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The emergence of antibiotic resistant Neisseria gonorrhoeae (GC) is a worldwide health threat and highlights the need to identify individuals
who fail treatment. This Gram-negative bacterium causes gonorrhea exclusively in humans. During infection, it is able to form aggregates and/or
biofilms. The minimum inhibitory concentration (MIC) test is used for to determine susceptibility to antibiotics and to define appropriate treatment.
However, the mechanism of the eradication in vivo and its relationship to laboratory results are not known. A method that examines how GC
aggregation affects antibiotic susceptibility and shows the relationship between aggregate size and antibiotic susceptibility was developed.
When GC aggregate, they are more resistant to antibiotic killing, with bacteria in the center surviving ceftriaxone treatment better than those

in the periphery. The data indicate that N. gonorrhoeae aggregation can reduce its susceptibility to ceftriaxone, which is not reflected using the
standard agar plate-based MIC methods. The method used in this study will allow researchers to test bacterial susceptibility under clinically
relevant conditions.

Introduction

Gonorrhea is a common sexually transmitted infection (STI)1. Neisseria gonorrhoeae (GC), a Gram-negative diplococcal bacterium, is the
causative agent of this disease. Symptoms of genital infection can result in pain during urination, generalized genital pain, and urethral
discharge. Infection is often asymptomatic2’3'4' , and this allows for extended colonization. These untreated infections are a major health
concern, as they have the potential to facilitate transmission of the organism and this can lead to complications such as pelvic inflammatory
disease (PID) and disseminated gonococcal infection (DGI)G. Antibiotic-resistant gonorrhea is a major public health crisis and an increasing
socioeconomic burden’. Reduced susceptibility to cephalosporins has resulted in treatment regimen change from a single antibiotic to dual
therapy, which combines azithromycin or doxycycline with ceftriaxone®. The increased failure of ceftriaxone and azithromycing'm, in combination

with asymptomatic infections, highlights the need for understanding gonorrhea treatment failures.

The minimum inhibitory concentration (MIC) test, including agar dilution and disc diffusion tests, has been used as the standard medical test
for identifying resistance to an antibiotic. Nevertheless, it is unclear if the MIC test reflects bacterial antibiotic resistance in vivo. The formation
of bacterial biofilms contributes to the survival of bacteria in the presence of bactericidal concentrations of antibiotic: the MIC testing is unable
to detect this effect'’. Because GC can form biofilms on mucosal surfaces12, we hypothesize that antibiotic susceptibility within aggregates
would be different from that seen in individual GC. Additionally, studies have shown that three phase variable surface molecules, Pili, o1pacit¥-
associated protein (Opa), and lipooligosaccharides (LOS), that regulate inter-bacterium interactions, lead to different sized aggregates 31415,
The contribution of these components to antibiotic resistance has not been examined due to the lack of proper methods.

Currently, there are several methods to measure biofilm eradication. The most widely used quantitative method is by measuring the changes

in biomass using crystal violet staining16. However, the method requires significant experimental manipulation, which can potentially generate
errors in experiment repeats”. The live/dead staining method used here allows visualization of live and dead bacteria and their distribution within
the biofilm. However, the biofilm structure can pose as a physical barrier that reduces dye penetration. Therefore, to quantify live/dead bacteria
within a group, the staining is limited to small biofilms or its precursor- microcolonies or aggregations. Other methods, including the agar dilution
and disc diffusion tests, are not able to measure the effects of aggregation. To examine GC susceptibility within aggregation after antibiotic
exposure, an ideal method would need to have both a quantitative assay that can measure live bacteria and visualize their distribution.

The procedure described here combines an ATP-utilization measurement and a live/dead staining assay to quantitatively and visually examine
GC susceptibility within aggregates in the presence of antibiotics.

Protocol

1. General maintenance of GC strains

1. Streak N. gonorrhoeae strains on GCK agar with 1% Kellogg supplements18 (Table 1, Table 2) from freezer stocks and incubate 37 °C with
5% CO, for 16-18 h. Use MS11 expressing phase-variable Opa (MS110pa+), no Opa (MS11AOpa), or a truncated LOS (MS11ALgtE).

Copyright © 2018 Journal of Visualized Experiments December 2018 | | e58978 | Page 1 of 5


https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:marknjoy@umd.edu
https://www.jove.com/video/58978
http://dx.doi.org/10.3791/58978

L]
lee Journal of Visualized Experiments www.jove.com

2. Carefully pick pili negative (colony without dark edge) or positive (colony with dark edge) colonies from each strain based on colony
morphology "~ using a dissecting light microscope and streak onto a new GCK plate.
3. Incubate at 37 °C with 5% CO, for 16-18 h before use.

2. Viability quantification of GC aggregations

1. Collect GC using a sterile applicator. Swab GC from the plate and re-suspend GC in pre-warmed broth(GCP, Table 3) supplemented with
4.2% NaHCOg3 and 1% Kellogg solutions'®. Use spectrophotometry at a wavelength of 650 nm (an ODgs of 1 = ~1 x 109 CFU/mL) to
determine the concentration of suspended bacteria.

2. Adjust the concentration of GC to ~1 x 10® CFU/mL.

3. Add 99 pL of adjusted GC suspension into wells of a 96-well plate.

4. Incubate the plate for 6 h at 37 °C with 5% CO, to allow the bacteria to aggregate.

5. Add 1 L of serial diluted ceftriaxone (1000, 100, 50, 25, 12.5, 6.2, 3.1, 1.5, 0.8, 0.4, 0.2 ug/mL) into each well. Leave some wells untreated
to serve as controls.

6. Incubate the plate for 24 h at 37 °C with 5% CO,.

7. Sonicate the suspension 3 times in each well for 5 s at 144 W and 20 kHz.

8. Add 100 pL of commercially available ATP utilization glow reagent into each well, pipette up-and down for 3 times, and incubate for 15 min at
37 °C with 5% COs,.

9. Carefully transfer 150 yL of mixture from each well into a new well in a 96-well black microplate and avoid introducing bubbles.

10. Measure the absorbance of each well at 560 nm using the plate reader.

11. Calculate the survival rate by the ratio of the reading obtained after serial ceftriaxone treatment to the reading from untreated wells.

3. Fluorescence microscopic analysis of Live/Dead of GC aggregates

Collect GC using a sterile applicator. Swab GC from the plate and re-suspend GC in pre-warmed GCP media plus 1% Kellogg supyalements.
Determine the number of bacteria by spectrophotometry at a wavelength of 650 nm and adjust the concentration of GC to ~1 x 10° CFU/mL.
Add 198 pL of GC suspension into in 8-well coverslip-bottom chambers.

Incubate the chamber for 6 h at 37 °C with 5% CO, to allow aggregation formation.

Add 2 pL of ceftriaxone (100 pg/mL or various dilutions) into each well within each aggregation condition. Incubate for the desired time at 37
°C with 5% CO,.

Add 0.6 pL of live/dead staining solution mixture into each well and incubate for 20 min at 37 °C with 5% CO,.

Acquire Z-series images using a confocal microscope (an equivalent microscope can be used).

8. Analyze the images using ImageJ software for measurement of the size of GC aggregates and the fluorescence intensity ratio (FIR) of live-to-
dead staining in each aggregate.
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4. Image analysis

1. Estimation of the size of bacterial aggregates.
1. Open Imaged and open an image by dragging a raw image file to the ImageJ menu bar.
2. Click Freehand Lines in the ImageJ menu bar and circle the area of each aggregation in the image.
3. Click Analyze | Measure in the ImageJ menu bar.
4. Obtain the number in a new window under the Area column.

2. Quantification of live-to-dead ratio of aggregations
1. Open Imaged and open an image by dragging a raw image file to the ImageJ menu bar.
2. Click Analyze | Set Measurements in the ImageJ menu bar.
3. Check the integrated density in the pop-up window and click OK.
4. Click Image | Color | Channels Tool in the menu bar and select Color.
5. Check Channel 1 as the fluorescence for live bacteria staining.
6. Click Freehand Lines in the ImageJ menu bar and circle the area of each aggregation.
7. Click Analyze | Measure in the ImageJ menu bar.
8. Obtain the number under IntDen column.
9. Check Channel 2 as the fluorescence for dead bacterial staining. Repeat steps 4.2.6-4.2.8.
10. Obtain the live-to-dead ratio by dividing number from step 4.2.8 by number from step 4.2.9.

3. Statistical analysis

Open GraphPad Prism and enter the numbers obtained from ImageJ to the desired column.
Click Analyze and select t tests under Column analyses.

Check the desired column for comparison and click OK.

Obtain the P-Value under Analysis window.

Select the Linear Regression under XY analyses from step 4.3.3

Obtain the R-square and the P-Value under the Analysis window.

Representative Results

Two methods were employed: an ATP utilization assay and a live/dead staining assay. The results can either be combined or individually used
for examining bacterial survival within aggregates after antibiotic treatment. The ATP utilization assay has been shown to measure accurately
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viable bacteria in S. aureus biofilms““". Here, MS110pa+Pil+ strain was used to examine the role of GC aggregation in antibiotic susceptibility.
Non-aggregated MS110pa+Pil+, aggregated MS110pa+Pil+, or aggregated and then disrupted by sonication MS110pa+Pil+ were treated with
serial dilutions of ceftriaxone and the ATP level measured (Figure 1A). In comparing the percent survival with and without antibiotic treatment,
pre-aggregated GC had significantly higher survival than non-aggregated or aggregation-disrupted GC with equal at or above 0.015 pg/mL of
ceftriaxone (MIC from agar dilution test (Table 4)). MS110pa+Pil-, MS11AOpa or MS11ALGgtE, which have the same agar dilution MIC (Table 4),
but form smaller aggregates, was examined and compared to MS110pa+Pil+ (Figure 1B). MS110pa+Pil+, forming larger aggregates, had the
higher ATP level with ceftriaxone treatment than the mutant strains.

Live/dead staining has been used in several biofilm/aggregation-related studies®*?® To determine the effect of aggregation, pre-aggregated
MS110pa+Pil+ was treated with or without ceftriaxone and imaged. This allows both visualization (which can be quantified) and the distribution
of live and dead GC after antibiotic treatment (Figure 2A- left two panels). Dead bacteria (red) were largely located at the outer layers

whereas live GC (green) were located mainly in the core of ceftriaxone treated aggregates. This procedure was performed with MS110pa+Pil-,
MS11AOpa or MS11ALGgtE, to examine aggregation size and survival rate (Figure 2A). MS110pa+Pil+ was shown to form the largest and
MS110pa+Pil- the smallest aggregates (Figure 2A,B). MS110pa+Pil+ aggregates were still alive in the core layer whereas GC in the small
loose aggregates of MS11AOpaPil+, MS110pa+Pil-, and MS11ALgtEPIl+ were dead (Figure 2A,C). Based on the size and survival, a correlation
graph can be plotted to examine the relationship of aggregation size and antibiotic survival (Figure 2D).

Weight/Volume Name of Material

dog Difeo GC medium base

ig Agar

10 mL 100x Kellogp's supplement
Store at 4°C

Table 1: Recipe for 1 L of GCK Agar Plate.

WeightVolume  Name of Material

jg L-glutamine Crystalline Powder
05p Ferric nitrate, nonanhydrate
002y Thismine pyrophosphate

A0 2 Gilucose

Store a1 4°C

Table 2: Recipe for 1 L of 100x Kellogg's supplement.

Weight'Volume  Name of Material

15g Proteose peplone

g Soluble starch

4z Potassium phosphate dibasic

Ig Potassium phosphate monobasic
5u Sodium chloride

Store at room lemperature

Table 3: Recipe for 1 L of GCP Bacterial Growth Media.

Nelsseria gonorrhoeas strains
MS110p MSIIAOQ MSLIAL MS110pa+

fo wiPilt  pa #E Pil-

Cefiaxone o Ll s 0.016
{ppml)

Table 4: Minimum inhibitory concentration of GC strains treated with ceftriaxone. MS110pa+Pil+, MS11AOpa, MS11ALgtE, and MS110pa

+Pil- were grown and suspended in GCP. Agar dilution test was then performed with serial concentration of ceftriaxone from 0.0016 - 0.25 pg/
mL.
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Figure 1: Representative data of survival rate of aggregated GC under ceftriaxone treatment by ATP-utilization assay. (A) Survival
rate comparison of MS110pa+Pil+ suspension without pre-aggregating, pre-aggregating for 6 h, or disrupting after pre-aggregating for 6 h. (B)
Survival rate comparison of 6 h aggregated MS110pa+Pil+ with MS11AOpaPil+, MS110pa+Pil-, or MS11ALgtEPIl+. Shown are the average
values (xSD) obtained from three independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05. This figure was previously published 2 and is
used with permission. Please click here to view a larger version of this figure.
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Figure 2: Representative data of live/dead bacteria distribution within aggregates under ceftriaxone treatment. (A) Pre- aggregated
MS110pa+Pil+, MS11AOpaPil+, MS110pa+Pil-, or MS11ALgtEPIl+ was either incubated in the presence or absence of 1 pg/mL ceftriaxone for
2 h. Aggregates were then stained to visualize viable (green) and dead (red) GC and visualized with confocal fluorescence microscope. Scale
bar: 50 um. Images were then analyzed for (B) aggregation size and (C) ratio of live-to-dead GC and (D) a correlation graph was then created.
Shown are the average values (SD) obtained from > 40 images of three independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05. This figure
was previously published 23nd is used with permission. Please click here to view a larger version of this figure.

Bacteria can form biofilms during infection of the human body. Traditional MIC testing may not reflect the concentration needed to eradicate
bacteria in a biofilm. To test antimicrobials effects on a biofilm, methods based on biofilm biomass as well as plating CFUs can be erroneous due
to the impact of biofilm structure. For example, the plating method only works if the biofilm can be disrupted. Hence, the CFU obtained may be
lower than the actual number of viable bacteria. Visualizing dead and live bacteria within the biofilm have been established for measuring the
survival of bacteria within biofilm, however, depending on the structure and density of biofilm, the staining may fail to penetrate into the biofilm
and result in an inaccurate and underestimated survival rate.

The method here uses both a quantitative and a visualization assay to measure bacterial survival after treatment of aggregates. The advantage
of this method is that it measures the bacterial survival in an environment that is closer to what is seen in a real infection. The survival rate
differences between non-aggregated and aggregated bacteria will allow us to determine if the in vitro MIC correlates with the in vivo MIC.

The ATP utilization assay, which measures ATP production, can quantitatively measure the survival of aggregates. The assay is more sensitive
and can differentiate survival between small differences in antibiotic concentration, compared to other similar assays. However, due to the high
sensitivity of this assay, assurance of bacterial cell lysis is critical. Therefore, a sonication step was used. In addition, this method cannot be used
to measure bacterial survival in vivo due to the large amount of ATP that host cells produce that can mask the bacterial ATP level. Moreover,

the interaction of host cells with bacteria may affect bacterial ATP production. Using this assay on bacteria with pigments may be limiting as the
pigments may interfere with the reading.

The live/dead stain has been widely used in biofilm studies. However, the penetration of the staining dyes may stain only the outermost bacteria,
whereas the core may not be stained. Therefore, it can only be used for visualization but not quantification, due to uneven distribution of the
dye. We used small aggregates for this staining and demonstrated this assay can be used to quantify the overall bacterial survival within the
aggregates. Furthermore, negative and positive controls are needed for adjusting the concentration of the dye for different bacteria.

In combination with the MIC protocol, the ATP utilization assay and live/dead stain can serve as an effective method to quantitatively and
visually analyze N.gonorrhoeae as well as other bacterial aggregationszs'za. The application of the combined protocol could provide a better
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understanding of disease formation along with its versatile uses in drug screening based on bacteria biofilms. This method may reflect more
accurately the in vivo MIC of an antibiotic.
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