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Abstract

e AIM: To characterize the composition and functional
features of the aqueous humor microbiome in common ocular
diseases, including myopia, cataract, primary open angle
glaucoma (POAG), and Posner-Schlossman syndrome (PSS).
e METHODS: We performed metagenomic sequencing
on 176 aqueous humor samples from patients with
cataract (n=37), POAG (n=66), PSS (n=35), and myopia
patients (n=38, as controls). Taxonomic profiling, functional
annotation, and diversity analyses were conducted to
characterize microbial communities, with adjustments for
age and gender where appropriate. Associations between
microbial features and clinical parameters were evaluated

using correlation analyses.

e RESULTS: We identified 6635 bacterial, 141 archaeal,
96 eukaryotic, and 108 viral operational taxonomic
units (OTUs) in the aqueous humor. The microbiome was
dominated by Actinomycetota and Pseudomonadota at
the phylum level. Compared to myopia controls, POAG and
PSS patients showed significantly reduced alpha diversity
after age adjustment (P<0.05), whereas cataract patients
showed no significant difference. Additionally, we identified
disease-specific microbial signatures including enrichment
of Cytomegalovirus (CMV) in PSS. Functional analysis
revealed enrichment of distinct metabolic pathways. Finally,
correlations were observed between microbiota/pathway
abundance and clinical phenotype, though none remained
significant after multiple testing correction.

e CONCLUSION: This study provides a preliminary
characterization of the aqueous humor microbiome in
patients with POAG, PSS, cataract, and myopia controls.
The identified microbial signatures and functional pathways
offer new insights into potential microbiome-mediated
mechanisms in ocular pathophysiology and may inform
future diagnostic and therapeutic strategies.
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INTRODUCTION

he human microbiome plays a pivotal role in maintaining
T physiological homeostasis and influencing disease
pathogenesis across various organ systems, including the eye' ™.

Traditionally, the intraocular environment, particularly the
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aqueous humor, was presumed to be sterile due to the closed
anatomical structure of the eye and the protection provided
by the blood-retinal barrier and blood-aqueous barrier. This
view held that any microorganisms detected were considered
exogenous pathogens. Therefore, the knowledge of the
intraocular microbiome and its function is limited. However,
emerging evidence has revealed the presence of microbial
communities in intraocular fluids even in the absence of overt
infection™. A systematic study demonstrated the existence
of a low-biomass intraocular microbiome in both healthy and
diseased human eyes, underscoring the potential for microbial
translocation from other body sites, such as the gut, oral,
or ocular surface to the intraocular space'*. These findings
have profound implications for understanding ocular health
and disease, suggesting that the intraocular microbiome may
contribute to both physiological and pathological processes.

Despite these advances, the composition, diversity, and
functional dynamics of the aqueous humor microbiome in
common ocular diseases, such as myopia, cataract, primary
open angle glaucoma (POAG), and Posner-Schlossman
syndrome (PSS), remain poorly characterized. POAG
is a group of eye disorders characterized by progressive
deterioration of the optic nerve that can lead to irreversible
vision loss". Although the pathogenesis of POAG is still
unclear, previous studies have showed that POAG is related

. . . . . 6-7
with immune microenvironment disorder®”

, and H. pylori
was found in iris specimens of POAG patients™. PSS, often
linked to cytomegalovirus (CMV) infection, may also involve
microbial contributions to immune dysregulation or intraocular
pressure (IOP) modulation. This evidence suggested that
the microbiome may play an important role in regulating
the immune microenvironment and in disease pathogenesis.
However, systematic investigations into the aqueous humor
microbiome across different ages, sex, and health/disease states
are lacking, leaving a critical gap in our understanding of its
underlying mechanisms.

Metagenomic sequencing offers a powerful, unbiased approach
to profile microbial communities in low-biomass environments

11 Unlike traditional culture-

like the aqueous humor
based methods that fail to detect unculturable or fastidious
microorganisms, metagenomics provides a comprehensive
view of microbial diversity by directly sequencing all
genetic material in a sample. Although results could also
be complicated by several factors, such as small sample

1121 swabbing technique'”, and contamination from DNA

14-15]

size
extraction and profiling tool"*"”, metagenomics remains the
best state-of-the-art tool for in sifu profiling of a microbiota.
This high-throughput technique also enables functional
annotation of microbial genes, revealing potential metabolic

pathways that may interact with host physiology.
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In this work, we performed metagenomic sequencing to
investigate the taxonomic and functional landscape of the
aqueous humor microbiome in cataract, POAG, and PSS
patients compared to young myopia patients as controls. We
analyzed aqueous humor specimens obtained during surgery
from patients with cataract, POAG, and PSS (with PSS
samples collected during an acute episode), as well as from
young myopia patients undergoing implantable collamer
lens (ICL) surgery, who served as controls. Our findings may
contribute to the understanding of microbial contributions to
different eye diseases and could offer potential insights into
novel biomarkers or therapeutic targets, paving the way for
future mechanistic and translational research in ocular health.
PARTICIPANTS AND METHODS

Ethical Approval All samples in this study were obtained
from routine clinical practice at Peking University Third
Hospital, Peking University. Written informed consent was
obtained from all participating patients, which specifically
authorized the use of their aqueous humor samples for
metagenomic sequencing and the subsequent analysis and
publication of the resulting data. The study protocol was
reviewed and approved by the Peking University Third
Hospital Medical Science Research Ethics Committee
(Approval IRB00006761-M2023710), and all procedures
were conducted in strict accordance with the ethical
principles outlined in the Declaration of Helsinki. This study
was registered under the Chinese Clinical Trials Registry
(ChiCTR2400090540). The original data was registered
under the National Center for Biotechnology Information
(PRINA1187273). To ensure patient privacy, all sequencing
reads were subjected to a rigorous bioinformatic filtering
step to remove human genetic material prior to any microbial
analysis.

Subject Recruitment This study included a total of 176
aqueous humor samples collected at Peking University Third
Hospital between December 2023 and December 2024: 37
from cataract patients, 66 from POAG patients, 35 from PSS
patients, and 38 from myopia patients. Adult patients who were
diagnosed as POAG, PSS, and cataract, who needed surgical
treatment and were willing to join the project were enrolled
in the study. Besides, we enrolled myopia patients who were
willing to undergo ICL surgery as controls due to the difficulty
in obtaining aqueous humor from healthy individuals. The
inclusion and exclusion criteria for all participants are shown
in Table 1.

All enrolled patients underwent a standardized ophthalmic
examination, including assessment of visual acuity and IOP,
slit-lamp biomicroscopy, gonioscopy, and optic disc evaluation
with a 90-diopter (D) lens. Retinal nerve fiber layer (RNFL)
was measured by optical coherence tomography (OCT;
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Table 1 Inclusion and exclusion criteria

Criteria

Inclusion criteria

Patients aged 18—-80y;, clearly diagnosed with PSS based on the following clinical characteristics
Recurrent attacks of unilateral elevated IOP in association with mild nongranulomatous anterior uveitis, and attacks last few hours

to few weeks

Patients usually complain of decreased vision, mild discomfort, and halos

Corneal edema, elevated IOP, open angle, KPs, few cells, and minimal flare are usually seen in the affected eye

Normal visual fields and optic disc, and normal IOP between attacks

Patients aged 18—80y;, clearly diagnosed with POAG based on the following clinical characteristics

Persistent or worsening findings of a 0.3 or greater cup-to-disc ratio

Increasing IOP greater than 21 mm Hg

Nerve fiber layer defects verified with optical coherence tomography

Reproducible visual field defects
Myopia patients aged 18-80y who underwent ICL surgery

Age-related (senile) cataract patients who underwent cataract surgery

Able to understand and willing to sign the informed consent form

Exclusion criteria

Had taken glucocorticoids or immunosuppressive medication within the 3mo prior to sample collection

Elevated IOP caused by any other known factor

Presence or history of eye diseases other than refractive errors

History of ocular trauma, infectious uveitis, other types of immune-related uveitis, or comorbid POAG

History of ophthalmologic surgery or operation, including paracentesis of the anterior chamber

History of uncontrolled systemic diseases known to significantly impact immune function or microbiome, including but not limited to: diabetes
mellitus, autoimmune diseases, active cancer and uncontrolled hypertension, or heart disease posing significant peri-procedural risk

Pregnant (including the possibility) or lactating women

PSS: Posner-Schlossman syndrome; I0P: Intraocular pressure; KP: Keratic precipitates; POAG: Primary open angle glaucoma; ICL: Implantable

collamer lens.

Heidelberg Engineering, Heidelberg, Germany) and Humphrey
visual field (VF) examination (Carl Zeiss Meditec, Dublin,
CA, USA) were also performed in the POAG and PSS group.
The absence of detailed refractive error data, particularly for
the myopia control (MC) group, is a limitation of this study.
Future investigations should include comprehensive refractive
assessments to better characterize the relationship between
myopic status and the intraocular microbiome.

Collection of Aqueous Humor Samples Aqueous humor
samples were collected as follows. A topical antimicrobial
drug, 0.5% levofloxacin eye drops (Cravit, Santen
Pharmaceutical Co., Japan), was administered four times a day
in the eye for at least 3d before surgery. On the day of surgery,
patients received conjunctival sac irrigation using 0.9%
sodium chloride solution at least twice and mydriasis using
compound tropicamide eye drops. Following disinfection and
draping, 5% povidone-iodine (PVI) was applied to the eye
for 30s. The conjunctival sac was then irrigated with 0.9%
sodium chloride solution at least three times. After topical
anesthesia with 0.5% alcaine (at least three times), an auxiliary
incision was made via a 1.5 mm stab knife (Alcon, USA) at
the 2 o’clock position of the limbus. The aqueous humor was

sampled via the auxiliary incision using a 1 mL sterile syringe

before any other procedures were initiated. Immediately after
collection, aqueous humor samples were transferred into sterile
Eppendorf tubes and stored at -80 °C prior to metagenomic
next-generation sequencing (mNGS) examination.
Background Contamination Monitoring To systematically
assess potential contamination from environmental sources
and reagents in our low-biomass metagenomic analysis, we
incorporated two categories of negative controls. The first set
consisted of conjunctival sac irrigation fluid samples (n=5)
collected following routine PVI disinfection, which served to
evaluate background microbial signals from the surgical field.
The second set comprised balanced saline solution samples
(n=5) obtained from sterile, unopened vials used during
surgery, allowing us to monitor contamination introduced by
reagents or consumables. All control samples were subjected to
identical DNA extraction, library preparation, and sequencing
workflows as the aqueous humor samples from patients.

DNA Extraction and Sequencing DNA extraction from
aqueous humor was performed using the Matridx Biological
DNA extraction Kit, according to the manufacturer’s
instructions. The DNA concentration was estimated by
NanoDrop (Thermo Scientific, USA). Metagenomic

sequencing libraries were constructed from extracted
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DNA and sequenced on the Illumina HiSeq2500 platform.
Unlike 16S rRNA gene amplicon sequencing, which targets
specific hypervariable regions (e.g., V4 or V5), our shotgun
metagenomic approach captures all microbial genetic material,
enabling comprehensive taxonomic and functional profiling
across bacteria, archaea, viruses, and eukaryotes.
Metagenomic Data Analysis Our study performed
metagenomic data analysis based on EasyMetagenome
pipeline!'®. Briefly, sequencing reads were firstly quality-
assessed by FastQC v0.12.1 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) and quality-controlled by
fastp v0.24.0"”. Then, the human-derived sequencing reads
were removed with KneadData v0.12.0 (https://huttenhower.
sph.harvard.edu/kneaddata) to obtain clean microbiome
reads, by mapping human reads to human reference genome
(GRCh37) with Bowtie2 v2.5.1"". To protect patient privacy,
all subsequent microbiome analyses were performed on this
filtered, non-human dataset. Taxonomic classification was
carried out using Kraken2 v2.1.3"", while species abundance
was estimated with Bracken v2.7%”. Gene family and pathway
relative abundance was calculated with HUMAnN3 v3.7%",
Linear discriminant analysis (LDA) Effect Size (LefSe
1.0)*" was applied to identify species and functional pathways
characterizing the differences among sample groups with
thresholds of LDA Score >2 and P<0.05. For alpha diversity
analysis, we calculated indices such as Richness, Chaol,
abundance-based coverage estimator (ACE), and Shannon with
“otutab_rare.R”, and visualized the results as boxplots using
“alpha_boxplot.R” from EasyAmplicon™. ANOVA followed
by Tukey’s honestly significant difference (HSD) test was
applied to assess the significance of differences and determine
the P-value. For beta diversity analysis, we calculated Bray-Curtis
metrics with “usearch” and visualized the results as principal
coordinate analysis (PCoA) plots using “beta_pcoa.R”.
Statistical Analysis All statistical analyses were performed
using R software (version 4.1.0; R Foundation for Statistical
Computing, Vienna, Austria). For demographic and clinical
characteristics, categorical variables like gender were
compared using Fisher’s exact test or the Chi-square test, as
appropriate. Continuous variables [IOP, glaucoma medications,
the cup-disc ratio (CDR), RNFL, visual field mean defect
(VF-MD) and best-corrected visual acuity (BCVA)] were first
assessed for normality using the Shapiro-Wilk test. As most
variables were not normally distributed, data are presented as
median with interquartile range (IQR), and group comparisons
were performed using the Kruskal-Wallis test.

For alpha diversity indices (Richness, Chaol, ACE, Shannon),
analysis of covariance (ANCOVA) followed by Tukey’s HSD
test was applied to assess differences among groups. Beta
diversity was evaluated using PCoA based on Bray-Curtis
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distances, with permutational multivariate analysis of variance
(PERMANOVA) used to test for significant differences in
community structure between groups.

Differential abundance analysis of microbial taxa and
functional pathways was performed using LDA effect size
(LEfSe) with thresholds of LDA score >2 and P<0.05.
Correlations between microbial features (genus-level
abundance, pathway abundance) and clinical parameters
were assessed using Spearman’s rank correlation coefficient.
To control for multiple testing, we applied the Benjamini-
Hochberg false discovery rate (FDR) correction where
appropriate. All tests were two-tailed, and P<0.05 was
considered statistically significant, unless otherwise specified.
RESULTS

Participant Characteristics To systematically investigate the
ocular microbiome of the aqueous humor, we collected 176
specimens from eyes in patients with cataract (CAT, n=37),
POAG (n=66), and PSS (n=35), as well as myopia patients
who underwent ICL surgery (n=38). None of the participants
had a history of ocular or systemic diseases known to
significantly impact immune function or the microbiome, such
as infections or inflammatory conditions. The demographic and
ophthalmic characteristics of all participants were presented in
Table 2. As expected, cataract patients were significantly older
than POAG patients, PSS patients and MCs, while patients
with POAG and PSS had significantly higher IOP than cataract
patients and MCs (all P<0.01).

Evaluation of Background Contamination To assess
potential contamination, two types of negative controls
including conjunctival sac irrigation fluid and balanced saline
solution were sequenced in parallel with the aqueous humor
samples. Metagenomic analysis of these controls revealed a
low-biomass microbial profile, with only two bacterial genera,
GGB7511 and Aquabacterium, detected in a subset of samples.
Importantly, neither genus was found among the dominant taxa
(e.g., top 10 most abundant genera) in any patient or control
aqueous humor sample. This finding indicates that the primary
microbial signals observed are unlikely to originate from
procedural or reagent contamination and instead represent
genuine biological features of the aqueous humor.

Landscape of Ocular Microbiome in Aqueous Humor
After metagenomic sequencing and quality control, we
obtained an average of over 4.5 million high-quality clean
reads from 176 samples. Using Kneaddata, we eliminated host
contamination and retained over 95% sequencing reads for
taxonomic assignment and function annotation. By taxonomic
profiling and species annotation, we identified a total of 6635
bacteria, 141 archaea, 96 eukaryotes, and 108 viruses in the
aqueous humor from the four groups. At the phylum level,

Actinomycetota, Pseudomonadota, Chordata, Bacillota,
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Table 2 Demographics and other characteristics of participants

n (%) or median (IQR)

Demographics MC CAT POAG PSS P
Gender <0.001

Male 13 (34.2) 9 (24.3) 54 (81.8) 25(71.4)

Female 25 (65.8) 28 (75.7) 12 (18.2) 10 (28.6)
Age,y 27.00 (25.00, 32.75) 60.00 (55.00, 66.00) 35.50 (26.00, 43.00) 41.00 (35.00,49.50)  <0.001
I0P, mm Hg 13.40 (12.30, 14.70) 16.00 (15.00, 17.00) 22.70 (18.00, 27.00) 40.00 (26.25,45.50)  <0.001
CDR 0.40 (0.30, 0.50) 0.40 (0.30, 0.50) 0.90 (0.80, 0.90) 0.60 (0.40, 0.80) <0.001
RNFL, pm - - 58.00 (54.50, 69.00) 82.00 (64.00,91.50)  <0.001
VF-MD, dB - - -18.23 (-25.16, -7.70) -5.00 (-8.01, -1.80) <0.001
No. of medications - - 3.00 (3.00, 4.00) 3.00 (2.00, 3.00) 0.012
CEC, cells/mm? - 2797.00 (2531.00, 3026.00) 2698.00 (2531.25, 2817.00) - 0.268
CCT, um - - 535.00 (520.50, 547.00) - -
AXL, mm 26.40 (25.32, 27.07) 23.63(22.50, 24.91) 25.99 (24.85, 27.35) - <0.001
BCVA, logMAR 0.10 (0.00, 0.22) 0.40 (0.22, 0.60) 0.15 (0.00, 0.61) 0.10 (0.00, 0.30) <0.001

MC: Myopia control; CAT: Cataract; POAG: Primary open angle glaucoma; PSS: Posner-Schlossman syndrome; IOP: Intraocular pressure; CDR:

Cup-disc ratio; RNFL: Retinal nerve fiber layer; VF-MD: Visual field mean defect; CEC: Corneal endothelial cells; CCT: Central corneal thickness;

AXL: Axial length; BCVA: Best-corrected visual acuity; logMAR: Logarithm of the minimum angle of resolution; IQR: Interquartile range.

and Mycoplasmatota were the dominant phyla, accounting
for more than 95% of the total abundance (Figure 1A). The
relative abundance of Actinomycetota in MCs was significantly
lower than that in the cataract, POAG, and PSS patients, while
the relative abundance of Pseudomonadota was significantly
higher (all P<0.01). Similarly, Paeniglutamicibacter at the
genus level and Paeniglutamicibacter sp. ZC-3 at the species
level were preponderant in all groups, especially in the cataract,
POAG and PSS patients (Figure 1B and 1C). Moreover,
Pseudomonas, Ralstonia, and Herbaspirillum were the
dominant genera in MCs with significantly higher abundance
than in cataract, POAG, and PSS patients (all P<0.01). Based on
the relative abundance of operational taxonomic units (OTUs),
the top 100 species were shown in phylogenetic trees and
were mostly enriched in Pseudomonadota and Actinomycetota
(Figure 1D).

Among 6980 OTUs detected in the aqueous humor, almost
50% (n=3414) were shared among MCs and cataract, POAG
and PSS patients (Figure 2A). The number of annotated
species and unique species in the aqueous humor from PSS
patients was the lowest. PCoA showed that the beta diversity
of the microbiota was similar among cataract, POAG, and
PSS patients (Figure 2B). For MCs, the samples clustered
into two subgroups: one with a community structure similar
to the patient groups, and another with a distinct structure. To
assess the potential confounding effects of age and gender on
microbial community structure, we performed PERMANOVA
with these variables as covariates. After adjustment, significant
differences among the four groups remained (overall
PERMANOVA: Group R*=0.038, P=0.012), while age
(R*=0.0043, P=0.541) and gender (R’=0.0036, P=0.622)

Table 3 PERMANOVA results assessing the effects of age, gender,

and disease group on microbial community structure

Comparison Variable R’ F P Adjusted P
Overall Age  0.0043 0785 0.541 -
Gender 0.0036 0.653 0.622 -
Group 0.038 2.317 0.012 -
Pairwise comparisons
PSS vs MC Group 0.055 4.207 0.002 0.012
PSS vs POAG Group 0.010 1.004 0.380 1
PSS vs CAT Group 0.016 1.098 0.350 1
MC vs POAG Group 0.043 4.646 0.004 0.024
MC vs CAT Group 0.015 1.171 0.302 1
POAG vs CAT Group 0.0078 0.808 0.487 1

PERMANOVA: Permutational multivariate analysis of variance; MC:
Myopia control; CAT: Cataract; POAG: Primary open angle glaucoma;

PSS: Posner-Schlossman syndrome.

showed no significant effects (Table 3). Pairwise comparisons
with FDR correction confirmed that both PSS (PSS vs MC:
R’=0.055, adjusted P=0.012) and POAG (MC vs POAG:
R’=0.043, adjusted P=0.024) differed significantly from
controls, while cataract showed no significant difference from
controls after adjustment (MC vs CAT: R’=0.015, P=0.302;
Table 3). Additionally, no significant differences were observed
among the three disease groups (all P>0.05).

Interestingly, alpha diversity was also similar among cataract,
POAG, and PSS patients, but significantly lower than that
of MCs, suggesting the higher richness and evenness of
species in normal aqueous humor (Figure 2C-2F). To control
for potential confounding by age and gender, we performed
ANCOVA with these variables as covariates. After adjustment,
significant differences in alpha diversity among groups
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Figure 1 The composition of ocular microbiome in aqueous humor across different groups A: Relative abundance of the dominant bacterial

phyla; B: Relative abundance of the dominant bacterial genera; C: Relative abundance of the dominant bacterial species; D: Phylogenetic tree

based on taxonomic assignments of top 100 OTUs for the indicated phyla that were detected in the four groups. MC: Myopia control; CAT:

Cataract; POAG: Primary open angle glaucoma; PSS: Posner-Schlossman syndrome; OTUs: Operational taxonomic units.

persisted for all indices (Chaol: F=6.459, P<0.001; ACE:
F=2.764, P=0.049; Shannon: F=4.265, P=0.006; Richness:
F=5.982, P<0.001; Table 4). Pairwise comparisons with
Tukey’s HSD correction (Table 5) revealed that both POAG
and PSS had significantly lower Chaol indices compared
to controls (MC vs POAG: adjusted P=0.001; MC vs PSS:
adjusted P=0.007), while cataract showed no significant
difference after adjustment (CAT vs MC: adjusted P=0.283).
Additionally, no significant differences were observed among
the three disease groups themselves (e.g., CAT vs POAG, CAT
vs PSS, and POAG vs PSS, all P>0.05). Similar patterns were
observed for Shannon and Richness indices, indicating that the
reduced alpha diversity in POAG and PSS is disease-specific,
while the apparent reduction in cataract might be linked to age.
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Difference in the Dominant Microbiota Among Myopia
Controls and Patients with Cataract, POAG, and PSS
The reduction in microbial community richness and evenness
might be associated with shifts in dominant microbial
populations in the aqueous humor of cataract, POAG,
and PSS patients. Thus, we applied LEfSe analysis to
further illustrate the difference in the dominant microbiota
distribution among MCs and patients with cataract, POAG,
and PSS (Figure 3A). By using LDA and Kruskal-Wallis test to
detect significant differences in the abundance of OTUs among
four groups, we identified that 41 species from 17 genera
(such as Cutibacterium, Sphingomonas, and Corynebacterium)
were predominant in MCs. As expected, we detected CMV as
dominant microbiota in PSS groups (LDA=3.91), which was
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Figure 2 The comparison of microbiota diversity among myopia subjects and patients with cataract, POAG, and PSS A: Venn diagram analysis
based on OTUs in the four groups; B: PCoA plot of microbial communities in the aqueous humor using Bray-Curtis distances; C: Boxplot of the
Chaol index; D: Boxplot of the Richness index; E: Boxplot of the Shannon index; F: Boxplot of the ACE index. MC: Myopia control; CAT: Cataract;
POAG: Primary open angle glaucoma; PSS: Posner-Schlossman syndrome; OTUs: Operational taxonomic units; PCoA: Principal coordinate
analysis; ACE: Abundance-based coverage estimator.

Table 4 ANCOVA results for alpha diversity indices reported to be the result of recurrent human CMV infection.

Index F P At the genus level, we also found 11 dominant microbial taxa

Chaol (such as Paeniglutamicibacter, Arthrobacter, and Bdellovibrio)
Age 1.188 0.277 in cataract patients and 10 dominant microbiotas (such as
Gender 0.019 0.889 Bradvrhizobi Sulfurital d Caulobacter) in POAG
Group 6.459 <0.001 rc.z lyrhizobium, Sulfuritalea, and Caulobacter) in

ACE patients.
Age 0.54 0.465 To validate disease-specific taxonomic biomarkers while
Gender 0 0.999 controlling for age, we performed LEfSe analysis on an
Group 2.764 0.049 age-matched subgroup of patients aged 35-50y (MC: n=5;

Shannon Cataract: n=5; POAG: n=34; PSS: n=19; Figure 3B). As
Age 2.295 0.132 expected, the substantially reduced sample size (7=63 vs 176)
Gender 0221 0639 limited statistical power, resulting in fewer significant featur
Group 4265 0.006 ed statistical power, resulting in fewer sig . c e. es

Richness compared to the full dataset. Notably, CMV enrichment in PSS
Age 2.627 0.107 patients persisted in the age-matched analysis (LDA=3.10),
Gender 0.181 0.671 consistent with its well-established role as a clinical marker
Group 5.982 <0.001 independent of age. In contrast, Paeniglutamicibacter, which

ANCOVA: Analysis of covariance; ACE: Abundance-based coverage

estimator.

was enriched in cataract in the full analysis, did not reach
significance in the age-matched subset, consistent with the
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Figure 3 LEfSe analysis of microbiota distribution in aqueous humor A: Dominant microbiota of PSS and POAG patients; B: Difference analysis

of microbiome among age-matched groups. MC: Myopia control; CAT: Cataract; POAG: Primary open angle glaucoma; PSS: Posner-Schlossman

syndrome; LDA: Linear discriminant analysis.

Table 5 Pairwise comparisons of alpha diversity indices between groups

Index Estimate P Adjusted P
Chaol
CAT vs MC -17.44 0.142 0.283
CAT vs POAG 5.23 0.880 0.999
CAT vs PSS 5.52 0.843 0.999
MC vs POAG 22.66 <0.001 0.001
MC vs PSS 22.95 0.002 0.007
POAG vs PSS 0.29 0.999 0.999
ACE
CAT vs MC -42.9 0.431 0.862
CAT vs POAG 7.94 0.991 0.998
CAT vs PSS 11.64 0.955 0.998
MC vs POAG 50.84 0.039 0.233
MC vs PSS 54.54 0.127 0.381
POAG vs PSS 3.7 0.998 0.998
Shannon
CAT vs MC -0.45 0.344 0.689
CAT vs POAG 0.17 0.897 1
CAT vs PSS 0.16 0.888 1
MC vs POAG 0.62 0.004 0.026
MC vs PSS 0.62 0.024 0.072
POAG vs PSS 0 1 1
Richness
CAT vs MC -2.83 0.236 0.473
CAT vs POAG 1.14 0.815 0.978
CAT vs PSS 1.26 0.737 0.978
MC vs POAG 3.97 <0.001 0.003
MC vs PSS 4.09 0.004 0.011
POAG vs PSS 0.12 0.999 0.999

MC: Myopia control; CAT: Cataract; POAG: Primary open angle
glaucoma; PSS: Posner-Schlossman syndrome; ACE: Abundance-

based coverage estimator.
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interpretation that this signal was largely age-driven rather
than cataract-specific. Similarly, some microbial biomarkers
identified in the full dataset (such as Cutibacterium in controls)
were also not consistently detected in the smaller subgroup,
reflecting the combined effects of reduced statistical power and
potential age-dependence.

Functional Features of Microbiome in Aqueous Humor To
elucidate the functional potential of microbial communities
in aqueous humor across different pathological states, we
performed gene function annotation and pathway annotation
followed by LEfSe analysis. With Gene Ontology (GO)
analysis using humann3, a total of 23 763 unigenes were
assigned to 1890 GO terms, revealing similar functional
composition among cataract, POAG, PSS, and MCs, with
high relative abundance in integral component of membrane,
adenosine triphosphate (ATP) binding, cytoplasm, DNA
binding, plasma membrane, and metal ion binding (Figure 4A).
LEfSe analysis identified group-specific GO signatures
(LDA score >2; Figure 4B), with alpha-mannosidase activity
(LDA=2.11), 1-acylglycerol-3-phosphate O-acyltransferase
activity (LDA=2.01), and enoyl-CoA hydratase activity
(LDA=2.00) being discriminative for PSS patients, and rRNA
binding (LDA=3.17), flavin adenine dinucleotide binding
(LDA=2.83) and tRNA binding (LDA=2.80) markedly
elevated in cataract patients. Additionally, the POAG group
showed predominant enrichment in hydrolase activity
(both LDA>3), beta-galactosidase activity (LDA=3.81),
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Figure 4 Functional features of microbiome in aqueous humor A: Composition of GO terms in the four groups; B: POAG-specific and PSS-

specific GO terms; C: Difference analysis of GO terms among age-matched groups; D: Composition of KEGG pathways in the four groups; E:

Difference analysis of KEGG metabolic pathway among four groups. MC: Myopia control; CAT: Cataract; POAG: Primary open angle glaucoma;

PSS: Posner-Schlossman syndrome; LDA: Linear discriminant analysis; ATP: Adenosine triphosphate; GO: Gene Ontology; KEGG: Kyoto

Encyclopedia of Genes and Genomes.

and metabolic process (including carbohydrate and purine
nucleobase metabolic process, all LDA>2).

In the age-matched subgroup analysis (35-50y), several
functionally consistent signals persisted despite the reduced
sample size (Figure 4C). In PSS, enrichment for carbohydrate
metabolic process (LDA=3.42) and hydrolase activity
(LDA=3.40), hydrolyzing O-glycosyl compounds remained
significant. These are broader functional categories that
encompass the more specific enzyme activities detected in the
full analysis, such as alpha-mannosidase activity (a glycoside
hydrolase involved in carbohydrate metabolism) and enoyl-
CoA hydratase activity (an enzyme participating in fatty
acid oxidation, functionally linked to hydrolase activity). In
POAG, acid phosphatase activity (LDA=2.08) persisted in
the age-matched subset. This enzyme subclass is functionally
consistent with, and indeed a specific example of, the hydrolase
activity and metabolic process enrichment observed in the full

dataset, and has been implicated in inflammatory responses
relevant to POAG pathogenesis.

For pathway analysis, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway distribution revealed disease-
associated metabolic preferences (Figure 4D and 4E). No
biomarker pathways were observed in the MC group by
LEfSe analysis (LDA score>2). In contrast, pathways related
to drug resistance, metabolism of cofactors and vitamins, and
endocrine and metabolic disease were significantly enriched in
PSS patients, whereas pathways related to genetic information
processing and translation were significantly enriched in
cataract patients.

Correlation of Microbiome in Aqueous Humor and
Metabolic Pathway and Clinical Phenotypes To investigate
potential interactions between microbial communities,
metabolic functions, and clinical phenotypes, we performed

comprehensive correlation analyses across patients with
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Figure 5 Correlation analysis of microbiome in aqueous humor at the genus level and KEGG pathways and clinical phenotypes A: CAT group;

B: POAG group; C: PSS group. CAT: Cataract; POAG: Primary open angle glaucoma; PSS: Posner-Schlossman syndrome; logMAR: Logarithm of

the minimum angle of resolution; AXL: Axial length; CCT: Central corneal thickness; CEC: Corneal endothelial cells; VF-MD: Visual field mean

defect; RNFL: Retinal nerve fiber layer; CDR: Cup-disc ratio; IOP: Intraocular pressure.

cataract, POAG, and PSS (Figure 5). The age of cataract
patients was significantly correlated positively with the
abundance of Pseudochrobactrum (r=0.53, P=7.8x10*) and
negatively with pathways associated with nervous system
(r=-0.33, P=0.044). Micrococcus abundance showed positive
association with axial length (AXL; 7=0.45, P=5.0x10"),
while Mesorhizobium correlated positively with IOP (#=0.54,
P=5.8x10") in the cataract group.

For POAG patients, we found that 14 genera were
positively correlated with CCT (all P<0.05). Additionally,
Allosphingosinicella displayed negative correlations with
RNFL (=-0.51, P=5.5x10"), Youhaiella decreased with CDR
(r=-0.37, P=6.7x10"), and Thermospira decreased with IOP
(r=-0.26, P=0.040). Pathway analysis highlighted “nervous
system” and “cell growth and death”-related pathways
correlating with IOP (7=-0.31 and r=-0.30, respectively, both
P<0.05), suggesting a potential microbial role in disease
progression.

The PSS group demonstrated unique correlation patterns.
Psychrobacter and Phenylobacterium showed opposing
associations with IOP (»=0.50 and »=-0.52, respectively,
both P<0.01). There were eight genera displaying negative
correlations with RNFL thickness and positive correlations
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with medication burden (all P<0.05). Strikingly, pathways
related to neurodegenerative diseases were positively
correlated with IOP (7=0.34, P=0.047), and the antimicrobial
resistance pathway was positively correlated with medication
use (=0.38, P=0.029), possibly reflecting treatment-induced
microbiome adaptation.

Moreover, sex-stratified analysis within each disease group
revealed several genera with moderate effect sizes, including
Mycolicibacillus enriched in females with PSS (log,FC=3.88,
Wilcoxon P=0.003) and Roseivivax enriched in females with
POAG (log,FC=2.09, P=0.006). However, none of these
associations remained significant after FDR correction for
multiple testing, underscoring the need for validation in larger
cohorts.

DISCUSSION

Given the role of the microbiota in the pathogenesis of ocular
diseases, a growing number of studies have revealed microbial
alterations at the gut and ocular surface™ . However, the
intraocular environment has traditionally been considered
absolutely sterile, and thus the local microbiota of the eye
under physiological and pathological conditions remains
largely uncharacterized. In 2021, Deng et al”! presented the

first evidence of the existence of an intraocular microbiota in
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humans. In this study, we used next-generation metagenomic
sequencing to perform a comprehensive analysis of the
aqueous humor microbiome in patients with cataract, POAG,
and PSS, as well as in young myopia controls. Our findings
suggest that the complexity and specific signatures of the
intraocular microbiota may characterize different ocular
disease. This unbiased approach could detect not only
bacteria but also fungi and viruses, capturing more complex
microbial ecosystems. Our findings are consistent with and
extend previous observations regarding the existence of a
low-biomass intraocular microbiome, while providing novel
insights into disease-specific microbial signatures and their
potential functional implications.

Several key findings emerge from our study. First, we observed
distinct microbial community structures in the aqueous humor
of cataract, POAG, and PSS patients compared with young
myopia individuals which served as controls. The reduced
alpha diversity observed in all patient groups suggests that
ocular diseases may be associated with a loss of microbial
homeostasis, mirroring patterns seen in other microbiome-
associated disorders. This phenomenon aligns with the trend
of microbial community simplification observed in various
autoimmune diseases, such as rheumatoid arthritis and
systemic lupus erythematosus”**. Under disease conditions,
the reduced diversity may reflect the suppressive effects of
chronic changes in the immune microenvironment on microbial
ecology, or enhanced microbial clearance due to immune
dysregulation. This depletion may have significant functional
consequences. By analogy from concepts of dysbiosis in
autoimmune and allergic diseases, we hypothesized that the
low-abundance microbiome in the healthy eye may act as an

. . 29-30
“immune calibrator’

! By providing constant exposure
to microbial antigens, it could help maintain the tolerant
homeostasis of the intraocular immune system. The absence
of this micro-stimulation (microbial depletion) may lead to
dysregulated local immune modulation, potentially rendering
the eye more susceptible to exaggerated inflammatory
responses against self-antigens or external triggers, thereby
contributing to diseases like PSS or glaucoma.

An important observation from our adjusted analyses is the
differential pattern between cataract and the other disease
groups. After rigorous statistical adjustment for age and
gender, both PSS and POAG retained significant differences
in microbial community structure and alpha diversity
compared to controls, suggesting disease-specific alterations
independent of demographic factors. The persistence of
CMYV in PSS and carbohydrate-related metabolic pathways
in PSS, as well as hydrolase-related activity in POAG, in
both full and age-matched subgroup analyses further support
the robustness of these disease-associated signatures. In

contrast, the cataract group showed no significant differences
after adjustment, and all cataract-associated signatures lost
significance in the age-matched subset, suggesting that the
observed microbial changes in cataract patients are largely
attributable to age-related physiological processes rather
than cataract pathology. This interpretation is consistent
with Zhao et al™", who demonstrated that age is a significant
determinant of conjunctival microbiota composition in
cataract patients, further underscoring the importance of age
considerations in ocular microbiome studies. Furthermore,
the persistence of distinct microbial community structure
and reduced alpha diversity in POAG and PSS after rigorous
adjustment for age and gender suggests that these conditions,
both characterized by inflammatory and immune components,
exhibit age-independent microbial alterations that may be
involved in disease pathogenesis. However, although we
employed rigorous statistical adjustments and age-matched
subgroup analyses to mitigate this confound, residual
confounding cannot be entirely excluded. Additionally, age-
related metabolic changes including insulin resistance and
low-grade inflammation are inherently linked to aging and
may independently influence microbial communities”* ™.
Although we excluded patients with diagnosed diabetes and
other metabolic disorders, subclinical metabolic alterations
and unmeasured lifestyle factors cannot be entirely ruled out
as potential confounders. Future studies with age-matched
healthy controls, potentially using less invasive sampling
methods or prospective cohort designs, would be valuable
to further validate these findings, particularly regarding the
cataract group.

In our study, we discovered not only a change in species
richness and evenness but also a shift in the microbial
composition of the aqueous humor microbiome. The
enrichment of Actinomycetota in patient groups versus
Pseudomonadota in MCs suggested potential disease-
specific microbial adaptations. In line with recent studies, the
existence of microbiota in the aqueous humor may suggest
the microbial translocation to intraocular sites”". O’Keeffe et
al® also reported that, in both healthy and diseased animal
models, intestinal bacteria translocate into the bloodstream and
many other internal organs, including the eyes, revealing that
the intraocular cavity may also be inhabited by a microbial
community. Our work further supports the presence of disease-
associated variations in this process across different ocular
diseases. Our PCoA results also demonstrate significant
segregation in microbial community structure between the
disease groups and the MC group, suggesting that the disecase
state may directly drive microbiome remodeling.

Furthermore, our LEfSe analysis revealed unique microbial
biomarkers for each disease state. We identified CMV as a
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potential biomarker for PSS, as it was consistently enriched
in this group in both the full dataset and the age-matched
subgroup analysis. This finding supported the long-standing
clinical associations between CMV infection and
PSSP*7 For instance, Chee and Jap"* reported a CMV-
positive rate of 52.2% in eyes with presumed PSS, and
Teoh et al™ associated acute relapse with CMV detected by
quantitative polymerase chain reaction (PCR). Furthermore,
in contrast to previous studies that predominantly relied on
targeted PCR assays, our metagenomic approach provided
a comprehensive survey of the entire microbial community
including bacteria, archaea, viruses, and eukaryotes. The
rediscovery of CMV as a key driver of PSS validates the power
and reliability of metagenomic sequencing in confirming and
exploring the etiology of ocular infectious diseases. However,
the limited sample volume from aqueous humor precluded
PCR validation and precise stratification of patients based on
CMV status. Future studies integrating targeted viral detection
are essential to delineate the interactions between CMYV, the
bacterial microbiome, and clinical outcomes in PSS.

At present, the pathogenesis of POAG has not been fully
elucidated. Increasing evidence suggests that glaucoma
may be an immune-related disease. Guo et al'™” found that
the proportion of Th2 and Treg cells increased in the serum
of POAG patients, which further suggests the correlation
between immunity and glaucomatous optic nerve damage.
The enrichment of Bradyrhizobium in the POAG group might
play a role in chronic inflammation regulation. In the stomach
of patients with Helicobacter pylori (Hp)-positive gastritis,
Bradyrhizobium is one of the dominant gastric bacterial
genera!. In the meanwhile, many previous studies suggest
Hp infection showed statistically significant association
with POAG"*¥. Thus, the characteristics of both gut and
intraocular microbiome may be related. The mechanisms of
microbial translocation and the interaction of microbiomes
from different organs remain unclear; intricate cellular factors,
immune cells, and pathways may be involved. Moreover, the
functional pathway analysis also provided insights, with PSS
showing enrichment in drug resistance pathways, which might
explain the challenging clinical management of this condition.
Similarly, the association between carbohydrate metabolism
pathways and POAG could reflect microbial influences on
trabecular meshwork function and IOP regulation.

The observed correlations between microbiota/pathway and
clinical phenotype offered potential mechanistic links worth
further exploration. For instance, the positive association
between Pseudochrobactrum abundance and age in cataract
patients suggested microbial involvement in lens aging. Also,
the negative correlation between Thermospira and IOP in
POAG patients suggests protective microbial functions on
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pressure regulation, possibly through modulation of aqueous
humor outflow pathways. Interestingly, IOP showed a negative
association with nervous system-related pathways in POAG
and a positive association with neurodegenerative disease-
related pathways in PSS, indicating the potential function of
microbiota in disease progression. Additionally, the positive
correlations between antimicrobial resistance pathway and
medication use might inform medication strategies for PSS
patients due to microbiome adaptation. Although these
associations did not withstand FDR correction, they offer
preliminary clues worthy of future investigation.

Our study has several limitations that warrant consideration.
The cross-sectional design precludes causal inferences about
microbiome-disease relationships. Given the modest sample
size and the inherent challenges of low-biomass metagenomic
sequencing, this study should be considered hypothesis-
generating. Next, all techniques have limitations and bias,
while we implemented rigorous contamination controls, the
challenges of low-biomass microbiome studies persist, and our
findings should be validated through independent replication.
Besides, obtaining aqueous humor from completely healthy
controls is inherently challenging, so we enrolled myopia
patients who underwent ICL implantation surgery as controls,
but alterations in the aqueous humor microbiome associated
with myopic status, and particularly those that might occur
in pathologic myopia, could potentially confound the
results. Additionally, the functional predictions derived from
metagenomic data require experimental validation to establish
their biological relevance. Future studies incorporating
longitudinal sampling, multi-omics approaches, and germ-
free animal models could help elucidate the mechanisms
underlying our observations.

Despite these limitations, our findings may have potential
clinical implications. The intraocular microbiome may
regulate the local immune microenvironment, a process that
could involve a variety of cells, inflammatory mediators,
and molecular pathways, potentially contributing to different
eye diseases. The disease-specific microbial signatures we
identified could serve as diagnostic biomarkers or therapeutic
targets. The findings, particularly for PSS and POAG where
signals were most robust, provide a foundation for future
targeted investigations with larger sample sizes and age-
matched controls. For example, the CMV signature in PSS
supports existing antiviral treatment approaches, while the
unique bacterial profiles in POAG may inform novel probiotic
or antibiotic strategies. Furthermore, the functional pathway
differences suggest opportunities for metabolic interventions in
ocular diseases.
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