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Background: Patients with type 2 diabetes mellitus (T2DM) are prone to ocular surface infections. We therefore characterized the conjunctival microbiome of T2DM patients and the influence of topical levofloxacin to investigate whether a dysbiosis is associated with this phenomenon.

Methods: Conjunctival microbiome of 79 T2DM patients and 113 non-diabetic controls was profiled using the 16S rDNA sequencing approach. Furthermore, 21 T2DM and 14 non-diabetic patients who underwent cataract surgeries were followed up perioperatively and the influence of pre- and post-operative levofloxacin on the conjunctival microbiome was further investigated prospectively and compared longitudinally.

Results: The α-diversity of the conjunctival microbiota was significantly higher in T2DM patients than in controls (P < 0.05). Significant differences in both composition and function of the conjunctival microbiome were identified on the ocular surface of T2DM patients as compared to non-diabetic controls. Particularly, phylum Bacteroidetes and Fusobacteria, genus Pseudomonas, Haemophilus, and Empedobacter were enriched, while genus Streptococcus was reduced on the T2DM ocular surface. Microbial genes functioning of bacterial chemotaxis was elevated in the conjunctival microbiome of T2DM patients. Furthermore, compared to the initial status, several genera including Staphylococcus were more abundant in the conjunctival microbiome of T2DM patients after 3-days use of preoperative levofloxacin topically, while no genus was more abundant in the non-diabetic follow-up group. No difference was observed between initial status and 7 days after ceasing all postoperative medications in both diabetic and non-diabetic follow-up groups.

Conclusions: The conjunctival microbiome of T2DM patients was more complex and may respond differently to topical antibiotics.
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INTRODUCTION

It's estimated 700 million people may suffer from diabetes mellitus by the year 2045 (1). Type 2 diabetes mellitus (T2DM) might make up about 90% of the cases (2), resulting in a large burden of the world. Diabetic patients are known to be vulnerable to infections throughout the whole body (3), with higher positive rates of bacterial isolation from various tissues (4–6). They are also prone to the ocular infections in lids, conjunctiva, and cornea (7, 8), as well as more complications after ocular surgeries (9), leading to worse visual prognosis (10, 11).

Normally, the ocular surface is directly exposed to the environment and plays an essential role in the surface defense system (12, 13). Many ocular infections are closely related to the dysbiosis of ocular surface. Staphylococcus aureus, Coagulase negative Staphylococci, Streptococcus pneumoniae, and Pseudomonas aeruginosa are the leading isolates in ocular infections (14). Yet previous researches on ocular surface flora which relied on isolation and culturing methods could only reveal limited culturable microbes. As the development of next-generation sequencing (NGS) technology, studies have shifted to evaluate the composition and functions of microbiome at a genus level, which is also time-saving and high-throughput.

The composition of ocular surface microbiome in healthy subjects has been well-illustrated previously. There were only a few studies focused on the microbial characteristics of diabetic patients with 16S rDNA sequencing technique, either with small sample size (15, 16), or the age and sex were not compatible (16). On the other hand, levofloxacin, a third generation of fluoroquinolone drug, is currently the most widely-used anti-infective and perioperative antibiotics with a broad spectrum (more tend to against Gram-negative bacteria) (17). However, in diabetic patients, it remained unclear whether the conjunctival microbiome had a different response to its topical use.

Therefore, in order to investigate whether the dysbiosis of ocular surface is associated with higher risks of ocular infections in T2DM patients, we characterized the conjunctival microbiome of patients with T2DM, and investigated the influence of perioperative use of levofloxacin on the conjunctival microbiome.



METHODS

This study was approved by the Ethics Committee of Eye and Ear, Nose, and Throat Hospital of Fudan University (No. 2013021). All procedures adhered to the tenets of the Declaration of Helsinki, and signed informed consents were obtained from all participants.


Subjects

Totally 80 T2DM patients and 150 non-diabetic controls were consecutively recruited from January to June in 2019. The inclusion criteria were T2DM patients with a controlled and stable blood glucose (fasting blood-glucose <8.3 mmol/L or HbA1c level ≤ 7%), and free of systemic administration or topical use of eyedrops for at least 3 months prior to their initial visit. They were further divided into two subgroups according to the duration of diabetes (<15 vs. ≥15 years). All participants are among Han ethic group and are from eastern China. The exclusion criteria were patients with histories of lacrimal or blepharal diseases, corneal or conjunctival disorders, glaucoma, contact lens wearing, history of eye surgeries or with other systematic diseases other than T2DM.

Among these patients, T2DM and non-diabetic controls who were scheduled for cataract surgeries were further followed up twice: one after 3 days of topical application of 0.5% levofloxacin preoperatively (Cravit, Santen, Japan; three times a day), and the other at 7 days after ceasing all postoperative medications of cataract surgery, including 0.5% levofloxacin three times a day for 2 weeks, 1% Prednisolone acetate ophthalmic suspension (Pred Forte, Allergan, Ireland) three times a day for 2 weeks, and Diclofenac sodium eye drops (Difei, Sinqi, China) three times a day for 4 weeks.



Sample Collection

A randomly chosen eye from each participant was sampled at their initial visit, which was defined as baseline status. The Lens Opacities Classification System III (LOCS III) scale was used to determine the severity of cataract for all participants. Each scale is decimalized ranging from 0.1 (a completely clear or colorless lens) to 6.9 (upper value on the nuclear color). Their prior chosen eye was sampled repeatedly during the two follow-ups. Samples were collected using disposable sterile dry absorbent cotton swabs without anesthesia, placed in sterile tubes and stored in a freezer at −80°C before DNA extraction (18). A single sample from each patient was obtained and the lower conjunctival fornix was scrubbed. The flow diagram of our study procedures was demonstrated in Supplementary Figure 1.



DNA Extraction and Amplification

Following manufacturer's directions, DNA from all samples was extracted using MasterPure™ Complete DNA and RNA purification Kit (Epicenter, Madison, USA). The purity was assessed by NanoDrop 2000 Spectrophotometer, and the DNA integrity was verified by 0.8% agarose gel electrophoresis. Negative controls consisting of empty sterile storage tubes were processed for DNA extraction and no detectable amplification was observed.

The hypervariable region V3-V4 of the 16S rDNA gene were amplified by KAPA HiFi Hotstart ReadyMix PCR kit with barcoded primers (314F 5′-CCTACGGGRSGCAGCAG-3′; 806R 5′-GGACTACVVGGGTATCTAATC-3′). PCR reactions were performed in 30 μL mixture containing 15 μL of 2 × KAPA Library Amplification ReadyMix, 1 μL of each primer (10 μM), 50 ng of template DNA and ddH2O. Thermal cycling consisted of an initial denaturation at 95°C for 3 min, followed by 30 cycles at 98°C for 20 s, 58°C for 15s, and 72°C for 20s and a final extension at 72°C for 5 min. The PCR products were purified using a AxyPrep Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.) and quantified using Qubit®2.0 (Invitrogen, U.S.). Amplicons with concentration ≥5 ng/μl and OD260/OD280 = 1.8–2.0 were considered qualified. All quantified amplicons were pooled to equalize concentrations for sequencing using Illumina MiSeq platform (Illumina, CA, USA). The paired end reads of 250 bp were overlapped on their three ends for concatenation into original longer tags by using PANDAseq (https://github.com/neufeld/pandaseq, version 2.9).



16S Sequencing and Data Analysis

Low-quality tags were filtered based on the following criteria: (1) with average Phred score of bases worse than 20; (2) with more than three ambiguous N bases; and (3) with length of <220 or >500 nt. Only the tags with frequency more than 1, which tend to be more reliable, were clustered into operational taxonomic units (OTUs) by UPARSE (http://drive5.com/uparse/) with a similarity threshold of 97% (19). Representative OTU sequences were taxonomically determined using naïve Bayesian Ribosomal Database Project (RDP) classifier against the RDP database (http://rdp.cme.msu.edu/) using confidence threshold of 0.8 (20). OTU profiling table and diversity analyses were also achieved by python scripts of QIIME (version 1.9.1) (21). The α-diversity was measured by observed species, Chao 1, Shannon, and Simpson indices. The β-diversity was measured by unweighted UniFrac demonstrating the difference or similarity between groups, and principle coordinates analysis (PCoA) plots were constructed to visually present the distance among samples. Linear discriminant (LDA) analysis effect size (LEfSe) analysis was used to further analyze the significance of the difference in the bacterial distribution at phylum and genus level (22), and LDA score >2.0 was set as the threshold. The Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt, http://huttenhower.sph.harvard.edu/galaxy) analysis was used to predict metagenome functions with Kyoto Encyclopedia of Genes and Genomes (KEGG) database (23, 24).



Availability of Data and Materials

The dataset supporting the conclusions of this article is available in the Sequence Read Archive of NCBI (https://www.ncbi.nlm.nih.gov/sra) under accession number PRJNA629667.



Statistics

For demographic comparisons, the student's t-test was used to compare the continuous variables while the chi-squared test was used to compare categorical variables. The α-diversity and the relative abundance of taxa were compared using Wilcoxon signed ranks tests. For PCoA analysis, Adonis statistical method was used to compare the differences. Statistical analyses were carried out with QIIME and R 3.5.1 software. P < 0.05 was considered to be statistically significant.




RESULTS


Demographics of Participants and Taxonomic Assignment of the Conjunctival Microbiome

Conjunctival swab samples from 79 T2DM patients and 113 non-diabetic controls were successfully amplified and sequenced reliable data, and among them, 21 T2DM patients and 14 non-diabetic controls were in the follow-up group. The general characteristics of the subjects were summarized in Table 1. The age, sex, and LOCS III gradings showed no differences between controls and T2DM patients in the baseline and the follow-up groups, or between the two T2DM subgroups with different durations.


Table 1. Demographics.
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By 16S rDNA sequencing, we obtained 35,089 clean reads on average per sample (ranged from 29,133 to 38,977). Clean reads were mapped to 1,329 OTUs in total by RDP classifier. The mean number of OTUs per sample was 97 ± 53 (ranged from 9 to 272, Supplementary Table 1).



Comparisons of Baseline Conjunctival Microbiome of the Controls and T2DM Patients

For α-diversity analysis, as compared to non-diabetic controls, the observed species index was significantly higher in the conjunctival microbiome of T2DM patients (P < 0.05). The Chao 1, Shannon, and Simpson indices tended to be higher in the T2DM group as well, but without statistical significance (Figure 1A). T2DM subgroup comparisons revealed less microbial diversity in the conjunctival microbiome of patients with ≥15 years' duration, as indicated by marginally lower observed species (P = 0.05) and statistically lower Shannon index compared to patients with <15 years' duration (P < 0.05, Figure 1B). The β-diversity analysis revealed a significant difference in the bacterial composition of ocular surface microbiota between the controls and T2DM patients, demonstrated by PCoA plots based on unweighted UniFrac (Adonis P < 0.05, Figure 1C), while no statistical significance was found between the two T2DM subgroups (Figure 1D).


[image: Figure 1]
FIGURE 1. The α-diversity and β-diversity analysis of the conjunctival microbiota. (A) Comparisons of α-diversity indices between the controls and T2DM patients (113 vs. 79 samples). (B) Subgroups comparisons of α-diversity indices between patients with less and more than 15 years' duration of T2DM (50 vs. 29 samples). Wilcoxon signed-rank test was used to compare the difference. (C) Comparison of β-diversities between the controls and T2DM patients (113 vs. 79 samples). (D) Comparison of β-diversities between patients with less and more than 15 years' duration of T2DM (50 vs. 29 samples). Wilcoxon signed-rank test was used to compare the α-diversity difference, and Adonis test was used to compare the β-diversity difference between two groups. NS. means no significance; *P < 0.05.


The top four most abundant phyla in conjunctival microbiota of both the controls and T2DM patients were Proteobacteria (41.25 and 40.65%), Firmicutes (32.14 and 25.73%), Actinobacteria (18.17 and 20.31%), and Bacteroidetes (4.89 and 8.02%, P < 0.05, Figures 2A,B). The top 20 most abundant genera were listed in Figure 2C, among which the genus Pseudomonas, Haemophilus, and Empedobacter were more enriched in the T2DM group, while the genus Streptococcus was more enriched in the control group (Figure 2D, P < 0.05). LEfSe analysis verified that phylum Bacteroidetes and Fusobacteria, as well as genus Pseudomonas, Empedobacter, Haemophilus, Klebsiella, Fusobacterium, Stenotrophomonas, Neisseria, Capnocytophaga, Massilia, Aerococcus, Veillonella, Gordonia, Abiotrophia, Filifactor, Aeromonas, Alkanindiges, Gemella, and Aggregatibacter were enriched on the ocular surface of T2DM patients, while the genus Streptococcus, Propionibacterium, Bradyrhizobium, and Hydrogenophilus were enriched on the ocular surface of the controls (Figure 3A). The PICRUSt analysis revealed significantly elevated metabolic pathways related to cell mobility, including bacterial chemotaxis and flagellar assembly. Other elevated pathways included glyoxylate and dicarboxylate metabolism, nitrogen metabolism and etc. in the conjunctival microbiome of T2DM patients as compared to that of the controls (Figure 3B).
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FIGURE 2. The relative abundances of conjunctival microbiota in the control group and in T2DM group. (A) The relative abundance at the phylum level. (B) Comparisons of the top 5 phyla between the control group and T2DM group (113 vs. 79 samples). (C) The relative abundance at the genus level. (D) Comparisons of the top 20 genera between the control group and T2DM group (113 vs. 79 samples). Wilcoxon signed-rank test was used. *P < 0.05; **P < 0.01.
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FIGURE 3. Comparative analysis of the conjunctival microbiota and the KEGG pathways between the control group and T2DM group. Bars represent linear discriminant analysis scores (LDA) based on LEfSe results. (A) The taxa with different relative abundance at phylum and genus levels. (B) The different KEGG pathways. Positive LDA score means enriched taxa or metabolic pathways in T2DM patients, while negative score means in the controls.




Alterations of Conjunctival Microbiome in Response to Topical Use of Levofloxacin

After preoperative use of levofloxacin topically for 3 days and before any surgical procedures, the α- and β-diversity of the conjunctival microbiome were found no significant difference in both follow-up groups compared to their initial status (Supplementary Table 2, Supplementary Figures 2A,B). After using levofloxacin, distinct alterations were revealed in the microbial composition of the two follow-up groups respectively. In the non-diabetic follow-up group, the genus Enterococcus, Ralstonia, Actinomyces, and Finegoldia were more enriched at initial status, while after levofloxacin treatment, no genus was observed more enriched in the conjunctival microbiota (Figure 4A). In the T2DM follow-up group, the genus Stenotrophomonas and Ralstonia were more enriched at initial status, while the genus Staphylococcus, Gordonia, Wautersiella, Aquabacterium, and Rubellimicrobium were more enriched after levofloxacin treatment (Figure 4B).


[image: Figure 4]
FIGURE 4. Distinct alternations of conjunctival microbiota in response to levofloxacin eye drops based on LEfSe analysis at genus level. The statistically different genus in the ocular surface of the non-diabetic (A) and T2DM follow-up groups (B), respectively. Positive linear discriminant analysis (LDA) score means the genus was more enriched before than after levofloxacin, while negative score means the genus was more enriched after than before levofloxacin.




The Resilience of Conjunctival Microbiome After Ceasing All Postoperative Medications of Cataract Surgery

We then longitudinally compared the conjunctival microbiome at 7 days after ceasing all postoperative medications of cataract surgery to their initial status in both diabetic and non-diabetic follow-up groups respectively. No significant difference was observed in α- or β-diversity of the conjunctival microbiome between these two time points of T2DM and non-diabetic follow-up groups (Supplementary Table 2, Supplementary Figures 2C,D). No taxa with significant enrichment or reduction was found neither in the comparative analysis. Our data suggested that the conjunctival microbiome might be restored to initial status at 7 days after ceasing all postoperative medications of cataract surgery.




DISCUSSION

Researches on ocular surface flora in diabetic patients started previously with culturing techniques, and higher bacterial isolation rates were revealed on the ocular surface of diabetic patients (6, 25). Nevertheless, traditional culturing methods had limitations in the integrity and throughput. As the development of NGS techniques, mapping the relatively more thorough microbiota of ocular surface became possible. There were a few studies with small sample sizes revealing the microbial diversities and compositions in diabetic conjunctiva using 16S rDNA sequencing (15, 16), yet studies with larger sample sizes are still rare. On the other hand, due to higher risk of ocular infections and complications after ocular surgical procedures in T2DM patients, the influence of perioperative topical antibiotics on the conjunctival microbiota was also noteworthy.

Diabetic patients are known to have an increased risk of infections (26, 27). Systemic and regional infections in these patients can be related to impaired immunity and characteristic distributions of gut (28, 29), skin (30), and subgingival (31) microbiome. Ocular infections were also found more frequent in diabetic patients (8, 32). Normally, the conjunctiva serves as physical barrier of the eye, and contributes to mucosal immunity (33). In patients with T2DM, the composition of core and transient conjunctival microbiota may have altered from non-diabetic subjects. Clarification of the distinct conjunctival microbiome in T2DM patients might provide potential explanations for the higher risk of ocular infections.

In this study, we firstly demonstrated the baseline differences of conjunctival microbiome in T2DM patients from the controls. The conjunctival microbiome in T2DM patients tended to be more diverse than in the controls as indicated by slightly higher Shannon and Simpson indices (though without statistical significance), which was also in concert with previous studies (15, 16). A similar trend was also reported in oral microbiome of diabetic mice (34). The microbial diversity seemed to be related to the duration of T2DM. Our data showed the conjunctival microbiome of T2DM patients with longer duration was less diverse, which might suggest the low-diversity dysbiosis on the ocular surface at the later stage of disease (35). Lower microbial diversity found in nasal microbiota was considered to be associated with higher risk of respiratory viral infections (36). Thus, lower α-diversity in the conjunctival microbiota of T2DM patients with >15 years' duration may also suggest a higher risk of ocular infection.

Despite the individual differences, the top four phyla in both groups were similar to previous findings of core microbiome on ocular surface (16, 18, 37, 38), and also the core microbiome found in conjunctival swabs by Ozkan et al. (39). The significant enrichment of phylum Bacteroidetes was revealed in the conjunctival microbiome of T2DM patients, which was in concert with previous reports in diabetic conjunctival (15) or gut microbiome (29). At genus level, it seems that the differences were mainly among the lower-abundance genera. Among the top 20 genera, our data also showed the enrichment of genus Pseudomonas, Haemophilus, and Empedobacter on the ocular surface of T2DM patients. Some of the species under these genera were pathogenic causing ocular surface infections. For example, Pseudomonas aeruginosa was commonly isolated in ocular infections (40), and Haemophilus influenzae was considered the leading cause of conjunctivitis (14). The low-abundance bacteria might be more susceptible to the alternation of the microenvironment in the disease status, especially for the systematic diseases due to the potential and subtle influence, instead of drastic and direct influence generated from ocular diseases.

As for the microbial genes functioning, our results showed pathways related to cell motility including the bacterial chemotaxis and the flagellar assembly were significantly enriched on the ocular surface of T2DM patients. The bacterial chemotaxis is the motility in response to adverse conditions, which is a critical ability to search for the optimal environment to ensure the survival of bacterial species. The elevated cell mobility might enable the bacteria to modulate their swimming behavior, which was considered to be related to bacterial inflammatory processes (41) and plays an important role in the onset of infections (42). Furthermore, nitrogen metabolism was also elevated (including many transporters, enzymes, regulators, etc.), which was essential for the full virulence of pathogens (43). These increased bacterial metabolic pathways might because of the hyperglycemia and impaired innate immunity of T2DM patients. Thus, our data suggested a more susceptible status for infections of the conjunctival microbiome in T2DM patients.

Accordingly, knowing the influence of topical antibiotics on the conjunctival microbiome of T2DM patients was important. Based on our longitudinal comparisons, no significantly enriched genus was found after levofloxacin treatment compared with the initial status in the conjunctival microbiome of the controls. However, in that of the T2DM patients, five genera were found noticeably more abundant afterwards, including the genus Staphylococcus. Meanwhile, a previous study reported the development of tolerance to levofloxacin of Staphylococcus epidermidis isolated from ocular surface after ceasing topical antibiotics after cataract surgery (44). Hence, though the bacterial diversity was not influenced by the use of antibiotics, the preoperative treatment with levofloxacin might somehow increase the abundance of potential pathogens in T2DM patients.

Although post-cataract-surgery endophthalmitis became very rare with intraoperative injections of antibiotics, the risk was still much higher in patients with diabetes than in those without (OR = 2.92, 95% CI: 1.72–4.96) (9). The immune dysfunction with the increased bacterial diversity and cell mobility in T2DM patients might somehow be associated with a higher risk of ocular infections after ocular surgery, including exogenous endophthalmitis.

The resilience of conjunctival microbiota after cataract surgery is also important. The long-term effect of cataract surgery on ocular bacterial flora was previously revealed by culturing and isolation methods, and the positive isolation rate at their first postoperative sampling timepoint (3 months after ceasing application of antibiotics) showed no difference from the preoperative status (44). According to our data, the diversity and distribution of the conjunctival microbiome can be restored 7 days after ceasing all postoperative medications regardless of the T2DM presence, indicating the influence of surgical procedures and perioperative topical antibiotics might be eliminated within a short period. Further investigation and validation on how the microbiota is restored might require more frequent and continuous samplings and observations.

In conclusion, the conjunctival bacterial microbiome in T2DM patients was more complex than that in non-diabetic controls. The ocular surface microbiome of T2DM patients might present less sensitivity to perioperative use of topical antibiotics, and might be restored to the initial status in a short period after cataract surgery. Our data could provide potential clues to the higher risks of ocular infections and endophthalmitis after ocular surgical procedures among patients with T2DM.
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