDNAamplicon sequencingwith each
sample showing 123 to 337 different genera. Staphylococcus,Corynebacterium, Propioni-
bacterium, and Micrococcus most frequently appeared in culture, whereas Streptococ-
cus, Acinetobacter, and Lactobacilluswere themost common genera, with large ratios in
16S rDNA amplicon sequencing. The causative pathogens detected by the twomethods
were inconsistent for most samples, except for several corneal samples.

Conclusions: We suggest that a combination of different techniques, such as clinical
observation, microscopic analysis, culture, and next-generation sequencing techniques
including 16S rDNA amplicon sequencing, should be used to comprehensively analyze
pathogens in corneal and external ocular infections.

Translational Relevance: This paper uses a basic research methodology for studying
the microbiome in ocular samples to help improve the diagnostic accuracy of corneal
and external ocular infections.

Introduction

Corneal infection is one of the most severe
ophthalmic diseases worldwide and can even lead to
vision loss.1 Thus, prompt and accurate diagnosis of
the causative pathogen is essential to ensure appropri-
ate and personalized treatment. In contrast to most
other infectious diseases, the nidus of infection in
the cornea is usually quite small, imposing substan-
tial limitations on regular sample collection for conven-

tional culture or microscopic examination. Even with
the addition of in vivo confocal microscopy, it is
difficult to identify the causative pathogen, with an
overall positive rate of approximately 50% to 60%.2,3
Although conventional culture shows a limited positive
rate and is time-consuming, it is still relied upon by
doctors and remains the only way to acquire pure
strains of the pathogen to test for drug resistance.

For decades, polymerase chain reaction (PCR)
has consistently been proven to be a more sensi-
tive and faster technology to detect pathogens, and
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it is often used to classify them into prokaryotes,
eukaryotes, or viruses or to identify the cultured pure
organisms in combination with Sanger sequencing.4–6
The emergence of next-generation sequencing (NGS)
technology has solved the problem of identification
of pathogens in mixed bacterial samples, with metage-
nomic deep sequencing (MDS) showing the ability
to detect all bacteria, fungi, viruses, and parasites in
one micro-volume sample.3,7,8 Although MDS can
be considered to be the most powerful tool for the
diagnosis of pathogens, its use is still associated with
some obstacles, such as the high cost of its application
in clinical practice even when replacing conventional
culture. Especially for bacterial keratitis, the lower-
cost 16S rDNA amplicon sequencing has been more
widely used in studies of the microbiome of ocular
samples, and the findings obtained in these studies
have validated the presence of comparatively stable
microbial commensals at the normal ocular surface.9–14
However, the ability of 16S rDNA amplicon sequenc-
ing to improve the sensitivity and accuracy of the
conventional methods used to detect pathogenic bacte-
ria in bacterial keratitis remains unknown. Therefore,
we aimed to explore this aspect by comparing the
results of both 16S rDNA amplicon sequencing and
conventional culture (both aerobic and anaerobic) of
the same samples from patients diagnosed with bacte-
rial keratitis.

Methods

Ethics

This pilot study was conducted in accordance with
the principles of the Declaration of Helsinki and
approved by the Ethics Committee of Xi’an No. 1
Hospital (2021-EA-5). The study was registered on the
Chinese Clinical Trial Registry (ChiCTR2100042546),
and written informed consent was obtained from all
participants.

Recruitment of Participants

All participants were recruited from theOphthalmic
Department of Xi’an No. 1 Hospital between January
and March 2021. A total of 40 patients with infec-
tious keratitis were recruited in this study, of whom
12 were diagnosed with bacterial keratitis (10 men and
2 women, age 57 ± 19 years). The study participants
were comprehensively evaluated on the basis of both
classical symptoms and signs of infectious keratitis
(ocular congestion, corneal edema, and corneal ulcer
with a diameter of 3–7 mm and 1/3–4/5 depth of the

front corneal stromal layer) and the results of in vivo
confocal microscopy and microscopic examinations of
corneal scrapings to exclude infections caused by fungi,
viruses, or Acanthamoeba. In addition, 18 partici-
pants without any infection on the ocular surface were
recruited as the healthy control group (3 men and 15
women, age 62 ± 13 years). The exclusion criteria were
as follows: (1) patients who had used topical or systemic
antibiotics or hormones in the past month; (2) patients
with Sjögren’s syndrome, diabetes, or other systemic
diseases that may have affected the health of the ocular
surface; (3) patients with a history of eye trauma or
surgery within 1 year; and (4) pregnant or lactating
women.

Sample Collection

After topical anesthesia with 0.4% oxybuprocaine
hydrochloride eye drops (Santen, Osaka, Japan),
corneal scrapings from the infected eye were wiped on
the tip of a sterile dry cotton swab; another sterile dry
cotton swab was used to wipe the lower conjunctival
sac from the nasal to the temporal side and backward
while rotating the swab. Two more sterile cotton swabs
were used to squeeze the lower meibomian gland from
the bottom to the top of both the inside and outside
of the lower eyelid until the meibum was visible at the
openings, and the lower eyelid margin including the
squeezed meibum from the nasal to temporal side and
backward. Conjunctival and eyelid margin samples for
the control group were obtained using the same proce-
dure for one random eye without obtaining a corneal
scraping sample. Each sample swab was stored in a
sterile tube immediately and carried to the laboratory
for culture.

Culture

Each tube containing a sample was vortexed for
1 minute after adding 2 mL of sterilized phosphate-
buffered saline; 200 μL of the resultant solution was
used for aerobic and anaerobic culture, whereas the
remaining 1800 μL was stored in an ultra-low temper-
ature freezer at −80°C until DNA extraction. For the
culture, 100 μL aliquots of the solution were separately
transferred to two blood plates, and spread evenly using
a sterile bar. One of the plates was then incubated in
an incubator at 37°C while the other was sealed in an
anaerobic bag. The plates were observed at intervals
of 24 hours, and the colonies were classified accord-
ing to their characteristics on the plates. The species or
genus of each pure bacterium was identified using 16S
rDNAamplicon sequencing (Sangon Biotech Co. Ltd.,
Shanghai, China).
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DNA Extraction, PCR Amplification, Library
Preparation, and Amplicon Sequencing

DNAextraction fromall the samples was performed
using the NucleoSpin 96 Soil Kit (Macherey-Nagel,
Düren, Germany), and the V3 to V4 region of the
16S rDNA was amplified using PCR with univer-
sal primers (338F5′-ACTCCTACGGGAGGCAGCA-
3′ and 806R5′-GGACTACHVGGGTWTCTAAT-3′)
and sequenced on the Illumina HiSeq 2500 Sequenc-
ing Platform (Biomarker Technologies Corporation,
Beijing, China) in the PE250 mode (2 × 250 bp paired
ends). The analyses of microbiota were conducted on
the BMKCloud Platform (www.biocloud.net).

Bioinformatics and Statistical Analysis

The bioinformatics was conducted on the BMK
Cloud Platform (www.biocloud.net). The Raw Reads
were filtered by Trimmomatic (version 0.33), and
then Cutadapt (version 1.9.1), FLASH (version 1.2.7),
and UCHIME (version 4.2) were used to obtain
the Effective Reads. The Effective Reads with more
than 97% identity were clustered into operational
taxonomic units (OTUs) byUSEARCH (version 10.0),
whereas the OTUs whose proportions were less than
0. 005% of the total OTUs were removed. Taxon-
omy was assigned using the Silva as the reference
database and the community composition of each
sample can be counted at various levels (phylum,
class, order, family, genus, and species). The alpha-
diversity of all groups was obtained using the QIIME2
software. The richness and diversity of the micro-
biome of each group were calculated and evaluated
based on Chao1 and Simpson index separately. The
beta-diversity of all groups was obtained using the
QIIME software; the results among different groups
was shown by principal coordinate analysis (PCoA)
and permutational multivariate analysis of variance
(PERMANOVA). The PCoA indicates the samples
clustered with high community structure similarity,
whereas PERMANOVA is used to test whether there
are significant differences in beta-diversity among the
samples in different groups. Linear discriminant analy-

sis effect size (LEfSe) was used to identify bacte-
rial biomarkers of each group. The linear discrimi-
nant analysis (LDA) score was used to classify the
data and assess the influence of significantly different
species. Differences and changes related to functional
genes in the microbial community of different groups
of samples in the metabolic pathway were observed
through the composition and difference analysis of the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolic pathway using PICRUSt2 software.

Results

Culture Findings

We isolated 112 pure strains through aerobic and
anaerobic cultures from 72 samples (including 36
samples from the cornea, eyelid margin, and conjunc-
tiva of 12 patients in the bacterial keratitis group and
36 samples from the eyelid margin and conjunctiva
of the 18 participants in the control group), yielding
an average of 1.6 strains per sample. The numbers
of isolated strains from different eye sites in each
group are shown in Table 1. The detailed species of
isolated strains in cultures are listed in Table 2. Only
a limited group of bacteria were cultured from the
control group, including Staphylococcus, Corynebac-
terium, Propionibacterium, and Micrococcus. These
four common bacteria also appeared most frequently
in the samples in the bacterial keratitis group; and
some uncommon bacteria, such as Klebsiella and
Capnocytophaga, were occasionally detected in this
group.

The 16S rDNA Amplicon Sequencing

A total of 5,747,137 raw reads were obtained from
the same 72 samples (average 79,821 raw reads per
sample), and 4,650,975 effective reads (average 64,597
effective reads per sample) were generated after remov-
ing low-quality sequences, which were clustered into
1719 OTUs on a 97% similarity level. The flat ends
of the rarefaction curves (Fig. 1A) or the Shannon

Table 1. The Numbers of Isolated Strains in Cultures

Group Site Sample Size Culture Positive Samples Positive Rate

Bacterial keratitis Cornea 12 8 66.7%
Conjunctiva 12 8 66.7%
Eyelid margin 12 10 83.3%

Healthy control Conjunctiva 18 11 61.1%
Eyelid margin 18 13 72.2%

http://www.biocloud.net
http://www.biocloud.net
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Table 2. The Detailed Species of Isolated Strains in Cultures
Group Site Sample Size Isolated Strains Strain Number Percent

Bacterial keratitis Cornea 12 Staphylococcus epidermidis 1 8.3% (1/12)
Staphylococcus hominis 1 8.3% (1/12)
Corynebacteriummacginleyi 1 8.3% (1/12)
Propionibacterium sp. 1 8.3% (1/12)
Streptococcus pneumoniae 1 8.3% (1/12)
Capnocytophaga sp. 1 8.3% (1/12)
Micrococcus luteus 1 8.3% (1/12)
Klebsiella oxytoca 1 8.3% (1/12)
Moraxella osloensis 1 8.3% (1/12)
Sphingomonas paucimobilis 1 8.3% (1/12)
Microbacterium testaceum 1 8.3% (1/12)

11 (total)
Conjunctiva 12 Staphylococcus epidermidis 1 8.3% (1/12)

Staphylococcus warneri 1 8.3% (1/12)
Staphylococcus haemolyticus 1 8.3% (1/12)
Propionibacterium acnes 1 8.3% (1/12)
Propionibacterium sp. 2 16.7% (1/12)
Corynebacterium tuberculostearicum 1 8.3% (1/12)
Corynebacterium sp. 1 8.3% (1/12)
Streptococcus pneumoniae 1 8.3% (1/12)
Capnocytophaga sp. 1 8.3% (1/12)
Micrococcus luteus 1 8.3% (1/12)
Klebsiella oxytoca 1 8.3% (1/12)
Kocuria rosea 1 8.3% (1/12)

13 (total)
Eyelid margin 12 Staphylococcus epidermidis 3 25% (1/12)

Propionibacterium acnes 1 8.3% (1/12)
Propionibacterium avidum 1 8.3% (1/12)
Propionibacterium sp. 1 8.3% (1/12)
Corynebacteriummacginleyi 2 16.7% (1/12)
Corynebacterium tuberculostearicum 1 8.3% (1/12)
Corynebacteriummastitidis 1 8.3% (1/12)
Streptococcus pneumoniae 1 8.3% (1/12)
Bacillus simplex 1 8.3% (1/12)
Micrococcus luteus 1 8.3% (1/12)
Klebsiella oxytoca 1 8.3% (1/12)
Moraxella osloensis 1 8.3% (1/12)
Microbacterium testaceum 1 8.3% (1/12)

16 (total)
Healthy control Conjunctiva 18 Staphylococcus epidermidis 10 55.6% (10/18)

Staphylococcus aureus 2 11.1% (2/18)
Staphylococcus lugdunensis 2 11.1% (2/18)
Staphylococcus hominis 2 11.1% (2/18)
Staphylococcus warneri 1 5.6% (1/18)
Propionibacterium acnes 4 22.2% (4/18)
Propionibacterium sp. 1 5.6% (1/18)
Corynebacteriummacginleyi 4 22.2% (4/18)
Corynebacteriummastitidis 1 5.6% (1/18)
Corynebacterium tuberculostearicum 1 5.6% (1/18)
Corynebacterium segmentosum 1 5.6% (1/18)
Corynebacterium sp. 5 27.8% (5/18)
Micrococcus luteus 4 22.2% (4/18)

38(total)
Eyelid margin 18 Staphylococcus epidermidis 9 50% (9/18)

Staphylococcus aureus 2 11.1% (2/18)
Staphylococcus lugdunensis 2 11.1% (2/18)
Staphylococcus hominis 1 5.6% (1/18)
Propionibacterium acnes 5 27.8% (5/18)
Propionibacterium avidum 1 5.6% (1/18)
Corynebacteriummacginleyi 4 22.2% (4/18)
Corynebacteriummastitidis 1 5.6% (1/18)
Corynebacterium tuberculostearicum 1 5.6% (1/18)
Corynebacterium segmentosum 1 5.6% (1/18)
Corynebacterium sp. 5 27.8% (5/18)
Micrococcus luteus 2 11.1% (2/18)

34 (total)
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Figure 1. Alpha-diversity of the samples. (A) Themulti-sample rarefaction curves. (B) Themulti-sample Shannon curves. (C) Chao1 index of
samples between the bacterial keratitis group (BK) and the healthy control group (HC). (D) Simpson index of samples between the bacterial
keratitis group (BK) and the healthy control group (HC). (E) Chao1 index of samples among cornea (BKCORNEA), conjunctiva (BKCONJUNC),
and eyelidmargin (BKEYELID)of the bacterial keratitis group. (F) Simpson index of samples among cornea (BKCORNEA), conjunctiva (BKCON-
JUNC), and eyelid margin (BKEYELID) of the bacterial keratitis group. (G) Chao1 index of samples between conjunctiva (HCCONJUNC) and
eyelidmargin (HCEYELID) of the healthy control group. (H) Simpson index of samples between conjunctiva (HCCONJUNC) and eyelidmargin
(HCEYELID) of the healthy control group.
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curves (Fig. 1B) indicate that the sequencing data
volume was sufficient and the diversities discovered
were adequate. The richness and diversity of the micro-
biome of each group were evaluated based on Chao1
and Simpson index separately. The results showed
that the richness of the microbiome of the bacte-
rial keratitis group was significantly higher than that
of the healthy control group (Fig. 1C; P < 0.01,
Mann-Whitney U test), but the diversity of the micro-
biome of the bacterial keratitis group was significantly
lower (Fig. 1D; P < 0.05, Mann-Whitney U test).
Among the different sites of the bacterial keratitis
group (cornea, conjunctiva, and eyelid margin) or the
healthy control group (conjunctiva and eyelid margin),
there was no significant differences in the richness and
diversity of the microbiome (Figs. 1E–H). Regard-
ing beta-diversity among different groups, according
to the results of PCoA and PERMANOVA analysis,
most of the gathered plots of each group indicated a
significant difference in the microbiome between the
bacterial keratitis group and the healthy control group
(Fig. 2A, P = 0.001). There was no significant differ-
ence among the different sites of either the bacterial
keratitis or the healthy control group (Figs. 2B, 2C,
P > 0.05). The top 15 genera/families of each group
detected using 16S rDNA amplicon sequencing are
shown in Figure 3. Streptococcus, Acinetobacter, and
Lactobacilluswere themost frequently identified bacte-
ria in both the bacterial keratitis and control groups.
LEfSe analysis of the potential bacterial biomarkers
of each group (Supplementary Fig. S1) and informa-
tion on predicted function of the samples (Supple-
mentary Fig. S2) are shown in the supplementary
materials.

Comparison of the Sensitivities of Detection
Between Culture and 16S rDNA Amplicon
Sequencing

All the 72 specimens gained positive results detected
by 16S rDNA amplicon sequencing, 50 of them were
culture positive and 22 were culture negative. The
positive rate of 16S rDNA amplicon sequencing detec-
tion was 100% for these specimens from the ocular
surface, whereas the positive rate of the culture method
was 69.4% for the same specimens. The maximum
number of bacterial strains isolated from a single
sample was six (Staphylococcus epidermidis, Staphy-
lococcus lugdunensis, Staphylococcus warneri, Staphy-
lococcus aureus, Micrococcus luteus, and Propionibac-
terium acnes) from conjunctival sample H09. The
samples in the bacterial keratitis group showed a
maximum of 12 genera, whereas those in the healthy
control group showed amaximum of only 4 genera (see
Table 2). In contrast, the positive rate of 16S rDNA
amplicon sequencing was 100%. The OTUs obtained
for each sample ranged from 216 to 672, which were
classified into 123 to 337 different genera.

Consistency of the Results Between Culture
and 16S rDNA Amplicon Sequencing

For the 22 culture-negative specimens, the results
of 16S rDNA amplicon sequencing were positive,
which revealed that 16S rDNA amplicon sequenc-
ing detection was more sensitive than the conven-
tional culture method and could detect more kinds
of bacteria. The bacteria detected only by 16S rDNA
amplicon sequencing included not only fastidious

Figure 2. Beta-diversity of the samples expressed by principal coordinate analysis (PCoA) plots and PERMANOVA analysis to show the
significant difference among the groups, X-axis label PC1 and Y-axis label PC2 separately represented the first and second principal axes that
distinguished all samples the most and the percent of difference can be explained. (A) Dividing all the samples into the bacterial keratitis
group (BK) and the healthy control group (HC). (B) Dividing all the samples of the bacterial keratitis group into the conjunctiva (BKCONJUNC),
cornea (BKCORNEA), and eyelid margin (BKEYELID) of the bacterial keratitis group. (C) Dividing all the samples of the healthy control group
into conjunctiva (HCCONJUNC) and eyelid margin (HCEYELID) of the healthy control group.
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Figure 3. The top 15bacteria detectedusing 16S rDNAamplicon sequencing. The top 15bacterial genera or families in all the samples from
each site in the two groups (BK-Bacterial Keratitis; HC-Healthy Control; CONJUNC-Conjunctiva; EYELID-Eyelid margin) are comprehensively
analyzed by BMKCloud Platform (www.biocloud.net).

bacteria, such as Lactobacillus and Bacteroides, but
also frequently cultured bacteria, such as Propi-
onibacterium, Corynebacterium, and Staphylococcus
(Table 3).

The results of microscopy, culture, and 16S rDNA
amplicon sequencing for the patients of the bacte-
rial keratitis group are listed in Table 3. The top 30
genera/families from each cornea sample in the bacte-
rial keratitis group are shown in Figure 4. In the

cases of samples B02, B04, and B06, the 16S rDNA
amplicon sequencing results were consistent with
the corneal scraping-based culture and microscopy
findings. However, the consistency of these results was
not always satisfactory. In the cases of samples B09
and B11, the results of 16S rDNA amplicon sequenc-
ing suggested pathogenic bacteriumwith a high ratio in
the microbiome, which was consistent with the finding
of Gram-positive bacteria on microscopy analysis, but

Table 3. Results of Bacteria Checks of the Patients in the Bacterial Keratitis Group
Patient Corneal Scraping Microscopy(*) Cause Culture Results Top Bacterium in 16S rDNA Amplicon Sequencing (Percent)

B01 G+ (2-9) No obvious cause C. macginleyi Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (33.2%)Acinetobacter (2.4%)
B02 G– (7–25), G+ (2–11) Foreign bodies K. Oxytoca Enterobacteriaceae (61.1%)
B03 G+ (1–7) Contact lens related trauma P. acnes Acinetobacter (20.3%)
B04 G+ (2–7) No obvious cause Capnocytophaga Capnocytophaga (25.6%)
B05 G+ (4–17) Dirty gloves rubbing M. osloensisS. paucimobilis Massilia (14.6%)Acinetobacter (2.4%)
B06 G+ (2–30) Plant trauma S. pneumonia Streptococcus (71.8%)
B07 G+ (3–15) No obvious cause Negative Bacteroides (10.6%)
B08 G+ (2–7) Splashed cement Negative Acinetobacter (17.2%)
B09 G+ (7–19) No obvious cause Negative Streptococcus (25.6%)
B10 G+ (3–16) No obvious cause M. testaceum Lactobacillus (12.2%)
B11 G+ (2–11) Plant trauma Negative Bacillus (64.1%)
B12 G+ (9–30) Plant trauma StaphylococcusM. luteus Streptococcus (6.6%)

*G+ stands for Gram-positive bacteria, G– stands for Gram-negative bacteria. The accompanying numbers in the brackets
refer to the number of bacteria observed in each field of vision under the oil lens of the microscope (1000 ×).

http://www.biocloud.net
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Figure 4. The top 30 bacteria of each cornea sample of the bacterial keratitis group detected using 16S rDNA amplicon sequencing. Bars
B01A to B12A represent the 12 cornea samples of the bacterial keratitis group; the data were comprehensively analyzed by BMKCloud
Platform (www.biocloud.net).

the culture method results were negative. In some
cases, such as B01, B05, B07, and B10, the bacte-
ria detected with the highest ratio using 16S rDNA
amplicon sequencing were all culture-fastidious bacte-
ria; therefore, the reliability of the culture results was
low and we had to diagnose the pathogen based on
the results of 16S rDNA amplicon sequencing and
microscopy results. Samples B08 and B12 showed what
we called “dysbacteriosis”— the results of 16S rDNA
amplicon sequencing results showed average ratios
of the microbiome, the culture results were negative
or positive for possible commensals, and few bacte-
ria were observed microscopically, the findings were
also very common in the healthy control group; in
such cases, it was difficult to diagnose the pathogenic
bacteria.

Discussion

Culture-independent NGS techniques including
16S rDNA amplicon sequencing and MDS, undoubt-
edly possess the highest potential in improving diagnos-

tic sensitivity and accuracy for detecting infectious
pathogens.15–17 Our results demonstrated that 16S
rDNA amplicon sequencing offered an advantage
over culture methods in detection sensitivity. Even
though the consistency between the two methods was
less than satisfactory except in a few cases (e.g. K.
oxytoca in sample B02, Capnocytophaga in sample
B04, or S. pneumonia in sample B06), 16S rDNA
amplicon sequencing can improve the diagnosis of
the pathogenic bacteria in ocular bacterial infection.
When the culture results provide a negative result or
yielded only possible commensals, the results of 16S
rDNA amplicon sequencing could help to analyze the
cases: if there are fastidious bacteria with a high ratio
in the microbiome, they might be the pathogens; if
the bacteria with the highest ratio in the microbiome
are ocular commensals, they might be the opportunis-
tic pathogens; if the ratios of most of the bacteria
in the microbiome are average, it might be a case of
“dysbacteriosis” and other possible effects should be
analyzed for diagnosis and treatment. Of course, 16S
rDNA amplicon sequencing is not a perfect technol-
ogy that always provides accurate and satisfactory
results: it can usually identify bacteria in the genus

http://www.biocloud.net
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level instead of species through the V3 to V4 sequences
of 16S rDNA; several procedures of the process
including DNA extraction, PCR amplification, match-
ing in the databases for identification would intro-
duce bias to influence the results.18–21 Those defaults
could be improved gradually through detecting more
ocular samples. Conversely, our findings proved that
the culture method is not always reliable to diagnose
pathogenic bacteria even when samples show positive
culture results: sometimes, bacteria from the environ-
ment may provide false-positive results; sometimes,
the pathogenic bacteria that cannot grow easily under
classical culture conditions may show false-negative
findings; sometimes, the commensal bacteria that
adapted well to the culture conditions may grow
extremely vigorously and provide a false-positive result.
For example, S. aureus and P. aeruginosa are reported
to be the two most common organisms implicated in
bacterial keratitis,22–26 but, in our study, the Staphylo-
coccus and Pseudomonas genera were not as abundant
as in conventional experience. It is possible that they
are commonly detected in bacterial keratitis samples
because they are easily cultured under routine culture
conditions.However, the culturemethod remains indis-
pensable because it is one of the most important visible
results for analyzing the causative pathogen; it is also
the origin of pure strains for possible pathogenic bacte-
ria to acquire drug resistance or for deriving more
information. The accumulating data from the results
of 16S rDNA amplicon sequencing of ocular surface
samples may contribute to improving the technology
for enhancing culture conditions in order to culture
more fastidious but common bacteria on the ocular
surface.

Therefore, neither the culture method nor
16S rDNA amplicon sequencing can identify the
pathogenic bacteria accurately or be the sole method
to diagnose the pathogenic bacteria for the majority
of ocular surface samples, at present. A comprehen-
sive approach using information from all the possible
tests, including culture, microscopic observation of
slides, confocal microscopy, and 16S rDNA amplicon
sequencing, may be optimal, and there may currently
be no “gold standard” test for the diagnosis of ocular
surface infection.

Nevertheless, the application of NGS technol-
ogy can improve the diagnosis of pathogenic bacte-
ria in an ocular infectious specimen. For infec-
tious specimens from sterile sites, like intraocular
liquid, MDS is definitely the best method to diagnose
the causative pathogen, because it allows detection
of a large variety of pathogens, including bacte-
ria, fungi, viruses, and parasites, for which there
is drug-resistance information, which is especially

useful for urgent and critical infections without credi-
ble pathogen information.7,15 However, for bacte-
rial corneal infections, 16S rDNA amplicon sequenc-
ing can complement the results of cultures and
other microscopic assessments at a relatively lower
cost. This approach could provide nearly 100%
positive results when conventional tests show negative
results.

Unfortunately, the sample size of this pilot study
was limited because of the short study duration and
strict exclusion criteria; however, these limited cases
also yielded some reliable findings. The results of the
limited cases have updated our recognition of both
the diagnosis of pathogenic bacteria of ocular surface
samples and the definition of bacterial keratitis. In
fact, patients with a pure bacterial infection in the
cornea represent the minority of infectious kerati-
tis cases, similar to samples B02, B04, and B06; in
such cases, we could easily diagnose the pathogenic
bacteria and provide accurate treatment. Many more
cases showed a comparatively higher ratio of fastidi-
ous or possible opportunistic bacteria that cannot be
confirmed by the results of culture and microscopy.
Furthermore, in some cases, the microbiome was
detected with an average ratio of various bacteria, a
condition we called “dysbacteriosis,” where we could
not diagnose the pathogen. For ease of analysis, we
excluded the participants with fungal or amoeba or
possible viral infectious keratitis from the bacterial
keratitis group. Sometimes, the cornea is infected by
multiple pathogens; we could infer that it would be
more difficult to analyze the microbiome of those
cases and provide accurate treatment. In the future,
accumulating data from a larger sample size and
more cases might improve our recognition of the
ocular infectious disease and help decide the accurate
treatment.

In reality, many factors can skew the results of
microbiome analysis using the amplification technique;
several steps of the 16S rDNA amplicon sequenc-
ing might lead to bias, including those involved in
initial DNA sample preparation, such as DNA extrac-
tion, PCR amplification, amplicons computationally
clustering criteria for taxonomy, and quantification
error due to the different copies of 16S rDNA from
various bacteria. As an example, the primers used in
routine 16S rDNA amplicon sequencing are designed
according to the sequences of conserved domains
between V3 and V4 variable domains. However, varia-
tion in the conserved domain remains, which means
that “universal primers”are not always universal. These
primer sets might underperform when they encounter
mismatches, which results in the under-amplification of
certain organisms. The above factors may explain the
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culture-positive but 16S rDNA amplicon sequencing
negative cases (B05 andB10).MDS seemsmore reliable
than 16S rDNA amplicon sequencing for avoiding bias
andmay identify the bacterial species and providemore
information by reading longer sequences. However,
16S rDNA amplicon sequencing has its advantages,
such as lower cost and higher sensitivity for ocular
samples. We need to explore the characteristics of the
microbiome of ocular samples from a wider range
of sources and improve the procedures of the ampli-
con sequencing technique, such as screening DNA
extraction kits, picking primers, or exploiting more
species-specific sequences for identification, to make it
suitable for our particular type of sample in the future.
Conversely, the conventional culture method should be
improved to increase the positive rate and accuracy;
the fastidious bacteria discovered in the micro-
biome of ocular specimens would be an important
reference.

Recent studies have reported that the environ-
ment can continuously influence the ocular surface
microbiome.27 Considering the complexity of this
microbiome, further studies with larger sample
sizes and scope are needed to evaluate this aspect.
Moreover, new and improved approaches based
on NGS will be explored with the accumulation
of increasing discoveries from more parts of the
world.21

Furthermore, identification of the causative
pathogen and subsequent targeted treatment should be
performed with caution. In cases of monocular corneal
infection, the conjunctiva and eyelid margin samples
from the contralateral eye can be used to eliminate the
interference of background bacteria.

In conclusion, a comprehensive assessment of the
causative pathogens of corneal and external infections
using data from all the available methods may be
advisable while considering the influence of the ocular
surface microbiome.
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