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Abstract

:

In the field of Ophthalmology, the mNGS 16S rRNA sequencing method of studying the microbiota and ocular microbiome is gaining more and more weight in the scientific community. This study aims to characterize the ocular microbiota of patients diagnosed with keratoconus who have not undergone any prior surgical treatment using the mNGS 16S rRNA sequencing method. Samples of naïve keratoconus patients were collected with an eNAT with 1 mL of Liquid Amies Medium (Copan Brescia, Italy), and DNA was extracted and analyzed with 16S NGS. The microbiota analysis showed a relative abundance of microorganisms at the phylum level in each sample collected from 38 patients with KC and 167 healthy controls. A comparison between healthy control and keratoconus samples identified two genera unique to keratoconus, Pelomonas and Ralstonia. Our findings suggest that alterations in the microbiota may play a role in the complex scenario of KC development.
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1. Introduction


Keratoconus (KC) is an inflammatory bilateral but asymmetric corneal disease [1]. Characterized by progressive corneal thinning resulting in central or paracentral corneal protrusion, KC produces a progressive decrease in visual acuity [2]. Although it usually appears around the second decade of life, it has been observed that onset in childhood seems to be associated with more severe forms of KC and with a trend to progress with an inverse correlation between age and severity [3,4]. Different treatments have been proposed, highlighting corneal cross-linking (CXL) to prevent progression, intracorneal segments (ICRS) and Bowman layer transplantation to reshape the cornea [5,6,7], and corneal transplantation in the form of penetrating keratoplasty or deep anterior lamellar keratoplasty (DALK) for advanced stages of the disease [8].



The human body is populated by an enormous variety of bacteria, archaea, fungi, and viruses, which form a commensal, symbiotic, and pathogenic community known collectively as the human microbiome [9,10]. The estimated number of microorganisms is on the order of trillions, at least ten times more than the number of human cells.



A fundamental step was represented by the Human Microbiome Project (HMP) launched in 2008 by the National Institutes of Health of the United States, with the objective of revealing and characterizing the microbial populations of five main areas of the body, including the intestine, mouth, nose, skin and urogenital tract [11,12]. The HMP has revealed that the microbiome plays a prominent role in the pathogenesis of autoimmune diseases [13]. However, this project did not include the study of the eye or ocular surface.



Metagenomics is the science that deals with the genomic analysis of populations of microorganisms based on the development of metagenomic next-generation sequencing (mNGS) [14]. Ideally, mNGS can detect all microorganisms present in a sample, producing huge amounts of sequencing data that must be decoded [15], potentially improving the performance of pathology diagnosis since it is an inherently unbiased and hypothesis-free approach [14,16]. Broadly, there are two main approaches for using mNGS, each with different indications, advantages, and limitations: targeted amplification sequencing and whole-genome “shotgun” metagenomics.



Targeted amplification sequencing, as the name implies, involves primer-mediated amplification of specific genomic targets (e.g., 16S rRNA for bacteria [17,18] and 18S rRNA for eukaryotes) [19,20,21]. By contrast, shotgun mNGS involves indiscriminate amplification of all nucleic acids contained in biological samples and, as such, is a hypothesis-free and culture-independent approach to clinical diagnosis of the microorganisms present in a sample [22,23]. However, a consequence of this non-targeted approach in the case of samples with low biomass is that the vast majority of the readings are derived from the host.



Over the past decade, mNGS has been used as a diagnostic modality test of last resort to detect pathogens in patients with a variety of severe systemic diseases [24,25,26,27,28,29] or in whom conventional microbiology has failed to identify a particular infectious agent causing a particular disease [30,31,32,33].



In the field of Ophthalmology, the study of the microbiota and the ocular microbiome is gaining more and more weight in the scientific community. The ocular surface microbiota is characterized by commensal bacteria that theoretically do not cause infection or inflammation [34,35]. In fact, they contribute to the homeostasis of the ocular surface, together with a mechanism of immunological tolerance by the ocular surface structures [34,35]. A study with the largest sample of the healthy population has recently been published by our group, in which it was shown that the ocular microbiota of the healthy population is a microbiome of low diversity. The vast majority of the 137 samples analyzed were highly enriched for Staphylococcus, while other genera such as Bacillus, Pseudomonas, and Corynebacterium predominate in only a few of them. This study found an average of 88 genera with an average Shannon index of 0.65. In addition, the concept of eye community state type (ECST) was defined as a stratification of the healthy ocular population. Nine ECSTs were found; that is, it was shown that the healthy ocular population has nine different profiles [33].



The tear proteome of patients with KC has recently been identified and profiled using the mNGS shotgun approach, where the authors compared a group with KC and a healthy control group. In this study, the authors described a total of 232 proteins, of which 133 were expressed in samples from both groups, 41 were observed only in samples from the control group, and 58 were identified only in the tears of patients with KC [36]. Likewise, another recently published study evaluated ten patients with KC who underwent CXL and ten healthy controls who underwent photorefractive keratectomy using mNGS 16S rRNA. The authors found that at the genus level, the relative abundance rates of twenty bacteria were significantly different between KC and healthy corneas (p < 0.05). Aquabacterium was the most abundant genus in patients with KC, while Shigella was the most abundant genus in healthy controls. Alpha diversity parameters were lower in patients with KC, although the difference did not reach statistical significance (p > 0.05) [37]. However, to the best of our knowledge, no study has evaluated the surface microbiota of naïve KC patients, that is, without any surgical procedure.



The main aim of this study is to characterize the ocular microbiota of patients diagnosed with KC who have not undergone any prior surgical treatment using the mNGS 16S rRNA sequencing method. Secondly, we compared it with the microbiota of the previously described healthy ocular population.




2. Materials and Methods


This study was approved by the institutional review board of the Virgen de las Nieves University Hospital (Granada, Spain) with the code (Metagenomic/queratocono 1844-N-22). Patients were recruited in the Opthalmology department of Virgen de las Nieves University Hospital, Siena Crosslinking Center, Siena, Italy, and Centro Oculistico Borroni (Gallarate, Italy) from January–October 2022



This descriptive cross-sectional study followed the tenets of the Declaration of Helsinki, and informed consent was obtained from human subjects involved in the study.



The inclusion criteria were limited to those patients diagnosed with KC confirmed by a licensed expert corneal ophthalmologist through a clinical examination and corneal tomography with Pentacam® (Oculus Optikgerate GmbH, Wetzlar, Germany). For this purpose, KC-selected patients should be naïve subjects, not using antibiotics or anti-inflammatory drops, not wearing contact lenses for at least four days before the visit, and 18 years or older. In these patients, the eye with more stage of KC, according to TKC and ABCD classification from Pentacam®, were selected.



Among the exclusion criteria were patients with KC who had been treated by CXL, ICRS, or any type of corneal transplant or the presence of any ophthalmic or systemic disease different from KC.



The sample size was evaluated with the GRANMO® calculator (Institut Municipal d’Investigació Mèdica, Barcelona, Spain. Version 7.12). The two-tailed test was used. Alpha and beta risk were set at 5% and 20%, respectively. The estimated standard deviation (SD) of the differences was set at 4.17 diopters (based on López-López et al. [36] 1 SD of the primary variable), the expected minimum (maximum) keratometry difference was set at 3.0 diopters, and finally, the rate of loss to follow-up was set at 0.00. This achieved a recommended sample size of at least 29 subjects.



2.1. Sampling Technique, DNA Extraction, PCR Amplification, Library Preparation, and Amplicon Sequencing


Samples were collected with an eNAT with 1 mL of Liquid Amies Medium (Copan, Brescia, Italy). The eNAT was applied on the inferior surface of the eye and moved two times, “limbus to fornix to limbus”. Neither fluorescein nor anesthetic drops were used to avoid influences on the eye microbiota. Microbial DNA from keratoconus and healthy control samples were standardly isolated using QIAamp DNA Microbiome Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.



The Microbial DNA was checked and quantified using Genomic DNA ScreenTape (Agilent Technologies, Santa Clara, CA, USA) at Agilent TapeStation 4150. DNA libraries were set with Ion 16S Metagenomics Kit (Thermo Fisher, Waltham, MA, USA). An input DNA amount of 0.5 ng was used for library preparation. Amplification was completed using two primer sets to amplify the hypervariable regions of the 16S rDNA gene. Amplified products were purified using AMPure XP beads (Beckman Coulter Agencourt, Thermo Fisher, Waltham, MA, USA) and end-repaired for barcode ligation. Later, libraries were verified for quality and quantified using Agilent High Sensitivity D1000 ScreenTape (Agilent Technologies, USA). Equimolar libraries were pooled together at the final concentration of 5 pM. Template preparations were performed with Ion Chef according to the Ion 540 Kit-Chef protocol (Thermo Fisher, Waltham, MA, USA). The amplicon libraries were sequenced on a 540-chip using the Ion Torrent S5 system (Thermo Fisher, Waltham, MA, USA) according to the supplier’s instructions. After sequencing, low-quality and polyclonal sequences were filtered out by the Ion software, and the gained data were submitted to the dedicated software for analysis.



Nuclease-free water and all the reagents engaged in the experiment were processed as a negative control. The contamination with extraneous bacterial DNA in DNA extraction kit reagents and the wider ambulatory and laboratory environment was minimized by collecting control and experimental samples at the same time, under the same conditions, and handled together.




2.2. Data Analysis


Raw reads were analyzed with GAIA (v 2.02) (https://metagenomics.sequentiabiotech.com, accessed on 30 August 2022) to obtain operational taxonomic unit (OTU) tables at different taxonomic levels. Gaia is an online, easy-to-use proprietary platform for microbiome analyses with a high prediction of 0.978 at the genus level The present study focused on genera. To filter putative false positives, only those genera supported by at least two reads in at least two samples were considered for the downstream analyses. The richness and Shannon alpha diversity metrics, as well as Bray–Curtis beta diversity values, Chao1 and Mann–Whitney, were computed with the R package phyloseq. Principal coordinate analysis (PCoA) was performed using the function plot_ordination from the R package phyloseq.





3. Results


3.1. Comparative Analysis of Microbiome Composition Reveals Significant Differences between Control and Keratoconus Groups at the Phylum Level


The microbiota analysis identified 36 phyla in all samples. Figure 1 shows the relative abundance of microorganisms at the phylum level in each sample collected from 38 patients with KC and 167 healthy controls.



Significant differences in the microbiota composition between the healthy control and the KC condition are detectable (Figure 1).



Our analysis examined the top ten most abundant phyla in the microbiota data from the control and KC groups. We found significant differences in the distributions of the relative abundance of several phyla between the two conditions. In particular, the phyla Actinobacteriota (0% in control vs. 18.68% in KC), Bacteroidota (0% in control vs. 0.51% in keratoconus), unkn. Bacteria(d) (4.43% in control vs. 0% in KC), Actinobacteria (7.60% in control vs. 0% in KC), and Bacteroidetes (5.97% in control vs. 0% in KC) showed significant differences between the two groups, as also indicated by the extremely low corrected p-values from the Mann–Whitney U tests (all p-values < 10−15). This suggests that these phyla’s relative abundance significantly varies between the control and KC conditions.



On the other hand, the phyla Firmicutes (65.84% in control vs. 42.99% in KC), Cyanobacteria (0% in control vs. 0.49% in KC), and Proteobacteria (15.97% in control vs. 37.08% in KC), despite being among the most abundant in both conditions, did not show a statistically significant difference between the control and keratoconus groups after adjusting for multiple comparisons. This suggests that the distributions of their relative abundance are not significantly different between the two conditions based on the tests performed.




3.2. Genus-Level Comparison Reveals Significant Differences in Microbiota Composition between Control and Keratoconus Groups


We focused on the top 10 most abundant genera in the microbiota data from the healthy control and keratoconus groups (Figure 2). This approach enabled us to identify significant differences in the distributions of several genera between the two conditions. A comparison of genera between healthy control and keratoconus samples identified two genera unique to KC, Pelomonas (21.18%) and Ralstonia (19.11%), and five genera specific to healthy control: unkn. Bacteria(d) (6.56%), Corynebacterium (3.89%), unkn. Bacillales(o) (2.72%), Kocuria (1.71%), and unkn. Actinobacteria(c) (1.51%). The only genus, Bacillus, was represented in healthy controls and KC patients, 4.57% and 3.38%, respectively.



The extremely low corrected p-values from the Mann–Whitney U test (all p-values < 10 × 10−10) provide strong statistical evidence of these differences. The genus Pelomonas had a corrected p-value of approximately 2.56 ×10−43, indicating a significant difference in its distribution between the control and keratoconus groups.



Conversely, the genus Staphylococcus, despite being among the top 10 most abundant genera in both conditions (79.05% in control vs. 56.33% in KC), did not show a statistically significant difference in its distribution between the control and KC groups after adjusting for multiple comparisons (p-value approximately 0.929).



Comparing the results with the healthy control and KC group (Figure 3), we observe that the genus Staphylococcus is the most abundant genus in both conditions. However, it makes up a larger proportion of the microbiota in the control group (79.05%) than in the KC group (56.33%). On the other hand, the genera Pelomonas and Ralstonia, which are among the most abundant in the KC group (making up 21.18% and 19.11% of the total relative abundance, respectively), are not among the top genera in the control group. This suggests a potential difference in the microbial communities between the two conditions. The genus Bacillus, which makes up 3.38% of the total relative abundance in the KC group, is also present in the control group, accounting for 4.57% of the total relative abundance. This indicates that the relative abundance of this genus is fairly similar between the two conditions. Lastly, the genera unkn. Bacteria(d), Corynebacterium, unkn. Bacillales(o), Kocuria, and unkn. Actinobacteria(c), which are among the most abundant in the control group, are not among the top genera in the KC group. This again suggests potential differences in the microbial communities between the control and KC groups.




3.3. Alpha Diversity Analyses Reveal Distinct Microbial Communities in Control and Keratoconus Groups


Our comprehensive analysis of the microbial communities in the healthy control and KC groups, assessed using the Chao1 richness and Shannon diversity indices (Figure 4), has uncovered significant differences. The Chao1 index, a measure of species richness, revealed that the KC group has a lower microbial richness, with most values falling between 0 and 100. Conversely, the control group demonstrated a broader distribution of Chao1 values, indicating a higher microbial richness and suggesting a more diverse and potentially more resilient microbiota. Similarly, the Shannon diversity index, which takes into account both species richness and evenness of distribution, revealed a moderate level of diversity in the KC group, while the control group displayed a higher level of diversity.




3.4. Principal Coordinates Analysis Reveals Distinct Microbial Community Structures in Control and Keratoconus Groups


The Principal Coordinates Analyses (PCoA), which define a certain fraction of the variability observed in the data set, are plotted to create a visual representation of the microbial community compositional differences among samples (Figure 5).



Observations based on PCoA plots highlight differences in the microbial community structures between the control and KC groups. The PCoA plot, which visualizes the multidimensional differences in microbial community composition between samples, showed distinct clustering patterns for the two groups, suggesting a meaningful difference in the healthy control and KC microbial community.




3.5. Heatmap Visualization Highlights Distinct Taxonomic Markers in Control and Keratoconus Groups


A warm-to-cool color scheme was represented to visualize the taxonomic behavior data in the form of hot and cold spots (Figure 6).



The heatmap visualization of taxonomic abundance analysis shows distinct patterns of presence and absence of taxa in the control and keratoconus groups. This heatmap, which provides a color-coded representation of the relative abundances of taxa across samples, has allowed us to identify a potential taxonomic marker (Figure 6). Specifically, in the KC group, the genera Ralstonia and Pelomonas were prominently highlighted, suggesting they are prevalent in the keratoconus samples. Conversely, these genera were not observed in the control group, indicating a significant difference in the microbiota composition between the two conditions. On the other hand, the control group displayed a unique set of highlighted taxa, which were not observed in the keratoconus group. These data underscore a clear difference in the microbiota compositions of the control and KC groups, indicating a taxonomic marker.





4. Discussion


The pathophysiology of KC is a subject still under debate [38], with the inflammatory theory being the one that has been on the rise in recent times [39], especially due to its association with ocular rubbing [40]. However, much remains to be known since genetic factors, family associations, and systemic conditions have also been related to its development [38,41]. Moreover, the proteomic and transcriptomic analysis suggested dysregulations in oxidative stress, NRF2-regulated antioxidant programs, WNT-signaling, TGF-β, ECM, and matrix metalloproteinases as possible causes of KC [38]. Nowadays, the study of the ocular microbiome is increasing, and more and more importance is given to the possible role of the normal microbiota of the ocular flora and even the link between the gastrointestinal microbiome [42,43] in the maintenance of homeostasis as well as its imbalance in the development of different ocular pathologies [44]. Therefore, the study of the ocular microbiota in patients suffering from KC can provide a new approach when it comes to having a better knowledge of this pathology. Following this purpose, Tunç et al. [37] recently evaluated ten patients with KC who would have undergone CXL. However, it is well known that CXL is a surgical procedure that generates inflammation and remodeling of the cornea, which could theoretically influence the microbiota of these patients [45].



Our study presents a comprehensive comparison of the microbiota composition of naïve KC and a control group derived from the findings obtained in our previous research33 at various taxonomic levels, revealing distinct differences between both groups, which suggest a potential role for the microbiota in the pathogenesis of KC.



We found significant differences in the relative abundance of several phyla and genera, where the KC group showed a prevalence of the genera Ralstonia and Pelomonas, which were notably absent in the control group. Conversely, genera abundant in the control group were not found in the KC group. This distinct pattern, visible in our heatmap, suggests specific sets of taxa associated with each condition, which could potentially serve as taxonomic markers.



Pelomonas and Ralstonia are two different genera of bacteria that are known for several distinct characteristics:




	
Pelomonas:




	-

	
Habitat: Pelomonas bacteria are commonly found in aquatic environments, including freshwater, wastewater, and other water sources




	-

	
Metabolism: These bacteria are typically aerobic and are capable of reducing nitrate to nitrite. They are also known for their ability to metabolize various organic compounds.




	-

	
Non-Pathogenic: Pelomonas species are generally considered non-pathogenic to humans, though they have occasionally been isolated from clinical samples.




	-

	
Role in Environmental Processes: Pelomonas bacteria play roles in various environmental processes, such as the nitrogen cycle, due to their ability to reduce nitrates.









	
Ralstonia




	-

	
Habitat: Ralstonia species are widely distributed in the environment and can be found in soil, water, and plants.




	-

	
Pathogenicity: Some species of Ralstonia, such as Ralstonia pickettii, can be opportunistic pathogens in humans, causing infections primarily in immunocompromised individuals.




	-

	
Plant Pathogen: Ralstonia solanacearum is a well-known plant pathogen causing bacterial wilt in a variety of plants, which can lead to significant agricultural losses.




	-

	
Metabolic Diversity: Ralstonia species exhibit metabolic diversity and are capable of degrading a wide range of organic compounds, making them important for bioremediation.




	-

	
Resistance: Ralstonia species are known for their resistance to heavy metals and antibiotics, which can make infections caused by these bacteria challenging to treat.




	-

	
Biofilm Formation: Ralstonia species can form biofilms, which are communities of bacteria encased in a matrix on various surfaces. This ability can contribute to their persistence in hospital environments and medical devices.














While Pelomonas and Ralstonia share some similarities, such as being found in aquatic environments and having diverse metabolic capabilities, they differ significantly in their pathogenicity and roles in environmental and human health, and further investigations are needed to understand their role in KC.



Our alpha diversity analysis using the Chao1 richness and Shannon diversity indices demonstrated lower microbial richness and moderate diversity in the KC group, suggesting less robust microbial communities. In contrast, the control group exhibited higher microbial richness and diversity, indicative of a more resilient microbiota. This difference suggests that the KC microbiota might be less capable of withstanding disturbances, potentially making it more susceptible to imbalances that could contribute to disease progression. However, since this is a cross-sectional study, it is difficult to corroborate. A long-term longitudinal study would be needed to confirm this fact.



Our Principal Coordinates Analysis (PCoA) further underscored these significant differences, revealing distinct clustering patterns for the control and KC groups. The KC group clustered tightly, indicating a degree of similarity across samples, while the control group showed a broader distribution, reflecting more variability in microbial community structures. These findings suggest that alterations in the microbiota may play a role in the complex scenario of KC development. However, the biological implications and potential mechanisms by which these microbial communities may contribute to KC pathogenesis warrant further investigation. Longitudinal studies could provide more insight into the dynamic changes in the microbiota over the course of disease progression. We can speculate the role of microbiome in 3 points:




	(1)

	
Diagnostic: The specific composition of the microbiome can be helpful in the diagnosis of infectious diseases and monitoring microbial components of noncommunicable chronic or new-onset diseases;




	(2)

	
Risk Factor: The microbiome can be involved in the understanding of disease progression. Some ECST KC microbiomes could be linked to quicker KC progression;




	(3)

	
Therapeutic: understanding the role of microbiome in KC patients could change the choices of current treatments and/or help develop new treatments focused on KC microbiome improvements.









Furthermore, microbiome functional analyses, such as metatranscriptomic or metabolomic studies, could shed light on the functional implications of these alterations in the microbiome and microbiota.



Ultimately, a better understanding of the role of the microbiome and microbiota in KC could lead to novel diagnostic or therapeutic strategies. Specifically, eye microbiome screening tests could become routine evaluations to check for potential diseases before signs appear. Developing ECST for specific diseases could ease the comparison process with healthy subjects. Also, the management of KC patients could be influenced by demonstrating that specific KC ECTS could be linked to a faster disease progression and other to no or slow progression. Additionally, the differences in microbiota in the KC and control groups do not prove causation. Further studies need to evaluate where microbiome changes could cause KC disease or where KC could influence the microbiome.



Low microbiota diversity can potentially impact KC patients in various ways, as the microenvironment of the eye plays a critical role in maintaining ocular health. Here are some possible micro-environmental impacts:




	-

	
Increased Susceptibility to Infections: Lower diversity in microbiota might make the ocular surface more susceptible to pathogenic infections due to reduced competition for resources and colonization sites.




	-

	
Altered Immune Response: The diversity of microbiota contributes to the modulation of local immune responses. A decrease in diversity could alter immune regulation, potentially leading to increased inflammation or autoimmune reactions, which could exacerbate KC progression.




	-

	
Changes in Metabolite Production: Microbiota produce various metabolites that can influence host tissue. A reduction in microbiota diversity could alter the profile of these metabolites, affecting the nutritional and metabolic environment of the cornea, which might impact KC.




	-

	
Disruption of Homeostasis: Microbial diversity is essential for maintaining homeostasis on body surfaces, including the eye. Reduced diversity might disrupt the balance between the host and microbiota, potentially leading to ocular surface disease and affecting the progression of KC.




	-

	
Impact on Treatment Response: A less diverse microbiome may impact how patients respond to treatments, as the microbiota can affect drug metabolism and modulate host responses.




	-

	
Development of Antibiotic Resistance: Low diversity can result in domination by a few species, leading to antibiotic resistance development and making infections harder to treat.




	-

	
Modification of Tear Film Composition: The microbiota can influence the composition of the tear film. Changes in microbiota diversity might affect tear film stability and composition, contributing to ocular surface abnormalities.









Research is ongoing in this area, and further studies are necessary to fully understand the specific micro-environmental impacts of low microbiota diversity in KC patients and how these changes might contribute to disease progression or offer therapeutic targets.



The study has a few limitations. First, the study design is cross-sectional, meaning it only provides a snapshot in time of the microbiota compositions in the KC and control groups. This design limits the ability to make causal inferences regarding the role of microbiota in the progression or onset of KC. Longitudinal studies would be better suited to trace the dynamics of microbiota changes over time and their potential impact on disease progression. Second, the sample size difference between the control and KC groups could influence Alpha diversity and increase as the sample size increases.



Additionally, the study does not mention any adjustments for potential confounding factors, such as age, gender, diet, lifestyle, environmental factors, or the potential changes of microbiome after contact lens suspension. Any of these factors could influence the composition of the microbiota, thereby impacting the observed differences between the KC and control groups.



Limited to Taxonomic Analysis, while the study provides detailed taxonomic analysis, it does not delve into the functional roles of the identified microbial communities. Functional analysis, such as metatranscriptomic or metabolomic studies, would provide a more comprehensive understanding of how the microbiota might influence or be influenced by KC.







Author Contributions


: Conceptualization C.R.-d.-L. and D.B.; methodology, D.B.; software F.G. and F.T.P.; validation, C.R.-d.-L., C.M., M.R. and D.B.; formal analysis, F.G., F.T.P. and C.G.-H.; investigation, C.R.-d.-L. and D.B.; resources, C.G.-L.; data curation, F.U. and R.R.-A.; writing—original draft preparation, C.R.-d.-L., C.M., F.G., F.T.P., M.G.-L. and D.B.; writing—review and editing, J.-M.S.-G., M.R. and G.R.; visualization, C.R.-d.-L.; supervision, D.B.; project administration, D.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the institutional review board of the Virgen de las Nieves University Hospital (Granada, Spain) with the code (Metagenomic/queratocono 1844-N-22).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data sharing does not apply to this article. No new data were created or analyzed in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Muftuoglu, O.; Ayar, O.; Ozulken, K.; Ozyol, E.; Akıncı, A. Posterior corneal elevation and back difference corneal elevation in diagnosing forme fruste keratoconus in the fellow eyes of unilateral keratoconus patients. J. Cataract. Refract. Surg. 2013, 39, 1348–1357. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Zhao, J.; Iselin, K.C.; Borroni, D.; Romano, D.; Gokul, A.; McGhee, C.N.J.; Zhao, Y.; Sedaghat, M.-R.; Momeni-Moghaddam, H.; et al. Keratoconus detection of changes using deep learning of colour-coded maps. BMJ Open Ophthalmol. 2021, 6, e000824. [Google Scholar] [CrossRef] [PubMed]

	



Léoni-Mesplié, S.; Mortemousque, B.; Touboul, D.; Malet, F.; Praud, D.; Mesplié, N.; Colin, J. Scalability and severity of keratoconus in children. Am. J. Ophthalmol. 2012, 154, 56–62.e1. [Google Scholar] [CrossRef] [PubMed]

	



Rocha-de-Lossada, C.; Prieto-Godoy, M.; Sánchez-González, J.-M.; Romano, V.; Borroni, D.; Rachwani-Anil, R.; Alba-Linero, C.; Peraza-Nieves, J.; Kaye, S.B.; Rodríguez-Calvo-de-Mora, M. Tomographic and aberrometric assessment of first-time diagnosed paediatric keratoconus based on age ranges: A multicentre study. Acta Ophthalmol. 2021, 99, e929–e936. [Google Scholar] [CrossRef]

	



Shah, Z.; Hussain, I.; Borroni, D.; Khan, B.S.; Wahab, S.; Mahar, P.S. Bowman’s layer transplantation in advanced keratoconus; 18-months outcomes. Int. Ophthalmol. 2022, 42, 1161–1173. [Google Scholar] [CrossRef] [PubMed]

	



Borroni, D.; Bonzano, C.; Hristova, R.; Rachwani-Anil, R.; Sánchez-González, J.M.; de Lossada, C.R. Epithelial Flap Corneal Cross-linking. J. Refract. Surg. 2021, 37, 741–745. [Google Scholar] [CrossRef]

	



Borroni, D.; Bonzano, C.; Hristova, R.; Sánchez González, J.M.; Pennisi, F.; Rocha-Bogas, A.; Rocha de Lossada, C. A New Surgical Technique to Deliver Riboflavin Beneath Corneal Epithelium: The Corneal Cross-Linking Epi-Pocket. Asia-Pac. J. Ophthalmol. 2021, 10, 495–498. [Google Scholar] [CrossRef] [PubMed]

	



Mgboji, G.E.; Varadaraj, V.; Thanitcul, C.; Canner, J.K.; Woreta, F.A.; Soiberman, U.S.; Srikumaran, D. Deep Anterior Lamellar Keratoplasty and Penetrating Keratoplasty for Keratoconus: A Claims-Based Analysis. Cornea 2023, 42, 663–669. [Google Scholar] [CrossRef]

	



Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207–214. [CrossRef]

	



Peterson, J.; Garges, S.; Giovanni, M.; McInnes, P.; Wang, L.; Schloss, J.A.; Bonazzi, V.; McEwen, J.E.; Wetterstrand, K.A.; Deal, C.; et al. The NIH Human Microbiome Project. Genome Res. 2009, 19, 2317–2323. [Google Scholar] [CrossRef]

	



Turnbaugh, P.J.; Ley, R.E.; Hamady, M.; Fraser-Liggett, C.M.; Knight, R.; Gordon, J.I. The human microbiome project. Nature 2007, 449, 804–810. [Google Scholar] [CrossRef] [PubMed]

	



Gevers, D.; Knight, R.; Petrosino, J.F.; Huang, K.; McGuire, A.L.; Birren, B.W.; Nelson, K.E.; White, O.; Methé, B.A.; Huttenhower, C. The Human Microbiome Project: A community resource for the healthy human microbiome. PLoS Biol. 2012, 10, e1001377. [Google Scholar] [CrossRef] [PubMed]

	



Rosenbaum, J.T.; Asquith, M.J. The Microbiome: A Revolution in Treatment for Rheumatic Diseases? Curr. Rheumatol. Rep. 2016, 18, 62. [Google Scholar] [CrossRef] [PubMed]

	



Gallon, P.; Parekh, M.; Ferrari, S.; Fasolo, A.; Ponzin, D.; Borroni, D. Metagenomics in ophthalmology: Hypothesis or real prospective? Biotechnol. Rep. 2019, 23, e00355. [Google Scholar] [CrossRef]

	



Roy, S.; LaFramboise, W.A.; Nikiforov, Y.E.; Nikiforova, M.N.; Routbort, M.J.; Pfeifer, J.; Nagarajan, R.; Carter, A.B.; Pantanowitz, L. Next-Generation Sequencing Informatics: Challenges and Strategies for Implementation in a Clinical Environment. Arch. Pathol. Lab. Med. 2016, 140, 958–975. [Google Scholar] [CrossRef]

	



Doan, T.; Wilson, M.R.; Crawford, E.D.; Chow, E.D.; Khan, L.M.; Knopp, K.A.; O’Donovan, B.D.; Xia, D.; Hacker, J.K.; Stewart, J.M.; et al. Illuminating uveitis: Metagenomic deep sequencing identifies common and rare pathogens. Genome Med. 2016, 8, 90. [Google Scholar] [CrossRef]

	



Fadrosh, D.W.; Ma, B.; Gajer, P.; Sengamalay, N.; Ott, S.; Brotman, R.M.; Ravel, J.; Fadrosh, D.W.; Ma, B.; Gajer, P.; et al. An improved dualindexing approach for multiplexed 16S rRNA gene sequencing on the Illumina MiSeq platform. Microbiome 2014, 2, 6. [Google Scholar] [CrossRef]

	



Janda, J.M.; Abbott, S.L. 16S rRNA gene sequencing for bacterial identification in the diagnostic laboratory: Pluses, perils, and pitfalls. J. Clin. Microbiol. 2007, 45, 2761–2764. [Google Scholar] [CrossRef]

	



De Filippis, F.; Laiola, M.; Blaiotta, G.; Ercolini, D. Different amplicon targets for sequencingbased studies of fungal diversity. Appl. Environ. Microbiol. 2017, 83, e00905–e00917. [Google Scholar] [CrossRef]

	



Banos, S.; Lentendu, G.; Kopf, A.; Wubet, T.; Glöckner, F.O.; Reich, M. A comprehensive fungispecific 18S rRNA gene sequence primer toolkit suited for diverse research issues and sequencing platforms. BMC Microbiol. 2018, 18, 190. [Google Scholar] [CrossRef]

	



Pollock, J.; Glendinning, L.; Wisedchanwet, T.; Watson, M. The madness of microbiome: Attempting to find consensus “best practice” for 16S microbiome studies. Appl. Environ. Microbiol. 2018, 84, e02627-17. [Google Scholar] [CrossRef] [PubMed]

	



Chiu, C.Y.; Miller, S.A. Clinical metagenomics. Nat. Rev. Genet. 2019, 20, 341–355. [Google Scholar] [CrossRef] [PubMed]

	



Pallen, M.J.; Loman, N.J.; Penn, C.W. High-throughput sequencing and clinical microbiology: Progress, opportunities and challenges. Curr. Opin. Microbiol. 2010, 13, 625–631. [Google Scholar] [CrossRef]

	



Wilson, M.R.; Naccache, S.N.; Samayoa, E.; Biagtan, M.; Bashir, H.; Yu, G.; Salamat, S.M.; Somasekar, S.; Federman, S.; Miller, S.; et al. Actionable diagnosis of neuroleptospirosis by next-generation sequencing. N. Engl. J. Med. 2014, 370, 2408–2417. [Google Scholar] [CrossRef] [PubMed]

	



Brown, J.R.; Bharucha, T.; Breuer, J. Encephalitis diagnosis using metagenomics: Application of next generation sequencing for undiagnosed cases. J. Infect. 2018, 76, 225–240. [Google Scholar] [CrossRef] [PubMed]

	



Fukui, Y.; Aoki, K.; Okuma, S.; Sato, T.; Ishii, Y.; Tateda, K. Metagenomic analysis for detecting pathogens in culture-negative infective endocarditis. J. Infect. Chemother. 2015, 21, 882–884. [Google Scholar] [CrossRef]

	



Imai, A.; Gotoh, K.; Asano, Y.; Yamada, N.; Motooka, D.; Fukushima, M.; Kanzaki, M.; Ohtani, T.; Sakata, Y.; Nishi, H.; et al. Comprehensive metagenomic approach for detecting causative microorganisms in culture-negative infective endocarditis. Int. J. Cardiol. 2014, 172, e288–e289. [Google Scholar] [CrossRef]

	



Lelouvier, B.; Servant, F.; Delobel, P.; Courtney, M.; Elbaz, M.; Amar, J. Identification by highly sensitive 16S metagenomic sequencing of an unusual case of polymicrobial bacteremia. J. Infect. 2017, 75, 278–280. [Google Scholar] [CrossRef]

	



Gyarmati, P.; Kjellander, C.; Aust, C.; Kalin, M.; Öhrmalm, L.; Giske, C.G. Bacterial landscape of bloodstream infections in neutropenic patients via high throughput sequencing. PLoS ONE 2015, 10, e0135756. [Google Scholar] [CrossRef]

	



Borroni, D.; Rocha de Lossada, C. Microbial keratitis: The clinical impact of metagenomic next-generation sequencing (mNGS). Arch. Soc. Esp. Oftalmol. 2020, 95, 621–623. [Google Scholar] [CrossRef]

	



Watane, A.; Raolji, S.; Cavuoto, K.; Galor, A. Microbiome and immune-mediated dry eye: A review. BMJ Open Ophthalmol. 2022, 7, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Zysset-Burri, D.C.; Morandi, S.; Herzog, E.L.; Berger, L.E.; Zinkernagel, M.S. The role of the gut microbiome in eye diseases. Prog. Retin. Eye Res. 2022, 92, 101117. [Google Scholar] [CrossRef]

	



Borroni, D.; Paytuví-Gallart, A.; Sanseverino, W.; Gómez-Huertas, C.; Bonci, P.; Romano, V.; Giannaccare, G.; Rechichi, M.; Meduri, A.; Oliverio, G.W.; et al. Exploring the Healthy Eye Microbiota Niche in a Multicenter Study. Int. J. Mol. Sci. 2022, 23, 10229. [Google Scholar] [CrossRef] [PubMed]

	



Ozkan, J.; Willcox, M.D. The Ocular Microbiome: Molecular Characterisation of a Unique and Low Microbial Environment. Curr. Eye Res. 2019, 44, 685–694. [Google Scholar] [CrossRef]

	



Aragona, P.; Baudouin, C.; Benitez Del Castillo, J.M.; Messmer, E.; Barabino, S.; Merayo-Lloves, J.; Brignole-Baudouin, F.; Inferrera, L.; Rolando, M.; Mencucci, R.; et al. The ocular microbiome and microbiota and their effects on ocular surface pathophysiology and disorders. Surv. Ophthalmol. 2021, 66, 907–925. [Google Scholar] [CrossRef] [PubMed]

	



López-López, M.; Regueiro, U.; Bravo, S.B.; Del Pilar Chantada-Vázquez, M.; Pena, C.; Díez-Feijoo, E.; Hervella, P.; Lema, I. Shotgun Proteomics for the Identification and Profiling of the Tear Proteome of Keratoconus Patients. Investig. Ophthalmol. Vis. Sci. 2022, 63, 12. [Google Scholar] [CrossRef]

	



Tunç, U.; Çelebi, A.C.; Ekren, B.Y.; Yıldırım, Y.; Kepez Yıldız, B.; Okullu, S.Ö.; Sezerman, O.U. Corneal bacterial microbiome in patients with keratoconus using next-generation sequencing-based 16S rRNA gene analysis. Exp. Eye Res. 2023, 228, 109402. [Google Scholar] [CrossRef]

	



Monteiro de Barros, M.R.; Chakravarti, S. Pathogenesis of keratoconus: NRF2-antioxidant, extracellular matrix and cellular dysfunctions. Exp. Eye Res. 2022, 219, 109062. [Google Scholar] [CrossRef]

	



Loh, I.P.; Sherwin, T. Is Keratoconus an Inflammatory Disease? The Implication of Inflammatory Pathways. Ocul. Immunol. Inflamm. 2022, 30, 246–255. [Google Scholar] [CrossRef]

	



Sahebjada, S.; Al-Mahrouqi, H.H.; Moshegov, S.; Panchatcharam, S.M.; Chan, E.; Daniell, M.; Baird, P.N. Eye rubbing in the aetiology of keratoconus: A systematic review and meta-analysis. Graefe’s Arch. Clin. Exp. Ophthalmol. 2021, 259, 2057–2067. [Google Scholar] [CrossRef]

	



Unni, P.; Lee, H.J. Systemic Associations with Keratoconus. Life 2023, 13, 1363. [Google Scholar] [CrossRef] [PubMed]

	



Alfuzaie, R. The Link Between Gastrointestinal Microbiome and Ocular Disorders. Clin. Ophthalmol. 2023, 17, 2133–2140. [Google Scholar] [CrossRef] [PubMed]

	



Russell, M.W.; Muste, J.C.; Kuo, B.L.; Wu, A.K.; Singh, R.P. Clinical trials targeting the gut-microbiome to effect ocular health: A systematic review. Eye 2023, 37, 2877–2885. [Google Scholar] [CrossRef] [PubMed]

	



Chang, C.-C.J.; Winn, B.J. Perturbations of the ocular surface microbiome and their effect on host immune function. Curr. Opin. Ophthalmol. 2023, 34, 181–188. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.; Wang, S.; He, Y.; Zhang, Y. The research progress on the molecular mechanism of corneal cross-linking in keratoconus treatment. Contact Lens Anterior Eye 2023, 46, 101795. [Google Scholar] [CrossRef]








[image: Jcm 12 06354 g001] 





Figure 1. The relative abundance for the most common taxa at the phylum level and their percentage in each sample. The panel on the left shows healthy controls, and the panel on the right shows keratoconus samples. The most abundant phylum in the dataset is Firmicutes, which makes up 61.6% of the microbiota. This is followed by Proteobacteria (19.8%) and Actinobacteria (6.1%). However, the phylum unkn. Bacteria(d), with a relative abundance of 3.6%, is also notably abundant. 
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Figure 2. Microbiota composition of genera in healthy control and keratoconus samples. The panel on the left shows healthy controls, and the panel on the right shows keratoconus samples. The most represented genus was Staphylococcus in healthy control samples (79.05%), while in keratoconus samples, the most represented genera were Pelomonas (21.18%) and Ralstonia (19.11%). 
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Figure 3. Staphylococcus abundance in the healthy control (red dots) and KC samples (green dots). Staphylococcus is the most abundant genus in the analyzed microbiota, representing 79.0% and 56.3% in the healthy control and KC groups, respectively. 
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Figure 4. Alpha Diversity Analysis for microbial communities in the healthy control (red) and keratoconus groups (green). The analysis discloses lower microbial diversity in the KC compared with the healthy control group. 
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Figure 5. Principal Coordinates Analysis in the microbial communities, healthy control (red), and keratoconus groups (green). The investigation shows a definite representation of microbial communities between the healthy control and KC groups, suggesting a difference in sequence composition. 
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Figure 6. Heatmap Analysis for the taxonomic abundances in the healthy control (pink) and keratoconus groups (purple). The data display a prevalence of Ralstonia and Pelomonas taxa in the KC samples compared with healthy control samples. 
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