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Abstract: Background: This study aimed to analyze the relevance of different publications about
microbiota on ocular diseases and their authors through a citation network analysis. In addition,
the different research areas and the most cited publications have been identified. Methods: The
bibliographic search was carried out through the Web of Science (WOS) database, using the following
search term: “microbiota AND (vision OR eye OR visual)” for the period between 1995 and December
2022. The Citation Network Explorer and the CiteSpace software have been used to analyze the
different publications. Results: 705 publications were found in the field of microbiota on ocular
diseases, together with 1014 citation networks. The year 2022 was the year with more publications.
The first authors with the highest number of publications in the microbiota on the ocular surface
field were Chisari G, Chisari CG, and Li Y. This field is multidisciplinary, highlighting “microbiology”
and “ophthalmology” as the main research areas. Publications were clustered into three main groups
allowing the identification of the main research topics in this field. The principal was the composition
and diversity of the bacterial community on the ocular surface of patients with several pathologies.
age;;‘t?sr Conclusion: It could be useful for researchers to choose suitable collaborators or projects to promote
Citation: Sanchez-Tena, M.A their research on the role of microbiota on ocular diseases, as well as to know the main research topics
Galvez, B.G.; Martinez-Perez, C. that are of major interest today.
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microbiolres14020053 1. Introduction

“Ocular microbiota” refers to the collection of microorganisms’ genomes present in
the eye [1,2]. Since the launching of the Human Microbiome Project, the understanding
Received: 23 April 2023 of the ocular microbiota has increased not only about the diversity of species but also
Revised: 27 May 2023 the composition. The NIH Human Microbiome Projects provide characterization of the
Accepted: 30 May 2023 human microbiome from different parts of the human body and try to determine its re-
Published: 6 June 2023 lationship to human disease [3,4]. Between skin, gut, and mucosal surfaces, trillions of

microorganisms interact with host cells to develop an adaptive immune system, sometimes
triggering autoimmune diseases [5-7]. On the other hand, there is evidence that it plays
a fundamental role in the defense against the invasion of pathogens, the regulation of
the physiology of external agents, and the development of the immune system. However,
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to estimate microbial burden, such as the ability of microbes to grow on a specific growth
medium under a particular condition [14,15]. Nonculture diagnostic methods include
metagenomic sequencing, which targets microbial RNA or DNA, and immunoassays,
which target microbial peptides or antigens secreted by microbes [16,17].

The ocular surface is highly vulnerable to microbial contamination as it is exposed
directly to the external environment. However, the epithelial cells of the cornea and con-
junctiva do not produce an inflammatory response to bacteria in healthy eyes, suggesting
that there is an innate immune response. Therefore, commensal microbiota can colonize the
ocular epithelium, preventing colonization by pathogenic species and maintaining ocular
surface homeostasis [18]. Any imbalance in this delicate ecosystem has provoked several
proinflammatory or pathologic states. The ocular surface microbiota may be suffered from
environmental conditions such as age, gender, contact lenses, or antibiotics [19].

The principal components of the ocular surface have already been characterized. The
genera Staphylococcus, Streptococcus, Micrococcus, Corynebacterium, and Propionibac-
terium are commensal Gram-positive bacteria that colonize the ocular surface after birth
and are localized on conjunctiva, tear film, and eyelids [20]. Regarding Gram-negative
bacteria, despite being less common, it has been described that the ocular surface may
present genera such as Neisseria, Pseudomonas, and fungi [21].

Different pathologies such as conjunctivitis, blepharitis, or dry eye syndrome have
shown alterations in the ocular microbial environment [22-24]. In 2012, Lee et al. found
that in blepharitis there was an increase in the number of Streptophyta spp., S. aureus,
Enterobacter spp., and Corynebacterium spp., and a decrease in Propionibacterium spp. com-
pared to healthy eyes [22]. The genera Corynebacterium and Streptococcus were found to
be increased in Chlamydia trachomatis infections, and a reduced bacterial diversity was
developed [25].

On the other hand, contact lens wearers are more likely to suffer from inflamma-
tory eye conditions or microbial keratitis. Thus, Zhang et al. found that in contact lens
wearers there was an increase in the genera Acinetobacter spp., Methylobacterium spp.,
and Pseudomonas spp., and a decrease in the genera Streptococcus spp., Haemophilus spp.,
Corynebacterium spp., and coagulase-negative Staphylococcus. On the other side, nonlens
wearers had a higher number of Lactobacillus spp., Haemophilus spp., Streptococcus spp.,
Neisseria spp., Rothia, and Corynebacterium spp., and coagulase-negative Staphylococci,
while a lower number of Methylobacterium spp., Acinetobacter spp., and Pseudomonas spp.
All these results suggest that contact lens wear modifies the ocular microbiota, being more
similar to the skin microbiota [26,27]. In the case of bacterial keratitis, the predominant
pathogen that has been isolated is Pseudomonas aeruginosa, a Gram-negative pathogen [28].

The analysis of citation networks allows, through a publication, to find other relevant
additional publications. The aim is to show the connections qualitatively and quantitatively
between authors and articles by generating groups [29]. At the same time, it is possible
to study the development of a specific area of knowledge, quantify publications in each
group, and select the literature on a relevant topic [30,31].

This analysis aims to identify the main research areas on the ocular surface microbiota
and to determine the most relevant publication in the field. This study also analyzes
the relationships between the publications and the different research groups through the
CitNetExplorer software.

2. Materials and Methods
2.1. Database

The bibliographic search was carried out through the Web of Science (WOS) database,
using the following search term: “microbiota AND (vision OR eye OR visual)”.

The citation indexes used were Social Sciences Citation Index, Science Citation Index
Expanded, and Emerging Sources Citation Index. The time interval selected to search was
from January 1995 to December 2022.
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The exclusion criteria were articles that had no scientific relevance, which included things
such as news, obituaries, projects, and patents. The downloaded information contained:

- The total number of publications;

- The names of the authors and their affiliations, along with the total number of articles,
and the counted citations of every author;

- A comprehensive list of the prolific nations and collaborations;

- The overall most frequently cited articles, including the titles, authors, journal details,
year of publication, total citations since publication, and specifically, annual citations
as well;

- Titles, synopses, and keywords.

2.2. Analysis of Data
2.2.1. Bibliometric Analysis

A series of indicators was used to highlight distributed characteristics and structural
patterns of the bibliographic data. The annual number of publications of research results
demonstrated an increasing trend of more publications on emerging technologies in neu-
rorehabilitation. The journals with the most publications were identified as those that both
published academic articles and likewise contributed to the development of the research
field. Both the journal impact factor (IF) and the quartiles in the pertinent categories were
derived from the Journal Citation Report (JCR) 2019 and SCImago Journal Rank (2019) and
utilized in order to explore the influence of the editorial journal. Data from the quantitative
analysis of the evolution of the literature, as well as bibliometric indicators, were used to
showcase an illuminating overview of the research during the time of study.

2.2.2. Network Analysis

The analysis of the publications and the visualization of citation networks has been
carried out using the Citation Network Explorer software. Thus, it has been possible to go
from a citation network made up of millions of publications to delve into a small subnet
with 100 publications on the same topic.

The quantitative analysis of the most cited publications was performed using the
Citation Score attribute. This made it possible to quantify the internal connections within
the Web of Science database as well as other databases (external connections) [31].

Next, the interconnected publications were classified into the same group using the
clustering function. To carry out this grouping, the formula developed by Van Eck in
2012 [12] is used.

Ve, ... cn) =Y 6(ci,ci)(sij — )
1<j

The identification of publications considered as the nucleus of the citation network
was carried out through the identifying core publication’s function. In this study, those
publications with four or more citations were considered. The higher this value, the smaller
the number of central publications [30]. On the other hand, the drilling down function has
been used to deepen and analyze each group at different levels.

The scientometric analysis was performed using the CiteSpace software (5.6.R2), and
the following parameter indicators: The H index to analyze the number and level of
academic production of researchers and institutions [32]. The degree represents the number
of connections between authors (institutions, countries) in the co-occurrence knowledge
graph. The higher this value, the greater the communication and co-operation between
authors. “Intermediary centrality” measures the significance of nodes in the research
co-operation network. Intermediary centrality is a measure of the number of times a node
functions as a waypoint along the fastest path between two other nodes, known as the
geodetic distance. “Half-life” is a parameter which represents the continuity of institutional
research in time and is defined as the number of years a post receives half its citations since
its publication. A low citation half-life suggests citation activity which peaks and declines
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Longitude

rapidly while a high cited half-life suggests citation activity which peaks and declines more
gradually [33].

3. Results

The first articles on vision and microbiota were published in 1995. However, in the
last five years, the number of publications has increased exponentially (1995-2017: 29.1%;
2018-2022: 70.9%). After the WoS search, 705 publications were found in all fields and 1014

citation networks.
2022 was the year with the highest number of publications, with 144 articles and 18

citation networks (Figure 1).
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Figure 1. Number of publications in the different years.

3.1. Description of the Publications
Of all publications, 75.3% were articles, 22.1% were review articles, 1.6% were book
chapters, and 1% were editorial materials.

3.2. Language and Countries

Regarding the language of the publications, 97.4% were in English, 1.1% in Portuguese,
and 0.7% in Spanish. Therefore, as shown in Figure 2, the countries with the highest number
of publications and connections with other countries are the United States (publications:
29; degree: 10; half-life: 6.5; connections: 596), Italy (posts: 11; degree: 5; half-life: 3.5;
connections: 103) and France (posts: 10; degree:11; half-life: 8.5; connections: 60).

.{’

Latitude

Figure 2. Collaboration between countries.
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3.3. Research Areas

The research area is multidisciplinary. The microbiology (13.3%) and ophthalmology
(12.3%) areas should be highlighted (Table 1).

Table 1. Top 10 research areas.

Category Frequency  Centrality Degree Half-Life
Microbiology 96 0.00 7 4.5
Ophthalmology 89 0.00 2 25
Immunology 57 0.00 8 55
Medicine General Internal 45 0.00 2 15
Veterinary Sciences 45 0.00 6 55
Nutrition Dietetics 40 0.00 1 6.5
Food Science Technology 38 0.00 4 9.5
Gastroenterology Hepatology 36 0.00 1 6.5
Multidisciplinary Sciences 34 0.00 1 0.5
Biochemistry Molecular Biology 31 0.00 8 —0.5
Biotechnology Applied Microbiology 27 0.00 6 4.5
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3.4. Authors and Institutions

As shown in Figure 3, the authors with the highest number of publications are Chisari
G (publications: 1.6%; degree: 6; connections: 116), Chisari CG (posts: 1.4%; degree: 4;
connections: 71), and Li Y (publications: 1.4%; degree: 8; connections 97).

Most Relevant Authors

8
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Figure 3. Top 10 authors.

Regarding the institutions with the highest number of publications (Table 2), they are
the League of European Research Universities (LERU) (7.8%), Harvard University (2.7%),
and the National Institute for Agricultural Research (INRAE) (2.4%).

Table 2. Top 10 institutions.

Category Frequency Centrality Degree Half-Life
League of European Research Universities LERU 48 0.00 25 8.5
Harvard University 17 0.00 15 15
INRAE 15 0.00 31 4.5
State University System of Florida 14 0.00 7 1.5

Udice French Research Universities 14 0.00 13 8.5
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Table 2. Cont.

Category Frequency Centrality Degree Half-Life
University of New South Wales Sydney 14 0.00 8 15.5
National Institutes of Health NIH USA 13 0.00 19 6.5
University of Florida 12 0.00 2 7.5
Baylor College of Medicine 11 0.00 4 3.5
Sun Yat-sen University 11 0.00 8 4.5

3.5. Journals

Table 3 shows the main journals and the number of publications according to the
WoS database.

Table 3. Top 10 journals.

Impact . s Total
Journal P b’}"‘otatli Factor Q; artile SJR (2021) Clté(l;l;)(nS/D)OCS Citations InI(-iI " Country
ublications (2021) core ears (2021) (9
Frontiers in 19 6.064 Q1 1.314 5.585 58,609 166 Switzerland
microbiology
Frontiers in 14 8.787 Q1 2331 7.792 82,388 155 Switzerland
immunology
Investigative
ophthalmology 14 4.925 Q1 1.399 4.054 8056 229 United States
visual science
Plos one 14 3.752 Q2 0.852 3.041 185,483 332 United States
Nutrients 13 6.706 Q1 1.024 2.984 1671 143 Switzerland
Veterinary United
ophthalmology 13 1.444 Q3 0.509 1.506 481 54 Kingdom
Scientific 12 4996 Q2 1.005 4543 282,400 242 United
reports Kingdom
Experimental 10 3.77 Q2 0.858 3.486 3359 133 United States
eye research
Frontiers in
cellular and 8 6.073 Q1 1.389 5.792 10,246 87 Switzerland
infection
microbiology
International
Journal of 9 6.208 Q1 1.176 6.009 129,212 195 Switzerland
molecular
sciences
3.6. Keywords
On the other hand, the most used keywords were “Gut microbiota”, “Microbiota”,
and “Disease”. Table 4 shows the most used keywords in the most relevant publications.
Table 4. The 20 most used keywords.
Keyword Fr n Degr Total Link Strength Year
eywo equency egree ota eng First Time
Gut microbiota 143 85 933 2011
Microbiota 85 44 782 2003
Diversity 62 37 345 2011
Disease 60 73 336 1995
Health 43 27 270 2015
Intestinal microbiota 40 62 218 2012
Bacteria 39 30 302 1995

Inflammation 37 39 363 2011
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Table 4. Cont.

. Year
Keyword Frequency Degree Total Link Strength First Time
Identification 36 33 166 2000
Flora 29 58 160 1996
Bacterial-flora 28 50 183 2009
Double-blind 27 24 147 2009
Risk-factors 27 31 138 2011
Fecal microbiota 25 50 166 2009
Metabolism 25 24 124 2009
Association 24 38 142 2011
Expression 24 20 133 2015
Management 24 22 108 2012
Oxidative stress 24 20 126 2013
Prevalence 22 20 119 2015
3.7. Most Cited Publications
As shown in Figure 4, the most cited article has been the one published in 2019,
“Microbiota-Dependent Activation of an Autoreactive T Cell Receptor Provokes Autoim-
munity in an Immunologically Privileged Site” by Horai et al. in Immunity [34]. The
authors demonstrated a new model of spontaneous uveitis, in which the activation of spe-
cific retinal T cells depends on the intestinal microbiota. Thus, these findings not only have
implications for the etiology of human uveitis but also raise the possibility that activation
of autoreactive T cells by microbes could be a more common trigger of autoimmune disease
than previously believed.
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Figure 4. Top 20 publications.

3.8. Clustering

Through the clustering function three groups, a significant number of publications
have been found. The color of the circle indicates which group they are part of and the
lines between elements represent bonds. In summary, every group has a different color,
and the lines are the connections with other groups. The larger the circle, the greater the
total number of citations.

Group 1 is made up of 201 publications and 906 citation networks. The publication
by Horai et al. [34] is the one with the highest number of citations. This is also the first
publication within the top 20 articles. Therefore, the articles in this group analyze the
composition and diversity of the bacterial community on the ocular surface of patients with
various ocular pathologies (Figure 5).



Microbiol. Res. 2023, 14

748

lin (2021)

f%b VOSviewer

arteagal(202)) dos sanfgs (2014) Iimaﬁﬂ 0) @

{‘%3 VOSviewer

chisagij(2015)
chis#’ 017)
tavakali(2022)
petrillg(2020) )
g ¢hioi(2020)
I 2010 4
ima(2010) SWileoxI2010), reafi(2022) . de paiva (2016) Mo |(2020)
; g B W haefer (2022
willcox (2013) dong (201 ALIOto (201 9) schoster € h) .
peral (2016) 1i (2019) li (2020) o Oof ) chen@021)
rinni 8)
wen{2018) ¢

bordenstein (2015)

Figure 5. Group 1 citation network.

Group 2 is made up of 11 publications and 10 citation networks. The publication by
Lima et al. [35] in 2010 in Veterinary Ophthalmology is the one with the highest number
of citations. In this study, they analyzed the morphological characteristics and the bony
orbit of chinchillas. Thus, the most frequent bacteria isolated from the conjunctiva were
Streptococcus sp. (27.45%), Staphylococcus aureus (23.52%), and Staphylococcus coagulase
negative (19.60%). The articles in this group analyze the ocular characteristics of various
animal species to use them as biological models in ophthalmological studies (Figure 6).

bezerrUZO‘@
trindade)(2000)
rodatte-almeida (2013)

Figure 6. Group 2 citation network.

Group 3 is made up of 10 publications and 26 citation networks. The Chisari et al. [36]
in 2017 in Clinica Terapeutica, is the one with the highest number of citations. The authors
showed in this study that the administration of bifidobacterium can represent a successful
treatment for dry eye syndrome improvement. The effect of the unbalanced microbiota is
not restricted by gastrointestinal abnormalities but could have a systemic impact on immu-
nity. Commensal bacteria or probiotics interact with the endogenous enteric microbiota
and intestinal cells, conferring health benefits to the host. The publications of this group
analyze how the microbiota can help in the dry eye syndrome treatment (Figure 7).
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Figure 7. Group 3 citation network.

4. Discussion

In this study, the role of the microbiota on the ocular surface has been analyzed through
a bibliometric and citation network. The bibliometric studies are a quantitative analysis
method that utilize mathematical and statistical tools to measure the correlations and impact
of publications in a specified area of research. This method allows an overview of massive
amounts of academic literature and can likewise determine influential studies, authors,
journals, organizations, and nations over time. On top of this, citation network analysis
allows for the different research areas to be identified in a more innate way by organizing
social networks using coword, coauthorship, and cocitation analysis. It also allows the
examination of the relationships between research groups, institutions, and even between
nations. In general, the citation network analysis provides a clear outline of the most
cited publications in any given research area [37]. The analysis of the microbiota on ocular
diseases could prove to be of use for several experts for the identification of opportunities
for collaboration among peers and multidisciplinary possibilities of teamwork, and the
creation of new groups with a global mindset [38].

An increase in publications since the year 2000 has been observed increasing rapidly
since the year 2010. This coincides with the study by Zhu et al. [39] in which they analyzed
through a bibliometric analysis the status and development trends of gut microbiota
research in the field of depression. This significant increase in publications since 2010 may
be related to the fact that the main keywords used in this area of research began to be used
for the first time around that year. Thus, today one of the articles with the most citations
is from 2011. Dong et al. [40] carried out the first study based on DNA sequencing to
identify bacteria in the conjunctiva region. Environmental, commensal, and opportunistic
pathogenic bacteria were found in this tissue ubiquitously. The year 2021 was considered
a key year, due to its high number of publications. In that year, the review of probiotics
and prebiotics trends of Cunningham et al. [41] is a highlight. However, the year with the
highest number of citations was 2018, led by the publication of Carlson et al. [42], an article
which was the first to demonstrate associations in children between the gut microbiota
and cognitive development, and the publication by Williamson et al. [43], in which they
proved that a high-throughput microinjection into organoids was a new relevant approach
to investigate gastrointestinal microbiota.

The country that published the most articles was the United States [44—46]. The
same result has been found in most of the bibliometric studies, maybe due to having
an advantage in this field, probably due to its better economy and grants on scientific
research [47]. Thus, in 2013, they developed a research project on the relationship between
the intestinal microbiota and the brain [48]. It should be noted that China has made great
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progress in this field in the last decade, mainly due to its growing collaboration with
the United States, with 24 publications together. However, its influence is still low due to
insufficient international co-operation, being the second and third countries in collaboration
with China, Japan, and Norway, with five and four publications together. Concerning
authors, the top three in the number of articles are from the University of Catania in
Italy and the Istituto Superiore di Sanita (Italian National Institute of Health—ISS). This
made Italy the second country in the number of publications. Common co-operation
has been found between Chisari G and Chisari CG, mainly on dry eye syndrome. Both
authors demonstrated that the administration of bifidobacterium represents a successful
complete treatment to improve dry eye syndrome. The effect of the unbalanced microbiota
is not restricted by gastrointestinal abnormalities but could have a systemic impact on
immunity [36]. In turn, they also showed that the administration of probiotic strains was
effective in reducing dry eye. Therefore, they identified the integration of probiotic activity
(Saccharomyces boulardii MUCL 53837 and Enterococcus faecium LMG S-28935) with the
action of tear substitutes, together with the standardization of clinical parameters of the
tear film and microbiological activity in the restoration of the ocular surface microbiota of
subjects with dry eye [36].

Journals allow researchers to obtain information to select the most suitable ones
for publishing their articles. In this study, it has been found that the top 10 journals
only published 17.3% of the total number of publications on the microbiota and ocular
surface. This indicates a distribution of the literature in various journals, possibly due to
the numerous research areas. On one hand, researchers may have many journal options,
and, on the other hand, they may have difficulty choosing the most suitable journal due to
a lack of knowledge or experience [47]. Furthermore, there was only a 30% concordance
rate between the 10 most active journals and the 10 most cited journals, suggesting that the
quality of research in this field still needs to be improved. At the same time, international
co-operation between researchers should also be strengthened to produce high-quality
research [49].

The main keywords found in this analysis were “Gut microbiota”, “microbiota” and
“disease”. Most publications study the relationship between the microbiota on the ocular
surface and the different pathologies of the eyes. Thus, in uveitis, it has been demonstrated
that the imbalance between inflammatory cells Th1/Th17 and Treg is one of the main
reasons for this disorder [50]. Intraocular inflammation attracts antigen-specific retinal
lymphocytes that migrate to the retina [51]. Recently, it has been shown that the gut
microbiota may play an essential role in the development of uveitis [52].

Intestinal dysbiosis has been also described that could occur in people with advanced
age-related macular degeneration (AMD). It has been shown that those patients expressed
a high number of the bacterial genera Oscillibacter and Anaerotruncus and a lower number
of Blautia, Dorea, and Oscillospira compared to healthy older adults [53-55]. Studies using
high-throughput RNA sequencing have confirmed how gut microbiota regulate relevant
retinal genes in AMD [56]. Although certain inflammatory mechanisms associated with
innate immunity have been identified in the pathogenesis of AMD, the hypothesis about
microbial disorders and the promotion of nutrient absorption are currently open questions
in the field [57].

The relationship between glaucoma and microbiota has been poorly investigated. Most
studies focused on the presence of mitochondrial DNA in patients with glaucoma [58],
as well as the description of factors that may influence the development of the disease,
such as age, systemic diseases, diabetes, or genetic mutations [59,60]. Bacteroides and
Prevotella are two bacterial variants that are overexpressed and seem to be associated with
glaucoma [59,61].

Concerning dry eye, it has been proved that the innate and adaptive immune systems
regulate the activation of the ocular surface immune system [62], mainly by T cells and
antibodies secreted by plasma cells [63,64]. In 2015, Zeng et al. [65], characterized the ocular
surface microbiota, defining all bacterial and viral components as well as immune tolerance
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and microbial representation. Few modifications in homeostasis alter severely the state
of the ocular surface microbiome, triggering dry eye disease. Dry eye patients who wear
contact lenses suffer from deterioration of the ocular microbiota more severely due to the
alteration of the microbiota. In the study by Kim et al. [66], patients with dry eye expressed
a high number of the genera Corynebacterium, Staphylococcus, and Propionibacterium.
Kountouras et al. [67], found a direct relationship between reduced IgA production and
alteration in the composition of the ocular microbiome [68]. On the other hand, different
studies exploring the composition of the ocular microbiome in patients with meibomian
gland dysfunction observed an increase in the genera S. aureus and Klebsiella spp. [69,70]
and a reduction in coagulase-negative Staphylococcus [71].

These results offer an instructive perspective on the current and future research about
the relationship between the microbiota and the ocular surface. It could be useful for
researchers to choose suitable collaborators or journals to promote their research. As well
as knowing the main research topics that are of most interest today.

5. Conclusions

This study showed a detailed and objective analysis of the different research areas on
the microbiota and the ocular surface field. It is an area of expanding research, with growth
in the last years and the possibility of broad new lines of research.

The publication with the highest number of citations was related to the analysis of
human uveitis.

The main research topic in this field is the composition and diversity of the bacterial
community on the ocular surface of patients with various ocular pathologies and their
possible treatment.
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