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Abstract
● AIM: To investigate the ocular surface microbiome profile 
of patients with fungal keratitis (FK) through bacterial 16S 
rDNA sequencing.
● METHODS: The swab samples were collected from 8 
patients with FK (Group 1 from the corneal ulcer, Group 2 
from the conjunctival sac of the infected eyes, and Group 3 
from the conjunctival sac of the fellow eyes) and 10 healthy 
eyes (Group 4 from the conjunctival sac). Bacterial 16S rDNA 
V4-V5 region sequencing was performed to characterize 
the bacterial communities on the ocular surfaces of the 
patients with FK.
● RESULTS: Our metagenomic data showed that 97% of 
the sequence reads were categorized into 245 distinct 
bacterial genera, with 67.75±7.79 genera detected in 
Group 1, 73.80±13.44 in Group 2, 74.57±14.14 in Group 3, and 
89.60±27.49 in Group 4. Compared with the healthy eyes 
(Group 4), both infected (Groups 1 and 2) and fellow 
eyes (Group 3) of the patients with FK showed reduced 
bacterial diversity and altered ocular surface microbiota 
compositions, with lower abundance of Corynebacterium 
and Staphylococcus  and higher abundances of 
Pseudomonas, Achromobacter,  Caulobacter  and 
Psychrobacter.
● CONCLUSION: Our report depicts the altered ocular 
surface bacterial community structures both in the affected 
and fellow eyes of patients with FK. These changes may 
contribute to the pathogenesis of FK or the increased risk 
for FK.
● KEYWORDS: conjunctiva microbiota; bacteria; metagenomics; 
16S rDNA; fungal keratitis
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INTRODUCTION

F ungal keratitis (FK) is a kind of severe corneal infectious 
disease and remains challenging worldwide because 

of many obstacles to the effective prevention, diagnosis and 
therapy. Once the initial anti-fungal treatment is delayed, 
patients have to receive keratoplasty surgery, sometimes 
with a poor prognosis. Corneal trauma is the most common 
risk of FK[1], but there are many FK patients without any 
history of trauma. Understanding of the epidemiology and 
pathophysiologic mechanism of FK needs to be improved.
A growing body of evidence suggests that the human 
ocular surface is colonized by diverse commensal microbial 
communities, which play important roles in homeostatic 
maintenance of healthy eyes[2-5]. Dysbiosis of the ocular surface 
also drives the pathogenesis of ocular diseases[3,6-8]. The normal 
microbiota has a protective immunoregulatory function against 
pathogenic species, and alterations of the normal microbiome 
may lead to the disease[3,9-10]. Clinical data have also proved 
that the abuse of topical antibiotics correlates positively with 
fungal infection[11]. Moreover, Corynebacterium as an ocular 
commensal has been found to modulate ocular immunity and 
protect the ocular surface from fungal infection in mice[12]. 
These findings suggest the involvement of ocular surface 
microbiota into the pathogenesis of FK. Therefore, it is 
necessary to investigate the ocular surface microbiome profile 
of patients suffering FK.
Recent microbiological studies are supported technically by 
metagenomics, a combination of genomics, bioinformatics, 
and system biology[13], which is the development of high-
throughput DNA sequencing and bioinformatics technology. 
We previously investigated the composition and diversity of 
bacterial flora in the normal conjunctiva and identified the 
pathogenic bacteria from aqueous humor or vitreous body in 
the eyes with endophthalmitis by using 16S rDNA sequencing 
technique[14-15]. In the current study, we characterized the 
bacterial communities on the ocular surface of patients with 
FK using high-throughput 16S rDNA sequencing metagenomic 
analysis, finding that the altered commensal bacteria of ocular 
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surface may contribute to the pathogenesis of FK or the 
increased risk for FK. 
SUBJECTS AND METHODS
Ethical Approval  The Ethics Committee of Shandong Eye 
Institute approved the prospective, observational study. Written 
informed consent was obtained from all the studied subjects for 
sample collection and subsequent analyses. The investigations 
and measurements were performed in accordance with the 
Declaration of Helsinki.
Sample Collection  Eight patients with FK and 10 controls 
without ocular surface disease who were hospitalized 
between March 1 and April 30, 2015 were included in the 
study. All participants did not have any systemic medical 
administration within 6mo and underwent a complete 
ophthalmic examination. FK was diagnosed based on the 
corneal scraping revealing fungal elements in smears with 
10% potassium hydroxide (KOH), culture and confocal 
microscopy. All patients with FK developed monocular disease 
and their fellow eyes did not receive any eyedrops. The 10 
controls were patients scheduled for cataract surgery, who 
did not have a medical history of systemic disease or receive 
eyedrops administration (antibiotics, corticosteroids, and non-
steroidal anti-inflammatory agents) within 6mo. Eight corneal 
scraping samples from infected eyes (Group 1) were obtained 
with a sterile surgical blade following the instillation of 0.5% 
tetracaine hydrochloride eyedrops into the eye. Conjunctival 
specimens from affected eyes (Group 2) and fellow eyes 
(Group 3) of patients with FK, and control eyes (Group 4) 
were collected from the upper, lower palpebral conjunctiva, 
caruncle and fornix conjunctiva under topical anesthesia using 
disposable sterile dry absorbent cotton swabs. Both the corneal 
scrapings and cotton swabs were placed in sterile tubes and 
stored in a -80℃ freezer until DNA extraction. 
DNA Extraction  DNA from different samples was extracted 
using the MicroElute Genomic DNA Kit (D3096-01; Omega, 
Guangzhou, China) according to the manufacturer’s instructions. 
Sample blanks consisting of unused swabs were processed 
through DNA extraction for verification of no DNA. The total 
DNA of swabs was eluted in 20 mL of elution buffer (Omega 
D3096) and stored at -80℃ until measurement by polymerase 
chain reaction (PCR; Lianchuan Biotech, Hangzhou, China).
PCR Amplification and 16S rDNA Sequencing  Using 
the total DNA from the 34 samples as a template and the 
primer (319F 5’-ACTCCTACGGGAGGCAGCAG-3’; 806R 
5’-GGACTACHVGGGTWTCTAAT-3’), we amplified the 
V3-V4 regions of the bacterial 16S rDNA. All reactions were 
carried out in 25 mL (total volume) of mixtures containing 
approximately 25 ng of genomic DNA extract, 12.5 mL of 
PCR premix, 2.5 mL of each primer, and PCR grade water 
to adjust the volume. PCR reactions were performed in the 

Master Cycler gradient thermocycler (Eppendorf, Hamburg, 
Germany), including initial denaturation at 98℃ for 30s, 35 
cycles of denaturation at 98℃ for 10s, annealing at 54℃/52℃ 
for 30s, extension at 72℃ for 45s, and final extension at 72℃ 
for 10min. The PCR products were confirmed with 2% agarose 
gel electrophoresis. During the DNA extraction process, 
ultrapure water, instead of a sample solution, was used to 
exclude any false positive PCR results. The PCR products were 
normalized by the AxyPrep Mag PCR Normalizer (Axygen 
Biosciences, Union City, CA, USA), which could skip the 
quantification step despite the PCR volume submitted for 
sequencing. The amplicon pools were prepared for sequencing 
with AMPure XT beads (Beckman Coulter Genomics, 
Danvers, MA, USA). The size and quantity of the amplicon 
library were assessed with both the LabChip GX (PerkinElmer, 
Waltham, MA, USA) and the Library Quantification Kit 
for illumina (Kapa Biosciences, Woburn, MA, USA). PhiX 
Control library (Illumina) was combined with the amplicon 
library (expected at 30%) and sequenced on 300PE MiSeq 
runs using the standard illumina sequencing primers.
Bioinformatics Analysis  Samples were sequenced on 
an illumina MiSeq platform (LC-Bio) according to the 
manufacturer’s instructions. Paired-end reads were assigned 
to samples based on their unique barcodes and truncated by 
cutting off the barcode and primer sequence. After the paired-
end reads were merged using the FLASH (Maryland, USA)[16], 
quality filtering on the raw tags were performed under specific 
filtering conditions to obtain the high-quality clean tags 
according to the FastQC (V 0.10.1; Cambridge, UK). Chimeric 
sequences were filtered using the Verseach software (v2.3.4) 
(Norway). Sequences with ≥97% similarity were assigned to 
the same operational taxonomic units (OTUs) by Verseach 
(v2.3.4; Norway). Representative sequences were chosen for 
each OTU, and taxonomic data were then assigned to each 
representative sequence using the Ribosomal Database Project 
classifier. Multiple sequence alignments were conducted 
using the PyNAST software (Boulder, USA) to study the 
phylogenetic relationship of different OTUs. OTUs abundance 
information was normalized using a standard sequence number 
corresponding to the sample with the least sequences. Alpha 
diversity was employed to analyze complexity of species 
diversity for each sample through 4 indices, including Chao1, 
Shannon, Simpson, and Observed species, calculated with 
the QIIME (Version 1.8.0; Boulder, USA). Beta diversity 
calculated by the principle co-ordinates analysis (PCoA) and 
cluster analysis using the QIIME software (Version 1.8.0; 
Boulder, USA) was used to evaluate differences of samples 
in species complexity. The taxonomy and abundance were 
bioinformatically analyzed at phylum, class, order, family, 
genus, and species levels.
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Statistical Analysis  All statistical analyses were performed 
using the R (Version 3.2.5; New Zealand) and GraphPad prism 
5.0 (GraphPad Software, San Diego, CA, USA). Alpha index 
and the relative abundance of the four groups were compared 
by the one-way analysis of variance, and the difference 
between any two groups was compared by the Kruskal-Wallis 
test. The results are expressed as mean±standard deviations 
(SD) and a P value of <0.05 was considered statistically 
significant.
RESULTS
Operational Taxonomic Units Analysis  The involved 
patients were 10 men and 8 women, with an average age 
of 58.3±9.53y (range, 41 to 78). Among the 34 subjects, 30 
samples (30/34) with sufficient quantity gene amplicons were 
used for OTU analysis.
Totally 750 900 high-quality sequencing reads were obtained 
from 30 samples after the removal of low-quality reads. 
The OTU classification was performed on the high-quality 

sequences using Verseach software (v2.3.4, Norway). At 
the OTU level, the difference between different groups was 
compared, and both the common and the unique OTUs 
between different groups were shown through the Venn 
diagram (Figure 1).
Alpha Diversity Analysis  The diversity of microbial 
communities in the subjects was assessed with alpha diversity 
analysis. The observed species and Shannon index were used 
to evaluate the richness and biodiversity of the microbiota 
(Figure 2). Comparison of the bacteria in the four groups 
revealed similar trajectories despite the varied number of reads. 
The four groups had diverse bacterial communities, showing 
that the samples from FK patients (Groups 1, 2 and 3) were 
relatively less diverse than those from the healthy eyes (Group 4). 
Beta Diversity Analysis  Beta diversity refers to species 
diversity among different environmental groups. Beta 
diversity and alpha diversity together constitute the biological 
heterogeneity of overall diversity or a certain environmental 

Figure 1 The common or unique OTUs between different samples  The common or unique OTUs in different groups were presented by Venn 
diagram. Group 1: Corneal scraping samples from infected eyes of patients with FK; Group 2: Conjunctival specimens from infected eyes of patients 
with FK; Group 3: Conjunctival specimens from fellow eyes of patients with FK; Group 4: Conjunctival specimens from healthy eyes as control.

Figure 2 The alpha diversity in the ocular surface of different groups  The alpha diversity was measured by observed species (A) and 
Shannon diversity index (B) using rarefaction curves. Group 1: Corneal scraping samples from infected eyes of patients with FK; Group 2: 
Conjunctival specimens from infected eyes of patients with FK; Group 3: Conjunctival specimens from fellow eyes of patients with FK; Group 
4: Conjunctival specimens from healthy eyes as control.
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community. PCoA represents the phylogenetic distance 
between samples. The beta diversities in different groups 
were calculated and visualized through PCoA analyses 
using the weighted UniFrac distances of 16S rDNA gene 
between microbial communities in the four groups (Figure 3). 
Compared with the other three groups, significant difference 
was observed in Group 4.
Dominant Genus Analysis  At a 97% confidence threshold 
in the RDP classifier, the 16S rDNA gene sequencing reads 
were classified into 16 bacterial phyla, 111 families, and 
245 genera in all samples, with 67.75±7.79 (range, 54-79) 
genera detected for each individual in Group 1, 73.80±13.44 
(range, 55-91) genera in Group 2, 74.57±14.14 (range, 52-93) 
genera in Group 3, and 89.60±27.49 (range, 44-131) genera 
in Group 4. The dominant genera were analyzed in Group 1, 
2, 3 and 4, respectively. As shown in Table 1 and Figure 4, 
for the healthy eyes (Group 4), the dominant genera (≥1%) 
included Corynebacterium (43.11%), Pseudomonas (26.92%), 
Staphylococcus (6.49%), Thermos (1.49%), Achromobacter 
(1.22%) and Acinetobacter (0.99%). For the fellow eyes 
(Group 3), the dominant genera (>1%) involved Pseudomonas 
(74.04%), Corynebacterium (4.92%), Thermus (2.61%), 
Acinetobacte (1.82%), Caulobacter (1.73%), Staphylococcus 
(1.60%), Sphingomonas (1.59%) and Achromobacter 
(1.39%). On the other hand, for the conjunctival sac from 
the affected eyes (Group 2), the dominant genera (>1%) 
included Pseudomonas (76.09%), Sphingomona (3.23%), 
Acinetobacter (2.23%), Caulobacter (1.82%), Achromobacter 
(1.61%), Thermus (1.58%) and Rhodopseudomonas (1.10%). 
Furthermore, for the corneal ulcer from affected eyes (Group 1), 
the dominant genera (>1%) included Pseudomonas (85.72%), 
Psychrobacter (2.66%), Achromobacter (1.40%), Thermus 
(1.25%), Acinetobacter (1.19%), and Caulobacter (1.18%). 
Taken together, the results suggested the dominant genera with 
significantly different distribution in different groups.
Bacterial Composition Analysis  To assess the microbial 
community alterations, the relative abundance in genus levels 
was compared and analyzed among 4 groups (Figure 5). 
Among these genera, 12 genera with significant difference in 
different groups were found (P<0.05). In our study, the top 5 
genera in the ocular surface of the healthy eyes (Group 4) were 
Pseudomonas Corynebacterium, Staphylococcus, Thermus and 
Achromobacter, which account for over 70% of the microbial 
community. Compared with the healthy eyes (Group 4), the 
lower abundance of Corynebacterium both in affected and 
fellow eyes of patients suffering FK (Groups 1, 2 and 3) was 
observed, respectively (P<0.05). The reduced abundance of 
Staphylococcus both in affected and fellow eyes of patients 
suffering FK was also detected, but the significant difference 
only in Group 1 vs Group 4 (P<0.05). While the abundance of 

Pseudomonas, Achromobacter, Caulobacter, Psychrobacter, 
Serratia and Nevskia both in affected and fellow eyes of 
patients with FK was much higher than that in the healthy 
eyes, respectively (P<0.05). Collectively, the patients suffering 
FK displayed disrupted conjunctival microbiome, and these 
alterations may be implicated in the pathogenesis of FK.

Figure 3 The principal coordinate analysis plot of conjunctival 
microbial communities from different groups  The analysis was 
derived from weighted Unifrac distances of 16S rDNA gene between 
microbial communities of the 4 groups. Values in parentheses on 
the axis labels indicated the percentage variation for each axis. The 
samples were clustered based on patients with or without FK. Group 1: 
corneal scraping samples from infected eyes of patients with FK; 
Group 2: Conjunctival specimens from infected eyes of patients with 
FK; Group 3: Conjunctival specimens from fellow eyes of patients with 
FK; Group 4: Conjunctival specimens from healthy eyes as control.

Figure 4 The composition and relative abundances of the top 20 
genera in the four groups  Relative abundances plots of the top 20 
genera were analyzed and presented using stack picture. Group 1: 
Corneal scraping samples from infected eyes of patients with FK; 
Group 2: Conjunctival specimens from infected eyes of patients with 
FK; Group 3: Conjunctival specimens from fellow eyes of patients 
with FK; Group 4: Conjunctival specimens from healthy eyes as 
control.
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Figure 5 The relative abundances of top 20 genera in different groups  The relative abundances of top 20 genera in different groups were 
analyzed and present by heat map, and values in color key indicated the relative abundance of each genus. Group 1: Corneal scraping samples 
from infected eyes of patients with FK; Group 2: Conjunctival specimens from infected eyes of patients with FK; Group 3: Conjunctival 
specimens from fellow eyes of patients with FK; Group 4: Conjunctival specimens from healthy eyes as control.

Table 1 Relative abundances of the top 20 Genera (mean) and the pairwise comparison

Genus
Relative abundances (%) P values by Kruskal-Wallis test

Group 1 Group 2 Group 3 Group 4 1 vs 2 1 vs 3 1 vs 4 2 vs 3 2 vs 4 3 vs 4
Pseudomonas 85.72 76.09 74.04 26.92 0.06 0.08 0.00 0.68 0.00 0.00
Corynebacterium 0.05 0.26 4.92 43.11 0.06 0.03 0.00 0.46 0.00 0.00
Staphylococcus 0.06 0.16 1.60 6.49 0.06 0.01 0.01 0.17 0.11 0.77
Thermus 1.25 1.58 2.61 1.49 0.38 0.11 0.93 0.46 0.27 0.20
Acinetobacter 1.19 2.23 1.82 0.99 0.46 0.30 0.37 0.94 0.18 0.08
Achromobacter 1.40 1.61 1.39 1.22 0.38 0.91 0.03 0.22 0.03 0.02
Sphingomonas 0.40 3.23 1.59 0.74 0.19 0.56 0.86 0.22 0.14 0.44
Caulobacter 1.18 1.82 1.73 0.87 0.08 0.13 0.29 0.68 0.01 0.03
Psychrobacter 2.66 0.90 0.23 0.11 0.31 0.16 0.02 0.03 0.01 0.28
Methylobacterium 0.38 0.65 0.71 0.57 0.19 0.01 0.42 0.57 0.71 0.56
Rhodopseudomonas 0.08 1.10 0.87 0.25 0.03 0.08 0.72 0.57 0.11 0.12
Comamonas 0.42 0.59 0.54 0.38 0.24 0.30 0.48 0.81 0.22 0.52
Streptococcus 0.02 0.08 0.75 0.62 0.54 0.00 0.00 0.04 0.03 0.70
Anaerococcus 0.00 0.01 0.01 0.77 0.72 0.95 0.00 0.75 0.01 0.00
Bacteroides 0.00 0.18 0.01 0.67 0.47 0.49 0.13 0.93 0.47 0.34
Serratia 0.39 0.88 0.17 0.03 0.14 0.60 0.08 0.09 0.00 0.20
Nevskia 0.29 0.49 0.34 0.08 0.46 0.56 0.02 0.57 0.02 0.04
Prevotella 0.01 0.17 0.15 0.42 0.15 0.01 0.02 0.46 0.46 0.49
Finegoldia 0.00 0.00 0.02 0.54 0.64 0.84 0.00 0.90 0.02 0.01
Fusobacterium 0.00 0.00 0.09 0.48 0.82 0.18 0.01 0.29 0.04 0.31

Conjunctival microbiome with fungal keratitis



199

Int J Ophthalmol,    Vol. 12,    No. 2,  Feb.18,  2019         www.ijo.cn
Tel: 8629-82245172     8629-82210956    Email: ijopress@163.com

DISCUSSION
Diverse microbial communities are colonized on the human 
ocular surface like other body sites. Ocular microbiome plays a 
part not only in maintaining homeostasis of ocular surface, but 
also in the pathogenesis of ocular diseases. However, whether 
ocular microbiome is relevant to ocular infectious diseases 
remains largely unknown. In this baseline report, we delineated 
the differences in the ocular microbiome of the patients with 
FK in relation to those with healthy eyes. Both the affected and 
contralateral eyes in the patients with FK showed a decreased 
bacterial diversity and altered composition, with lower 
abundances of Corynebacterium and Staphylococcus and 
higher abundances of Pseudomonas and Psychrobacter.
Our previous investigation identified Corynebacterium, 
Pseudomonas, Staphylococcus, Acinetobacter and Streptococcus 
as the “core genera” in the normal conjunctival microbiota[14]. 
In the current study, however, we found that the eyes with 
FK showed lower abundances of Corynebacterium (0.26% 
vs 43.11%) and Staphylococcus (0.16% vs 6.49%) compared 
with the normal eyes. Significantly decreased abundances 
of Corynebacterium (4.92% vs 43.11%) and Staphylococcus 
(1.60% vs 6.49%) were also observed in the fellow eyes of the 
patients with FK compared with the healthy eyes, which predict 
a higher susceptibility to fungal infection. Corynebacterium 
mastiditis and Staphylococcus epidermidis were reported to be 
skin commensal[9,17] and could afford heterologous protection 
against pathogenic fungal infections through induction of 
IL-17+γδ+ T and IL-17A+CD8+ T cells, respectively. St Leger 
et al[12] found that Corynebacterium mastiditis colonized the 
mouse conjunctiva and protected it against corneal infection 
by triggering γδ+ T cell-dependent IL-17 response. Our present 
study provided compelling clinical evidence that the decreased 
abundances of Corynebacterium and Staphylococcus on the 
ocular surface contributed to the pathogenesis of FK. Further 
studies are needed to determine the roles of microbiota in the 
establishment and maintenance of ocular immune homeostasis 
and to investigate what triggers the changes of ocular surface 
bacterial structure in the contralateral eyes.
Our data also disclosed that the relative proportions of some 
genera were higher in patients with FK than in healthy persons, 
such as Pseudomonas (76.09% vs 26.92%), Achromobacter 
(1.61% vs 1.22%), Caulobacter (1.82% vs 0.87%), and Psychrobacter 
(0.90% vs 0.11%) (P<0.05). Pseudomonas was frequently 
identified as bacterial pathogens on the human ocular surface, 
and involved in secondary infection of FK[18]. But some studies 
also indicated that Pseudomonas has an anti-fungal activity 
through its secondary metabolites[19-20]. However, it is still 
unclear what roles the increased Pseudomonas plays in the 
pathogenesis of FK, which needs to be further investigated. 
Caulobacter can be recovered from many freshwater facilities, 

but they are not a part of the normal microbial flora of the skin 
and have rarely been found to be pathogenic in humans. The 
special requirements for growth, the low temperatures, and the 
NaCl intolerance suggest that several species of Caulobacter 
may be overlooked in the clinical microbiology laboratory[21]. 
Similarly, Achromobacter was found in contact lens users, 
but ocular infections due to Achromobacter are extremely 
uncommon[22]. Moreover, the mean relative abundance of 
Psychrobacter in different groups was 2.66%, 0.90%, 0.23%, 
and 0.11%, respectively, suggesting an increased abundance 
on the ocular surface with fungal infection. Psychrobacter 
was found in the extreme environment, with the potential as a 
resource of enzymes which were able to maintain its activity 
and stability at low temperature[23]. It was reported to display an 
anti-fungal activity through their metabolites such as important 
enzymes (cellulase, protease, lipase, and amylase)[24], and be 
applied to the control of emerging fungal diseases in wild and 
farmed fishes[25]. All of the results suggested Pseudomonas and 
Psychrobacter may be a source of novel antibiotics that can 
find medicinal use in antifungal therapy for FK in the future.
The limitations of the present study must be acknowledged. 
First, although our results were supported statistically, the 
number of subjects was insufficient. Our team is undertaking 
further ocular microbiome analyses with more biological 
samples. Second, 16S rDNA sequencing method we used in 
this study prevented resolution at the species level, which 
is important in identifying the bacterial composition. More 
studies at the species or strain levels will be required to test 
the validity of our results. Third, although we observed the 
decreased bacterial diversity and altered bacterial composition 
in the conjunctiva of eyes with FK, further animal experiments 
and in vitro investigations are needed to uncover the 
associations of altered bacteria, such as Corynebacterium 
and Staphylococcus, with FK and to elucidate the mechanism 
underlying them. Moreover, analyses of the mycobiome, which 
is closely related to health and disease analysis[26-27], in the eye 
through internal transcribed spacer sequencing also necessary 
for a full understanding of the pathogenesis of FK.
To our knowledge, this is the first study to investigate the 
conjunctival bacterial communities in FK using 16S rDNA 
PCR-based gene sequencing metagenomics analysis. The 
finding of decreased bacterial diversity and altered microbial 
community of the ocular conjunctiva in patients with FK 
provides novel clues for the pathogenesis of FK.
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