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Microbial communities are important for the health of mucosal tissues. Traditional culture
and gene sequencing have demonstrated bacterial populations on the conjunctiva.
However, it remains unclear if the cornea, a transparent tissue critical for vision, also
hosts a microbiome. Corneas of wild-type, IL-1R (—/—) and MyD88 (—/—) C57BL/6
mice were imaged after labeling with alkyne-functionalized D-alanine (alkDala), a
probe that only incorporates into the peptidoglycan of metabolically active bacteria.
Fluorescence in situ hybridization (FISH) was also used to detect viable bacteria. AlkDala
labeling was rarely observed on healthy corneas. In contrast, adjacent conjunctivae
harbored filamentous alkDala-positive forms, that also labeled with  DMN-Tre, a
Corynebacterineae-specific probe. FISH confirmed the absence of viable bacteria on
healthy corneas, which also cleared deliberately inoculated bacteria within 24 h. Differing
from wild-type, both IL-1R (—/—) and MyD88 (—/—) corneas harbored numerous
alkDala-labeled bacteria, a result abrogated by topical antibiotics. IL-1R (—/—) corneas
were impermeable to fluorescein suggesting that bacterial colonization did not reflect
decreased epithelial integrity. Thus, in contrast to the conjunctiva and other mucosal
surfaces, healthy murine corneas host very few viable bacteria, and this constitutive
state requires the IL-1R and MyD88. While this study cannot exclude the presence of
fungi, viruses, or non-viable or dormant bacteria, the data suggest that healthy murine
corneas do not host a resident viable bacterial community, or microbiome, the absence
of which could have important implications for understanding the homeostasis of this
tissue.

Keywords: bacteria, microbiome, murine cornea, AlkDala, DMN-Tre, IL-1R, MyD88, homeostasis

Abbreviations: AlkDala, alkyne-functionalized D-alanine; CFU, colony forming units; DMN-Tre, 4-N,N-dimethylamino-
1,8-naphthalimide-trehalose; FISH, fluorescence in situ hybridization; IL-1R, interleukin-1 receptor; MyD88, myeloid
differentiation primary response gene 88; TSA, trypticase soy agar; VBNC, viable but not culturable.
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INTRODUCTION

Diverse communities of resident microorganisms on host tissues
(microbiomes) play important roles in maintaining health and
development of a functional immune system (Turnbaugh et al.,
2007; Consortium, 2012; Gevers et al., 2012; Thaiss et al., 2016;
Blacher et al.,, 2017). Furthermore, it is becoming increasingly
evident that alterations in abundance and diversity of these
bacterial constituents are associated with inflammation and
disease (Frank et al., 2007; Koeth et al., 2013; Scher et al., 2013;
Corréa et al.,, 2017; Halfvarson et al., 2017). Much work has been
done to decipher the role of microorganisms within the nasal
and respiratory tract, oral cavity, urogenital tract, gut and skin
(Gillan, 2008; Grice et al., 2009; Ravel et al., 2011; Consortium,
2012; Liu et al.,, 2015; Mark-Welch et al., 2016). However, the
location and role of bacteria that normally colonize the ocular
surface, and the implications for ocular health and immunity,
is only beginning to be appreciated (Doan et al., 2016; Kugadas
etal., 2016).

Standard microbiological culture methods and molecular
techniques have both been used to demonstrate a conjunctival
microbiome. Culture methods revealed small numbers and
infrequent growth of bacteria on the human conjunctiva,
typically ~100 or less colony-forming units (CFU) per swab
(Fleiszig and Efron, 1992; Willcox, 2013). However, 16S rRNA
gene sequencing suggested far more bacterial genera were present
on the conjunctiva than indicated by culture results (Graham
et al., 2007; Dong et al.,, 2011; Doan et al., 2016; Ozkan et al,,
2017). still, significantly fewer bacteria are thought to inhabit
the conjunctiva compared to other mucosal surfaces, e.g., ~0.06
bacteria per cell in the human conjunctiva versus 12 and 16
bacteria per cell in the oral cavity or on the skin, respectively
(Doan et al., 2016).

Culture and sequencing methodologies used to demonstrate
conjunctival microflora each have limitations. Nucleic acid
sequencing does not equate to viable bacteria, and is therefore
prone to false-positive results, while culture methods can
miss viable microbes, e.g., bacteria with fastidious nutritional
requirements or those undergoing stress responses, thereby
prone to false-negative results (Oliver, 2005; Epstein, 2013; Kawai
et al., 2015). Moreover, the lower biomass at the ocular surface
can also lead to false-positive results due to contaminants from
the environment or reagents (Schabereiter-Gurtner et al., 2001;
Salter et al., 2014). Importantly, neither culture nor sequencing
provides spatial information on bacterial location at the ocular
surface. To that end, scientific publications often do not appear to
distinguish the cornea from conjunctiva in reporting the “ocular
surface” microbiome (Dong et al., 2011; Lu and Liu, 2016; Ozkan
et al,, 2017). Thus, our understanding of the bacterial landscape
on the eye remains unresolved.

The cornea of the ocular surface is critical to vision, and
unusual among body surfaces in its remarkable resistance
to infection. The cornea is protected against colonization by
pathogenic bacteria by multiple defenses which were originally
thought to be due to blinking, and the antimicrobial and
aggregative components of tear fluid (Masinick et al., 1997;
Kwong et al., 2007; Evans and Fleiszig, 2013). It is now known

that tear fluid plays much more complex roles and that epithelial-
expressed mucins, tight junctions and antimicrobial peptides are
also involved (McNamara et al., 1999; Yi et al., 2000; Blalock et al.,
2007; Kwong et al., 2007; Augustin et al., 2011; Mun et al,, 2011;
Tam et al., 2012; Evans and Fleiszig, 2013; Li et al., 2017).

Indeed, the opportunistic bacterial pathogen Pseudomonas
aeruginosa will not colonize the healthy corneal surface.
Susceptibility to bacterial adhesion requires the introduction of
some form of compromise to the surface epithelium (Alarcon
et al., 2011) or to innate defenses such as MyD88-deficiency
(Tam et al, 2011). Deliberate inoculation of healthy corneas
with P. aeruginosa results in rapid clearance of the bacteria
without colonization or pathology (Mun et al., 2009; Augustin
et al,, 2011). Thus, the murine cornea appears inhospitable to
P. aeruginosa, a bacterium unusual in its capacity to survive
in a diverse array of conditions. This could have led to an
assumption among some researchers in the field that the cornea
is inhospitable to bacteria in general, albeit a notion not actually
proven.

The aim of this study was to determine if the healthy mouse
cornea hosts a resident bacterial microbiome, and whether it is
able to clear other deliberately inoculated bacteria as effectively
as P. aeruginosa. We utilized a novel approach to overcome
obstacles and limitations of traditional culture and sequencing
methodologies. An alkDala probe was used to label only viable,
metabolically active, bacteria in situ. This reagent utilizes the
ability of peptidoglycan metabolic enzymes to take up natural
and unnatural D-amino acid substrates to insert into the stem
peptides of cell wall peptidoglycan if bacteria are metabolically
active (Siegrist et al., 2013, 2015; Shieh et al., 2014). Bacteria that
have incorporated the probe are then detected using an azide-
fluorophore via copper-catalyzed click chemistry, and imaged by
fluorescence microscopy (Siegrist et al., 2013). AlkDala labeling
has previously only been used to label bacteria in vitro (Siegrist
et al.,, 2013, 2015; Shieh et al., 2014). FISH of a universal 16S
rRNA gene probe was also used to detect viable bacteria for which
peptidoglycan metabolism was absent, inactive, or at a very low
level (Vaishnava et al., 2011; Mark-Welch et al., 2016). Results
showed that healthy murine corneas are broadly inhospitable to
bacteria, a constitutive state requiring the IL-1R and MyD88, and
that consequently they lack a resident viable bacterial community,
or microbiome.

MATERIALS AND METHODS

Bacterial Strains

Pseudomonas aeruginosa (strain PAO1L), Staphylococcus aureus
(isolated from a human corneal infection), and a Coagulase-
negative Staphylococcus (CNS) species (sp.) isolated from a mouse
eyelid (this laboratory) were used in the clearance experiments.
CNS sp. were confirmed using standard biochemical diagnostic
tests. P. aeruginosa strain PAO1 expressing d-Tomato on plasmid
p67T1 (PAO1-dtom) was used for experiments to validate
bacterial labeling methods (Singer et al., 2010). Inocula were
prepared from overnight cultures grown on TSA plates at 37°C
for ~16 h before suspension in phosphate-buffered saline (PBS)
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to a concentration of ~10'° or ~10!! CFU/mL. PAO1-dtom was
grown on TSA supplemented with carbenicillin (400 pg/mL).
Viable counts of bacterial suspensions were performed by serial
dilution in PBS as needed (typically from 107¢ to 10~7) and
plating in triplicate onto TSA plates, followed by incubation for
~18 h at 37°C to determine CFU.

Bacterial Isolation and Identification

To culture bacteria from the corneas of wild-type and IL-
IR (—/—) mice, the corneal epithelium was collected using
the Algerbrush II, placed in 500 pwL 0.25% Triton + PBS,
then vortexed. An aliquot (100 L) of lysate was inoculated
onto TSA, blood agar, or chocolate agar and incubated
at 37°C in aerobic and anaerobic conditions for up to
7 days. Isolated bacterial colonies were identified by direct
colony PCR of the 16S ribosomal RNA gene using universal
primers P11P (5'-GAGGAAGGTGGGGATGACGT-3' and P13P
(5'-AGGCCCGGGAACGTATTCAC-3" (Widjojoatmodjo et al.,
1994). Reaction mixes (50 pL) were set up as follows: 1X
Q5 Reaction Buffer (New England BioLabs), 1X Q5 High
GC Enhancer, 200 wM dNTPs, 0.5 wM Forward Primer,
0.5 WM Reverse Primer, and 0.02 U/nL Q5 High-Fidelity DNA
Polymerase. A sterile toothpick was used to touch a bacterial
colony on an agar plate and inserted directly into the PCR
reaction tube. The reaction mixtures were subjected to the
following thermal cycling sequence on a Bio-Rad Thermal Cycler:
98°C for 3 min followed by 30 cycles of 98°C for 10 sec,
63°C for 20 sec, 72°C for 45 s, followed by a final extension
of 72°C for 2 min. Molecular grade water was included as a
negative control, and a known strain of P. aeruginosa (PAO1)
used as a positive control. Following amplification, samples were
examined by electrophoresis in 1% agarose gels in 1 x TBE buffer.
Amplicons were purified using PureLink™ PCR Purification Kit
(Invitrogen) and sequenced at the UC Berkeley DNA Sequencing
Facility. Sequences obtained were identified using NIH BLAST
Search Tool'.

Mice

All procedures were carried out in accordance with a protocol
approved by the Animal Care and Use Committee, University of
California, Berkeley. Six to 12 weeks old male and female wild-
type C57BL/6 mice (from Charles River or Jackson Laboratory),
mT/mG knock-in mice (bred in house), IL-1R gene knockout
(—/—) mice (bred in house), and MyD88 gene knockout (—/—)
mice (bred in house) were used. Corneas of C57BL/6 mice have
an area of ~ 5.3 mm?. Both male and female mice contributed
to the results since no differences were observed between
them. Anesthesia was induced by intraperitoneal injection
of ketamine (80-100 mg/Kg) and dexmedetomidine (0.25-
0.5 mg/Kg) before inoculation with bacterial suspensions (5 LL).
At 1 h, or other times post-inoculation, the anesthetic antidote
atipamezole (2.5-5 mg/Kg) was administered, and mice were
allowed to recover with food and water. Mice were euthanized
by intraperitoneal injection of ketamine (80-100 mg/Kg) and
xylazine (5-10 mg/Kg) followed by cervical dislocation. All

Uhttps://blast.ncbi.nlm.nih.gov

experiments involved at least three animals per group and were
repeated at least twice.

Ocular Clearance of Bacteria

Wild-type C57BL/6 mice (6-12 weeks) were used. After
induction of anesthesia, 5 pL of bacterial inoculum containing
~10% or ~10* CFU was applied to the healthy ocular surface. At
24 and 72 h post-inoculation, tear fluid was collected from the
ocular surface, and the numbers of viable bacteria determined.
Tear fluid was collected by capillary action using a 30 pl glass
capillary tube from the lateral canthus after 10 pl of PBS was
added. The conjunctiva and cornea were then extracted and
homogenized in 500 pl of PBS. Viable bacterial counts were
determined by 10-fold serial dilution of the homogenates in PBS
from 10~ ! to 10~* before plating in triplicate onto on TSA plates,
followed by incubation for ~18 h at 37 °C to determine CFU.
In other experiments, whole eyes were enucleated and subject to
FISH ex vivo after inoculation with bacteria as above.

AlkDala (Alkyne-Functionalized

D-Alanine) Labeling

Labeling of live bacteria using an alkyne functionalized D-alanine
(alkDala) biorthogonal probe (Siegrist et al., 2013; Shieh et al.,
2014) was adapted for use on the murine ocular surface.
Enucleated eyes were incubated in a solution of alkDala (10 mM)
in Dulbecco’s Modified Eagle Medium (DMEM) at 37°C for 2 h.
In other experiments, eyes of IL-1R (—/—) and MyD88 (—/—)
mice were first incubated in an antibiotic cocktail of gentamicin
(300 pg/mL), ofloxacin (300 pg/mL) and vancomycin (5 mg/mL)
in DMEM. After alkDala incubation, all eyes were transferred
to pre-chilled 70% EtOH and fixed for 20 min at —20°C. After
rinsing, eyes were permeabilized in PBS with Triton-X100 (0.5%)
for 10 min with shaking at room temperature (RT), then washed
3 times for 5 min each in PBS with Triton-X100 (0.1%) and
BSA (3%) with shaking at RT. Eyes were then transferred to the
click-labeling cocktail [in PBS, TBTA (100 pM), CuSOy4 (1 mM),
sodium ascorbate (2 mM), 488 nm azide-fluorophore (10 M),
BSA (0.1 mg/mL)] for 1 h with shaking at RT.

Fluorescence in Situ Hybridization

Enucleated eyes were fixed in paraformaldehyde (2%)
for 1 h with shaking at RT. Bacterial hybridization was
performed using a universal 16S rRNA gene [Alexa488]-
GCTGCCTCCCGTAGGAGT-[Alexa488] (Eurofins Genomics)
as previously described (Vaishnava et al., 2011; Mark-Welch
et al, 2016). Briefly, fixed eyes were washed in 80% EtOH,
95% EtOH, and then PBS for 10 min each with shaking at RT.
Eyes were then placed in a hybridization buffer solution [NaCl
(0.9 M), Tris-HCI (20 mM, pH 7.2) and SDS (0.01%)] and
incubated at 55°C for 30 min. The probe was added to final
concentration of 100 nM and incubated at 55°C overnight. Eyes
were then transferred to wash buffer solution [NaCl (0.9 M) and
Tris-HCI (20 mM, pH 7.2)] and washed three times for 10 min
each with shaking at RT.
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DMN-Tre (4-N,N-Dimethylamino-1,8-
Naphthalimide-Trehalose)

Labeling

A DMN-Tre conjugate was used to label bacteria specific
to the Corynebacterineae suborder (Kamariza et al., 2018)
in conjunction with alkDala-labeling. Conjunctival tissue,
aseptically obtained from healthy mouse eyes, was homogenized
in 500 pL of DMEM then centrifuged at 14,000 x g for
2 min. Liquid was aspirated and the pellet suspended in alkDala
(10 mM) and DMN-Tre (100 puM) in DMEM and incubated at
37°C for 2 h. Samples were processed as described above except
that a 647 nm azide-fluorophore was used in the click-labeling
cocktail. Then, 10 L of conjunctival homogenate was spotted on
microscope slide with coverslip on top. Conjunctival tissue pieces
with alkDala (647 nm) and DMN-Tre (488 nm) fluorescent labels
were imaged using a Nikon ECLIPS Ti microscope with a 60x
oil-immersion objective.

Fluorescein Staining

Eyes were rinsed with PBS after the induction of anesthesia as
described above. For wild-type mice, one eye was blotted with
a Kimwipe™ tissue paper. Eyes of IL-IR (—/—) mice were
not blotted. A drop (5 nL) of fluorescein solution (0.02%) was
then added to the ocular surface, and corneal epithelial integrity
examined using a slit lamp and confocal microscopy.

Antimicrobial Activity of Corneal Lysates
The antimicrobial activity of murine cornea epithelial lysates was
assessed as previously described (Sullivan et al., 2015). Corneas
of wild-type or IL-1R (—/—) mice were left untreated or exposed
to 5 ul of P. aeruginosa antigens [supernatant of a PAO1 culture
(Maltseva et al., 2007)] for 3 h. Corneas were extracted and
homogenized in distilled water (two corneas per 350 L of water)
and centrifuged at 14,000 x g for 2 min to remove cell debris
and stromal tissue. Crude lysates were confirmed to have equal
protein concentration with a BCA (bicinchoninic acid) assay kit
(Pierce Biotechnology, Inc., Thermo Fisher Scientific, Rockford,
IL, United States). P. aeruginosa (~10° CFU/mL) in lysate or
water were incubated in triplicate at 37°C with shaking for 3 h.
Viable bacterial counts of samples were then determined by 10-
fold serial dilution in PBS as described above, plating in triplicate
onto MacConkey Agar, followed by incubation for ~18 hat 37°C
to determine CFU. Percentage survival at 3 h was determined as
follows: (viable counts from cell lysates at 3 h/viable counts from
distilled water at 3 h) x 100%.

Confocal Microscopy

Murine eyeballs were imaged ex vivo as previously described
(Tam et al, 2011). Briefly, eyes were fixed to a 12 mm glass
coverslip with cyanoacrylate glue with cornea facing upward.
The coverslip with eyeball was placed in a 47 mm Petri
dish and filled with PBS to cover the eyeball completely.
Confocal imaging was performed using an Olympus FV1000
confocal microscope [Olympus BX615Wi upright microscope
with Olympus FluoView 1000 detection system equipped with
Laser Diodes (LD) 405, 440, 559, 635, and an Argon Laser

488/515]. The 488 nm laser (emission filter: 500-545 nm) was
used for detection of bacteria labeled with alkDala or FISH, or
corneas stained with fluorescein, the 559 nm laser (emission
filter: 570-670 nm) used for detection of red-fluorescent bacteria
(PAO1-dtom) or red fluorescent cell membranes, and the
635 nm laser used to obtain ocular surface reflectance (excitation
and emission at same wavelength). Three or more randomly
chosen fields of each eye (~0.04 mm?) were imaged from the
corneal surface through the entire epithelium in 1.0 pm steps
as previously described (Tam et al, 2011). Three-dimensional
images were reconstructed from z-stacks using IMARIS software
(Bitplane). Images were compared to controls to determine
threshold for each emission filter and held constant for all
images. Bacteria were identified and quantified using the surface
generation feature on IMARIS.

Statistical Analysis

Data were expressed as mean =+ standard deviation (SD).
Statistical significance of differences between means was
determined using an unpaired Student’s £-Test or Mann-Whitney
U-test for two group comparisons. For three or more groups, the
Kruskal-Wallis test was used with Dunnett’s multiple comparison
test for post hoc analysis. P-values < 0.05 were considered
significant.

RESULTS

AlkDala-Labeling Shows the Absence of
Metabolically Active Bacteria on the

Murine Cornea
To explore whether the cornea hosts a microbiome composed of
viable bacteria we used alkDala, a reagent that incorporates into
the peptidoglycan of any metabolically active bacterium. Bacteria
that have taken up alkDala can then be detected with an azide-
fluorophore attached via click chemistry (Figure 1A). Prior to
use in the mouse eye, these reagents were tested for specificity
and efficacy in the presence of host tissue. This was done first
using cultured HeLa cells incubated with either P. aeruginosa
strain PAO1 or S. aureus (clinical isolate). The results showed
that viable bacteria, but not the inoculated HeLa cells, labeled
with the reagents (Figure 1B). As expected, heat-killed bacteria
or bacteria treated with D-alanine alone (i.e., no alkyne group)
did not label (Figure 1B). Moreover, environmental fungi did not
label with alkDala in vitro (Supplementary Figure S1). Next, we
explored if the reagent is also able to detect live bacteria in the
context of murine corneas. Eyeballs freshly excised from mice
were incubated in ~10'! CFU/mL of PAO1-dtom ex vivo for
5 h. As shown in Figure 1C, bacteria that attached to the corneal
surface (visible via dtom), were also detectable by alkDala.
Having shown that alkDala can distinguish viable bacteria
in the context of the eye, we next used it to explore
if uninoculated wild-type murine corneas harbored viable
bacteria. Three random fields were selected to count the
number of visible bacterial forms, the size of each field
being ~0.04 pwm?. Very few alkDala-labeled bacteria were
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FIGURE 1 | Alkyne-functionalized b-alanine (AlkDala) detects metabolically active bacteria inoculated onto cell culture and the murine cornea. (A) Schematic of
alkDala (shown as a red X) labeling of bacteria. AlkDala is added to a bacterial suspension to allow incorporation into the cell wall peptidoglycan followed by a
copper-catalyzed click-chemistry reaction with an azide-fluorophore (shown as a y-star symbol) to detect bacteria with incorporated probe. (B) AlkDala labeling was
tested on Pseudomonas aeruginosa (PAO1) and Staphylococcus aureus (clinical isolate) in the presence of Hel a cells, and labeled all live bacteria (green, arrows)
(Lower Left). Heat-killed bacteria were not detected (Lower Middle), nor were live bacteria detected if incubated with D-alanine without an attached alkyne
(Lower Right). (Upper) show the phase-contrast images of respective fields. (C) To determine if bacteria on the murine ocular surface could be labeled with
alkDala, whole eyeballs were incubated in ~10"" CFU/mL of red fluorescent P aeruginosa (PAQ1-dtom) for 5 h, and then labeled using alkDala (green). The same
fields of view are shown with different emission filters. Inset shows zoom of the white box with merge. Scale bar, 50 um.

present on the healthy murine cornea (Figure 2A). In
contrast, the conjunctiva displayed numerous alkDala-labeled
forms (Figure 2B), supporting the existence of conjunctival-
associated bacteria as previously reported by us, and others,
using culture and sequencing methods (Fleiszig and Efron,
1992; Schabereiter-Gurtner et al., 2001; Graham et al., 2007;
Dong et al, 2011; Doan et al, 2016). Surprisingly, the
alkDala-labeled forms existed in long filamentous and tangled
states, not previously reported (Figure 2B). Use of D-alanine
alone, without an alkyne, confirmed that fluorescent labeling
was specific to alkyne incorporation into bacterial cell walls
(Figure 3A). Furthermore, transgenic mice with red fluorescent
cell membranes demonstrated that these alkDala-labeled forms
were not host tissue, suggesting that these filamentous structures
were microbial (Figure 3B).

We hypothesized that the filamentous forms belong to
the Corynebacterium spp., which are known to inhabit the
conjunctiva, and exist in filamentous forms in dental plaque
(Mark-Welch et al., 2016; St Leger et al., 2017). To test this, a
novel DMN-Tre labeling probe, specific to the Corynebacterineae
suborder, was used together with alkDala on murine conjunctival
tissue. The DMN-Tre reagent metabolically incorporates into

the outer mycomembrane of Corynebacterineae (includes
Mpycobacterium spp. and Corynebacterium spp.) as trehalose
mycolates (Kamariza et al., 2018). The fluorescence signal is
activated upon entry into the hydrophobic mycomembrane.
Results showed that the alkDala-labeled filamentous forms
(green) tangled in conjunctival tissue also labeled with DMN-
Tre (red) (Figure 3C) suggesting that they belong to the
Corynebacterineae.

FISH Supports the Absence of Viable

Bacteria on Healthy Murine Corneas

To account for the possibility of viable bacteria without
peptidoglycan-metabolic processes, or for which peptidoglycan
metabolism was inactive or at very low levels, we employed
FISH using a universal 16S rRNA gene probe. Unlike alkDala,
FISH does not require probe incorporation into bacterial cell
wall peptidoglycan, allowing the detection of viable bacteria
independently of peptidoglycan metabolism. FISH labeling on
the murine cornea was validated by incubating excised whole
mouse eyes in ~10'! CFU/mL of red fluorescent P. aeruginosa
(PAO1-dtom) for 5 h ex vivo. After one PBS wash, bacteria
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Cornea - alkDala

B Conjunctiva - alkDala

Scale bars, 50 pm.

FIGURE 2 | The healthy murine cornea is nearly devoid of viable bacteria. (A) AlkDala labeling revealed very few viable bacteria on the healthy corneas of C57BL/6
mice. Representative fields shown from four different labeled corneas (two male and two female mice). (B) AlkDala labeling of the conjunctiva of C57BL/6 mice
revealed numerous viable bacteria, many in a filamentous form. Representative fields of view are shown from seven different eyes (three male and four female mice).

remaining on the cornea were detected with FISH (green),
and consistently colocalized with red fluorescent P. aeruginosa
(Supplementary Figure S2).

Fluorescence in situ hybridization labeling was then applied
to healthy wild-type mouse corneas. Results revealed very few
bacterial forms were present on the murine cornea (Figure 4A),
consistent with previous results with alkDala (Figure 2A)
and suggesting that the cornea was free of viable bacteria.
A comparison of quantitative alkDala-labeling (0.53 + 0.76
bacteria/field of view, ~60 bacteria per cornea) with results
obtained from FISH labeling (0.88 £ 0.35 bacteria/field of view,
~100 bacteria per cornea) revealed no significant difference
between methods (Figure 4B, P = 0.40, Student’s t-Test). Thus,
on rare occasions that bacteria were detected on healthy murine
corneas, they mostly existed in viable, metabolically active states.

Murine Corneas Efficiently Clear Multiple

Species of Inoculated Bacteria

Previously we reported that P. aeruginosa was rapidly cleared
from the healthy mouse cornea and tear fluid after deliberate
inoculation (Mun et al., 2009). Here, we expanded those studies
to determine if P. aeruginosa, S. aureus, or a murine eyelid
commensal (CNS), could gain a foothold in any region of
the murine ocular surface after inoculation (Figure 5). Thus,

healthy wild-type animal eyes were inoculated in vivo with ~10%
CFU bacteria, and the number of viable bacteria remaining at
multiple locations examined after 24 h. Very few bacteria were
recovered from the eyewash/tear fluid of eyes inoculated with the
eyelid CNS commensal (~100 CFU, 6-log reduction compared
to inoculum). Bacteria could not be recovered at all from the
tear fluid of eyes inoculated with S. aureus or P. aeruginosa.
Corneas and conjunctival tissue each harbored between ~10? to
~10° CFU culturable bacteria for all three species, representing a
clearance rate of >99.99% of the original inoculum (Figure 5A).
We next explored if the few bacteria remaining at 24 h could
persist on the ocular surface for longer time periods. Thus,
experiments were repeated using a 72 h time frame. At this
later time point, bacteria were no longer detected in any of
the eye washes, and negligible (~10 CFU) or no bacteria were
detected on the cornea and conjunctiva (Figure 5B). In case the
large inoculum used had activated innate defenses not otherwise
involved, experiments were repeated again using a much smaller
inoculum (~10* rather than ~ 108 CFU). The results revealed
even fewer bacteria recovered after 24 h than were recovered
after the larger inoculum (Figure 5C). No ocular pathology was
observed in any of the experiments.

To determine if some additional remaining bacteria had
escaped detection by transitioning into a non-culturable state, we
also used the FISH label to detect viable bacterial forms. This was

Frontiers in Microbiology | www.frontiersin.org

May 2018 | Volume 9 | Article 1117


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wan et al.

Murine Cornea Lacks Bacterial Microbiome

A D-alanine

with different emission filters.

FIGURE 3 | Filamentous structures identified on conjunctiva are not host tissue. (A) Mouse eyes incubated in D-alanine, without an alkyne, resulted in no fluorescent
labeling. (B) Wild-type transgenic mice with fluorescent red cell membranes mT/mG knock-in mice (Muzumdar et al., 2007) were used in conjunction with alkDala
labeling to determine if the filaments identified on the conjunctiva colocalized with host tissue. Filamentous structures on the conjunctiva (Upper) did not colocalize
with host cell membranes (denoted Mem-dtom). Conversely, when filament-like structures were present in host tissue, alkDala labeling was not present (Lower).
Images shown on the left and right are of the same fields of view with different emission filters. (C) Imaging of murine conjunctival epithelial tissue shows that
DMN-Tre, a probe specific for Corynebacterineae (red), labeled most of the same conjunctival forms as alkDala (green). All images are from the same field of view

c DIC/ /DMN-Tre
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done 24 h after inoculation with ~10% CFU of P. aeruginosa, S.
aureus, or CNS. In all instances, the number of bacterial forms
visible on corneas using FISH was similar to numbers obtained
by viable counts (Figure 6). These results further illustrate the
in-hospitability of the corneal surface to bacterial colonization
and show that bacterial clearance from the healthy corneal
surface involves complete removal of bacterial forms, not simply
neutralization of viable bacteria.

Corneas of IL-1R (—/-) and MyD88 (—/-)

Mice Host Metabolically Active Bacteria

Mucosal surfaces are normally colonized by a significant number
of commensal microbes, which as an aggregate is termed a
microbiome. The above results confirmed the notion that the
healthy murine cornea differs in this respect by being virtually
clear of viable bacteria. To begin to understand the mechanisms
by which the cornea maintains this condition, we tested the
hypothesis that innate immune defenses that normally detect and

respond to microbes are required. Thus, we explored if the IL-1R
was involved using knockout mice, given that it plays an integral
role in regulation of innate immunity at mucosal surfaces,
including the eye (Pearlman et al., 2008; McDermott, 2009).
AlkDala labeling revealed that metabolically active bacteria were
present on uninjured corneas of IL-1R (—/—) mice (Figure 7A).
Since we had previously shown that MyD88 was critical for
protecting the murine corneal epithelium against penetration by
P. aeruginosa (Tam et al., 2011), and MyD88 is an important
adaptor molecule for IL-1R signaling, MyD88 (—/—) corneas
were also examined. AlkDala labeling revealed that uninjured
corneas of MyD88 (—/—) mice also harbored metabolically
active bacteria (Figure 7B). FISH showed similar numbers
of bacteria to alkDala labeling confirming that most detected
bacteria on IL-1R (—/—) and MyD88 (—/—) murine corneas
were viable (Figure 7C). Comparison of bacterial numbers
on IL-1R (—/—) mice (76.00 & 152.19 bacteria/field of view,
>10,000 CFU per cornea), MyD88 (—/—) mice (87.87 & 81.29
bacteria/field of view), with wild-type (<1 bacteria/field of
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FIGURE 4 | Fluorescence in situ hybridization (FISH) labeling confirms that healthy murine corneas are nearly devoid of viable bacteria. (A) FISH labeling confirmed
C57BL/6 mouse corneas host very few viable bacteria. A representative field of view is shown from four different corneas (two male and two female mice).

(B) Quantification of viable bacteria on healthy murine corneas using alkDala or FISH expressed as mean = SD per field of view. One field of view is ~0.04 mm?.
ns = there was no significant difference between number of bacteria detected by either method (P = 0.40, Student’s t-Test).
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FIGURE 5 | Bacterial clearance from the murine ocular surface. Eyes of C57BL/6 mice were inoculated in vivo with P aeruginosa, S. aureus, or a CNS sp. previously
isolated from a mouse eyelid, to determine if bacteria could persist on the ocular surface. Data was expressed as the mean + SD of viable bacteria recovered from
the cornea, conjunctiva, or eye wash (see section “Materials and Methods”). The dashed line represents initial inocula. (A) After 24 h, the vast majority of inoculated
bacteria (~108 CFU) were cleared from the cornea, conjunctiva, and eye wash. (B) By 72 h (3 days), virtually all bacteria were cleared from the ocular surface. (C) A
lower inoculum (~1 0* CFU) resulted in few remaining bacteria after 24 h. In each instance, P < 0.05 compared to the initial inoculum (Kruskal-Wallis test, with
Dunnett’s multiple comparison).
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FIGURE 6 | Cornea-associated bacteria remain culturable. Number of bacteria detected per cornea using viable counts compared to FISH labeling at 24 h after
uninjured mouse eyes were inoculated in vivo with ~108 CFU of P aeruginosa, S. aureus, or CNS. Data were expressed as the mean = SD of bacteria identified per
cornea. ns = No significant difference was found between methods used (P > 0.05, Mann-Whitney U-test).
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FIGURE 7 | Corneas of IL-1R (-/-) and MyD88 (-/-) C57BL/6 mice harbor significantly more viable bacteria than wild-type. (A) AlkDala-labeling revealed many
metabolically active bacteria (white arrows) on the corneas of uninjured IL-1R (/=) mice. A representative field of view is shown from seven different corneas (three
male and four female mice). (B) MyD88 (—/-) mouse corneas were also colonized with metabolically active bacteria. A representative field of view is shown from six
different corneas (two male and four female mice). (C) AlkDala and FISH detected similar numbers of viable bacteria on II-1R (-/-) or MyD88 (/-) corneas (ns, not
significant, Mann-Whitney U-test). (D) Quantification of viable bacteria detected per field of view using alkDala. Mean =+ SD viable bacteria on the murine cornea was
significantly higher in IL-1R (-/-) and MyD88 (—/-) mice versus wild-type, *P < 0.05, **P < 0.01 (Kruskal-Wallis test with Dunn’s multiple comparison). Antibiotic
treatment reduced bacterial detection to wild-type levels for IL-1R (-/-) and MyD88 (-/-) corneas (P = 0.88 and P = 0.66 versus wild-type, Kruskal-Wallis test with

Dunn’s multiple comparison). Scale bar, 50 pwm.

view) revealed significant increases in viable resident bacteria
in each gene knockout mouse (P < 0.05 and P < 0.01 for
IL-1R- and MyD88-gene knockout mice respectively, versus
wild-type corneas, Kruskal-Wallis test with Dunn’s multiple
comparison) (Figure 7D). Antibiotic treatment reduced the
number of alkDala-detected bacteria to wild-type levels for
both IL-1R (—/—) and MyD88 (—/—) mice. For IL-1R (—/—)
mice, antibiotics reduced bacterial numbers to 1.00 £ 1.00
bacteria/field of view, and for MyD88 (—/—) mice to 1.75 £ 1.75
bacteria/field of view (P = 0.88 and P = 0.66, respectively versus
WT, Kruskal-Wallis test with Dunn’s multiple comparison)
(Figure 7D).

Next, we sought to determine which bacterial species
inhabited the corneas of these immune-compromised mice.
Corneal lysates of wild-type and IL-1R (—/—) mice were
inoculated onto various agar media, and cultured bacteria

identified by direct colony PCR of 16S rRNA (Table 1). Wild-
type murine corneas revealed few, if any bacteria, consistent
with previous results. Only one genus, Streptococcus spp. was
identified in one of eight eyes with low bacterial numbers
(7 CFU). In contrast, bacteria were isolated from seven of eight
IL-1R (—/—) corneas with many more bacterial CFU compared
to wild-type (Table 1). The most common bacteria identified were
CNS spp. (five of eight eyes) and Propionibacterium (two of eight
eyes). A Bacillus spp. was also identified in one eye (Table 1). It
should be noted that the nature of the bacterial genera colonizing
IL-1R (—/—) corneas will likely vary according to environment,
e.g., differences between animal care facilities would likely affect
culture results. Moreover, the limited number and diversity of
bacteria isolated in the present study demonstrates the limitations
of viable culture techniques and emphasizes the need for multiple
methods when characterizing bacterial communities.
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IL-1R (—/-) Corneas Exhibit Epithelial
Junction Integrity but Reduced

Antimicrobial Activity
A potential mechanism for microbial colonization of corneas in
knockout mice would be if there was disruption of epithelial tight
junctions, which would reduce epithelial barrier function and loss
of cell polarity, thereby enabling bacterial colonization of surface
epithelial cells (Fleiszig et al.,, 1997; Alarcon et al.,, 2011; Tam
et al,, 2011). To explore that possibility, uninjured corneas of
IL-1R (—/—) mice were treated with fluorescein, and compared
to corneas of wild-type mice, either uninjured or blotted with a
Kimwipe™ to induce superficial injury (Tam et al.,, 2011). While
extensive fluorescein staining was observed in wild-type corneas
after superficial injury, uninjured corneas of IL-1R (—/—) mice
were similar to uninjured wild-type with little or no staining
(Figure 8A), suggesting epithelial tight junctions were intact.
Previously, we showed that MyD88 (—/—) mouse corneas
also resist corneal staining (Tam et al., 2011), but that corneal
lysates from these corneas have reduced antimicrobial activity
compared to wild-type (Sullivan et al., 2015). Thus, we examined
lysates of IL-1R (—/—) corneas and found that they too were
significantly less antimicrobial (2.46-fold) against P. aeruginosa
PAO1 compared to wild-type mice (P < 0.05, Student’s t-
Test) (Figure 8B). Prior exposure of the mouse corneas to
bacterial antigens did not impact that outcome, with IL-1R (—/—)
lysates remaining less antimicrobial (3.85-fold) than wild-type
(P < 0.0001, Student’s t-Test) (Figure 8B).

DISCUSSION

The ocular surface is constantly exposed to a diverse array of
microbes from the environment. In this study, we addressed

TABLE 1 | Bacteria identified on the corneas of wild-type and IL-1R (—/—) mice.

Wild-type IL-1R (—/-)
CFUs/ Bacteria CFUs/ Bacteria
cornea identified cornea identified
Eye 1 7 Streptococcus 130 Staphylococcus
Spp. spp. (CNS)
Eye 2 0 - 354 Staphylococcus
spp. (CNS)
Eye 3 0 - 179 Staphylococcus
spp. (CNS)
Eye 4 0 - 257 Staphylococcus
spp. (CNS)
Eye 5 0 - 48 Bacillus
spp.,
Staphylococcus
spp. (CNS)
Eye 6 0 - 3 Propionibacterium
spp.
Eye 7 0 - 13 Propionibacterium
spp.
Eye 8 0 - 0 -

the question of whether commensal bacteria can inhabit the
cornea, similar to the conjunctiva and other mucosal tissues.
To do this, we applied metabolic labeling of peptidoglycan
using an alkDala probe to directly detect viable bacteria
in situ using confocal imaging (Vaishnava et al., 2011; Siegrist
et al, 2013). Used in conjunction with FISH to identify
viable bacteria independently of peptidoglycan metabolism,
alkDala has an advantage over traditional culture or 16S
rRNA gene sequencing, which are indirect methods with
potential for numerous false-negative and false-positive results,
respectively. Our results show that the healthy murine cornea
is generally inhospitable to bacteria, a condition that requires
constitutive function of the IL-1R and MyD88. The results
also suggest that, in contrast to the murine conjunctiva
and other mucosal surfaces, the healthy murine cornea
does not support a resident viable bacterial community (or
microbiome).

Having ruled out a natural microbiome in wild-type mice, we
explored if we could establish one through deliberate inoculation.
We tested pathogens of both Gram-types, and a commensal
from the mouse eyelid. These were each rapidly cleared from all
regions of the ocular surface (cornea, conjunctiva, and tears), the
timing dependent on the initial inoculum size, and the methods
used ruled out the possibility that the bacteria had transitioned
into a non-culturable viable state. These results also support
the notion that the cornea is an inhospitable environment for
bacteria.

The results showed that the gain of bacterial colonization
in IL-1R and MyD88 (—/—) corneas did not correlate with
a loss of barrier function to fluorescein, but was instead
associated with a lack of antimicrobial activity in corneal
lysates (Sullivan et al., 2015). Thus, local antimicrobial activity
is a potential mechanism by which the wild-type cornea
maintains its amicrobiomic status. Indeed, IL-1f and toll-like
receptor agonists are known to regulate the expression of
various antimicrobial peptides, including human beta-defensin 2
(hBD2) and the cathelicidin LL-37, by human corneal epithelial
cells (McDermott et al.,, 2003; Redfern et al., 2011). Possibly
related, the murine equivalent of hBD2 (mBD3) is involved in
the ocular surface clearance of P. aeruginosa after deliberate
inoculation under healthy conditions (Augustin et al.,, 2011).
Other potential mechanisms include ocular surface mucins, that
can inhibit bacterial adhesion to the cornea (Fleiszig et al,
1994). While we recently showed that glycosylation patterns
on the murine ocular surface can be dependent on IL-1R
(Jolly et al., 2017), that was not the case for MyD88, and
did not necessarily influence bacterial adhesion. Thus, any
role for surface glycosylation in maintaining the amicrobiomic
status of the cornea is likely to be complex. Our laboratory
has also recently shown that uninjured IL-1R (—/—) mouse
corneas were significantly more susceptible to P. aeruginosa
adherence after challenge, and that protection of the cornea
against P. aeruginosa adhesion involved IL-1R associated with
both corneal epithelial cells and CD11C+- cells (Metruccio et al.,
2017). Similar mechanisms may play a role in constitutively
keeping the cornea free of a bacterial microbiome. It has also been
shown that MyD88 (—/—) murine corneas exhibited reduced
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FIGURE 8 | Uninjured IL-1R (~/-) murine corneas do not exhibit fluorescein staining, but show reduced antimicrobial activity. (A) After tissue paper blotting, wild-type
(WT) corneas were susceptible to fluorescein staining suggesting the disruption of epithelial integrity. Non-blotted (uninjured) WT and IL-1R (-/-) corneas showed little
or no fluorescein staining. (B) IL-1R (/=) corneal epithelial lysates showed reduced antimicrobial activity against P aeruginosa strain PAO1 compared to WT lysates.
A similar result was obtained in a separate set of experiments in which corneas were exposed to bacterial antigens prior to lysate production. *P < 0.05,
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constitutive levels of cytokines, chemokines, and the matrix
metalloproteinase MMP-9 (Reins et al., 2017), which may also
contribute to allowing bacteria to colonize the corneas of these
mice. Thus, further studies will be needed to delineate factors
downstream of IL-1R and MyD88 critical for constitutively
keeping the healthy cornea free of resident bacteria under normal
conditions.

Contrasting with the cornea, the conjunctiva appeared to
be colonized by metabolically active bacteria. Conjunctival-
associated alkDala-labeled bacteria appeared mostly as
filamentous forms. Controls determined that this labeling
was specific to alkDala, and that the filamentous structures
did not co-localize with host structures, suggesting that they
indeed microbial. Subsequent imaging experiments
showed that DMN-Tre, a probe specific for Corynebacterineae
(e.g., a bacterial suborder including Mycobacterium and
Corynebacterium spp.) labeled the same conjunctival filamentous
forms as alkDala providing more evidence of their identity.
This result was perhaps not surprising since the human
conjunctiva is well known to support CNS spp., Corynebacterium
spp.. and Propionibacterium spp. (Turnbaugh et al, 2007;
Dong et al, 2011; Doan et al, 2016). Moreover, in mice,
resident conjunctival-associated bacterial flora contribute to
protective ocular immune responses via IL-1B-dependent
mechanisms, and local antibiotic treatment reduces corneal
immune responses to P. aeruginosa infection after scarification
injury (Kugadas et al., 2016). Another recent study, using a
similar infection model, also implicated resident conjunctival
Corynebacterium mastitidis in protecting murine corneas from
Candida albicans and P. aeruginosa via IL-17-driven mucosal
immune responses (St Leger et al., 2017). In our study, we
detected the filamentous bacterial forms on the conjunctiva of
mice obtained from both Charles River and Jackson Laboratory.
However, we were unable to culture these filamentous bacteria
from the conjunctiva of mice used in our study, nor identify

were

C. mastitidis from the conjunctiva of mice from Jackson
Laboratory, or from other mice in our facility. Further studies
will be needed to identify the filamentous bacterial forms and
determine their role in ocular surface homeostasis or immune

responses.
Many different types of bacteria, including Corynebacterium
spp., become filamentous when encountering stressful

environments, such as in the presence of antibiotics or
low nutrients (Wright et al, 1988; Justice et al, 2006,
2008). Possibly, adoption of this morphology represents a
deliberate strategy to avoid removal from the ocular surface.
For example, filamentation can be used by bacteria to avoid
phagocytosis (Horvath et al, 2011). The conjunctiva is
not the only place where filamentous bacteria have been
identified. Indeed, filamentous Corynebacterium spp. are a
part of dental plaque and segmented filamentous bacteria
(SFB) are commensal inhabitants of the gut (Farkas et al,
2015; Schnupf et al., 2015; Mark-Welch et al., 2016). Unlike
other commensals in the gut, SFB are the only bacteria that
directly interact with epithelial cells and have been shown
to play an important role in modulating the host immune
system (Talham et al., 1999; Vaishnava et al., 2011; Farkas et al,,
2015).

Some bacteria respond to adverse environmental conditions
by entering into a physiological state in which they remain viable,
but are not culturable using standard laboratory methods (Oliver,
2010). These are referred to as VBNCs. Since VBNCs retain
metabolic activity (Ramamurthy et al., 2014), they would be
expected to label with the universal 16S rRNA gene probe used
for FISH in our study. While further VBNC-specific detection
methodologies would be needed to conclusively exclude VBNCs,
our data suggest that they are not present on the healthy murine
cornea.

A caveat to the present study, is that we cannot exclude
the presence of fungi, viruses, or non-viable bacteria on the
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corneal surface since alkDala did not label these microbes
in our studies. Moreover, FISH may not have detected non-
viable or dormant bacteria, e.g., if ribosome content was
low. Nevertheless, the results of this study support the
conclusion that the healthy murine cornea contrasts with the
conjunctiva in lacking a resident viable bacterial microbiome.
Demonstrating that healthy murine corneas do not host a
resident viable bacterial community, commonly present on the
conjunctiva, or that are part of other microbiomes, addresses
a long-standing knowledge gap in the field, and provides a
foundation for a better understanding of corneal homeostasis
and disease pathogenesis at the ocular surface. The details of
how MyD88 and IL-IR constitutively modulate the absence
of a bacterial microbiome on the cornea, and how this is
impacted by the environment at the ocular surface, remain to be
determined.

AUTHOR CONTRIBUTIONS

SW, AS, and PS conducted the experiments. SW, AS, PS, MM,
DE, CB, and SF contributed to the data analysis, writing the
manuscript, and research design.

REFERENCES

Alarcon, I., Tam, C., Mun, J. J., LeDue, J., Evans, D. J., and Fleiszig, S. M. (2011).
Factors impacting corneal epithelial barrier function against Pseudomonas
aeruginosa traversal. Invest. Ophthalmol. Vis. Sci. 52, 1368-1377. doi: 10.1167/
iovs.10-6125

Augustin, D. K., Heimer, S. R., Tam, C,, Li, W. Y., Le Due, J. M., Evans, D. ],
et al. (2011). Role of defensins in corneal epithelial barrier function against
Pseudomonas aeruginosa traversal. Infect. Immun. 79, 595-605. doi: 10.1128/
IAL.00854-10

Blacher, E., Levy, M., Tatirovsky, E., and Elinav, E. (2017). Microbiome-modulated
metabolites at the interface of host immunity. J. Immunol. 198, 572-580. doi:
10.4049/jimmunol.1601247

Blalock, T. D., Spurr-Michaud, S. J., Tisdale, A. S., Heimer, S. R., Gilmore, M. S,
Ramesh, V., etal. (2007). Functions of MUCI6 in corneal epithelial cells. Invest.
Ophthalmol. Vis. Sci. 48, 4509-4510. doi: 10.1167/iovs.07-0430

Consortium, H. M. P. (2012). Structure, function and diversity of the healthy
human microbiome. Nature 486, 207-214. doi: 10.1038/nature11234

Corréa, J. D., Calderaro, D. C., Ferreira, G. A., Mendonga, S. M., Fernandes,
G. R, Xiao, E., et al. (2017). Subgingival microbiota dysbiosis in systemic
lupus erythematosus: association with periodontal status. Microbiome 5, 1-13.
doi: 10.1186/s40168-017-0252-z

Doan, T., Akileswaran, L., Andersen, D., Johnson, B., Ko, N., Shrestha, A., et al.
(2016). Paucibacterial microbiome and resident DNA virome of the healthy
conjunctiva. Invest. Ophthalmol. Vis. Sci. 57, 5116-5126. doi: 10.1167/iovs.16-
19803

Dong, Q., Brulg, J. M., Iovieno, A., Bates, B., Garoutte, A., Miller, D., et al. (2011).
Diversity of bacteria at healthy human conjunctiva. Invest. Ophthalmol. Vis. Sci.
52, 5408-5413. doi: 10.1167/iovs.10-6939

Epstein, S. S. (2013). The phenomenon of microbial uncultivability. Curr. Opin.
Microbiol. 16, 636-642. doi: 10.1016/j.mib.2013.08.003

Evans, D. J., and Fleiszig, S. M. (2013). Why does the healthy cornea resist
Pseudomonas aeruginosa infection? Am. J. Ophthalmol. 155, 961.e2-970.e2.
doi: 10.1016/.2j0.2013.03.001

Farkas, A. M., Panea, C., Goto, Y., Nakato, G., Galan-Diez, M., Narushima, S.,
et al. (2015). Induction of Th17 cells by segmented filamentous bacteria in the
murine intestine. J. Immunol. Methods 421, 104-111. doi: 10.1016/j.jim.2015.
03.020

FUNDING

This work was supported by the National Institutes of Health;
EY011211 (SF), EY007043 (UC Berkeley Vision Science Training
Grant), and GM058867 (CB).

ACKNOWLEDGMENTS

Our thanks to Dr. John Singer (The University of Maine)
for the plasmid construct p67T1 (dTomato), Dr. Greg Barton
(University of California, Berkeley) for the gene knockout mice,
Dr. Arne Rietsch (Case Western Reserve University) and Dr.
Dara Frank (Medical College of Wisconsin) for the P. aeruginosa
strains and plasmid constructs, and the UC Berkeley DNA
Sequencing Facility.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.01117/full#supplementary-material

Fleiszig, S. M., and Efron, N. (1992). Microbial flora in eyes of current and former
contact lens wearers. J. Clin. Microbiol. 30, 1156-1161.

Fleiszig, S. M., Evans, D. J., Do, N., Vallas, V., Shin, S., and Mostov, K. E. (1997).
Epithelial cell polarity affects susceptibility to Pseudomonas aeruginosa invasion
and cytotoxicity. Infect. Immun. 65, 2861-2867.

Fleiszig, S. M., Zaidi, T. S., Ramphal, R., and Pier, G. B. (1994). Modulation of
Pseudomonas aeruginosa adherence to the corneal surface by mucus. Infect.
Immun. 62, 1799-1804.

Frank, D. N., St Amand, A. L., Feldman, R. A., Boedeker, E. C., Harpaz, N.,
and Pace, N. R. (2007). Molecular-phylogenetic characterization of microbial
community imbalances in human inflammatory bowel diseases. Proc. Natl.
Acad. Sci. U.S.A. 104, 13780-13785. doi: 10.1073/pnas.0706625104

Gevers, D., Knight, R., Petrosino, J. F., Huang, K., McGuire, A. L., Birren, B. W.,
et al. (2012). The Human Microbiome Project: a community resource for the
healthy human microbiome. PLoS Biol. 10:1001377. doi: 10.1371/journal.pbio.
1001377

Gillan, W. D. H. (2008). Conjunctival impression cytology: a review. Afr. Vision Eye
Health 67, 136-141. doi: 10.4102/aveh.v67i3.188

Graham, J. E., Moore, J. E., Jiru, X., Moore, J. E., Goodall, E. A., Dooley, J. S., et al.
(2007). Ocular pathogen or commensal: a PCR-based study of surface bacterial
flora in normal and dry eyes. Invest. Ophthalmol. Vis. Sci. 48, 5616-5618. doi:
10.1167/i0vs.07-0588

Grice, E. A., Kong, H. H., Conlan, S., Deming, C. B., Davis, J., Young, A. C,, et al.
(2009). Topographical and temporal diversity of the human skin microbiome.
Science 324, 1190-1192. doi: 10.1126/science.1171700

Halfvarson, J., Brislawn, C. J., Lamendella, R., Vdzquez-Baeza, Y., Walters, W. A.,
Bramer, L. M., et al. (2017). Dynamics of the human gut microbiome in
inflammatory bowel disease. Nat. Microbiol. 2:17004. doi: 10.1038/nmicrobiol.
2017.4

Horvath, D. J,, Li, B., Casper, T., Partida-Sanchez, S., Hunstad, D. A., Hultgren,
S. J., et al. (2011). Morphological plasticity promotes resistance to phagocyte
killing of uropathogenic Escherichia coli. Microbes Infect. 13, 426-437. doi:
10.1016/j.micinf.2010.12.004

Jolly, A. L., Agarwal, P., Metruccio, M. M. E., Spiciarich, D. R,, Evans, D. ],
Bertozzi, C. R, et al. (2017). Corneal surface glycosylation is modulated
by IL-1R and Pseudomonas aeruginosa challenge but is insufficient for
inhibiting bacterial binding. FASEB J. 31, 2393-2404. doi: 10.1096/fj.201601
198R

Frontiers in Microbiology | www.frontiersin.org

May 2018 | Volume 9 | Article 1117


https://www.frontiersin.org/articles/10.3389/fmicb.2018.01117/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01117/full#supplementary-material
https://doi.org/10.1167/iovs.10-6125
https://doi.org/10.1167/iovs.10-6125
https://doi.org/10.1128/IAI.00854-10
https://doi.org/10.1128/IAI.00854-10
https://doi.org/10.4049/jimmunol.1601247
https://doi.org/10.4049/jimmunol.1601247
https://doi.org/10.1167/iovs.07-0430
https://doi.org/10.1038/nature11234
https://doi.org/10.1186/s40168-017-0252-z
https://doi.org/10.1167/iovs.16-19803
https://doi.org/10.1167/iovs.16-19803
https://doi.org/10.1167/iovs.10-6939
https://doi.org/10.1016/j.mib.2013.08.003
https://doi.org/10.1016/j.ajo.2013.03.001
https://doi.org/10.1016/j.jim.2015.03.020
https://doi.org/10.1016/j.jim.2015.03.020
https://doi.org/10.1073/pnas.0706625104
https://doi.org/10.1371/journal.pbio.1001377
https://doi.org/10.1371/journal.pbio.1001377
https://doi.org/10.4102/aveh.v67i3.188
https://doi.org/10.1167/iovs.07-0588
https://doi.org/10.1167/iovs.07-0588
https://doi.org/10.1126/science.1171700
https://doi.org/10.1038/nmicrobiol.2017.4
https://doi.org/10.1038/nmicrobiol.2017.4
https://doi.org/10.1016/j.micinf.2010.12.004
https://doi.org/10.1016/j.micinf.2010.12.004
https://doi.org/10.1096/fj.201601198R
https://doi.org/10.1096/fj.201601198R
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wan et al.

Murine Cornea Lacks Bacterial Microbiome

Justice, S. S., Hunstad, D. A., Cegelski, L., and Hultgren, S. J. (2008). Morphological
plasticity as a bacterial survival strategy. Nat. Rev. Microbiol. 6, 162-168.
doi: 10.1038/nrmicro1820

Justice, S. S., Hunstad, D. A., Seed, P. C., and Hultgren, S. J. (2006). Filamentation
by Escherichia coli subverts innate defenses during urinary tract infection. Proc.
Natl. Acad. Sci. U.S.A. 103, 19884-19889. doi: 10.1073/pnas.0606329104

Kamariza, M., Shieh, P., Ealand, C. S., Peters, J. S., Chu, B., Rodriguez-
Rivera, F. P., et al. (2018). Rapid detection of Mycobacterium tuberculosis in
sputum with a solvatochromic trehalose probe. Sci. Transl. Med. 10:eaam6310.
doi: 10.1126/scitranslmed.aam6310

Kawai, Y., Mercier, R, Wu, L. J., Dominguez-Cuevas, P., Oshima, T., and
Errington, J. (2015). Cell growth of wall-free L-form bacteria is limited by
oxidative damage. Curr. Biol. 25, 1613-1618. doi: 10.1016/j.cub.2015.04.031

Koeth, R. A., Wang, Z., Levison, B. S., Buffa, J. A, Org, E., Sheehy, B. T., et al.
(2013). Intestinal microbiota metabolism of 1-carnitine, a nutrient in red meat,
promotes atherosclerosis. Nat. Med. 19, 576-585. doi: 10.1038/nm.3145

Kugadas, A., Christiansen, S. H., Sankaranarayanan, S., Surana, N. K., Gauguet, S.,
Kunz, R, et al. (2016). Impact of microbiota on resistance to ocular
Pseudomonas aeruginosa-induced keratitis. PLoS Pathog. 12:e1005855. doi: 10.
1371/journal.ppat.1005855

Kwong, M. S. F., Evans, D. J., Ni, M., Cowell, B. A., and Fleiszig, S. M. (2007).
Human tear fluid protects against Pseudomonas aeruginosa keratitis in a murine
experimental model. Infect. Immun. 75, 2325-2332. doi: 10.1128/IA1.01404-06

Li, J., Metruccio, M. M. E., Smith, B. E.,, Evans, D. J., and Fleiszig, S. M.
(2017). Mucosal fluid glycoprotein DMBT1 suppresses twitching motility and
virulence of the opportunistic pathogen Pseudomonas aeruginosa. PLoS Pathog.
13:e1006392. doi: 10.1371/journal.ppat.1006392

Liu, C. M,, Price, L. B, Hungate, B. A, Abraham, A. G., Larsen, L. A,
Christensen, K., et al. (2015). Staphylococcus aureus and the ecology of the nasal
microbiome. Sci. Adv. 1:¢1400216. doi: 10.1126/sciadv.1400216

Lu, L.J., and Liu, J. (2016). Human microbiota and ophthalmic disease. Yale J. Biol.
Med. 89, 325-330.

Maltseva, I. A., Fleiszig, S. M., Evans, D. ], Kerr, S., Sidhu, S. S., McNamara, N. A,,
etal. (2007). Exposure of human corneal epithelial cells to contact lenses in vitro
suppresses the upregulation of human B-defensin-2 in response to antigens of
Pseudomonas aeruginosa. Exp. Eye Res. 85, 142-153. doi: 10.1016/j.exer.2007.
04.001

Mark-Welch, J. L., Rossetti, B. ., Rieken, C. W., Dewhirst, F. E., and Borisy, G. G.
(2016). Biogeography of a human oral microbiome at the micron scale. Proc.
Natl. Acad. Sci. U.S.A. 113, E791-E800. doi: 10.1073/pnas.1522149113

Masinick, S. A., Montgomery, C. P., Montgomery, P. C., and Hazlett, L. D. (1997).
Secretory IgA inhibits Pseudomonas aeruginosa binding to cornea and protects
against keratitis. Invest. Ophthalmol. Vis. Sci. 38, 910-918.

McDermott, A. M. (2009). The role of antimicrobial peptides at the ocular surface.
Ophthalmic Res. 41, 60-75. doi: 10.1159/000187622

McDermott, A. M., Redfern, R. L., Zhang, B., Pei, Y., Huang, L., and Proske, R. J.
(2003). Defensin expression by the cornea: multiple signaling pathways mediate
IL-1B stimulation of hBD-2 expression by human corneal epithelial cells. Invest.
Ophthalmol. Vis. Sci. 44, 1859-1865. doi: 10.1167/i0vs.02-0787

McNamara, N. A,, Van, R,, Tuchin, O. S., and Fleiszig, S. M. (1999). Ocular surface
epithelia express mRNA for human beta defensin-2. Exp. Eye Res. 69, 483-490.
doi: 10.1006/exer.1999.0722

Metruccio, M. M. E., Tam, C., Evans, D. ], Xie, A. L., Stern, M. E., and Fleiszig, S. M.
(2017). Contributions of MyD88-dependent receptors and CD11c-positive cells
to corneal epithelial barrier function against Pseudomonas aeruginosa. Sci. Rep.
7:13829. doi: 10.1038/s41598-017-14243-w

Mun, J. J., Tam, C., Evans, D. J., and Fleiszig, S. M. (2011). Modulation of epithelial
immunity by mucosal fluid. Sci. Rep. 1:8. doi: 10.1038/srep00008

Mun, J. J., Tam, C., Kowbel, D., Hawgood, S., Barnett, M. J., Evans, D. ], et al.
(2009). Clearance of Pseudomonas aeruginosa from a healthy ocular surface
involves surfactant protein D and is compromised by bacterial elastase in a
murine null-infection model. Infect. Immun. 77, 2392-2398. doi: 10.1128/IAL
00173-09

Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L., and Luo, L. (2007). A global
double-fluorescent Cre reporter mouse. Genesis 45, 593-605. doi: 10.1002/dvg.
20335

Oliver, J. D. (2005). The viable but nonculturable state in bacteria. J. Microbiol. 43,
93-100.

Oliver, J. D. (2010). Recent findings on the viable but nonculturable state in
pathogenic bacteria. FEMS Microbiol. Rev. 34, 415-425. doi: 10.1111/j.1574-
6976.2009.00200.x

Ozkan, J., Nielsen, S., Diez-Vives, C., Coroneo, M., Thomas, T., and Willcox, M.
(2017). Temporal stability and composition of the ocular surface microbiome.
Sci. Rep. 7:9880. doi: 10.1038/541598-017-10494-9

Pearlman, E., Johnson, A., Adhikary, G., Sun, Y., Chinnery, H. R,, Fox, T.,
et al. (2008). Toll-like receptors at the ocular surface. Ocul. Surf. 6, 108-116.
doi: 10.1016/S1542-0124(12)70279-3

Ramamurthy, T., Ghosh, A., Pazhani, G. P., and Shinoda, S. (2014). Current
perspectives on viable but non-culturable (VBNC) pathogenic bacteria. Front.
Public Health 2:103. doi: 10.3389/fpubh.2014.00103

Ravel, J., Gajer, P., Abdo, Z., Schneider, G. M., Koenig, S. S., McCulle, S. L., et al.
(2011). Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci.
U.S.A. 108(Suppl. 1), 4680-4687. doi: 10.1073/pnas.1002611107

Redfern, R. L., Reins, R. Y., and McDermott, A. M. (2011). Toll-like receptor
activation modulates antimicrobial peptide expression by ocular surface cells.
Exp. Eye Res. 92, 209-220. doi: 10.1016/j.exer.2010.12.005

Reins, R. Y., Courson, J., Lema, C., and Redfern, R. L. (2017). MyD88 contribution
to ocular surface homeostasis. PLoS One 12:¢0182153. doi: 10.1371/journal.
pone.0182153

Salter, S. J., Cox, M. J., Turek, E. M., Calus, S. T., Cookson, W. O., Moffatt,
M. F,, etal. (2014). Reagent and laboratory contamination can critically impact
sequence-based microbiome analyses. BMC Biol. 12:87. doi: 10.1186/s12915-
014-0087-z

Schabereiter-Gurtner, C., Maca, S., Rélleke, S., Nigl, K., Lukas, J., Hirschl, A., et al.
(2001). 16S rDNA-based identification of bacteria from conjunctival swabs by
PCR and DGGE fingerprinting. Invest. Ophthalmol. Vis. Sci. 42, 1164-1171.

Scher, J. U., Sczesnak, A., Longman, R. S., Segata, N., Ubeda, C., Bielski, C.,
et al. (2013). Expansion of intestinal Prevotella copri correlates with enhanced
susceptibility to arthritis. eLife 2:e01202. doi: 10.7554/eLife.01202

Schnupf, P., Gaboriau-Routhiau, V., Gros, M., Friedman, R., Moya-Nilges, M.,
Nigro, G., et al. (2015). Growth and host interaction of mouse segmented
filamentous bacteria in vitro. Nature 520, 99-103. doi: 10.1038/nature14027

Shieh, P., Siegrist, M. S., Cullen, A. J., and Bertozzi, C. R. (2014). Imaging bacterial
peptidoglycan with near-infrared fluorogenic azide probes. Proc. Natl. Acad. Sci.
U.S.A. 111, 5456-5461. doi: 10.1073/pnas.1322727111

Siegrist, M. S., Swarts, B. M., Fox, D. M., Lim, S. A., and Bertozzi, C. R. (2015).
Ilumination of growth, division and secretion by metabolic labeling of the
bacterial cell surface. FEMS Microbiol. Rev. 39, 184-202. doi: 10.1093/femsre/
fuu012

Siegrist, M. S., Whiteside, S., Jewett, J. C., Aditham, A., Cava, F., and Bertozzi, C. R.
(2013). d-amino acid chemical reporters reveal peptidoglycan dynamics of an
intracellular pathogen. ACS Chem. Biol. 8, 500-505. doi: 10.1021/cb3004995

Singer, J. T., Phennicie, R. T., Sullivan, M. J., Porter, L. A., Shaffer, V. J., and Kim,
C. H. (2010). Broad-host-range plasmids for red fluorescent protein labeling of
Gram-negative bacteria for use in the Zebrafish model system. Appl. Environ.
Microbiol. 76, 3467-3474. doi: 10.1128/ AEM.01679-09

St Leger, A. J., Desai, J. V., Drummond, R. A., Kugadas, A., Almaghrabi, F.,
Silver, P, et al. (2017). An ocular commensal protects against corneal infection
by driving an interleukin-17 response from mucosal y8 T cells. Immunity 47,
148.e5-158.¢5. doi: 10.1016/j.immuni.2017.06.014

Sullivan, A. B., Tam, K. P., Metruccio, M. M. E,, Evans, D. J., and Fleiszig, S. M.
(2015). The importance of the Pseudomonas aeruginosa type III secretion
system in epithelium traversal depends upon conditions of host susceptibility.
Infect. Immun. 83, 1629-1640. doi: 10.1128/IA1.02329-14

Talham, G. L, Jiang, H. Q., Bos, N. A,, and Cebra, J. J. (1999). Segmented
filamentous bacteria are potent stimuli of a physiologically normal state of the
murine gut mucosal immune system. Infect. Immun. 67, 1992-2000.

Tam, C., LeDue, J., Mun, J. J., Herzmark, P., Robey, E. A., Evans, D. J., et al. (2011).
3D quantitative imaging of unprocessed live tissue reveals epithelial defense
against bacterial adhesion and subsequent traversal requires MyD88. PLoS One
6:€24008. doi: 10.1371/journal.pone.0024008

Tam, C., Mun, J. ], Evans, D. J., and Fleiszig, S. M. (2012). Cytokeratins mediate
epithelial innate defense through their antimicrobial properties. J. Clin. Invest.
122, 3665-3677. doi: 10.1172/JC164416

Thaiss, C. A., Zmora, N., Levy, M., and Elinav, E. (2016). The microbiome and
innate immunity. Nature 535, 65-74. doi: 10.1038/nature18847

Frontiers in Microbiology | www.frontiersin.org

May 2018 | Volume 9 | Article 1117


https://doi.org/10.1038/nrmicro1820
https://doi.org/10.1073/pnas.0606329104
https://doi.org/10.1126/scitranslmed.aam6310
https://doi.org/10.1016/j.cub.2015.04.031
https://doi.org/10.1038/nm.3145
https://doi.org/10.1371/journal.ppat.1005855
https://doi.org/10.1371/journal.ppat.1005855
https://doi.org/10.1128/IAI.01404-06
https://doi.org/10.1371/journal.ppat.1006392
https://doi.org/10.1126/sciadv.1400216
https://doi.org/10.1016/j.exer.2007.04.001
https://doi.org/10.1016/j.exer.2007.04.001
https://doi.org/10.1073/pnas.1522149113
https://doi.org/10.1159/000187622
https://doi.org/10.1167/iovs.02-0787
https://doi.org/10.1006/exer.1999.0722
https://doi.org/10.1038/s41598-017-14243-w
https://doi.org/10.1038/srep00008
https://doi.org/10.1128/IAI.00173-09
https://doi.org/10.1128/IAI.00173-09
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1038/s41598-017-10494-9
https://doi.org/10.1016/S1542-0124(12)70279-3
https://doi.org/10.3389/fpubh.2014.00103
https://doi.org/10.1073/pnas.1002611107
https://doi.org/10.1016/j.exer.2010.12.005
https://doi.org/10.1371/journal.pone.0182153
https://doi.org/10.1371/journal.pone.0182153
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.7554/eLife.01202
https://doi.org/10.1038/nature14027
https://doi.org/10.1073/pnas.1322727111
https://doi.org/10.1093/femsre/fuu012
https://doi.org/10.1093/femsre/fuu012
https://doi.org/10.1021/cb3004995
https://doi.org/10.1128/AEM.01679-09
https://doi.org/10.1016/j.immuni.2017.06.014
https://doi.org/10.1128/IAI.02329-14
https://doi.org/10.1371/journal.pone.0024008
https://doi.org/10.1172/JCI64416
https://doi.org/10.1038/nature18847
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wan et al.

Murine Cornea Lacks Bacterial Microbiome

Turnbaugh, P. J,, Ley, R. E., Hamady, M., Fraser-Liggett, C. M., Knight, R., and
Gordon, J. L. (2007). The human microbiome project. Nature 449, 804-810.
doi: 10.1038/nature06244

Vaishnava, S., Yamamoto, M., Severson, K. M., Ruhn, K. A., Yu, X, Koren, O., et al.
(2011). The antibacterial lectin ReglIIgamma promotes the spatial segregation
of microbiota and host in the intestine. Science 334, 255-258. doi: 10.1126/
science.1209791

Widjojoatmodjo, M. N., Fluit, A. C., and Verhoef, J. (1994). Rapid identification of
bacteria by PCR-single-strand conformation polymorphism. J. Clin. Microbiol.
32,3002-3007.

Willcox, M. D. (2013). Characterization of the normal microbiota of the ocular
surface. Exp. Eye Res. 117, 99-105. doi: 10.1016/j.exer.2013.06.003

Wright, J. B., Costerton, J. W., and McCoy, W. F. (1988). Filamentous growth
of Pseudomonas aeruginosa. J. Ind. Microbiol. 3, 139-146. doi: 10.1007/
BF01569520

Yi, X.,, Wang, Y., and Yu, F. S. (2000). Corneal epithelial tight junctions and
their response to lipopolysaccharide challenge. Invest. Ophthalmol. Vis. Sci. 41,
4093-4100.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Wan, Sullivan, Shieh, Metruccio, Evans, Bertozzi and Fleiszig.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

14

May 2018 | Volume 9 | Article 1117


https://doi.org/10.1038/nature06244
https://doi.org/10.1126/science.1209791
https://doi.org/10.1126/science.1209791
https://doi.org/10.1016/j.exer.2013.06.003
https://doi.org/10.1007/BF01569520
https://doi.org/10.1007/BF01569520
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	IL-1R and MyD88 Contribute to the Absence of a Bacterial Microbiome on the Healthy Murine Cornea
	Introduction
	Materials and Methods
	Bacterial Strains
	Bacterial Isolation and Identification
	Mice
	Ocular Clearance of Bacteria
	AlkDala (Alkyne-Functionalized D-Alanine) Labeling
	Fluorescence in Situ Hybridization
	DMN-Tre (4-N,N-Dimethylamino-1,8-Naphthalimide-Trehalose) Labeling
	Fluorescein Staining
	Antimicrobial Activity of Corneal Lysates
	Confocal Microscopy
	Statistical Analysis

	Results
	AlkDala-Labeling Shows the Absence of Metabolically Active Bacteria on the Murine Cornea
	FISH Supports the Absence of Viable Bacteria on Healthy Murine Corneas
	Murine Corneas Efficiently Clear Multiple Species of Inoculated Bacteria
	Corneas of IL-1R (-/-) and MyD88 (-/-) Mice Host Metabolically Active Bacteria
	IL-1R (-/-) Corneas Exhibit Epithelial Junction Integrity but Reduced Antimicrobial Activity

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


