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PURPOSE. Ocular surface microbiome changes can affect meibomian gland dysfunction
(MGD) development. This study aimed to delineate differences among the microbiome
of eyelid skin, conjunctiva, and meibum in healthy controls (HCs) and patients afflicted
with MGD.

METHODS. Shotgun metagenomic analysis was used to determine if there are differences
between the microbial communities in ocular sites surrounding the meibomian gland in
healthy individuals and patients afflicted with MGD.

RESULTS. The meibum bacterial content of these microbiomes was dissimilar in these two
different types of individuals. Almost all of the most significant taxonomic changes in the
meibum microbiome of individuals with MGD were also present in their eyelid skin, but
not in the conjunctiva. Such site-specific microbe pattern changes accompany increases
in the gene expression levels controlling carbohydrate and lipid metabolism. Most of
the microbiomes in patients with MGD possess a microbe population capable of metab-
olizing benzoate. Pathogens known to underlie ocular infection were evident in these
individuals. MGD meibum contained an abundance of Campylobacter coli, Campylobac-
ter jejuni, and Enterococcus faecium pathogens, which were almost absent from HCs.
Functional annotation indicated that in the microbiomes of MGD meibum their capa-
bility to undergo chemotaxis, display immune evasive virulence, and mediate type IV
secretion was different than that in the microbiomes of meibum isolated from HCs.

CONCLUSIONS. MGD meibum contains distinct microbiota whose immune evasive viru-
lence is much stronger than that in the HCs. Profiling differences between the meibum
microbiome makeup in HCs and patients with MGD characterizes changes of microbial
communities associated with the disease status.

Keywords: meibomian gland dysfunction, microbiome, metagenomics, metabolism,
pathogen, benzoate degradation

Meibomian gland dysfunction (MGD) is the most preva-
lent cause of evaporative dry eye disease, Rabensteiner

et al. found that 70.3% of patients with dry eye exhib-
ited signs of this disease.1 It is characterized by chronic,
diffuse meibomian gland abnormality, usually resulting from
obstruction of the terminal duct of the meibomian gland
and/or abnormal changes in the quality and quantity of glan-
dular secretion by this gland. Such dysfunction can result
from glandular losses, opening abnormalities at the eyelid
margin blocking meibomian gland release onto the ocular
surface.2,3 Meibomian glandular lipid secretory abnormali-
ties or lipid component changes are major manifestations

of MGD. Until now, its underlying pathogenesis is poorly
understood.

Meibomian gland lipid secretions are essential for
preventing ocular surface desiccation because they reduce
tear film evaporation by spreading over the aqueous layer
covering the ocular surface. In addition, they are an impor-
tant component of the ocular surface antibacterial system
because they form a barrier, which protects the eyes from
microbial infections. In patients with MGD, changes in the
lipid component of the meibum secreted by the meibomian
gland include increases in certain fatty acids, etc.4–7 Such
changes can alter the physical properties of the tear film
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and also trigger receptor mediated cell signaling events that
comprise pathological sequelae in this disease. The micro-
biome and ocular immune functional competence stems
from adapting to the challenges that eyes encounter as a
consequence of constant exposure to numerous environ-
mental challenges. There is extensive interest in identifying
the host-microbial interactions in this ecosystem because
such insight can potentially lead to the design of novel
agents that are more selective in therapeutic management
of ocular diseases in a clinical setting.

Meibomian glandular lipid abnormalities are believed to
be associated with changes in the makeup of ocular surface
microbial populations.8 The accumulation of lipids resulting
from the blockage of the meibomian gland duct limits its
bactericidal capability, which, in turn, heightens the prolif-
eration of ocular surface microorganisms.2 Bacterial cultur-
ing of the ocular surface of patients with MGD demon-
strated that multiple strains exhibit significant potential
pathogenic roles. They include coagulase-negative staphylo-
cocci (mainly Staphylococcus epidermidis), P. acnes, coryne-
form bacteria, and Staphylococcus aureus.9 It is particu-
larly noteworthy that the cholesterol esterase and fatty wax
esterase activities of Staphylococcus epidermidis are essen-
tial in promoting the pathogenesis of MGD.10,11 Pathogen
identification is crucial for infection control. Nevertheless,
extensive efforts are still needed to more extensively charac-
terize the resident pathogens responsible for ocular diseases.

In recent years, identifying the changes in the microbial
population on the human body surface have become areas of
intense interest in numerous different research fields study-
ing disease processes. Novel data analysis of methodology
is accumulating along with more improved metagenomic
research procedures.12–14 Considering the risks of ocular
infection by any of the different aforementioned bacteria,
there is a pressing need to gain additional insight into
the content of ocular surface microbiomes. Diverse efforts
have been used to characterize the microbes inhabiting this
domain in a pathological condition.15–18 Nevertheless, most
progress has been restricted to focusing on the composition
of the microbial population using 16S rDNA/rRNA sequenc-
ing to characterize the microbiomes in ocular sites. Limited
studies are adopting untargeted sequencing of all microbes
present in meibum using shotgun metagenomics.

Here, we collected samples from meibum, eyelid skin,
and conjunctiva of patients with MGD and healthy individ-
uals. Shotgun metagenomic analysis was performed involv-
ing next generation sequencing to characterize pathogens
within these sites, identify functional changes related to
MGD development, and inter-relationships among these
different microbial populations at these three different
ocular sites. Site-specific differences were identified on the
ocular surface between the microbial populations in the
meibum of patients with MGD and healthy controls (HCs).
Novel targets were uncovered that are possibly relevant in
clarifying how to improve the management of this disease
in a clinical setting.

MATERIALS AND METHODS

Recruitment of Subjects

This study was conducted in accordance with the Decla-
ration of Helsinki principles for medical research and was
approved by the Institutional Review Board/Ethics Commit-
tee from the Eye Hospital of Wenzhou Medical University.

All of the subjects were recruited at the Dry Eye Center
in the Eye Hospital of Wenzhou Medical University and
informed consent was obtained from each participant. In this
study, 76 volunteers, including 61 patients diagnosed with
MGD and 15 HCs were enrolled. For all participants, clini-
cal ocular surface examination and symptomatic evaluation
were preceded by ophthalmological evaluation at the Dry
Eye Center in the Eye Hospital of Wenzhou Medical Univer-
sity, including completion of the McMonnies, the ocular
surface disease index (OSDI) questionnaire, Schirmer’s test
for dry eye, tear meniscus height (TMH), tear break up time
(TBUT), and degree of Meibomian gland absence (upper/
lower) were assessed. Grading of MGD is according to the
guideline from the International Workshop on Meibomian
Gland Dysfunction.19

Subject information was obtained, including gender, age,
antibiotic usage within 6 months, and ocular and general
health status. Detailed participant information is shown in
Supplementary Table S1. The inclusion criteria for patients
include: (1) patients with a complaint of one of the follow-
ing symptoms: dryness, foreign body sensation, burning; (2)
a diagnosis of MGD with two or more of the following signs
in both eyes: redness or thickening of the lid margin, telang-
iectasia, reduced or no secretions, poor quality secretions,
and gland obstruction; (3) did not have ocular or systemic
diseases, ocular traumas, transplantations, or laser surgery;
(4) treatment naive: did not have intervention therapy for
MGD and dry eye (including medical and physical therapy),
this is the first time to squeeze the gland for meibum collec-
tion, did not recently take any antibiotics, and/or receive
steroid treatment within the previous 6 months; (5) did not
have allergies to medications, pollen, etc.; and (6) no contact
lenses were used within the past 6 months. For the HCs:
(1) absence of any dry eye symptoms; (2) absence of any
symptomology that are criteria for diagnosing MGD; and (3)
corneal fluorescein staining was negative.

Sampling

All samples were collected from April to September
2017. For each subject, a random eye was chosen for
sampling. First, the lower eyelid skin was gently wiped
2 to 3 times using one Specimen Collection Flocked Swabs
(Huachenyang [Shenzhen] Technology Co., Ltd., Shenzhen,
Guangdong, China); the lower bulbar conjunctiva sac
of some subjects also served as an internal control, as
described by Zhang et al.20 For meibomian gland sampling,
first, proparacaine hydrochloride (Tianlong Pharmaceutical
[Suzhou] Co., Ltd., Suzhou, Jiangsu, China) was applied as a
topical anesthetic, then the meibomian gland was massaged
and pressed using sterile tweezers to release its secretion,
which was collected with Flocked Swabs. The swabs were
placed into 1.5 mL tubes (Axygen Biotechnology [Hangzhou]
Co., Ltd., Hangzhou, Zhejiang, China) containing 200 μl
DNase-Free double distilled water (ddH2O; Ambion, Thermo
Fisher Scientific Inc., Cleveland, OH, USA). The samples
were then quickly stored at −80 deg Celsius (°C) until use.

Sequencing Experiments

DNA extraction and whole genome amplification followed
the protocols described in our previous study.20 For each
sample, 200 ng DNA was used in paired-end sequencing
(2 × 150 base pair, bp) on an HiSeq sequencer (Illumina,
Inc., San Diego, CA, USA) and 10G raw data were obtained.
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Quality Control of Sequencing Data

The low-quality bases of the raw reads were trimmed based
on the quality information. Trimmomatic (version 0.36) was
used to trim and discard the adaptor sequences.21 The bases
at the beginning and end of each reads were discarded. The
Trimmomatic slides from the 5’ end in windows with the
length at 4 bases; when the average quality in the window
is lower than the setting threshold at 15, the read will be cut.
Moreover, truncated reads, which were shorter than 36 bp,
were discarded. The sequencing statistics for each sample
are summarized in Supplementary Table S2.

Ribosomal RNA Gene Depletion for Datasets

The SortmeRNA (version 2.1b) was used to filter the rRNA
gene sequence after quality control (QC) with default
parameters and full database (silva-arc-16s-db, silva-arc-
23s-db, silva-bac-16s-db, silva-bac-23s-db, silva-euk-18s-db,
silva-euk-18s-db, silva-euk-28s-db, rfam-5.8s-db, and rfam-
5s-db).22

Taxonomic Assignment of Sequencing Reads,
Quantification of Taxonomic Categories, and
Pathogen Identification

The Centrifuge (version 1.0.4b) uses the Burrows-Wheeler
transform (BWT) and Ferragina-Manzini (FM) index as the
indexing scheme for the National Center for Biotechnol-
ogy Information (NCBI) NT database (nt_2018_3_3) to clas-
sify sequencing reads, and allows each read assigned by
multiple taxonomic categories.23 Then, we assigned the
read to a single taxonomic category using the lowest
common ancestor of all matching hits with parameters “–
min- hitlen 22 -k 1.” We subsequently removed sequenc-
ing reads with hit length < 60 base pairs and assigned
them to eukaryotic kingdom clade (taxID: 2759) before
taxonomic composition analysis at any taxonomic rank
(phylum, class, order, family, genus, and species). Accord-
ing to the assigned taxonomic results at the species
level, we quantified pathogens in the Karius Pathogen List
(https://kariusdx.com/pathogenlist/3.4).

Functional Profiling of Shotgun Sequencing Reads

The UProc (version 2.0.0-rc1) was used to calculate the
functional classification and relative abundance of sequenc-
ing reads.24 UProc translated DNA into protein for all the
six frames, then compared the reads with oligopeptides
at the protein level, and used Mosaic Matching calculation
and Mosaic Matching Score to identity the most match-
ing protein family. The SUPER-FOCUS (version 0.31) was
used to annotate with the SUPER-FOCUS functional clas-
sification system.25 During annotation, DIAMOND blasted
the protein sequence data and fetched the seed clas-
sification information. The antibiotic genes were anno-
tated with ResistoMap with the Comprehensive Antibi-
otic Research Database (CARD) database for sequence
alignment.

De Novo Assembly

Trinity (version 2.8.4) was used for de novo contig assem-
bly without reference genomes from sequencing reads

with parameters “–max_memory 300G –min_contig_length
200 –CPU 40 –bflyCPU 40 –inchworm_cpu 40 –full_cleanup
–no_normalize_reads.”26

Gene Function Annotation for Assembled Contigs

The coding sequences in each assembled Trinity contigs
were predicted with MetaProdigal (version 2.6.3).27 The
Clusters of Orthologous Groups (COG) of proteins and
Kyoto Encyclopedia of Genes and Genomes (KEGG) annota-
tions were performed with evolutionary genealogy of genes
(eggNOG: Non-supervised Orthologous Groups)-mapper
(version 1.0.3) with an eggNOG database (version 4.5).28

The gene abundance (transcript per million reads, here, is
gene per million reads) was estimated with Salmon (version
0.11.3),29 and the derivations of each functional gene were
predicted with Centrifuge, and the antibiotic resistance
genes were identified using Resistance Gene Identifier (RGI,
version 4.0.2) with the CARD database (version 2.0.0).30 The
proteins with homologous sequences in the ARDB database
is performed using USEARCH with parameters “-b 60 -i 30
-e 1e-10.”

Differential Abundance and Statistical Analyses

To identify annotations with differential abundance between
the two different groups, the abundance level for each anno-
tation in units of Reads Per Million was calculated using
Salmon (version 0.11.3). DESeq2 (version 1.10.1) was used
for differential analysis.31 The significance difference level
between the two groups was selected using the criterion: P
values should be < 0.05. Significant differences in the rela-
tive abundance of different taxa present in both groups were
found after application of the Metastats statistical method
with a false discovery rate (FDR) correction, adjusted follow-
ing the Benjamini-Hochberg method.

Other statistical analysis was performed with R (version
R-3.6).32 Welch’s t-test was applied for group to group
comparisons of pathogen positive rate, and the Bonferroni
test for P value corrections. Chi-square test was applied
to compare the amount of eggNOG entries with decreased
abundances or increased abundances between the MGD and
HC groups. Those differences with a P value < 0.05 were
considered statistically significant.

Data Visualization

The Principal Components Analysis (PCA) and bar-plot
figures were generated using R (version R-3.6).32 The
heatmap figures were generated using pheatmap and
ComplexHeatmap packages.33,34

RESULTS

Decreased Microbial Abundance in MGD Meibum
and Eyelid Skin

In all, we enrolled 61 Chinese Han patients with MGD (treat-
ment naive, the criteria see Method) and 15 volunteers as
HCs (Fig. 1, see Supplementary Table S1). They provided
DNA samples from swabs of meibum, the eyelid skin, and
conjunctiva following the procedure shown in Figure 1,
Method. After performing QC and removing host sequences,
117 metagenome datasets were obtained. Each dataset
contained over 100 K sequencing reads for metagenome
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FIGURE 1. Study design. (A) Laboratory Pipeline. Swabs were collected from 76 subjects, including 61 MGD patients and 15 HC volunteers.
Totally, 117 samples had qualified sequencing results (Method), including 58 were from meibum, 44 from skin of eyelid, and 15 from the
conjunctiva. Liquid nitrogen (LN) was used for DNA extraction, and Acryl carrier was used to enrich the DNA fragment and decrease the
volumes of DNA solution. Whole-genome amplification (WGA) was applied to obtain an adequate amount of DNA for sequencing library
construction. (B) Bioinformatic Pipeline. Quality control process low quality reads, PhiX, and host sequences were removed in the quality
control process. Multiple tools and public databases were applied to annotate sequencing fragments and de novo assembly.

assembly and subsequent annotations (see Supplementary
Table S2). In taxonomic profiling, taxa were determined
based on nucleic acid annotation and marker gene presence,
respectively (Supplementary Fig. S1). In de novo assem-
bly, each dataset had 32,692 contigs on average, with their
mean length ranging from 225 bp to 528 bp (Supplementary
Table S3).

In MGD meibum, microbial populations having the
same phylum were preponderant at the three ocular sites:
Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes,
and Negarnaviricota (Fig. 2A). At the genus level,
the predominant genera at the three ocular sites are
Pseudomonas, Cutibacterium, Campylobacter, Corynebac-
terium, and Rubrobacter. At the species level, Cutibac-
terium acnes, Pseudomonas azotoformans, Rubrobacter
xylanophilus, Campylobacter coli, and Pseudomonas fluo-
rescens were preponderant (see Fig. 2A). Samples were clus-
tered into distinct groups according to different levels of
taxonomic classification and their disease status (Fig. 2B,
see Supplementary Fig. S1). As expected, the eyelid skin
microbiome had the highest community richness, whereas
conjunctival flora was sparse. In patients with MGD, their
meibum microbiome community population was much
smaller than in the HC group (chao1, Fig. 2C), whereas
their community diversities were similar (Shannon, Fig. 2D;
Simpson, Fig. 2E). This population decline was attributable
to decreases in the abundance of the more preponderant
microbes in these patients. Interestingly, alpha diversity was

similar in the meibum and eyelid skin microbiomes (see
Figs. 2C–2E).

Changes in the microbial community were observed in
the microbiomes of MGD meibum and eyelid skin at differ-
ent taxonomic classification levels (Figs. 3A–3C). Compared
to HCs, the most significant microbial change at the phylum
level in the MGD meibum was the significantly decreasing
abundance of Proteobacteria (log2 Fold Change = -4,
adjusted P value = 2.8 × 10−15, Supplementary Table S4),
which was also seen in the MGD eyelid skin microbiome
(Fig. 3D, Supplementary Table S5). A comparison of the
MGD and HC groups shows that the top 10 genera whose
abundance was not the same were present at higher levels
in MGD meibum. These genera included Rubrobacter,
Novibacillus, Campylobacter, Geobacillus, Sphingomonas,
Corynebacterium, Sphingobium, Pedobacter, Fictibacillus,
and Enterococcus (log2 Fold Change = approximately 3–14,
adjusted P value < 1 × 10-6, Fig. 3E, see Supplementary
Table S4). Among these genera, the same changes were
observed in the top three and Corynebacterium in the
eyelid skin microbiome, whereas a greater abundance of
Geobacillus, Sphingomonas, Sphingobium, Pedobacter,
Fictibacillus, and Enterococcus was specific to the micro-
biome of the MGD meibum. At the species level, the top 10
were Rubrobacter xylanophilus, Novibacillus thermophilus,
Sphingomonas sp. SL9, Campylobacter coli, Campylobacter
jejuni, Sphingomonas panacis, Sphingomonas hengshuien-
sis, Rubrobacter radiotolerans, Sphingobium sp. SYK-6, and
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FIGURE 2. Overall comparison of taxonomic classification in the microbiome of all samples. (A) Microbial diversity in meibum, eyelid skin
and conjunctiva. (B) Principle coordinate analysis (PCoA) plot of microbial communities at the genus level (centrifuge). (C-E) Alpha diversity
measured by KO abundance for MGD patients and HC individuals.

Sphingomonas wittichii, all of them were more abundant
in MGD samples (log2 Fold Change = approximately 5–14,
adjusted P value < 1 × 10-9, see Supplementary Table S3).
Among them, only Sphingobium sp. SYK-6 was more abun-
dant in the MGD meibum, whereas the other nine species
were also more preponderant in the microbiomes of the
MGD eyelid skin (Fig. 3F).

At the genus and species levels, other changes were more
highly significant (adjusted P value < 0.005, Benjamini-
Hochberg, see Figs. 3E, 3F) in the MGDmeibum (genus = 47;
species =185) than in the eyelid skin (genus = 31; species
= 99). Specifically, all of the taxa that were common to the
two aforementioned sites were more abundant in patients
with MGD than HC volunteers. However, in some strains
of the Pseudomonas genus, there were species with altered
abundance that were specific to MGDmeibum. These strains
account for 88% (44/50, green, see Fig. 3F) of the species
with decreased abundance in the MGD meibum at this
significance level. Nevertheless, two other species of Pseu-

domonas (P.), P. yamanorum, and P. virus SM1 (bold italic,
see Fig. 3F), are exceptions, whose abundance in meibum
was greater in patients with MGD than in HCs.

Pathogen Preponderance in Meibum and Disease
Status

In HC samples, 968 different strains of pathogens were
detected (Method), whereas MGD samples contained
2400 pathogens (pathogen; see Supplementary Table S1).
However, on the average, the population of each pathogen
in the MGD group at the two sites (conjunctiva and eyelid
skin) was smaller than in the HC group (mean, MGD group
= 26 vs. HC group = 37, P = 0.02, Welch t-test). Inter-
estingly, the MGD meibum also had far fewer pathogens
than that in the HC group (mean, MGD group = 13 vs.
HC group = 36, P = 0.0014, Welch t-test, Supplementary
Fig. S2A). Besides, in the patients with MGD, the magnitude
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FIGURE 3. Comparison of significant changes at the different taxonomic levels in meibum and eyelid microbiomes of patients with MGD. Dot
plots show the mean abundance of each taxa in different classifications (A: phylum, B: genus, C: species) in patients with MGD (x-axis) and
healthy control (HC) individuals (y-axis). The colors of dots indicate if the taxon has a significantly higher (red)/lower (green) abundance
in patients with MGD (adjusted P value < 0.05, Benjamini-Hochberg), or their abundance is at similar levels in MGD and HC groups
(blue). Venn plots show the common and specific taxa (D: phylum, E: genus, F: species) with most significant abundance changes (adjusted
P value < 0.005, Benjamini-Hochberg) in microbiomes from the meibum and eyelid skin of MGD patients. The taxa shown in green have a
significantly lower abundance in MGD meibum. Bold italics denote top 10 taxa with differential abundance in the MGD meibum microbiome.
The taxa ranking is based on their significance level.

of decreases in the number of different types of pathogens
was slightly correlated with increases in disease severity
(P = 0.063, Welch t-test; Supplementary Fig. S2B). Addition-
ally, there was either no gender or age difference between
the numbers of pathogens in the meibum and those at two
ocular sites (conjunctiva and eyelid skin) between the MGD
and HC groups (Supplementary Fig. S2C and Supplementary
Fig. S3).

Twenty pathogens were identified whose positive rate
was different in patients with MGD from that in the HCs
(P < 0.05, Welch t-test; Table 1, Supplementary Fig.S2D).
Furthermore, 28 pathogens were detected whose positive
rate was > 10% in the meibum samples (Table 2, Supple-
mentary Fig. S2E). The most preponderant pathogens in all
meibum samples were Pseudomonas fluorescens (P. fluo-
rescens), in over 90% of the samples (see Table 2, see
Supplementary Fig. S2E), Cupriavidus metallidurans (76%),
and Pseudomonas putida (52%). Nevertheless, only Pseu-
domonas fluorescens was present in 90% of the MGD and
100% of the HC samples (P = 0.044; see Table 2). Pathogens
whose positive rate was much higher in MGD than in HC
meibum were Campylobacter coli (P = 4.4 × 10−10, Welch
t-test; see Table 1), Campylobacter jejuni (P = 1.2 × 10−8,

Welch t-test), and Enterococcus faecium (P = 8.3 × 10−8,
Welch t-test). Furthermore, their abundance was > 16-fold
higher in the MGD than in the HC meibum (adjusted P value
< 2 × 10−8; see Supplementary Table S4). Additionally, Pseu-
domonas aeruginosa (P = 4.8 × 10−6, Welch t-test), Pseu-
domonas mosselii (P = 1.4 × 10−4, Welch t-test), Escherichia
coli (P = 0.001, Welch t-test), Stenotrophomonas maltophilia
(P = 0.008, Welch t-test), and Neisseria sicca (P = 0.016,
Welch t-test) had a lower positive rate in the MGD meibum
and samples from the eyelid and conjunctiva.

Metabolic Features of Microbiome of MGD
Meibum and Eyelid Skin

The assignation results for function annotation in the
KEGG list includes the over-represented gene sets at differ-
ent classification levels in the MGD meibum and eyelid
skin. On the other hand, no differential entry was found
for conjunctiva (adjusted P value > 0.05; Supplementary
Tables S6–S7). Similar to taxonomy profiling, the top 10
gene sets with the largest fold abundance change in the
MGD meibum microbiome in each annotation category
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TABLE 1. Pathogens With Differential Positive Rate in Meibum Between Patients With MGD and HCs

Pathogen MGD (n = 47*) HC (n = 11*) P Value

Pseudomonas fluorescens (G−) 42 (89%) 11 (100%) 0.024
Campylobacter coli (G−) 27 (57%) 0 (0%) 4.4E-10
Campylobacter jejuni (G−) 24 (51%) 0 (0%) 1.2E-08
Enterococcus faecium (G+) 22 (47%) 0 (0%) 8.3E-08
Malassezia globosa 22 (47%) 10 (91%) 0.001
Pseudomonas protegens (G−) 18 (38%) 8 (73%) 0.045
Escherichia coli (G−) 12 (26%) 9 (82%) 0.001
Ralstonia pickettii (G−) 12 (26%) 8 (73%) 0.008
Pseudomonas aeruginosa (G−) 11 (23%) 10 (91%) 4.8E-06
Pseudomonas mosselii (G−) 6 (13%) 9 (82%) 1.4E-04
Bacillus licheniformis (G+) 6 (13%) 0 (0%) 0.013
Yarrowia lipolytica 5 (11%) 0 (0%) 0.024
Enterobacter cloacae complex (G−) 3 (6%) 5 (45%) 0.034
Comamonas testosteroni (G−) 2 (4%) 5 (45%) 0.026
Serratia marcescens (G-) 2 (4%) 5 (45%) 0.026
Stenotrophomonas maltophilia (G−) 1 (2%) 6 (55%) 0.008
Neisseria sicca (G−) 0 (0%) 5 (45%) 0.016
Neisseria meningitidis (G−) 0 (0%) 4 (36%) 0.038
Roseomonas gilardii (G−) 0 (0%) 4 (36%) 0.038
Staphylococcus capitis (G+) 0 (0%) 4 (36%) 0.038

*MGD patients or HCs with meibum samples available.

TABLE 2. Pathogens With Positive Rate Over 10% Across All Meibum Samples

Pathogen Total Meibum Samples (n = 58) MGD (n = 47) HC (n = 11) P Value Welch t-test

Pseudomonas fluorescens (G−) 53 (91%) 42 (89%) 11 (100%) 0.02
Cupriavidus metallidurans (G−) 44 (76%) 36 (77%) 8 (73%) 0.81
Malassezia globosa 32 (55%) 22 (47%) 10 (91%) 8.9E-04
Pseudomonas putida (G−) 30 (52%) 22 (47%) 8 (73%) 0.12
Campylobacter coli (G−) 27 (47%) 27 (57%) 0 (0%) 4.4E-10
Pseudomonas protegens (G−) 26 (45%) 18 (38%) 8 (73%) 0.05
Campylobacter jejuni (G−) 24 (41%) 24 (51%) 0 (0%) 1.2E-08
Enterococcus faecium (G+) 22 (38%) 22 (47%) 0 (0%) 8.3E-08
Corynebacterium jeikeium (G+) 22 (38%) 20 (43%) 2 (18%) 0.10
Alternaria alternata 22 (38%) 16 (34%) 6 (55%) 0.25
Escherichia coli (G−) 21 (36%) 12 (26%) 9 (82%) 8.6E-04
Pseudomonas aeruginosa (G−) 21 (36%) 11 (23%) 10 (91%) 4.8E-06
Citrobacter freundii (G−) 20 (34%) 14 (30%) 6 (55%) 0.17
Ralstonia pickettii (G−) 20 (34%) 12 (26%) 8 (73%) 0.01
Staphylococcus epidermidis(G+) 19 (33%) 13 (28%) 6 (55%) 0.14
Corynebacterium simulans (G+) 18 (31%) 15 (32%) 3 (27%) 0.77
Corynebacterium striatum (G+) 18 (31%) 15 (32%) 3 (27%) 0.77
Corynebacterium aurimucosum (G+) 16 (28%) 13 (28%) 3 (27%) 0.98
Klebsiella pneumoniae (G−) 15 (26%) 10 (21%) 5 (45%) 0.18
Pseudomonas mosselii (G−) 15 (26%) 6 (13%) 9 (82%) 1.4E-04
Corynebacterium diphtheriae (G+) 14 (24%) 11 (23%) 3 (27%) 0.81
Corynebacterium ureicelerivorans (G+) 11 (19%) 7 (15%) 4 (36%) 0.21
Toxoplasma gondii 10 (17%) 7 (15%) 3 (27%) 0.43
Bacteroides vulgatus (G−) 10 (17%) 5 (11%) 5 (45%) 0.06
Aeromonas hydrophila (G−) 9 (16%) 6 (13%) 3 (27%) 0.35
Corynebacterium riegelii (G+) 7 (12%) 5 (11%) 2 (18%) 0.57
Corynebacterium urealyticum (G+) 7 (12%) 5 (11%) 2 (18%) 0.57
Bacillus licheniformis (G+) 6 (10%) 6 (13%) 0 (0%) 0.01

G+, Gram-positive; G, Gram-negative.

(Figs. 4A–4E) also had significant alterations in the MGD
eyelid samples, but not in the MGD conjunctival micro-
biome. The most notable microbiome changes in both
the MGD meibum and eyelid skin were those pathways
mediating microbial metabolism. Among the top 10 KEGG
pathways, 4 were involved in the degradation process,

including xylene (ko00622), dioxin (ko00621), ethylbenzene
(ko00642), and bisphenol (ko00363).

We further explored the molecular processes underlying
509 enzymes, which were mapped into KEGG pathways. The
enzymes (see lists in Supplementary Table S7) in the MGD
meibum microbiome whose abundance increased more than
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FIGURE 4. Over-representation of functions in microbiomes from patients with MGD and HCs. Annotations according to KEGG database at
different layers: (A) Pathway; (B) Module; (C) Reaction; (D) Enzyme; (E) KEGG Orthology, KO. Full annotations for each entry are listed
in Supplementary Table S11. The rank of the top 10 entries is listed in a descending order according to fold change of abundance in MGD
meibum. Right panel: x-axis, -log2 (adjusted P value), dashed vertical line: adjusted P value = 0.05.

twofold from their levels in the HCmeibum (adjusted P value
< 0.05). Over half of them are involved in KEGG Metabolic
pathways (63%, 319/509), 100 of them in the biosynthesis
of secondary metabolites, 95 others in KEGG pathways of
microbial metabolism in diverse environments, and 49 in the
biosynthesis of antibiotic reference pathways (Supplemen-
tary Table S8). Specifically, all of the 15 pathways involved
in carbohydrate metabolism had at least 4 enzymes with
increased abundance. The second significant KEGG path-
way category is involved with lipid metabolism. Ten of the
17 pathways contained at least 2 enzymes that were mapped
into pathways mediating fatty acid elongation, biosynthe-
sis and degradation, glycerolipid metabolism, glycerophos-
pholipid metabolism, ether lipid metabolism, sphingolipid
metabolism, biosynthesis of unsaturated fatty acids, carbon
fixation pathways in prokaryotes, and nitrogen metabolism
(see Supplementary Table S8).

For xenobiotic biodegradation and metabolism,
30 enzymes with increased sequencing read abundance
mapped into this pathway category. Interestingly, the
crucial one was likely to mediate benzoate degradation.
First, 13 of these enzymes (43%, 13/30) directly mapped
into this pathway (Supplementary Fig. S4A). Second, the

subsequent eight enzymes with increased abundance
catalyze the reactions that precede by one or two steps
entrance into the benzoate degradation pathway, includ-
ing E1.14.13.7 (phenol 2-monooxygenase, NADPH) and
E1.14.13.82 (vanillate monooxygenase) in aminobenzoate
degradation (Supplementary Fig. S4B), E3.7.1.8 (2,6-
dioxo-6-phenylhexa-3-enoate hydrolase) in dioxin degra-
dation (Supplementary Fig. S4C), E2.3.1.16 (acetyl-CoA
C-acyltransferase) in ethylbenzene degradation (Supple-
mentary Fig. S4D), E1.13.11.2 (catechol 2,3-dioxygenase)
in styrene degradation (Supplementary Fig. S4E), and
E1.14.13.1 (salicylate 1-monooxygenase) in dioxin degrada-
tion (see Supplementary Fig. S4C), naphthalene degradation
(Supplementary Fig. S4F), and polycyclic aromatic hydro-
carbon degradation (Supplementary Fig. S4G). In addition,
four enzymes involved in the initial step in this process
are in a branch leading to benzoate degradation, including
E1.1.1.2 (alcohol dehydrogenase, NADP+) and E3.1.1.17
(gluconolactonase) in caprolactam degradation (Supple-
mentary Fig. S4H), E1.14.12.10 (benzoate 1, 2-dioxygenase)
in fluorobenzoate degradation pathway (Supplementary
Fig. S4I), and E4.1.99.11 (benzylsuccinate synthase) in the
toluene degradation pathway (Supplementary Fig. S4J).
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FIGURE 5. Over-representation of functional entries in (A) EggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups)
database, (B) virulence Factors Database (VFDB), and (C) Antibiotic Resistance Genes Database (ARDB) in microbiomes of MGD meibum
and eyelid skin. ↑ increase; ↓ decrease.

Functional Features Identified in EggNOG
Database, Virulence Factors Database, and
Antibiotic Resistance Genes Database

EggNOG annotation for contigs obtained in de novo
assembly demonstrated significantly more functional entries
with decreased abundance in the microbiomes of MGD
meibum than those in the MGD eyelid skins (P < 0.0001,
χ2 test, Fig. 5A; details in Supplementary Tables S9, S10),
which is similar with the observation in taxonomy profiling.
The featured virulence factor for MGD meibum microbiome
was the type IV secretion system (T4SS), achieving about
a fivefold change in abundance (q = 0.017, FDR; Fig. 5B,
Supplementary Table S11). For antibiotic resistance genes,
both sites had significantly reduced representation of the
FomA gene (Fig. 5C), involved in Fosfomycin resistance.

DISCUSSION

As a result of contact with the external environment, many
studies suggest that microbial populations are stable on
the ocular surface and in the meibomian gland. Our objec-
tive here was to determine the makeup of the microbiome
at these sites and also to delineate more extensively their

microbiota functional features. Such insight was expected
to improve our understanding of their microbial metabolic
activity and virulence. This could ultimately foster efforts
to identify novel effective antibiotic treatment options. To
reach this goal, microbial population makeup was compared
in meibum samples with those at the conjunctiva and in
the eyelid skin obtained from individuals with MGD and in
HCs. The results show that there is a resemblance between
the bacterial populations in the meibum and eyelid micro-
biome. This finding is supportive of speculation indicating
that these two sites are connected. Nevertheless, the most
significant feature of the MGD meibum microbiome char-
acterization stems from the results of microbial community
diversity analysis. It was surprisingly revealed that in the
MGD samples there was less pathogen diversity and commu-
nity richness than in the HCs. Finally, our more in-depth
analysis of the MGD and HC ocular surface microbiomes
shows that there is a marked disparity between them. Our
results are different from others in that the number of bacte-
rial types was significantly higher in the severe MGD group
than that in the HC based on 16S rRNA sequencing.35 This
disagreement may be attributable to variance in methods and
sample size. Additional studies are warranted work to clarify
the origin of this discrepancy.
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Even using whole genome amplification for these sparse
microbiomes in ocular sites, few patients in our study could
provide adequate microbiome data of the meibum and two
ocular sites. To reduce DNA losses incurred in the extraction
process, we did not treat the samples with RNAse before
whole genome amplification, which may instead lead to
RNA contamination. This difference may explain why the
phylum Negarnaviricota was present, which includes all
negative-sense single-stranded RNA viruses in the results
(see Fig. 2A). However, their read abundance was too small
for reliable virus identification. Future ocular virobiome
studies may provide novel insights regarding their involve-
ment in eye diseases.

Previous studies reported that the microbial community
composition changes with age. This finding is consistent
with ours because the skin microbiome constituents were
dissimilar between the group aged under 40 years old and
the one over 60 years old.36 To reduce such variance, we
enrolled instead young HC volunteers and 42 patients with
MGD who were under 40 years old. Specifically, the major-
ity of them were not clustered into an HC group for PCA
analysis (see Fig. 2B). Moreover, the number of pathogens
identified in conjunctival and eyelid samples was not age-
related (see Supplementary Fig. S3). Pathogens Campylobac-
ter coli, Campylobacter jejuni, and Enterococcus faecium,
which were prevalent in our MGD meibum samples are
known to cause eye infections.37–39

Although there seems to be a negative correlation
between the number of pathogens and ocular disease status,
this does not mean that patients with MGDwere at a reduced
infection risk. Pseudomonas fluorescens was less abundant
in MGD meibum (see Fig. 3F), but it had the highest posi-
tive rate across all meibum samples (91%; see Table 1, see
Supplementary Fig. S2E). Nevertheless, infections caused by
P. fluorescens seem to be rare. They were only detected in
a few cases diagnosed with endophthalmitis,40,41 bacterial
keratitis,42 or infectious crystalline keratopathy.43 Recently,
a study suggested that the routine culture temperature may
be too high for P. fluorescens to grow, which reduces the
likelihood of evaluating its pathogenic impact.44 For Pseu-
domonas putida abundance, its decline was at a moderate
significance level (log2 Fold Change = -1.2, adjusted P value
= 0.024) in the MGD meibum compared to its HC coun-
terpart. Whereas, its positive rate was over 50% in meibum
samples irrespective of disease status (MGD versus HC,
P = 0.12, Welch t-test; see Supplementary Table S6).
Cupriavidus metallidurans had a positive rate of 73% in
all meibum samples, but it only causes infection under
extreme conditions.45 Pseudomonas aeruginosa, a well-
known pathogen, which is responsible for 6% to 39% of
bacterial keratitis cases in the United States,46 its positive
rate was 40% in our meibum samples; Staphylococcus epider-
midis, had a positive rate of 48.6% in MGD samples, which
was based on the results of a traditional culture method.17 It
was present in 33% of the meibum samples irrespective of
whether or not they were obtained either from MGD or HC
samples (MGD versus HC, P = 0.17, Welch t-test; see Supple-
mentary Table S6). However, this equivalence may be erro-
neous due to sample heterogeneity or nonuniform culture
methodology among these studies.

The changes in the meibum composition in patients
with MGD are believed to affect their microbial population
makeup. However, almost all significant functional annota-
tion changes identified in MGD meibum were also seen in
MGD eyelid skin, indicating that the underlying factors may

be shared by the meibomian gland and sebaceous gland.
Increased needs for more diverse metabolic pathways in
MGD microbiomes may account for the extensive changes in
the microenvironment. Fulfillment of bioenergetic require-
ments of all organisms has top priority, which helps
explain why genes promoting carbohydrate related biologi-
cal processes, carbon fixation, and nitrogen metabolism are
all over-represented (see Supplementary Table S8). The most
significant unique metabolic trait of the MGD microbiome is
its capacity to catabolize benzoate, which belongs to Xenobi-
otics biodegradation and metabolism in the KEGG database.
Most other changes in this pathway category are in agree-
ment with their contribution to switch downstream the reac-
tion direction toward benzoate degradation. Bacterial degra-
dation of benzoate is believed to be part of the biological
strategy that underlies the ability of organisms to adapt and
survive despite swings in environmental oxygen concentra-
tion.47 This adaptability to survive despite changes in oxygen
levels may stem from variations in the composition of MGD
meibum.

Microbe profiling alterations may account for how
immune cells get activated to increase in abundance to
elicit an inflammatory response in tears and glandular tissue.
This cascade of events affects the differentiation of glandu-
lar cells and their ability to synthesize and secrete lipids.3

These inflammatory responses by immune cells in the glan-
dular environment are believed to be a key link in induc-
ing pathological changes. Our study did not identify which
microbes exclusively flourish in the MGD meibum. Never-
theless, the microbial community in the MGD samples seems
to express more genes that induce chemotaxis and immune
evasion (see Fig. 5C). Meanwhile, the changes in the meibum
composition may also impede the responses by the immune
activated cells to eliminate the pathogens in the meibum,
which continuously release virulence factors at a stable
elevated level. Therefore, MGD meibum harboring a micro-
bial community containing more T4SS acts as a sustained
intractable stimulant. This notion may partly explain why
current efforts in alleviating symptoms are mainly effective
if they include procedures that change the meibum compo-
sition. This can be accomplished through heating or improv-
ing the ability of meibomian glandular cells to produce
and release more meibum out of the gland. Moreover, in
future studies, our observations should be validated using
larger diverse populations from diverse geographic locations
around the world. Future efforts ought to consider individual
uniqueness or microbiome population specificity.
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