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Dysbiosis, or imbalance in the gut microbiome, has been implicated in auto-immune, inﬂammatory, neurological diseases
as well as in cancers. More recently it has also been shown to be associated with ocular diseases. In the present study, the
association of gut microbiome dysbiosis with bacterial Keratitis, an inﬂammatory eye disease which signiﬁcantly contributes to corneal blindness, was investigated. Bacterial and fungal gut microbiomes were analysed using fecal samples of
healthy controls (HC, n = 21) and bacterial Keratitis patients (BK, n = 19). An increase in abundance of several antiinﬂammatory organisms including Dialister, Megasphaera, Faecalibacterium, Lachnospira, Ruminococcus and Mitsuokella and members of Firmicutes, Veillonellaceae, Ruminococcaceae and Lachnospiraceae was observed in HC
compared to BK patients in the bacterial microbiome. In the fungal microbiome, a decrease in the abundance of Mortierella,
Rhizopus, Kluyveromyces, Embellisia and Haematonectria and an increase in the abundance of pathogenic fungi Aspergillus and Malassezia were observed in BK patients compared to HC. In addition, heatmaps, PCoA plots and inferred
functional proﬁles also indicated signiﬁcant variations between the HC and BK microbiomes, which strongly suggest
dysbiosis in the gut microbiome of BK patients. This is the ﬁrst study demonstrating the association of gut microbiome with
the pathophysiology of BK and thus supports the gut–eye axis hypothesis. Considering that Keratitis affects about 1 million
people annually across the globe, the data could be the basis for developing alternate strategies for treatment like use of
probiotics or fecal transplantation to restore the healthy microbiome as a treatment protocol for Keratitis.
Keywords.

Bacterial Keratitis; dysbiosis; gut bacterial microbiome; gut fungal microbiome

1. Introduction
Keratitis is an inﬂammatory disease of the eye where the
cornea gets inﬂamed, causing redness, pain and itchiness of
the eye and signiﬁcantly affecting vision. Corneal opacities,
which are mainly caused by infectious Keratitis, are the
fourth leading cause of blindness globally and are responsible for 10% of avoidable visual impairment in the world’s
least developed countries (Pascolini and Mariotti 2012). In
India alone, nearly 2 million people develop a corneal ulcer
annually (Gonzales et al. 1996; Gupta et al. 2013), and

unilateral corneal blindness is estimated to increase to 10.6
million by 2020 (Dandona and Dandona 2003), thus creating
a huge economic burden.
Keratitis mostly involves an infectious aetiology and the
infectious agents include bacteria, fungi, viruses and protozoa and infectious Keratitis is the leading cause of corneal
blindness (Teweldemedhin et al. 2017). Infectious Keratitis is
frequently associated with contact lens wear in developed
countries (Green et al. 2008), but in developing countries,
ocular injury caused during agricultural work remains the
most common cause (Saha et al. 2009). Bacterial Keratitis
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(Keratitis caused by bacteria, BK) is the most common type
of infectious Keratitis and is a serious ocular problem, which,
if not properly treated, can lead to sight-threatening complications like corneal scarring, perforation, endophthalmitis
and ultimately blindness (Henry et al. 2012; Teweldemedhin
et al. 2017). The most frequent organisms reported in BK
include Coagulase-negative Staphylococci (CoNS), Pseudomonas aeruginosa and Staphylococcus aureus. However,
several other bacteria are also reported in BK, which include
Gram-positive bacteria viz., Methicillin-resistant Staphylococcus aureus (MRSA), Streptococcus spp., Enterococcus
faecalis, Bacillus spp. and Corynebacterium diphtheriae and
Gram-negative bacteria viz., Escherichia coli, Klebsiella
pneumoniae, Acinetobacter, Serratia spp., Aeromonas, Fusobacterium, Enterobacter spp., Proteus mirabilis, Pasteurella multocida, Moraxella catarrhalis and Haemophilus
inﬂuenza (Teweldemedhin et al. 2017).
Gut microbiome is the largest of all the human microbiomes and encompasses 1014 bacterial cells. The gut
microbiome is dynamic and is inﬂuenced by various factors
like age, gender, ethnicity, host genetic variation, diet and
health status of the host (Shivaji 2017). In recent years,
many studies have implicated that changes in the gut
microbiome are associated with several diseases like autoimmune diseases (diabetes, rheumatoid arthritis, muscular
dystrophy, multiple sclerosis, and ﬁbromyalgia), inﬂammatory diseases (obesity, enterocolitis, inﬂammatory bowel
disease [IBD], and vaginosis) (Tlaskalova-Hogenova et al.
2011; Zackular et al. 2013) cancers and mental disorders
including Alzheimer’s disease, anxiety and autistic disorders
(Malan-Muller et al. 2018). These studies imply a prime
position for the gut microbiome in human health and disease
irrespective of the disease location in the human body.
Studies linking the gut microbiome with ocular diseases
are rare. In a recent study Sjögren syndrome (SS) patients
exhibited reduced diversity in the fecal microbiome which is
associated with severity of ocular mucosal disease and systemic disease (de Paiva et al. 2016). In addition, studies in
mice models and Uveitis patients have demonstrated association of the gut microbiome with Uveitis (Horai et al.
2015; Nakamura et al. 2016; Huang et al. 2018) and Uveitis
in Bechet’s disease patients (Shimizu et al. 2016). Similarly,
high-fat diet (Andriessen et al. 2016) and high-glycaemicindex diet (Rowan et al. 2017) induced gut dysbiosis found
to be associated with age-related macular degeneration
(AMD) in mice and also in AMD patients (Zinkernagel et al.
2017). All these ﬁndings suggest a signiﬁcant role for the gut
microbiome in ocular diseases. Strong evidence for the
contribution of gut microbiome in inducing ocular susceptibility to Keratitis comes from the two studies in mice by
Kugadas et al. (2016a, b), which demonstrated that gut
microbiota play a role in regulating protection against
Pseudomonas aeruginosa-induced Keratitis by regulating
the pool of mature neutrophils and their activation state

(neutrophil priming). The studies show that an altered/dysbiotic gut microbiome could induce susceptibility to ocular
infections by pathogenic organisms capable of causing
Keratitis. Hence, it would be worthwhile to investigate the
possibility of dysbiosis in the gut microbiome being associated with BK, an inﬂammatory eye disease. The present
study attempts to study the gut microbial composition
(bacterial and fungal) of BK patients to identify whether
dysbiosis is prevalent in BK patients, and if prevalent, it may
be possible that altered gut microbiome could contribute to
patients in inducing susceptibility to ocular infections by
pathogenic organisms causing Keratitis, and this could help
in developing novel therapies to improve the treatment of
sight-threatening Keratitis.

2. Materials and methods
2.1

Recruitment of subjects

All the HC and BK subjects were from Telangana, a state in
south India with mean age of 48.8 years and were recruited
from individuals attending an eye hospital, the L. V. Prasad
Eye Institute, Hyderabad, India. All the BK patients were
conﬁrmed to have microbiologically-proven bacterial Keratitis. Both Gram-positive and Gram-negative bacterial
infections of the cornea were included. The HC (n = 21) and
BK patients (n = 19) were matched for age (P = 0.321), sex
(Males [P = 0.409]; Females [P = 0.315]) and diet (P = 1).
The data reported in the present study is part of a larger
study involving the monitoring of variations in the gut
microbiome in healthy individuals (controls) and individuals
with bacterial Keratitis, fungal Keratitis and Uveitis. Since
the study was initiated simultaneously, the healthy individuals who served as controls were common to the bacterial
Keratitis, fungal Keratitis and Uveitis cohorts. In this paper,
the microbiome data of 21 healthy individuals is identical to
21 out of the 31 healthy individuals in Kalyana Chakravarthy et al. (2018a) and 13 of the healthy individuals in
Kalyana Chakravarthy et al. (2018b) which were published
earlier.
Participants from both the HC and BK group who had
undergone any surgery or having diabetes, hypertension,
obesity, IBD, any form of malignancy, irregular bowel
movements and who had taken probiotics, or prebiotics
3 months prior to sample collection were excluded from the
study. None of the HC individuals had taken any antibiotics
3 months prior to sample collection but 6 out of 19 BK
patients had taken oral antibiotics as part of their treatment
prior to recruitment in this study (Supplementary Table S1).
Informed consent was taken from all the study subjects prior
to sample collection. The study protocols were approved by
the Institutional Review Board of L. V. Prasad Eye Institute,
Hyderabad (Ethics Ref. No. LEC 06-14-060) and all
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methods were performed in accordance with relevant
guidelines and regulations.

2.2

Fecal sample collection and DNA extraction

The stool samples were collected by the subjects in a sterile
container (HiMedia, India) and were frozen at - 80°C until
further processing. Genomic DNA was extracted from the
fecal samples using QIAamp DNA stool minikit (Qiagen,
Hilden, North Rhine-Westphalia, Germany) according to the
instructions provided by the manufacturer with a few modiﬁcations. The fecal sample was thoroughly mixed with a
sterile spatula (HiMedia, India) and DNA extractions were
performed in triplicate in 2 mL centrifuge tubes with 300 mg
of homogenized fecal sample. For each replicate, DNA was
eluted with 100 lL of AE buffer provided by Qiagen. Equal
volume of DNA from each replicate was pooled together and
used for PCR ampliﬁcation and sequencing. Genomic DNA
was checked for quality on a 0.8% agarose gel and quantiﬁed using Nanodrop 8000 (GE Healthcare, India) and
QubitÒ 2.0 ﬂuorometer with the help of Qubit dsDNA HS
Assay kit (Life Technologies, India).

2.3 PCR ampliﬁcation, Illumina library preparation
and amplicon sequencing of fungal and bacterial
microbiomes
V3-V4 region of bacterial 16S rRNA gene was ampliﬁed
using the primers 50 -CCTACGGGNGGCWGCAG-30 and
50 -GACTACHVGGGTATCTAATCC-30 (Klindworth et al.
2013), whereas ITS3 (50 -GCATCGATGAAGAACGCAGC30 ) and ITS4 (50 - TCCTCCGCTTATTGATATGC-30 ) primers
were used for the ampliﬁcation of ITS2 region of the fungal
ribosomal small subunit RNA (Rao et al. 2007). The standard Illumina protocol described by Dehingia et al. (2015)
was used to generate the bacterial and fungal microbiomes.
The libraries were sequenced using 2 9 250 bp chemistry
on an Illumina MiSeq with paired-end protocol at the Xcelris
Genomics Pvt. Ltd., Ahmedabad, India.

2.4 Taxonomic classiﬁcation of sequenced reads
of bacterial and fungal microbiomes
Paired-end reads of each sample were ﬁrst demultiplexed
into separate ﬁles (Fastq), and then they were combined into
contigs using FLASH software run with default parameters
(Magoc and Salzberg 2011). Sequence reads were quality
ﬁltered using Prinseq-lite (reads with mean Phred score \25
were removed) (Schmieder and Edwards 2011), and chimeric sequences were removed using Usearch61 (Edgar
2010). The high quality (HQ) reads were used for OTU
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picking as implemented in QIIME. UCLUST run with
default parameters was used for clustering sequences with
97% similarity (Kuczynski et al. 2011). GreenGenes 13.8
OTUs and UNITE OTUs (ITS) 12.11 (Alpha release) clustered at 97% identity were used as the reference OTU
databases for bacteria and fungi respectively. Taxonomic
assignment for the reads/OTUs (reference-OTUs) which
matched the reference OTU database was obtained as provided in the database, whereas, taxonomic assignments for
denovo clustered OTUs (denovo-OTUs) were obtained using
MOTHUR (version v.1.29.2) by providing representative
sequences from each of the denovo-OTUs as input to the
Wang Classiﬁer (Schloss et al. 2009) with a bootstrap
threshold of 80%. Samples in which C60% of sequences
were assigned to an OTU were only considered for further
analysis. Sparse OTUs (representing \0.001% of the total
HQ reads) were not considered for further analysis.

2.5 Diversity analyses of bacterial and fungal
microbiomes
R-Vegan 2.4-2package (http://vegan.r-forge.r-project.org/)
was used for rarefaction curves and for calculating the alpha
diversity indices (Shannon diversity, Simpson index,
observed number of OTUs and Chao1) for all the microbiome samples. OTUs which were present in over 80% of
samples with a minimum abundance of 0.01% in the sample
were assigned as core OTUs. The core OTUs were grouped
into three categories as core OTUs in HC, in BK and in both
HC and BK.

2.6 Inferring functional proﬁles of bacterial
microbiomes
PICRUSt (Langille et al. 2013) was used for inferring
functional proﬁles of the bacterial microbiomes from the
respective 16S taxonomic proﬁles. Brieﬂy, OTUs were reassigned with PICRUSt-compatible taxonomic classiﬁcations using GreenGenes (v 13.5) reference database and
normalized with 16S rRNA copy number. The normalized
values were used for prediction of KEGG orthologs after
removing eukaryotic pathways from the analysis.

2.7 Identiﬁcation of differentially abundant taxonomic
and functional groups
Wilcoxon signed rank test (with Benjamini Hochberg (BH)
corrected P\0.05 as signiﬁcant) was carried out to identify
signiﬁcantly different taxonomic groups in both bacterial
and fungal microbiome samples at various levels of hierarchy including phylum, family, genus and OTU level. In
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addition, discriminating KEGG functional pathways
between HC and BK bacterial microbiomes were also
ascertained using a similar method. Few patients in the BK
group as part of their treatment were on oral antibiotics
(antibacterial drugs) and thus their bacterial microbiomes
may be altered from those that were not on antibiotic treatment. For this purpose, patients within BK group were categorized into treated (BK_YES) and untreated (BK_NO)
groups and their gut bacterial microbiomes were also analysed separately. Kruskal–Wallis test (BH corrected P\0.05)
among HC, BK_YES and BK_NO, and post hoc Wilcoxon
tests (BH corrected P\0.05) between pairs of samples HC
vs. BK_YES, HC vs. BK_NO and BK_YES vs. BK_NO
were performed to identify signiﬁcantly different taxonomic
groups which may be inﬂuenced by antibiotic uptake.
Differences in the HC and BK bacterial microbiomes, at
the OTU level, were also visualized through a PCoA plot
using ade4 package in R (v3.2.5). JSD was used as a distance metric (http://enterotyping.embl.de/enterotypes.html).
K-means clustering (k = 2) was also performed with the data
used to generate the PCoA plot to identify clusters on the
PCoA plot.

2.8 Correlation network between fungal and bacterial
genera
Two interactive networks speciﬁc to the HC and BK
microbiomes were generated to infer bacteria-fungi interaction (both positive and negative interactions) at the genera
level based on pair-wise correlations between abundances
using Spearman correlation coefﬁcient (r). Cytoscape
(Shannon et al. 2003) and CoNet (Faust and Raes 2016)
were used to visualize and analyse the network.

3. Results
3.1 Gut bacterial communities in healthy subjects
and bacterial Keratitis patients from India
Out of a total of 40 bacterial microbiomes generated using
fecal samples, only 39 microbiomes from 21 HC and 18 BK
patients, in which more than 60% of reads were assigned to
OTUs were used for analysis (supplementary table 2). In
total, 28.06 million HQ reads were obtained for 39 fecal
microbiomes that corresponded to an average of 719425
sequence reads per microbiome. A total of 2375 OTUs
(1408 reference-OTUs and 967 denovo-OTUs) were identiﬁed from the HC and BK microbiomes (Supplementary
Table S3). Rarefaction analysis of all the microbiomes
showed that the number of OTUs were tending towards
saturation with increase in the number of reads indicating

that the sequencing depth attained is sufﬁcient to cover the
total diversity present in the microbiome (ﬁgure 1A).
Four alpha diversity indices viz. Shannon index (diversity), Simpson index (evenness), number of observed OTUs
(richness) and Chao1 index (richness) at the OTU level
showed a decrease in diversity in terms of both species
richness and evenness in the BK patients when compared
with HC (ﬁgure 1B).
Fourteen bacterial phyla were identiﬁed in HC and BK fecal
microbiomes. The predominant phyla were Firmicutes (46.7%
mean abundance) and Bacteroidetes (23.2% mean abundance)
followed by Proteobacteria (10.9% mean abundance) and
Actinobacteria (4% mean abundance). The remaining 10
phyla together constituted \2% mean abundance. The abundance of Firmicutes, Cyanobacteria, Elusimicrobia, Tenericutes and TM7 were signiﬁcantly enriched (BH corrected
P\0.05) in HC compared to the BK bacterial microbiomes. It
was interesting to note the presence of two candidate phyla
TM7 and SAR406 in the studied cohort (ﬁgure 1C; supplementary ﬁgure 1; supplementary table 4). It was also
observed that at the family level, 15 out of the 70 bacterial
families were signiﬁcantly enriched (BH corrected P\0.05) in
HC compared to BK patients (ﬁgure 2; supplementary
table 5).
Our results indicated 179 core OTUs (deﬁned as OTUs
ubiquitously present in over 80% of samples with a minimum abundance of 0.01% either in HC alone, BK alone
or HC and BK microbiomes) (supplementary ﬁgure 2;
supplementary table 6) with Lachnospiraceae and
Ruminococcaceae representing the major core OTUs in HC
(44 and 43 OTUs respectively) and reduced in abundance
in BK samples (12 and 9 OTUs respectively). The total
number of OTUs identiﬁed in HC and BK together was
2375 OTUs. In HC 722 OTUs were enriched where as in
BK 21 OTUs were enriched (BH corrected P\0.05)
(ﬁgure 3).
Predominant OTUs enriched in HC were afﬁliated to
Ruminococcaceae (122 OTUs), Lachnospiraceae (94
OTUs), Clostridiales (73 OTUs), Faecalibacterium prausnitzii (45 OTUs), Megasphaera (25 OTUs), Bacteroides (21
OTUs), Roseburia (23 OTUs), Ruminococcus (23 OTUs),
Lachnospira (22 OTUs), Oscillospira (21 OTUs), Dialister
(17 OTUs), Veillonellaceae (16 OTUs) and Mitsuokella
multacida (14 OTUs). OTUs enriched in BK were afﬁliated
to Prevotella copri (7 OTUs), Proteobacteria (1 OTU),
Blautia (1 OTU), Bilophila (1 OTU) and Bacteroides (2
OTUs). Depletion of 722 OTUs in BK compared to HC
clearly indicates dysbiosis in the fecal bacterial microbiomes
of BK patients (ﬁgure 3). The PCoA plot (ﬁgure 4) based on
all the signiﬁcantly discriminating OTUs (884 OTUs) segregated the microbiomes in two distinct clusters (19 HC
microbiomes in one cluster and 18 BK and 2 HC microbiomes in the other cluster) suggesting unique bacterial
community structure in the HC and BK study groups.

Gut microbiome dysbiosis in bacterial Keratitis

839

Figure 1. Rarefaction curves of the bacterial microbiome libraries of the 39 fecal samples from healthy controls (HC) and bacterial
Keratitis (BK) patients (A); Box-plots illustrating Alpha diversity indices (Shannon diversity, Simpson index, Observed OTUs and Chao1)
in fecal bacterial microbiomes of healthy controls (HC) and bacterial Keratitis (BK) patients. Median values (horizontal line) and
interquartile ranges are indicated in the plots (B); Mean abundance (%) of bacterial phyla in the fecal microbiomes of healthy controls (HC)
and bacterial Keratitis (BK) patients. ‘Other phyla’ includes phyla with \1% mean abundance. ‘Other’ includes singletons, unassigned
reads and sparse OTUs (\0.001% of total abundance). *Indicates signiﬁcant difference (BH corrected P\0.05), but only 4 phyla
(Cyanobacteria, Elusimicrobia, Tenericutes and TM7) in ‘Other phyla’ are signiﬁcantly different (C).

3.2 Differentially abundant bacterial communities
in the guts of healthy controls and bacterial Keratitis
patients
A total of 106 bacterial genera were identiﬁed in the fecal
microbiomes of the studied cohort. Of these 33 genera
were enriched in HC and only 2 genera viz., CF231 and
Dysgonomonas were enriched in BK patients (BH corrected P\0.05). The top 20 genera that were signiﬁcantly
enriched (BH corrected P\0.05) in HC are represented in
ﬁgure 5A, of which Dialister, Megasphaera, Faecalibacterium, Lachnospira, Ruminococcus and Mitsuokella were
most abundantly enriched in HC. Variation at the genus
level between HC and BK fecal bacterial microbiomes was
also obvious in the heatmap (ﬁgure 5B) drawn based on
rank-normalized abundances of 35 signiﬁcantly different
(BH corrected P\0.05) bacterial genera. Hierarchical

clustering had separated the samples into three major
clusters, one formed by HC and the other two by BK
clearly indicating variation in the bacterial microbiomes of
HC and BK fecal samples.

3.3 Bacterial communities in the guts of healthy
controls and bacterial Keratitis patients who had
consumed antibiotics
Few BK patients (6 out of 19) had taken antibiotics as part of
their treatment (supplementary table 1). Therefore, we categorized the microbiomes into three groups viz., the HC
group, the BK group who had taken antibiotics (BK_YES)
and the BK group who had not taken antibiotics (BK_NO).
Kruskal–Wallis test identiﬁed 744 OTUs, which were differentially abundant among the three groups. A PCoA plot
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Figure 2. Bacterial families exhibiting signiﬁcant (BH corrected p\0.05) differential abundance in fecal samples of healthy controls (HC)
compared to bacterial Keratitis (BK) patients. All the differentially abundant families enriched in HC or BK samples have been depicted.
The median abundances (horizontal line) and the interquartile ranges have been indicated in the plots.

based on the relative abundance of the 744 OTUs (using JSD
as the distance metric) indicated that 19 HC samples formed
one group and 18 BK samples (BK_YES and BK_NO)
formed another group, together implying that antibiotic
treatment was not responsible for the observed signiﬁcant
difference between HC and BK (ﬁgure 6A). This was conﬁrmed by the post hoc pairwise Wilcoxon tests between
HC_NO vs. BK_NO, HC_NO vs. BK_YES and BK_NO vs.
BK_YES, which indicated that at the OTU level, signiﬁcant
difference (BH corrected P\0.05) was observed between the
HC_NO vs. BK_NO as well as HC_NO vs. BK_YES
samples, but not between BK_NO and BK_YES samples
(supplementary table 7), indicating that the observed dysbiosis in the gut bacterial microbiome of BK patients could
have stronger association with the disease and is not an
effect of antibiotic treatment.

Figure 3. Bacterial OTUs exhibiting signiﬁcant (BH corrected c
P\0.05) differential abundance in fecal samples of bacterial
Keratitis patients (BK) compared to healthy controls (HC). All
the differentially abundant OTUs have been depicted. Data is
represented as log2 fold change. Each circle denotes an OTU;
OTUs to the right of zero line and shown in pink are enriched in
BK compared to HC and OTUs to the left of zero line and shown in
blue are depleted in BK compared to HC. OTUs are organized
according to the lowest taxonomic classiﬁcation along the y-axis.

3.4 Functional proﬁle of gut bacterial communities
associated with healthy subjects and bacterial Keratitis
patients
KEGG functional pathway analysis predicted signiﬁcant
differences in the HC and BK bacterial microbiomes

Gut microbiome dysbiosis in bacterial Keratitis
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(ﬁgure 6B; supplementary table 8). An increase in metabolic
and biosynthetic pathways including carbohydrate metabolism (TCA cycle), oxidative phosphorylation, carbon ﬁxation pathways, vitamin B6 metabolism, ubiquinone and other
terpenoid-quinone biosynthetic pathways; cellular processes
and signalling pathways including membrane and intracellular structural molecules and cell division was observed in
BK patients compared to HC. A decrease in pathways
related to signalling molecules and interaction including G
protein-coupled receptors; cell motility including bacterial
chemotaxis, bacterial motility proteins and ﬂagellar assembly pathways; biosynthesis of other secondary metabolites
including butirosin, neomycin and phenylpropanoid
biosynthetic pathways was observed in BK patients compared to HC. Pathways involving G protein-coupled receptors were more prominently reduced ([3 log 2-fold) in BK
compared to HC (ﬁgure 6B).

3.5 Gut fungal communities in healthy subjects
and bacterial Keratitis patients from India
Forty fungal microbiomes were generated from the fecal
samples of 21 HC and 19 BK patients. However, only 39
microbiomes (21 HC and 18 BK) were taken for further
analysis after removing 1 BK microbiome with \60% of
reads assigned to OTUs (supplementary table 9). Sequencing of ITS2 region of 39 fecal microbiomes yielded a total of

Figure 5. Bacterial genera exhibiting signiﬁcant (BH corrected c
p\0.05) differential abundance in fecal microbiomes of healthy
controls (HC) compared to bacterial Keratitis (BK) patients. The
top 20 differentially abundant genera in the samples have been
depicted. Median abundances (horizontal line) and interquartile
ranges have been indicated in the plots (A); Two dimensional
heatmap showing rank normalized abundances (scaled between 0
and 1) of 35 differentially abundant bacterial genera in the fecal
samples of healthy controls (HC) and bacterial Keratitis (BK)
patients. The discriminating genera, as well as the samples (HC and
BK) have been arranged along the two dimensions (axes) based on
hierarchical clustering (B).

32.54 million HQ reads with an average of 838665 reads per
microbiome. A total of 1409 OTUs were identiﬁed, of which
only 308 were reference-OTUs and 1101 were de novoOTUs (supplementary table 10) and this reiterates the
incompleteness in the available fungal sequence databases.
In addition, rarefaction curves of all microbiomes were
tending to attain a plateau phase (ﬁgure 7A) which indicated
that sufﬁcient sequencing depth and coverage has been
attained for the microbiomes representing the total diversity
present in the microbiome.
To know the overall diversity present in the fungal
microbiomes of HC and BK fecal samples, four alpha
diversity indices were estimated. An increase in Shannon
index which measures diversity and Simpson index which
measures evenness, and a decrease in observed number of

Figure 4. Principal Coordinate Analysis (PCoA) based on JSD (Jensen–Shannon divergence) distances between OTU abundances in the
bacterial microbiomes of healthy controls (HC, blue) and bacterial Keratitis patients (BK, red). Healthy controls (HC) and bacterial Keratitis
(BK) samples showed distinct clustering when plotted along the ﬁrst two principal coordinates PC1 and PC2.
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Figure 6. Principal Coordinate Analysis (PCoA) based on OTU abundances in the bacterial microbiomes of healthy controls (HC_NO, blue),
bacterial Keratitis patients who had taken antibiotics (BK_YES, black) and bacterial Keratitis patients who had not taken antibiotics (BK_NO,
red). JSD was used as a distance metric. Except 2 samples, all healthy controls (HC) samples clustered together, and all bacterial Keratitis patients
(BK_YES and BK_NO) irrespective of their treatment clustered together when plotted along the ﬁrst two principal coordinates PC1 and PC2 (A);
Discriminating KEGG pathways (BH corrected P\0.05) observed in 39 fecal bacterial microbiomes from healthy controls (HC) and bacterial
Keratitis (BK) patients. Y-axis denotes Log 2-fold change of the abundances of KEGG pathways inferred from respective 16S taxonomic
proﬁles. The increase and decrease of KEGG pathways in BK patients are represented in red and green colors respectively (B).
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Figure 7. Rarefaction curves of the fungal microbiome libraries of the 39 fecal samples from healthy controls (HC) and bacterial Keratitis
(BK) patients (A); Box-plots illustrating alpha diversity indices (Shannon diversity, Simpson index, Observed OTUs and Chao1) in fecal
fungal microbiomes of healthy controls (HC) and bacterial Keratitis (BK) patients. Median values (horizontal line) and interquartile ranges
are indicated in the plots (B); Mean abundance (%) of fungal phyla in the fecal microbiomes of healthy controls (HC) and bacterial Keratitis
(BK) patients. ‘Other’ includes singletons, unassigned reads and sparse OTUs (\0.001% of total abundance). *Indicates signiﬁcant
difference (BH corrected P\0.05) which was observed in the low abundant phyla Chytridiomycota, Glomeromycota and Zygomycota (C).

OTUs and Chao1 index which measures species richness
were observed in BK samples compared to HC (ﬁgure 7B).
This indicates the presence of a low number of evenly distributed fungal species in the fecal samples of BK patients
compared to HC.
The fungal microbiomes of HC and BK fecal samples
were dominated by the phyla Basidiomycota (30.8% mean
abundance) and Ascomycota (28.6% mean abundance)
(ﬁgure 7C; supplementary ﬁgure 3; supplementary
table 11). Signiﬁcant difference was not observed in the
dominant phyla in HC and BK fungal microbiomes.
However, the minor phyla Glomeromycota and Chytridiomycota were absent in the BK fecal samples, whereas the
abundance of Zygomycota decreased in BK compared to
HC (BH corrected P = 0.011) (supplementary table 11). It
may be noted that a signiﬁcant amount of reads (mean
abundance 35.3%) remained unclassiﬁed at the phylum
level indicating the presence of several unknown fungal

taxonomic groups in the guts of Indian subjects and also
reiterates the limitations of the existing fungal sequence
databases.

3.6 Differentially abundant fungal communities
in the guts of healthy controls and bacterial Keratitis
patients
A total of 134 fungal genera were identiﬁed in the fecal
microbiomes of HC and BK patients among which 58 genera
varied signiﬁcantly between HC and BK microbiomes (BH
corrected P\0.05). In HC, 56 of the 58 genera were enriched
and the most abundantly enriched genera (median abundance
[0.01%) were Mortierella, Rhizopus, Kluyveromyces, Embellisia and Haematonectria (ﬁgure 8A). Only 2 genera
Aspergillus and Malassezia were enriched in BK patients
(median abundance [0.01%).
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Gut microbiome dysbiosis in bacterial Keratitis
Fungal genera exhibiting signiﬁcant (BH corrected
p\0.05) differential abundance in fecal microbiomes of healthy
controls (HC) compared to bacterial Keratitis (BK) patients.
Differentially abundant genera having a median abundance of
[0.01% in at least one group of samples have been depicted.
Median abundances (horizontal line) and interquartile ranges have
been indicated in the plots (A); Two dimensional heatmap showing
rank normalized abundances (scaled between 0 and 1) of 17
differentially abundant fungal genera in the fecal samples of healthy
controls (HC) and bacterial Keratitis (BK) patients. Differentially
abundant genera having a median abundance of[0.001% in at least
one group of samples have been depicted. The discriminating
genera, as well as the samples (HC and BK) have been arranged
along the two dimensions (axes) based on hierarchical clustering
(B).

b Figure 8.

A heatmap based on rank-normalized abundances of the
fungal genera (median abundance of [0.001%) that were
differentially enriched (BH corrected P\0.05) in HC and BK
fecal microbiomes (ﬁgure 8B) indicated that majority of the
HC samples (14 out of 21) and BK samples (13 out of the
18) formed two clusters. The 7 remaining HC samples and 5
BK samples formed a subcluster which appeared to be more
related to the BK cluster. It is also interesting to note the
complete absence of several of the fungal genera in majority
of BK samples.
The differentially abundant fungal OTUs (BH corrected
P\0.05) between HC and BK fecal microbiomes are
depicted in table 1. In total, 67 OTUs (with median abundance of [0.001% in at least one group of samples) varied
signiﬁcantly between HC and BK, of which, 64 were enriched in HC and only 3 were enriched in BK. Of those OTUs
enriched in HC, signiﬁcant number of OTUs (24) remained
unclassiﬁed indicating the limited sequence availability in
fungal databases.

3.7 Interactions of bacterial and fungal genera
in the gut microbiomes of healthy controls and bacterial
Keratitis patients
To establish interactions between bacterial and fungal genera
in the fecal microbiomes of HC and BK samples, interaction
networks were generated based on pair-wise correlations
between abundances of different bacterial and fungal genera
in HC (ﬁgure 9A) and BK (ﬁgure 9B) microbiomes
respectively. In the HC network, 14 hub genera (2 bacterial
and 12 fungal genera) could be identiﬁed which showed
maximum number of interactions (interactions C10) with
other genera. Dialister and Oscillospira were the 2 bacterial
hubs, and Hygrocybe, Rhizophydium, Typhula, Phialocephala, Cortinarius, Actinomucor, uncultured Alternaria,
Thanatephorus, uncultured Cylindrosympodium, uncultured
Cortinarius, Cordyceps and Rhinocladiella were the fungal

847

Table 1. Fungal OTUs exhibiting signiﬁcant (BH corrected
P\0.05) differential abundance across healthy controls (HC) and
bacterial Keratitis (BK) patients fecal samples
Sl.
No.

Lineage

OTUs enriched in HC samples
1
Acroconidiella sp. HSAUP074066
2
Calyptella capula
3
Dioszegia fristingensis
4
Embellisia sp. DAR 74619
5
Fusarium solani
6
Gibberella sp. CBS 119214
7
Mortierella alpina
8
Mycocentrospora sp. UFMGCB 2526
9
Pichia exigua
10
Preussia tetramera
11
Rhizopus oryzae
12
Rhizoscyphus ericae
13
Stagonosporopsis cucurbitacearum
14
Tetracladium
15
Uncultured Cryptococcus
16
Uncultured endomycorrhiza of Neottia
nidus avis
17
Uncultured Guehomyces
18
Uncultured Mortierella
19
Uncultured rhizosphere ascomycete
20
Uncultured root associated fungus
21
Uncultured Sebacina mycobiont of
Phleum pratense
22
Uncultured soil fungus
23
Uncultured zygomycete
24
Uncultured fungus
25
Fungal sp. F8
26
[Phylum] Ascomycota
27
[Family] Agaricomycetes
28
[Family] Dothideomycetes
29
[Family] Pezizaceae sp. C14
30
[Order] Helotiales
31
[Order] Mortierellales sp. QLF84
32
[Order] Pleosporales family incertae sedis
33
Unclassiﬁed
Total
OTUs enriched in BK samples
1
Saccharomyces
2
Unclassiﬁed
Total

Number of
OTUs
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
1
5
1
3
1
1
1
1
24
64
1
2
3

OTUs having a median abundance of [0.001 % in at least one group
(HC or BK) are listed

hubs identiﬁed in HC network. The two bacterial hubs and
one fungal hub genus (uncultured Cylindrosympodium)
showed negative interactions with several other genera,
whereas all remaining 11 fungal hub genera positively
interacted with other genera.
In the BK interaction network, sixteen hub genera (3
bacterial and 13 fungal genera) were identiﬁed that showed
maximum number of interactions (interactions C10) with
other genera. The bacterial hubs were Dialister, Odoribacter
and Prevotella; the fungal hubs identiﬁed were Aspergillus,
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Figure 9. Bacteria-Fungi interaction network in the fecal microbiome of healthy controls (HC) (based on correlation of genera-level
abundance) showing signiﬁcant co-occurrence and co-exclusion relationships at genus level. Each node represents a genus (bacterial, blue
or fungal, green) and the node sizes in the network correspond to their degree of interaction. The positive and negative correlations /
associations have been indicated with green edges and red edges respectively (A); Bacteria-Fungi interaction network in the fecal
microbiome of bacterial Keratitis (BK) patients (based on correlation of genera-level abundance) showing signiﬁcant co-occurrence and coexclusion relationships at genus level. Each node represents a genus (bacterial, blue or fungal, green) and the node sizes in the network
correspond to their degree of interaction. The positive and negative correlations/associations have been indicated with green edges and red
edges respectively (B).
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Figure 9. continued
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Table 2. Functional characteristics of bacterial genera in the fecal microbiomes of healthy controls (HC) and bacterial Keratitis (BK)
patients involved in inﬂammation and pathogenesis based on the abundance of discriminating OTUs as in ﬁgure 3
S.
No.

Function

1

Antiinﬂammatory

2

Proinﬂammatory

3

Probiotic

4

Antibacterial

Bacteria
1

Acidaminococcus, 1,2,4,5Bacteroides,
Bacteroides caccae, Biﬁdobacterium
adolescentis, 1,4,5Blautia,
1,2,4
Clostridium, 1Coprococcus,
1
Coprococcus eutactus, 4,5Dialister,
4
Dorea, 1Faecalibacterium prausnitzii,
1
Lachnospira, Lactobacillus,
5
Megamonas, 1Megasphaera,
Mitsuokella, Mitsuokella multacida,
1
Odoribacter, 4,5Parabacteroides,
5
Phascolarctobacterium, 1Roseburia,
4
Ruminococcus, 4Streptococcus,
1,4,5
Veillonella, Veillonella dispar,
Lachnospiraceae, Ruminococcaceae,
Veillonellaceae, Bacteroidales,
Clostridiales
Bacteroides ovatus
Prevotella copri, 3Bilophila
Bacteroides, Biﬁdobacterium
adolescentis, Blautia, Dialister,
Lactobacillus, Lactobacillus mucosae,
Lactobacillus ruminis, Megamonas,
Oscillospira, Phascolarctobacterium,
Ruminococcus, Veillonella,
Christensenellaceae, Streptococcus,
Turicibacter
Bacteroides, Lactobacillus, Lactobacillus
ruminis, Biﬁdobacterium adolescentis,
Blautia

Abundance
in HC

Abundance
in BK

Increased

Decreased

Antharam et al. (2013), Lopetuso et al.
(2013), Załe˛ski et al. (2013), Anand
et al. (2016) Morrison and Preston
(2016) and Ohira et al. (2017)

Increased
Decreased

Decreased
Increased

Increased

Decreased

Saitoh et al. (2002)
Devkota et al. (2012) and Horai et al.
(2017)
Yun et al. (2005), Ferrario et al. (2014),
Stanisavljević et al. (2016) and
Scheiman and Church (2017)

Increased

Decreased

References

Yun et al. (2005), Wexler (2007),
Poltavska and Kovalenko (2012) and
Hatziioanou et al. (2017)

1

Based on the capability to produce butyrate; 2based on single strain; 3Based on studies on single species; 4Based on the capability to produce
acetate; 5Based on the capability to produce propionate

Archaeorhizomyces, Embellisia, Preussia, Saccharomycopsis, Hannaella, Debaryomyces, uncultured Sebacina mycobiont of Phleum pratense, Calyptella, Providencia,
Haematonectria, Setosphaeria and Rhizopus. Similar to HC
network, all 3 bacterial hubs and 1 fungal hub genus
(Aspergillus) negatively interacted with other genera, and all
other 12 fungal hubs showed positive interactions with other
genera. It was also observed that in both HC and BK networks that, a group of fungal genera formed a distinct closed
network formed by multiple positive interactions among
themselves and which is disconnected from all other genera
in the network.

4. Discussion
Gut microbiome composition and functions have been
linked to several pathological conditions like obesity, diabetes, IBD, cancer, depression, Parkinson’s disease and

autism (Gilbert et al. 2016). Recent studies provided evidence that changes in the gut microbiome also inﬂuence
ocular diseases like Sjögren syndrome associated dry eye,
Uveitis and AMD (Horai et al. 2015; Andriessen et al. 2016;
de Paiva et al. 2016; Nakamura et al. 2016; Shimizu et al.
2016; Rowan et al. 2017; Zinkernagel et al. 2017; Huang
et al. 2018). Interestingly, two studies in mice by Kugadas
et al. (2016a, b) which demonstrated that gut microbiota
play a role in regulating protection against Pseudomonas
aeruginosa-induced Keratitis by regulating the pool of
mature neutrophils and their activation state (neutrophil
priming) indicated that the presence of microbiota promotes
resistance to infection by strengthening the ocular innate
immune barrier function. Thus, taking cue from the facts that
gut microbiome dysbiosis is associated with inﬂammatory
diseases (obesity, enterocolitis, IBD, Uveitis and vaginosis)
(Tlaskalova-Hogenova et al. 2011; Zackular et al. 2013;
Horai et al. 2015; Nakamura et al. 2016), we studied the gut
microbiome of HC and BK patients to ascertain whether
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dysbiosis of the gut microbiome is associated with Keratitis.
This is the ﬁrst study showing dysbiosis in the gut bacterial
microbiomes in BK patients compared to HC.
The two bacterial phyla Firmicutes and Bacteroidetes
which are recognized as the dominant bacterial groups
residing in the human gut (Eckburg et al. 2005) were
identiﬁed as the dominant phyla in HC and BK patients.
Further, eight families afﬁliated to phylum Firmicutes,
namely Veillonellaceae, Ruminococcaceae, Lachnospiraceae
Clostridiaceae, Lactobacillaceae, Turicibacteraceae, Peptococcaceae and Gemellaceae were signiﬁcantly enriched in
HC compared to BK. This speciﬁc enrichment may confer
an advantage to the controls since members belonging to
some of these families namely Veillonellaceae,
Ruminococcaceae, Lachnospiraceae and Clostridiaceae are
short chain fatty acid (SCFA) producers (Morgan et al. 2012;
Remely et al. 2014) and members of the family Lactobacillaceae are known probiotic organisms (Turpin et al.
2012) and thus beneﬁt the host. But the increase observed in
family Gemellaceae is difﬁcult to explain because increase in
abundance of members of family Gemellaceae has been
observed in Alzeimer’s disease (AD) patients (Vogt et al.
2017). Signiﬁcant variation was also observed in 4 low
abundant phyla viz., Cyanobacteria, Elusimicrobia, Tenericutes and TM7. The abundance of Cyanobacteria, Tenericutes and TM7 was increased in HC compared to BK
whereas the abundance of Elusimicrobia was increased in
BK compared to HC (Supplementary Table S4). There are
no studies on the role of cyanobacteria in the gut (Qin et al.
2010); Elusimicrobia is known to be associated with
chemically induced colitis (Zheng et al. 2017); Tenericutes is
associated with lean BMI subjects (Goodrich et al. 2014)
and was also signiﬁcantly reduced in polycystic ovary syndrome patients (Lindheim et al. 2017) and TM7 was
increased in patients with IBD (Stearns et al. 2011). The
increase in the abundance of TM7 in HC, which was
observed to be increased in IBD patients, is not understood.
Decrease in overall bacterial diversity and abundance in
the gut microbiome seems to be a common phenomenon
occurring in several disease conditions as in IBD, Sjögren
Syndrome and AD (Walker et al. 2011; de Paiva et al. 2016;
Vogt et al. 2017). A similar observation of decreased
abundance of Firmicutes was observed in the guts of BK
patients compared to HC which is indicative of dysbiosis
(ﬁgure 1C; supplementary ﬁgure 1; supplementary tables 4
and 5).
At the OTU level, 722 OTUs were enriched in HC and
these enriched OTUs included several genera (Faecalibacterium, Megasphaera, Roseburia, Ruminococcus, Lachnospira, Dialister together with Mitsuokella) which are
SCFA producers and thus may contribute to anti-inﬂammatory response in HC (ﬁgure 3). In contrast the OTUs predominantly enriched ([10-fold) in BK samples include
Prevotella copri and Bilophila, which are pro-inﬂammatory;
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Enterococcus and species of Bacteroides (B. fragilis) which
are pathogenic (Fisher and Phillips 2009; Lukiw 2016) and
members of Proteobacteria which encompasses several
pathogenic bacteria and a few species of Blautia which are
antibacterial (Hatziioanou et al. 2017) (ﬁgure 3). Thus proinﬂammatory and pathogenic organisms are enriched in the
guts of BK patients and thus contribute to the inﬂammatory
reaction in BK (table 2). It is worth mentioning that in both
HC and BK samples that Prevotella copri which has a proinﬂammatory function and associated with rheumatoid
arthritis is enriched but its abundance is greater in BK
patients. The increased abundance of Prevotella copri, a proinﬂammatory organism in BK patients may contribute to the
inﬂammatory response observed in BK patients. At the
genera level it was observed that genera CF231 and Dysgonomonas which is a known pathogen and can cause
gastroenteritis in immunocompromised patients (Murray
et al. 2013) were enriched in BK patients (ﬁgure 5B).
Signiﬁcant variations were also observed in the inferred
functional pathways (KEGG pathways) between HC and
BK fecal bacterial microbiomes (ﬁgure 6B; supplementary
table 8). Oxidative phosphorylation and pathways related
to energy metabolism were enriched in BK patients as in
AD patients (Vogt et al. 2017); TCA cycle and carbon
ﬁxation pathways were also enriched in BK patients as
observed in multiple sclerosis (Chen et al. 2016) and
cystic ﬁbrosis (CF) patients (Vernocchi et al. 2017). In
addition, increase in ubiquinone and other terpenoid-quinone biosynthetic pathways and decrease in arginine,
proline, starch, sucrose, pantothenate and CoA biosynthesis was observed in BK patients compared to HC as
observed earlier in CF patients (Vernocchi et al. 2017). A
decrease in pathways related to cell motility like bacterial
chemotaxis pathways, bacterial motility proteins and
ﬂagellar assembly pathways was observed in BK patients
as in AD patients (Vogt et al. 2017). Interestingly our data
also indicated that pathways linked to signalling molecules
and G protein-coupled receptors (GPCRs) were prominently reduced ([3 log 2 fold) in BK compared to HC.
This is signiﬁcant and relevant to Keratitis since recent
evidences suggest an anti-inﬂammatory role to GPCRs
(Sharma et al. 2013).
Studies on gut fungal microbiomes are limited. The
reported studies have indicated altered composition in gut
fungal populations (dysbiosis) in obese individuals and also
in patients with asthma, cirrhosis and autism (Paterson et al.
2017). In the present study we observed that the fungal phyla
Ascomycota and Basidiomycota were the most dominant in
the gut of HC and BK patients which is in congruence with
the earlier observation by Bhute et al. (2017), the only study
available to date on gut fungal communities from Indian
population. These two phyla were also dominant in healthy
subjects and IBD patients (Paterson et al. 2017). It should be
noted that a large proportion of reads (mean abundance of
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35.3%) remained unclassiﬁed at the phylum level indicating
the limited availability of fungal sequence databases. A
decrease in the number of fungal species in BK samples
compared to HC (ﬁgure 7B) is similar to the reduced
diversity observed in IBD patients compared to controls
(Sokol et al. 2017).
Among the identiﬁed fungal genera, Mortierella, Rhizopus, Kluyveromyces, Haematonectria and Embellisia were
signiﬁcantly enriched in HC. Mortierella is inhabitant of
murine intestine (Scupham et al. 2006) and members of
these genera like Mortierella wolﬁi is a bovine and human
pathogen (Davies et al. 2010; Layios et al. 2014); species of
Rhizopus also habitat the mice gut (Scupham et al. 2006)
and also reported from human gastrointestinal tract (Borges
et al, 2018); and can cause invasive infections in humans
(Ribes et al. 2000), speciﬁcally Rhizopus microsporus species group which can cause serious infections in immunocompromised patients (Cheng et al, 2009). Also, Rhizopus
sp. are the most prevalent zygomycetous fungi isolated from
intestines (feces) of eutrophic, overweight and obese individuals (Borges et al. 2018); Haematonectria haematococca
and few species of the genus Embellisia are plant pathogens
(Taniguchi et al. 1994; Koike and Rooney-Latham 2012)
and Embellisia eureka produces two metabolites, embellicines A and B (1 and 2), which are anti-inﬂammatory
(Ebrahim et al. 2013). In contrast to the above four that are
enriched in HC, it was also observed that Kluyveromyces
marxianus which could control intestinal inﬂammation
(Romanin et al. 2016), decrease proinﬂammatory cytokines
and increases short-chain fatty acids in colonic model system
(Maccaferri et al. 2012) was enriched in HC and thus could
protect from inﬂammation. Mortierella which belongs to
phylum Zygomycota produces large amounts of arachidonic
acid and gamma-linoleic acid, which are poly unsaturated
fatty acids involved in suppressing inﬂammation (Sergeant
et al. 2016). It is difﬁcult to explain increase in abundance of
plant, animal and human pathogens in the HC gut
microbiome.
Members of the genera Aspergillus and Malassezia were
signiﬁcantly increased in BK subjects. Aspergillus is a
human pathogen and one of the common organisms causing
fungal Keratitis (Thomas and Kaliamurthy 2013). The
abundance of Aspergillus was shown to increase under
conditions of insulin resistance, dyslipidaemia, blood pressure and inﬂammatory activity (Mar Rodrı́guez et al. 2015).
In addition, Aspergillus showed negative correlation with
SCFAs (Hoffmann et al. 2013). Malassezia species have
been frequently identiﬁed in the human gut microbiota and is
a genus associated with dandruff and atopic eczema (Sokol
et al. 2017). Malassezia sympodialis is known to increase
local inﬂammation in the gut of patients with IBD (Sokol
et al. 2017). Thus increase in species of the genera Aspergillus and Malassezia in BK patients could possibly contribute to inﬂammation in Keratitis.

To understand the interactions between the bacterial and
fungal populations in relation to health status of the host,
network analysis was done. Faust et al. (2012) suggested
that such interaction networks would be useful to predict
outcomes from alterations in microbial community structures, which could then become the basis to design studies
that could restore healthy state by altering complex microbial communities. In HC interaction network, Dialister, an
SCFA producer negatively interacted (i.e. inhibited) with
pathogenic Escherichia and Shigella, butyrate producing
Coprococcus, several saprophytic mushrooms and several
fungi which are pathogenic to humans like Volvariella (Salit
et al. 2010), Acremonium (Fincher et al. 1991) and Coprinopsis (Correa-Martinez et al. 2018), and plant pathogens
like Marasmius and Calonectria (Lombard et al. 2011). The
other major hub in HC network is Oscillospira, a probiotic
organism. Oscillospira showed negative interaction with
pathogenic Mucor, Penicillium and Wickerhamomyces
(Yılmaz-Semerci et al. 2017) and also with many pathogenic
bacteria like Fusobacterium, Haemophilus, Treponema,
Peptostreptococcus, Gemella and Slackia (Kim et al. 2010).
The negative interaction (competition) seen between probiotic Oscillospira and butyrate producing Butyricicoccus and
Anaerostipes in healthy gut is not clear. Dialister was
identiﬁed as a major hub in BK network and negatively
interacted with beneﬁcial organisms like Odoribacter (butyrate producer), Bacteroides, Saccharomyces (probiotic)
and Phascolarctobacterium (propionate producer) so as to
sustain the inﬂammatory condition. In addition, Dialister
also showed negative interaction with several plant, animal
and human pathogenic fungi (Chan et al. 2016; Lafayette
et al. 2011). Aspergillus was identiﬁed as another major hub
in BK network and it negatively interacted with beneﬁcial
organisms like Anaerotruncus, Dialister, Dorea, Anaerostipes, Turicibacter, Holdemania, Collinsella, Lachnospira,
Lactobacillus, Oxalobacter, Oribacterium (bacteria) majority of which are butyrate producers and pathogenic organisms like Eggerthella, Slackia, Coprinopsis and Volvariella
(human pathogens) and Lasiodiplodia and Marasmius (plant
pathogens). A group of fungi formed a distinct closed network of positive interactions among themselves (hubs) in
both HC and BK networks, but the fungi involved in these
interactions were different in HC and BK networks (ﬁgure 9A, B). An altered bacteria-fungi correlation network
was also observed in IBD patients compared to controls
(Paterson et al. 2017).

5. Conclusion
This is the ﬁrst study that demonstrates dysbiosis in the gut
bacterial and fungal communities of BK patients compared
to healthy human subjects. Several beneﬁcial bacteria and
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fungi that are anti-inﬂammatory, probiotic and antibacterial
were enriched in healthy subjects and depleted in BK
patients. Pro-inﬂammatory and pathogenic bacterial and
fungal populations were enriched in the guts of BK patients.
The decreased abundance of beneﬁcial bacteria and
increased abundance of pro-inﬂammatory and pathogenic
bacteria in BK subjects may contribute to the diseased
phenotype. Functional studies with speciﬁc bacteria enriched/depleted in gut microbiome of BK patients would
identify the role of these bacteria or their products in disease
pathogenesis, which would help to develop novel therapeutics towards sight-threatening bacterial Keratitis.
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