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ARTICLE INFO ABSTRACT

Keywords: Neisseria gonorrhoeae, the causative agent of the sexually transmitted infection, gonorrhoea, is known to form
Biofilm biofilms rich in extracellular DNA on human cervical cells. Biofilm formation is conducive to increased anti-
DNA ligase

microbial resistance and evasion of the host immune system, potentially causing asymptomatic infections. Using
plate-based assays we have previously shown that disruption of a potential extracellular DNA ligase, Lig E, in
N. gonorrhoeae impacts biofilm formation. In this research, we further explored this phenotype using confocal
and scanning electron microscopy to directly visualise the morphology of microcolony and biofilm formation.
Biofilm growth on artificial surfaces and on 3-dimensional human vaginal epithelial tissue was evaluated for
strains where lig E was either disrupted or overexpressed. Results demonstrated that Lig E was important for the
formation of robust, compact N. gonorrhoeae microcolonies, as well as extensive biofilms on artificial surfaces.
The lig E deletion strain also had the highest tendency to be retained on the surface of epithelial tissues, with
decreased invasion and damage to host cell layers. These findings support a role for Lig E to be secreted from
N. gonorrhoeae cells for the purpose of inter-cell adhesion and biofilm formation. We suggest that Lig E
strengthens the extracellular matrix and hence microcolony and biofilm formation of N. gonorrhoeae by ligation

Extracellular DNA
Neisseria gonorrhoeae
Reconstituted epithelial tissue

of extracellular DNA.

1. Introduction

Neisseria gonorrhoeae is a Gram-negative diplococcus bacterium
responsible for the sexually transmitted infection (STI), gonorrhoea.
With the World Health Organisation estimating 106 million new cases
each year, gonorrhoea is the second most common STI in the world [1,
2]. Infections occur in the mucosal epithelial cells of the urogenital tract,
causing inflammation that presents as pain with urination in men
(urethritis) and abnormal bleeding and pain in women (cervicitis) [3,4].
Additionally, infections in women may spread to the upper reproductive
tract, causing pelvic inflammatory disease, as well as ectopic pregnancy
or infertility [5]. If left untreated, infections in pregnant women may
also lead to neonatal conjunctivitis and blindness in the newborn [5,6].
In females, a high proportion of N. gonorrhoeae infections are asymp-
tomatic (>50 %), allowing the bacterium to spread undetected in the
community [1,5]. This trait is often attributed to the bacterium’s ability
to readily form biofilms, which aid in oxidative stress survival, attach-
ment to surfaces and evasion from the host immune system [7,8].
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Interestingly, N. gonorrhoeae lacks the genes necessary to produce the
exopolysaccharides that contribute to biofilm architecture in other
bacterial species [8]. Instead, N. gonorrhoeae utilises extracellular DNA
(exDNA) as the major component which provides structural integrity to
the biofilm [9]. This exDNA may originate from the frequent autolysis
that occurs in N. gonorrhoeae cells, or from active secretion of DNA via
the type IV secretion system (T4SS) [10-14]. In addition, the membra-
nous extensions or blebs of the outer membrane that are extruded during
gonococcal biofilm formation often harbour DNA [8,15,16]. The abun-
dance of exDNA in the biofilm has the potential to act as a pool for gene
exchange and acquisition of new antibiotic resistance genes [17];
however the extent of DNA diffusion through established gonococcal
biofilm is modulated by its maturity and density, which may limit hor-
izontal gene transfer by this mechanism [17,18].

The DNA component of gonococcal biofilms is enzymatically
remodelled by a secreted thermonuclease, Nuc, that degrades exDNA in
the biofilm matrix, as well neutrophil extracellular traps (NETs), the
latter aiding in bacterial escape from NET killing [9,19]. However in
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addition to this nuclease, N. gonorrhoeae also encodes a minimal
ATP-dependent DNA ligase, Lig E, which like Nuc, possesses an N-ter-
minal signal peptide that is predicted to direct its extracellular secretion.
Removal of this signal sequence has been shown to increase both sta-
bility and activity of recombinantly-expressed Lig E, which promotes the
view that it is the cleaved isoform that represents the
biologically-relevant mature protein. Lig E is encoded in the genomes of
many Gram-negative bacteria without any synthetic organisation or
consistent co-localisation with other genes [20,21]. This, together with
the presence of the N-terminal signal sequence, suggests a function of Lig
E other than chromosomal DNA repair and that it may act on exDNA [22,
23]. Consistent with this is the fact that Lig E is found in many
biofilm-forming and competent proteobacteria like N. gonorrhoeae [21].
Recently, we reported that deletion of lig E from N. gonorrhoeae (lig E)
negatively impacted the extent of biofilm formation when measured via
an indirect crystal violet assay, as well as impacting N. gonorrhoeae
adhesion to host human cervical cells [24].

In the present study, we further explore this phenotype using mi-
croscopy to visualise biofilms formed by lig E deletion and over-
expressing strains of N. gonorrhoeae. We provide the first reported use of
the Centre for Disease Control (CDC) Biofilm Reactor® (BioSurface
Technologies) to generate constant shear forces during growth of
N. gonorrhoeae biofilms, in conjunction with subsequent assessment of
biofilms using confocal laser scanning microscopy (CLSM). We also used
commercially available 3-dimensional (3-D) reconstituted human
vaginal epithelium (rHVE) (SkinEthic Laboratories) in lieu of traditional
2-dimensional (2-D) cell lines for host-cell assays. Such reconstituted
epithelial models account for different cell morphologies, tissue archi-
tecture and differentiation that occur during normal microbial infection
in vivo [25]. Use of these approaches demonstrated the potential
importance of Lig E on N. gonorrhoeae microcolony and biofilm forma-
tion, as well as quantifying the damage to human tissue.

2. Methods
2.1. Neisseria gonorrhoeae manipulation

All N. gonorrhoeae used in this study were of the MS11 strain (Gen-
Bank: CP003909.1). Gonococci were grown at 37 °C with 5 % CO, either
on gonococcal base (GCB) agar (Difco) or in gonococcal base liquid
(GCBL) (15 g/L Bacto™ Protease Peptone No. 3, 4 g/L KoHPOg4, 1 g/L
KH,PO4, 1 g/L NaCl), both supplemented with 1 % Kellogg’s supple-
ment (22.22 mM glucose, 0.68 mM glutamine, 0.45 mM cocarboxylase,
1.23 mM Fe(NOg3)3) [6]. Liquid growth was supplemented with sodium
bicarbonate (0.042 %), while solid growth was maintained in a 5 % CO»
atmosphere. Piliation status was determined by morphology under a
dissecting microscope at the start of each experiment.

The Anuck®® mutant (Table 1) was generated in the same manner as
the previously-described mutants used in this study via spot trans-
formation [6,24]. Briefly, the transforming DNA constructs were or-
dered as gene fragments from Twist Biosciences with flanking sequences
surrounding the nuc site to facilitate homologous recombination. Pili-
ated, Opa negative (Opa-) colonies were streaked through 10 ng spots of
the DNA construct. Mutants were selected on GCB agar with 50 pg/mL
kanamycin before verification by PCR and sequencing.

The generation of other strains used in this study (Table 1) has been
reported previously [24]. As described, the Alig E™ and wt genomes
were previously re-sequenced to confirm that there were no significant
differences between the two genomes apart from the disruption of lig E
[24].

2.2. Biofilm formation in CDC Biofilm Reactors®
To facilitate imaging via confocal microscopy, wt N. gonorrhoeae and

the lig E mutants (Table 1) were each transformed with the pEG2 cryptic
plasmid [26], which was kindly gifted to us by the Radcliff laboratory
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Table 1
List of N. gonorrhoeae MS11 mutants used in this study (GenBank: CP003909.1).
Mutant Insertion Purpose Source
Alig E<™" Kanamycin resistance lig E knock-out mutant [24]
cassette disrupting the lig E
gene (NGFG_RS11310)
lig E- 6-His-tag and a kanamycin Control for the insertion of ~ [24]
hiskan resistance cassette inserted the kanamycin resistance
at the C-terminus of lig E cassette in the ALig E<O"
mutant, with the His-tag
serving as an epitope tag
opaB-lig Codon-optimised lig E gene Lig E under a strong [24]
E- under the constitutive opaB constitutive promoter in a
hisken promoter inserted in a neutral site in the genome
neutral site in the genome to observe the effects of
(NGFG_RS15145, annotated overexpression of Lig E
as a phage protein)
Anucka Kanamycin resistance Positive control for This
cassette interrupting the nuc  increased biofilm work,
(thermonuclease) gene, formation in based on

NGFG_RS05400 as outlined
by [9]

N. gonorrhoeae for
scanning electron

91

microscopy

(University of Auckland). The pEG2 plasmid contains an sfGFP gene
under a porA promoter and was introduced to the MS11 variants via spot
transformation with selection via erythromycin (10 pg/mL). Successful
transformants were verified by fluorescence of the sfGFP under blue
light, and the plasmids were continuously maintained in N. gonorrhoeae
by addition of erythromycin to culture media.

The pEG2 transformants of the N. gonorrhoeae variants were streaked
and cultured for 24 h on GCB plates with erythromycin. Piliated bacteria
were then lawned and cultured for 16 h on chocolate agar before
resuspension in GCBL. For each mutant, a 1 mL suspension of an ODggo
of 0.05 was used to inoculate media for growth in the CBR 90 Standard
CDC Biofilm Reactor® (Biosurface Technologies), which was assembled
as per the manufacturer’s protocol (Fig. 1). Briefly, polycarbonate
coupons (diameter: 12.7 mm; thickness: 3.8 mm) were fitted into ver-
tical polypropylene rods in the biofilm reactor. The 1 mL inoculum was
introduced via the inlet port into the vessel containing GCBL with
erythromycin and sodium bicarbonate (333 mL). Batch growth with
stirring was performed for 6 h before continuous flow with sterile GCBL
at 0.6 mL per min for 16-17 h. The coupons were then extracted from
the rods and rinsed twice in water before CLSM.

2.3. Infection of reconstructed human vaginal epithelium (rHVE)

SkinEthic™ HVE tissue (0.5 crnz, age day 5; HVE/S/5) was obtained
from Episkin (Lyon, France). These are vulval epidermoid carcinoma
A431 cells seeded on a polycarbonate filter in inserts and maintained at
the air-liquid interface (Fig. 2). This model epithelium was selected as
this cell line is histologically similar to vaginal mucosal cells which
N. gonorrhoeae readily infects. Upon receipt, cells were equilibrated with
the SkinEthic™ Maintenance Medium (Episkin) for 4 h in 12-well plates
in a humidified chamber (37 °C, 5 % CO3), before replacement with
fresh medium (1 mL). N. gonorrhoeae pEG2 cultures prepared in the
same medium (100 pL) were inoculated onto the cellsat 1 x 108 CFU per
cm? and left for 1617 h in a humidified chamber (37 °C, 5% COy). The
supernatant under each tissue insert was recovered and used for lactate
dehydrogenase (LDH) activity assays, while the cell inserts were washed
twice with phosphate-buffered saline (PBS). The tissue and their mem-
branes were then isolated from the inserts for microscopic imaging.

2.4. Histological techniques

The isolated cells and membranes were individually wrapped in
Surgipath® Bio-Wraps™ (Leica Biosystems) and placed in cassettes
before soaking in Reagecon Formal Buffered Saline for 3 h. Dehydration
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Fig. 1. Schematic of the set up used to generate N. gonorrhoeae biofilms using the CBR 90 Standard CDC Biofilm Reactor® (Biosurface Technologies). Created in htt

ps://BioRender.com.
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Fig. 2. Schematic of the infection work-flow with the SkinEthic™ HVE tissue model obtained from Episkin (Lyon, France). Created in https://BioRender.com. Image

of HVE cells obtained from https://www.episkin.com/HVE-Vaginal-Epithelium.

was performed using the LeicaASP300S Fully Enclosed Tissue Processor
(90 % v/v ethanol 1 h, 95 % v/v ethanol 1 h, 100 % v/v ethanol 4 x 1 h,
xylene 3 x 1 h). The cassettes were embedded in Surgipath® Formula ‘R’
paraffin wax (Leica Biosystems) using the Leica EG1150 Modular Tissue
Embedding Center. Transverse sectioning was performed at the Bio-
imaging Technology Hub at the School of Biosciences at Cardiff Uni-
versity to obtain 20 pm sections on microscope slides. Paraffin wax was
removed with xylene (5 min) before washes with 70 % v/v ethanol (5
min) and 100 % v/v ethanol (5 min), followed by rehydration in water
(5 min). VECTASHIELD® Antifade Mounting Medium with DAPI (H-
1200-10, Vector Laboratories) (20 pL) was placed on the sections before
visualisation using CLSM.

2.5. Confocal laser scanning microscopy (CLSM)

CLSM was conducted at the Cardiff University Bioimaging Hub Core
Facility (RRID:SCR_022556). Biofilms grown on polycarbonate coupons
were visualised using the Zeiss Cell Discoverer 7 microscope at x40
(objective) magnification using the suGFP channel (laser excitation
(exc) wavelength: 480 nm, laser emission wavelength (em): 505 nm) to
image the sfGFP-expressing gonococcal cells. Infected rHVE tissues were
visualised using the Zeiss LSM 880 with Airyscan microscope at x63
magnification. rHVE nuclei were visualised using the DAPI channel (exc:
405 nm, em: 449 nm) and sfGFP-expressing N. gonorrhoeae were
visualised using the GFP channel (exc: 488 nm, em: 519 nm). Five


rridsoftware:SCR_022556
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://www.episkin.com/HVE-Vaginal-Epithelium

J. Pan et al.

random fields-of-view (z-stacks) were obtained for each slide/coupon.
Images were analysed using COMSTAT 2.1 [27,28] in an OME-TIFF
format (Otsu thresholding). Quantified parameters included bio-
volume/biomass (volume over area, pm®/pm?), average thickness
(biomass) (height distribution of biomass-containing columns, pm),
average thickness (entire area) (height distribution of the biofilm for the
entire observed area including empty columns, pm), maximum thickness
(highest point of the biofilm ignoring empty voxels, pm), surface to
biovolume ratio of the biofilms (total surface facing the void over bio-
volume, pm?/pm?) and dimensionless roughness coefficient, R, (vari-

ability in biofilm height; R :%Zf'““ﬁTZLf‘ where N = number of
s

measurements, L; = i’th individual thickness measurement and L_f =
average thickness) [27-30].

To ensure consistency in acquisition of parameters, all confocal im-
ages obtained using the Zeiss LSM 880 with Airyscan microscope were
acquired at the same zoom setting (zoom setting 3), which in the
infection experiments, focused on the biofilm layer at the surface of the
rHVE tissue. As described below, differences in tissue thickness were
observed after inoculation with different strains, meaning that the lower
membrane was not visible in some fields-of-view. To account for this
difference, the depth of N. gonorrhoeae invasion was normalised relative
to the depth of remaining tissue in the same field-of view.

2.6. Scanning electron microscopy (SEM)

N. gonorrhoeae variants were lawned on GCB agar for 16 h before
resuspension in GCBL. The bacteria were seeded into 12-well plates with
a starting ODggp of 0.05 and on to 0.2 pm pore size filter papers. After 9 h
(exponential phase, based on growth experiment from Ref. [24]) the
medium was removed and the bacteria fixed overnight in 2.5 % V/v
glutaraldehyde. The bacteria were washed (x4) in 0.1 M sodium caco-
dylate and distilled water before successive dehydration with 50 %
ethanol (1 h), 75 % ethanol (1 h), 95 % ethanol and four rinses with 100
% ethanol. The critical point drying process and coating with platinum
(5 nm) was performed by the Electron Microscope Facility at the Uni-
versity of Waikato. Images were obtained via the Hitachi SU8230 mi-
croscope (3 kV acceleration). Three fields-of-view were taken for each
sample. The area of microcolonies formed (um?) was quantified via
ImageJ [31].

2.7. Lactate dehydrogenase (LDH) activity assay

LDH quantification was performed on the isolated rHVE supernatant
after N. gonorrhoeae infection using the CyQUANT™ LDH Cytotoxicity
Assay kit as per the manufacturer’s instructions. Absorbances at 490 and
680 nm were measured and the background absorbance at 680 nm was
subtracted from that at 490 nm.

2.8. Immunoblotting against PilE

To determine if there were any differences in piliation status between
strains, the level of PilE expression was quantified via immunoblotting.
Briefly, cultures of N. gonorrhoeae were isolated and freeze-thawed five
times to lyse the cells. Equal amounts of protein (5500 ng) were run on
12 % sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) before transfer onto nitrocellulose membranes. After protein
transfer, membranes were blocked for 1 h with 5 % milk in Tris buffered
saline-Tween 20 (TBS-T) before overnight probing with a primary
antibody against the EYLLN motif on the conserved N-terminus domain
of T4P major pilin, PilE, (SM-1, 1:1000) [32] which was kindly gifted to
us by the So Laboratory (University of Arizona, USA). This was used in
combination with a goat anti-mouse polyclonal IgG antibody conjugated
to horseradish peroxidase ab97023 (Abcam, 1:5000) for 1 h. The
membranes were incubated with the SuperSignal™ West Femto
Maximum Sensitivity Substrate for 5 min before imaging using the
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iBright Imaging System (Invitrogen).
2.9. Statistical methods

Statistical analyses were preformed using the GraphPad Prism 9.4.0
software (https://www.graphpad.com/). One-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test was used to compare
the different measurements and p values < 0.05 were deemed statisti-
cally significant.

3. Results

3.1. Adhesion and biofilm formation of Neisseria gonorrhoeae on
polycarbonate surfaces is dependent on lig E

To determine if Lig E impacted the ability of N. gonorrhoeae to adhere
to, and form biofilms on abiotic surfaces, their growth on polycarbonate
coupons after 16-17 h cultivation in CDC Biofilm Reactors® under
constant shear forces was studied. Confocal images of the coupons
(Fig. 3 and Fig. S1) indicated that N. gonorrhoeae had relatively low
adherence to the polycarbonate surfaces compared with other organisms
that we have studied using a similar set-up, such as Candida albicans and
Enterococcus faecalis [33].

Despite this, CLSM images of the coupons after growth showed a
clear decrease in the ability of the Alig E"" mutant to attach to surfaces
and to form extensive or continuous biofilms compared to wt (Fig. 3 (a)
and Fig. S1). Conversely, biofilms formed when lig E was overexpressed
(opaB-lig E—hisk““) were more extensive across the surface, while wt and
lig E-his"™ seemed to extend similarly to each other. Quantification via
COMSTAT analysis showed no significant differences in the total
biomass among the different gonococcal variants (volume per area,
Fig. 3 (b)). However, there was a significant reduction in both the
thickness of the entire area of growth (indicative of spatial size of the
biofilm across the entire area (Fig. 3 (c)), and the thickness of the
biomass (thickness distribution of only biomass-containing columns,
Fig. 3 (d)) when lig E was disrupted compared to wt and lig E-his“™".
Although the overexpressing opaB-lig E-his*™ mutant had a significantly
higher average biomass thickness compared to the other three variants
(Fig. 3 (d)), its average thickness or spatial spread over the entire area
was similar to that of wt N. gonorrhoeae (Fig. 3 (c)), while also displaying
higher overall maximum biofilm thickness (highest point of the biofilm,
Fig. 3 (e)) and lower surface:biovolume ratio (ratio of total surface
facing the void over biovolume, Fig. 3 (f)) than the other variants.
Furthermore, the dimensionless roughness coefficient indicated slightly
higher roughness or variability in the height of the biofilms formed by
the opaB-lig E-his"® mutant compared to the other N. gonorrhoeae vari-
ants (Fig. 3 (g)).

3.2. Lig E increases the damage and migration of Neisseria gonorrhoeae
into reconstructed human vaginal epithelium (rHVE) tissue

To further explore the impact of this sparse biofilm phenotype of the
N. gonorrhoeae lig E deletion strain on pathogenicity and virulence, we
investigated its ability to form biofilms on a 3-D SkinEthic™ rHVE tissue
model. The intended experiments involved allowing the N. gonorrhoeae
PEG2 cells to establish biofilms on the polycarbonate coupons in CDC
Biofilm Reactors® before placing these in direct contact with the rHVE
tissues. However, as extensive biofilms were not formed on the coupons,
we inoculated cultures of the N. gonorrhoeae pEG2 strains directly on to
the rHVE cells to allow them to form stable biofilms on a more biolog-
ically relevant surface. Confocal imaging (Fig. 4 (a) and Fig. S2) of these
infections showed increased depths of invasion of wt N. gonorrhoeae, the
his-tagged mutant (lig E-his*®) and the overexpressor (opaB-lig E-his<™™)
in the tissue model, while Alig E"" remained on the upper surface of the
tissue. Furthermore, tissues infected with the Alig X" mutant appeared
more intact after inoculation, while those infected by the other
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Fig. 3. Biofilm formation and adhesion of N. gonorrhoeae pEG2 (expressing sfGFP) on polycarbonate coupons in CDC Biofilm Reactors® (a) Representative CLSM z-
stack images (x40 objective magnification, em:480 nm, exc:505 nm). Five fields-of-view were imaged for each of the three biological replicates. Additional sup-
porting images can be found in Fig S1 (b) Biomass (c) Surface to biovolume ratio (d) Dimensionless roughness coefficient. (e) Average thickness (entire area) (f)
Average thickness (biomass) (g) Maximum thickness. Parameters were calculated using the COMSTAT 2.1 software [27,28]. Points in the bar graphs are the mean of
values from the five fields-of-view of three biological replicates and error bars represent the standard error of the mean. Significance values are given as * p < 0.05;

>'::':p < 001’ :‘c:’c:’cp < 0001’ %*

* **p < 0.0001. Comparisons which showed no significant differences (p > 0.05) are not indicated.
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Fig. 4. Infection and invasion of SkinEthic™ HVE cells by N. gonorrhoeae (a) CLSM z-stack images (x63 objective magnification, zoom setting 3) of the N.
gonorrhoeae-infected HVE cells (20 pm) with N. gonorrhoeae pEG2 (expressing sfGFP) shown in green (exc: 488 nm, em: 519 nm) and the nuclei of the rHVE cells in
blue (exc: 405 nm, em: 449 nm). Additional supporting images can be found in Fig S2 (b) Biomass of N. gonorrhoeae growth (green channel) quantified using the
COMSTAT 2.1 software [27,28]. (d) Quantification of the depth of N. gonorrhoeae infection on the y-axis (green channel, highest to lowest point observed) relative to
the depth of remaining HVE cells on the y-axis (blue) in the same field-of-view (measurements in Table S1) as a measure of relative tissue invasion depth. Points in
the bar graphs are the mean of values from the five fields-of-view of three biological replicates, with two 20 pm sections each (total 30 field-of-views). Error bars
represent the standard error of the mean. Significance values are given as **p < 0.01; ***p < 0.001; ****p < 0.0001. Comparisons which showed no significant
differences (p > 0.05) are not indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

N. gonorrhoeae variants appeared more damaged or were perforated. The
final z-stack images obtained for quantification via COMSTAT were
focused and zoomed (zoom setting 3) on to the surface of the rHVE cells
where N. gonorrhoeae was predicted to form biofilms. This was an
optimal setting for wt N. gonorrhoeae, the his-tagged mutant (lig E-his<®)
and the overexpressor (opaB-lig E-hisk®) as it showed the extent of the

damage caused by the bacteria to the host cells which decreased tissue
thickness and hence the bottom membrane was visible for most. How-
ever, as a majority of the Alig E“™infected tissue were more intact, the
membrane was only visible on a lower zoom setting (Fig. S3).
COMSTAT quantification of the biofilms formed by N. gonorrhoeae on
the rHVE cells showed a slightly lower biomass for Alig E*" and the
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overexpressor opaB-lig E-hisk® compared to wt on the host tissue cells
(Fig. 4 (b)). However, this did not take into account the extent of tissue
damage induced by the bacteria. To measure this, the range of
N. gonorrhoeae infection (highest to lowest point on the y-axis), relative
to the height of remaining HVE in that particular field-of-view (Fig. 4
(c)) was calculated. Results showed that both Alig EF and opaB-lig E-
his*" had significantly lower invasion rates than wt and lig E-his"®", the
latter two strains having similar depth ratios.

To further quantify the extent of epithelial cell damage, the amount
of LDH released in the supernatant after biofilm establishment was
measured as a proxy for epithelial membrane disruption. LDH levels
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Fig. 5. Quantification of lactate dehydrogenase (LDH) release in the superna-
tant after N. gonorrhoeae infection of rHVE tissue. Relative LDH activity was
obtained via absorbance at 490 nm relative to the absorbance of blank medium
and corrected for by the background absorbance at 680 nm (raw data in
Table S2). Points (data in Table S3) are the mean of values from three technical
replicates of each biological replicate and error bars represent the standard
error of the mean. Significance values are given as * p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001 Comparisons which showed no significant differences
(p > 0.05) are not indicated.
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were significantly lower for Alig E*"" on the rHVE cells relative to
infection with the wt strain (Fig. 5), mirroring the trend observed when
the invasion depth was calculated from the CLSM images (Fig. 4 (c)).
Interestingly, although the amount of LDH released by cells infected
with the overexpressor opaB-lig E-his"® was also significantly lower than
that of wt, this decrease was not as large as that caused by the Alig gk
mutant.

3.3. Lig E is important for microcolony formation in Neisseria
gonorrhoeae

To determine if the observed differences in biofilm morphology were
attributable to altered microcolony formation, SEM microscopy on the
N. gonorrhoeae strains during exponential-phase growth was performed.
These images showed that Alig E‘“" forms markedly fewer and smaller
microcolonies compared to wt N. gonorrhoeae (Fig. 6(a) and Fig. S4), and
that these covered significantly lower surface areas (Fig. 6(b)).
Furthermore, the microcolonies formed by lig E‘*" were slightly more
dispersed and ‘loose’ compared to the cohesive microcolonies formed by
the wt strain. Meanwhile the his-tagged control (lig E-his"®®) micro-
colonies covered a similar total surface area to the wt (Fig. 6(b)). To
evaluate the impact of increased exDNA on microcolony formation,
microcolonies formed by the nuc deletion strain (Anuck“") were imaged.
Deletion of nuc has been previously demonstrated to increase biofilm
formation in N. gonorrhoeae [9], and here, we showed that the micro-
colonies formed by this mutant were similar in size to that formed by wt,
albeit slightly denser and more compact (Fig. 6(a)). Furthermore, the
Anuck® cells also adhered to one another more closely in what appears
to be a thicker extracellular matrix (ECM).

SEM images at higher magnification (x30,000) showed piliation fil-
aments that seemed to tether individual bacteria to each other in the
microcolonies for both wt and the his-tagged control, lig E-his*®" (Fig. 6
(a), indicated via orange arrows). Although also present in Alig Bk,
these piliation filaments were not as extensive when lig E was disrupted,
which is supported by Western blot analysis against the EYLLN motif of
PilE which show a reduction in the levels of its PilE expression compared
to the wild-type counterpart (Fig. S5). However, this reduction was also
observed in the lig E-his"® mutant as well and did not appear to impact
the overall phenotype relative to wt. Interestingly, the extensions
observed projecting between cells in the Anuck™ mutant were thicker
than the pili filaments observed in the other variants (Fig. 6 (a), indi-
cated by the green arrow), which could be due to a covering of ECM.

4. Discussion

In a previous study, we showed via an end-point crystal violet assay
that the disruption of the DNA ligase Lig E negatively affected biofilm
formation by N. gonorrhoeae [24]. Here, we have expanded on this
finding by culturing the same mutants under constant shear forces and in
continuous medium flow in CDC Biofilm Reactors®. The morphology of
the resulting biofilms was assessed and demonstrated marked reduction
in colonisation and biofilm formation on artificial surfaces when lig E
was disrupted compared to the wt and the lig E-his*®* mutant. The latter
strain served as a control for the insertion of the kanamycin resistance
marker which was used to construct the deletion and overexpressing
strains, and indicated that the resistance cassette and transformation
procedure were not responsible for the observed phenotype. This control
was included in lieu of complementation of the Ango-lig E*" strain as the
location of the native Lig E promoter is unclear, precluding expression
under native conditions. Specifically, the region upstream of Lig E lacks
a Pribnow box and classical-35 sequence, and the surrounding genes do
not form part of a common operon.

In contrast to its deletion, overexpression of lig E (opa-lig E-his
formed denser and thicker biofilms which were more compact relative to
wt. We previously demonstrated a 90-fold upregulation of lig E expres-
sion in this strain, indicating that Lig E activity contributed positively to
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Fig. 6. N. gonorrhoeae microcolony formation (a) Representative SEM images of N. gonorrhoeae microcolonies formed on 0.2 pm pore size filter paper during the
exponential phase of growth (9 h). The approximate outline of microcolonies in the field-of-view are shown in red and were annotated manually after image
collection. Orange arrows indicate pili filaments, while the green arrow points at a similar extended filamentous structure. Additional supporting fields-of-view can
be found in Fig. S4. (b) Quantification of the average total area covered by the microcolonies in each field-of-view via ImageJ [31]. Points are the mean of values of
the total surface area covered in each field-of view and error bars represent the standard error of the mean. Significance values are given as * p < 0.05. Comparisons
which showed no significant differences (p > 0.05) are not indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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biofilm formation [24]). Our previous work [24] also revealed no dif-
ferences in growth rates between any of the lig E variants and wt, and
since the inocula were normalised before each experiment, the observed
differences in biofilm formation were not due to differences in initial cell
density or growth rates. Although immunoblotting showed lower levels
of PilE expression when Lig E was deleted, this was also observed in the
lig E-hisk®" mutant which showed similar biofilm and microcolony for-
mation phenotype to that of the wt, indicating that the impaired
microcolony and biofilm formation observed in AligEk‘m is unlikely to be
a result of different piliation levels, but rather due to the absence of Lig
E.

Consistent with the phenotype on artificial surfaces, lig E deletion
also causes defects in N. gonorrhoeae attachment to human cells and
invasion into tissue. Previous results from our group showed decreased
adhesion of the Alig E“" mutant on a monolayer of ME-180 human
cervical cells [24]. Here, we also show the reduced capabilities of the
same mutant to invade and migrate into reconstituted 3-D rHVE tissue,
which in turn equates to less cellular damage by the deletion mutant
relative to wt N. gonorrhoeae. Instead, Alig E“ accumulated on the upper
surface of the tissue, which appeared healthier and less perforated than
in the wt-infected sections. This has important implications on the extent
of N. gonorrhoeae infection in the human host, as N. gonorrhoeae invasion
and transcytosis into tissues may lead to disseminated infections after
crossing the subepithelial space [3]. Although the overexpressor opa-lig
E-hisk® appeared to follow this trend as well, we note that most of the
bacteria were closer to the membrane, and we speculate that this could
be indicative of deeper invasion past the membrane into the superna-
tant. We predict that due to the decreased ability of Alig EX™ to attach to
the surfaces of cells, the strain is less able to invade human cells and
cause damage. However, as we were only able to obtain end-point im-
ages after 16-17 h of infection, we did not capture the step-by-step
process of internalisation and transcytosis of the other mutants into
the host cells as it occurred (e.g via time-lapse microscopy).

Our observations of the consequences of lig E deletion on biofilm
morphology are consistent with our hypothesis that this ligase acts on
exDNA to form high molecular weight substrates that better contribute
to initial biofilm formation by overcoming any repulsive forces between
the ECM and the surface [34]. Unlike many other bacterial biofilms,
exDNA is likely the primary structural biopolymer of gonococcal bio-
films, with dsDNA being a critical component of mature N. gonorrhoeae
biofilms [14,17]. Work by Bender et al. has demonstrated that for
N. gonorrhoeae larger pieces of DNA (>3000 bp) are more likely to have
a high concentration gradient outside the colony and integrate into the
biofilm [18]. We hypothesise that extracellular Lig E is important for
repairing breaks in free exDNA fragments, increasing their length and
integrity and allowing them to be retained outside the colonies and
therefore contribute to the pool of exDNA that stabilises the extracel-
lular biofilm matrix of N. gonorrhoeae. This action would counteract the
activity of the extracellular Nuc, which remodels gonococcal biofilms
through its cleavage and degradation of exDNA [9] and suggests that
some level of interplay or regulatory control between these two
opposing activities is likely. Here, we show that the nuc deletion strain
formed microcolonies of similar size to wt N. gonorrhoeae; however,
these microcolonies appeared more globular, with filamentous exten-
sions that seemed to indicate thicker ECM. It is possible that this
observed morphology was due to the inability of the nuc deletion to
regulate exDNA content, and suggests that in the wt strain, Nuc works in
conjunction with Lig E to manipulate exDNA, and thus optimise and
modulate the architecture of the biofilm. We also question if the increase
in exDNA length and integrity performed by Lig E allows the exDNA to
interact with other DNA binding proteins, which may assemble to create
a more stable framework for the biofilm to build on.

Here, we have shown that Lig E affects biofilm formation, potentially
via its activity on exDNA, which in turn affects the adhesion of
N. gonorrhoeae to human cells, and their subsequent invasion and
damage. Based on these observations, we consider extracellular Lig E to
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be important for the pathogenicity and virulence of N. gonorrhoeae,
making it an appealing target for future drug design against this
incredibly resistant bacterium. Despite this, many questions about Lig E
remain, including its specific cellular location, its regulation and its
direct consequences for the exDNA fraction. The presence of an N-ter-
minal signal peptide indicates that Lig E is transported to the periplasmic
space, however, it may be further transported to the extracellular milieu
via membranous blebs that contribute to the ECM of N. gonorrhoeae
biofilms [15,16,35]. Additionally, it remains unknown if Lig E is
required for biofilm maintenance, or if it is more important during early
biofilm formation when exDNA is most critical [14]. Answering this
question would require quantifying the amount and arrangement of
exDNA in the ECM when lig E is disrupted (i.e. via exDNA staining); this
was attempted in the present study, however we encountered difficulties
in its visualisation after growth in the Biofilm Reactors, potentially due
to the constant stirring that may damage the exDNA.

A final area of interest is how Lig E activity, and especially a potential
influence on DNA size may affect gene transfer, which is more frequent
in early biofilms [17]. This would involve studying biofilm formation by
the different gonococcal mutants at different timepoints.

4.1. New tools and methods for understanding Neisseria gonorrhoeae
biofilm and pathogenicity

Previously, our group had used a crystal violet assay to demonstrate
the importance of Lig E on biofilm formation, which although rapid and
convenient, was an indirect method that assessed static biofilms [24].
Other more advanced techniques that have been used to study
N. gonorrhoeae biofilms include the growth of the bacteria on glass or
patterned silicone coverslips (the latter to study the effect of surface
topography) in continuous flow chambers or cells, or even static growth
on glass dishes [7-9,17,36-39]. While such methods have greatly
increased our understanding of gonococcal biofilm formation, they often
require bespoke laboratory equipment, and can be subject to technical
complications such as bubble formation in the flow channels that disrupt
cellular adhesion.

Here, we report the first use of a commercially-available CDC Biofilm
Reactor® to study N. gonorrhoeae biofilms, involving the continuous
flow of fresh medium controlled via a periplasmic pump into a growth
chamber filled with retrievable coupons that the bacteria can adhere to,
while maintaining a constant shear force across the surface [40].
Adhesion of N. gonorrhoeae to polycarbonate coupons was not as
extensive as we had anticipated, however we attribute this to the pol-
ycarbonate material used. This was readily available in our laboratory,
but has not been widely used for N. gonorrhoeae biofilm studies, with
glass being the preferred substrate for N. gonorrhoeae surface adhesion
for other reports [7-9,36,37,39]. In addition, the constant stirring of
medium may have damaged exDNA, which since it is a major constituent
of N. gonorrhoeae biofilms, would also affect the adhesion and biofilm
formation in this setting. Despite this, we believe that with further
optimisation, CDC Biofilm Reactors® offer great promise for further
studies of biofilm formation in N. gonorrhoeae, especially if a glass sur-
face and slower shear forces are used.

We also showed the importance of a 3-D model for studying
bacterial-host interactions, which allowed us to examine the effects of
Lig on N. gonorrhoeae migration into host tissues; a phenotype not
observable in a cell monolayer. Common techniques employed by other
groups involve the use of a primary cell line or biopsy samples which can
be directly coated onto glass coverslips for easy microscopy [8,39]. The
search for appropriate 3-D models for N. gonorrhoeae study is of
increasing interest, with one particular group developing a model for
this purpose using porcine small intestinal submucosa as a scaffold [41].
Until models like this are readily available however, the SkinEthic
rHVE™ tissue model used here from Episkin provides a good substitute
as it is easy to obtain, reproducible and provides a more
biologically-relevant model with different tissue cell types and
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morphologies.
5. Conclusion

The DNA ligase, Lig E, is present in many bacteria like N. gonorrhoeae
that form exDNA-dependent biofilms. Here we show that Lig E from
N. gonorrhoeae (Lig E) influences the formation of gonococcal biofilms
and microcolonies on artificial surfaces, as well as the invasion into and
damage of 3-D reconstituted HVE tissue. We propose that Lig E may be
acting on fragmented exDNA in the extracellular space of
N. gonorrhoeae, which is conducive for microcolony formation and
proto-biofilm interactions to occur. Future directions include studying
the role of Lig E at different stages of gonococcal biofilm formation, as
well as investigation into the potential interplay between Lig E and Nuc
on exDNA-mediated biofilm remodelling. Regardless, the results pre-
sented in this report highlight the importance of Lig E on the virulence
and pathogenicity of N. gonorrhoeae. We predict that this may open up
new avenues and pathways for targeting not only N. gonorrhoeae, but
other human pathogens that express this minimal ligase, potentially
finding a way to target extensive biofilm formation in many clinical
settings.
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