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ABSTRACT The strict human pathogen Neisseria gonorrhoeae (gonococcus [Gc]) infects
an estimated 82 million individuals globally and is a World Health Organization-desig-
nated bacterial pathogen of public health importance due to escalating antimicrobial
resistance. Gc vaccines have been hindered by Gc’s ability to evade immune surveillance
in part by varying its major surface antigens like the type IV pilus. We developed a
quick and precise method for measuring pilin antigenic variation (Av) frequency using
droplet digital PCR (ddPCR) technology. Two fluorescent probes were designed to detect
either the hypervariable tail region of silent pilin locus pilS3-copy 1 (S3CT1) or a sequence
conserved in all pilE variants (CYS2). The appropriate frequency of pilin antigenic
variation is measured by the proportion of pilE amplicons carrying the recombinant
S3C1 copy relative to the total pilE amplicons measured by CYS2. The ddPCR assay is
specific for RecA-dependent pilin antigenic variation. The reduced frequency of pilin Av
in strains lacking RecA-modulating recombination protein RecX and the DNA helicase
RecQ confirms the ability of the assay to measure changes in pilin Av frequency. We used
the ddPCR assay to determine that pilin Av frequency is altered by the colony densities
on a solid medium. The ddPCR assay is an accurate, efficient way to measure Gc pilin Av
frequency.

IMPORTANCE Gonorrhea is a sexually transmitted infectious disease of the human
genital and nasopharyngeal mucosa caused by the host-restricted bacterium Neisseria
gonorrhoeae. The rise of antibiotic-resistant gonorrhea is an urgent global threat to
public health. Pilus antigenic variation is a gene conversion process that allows N.
gonorrhoeae to evade host immune surveillance, and a mechanistic understanding of
this process is crucial to understanding N. gonorrhoeae pathogenesis. This report shows
that we can adopt a digital PCR methodology to quickly and accurately measure pilin
antigenic variation.

KEYWORDS Neisseria gonorrhoeae, pilus, antigenic variation, gene conversion, digital
PCR

Neisseria gonorrhoeae (the gonococcus or Gc) is the main causative agent of the
sexually transmitted infection of gonorrhea. Gonorrhea has become a major global
health concern due to rapidly escalating antimicrobial resistance, causing an estimated
82 million individual infections annually and leading the World Health Organization
to designate it as a bacterial pathogen of public health importance (1). If untrea-
ted, gonorrhea infection can lead to pelvic inflammatory disease, ectopic pregnancy,
disseminated infection, and neonatal blindness in infants (1).

Gc mainly colonizes the genital mucosa, but it can also colonize the ocular, nasophar-
yngeal, and anal mucosa (2-4). Gc infection does not generate immunity to infection,
partially due to the ability of Gc to antigenically and phase vary several surface
structures, including the type IV pilus, the opacity proteins, and the lipo-oligo-saccharide
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(5). The pilus is a major colonization factor involved in host cell adherence, twitching
motility, transformation competence, and resistance to neutrophil killing (6-12).

Pilin/pilus antigenic variation (Av) is mediated by a gene conversion process, where
portions of 19 different unexpressed silent copies of the pilin gene (pilS) can transfer
variant sequences into the sole pilin expression locus (pilE) (13-16). The pathogenic
Neisseria, Gc and Neisseria meningitidis, both undergo pilin antigenic variation, whereas
the commensal Neisseria, which occupy the same host-restricted mucosal niches, do not.
Pilin Av recombination events are nonreciprocal, and recombination tracts are always
bordered by regions of microhomology shared between each pilS copy and pilE (17)
(Fig. TA). The pilS silent copies lack the promoter, ribosome-binding site, and N-termi-
nal pilin coding sequences, so the silent copies cannot produce pilin. Shared features
between the pilE expressed locus and the pilS silent copies are the highly conserved
cys1 and cys2 regions, the hypervariable loop HV| located between cys? and cys2, and
the hypervariable tail HVt downstream of cys2 (Fig. 1A). The semi-variable (SV) region
immediately upstream of cys7 is present in both pilE and pilS copies. The cys1 and
cys2 regions encode conserved sequences that form disulfide cysteine bridges within
the pilin and the pilus (18, 19). The SV region contains both conserved sequences and
variable sequences. Following the HVT and stop codon is the conserved Smal/Clal region
downstream of pilE and downstream of the last pilS copy in each locus (20, 21). During
a pilin Av event, as little as one bp sequence change may result, or an entire silent
copy sequence may replace the starting pilE locus (22) (Fig. 1B). For reasons not fully
understood, the frequency of recombination for the 19 pilS silent copies is not equal,
and some copies undergo Av recombination events more frequently than others (22, 23).
Pilus phase variation assays and next-generation sequencing assays have been used to
measure surrogate frequencies of pilin antigenic variation (23-26).

Several trans-acting protein factors involved in DNA recombination and repair are
involved in pilin Av (24, 27). Many trans-acting factors that affect Av also function in DNA
repair and recombination and have well-studied orthologs in other bacterial species. In
addition to its functioning in transformation and DNA repair during replication, the RecA
recombinase is a major trans-acting factor required for Av through facilitating homolo-
gous recombination (28, 29). A recA mutant is Avd (28), and an isopropyl-3-d-thiogalacto-
pyranoside (IPTG)-regulated recA gene has been used to control when pilin antigenic
variation can occur since strains grown without IPTG are Avd, while strains grown with
IPTG in the growth medium are Av proficient (29). Two RecA modulating factors, RdgC
and RecX, are required for efficient pilin antigenic variation since loss-of-function
mutants produce a reduced, intermediate antigenic variation (Avi) frequency (30-32).
Members of the RecF-like pathway are also required for pilin Av (24, 27, 33), but a recQ
mutant strain is Avi (27, 34-36). In addition to trans-acting factors that affect Av, few
environmental conditions have been shown to affect Av, and more research is needed to
understand the effects of the host mucosal environment and host immune response on
Av. Iron limitation, a possible environmental result of host nutritional immunity, increases
Av frequency, while other conditions like carbon source variation, aromatic amino acid
availability, oxygen concentration, and temperature variation do not appear to affect Av
(37, 38).

Many methods have been used to measure pilin antigenic variation. The most
common method is to follow antigenic variation by scoring the number of nonpiliated
progeny as a surrogate measure of pilin antigenic variation. This has often been done by
counting P+ and P— colonies in a population, but a semi-quantitative assay observing
pilus-dependent colony morphology changes (PDCMC) has also been used to measure
antigenic variation frequencies (24). However, the PDCMC assay is very sensitive to
changes in Gc growth and is inaccurate when a mutation or environmental conditions
alter the growth rate. A reverse-transcriptase (RT) PCR assay and a Southern blot analysis
have also been used to assay for pilin Av frequencies but are not quantitative (25). Sanger
sequencing of individual pilE genes from several variants from a set number of founder
colonies has been used to measure pilin Av (22). Currently, the most effective way to
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FIG 1 Diagram of the pilE locus, three possible recombination products of Av, and droplet digital PCR (ddPCR) assay reagent
design. (A) Comparative diagram of genomic features present in the pilE locus and silent copy pilS 3C1. The pilS copies lack
promoters and are not transcribed. The constant region “C” does not vary during Ay, since it is not present in any pilS copies.
The “SV” region is present in both pilE and the pilS silent copies with fewer sequence changes. The cys7 and cys2 regions are
conserved between pilE and all pilS copies. The hypervariable loop “HV| " and hypervariable tail “HV1" are the most variable.
(B) Diagram indicating three possible recombination products that may result during Av between pilE and pilS 3C1. The
FA1090 recAé6 strain cannot undergo pilin Av unless isopropyl-p-d-thiogalactopyranoside (IPTG) is in the growth medium to
induce RecA (+IPTG). (C) Diagram showing the location of the ddPCR and OpaRev amplification primers, the HEX-labeled cys1
probe, and the 6-carboxyfluorescein (FAM)-labeled pilS 3C1 probe.

measure antigenic variation frequency is through long-read PacBio single-molecule, real-
time sequencing of the pilE genes in a Gc population (26). Short-read sequencing
methods can also be used, but presently, they cannot produce the sequences of
individual pilE variants (39). A total of 454 pyrosequencing was used to measure anti-
genic variation frequencies (23), but this technique is no longer commercially available.
Droplet digital PCR (ddPCR) differs from conventional PCR because the reaction
components are physically partitioned into discrete micro-reactions. Each droplet is
amplified separately, allowing for absolute quantification, improved accuracy, and
sensitivity (40). We developed a quick and reproducible method to measure pilin Av
frequencies by ddPCR using a probe that targets a specific silent copy HV| sequence that
transfers to pilE at a high frequency (22) and a second probe that targets a conserved
region in all pilE variants as an internal control. This assay is sensitive, reproducible, and
recapitulates results determined with next-generation sequencing techniques.
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MATERIALS AND METHODS
ddPCR primers and probes

All Tagman probes and primer parameters were obtained and analyzed using IDT
OligoAnalyzer (IDT). Primers ddPCR (5-CAAGTTTCCGAAGCCATCCT) and OpaRev (5-GT
TCCGGGCGGTGTTTC) were designed to amplify a 648 bp pilE-specific amplicon but not
any pilS silent copy. A Tagman probe with a HEX fluorophore was designed to bind to
the conserved cysT region present in all pilin gene copies both silent and expressed
(5"-Hex—CGGTAAAATGGTTCTGCGGACAGCCGGTT). A Tagman probe containing a FAM
fluorophore was designed to bind to the HV| region of pilS 3C1 (5-FAM-TTTGACGTCGTC
GGCTTTGGCGTCGT) but is not present in the 1-81-S2 pilE variant used in this study (Fig.
10).

Strains and growth conditions for gDNA preparation

Strain FA1090 1-82-S1 recA6 (37, 41-43) was revived from —80°C freezer stocks and grown
onto solid gonococcal base (GCB) medium (Difco) agar plus Kellogg supplements | and |l
(22.2 mM glucose, 0.68 mM glutamine, 0.45 mM cocarboxylase, and 1.23 mM Fe[NO3]3)
for 18 hours. Ten colonies were streaked onto a GBC solid medium to grow confluent
lawns for 22 hours in the presence and absence of T mM IPTG. Genomic DNA (gDNA) was
prepared using the Qiagen QIAamp DNA Mini kit (51304). Between 300 and 1,000 ng of
gDNA was treated with 1 pL (10 U/pL) restriction enzyme Asel overnight at 37°C (NEB
R0526S), an enzyme that cuts N. gonorrhoeae DNA throughout the genome but does not
cut within the pilE locus to produce gDNA template fragments that can be partitioned
into the emulsified oil droplets required for ddPCR. Asel was inactivated at 65°C for 20
minutes, and gDNA was quantified by the Quant-iT High-Sensitivity dsDNA Assay Kit
(Thermo Fisher Scientific Q33120).

ddPCR reaction preparation

All gDNA dilutions and ddPCR master mixes were prepared and aliquoted under a sterile
hood that had been thoroughly decontaminated to remove environmental DNA (44).
When the hood was not in use, it was subjected to UV light to remove any residual
environmental DNA contamination sources. gDNA template was diluted to 0.5 ng/pL
in sterile water to add 1 ng total DNA in 2 pL of volume to each ddPCR. A ddPCR
master mix was prepared containing 250 nM of HEX probe, 250 nM FAM probe, 900 nM
ddPCR primer, 900 nM OpaRev primer, 2x ddPCR Supermix for Probes (No dUTP) (Biorad
#1863024), and water. Each ddPCR sample was 20 uL. For multiple samples, 20 pL of the
master mix was added to PCR strip tubes, and 2 pL of 0.5 ng/uL DNA was added to the
reaction template. Tubes were vortexed heavily and spun down in a tabletop centrifuge,
and 20 pL of the reaction was added to the sample wells of a DG8 cartridge (Biorad
#1864008).

ddPCR droplet generation

All subsequent pipetting of ddPCR samples was performed using aerosol-barrier (Rainin)
pipet tips. ddPCR master mix-containing tubes were vortexed heavily and spun down
in a tabletop centrifuge, and 20 uL of the reaction was added to the sample wells in
a DG8 cartridge (Biorad #1864008). Seventy microliters of Droplet Generation Qil for
Probes (Biorad #1863005) was added to the oil wells in the same DG8 cartridge. One
DG8 gasket (Biorad # 1863009) was fitted over the cartridge in its holder. The cartridge
and holder were placed into the QX200 droplet generator for generation. After droplets
were generated, the gasket was removed, and 40 pL of droplets was slowly and carefully
transferred into a 96-well ddPCR plate (Biorad #1864108). The ddPCR plate and droplets
were sealed using Pierceable Foil Heat Seal (Biorad #1814040) that is adhered to the plate
by the PX1 PCR Plate Sealer.
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PCR conditions and droplet fluorophore signal detection

The foil-sealed ddPCR plate was placed in a Biorad thermocycler, and the reaction
proceeded at 95°C for 10 minutes, 94°C for 30 seconds, 56°C for 1 minute, 72°C for
1 minute (39x), and 98°C for 10 minutes. The annealing temperature and extension
time were optimized for the specific probes used in this assay and for the relatively
long 648 bp ddPCR amplicon, respectively. After the PCR, droplets were read for HEX
and FAM signals in channels 1 and 2 of the QX200 Droplet Reader (Biorad) controlled
by QuantaSoft software. All data were analyzed using QuantaSoft for HEX and FAM
positive/negative signal threshold determination. Data were analyzed for quality control
to ensure that all ddPCR runs contained over 11,000 total droplets, there were no
droplets with FAM signal alone, and the no template controls (NTCs) did not contain
significant FAM or HEX signal. The threshold for positive HEX and FAM droplets was
manually set for each run, and the threshold was adjusted in comparison with the NTC
controls to avoid false positives for each fluorophore.

Isolation of a pilE 3C1 variant

We isolated a Gc strain that contains the silent copy 3C1 sequence in the pilE locus. We
isolated this strain by inducing Av with IPTG in a recAé6 strain background, screening for
3C1 variants, and then removing IPTG to create a stable variant. Strain FA1090 recA6 was
used to generate colonies for Av analysis. First, the Gc strain FA1090 recA6 was Sanger
sequenced using pilE-flanking primers PilRBS (5’-TTTCCCCTTTCAATTAGGAG) and OpaRev
to assure the presence of the unvaried pilE starting sequence. This unvaried strain was
revived from the —80°C freezer storage and streaked on GCB agar overnight at 37°C with
5% CO;. The unvaried strain was then streaked on GCB + 1 mM IPTG agar overnight for
16 hours at 37°C with 5% CO, during which time Av was induced. Single varied colonies
were isolated and patched onto GCB agar in clonal populations without IPTG overnight
for 16 hours at 37°C with 5% CO; during which time Av did not occur, and the clonal
colony populations maintained their variant sequences in the pilE locus without varying
further. Patches measuring 1 cm x 1 cm on GCB agar were necessary to produce enough
template for colony PCR, as single colonies did not produce enough template material.

With the knowledge that the 3C1 copy variants make up 1% of the total variant
population (23), we sought to screen ~1,000 colonies via pooled colony PCR using a
3C1-specific primer that also bound the ddPCR assay FAM probe sequence. We designed
the primer FAMProbeRight (5-TTTGACGTCGTCGGCTTT) and performed pooled colony
PCR with the PilRBS primer, which binds upstream of the pilE locus but not upstream of
the silent copy loci. Pools of 10 patches were swabbed into 50 puL gonococcal base liquid
(GCBL) with 25% glycerol and lysed for 5 minutes at 100°C, and 2 pL of this lysate was
used as a template for PCR. The cryoprotected pools could then be frozen at —80°C for
revival and plating for single colonies in the event of a positive band for 3C1 sequence in
the pilE locus. An Escherichia coli vector containing a recombinant 3C1 pilE sequence was
used as a positive control for these assays. After isolating a clonal population, its pilE 3C1
sequence was confirmed via Sanger sequencing.

Spiking experiment to assess ddPCR Av frequency assay accuracy and limit of
detection

For the spiking experiments, a predetermined ratio of genomically encoded 3C1 FA1090
recA6 gDNA was mixed with an equivalent amount of unvaried FA1090 recA6 1-81-S2
starting sequence gDNA isolated from bacteria grown without IPTG. Genomic DNA
isolation, quantification, and ddPCR assays were performed as previously stated. All
sample proportions were mixed, processed, and analyzed on three different days.

Colony density plating and quantification

Gc was seeded at different densities using one colony plucked with a sterile Whatman
disc into 500 pL GCBL (liquid GCB+ with 0.042% sodium bicarbonate), serially diluted,

May 2025 Volume 10 Issue 5

mSphere

10.1128/msphere.00094-25 5


https://doi.org/10.1128/msphere.00094-25

Resource Report

and seeded at different densities onto GCB agar containing 1.0 mM IPTG. The plated
dilutions were evenly dispersed using sterile glass beads and grown for 22 hours at 37°C.
Colony densities were quantified by counting the total number of colonies on an entire
plate and then dividing the total colonies per plate by the total plate area in square
centimeters (area = 1ir?).

RESULTS
Development of the ddPCR assay

We developed a method based on ddPCR to measure Gc pilin antigenic variation
frequencies. While the process of pilin antigenic variation involves the recombination
of one or multiple pilS silent copies, this assay focuses solely on detecting the recombi-
nation of one high-frequency recombining pilS silent copy termed copy 3C1 (Fig. 1).
Previous studies have shown there are nonrandom incorporations of silent donor copies
into pilE during pilin Av when using the FAO190 1-81-52 recA6 strain, with specific
silent copy sequences overrepresented in pilE variants (13, 22, 23, 26, 45). While overall
pilin antigenic variation occurs at a 5%-11% frequency, the pilS3 copy1 (S3C1) usually
represents 11%-27% of overall events (22, 23, 26), allowing us to use recombination of
the S3C1 HV| sequence as a proxy for overall pilin antigenic variation.

We designed the PCR amplification probes (ddPCR and OpaRev) to specifically
amplify the pilE locus without amplifying any silent copy to prevent nonspecific signals
(23) (Fig. 1C). We also designed a HEX-labeled oligonucleotide probe that binds to the
conserved cys1 region of pilE and every pilS copy. We developed a FAM-labeled probe
specific for the pilS 3CT HV| region. During ddPCR, the ddPCR and OpaRev primers
amplify the pilE gene, while the HEX signal measures all droplets containing a pilE gene.
The FAM signal measures droplets with pilS 3 C1 HV_ pilE variants.

The ddPCR assay accurately measures S3C1 variants

To measure antigenic variation frequency by ddPCR, we utilized a strain where recA,
required for antigenic variation to occur, is under the control of the lac regulatory system
and thereby inducible with 1 mM of IPTG. This strain, called FA1090 recA6, has been
thoroughly characterized for use in studies quantifying antigenic variation frequency and
assures that the Gc begins agar plate growth with the same starting sequence, 1-81-S2.
We screened for and isolated a naturally occurring 3C1 pilE variant using this strain.
To assess the accuracy and precision of the ddPCR antigenic variation assay, we mixed
defined proportions of chromosomal S3C1 pilE variant DNA and genomic DNA contain-
ing nonvariant 1-81-S2 pilE sequence (Fig. 2). Pre-defined input DNA ratios ranging from
20% 3C1 variant DNA to 0.20% 3C1 variant DNA resulted in precise, accurate output
FAM/HEX 3C1 variant frequencies with three biological replicates (Fig. 2A). Below input
DNA ratios of 0.20%, six biological replicates were required to maintain accuracy (Fig.
2B). Accuracy was lost below 0.05% 3C1 variant frequency with six biological replicates,
revealing 0.05% 3C1 variant frequency as the level of detection for this assay.

The ddPCR assay measures different frequencies of pilin Av

We grew FA1090 recA6 1-82-S1 for 22 hours of solid agar plate growth in the presence
and absence of IPTG and isolated total genomic DNA. We conducted the ddPCR assay to
determine the population S3C1 variant frequency. In the presence of IPTG, the average
S3C1 variant frequency was 0.1% S3C1 per pilE (Fig. 3). This value is in close agreement
with the S3C1 antigenic variation frequency in this strain measured by PacBio sequenc-
ing (26). The ddPCR assay did not detect any anomalous variation in the strain growth
without IPTG (Fig. 3).

To test whether the ddPCR assay could measure lowered Av frequencies caused by
trans-acting factors involved in DNA recombination, we assayed two mutant Gc strains
previously shown to have reduced Av frequencies. The FA1090 recA6 recX strain contains
an erm cassette in the open reading frame of recX (hereby referred to as ArecX) and does
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FIG 2 Reconstitution of pilin variation frequencies by spiking S3C1 pilE gDNA with non-variant 1-81-52 pilE gDNA. To assess
the accuracy, precision, and limit of detection of the ddPCR Av assay, we mixed defined proportions of chromosomal S3C1
pilE variant DNA and gDNA containing nonvariant 1-81-S2 pilE sequence (x axis). 3C1 variant frequency is represented as the
proportion of FAM/HEX ratio (y axis). All solid, round data points for each separate proportion on the x axis represent a distinct
biological replicate. (A) The assay can accurately measure the 3C1 variant frequency from 0.2% to 20% with a minimum of
three biological replicates. (B) To reproducibly measure lower pilin Av, a minimum of six biological replicates is necessary.

not produce RecX protein. RecX has been shown to inhibit RecA in Gc by promoting
rapid RecA filament disassembly (30, 46). A 454 pyrosequencing assay reported that the
FA1090 1-81-S2 recA6 ArecX strain had an overall Av frequency of 3.44% (23). This same
assay measured FA1090 recA6 1-82-S1 overall Av frequency as 10.6%-10.8% (23). The
ddPCR assay measured the FA1090 recA6 ArecX strain mean 3C1 Av frequency value as
0.76% compared to 1.7% 3C1 Av frequency for the FA1090 recA6 parental strain (Fig. 3).
The overall Av frequency fold change reduction between the parental strain and ArecX
measured by 454 pyrosequencing is 3.1-fold, while the 3C1 Av frequency fold change
reduction measured by ddPCR between the parental strain and ArecX is 2.2-fold. While
not identical, comparing these values shows that the ddPCR assay can measure reduced
frequencies of pilin Av when comparing two strains or conditions.

In addition, we tested an FA1090 recA6 ArecQ mutant strain containing an erm
cassette in the open reading frame of recQ that does not produce 3’-5° DNA helicase
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FIG 3 Testing whether the ddPCR assay can measure different pilin Av frequencies. The ddPCR assay
to measure antigenic frequency was performed on gDNA harvested from three different FA1090 recA6
strains in the presence and absence of 1 mM IPTG. The x axis denotes the strain description and whether
1 mM IPTG was present (+IPTG) or absent (no IPTG) in the solid agar medium during 22 hours of growth at
37°C. The FAM/HEX ratio indicating S3C1 variant frequency is on the y axis. All solid, round data points for
each strain and condition on the x axis represent separate biological replicates performed on 3 different
days. Black bars amidst the three biological replicates indicate the mean y value for each strain and one
SD above and below the mean. * denotes y values that differ from one another in a statistically significant

manner between different strains using Student’s unpaired t test (P < 0.05).

RecQ (hereby referred to as ArecQ) (34). A 454 pyrosequencing Av assay reported that
FA1090 recA6 ArecQ has an overall antigenic variation frequency of 2.61% compared to
an overall antigenic variation frequency of 10.6%-10.8% for the parental strain. The
ddPCR Av assay showed an S3C1 variant frequency of 0.44%, compared to 1.7% for the
FA1090 recA6 parental strain (Fig. 3). The overall Av frequency fold change reduction
between the parental strain and ArecQ measured by 454 pyrosequencing is 4.4-fold,
while the 3C1 Av frequency fold change reduction measured by ddPCR between the
parental strain and ArecQ is 3.7-fold.

Colony density affects antigenic variation frequency

We used the ddPCR assay to determine whether colony density might affect Av
frequency. FA1090 1-82-S1 recA6 was seeded at a spectrum of colony densities on a solid
agar medium. These variable colony densities were quantified by colonies per square
centimeter of agar medium and represented as bins containing densities less than 1,580
cm? or greater than 3,800 cm? (Fig. 4 x axis). The pilin Av frequencies measured by the
ddPCR assay showed that dense colonies showed lower Av frequencies when compared
to colonies that were more spread out (Fig. 4).

DISCUSSION

This report demonstrates that this ddPCR assay can reproducibly measure relative 3C1
pilin Av frequencies in pre-mixed ratios and ArecX and ArecQ mutant strains. The assay
does not measure all antigenic variation events and, therefore, is only useful as a
comparison between two samples, such as parent and mutant comparisons, or different
environmental conditions, such as the low- and high-colony density conditions observed
in Fig. 4. The higher 3C1 Av frequencies observed in low-density colonies are likely the
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FIG 4 Colony density influences the pilin Av frequency. The ddPCR assay to measure Av frequency was performed on gDNA
harvested from solid GCB agar plates seeded with a range of colony densities, then grown for 22 hours at 37°C. Colony
densities on a solid agar medium are represented by colonies per square centimeter, as shown on the x axis and displayed in
low- and high-density bins. FAM/HEX ratio indicating S3C1 variant frequency is shown on the y axis. Gray rounded data points
represent individual solid agar plates from which gDNA was harvested on separate days. Black bars amidst the clustered
samples indicate the mean y value for the two bins (<1,580 and >3,800 colonies/cm?) and one SD above and below the mean.
* denotes y values that differ from one another in a statistically significant manner between two using Student’s unpaired t
test (P < 0.05).
result of more nutrient availability and subsequent growth under this condition, allowing
for more DNA replication, recombination, and Av. As little is known about environmental
conditions that affect Av, and past genetic screens have indicated unknown genetic
factors contribute to Av, the ddPCR assay could be used to discover environmental and
genetic factors affecting Av.

To increase the sensitivity of the assay, future experiments to optimize the current
ddPCR assay to measure S3C1 variant frequency should focus on designing primers,
probes, and PCR conditions that result in a shorter ddPCR amplicon and, thus, a shorter
PCR extension time. The amplicon measured in this assay amplifies the expressed pilE
locus, not any of the silent loci. In the current assay, the amplicon is considerably long for
ddPCR at 648 bp, requiring a 90-second extension time. A smaller amplicon would lessen
the extension time, considerably improving the efficiency of the assay. This method is
currently limited to only detecting S3C1 variation and not overall antigenic variation.
Despite this limitation, 3C1 Av frequency is still proper as a proxy for comparative trends
in Av frequency, as exemplified by the trends in fold change reduction in ArecX and
ArecQ mutant strains compared to the parental strain in Fig. 3. However, if different
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mutants affect the patterns of donor silent copy usage, this could affect the results of the
ddPCR assay. No mutations have yet been shown to alter donor silent copy choice, but
this does not eliminate this possibility.

Diversity generation systems like pilin Av exist in eukaryotic and prokaryotic
organisms, often evolving in host-restricted organisms to evade host immune detection.
In addition to the pathogenic Neisseria, bacterial Av occurs in Lyme spirochete Borre-
lia burgdorferi (47), gastrointestinal pathogen Campylobacter fetus (48), and rickettsial
pathogen Anaplasma marginale (49, 50). Eukaryotic host-restricted malaria parasite
Plasmodium falciparum and sleeping sickness parasite Trypanosoma brucei similarly
undergo Av (51, 52). The evolution of Av is not exclusive to pathogens, however, as
free-living ciliate Paramecium undergoes variation of its surface antigens (53), and the
budding yeast Saccharomyces cerevisiae undergoes a type of Av to allow mating-type
switching, varying its surface protein interactions with other yeast cells in the environ-
ment (54). Through specific primer and probe re-design, this assay may be adapted
for other pathogenic and non-pathogenic prokaryotic and eukaryotic organisms that
undergo gene switching, which may allow for forward genetic screening of unknown
diversity generation determinants. In addition, this method could be expanded to study
the frequency of gene rearrangement in human genes that undergo similar mechanisms
to Av, such as T-cell antigen receptor gene rearrangement (55).

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grants R37 Al03349 and
RO1 Al146073 (HSS). We are grateful for generous support from the David and Lucile
Packard Foundation (2018-68055), the Army Research Office (W911NF-19-1-0136), Pew
Charitable Trusts (2019-A-06953), the National Science Foundation (NSF 2239567), and
National Institute of General Medical Sciences of the National Institutes of Health
(1R35GM147170-01; A.P).

This work was partially performed at the NUSeq Core Facility, supporting genome
research at the Feinberg School of Medicine and Northwestern University.

AUTHOR AFFILIATIONS

'Department of Microbiology-Immunology, Northwestern University Feinberg School of
Medicine, Chicago, Illinois, USA

’Department of Biochemistry and Molecular Genetics, Northwestern University Feinberg
School of Medicine, Chicago, Illinois, USA

*Center for Synthetic Biology, Northwestern University, Evanston, lllinois, USA
“*Department of Chemical and Biological Engineering, Northwestern University, Evanston,
lllinois, USA

*Chan Zuckerberg Biohub Chicago, Chicago, lllinois, USA

AUTHOR ORCIDs

Sarah J. Quillin @ http://orcid.org/0000-0003-2164-3198
Arthur Prindle  http://orcid.org/0009-0004-2804-3077
H Steven Seifert (2 http://orcid.org/0000-0001-8651-0375

FUNDING
Funder Grant(s) Author(s)
National Institute of Allergy and R37 Al03349, R01 Al146073 Sarah J. Quillin

Infectious Diseases H. Steven Seifert

David and Lucile Packard Foundation 2018-68055 Sarah J. Quillin
Di Luo
Aoife Gavagan

May 2025 Volume 10 Issue 5

mSphere

10.1128/msphere.00094-25 10


http://orcid.org/0000-0003-2164-3198
http://orcid.org/0009-0004-2804-3077
http://orcid.org/0000-0001-8651-0375
http://dx.doi.org/10.13039/100000060
http://dx.doi.org/10.13039/100000008
https://doi.org/10.1128/msphere.00094-25

Resource Report

mSphere

Funder Grant(s) Author(s)
Arthur Prindle

Army Research Office WO91T1NF-19-1-0136 Sarah J. Quillin
Di Luo

Aoife Gavagan
Arthur Prindle

National Science Foundation NSF 2239567 Sarah J. Quillin
Di Luo
Aoife Gavagan
Arthur Prindle
National Institute of General Medical R35 GM147170 Sarah J. Quillin
Sciences Di Luo

Aoife Gavagan
Arthur Prindle

AUTHOR CONTRIBUTIONS

Sarah J. Quillin, Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Validation, Writing - original draft, Writing — review and editing | Di
Luo, Investigation | Aoife Gavagan, Investigation | Arthur Prindle, Funding acquisition,
Project administration | H Steven Seifert, Conceptualization, Funding acquisition, Project
administration, Supervision, Writing — review and editing

DATA AVAILABILITY

The data underlying this article are available in Northwestern’s Arch data repository at
https://doi.org/10.21985/n2-004h-es21.

REFERENCES

1.

May 2025 Volume 10

WHO. 2024. World health organization bacterial priority pathogens list,
2024: bacterial pathogens of public health importance to guide
research, development and strategies to prevent and control antimicro-
bial resistance. World Health Organization, Geneva.

Lee JS, Choi HY, Lee JE, Lee SH, Oum BS. 2002. Gonococcal keratocon-
junctivitis in adults. Eye (Lond) 16:646-649. https://doi.org/10.1038/sj.ey
e.6700112

Noble RC, Cooper RM, Miller BR. 1979. Pharyngeal colonisation by
Neisseria gonorrhoeae and Neisseria meningitidis in black and white
patients attending a venereal disease clinic. Br J Vener Dis 55:14-19. http
s://doi.org/10.1136/sti.55.1.14

Danby CS, Cosentino LA, Rabe LK, Priest CL, Damare KC, Macio IS, Meyn
LA, Wiesenfeld HC, Hillier SL. 2016. Patterns of extragenital chlamydia
and gonorrhea in women and men who have sex with men reporting a
history of receptive anal intercourse. Sex Transm Dis 43:105-109. https://
doi.org/10.1097/0LQ.0000000000000384

Schmidt KA, Schneider H, Lindstrom JA, Boslego JW, Warren RA, Van de
Verg L, Deal CD, McClain JB, Griffiss JM. 2001. Experimental gonococcal
urethritis and reinfection with homologous gonococci in male
volunteers. Sex Transm Dis 28:555-564. https://doi.org/10.1097/0000743
5-200110000-00001

Obergfell KP, Seifert HS. 2016. The Pilin N-terminal domain maintains
Neisseria gonorrhoeae transformation competence during pilus phase
variation. PLoS Genet 12:e1006069. https://doi.org/10.1371/journal.pge
n.1006069

Buchanan TM, Pearce WA. 1976. Pili as a mediator of the attachment of
gonococci to human erythrocytes. Infect Immun 13:1483-1489. https://
doi.org/10.1128/iai.13.5.1483-1489.1976

Lauer P, Albertson NH, Koomey M. 1993. Conservation of genes
encoding components of a type IV pilus assembly/two-step protein
export pathway in Neisseria gonorrhoeae. Mol Microbiol 8:357-368. https
://doi.org/10.1111/j.1365-2958.1993.tb01579.x

Issue 5

10.

11.

12.

13.

14.

15.

16.

17.

Wolfgang M, Lauer P, Park HS, Brossay L, Hébert J, Koomey M. 1998. PilT
mutations lead to simultaneous defects in competence for natural
transformation and twitching motility in piliated Neisseria gonorrhoeae.
Mol Microbiol 29:321-330. https://doi.org/10.1046/j.1365-2958.1998.009
35.x

Biswas GD, Sox T, Blackman E, Sparling PF. 1977. Factors affecting
genetic transformation of Neisseria gonorrhoeae. J Bacteriol 129:983-
992. https://doi.org/10.1128/jb.129.2.983-992.1977

Virji M, Heckels JE. 1986. The effect of protein Il and pili on the
interaction of Neisseria gonorrhoeae with human polymorphonuclear
leucocytes. J Gen Microbiol 132:503-512. https://doi.org/10.1099/00221
287-132-2-503

Parsons NJ, Kwaasi AA, Turner JA, Veale DR, Perera VY, Penn CW, Smith H.
1981. Investigation of the determinants of the survival of Neisseria
gonorrhoeae within human polymorphonuclear phagocytes. J Gen
Microbiol 127:103-112. https://doi.org/10.1099/00221287-127-1-103
Cahoon LA, Seifert HS. 2009. An alternative DNA structure is necessary
for pilin antigenic variation in Neisseria gonorrhoeae. Science 325:764—
767. https://doi.org/10.1126/science.1175653

Cahoon LA, Seifert HS. 2011. Focusing homologous recombination: pilin
antigenic variation in the pathogenic Neisseria. Mol Microbiol 81:1136-
1143. https://doi.org/10.1111/j.1365-2958.2011.07773.x

Cahoon LA, Seifert HS. 2013. Transcription of a cis-acting, noncoding,
small RNA is required for pilin antigenic variation in Neisseria gonor-
rhoeae. PLoS Pathog 9:21003074. https://doi.org/10.1371/journal.ppat.1
003074

Prister LL, Ozer EA, Cahoon LA, Seifert HS. 2019. Transcriptional initiation
of a small RNA, not R-loop stability, dictates the frequency of pilin
antigenic variation in Neisseria gonorrhoeae. Mol Microbiol 112:1219-
1234. https://doi.org/10.1111/mmi.14356

Hamrick TS, Dempsey JAF, Cohen MS, Cannon JG. 2001. Antigenic
variation of gonococcal pilin expression in vivo: analysis of the strain

10.1128/msphere.00094-25 11


http://dx.doi.org/10.13039/100000183
http://dx.doi.org/10.13039/501100008982
http://dx.doi.org/10.13039/100000057
https://doi.org/10.21985/n2-004h-es21
https://doi.org/10.1038/sj.eye.6700112
https://doi.org/10.1136/sti.55.1.14
https://doi.org/10.1097/OLQ.0000000000000384
https://doi.org/10.1097/00007435-200110000-00001
https://doi.org/10.1371/journal.pgen.1006069
https://doi.org/10.1128/iai.13.5.1483-1489.1976
https://doi.org/10.1111/j.1365-2958.1993.tb01579.x
https://doi.org/10.1046/j.1365-2958.1998.00935.x
https://doi.org/10.1128/jb.129.2.983-992.1977
https://doi.org/10.1099/00221287-132-2-503
https://doi.org/10.1099/00221287-127-1-103
https://doi.org/10.1126/science.1175653
https://doi.org/10.1111/j.1365-2958.2011.07773.x
https://doi.org/10.1371/journal.ppat.1003074
https://doi.org/10.1111/mmi.14356
https://doi.org/10.1128/msphere.00094-25

Resource Report

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

May 2025 Volume 10

FA1090 pilin repertoire and identification of the pilS gene copies
recombining with pilE during experimental human infection.
Microbiology (Reading) 147:839-849. https://doi.org/10.1099/00221287
-147-4-839

Forest KT, Dunham SA, Koomey M, Tainer JA. 1999. Crystallographic
structure reveals phosphorylated pilin from Neisseria: phosphoserine
sites modify type IV pilus surface chemistry and fibre morphology. Mol
Microbiol 31:743-752. https://doi.org/10.1046/j.1365-2958.1999.01184.x
Giltner CL, Nguyen Y, Burrows LL. 2012. Type IV pilin proteins: versatile
molecular modules. Microbiol Mol Biol Rev 76:740-772. https://doi.org/1
0.1128/MMBR.00035-12

Segal E, Hagblom P, Seifert HS, So M. 1986. Antigenic variation of
gonococcal pilus involves assembly of separated silent gene segments.
Proc Natl Acad Sci U S A 83:2177-2181. https://doi.org/10.1073/pnas.83.
7.2177

Segal E, Billyard E, So M, Storzbach S, Meyer TF. 1985. Role of chromoso-
mal rearrangement in N. gonorrhoeae pilus phase variation. Cell 40:293-
300. https://doi.org/10.1016/0092-8674(85)90143-6

Criss AK, Kline KA, Seifert HS. 2005. The frequency and rate of pilin
antigenic variation in Neisseria gonorrhoeae. Mol Microbiol 58:510-519.
https://doi.org/10.1111/j.1365-2958.2005.04838.x

Rotman E, Webber DM, Seifert HS. 2016. Analyzing Neisseria gonorrhoeae
pilin antigenic variation using 454 sequencing technology. J Bacteriol
198:2470-2482. https://doi.org/10.1128/JB.00330-16

Sechman EV, Rohrer MS, Seifert HS. 2005. A genetic screen identifies
genes and sites involved in pilin antigenic variation in Neisseria
gonorrhoeae. Mol Microbiol 57:468-483. https://doi.org/10.1111/j.1365-
2958.2005.04657.x

Wainwright LA, Pritchard KH, Seifert HS. 1994. A conserved DNA
sequence is required for efficient gonococcal pilin antigenic variation.
Mol Microbiol 13:75-87. https://doi.org/10.1111/j.1365-2958.1994.tb004
03.x

Ozer EA, Prister LL, Yin S, Ward BH, Ivanov S, Seifert HS. 2019. PacBio
amplicon sequencing method to measure pilin antigenic variation
frequencies of Neisseria gonorrhoeae. mSphere 4:€00562-19. https://doi.
org/10.1128/mSphere.00562-19

Mehr 1J, Seifert HS. 1997. Random shuttle mutagenesis: gonococcal
mutants deficient in pilin antigenic variation. Mol Microbiol 23:1121-
1131. https://doi.org/10.1046/j.1365-2958.1997.2971660.x

Koomey JM, Falkow S. 1987. Cloning of the recA gene of Neisseria
gonorrhoeae and construction of gonococcal recA mutants. J Bacteriol
169:790-795. https://doi.org/10.1128/jb.169.2.790-795.1987

Stohl EA, Gruenig MC, Cox MM, Seifert HS. 2011. Purification and
characterization of the RecA protein from Neisseria gonorrhoeae. PLoS
One 6:217101. https://doi.org/10.1371/journal.pone.0017101

Gruenig MC, Stohl EA, Chitteni-Pattu S, Seifert HS, Cox MM. 2010. Less is
more: Neisseria gonorrhoeae RecX protein stimulates recombination by
inhibiting RecA. J Biol Chem 285:37188-37197. https://doi.org/10.1074/j
bc.M110.171967

Mehr 1J, Long CD, Serkin CD, Seifert HS. 2000. A homologue of the
recombination-dependent growth gene, rdgC, is involved in gonococcal
pilin antigenic variation. Genetics 154:523-532. https://doi.org/10.1093/
genetics/154.2.523

Drees JC, Chitteni-Pattu S, McCaslin DR, Inman RB, Cox MM. 2006.
Inhibition of RecA protein function by the RdgC protein from Escherichia
coli. ) Biol Chem 281:4708-4717. https://doi.org/10.1074/jbc.M51359220
0

Sechman EV, Kline KA, Seifert HS. 2006. Loss of both Holliday junction
processing pathways is synthetically lethal in the presence of gonococ-
cal pilin antigenic variation. Mol Microbiol 61:185-193. https://doi.org/1
0.1111/j.1365-2958.2006.05213.x

Mebhr 1J, Seifert HS. 1998. Differential roles of homologous recombina-
tion pathways in Neisseria gonorrhoeae pilin antigenic variation, DNA
transformation and DNA repair. Mol Microbiol 30:697-710. https://doi.or
9/10.1046/j.1365-2958.1998.01089.x

Killoran MP, Kohler PL, Dillard JP, Keck JL. 2009. RecQ DNA helicase
HRDC domains are critical determinants in Neisseria gonorrhoeae pilin
antigenic variation and DNA repair. Mol Microbiol 71:158-171. https://d
0i.0rg/10.1111/j.1365-2958.2008.06513.x

Voter AF, Callaghan MM, Tippana R, Myong S, Dillard JP, Keck JL. 2020.
Antigenic variation in Neisseria gonorrhoeae occurs Independently of

Issue 5

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

mSphere

RecQ-mediated unwinding of the pilE G quadruplex. J Bacteriol
202:e00607-19. https://doi.org/10.1128/JB.00607-19

Serkin CD, Seifert HS. 1998. Frequency of pilin antigenic variation in
Neisseria gonorrhoeae. J Bacteriol 180:1955-1958. https://doi.org/10.112
8/JB.180.7.1955-1958.1998

Serkin CD, Seifert HS. 2000. Iron availability regulates DNA recombina-
tion in Neisseria gonorrhoeae. Mol Microbiol 37:1075-1086. https://doi.or
9/10.1046/j.1365-2958.2000.02058.x

Davies JK, Harrison PF, Lin Y-H, Bartley S, Khoo CA, Seemann T, Ryan CS,
Kahler CM, Hill SA. 2014. The use of high-throughput DNA sequencing in
the investigation of antigenic variation: application to Neisseria species.
PLoS One 9:e86704. https://doi.org/10.1371/journal.pone.0086704
Hindson BJ, Ness KD, Masquelier DA, Belgrader P, Heredia NJ,
Makarewicz AJ, Bright 1J, Lucero MY, Hiddessen AL, Legler TC, et al. 2011.
High-throughput droplet digital PCR system for absolute quantitation of
DNA copy number. Anal Chem 83:8604-8610. https://doi.org/10.1021/ac
2020289

Seifert HS, Wright CJ, Jerse AE, Cohen MS, Cannon JG. 1994. Multiple
gonococcal pilin antigenic variants are produced during experimental
human infections. J Clin Invest 93:2744-2749. https://doi.org/10.1172/JC
1117290

Rohrer MS, Lazio MP, Seifert HS. 2005. A real-time semi-quantitative RT-
PCR assay demonstrates that the pilE sequence dictates the frequency
and characteristics of pilin antigenic variation in Neisseria gonorrhoeae.
Nucleic Acids Res 33:3363-3371. https://doi.org/10.1093/nar/gki650
Seifert HS. 1997. Insertionally inactivated and inducible recA alleles for
use in Neisseria. Gene 188:215-220. https://doi.org/10.1016/50378-1119(
96)00810-4

Fischer M, Renevey N, Thiir B, Hoffmann D, Beer M, Hoffmann B. 2016.
Efficacy assessment of nucleic acid decontamination reagents used in
molecular diagnostic laboratories. PLoS One 11:e0159274. https://doi.or
g/10.1371/journal.pone.0159274

Helm RA, Seifert HS. 2009. Pilin antigenic variation occurs independently
of the RecBCD pathway in Neisseria gonorrhoeae. J Bacteriol 191:5613-
5621. https://doi.org/10.1128/JB.00535-09

Stohl EA, Seifert HS. 2001. The recX gene potentiates homologous
recombination in Neisseria gonorrhoeae. Mol Microbiol 40:1301-1310. ht
tps://doi.org/10.1046/j.1365-2958.2001.02463.x

Verhey TB, Castellanos M, Chaconas G. 2018. Antigenic variation in the
lyme spirochete: insights into recombinational switching with a
suggested role for error-prone repair. Cell Rep 23:2595-2605. https://doi.
org/10.1016/j.celrep.2018.04.117

Dubreuil JD, Kostrzynska M, Austin JW, Trust TJ. 1990. Antigenic
differences among Campylobacter fetus S-layer proteins. J Bacteriol
172:5035-5043. https://doi.org/10.1128/jb.172.9.5035-5043.1990

Palmer GH, Bankhead T, Seifert HS. 2016. Antigenic variation in bacterial
pathogens. Microbiol Spectr 4. https://doi.org/10.1128/microbiolspec.V
MBF-0005-2015

Barbet AF, Yi J, Lundgren A, McEwen BR, Blouin EF, Kocan KM. 2001.
Antigenic variation of Anaplasma marginale: major surface protein 2
diversity during cyclic transmission between ticks and cattle. Infect
Immun 69:3057-3066. https://doi.org/10.1128/IA1.69.5.3057-3066.2001
Recker M, Buckee CO, Serazin A, Kyes S, Pinches R, Christodoulou Z,
Springer AL, Gupta S, Newbold CI. 2011. Antigenic variation in
Plasmodium falciparum malaria involves a highly structured switching
pattern. PLoS Pathog 7:e1001306. https://doi.org/10.1371/journal.ppat.1
001306

Horn D. 2014. Antigenic variation in African trypanosomes. Mol Biochem
Parasitol 195:123-129. https://doi.org/10.1016/j.molbiopara.2014.05.001
Pirritano M, Yakovleva Y, Potekhin A, Simon M. 2022. Species-specific
duplication of surface antigen genes in Paramecium Microorganisms
10:12. https://doi.org/10.3390/microorganisms10122378

Hanson SJ, Wolfe KH. 2017. An evolutionary perspective on yeast
mating-type switching. Genetics 206:9-32. https://doi.org/10.1534/gene
tics.117.202036

Krangel MS. 2009. Mechanics of T cell receptor gene rearrangement.
Curr Opin Immunol 21:133-139. https://doi.org/10.1016/.c0i.2009.03.00
9

10.1128/msphere.00094-25 12


https://doi.org/10.1099/00221287-147-4-839
https://doi.org/10.1046/j.1365-2958.1999.01184.x
https://doi.org/10.1128/MMBR.00035-12
https://doi.org/10.1073/pnas.83.7.2177
https://doi.org/10.1016/0092-8674(85)90143-6
https://doi.org/10.1111/j.1365-2958.2005.04838.x
https://doi.org/10.1128/JB.00330-16
https://doi.org/10.1111/j.1365-2958.2005.04657.x
https://doi.org/10.1111/j.1365-2958.1994.tb00403.x
https://doi.org/10.1128/mSphere.00562-19
https://doi.org/10.1046/j.1365-2958.1997.2971660.x
https://doi.org/10.1128/jb.169.2.790-795.1987
https://doi.org/10.1371/journal.pone.0017101
https://doi.org/10.1074/jbc.M110.171967
https://doi.org/10.1093/genetics/154.2.523
https://doi.org/10.1074/jbc.M513592200
https://doi.org/10.1111/j.1365-2958.2006.05213.x
https://doi.org/10.1046/j.1365-2958.1998.01089.x
https://doi.org/10.1111/j.1365-2958.2008.06513.x
https://doi.org/10.1128/JB.00607-19
https://doi.org/10.1128/JB.180.7.1955-1958.1998
https://doi.org/10.1046/j.1365-2958.2000.02058.x
https://doi.org/10.1371/journal.pone.0086704
https://doi.org/10.1021/ac202028g
https://doi.org/10.1172/JCI117290
https://doi.org/10.1093/nar/gki650
https://doi.org/10.1016/s0378-1119(96)00810-4
https://doi.org/10.1371/journal.pone.0159274
https://doi.org/10.1128/JB.00535-09
https://doi.org/10.1046/j.1365-2958.2001.02463.x
https://doi.org/10.1016/j.celrep.2018.04.117
https://doi.org/10.1128/jb.172.9.5035-5043.1990
https://doi.org/10.1128/microbiolspec.VMBF-0005-2015
https://doi.org/10.1128/IAI.69.5.3057-3066.2001
https://doi.org/10.1371/journal.ppat.1001306
https://doi.org/10.1016/j.molbiopara.2014.05.001
https://doi.org/10.3390/microorganisms10122378
https://doi.org/10.1534/genetics.117.202036
https://doi.org/10.1016/j.coi.2009.03.009
https://doi.org/10.1128/msphere.00094-25

	A droplet digital PCR assay to measure pilin antigenic variation frequency in Neisseria gonorrhoeae
	MATERIALS AND METHODS
	ddPCR primers and probes
	Strains and growth conditions for gDNA preparation
	ddPCR reaction preparation
	ddPCR droplet generation
	PCR conditions and droplet fluorophore signal detection
	Isolation of a pilE 3C1 variant
	Spiking experiment to assess ddPCR Av frequency assay accuracy and limit of detection
	Colony density plating and quantification

	RESULTS
	Development of the ddPCR assay
	The ddPCR assay accurately measures S3C1 variants
	The ddPCR assay measures different frequencies of pilin Av
	Colony density affects antigenic variation frequency

	DISCUSSION


