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ABSTRACT

Many pathogens use homologous recombination to vary surface antigens in order to avoid immune surveillance. Neisseria gon-
orrhoeae, the bacterium responsible for the sexually transmitted infection gonorrhea, achieves this in part by changing the se-
quence of the major subunit of the type IV pilus in a process termed pilin antigenic variation (Av). The N. gonorrhoeae chromo-
some contains one expression locus (pilE) and many promoterless, partial-coding silent copies (pilS) that act as reservoirs for
variant pilin information. Pilin Av occurs by high-frequency gene conversion reactions, which transfer pilS sequences into the
PilE locus. We have developed a 454 sequencing-based assay to analyze the frequency and characteristics of pilin Av that allows a
more robust analysis of pilin Av than previous assays. We used this assay to analyze mutations and conditions previously shown
to affect pilin Av, confirming many but not all of the previously reported phenotypes. We show that mutations or conditions that

cause growth defects can result in Av phenotypes when analyzed by phase variation-based assays. Adapting the 454 sequencing
to analyze pilin Av demonstrates the utility of this technology to analyze any diversity generation system that uses recombina-

tion to develop biological diversity.

IMPORTANCE

Measuring and analyzing complex recombination-based systems constitute a major barrier to understanding the mechanisms
used to generate diversity. We have analyzed the contributions of many gonococcal mutations or conditions to the process of

pilin antigenic variation.

Neisseria gonorrhoeae (the gonococcus [Gc]) is the sole caus-
ative agent of the sexually transmitted infection gonorrhea,
with an estimated 800,000 new cases per year in the United States
(1) and an estimated 106 million cases worldwide (2). Gc is a
human-specific pathogen whose infection is characterized by a
robust immune response and a purulent exudate composed of
polymorphonuclear leukocytes (PMNs) and Ge cells (3, 4). While
Gc primarily colonizes the urogenital epithelium, ocular gonor-
rhea can occur in the eyes of newborns as they pass through the
birth canal, resulting in a leading cause of blindness in developing
countries (5). Ge infections are often asymptomatic, which can
lead to serious complications such as cervicitis, epididymitis, en-
dometriosis, or pelvic inflammatory disease, and although rare,
Gc can also disseminate to the bloodstream, causing infective ar-
thritis or endocarditis (1, 2).

One of the major virulence factors of Gc is the type IV pilus
(TFP), a long hair-like appendage involved in DNA transforma-
tion, twitching motility, adherence to epithelial cells, and protec-
tion from PMN Kkilling (6-10). The TFP is composed primarily of
repeating units of the pilin protein PilE, and the exposed regions
of the pilus surface are recognized by human antibodies (11). PilE
is encoded by the chromosomal locus pilE (Fig. 1A and B) (12).
The process of pilin antigenic variation (Av) alters the sequence
of the pilE gene as a mechanism of generating diversity that affects
the pilus function and allows avoidance of immune surveillance
(13).

Pilin Av is mediated by a gene conversion process, a nonrecip-
rocal transfer of DNA from a donor locus to a recipient locus
without a change in the donor locus sequence. The pathogenic
Neisseria species incorporate homologous DNA from numerous
5'-truncated silent pilS copies that act as a reservoir of variant pilin
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information. The pilE gene is approximately 500 bp long, with the
first 150 bases encoding the conserved N-terminal domain of the
protein that is not present in the pilS copies and therefore remains
unchanged during pilin Av. Based on the level of homology with
the silent copies, the remainder of the gene is defined as consisting
of the semivariable (SV), cys1, hypervariable loop (HV ), cys2, and
hypervariable tail (HV) regions (Fig. 1C). In the FA1090 pilin
variant expressed in human volunteer isolate 1-81-S2 (14), the SV
region is from bp 150 to 360, with a highly variable region from bp
223 to 239. The cysl and cys2 regions (bp 365 to 393 and 453 to
473) are identical in all pilin gene copies, each encoding a con-
served cysteine residue that forms a disulfide bridge that is impor-
tant to the structure of PilE (15). The sequences of the HV; and
HV.; show the greatest level of sequence divergence between the
different silent copies. In N. gonorrhoeae strain FA1090, there are
19 pilS copies located at six separate loci (Fig. 1A) (16).

Pilin Av has one of the highest reported rates for a prokaryotic
diversity generation system (17). A population of Gc cells grown
for 19 generations will have a 10 to 13% frequency of pilE se-
quences that differ from the starting progenitor, approximately
6.8 X 1077 recombination events per CFU per generation for
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FIG 1 Organization of pilin genes in N. gonorrhoeae. Representative maps of the pilE gene (white block arrows) and pilS loci (colored arrows), with the pointed
ends showing the direction of the open reading frame (ORF), are shown. The black arrows represent functional promoters, the ovals represent the conserved
Smal/Cla repeat (SCR), and the star indicates the G4 sequence. (A) Position, orientation, and relative distances between the pilin loci and the silent copies within
each locus for strain FA1090. (B) The pilE gene and upstream region, with the positions of the primers used for 454 sequencing shown in red. (C) The constant
(black) and variable (white or blue) regions of pilE and a representative pilS copy. The semivariable (SV), hypervariable loop (HV, ), and hypervariable tail (HV}.)
regions are regions of heterology between the pilE gene and pilS copies, while cysI and cys2 are conserved sequences among all pilin copies. The 10 purple lines
represent the 10 regions used for silent-copy analysis. The figure is not drawn to scale. (D) The pilE G4 sequence with the G4 point mutations highlighted in red.

FA1090 with the pilE variant 1-81-S2 (18). Anywhere from 1 bp to
greater than 200 bp of heterology can be transferred during an Av
event, and the transferred region is always bordered by regions of
homology or microhomology that can range from 3 to 68 bp (18,
19). This frequency can be measured in different mutants and
under different growth conditions to help determine the role of
various proteins in pilin Av; the reduced Av frequency of a partic-
ular mutant generally means that its protein product is required
for pilin Av.

There are many factors reported to be involved in pilin Av,
particularly the proteins responsible for homologous recombina-
tion, RecA, RecX, RecO, RecR, Rec], RecQ, RdgC, RecG, and
RuvABC (20-26). Of these proteins, only RecA, RecO, and RecR
are absolutely required for pilin Av, since loss-of-function muta-
tions result in no measurable pilin Av, whereas loss-of-function
mutations to the other genes produce an intermediate phenotype.
RecA is the main bacterial protein for homologous recombina-
tion, responsible for strand invasion (27), and RecA’s activity is
modulated by the RecX and RdgC proteins in Neisseria (26, 28).
RecO, RecR, Rec]J, and RecQ are part of the RecF-like pathway in
Neisseria (there is no RecF ortholog), which uses gapped DNA as a
substrate for homologous recombination (29, 30). The RecFOR
complexes assist RecA with loading onto DNA (31). RuvA and
RuvB are helicases, which form a complex with RuvC to resolve
Holliday junctions (32). RecG can also process Holliday junctions
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(33) and has roles in replication restart and DNA repair (reviewed
in reference 29). Disruption of both RuvABC and RecG pathways
results in a pilin Av-dependent synthetic lethality (25, 34, 35).
Conditions that cause an increase in recombination, such as the
absence of iron (36) or the loss of mismatch correction proteins
(35,37),lead to increased pilin Av. The RecBCD and RecN recom-
bination proteins, which facilitate double-strand break repair, do
not have a strong effect on pilin Av in FA1090 (24, 38).

There are two cis-acting sequences that have been implicated in
pilin Av. At the 3" end of each locus is a conserved 65-bp sequence
termed the Sma/Cla repeat (SCR) (Fig. 1B). The SCR was found to
be required for efficient pilin Av using a hybridization-based assay
(39), and although proteins have been found to bind to the SCR
(40), it is unclear whether the sequence provides a function other
than an extended region of homology at the 3’ end of the pilE gene.
Upstream of the pilE gene promoter is a 16-nucleotide (nt) G-rich
sequence (Fig. 1D), which forms a guanine quartet (G4) structure
in vitro (34). Mutation of the 12 GC base pairs that disrupt the G4
structure (numbered G, to G;, G5 to G,, Gy to G5, and Gy, to
G, ) resultsin loss of pilin Av, while mutation of the AT base pairs,
which are not required for G4 structure formation, has no effect.
Replacing the G4-forming sequence with alternative G4-forming
sequences results in an Av-deficient (Avd) strain, while altering
the orientation or strand of the G4 and associated transcript also
leads to an Avd strain (34). Transcription of a noncoding RNA
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that initiates within the pilE G4-forming sequence (Fig. 1B) is also
required for efficient pilin Av; however, expression of the noncod-
ing RNA in trans does not complement a promoter mutant (41).
Thus, this noncoding RNA is cis acting, its transcription is re-
quired to form the G4 DNA structure (17), and it is required for
pilin Av. These findings have led to a model where the G4 struc-
ture is formed to disrupt replication and initiate this programmed
recombination process (17).

Pilin Av has been measured by a variety of assays, including
Southern blot hybridization and quantitative reverse transcrip-
tion-PCR (RT-PCR) measurement of the transfer of specific HV
sequences into the pilE locus, counting the percentage of nonpili-
ated variants from piliated variants, quantifying the appearance of
pilus-dependent colony morphology changes (PDCMC), or di-
rect sequencing of pilE DNA amplified from random piliated
progeny (18, 23, 39, 42, 43). The primary issue with many of these
methods (Southern hybridization, RT-PCR, or colony pheno-
types) is that only a subset of possible variants is measured. The
most comprehensive means to measure pilin Av is by sequencing
the pilE genes of potential variants, although the cost of individu-
ally sequencing hundreds of reads becomes impractical and the
sample size is fairly small. We have therefore developed a next-
generation sequencing assay to analyze pilin Av. Using 454 tech-
nology, we have assayed pilin Av in many mutants with mutations
previously described to inhibit the process and under some
growth conditions that have been reported to alter the process. A
recently reported Illumina-based sequencing was used to assess
pilin Av (44); however, there are many differences between that
previous study and ours. Most importantly, we chose to use 454
sequencing because it can sequence a 400- to 600-bp amplicon,
which allows the entire variable portion of each pilE gene to be
determined. This allows an exact recording of each antigenic vari-
ation product, while the shorter reads in Illumina sequencing can
record the changes that occur over the entire population but not
each product. Although 454 sequencing technology is being
phased out, other companies now offer amplicon sequencing for
read lengths greater than 600 bp.

We have used 454 sequencing as an efficient and sensitive
method for analyzing the frequency and character of N. gonor-
rhoeae pilin variants. The measured frequencies correlate well
with previously reported values for many of the tested mutants.
We confirm that (i) RecA, RecO, and the upstream G4 are critical
factors in catalyzing pilin Av, (ii) RecQ, Rep, Rec], RecX, RecG,
RdgC, and iron sequestration are important factors in promoting
pilin Av, but mutations still allow the process to occur at reduced
frequencies, and (iii) RecB, RecN, and RuvB are dispensable for
pilin Av. We also note that the donor silent-copy profile remains
fairly consistent across different mutants, suggesting there is one
central mechanism for pilin Av.

MATERIALS AND METHODS

Bacteria and growth conditions. The strains used in this study (Table 1)
were primarily derivatives of N. gonorrhoeae FA1090 recA6 (45) to prevent
antigenic variation of the pilE gene in the absence of inducer. Cultures
were revived from frozen stocks to GCB agar plates and routinely incu-
bated for 22 h at 37°C with 5% CO,. GCB consists of 36.25 g GC medium
base (Difco) containing 1.25 g of agar, Kellogg’s supplements I (0.4%
glucose [Sigma], 0.01% glutamine [Sigma], 0.0000002% cocarboxylase
[Sigma]), and Kellogg’s supplements II (0.0005 g ferric nitrate [Difco])
per liter. When required, isopropyl-B-p-thiogalactopyranoside (IPTG)
(Diagnostic Chemicals) was added to 1 mM, and final concentrations of

2472 jb.asm.org

Journal of Bacteriology

TABLE 1 Strains sequenced in this study

Strain, mutant genotype,

or condition” No. ofreads  First reference
Parent 1 6,495 45
Parent 2 5,977 45
pilC1™™ 13,172 54
recA9::ermC 96,993 45
recO::ermC 42,107 21
recQ::ermC 9,907 21
rep::tetM 41,577 65
recN::ermC 17,769 24
recB::ermC 9,909 21
rec]::kan 6,458 24
recX::ermC 8,917 22
rdgCl::ermC 11,419 26
recG::kan 6,766 56
ruvB::ermC 10,261 25
recAgc 12,359 46
recAXgc 5,058 46
Avd-1 126,968 34
Avd92 119,079 34
Avd-5-4-1 24,660 34
Av-T17A 7,575 Laty Cahoon, unpublished data
—35 mut 27,906 41
Desferal 10,010 36
thrB::kan 36,258 56

@ Except for the recA9, recAg, and recAX mutants, strains are in the FA1090 recA6
background and all contain the pilE sequence 1-81-S2.

antibiotics were as follows: kanamycin, 50 pg/ml; chloramphenicol, 0.5
pg/ml; erythromycin, 2 wg/ml; and tetracycline, 0.2 pg/ml. Desferal (de-
feroxamine mesylate; Sigma) was added to plates at 7 pM.

PDCMC assay. The pilus-dependent colony morphology change
(PDCMC) assay was performed as described previously (35). Each strain
was spread onto a fresh GCB plate with IPTG, and colonies were examined
under a stereomicroscope after 22 h. Ten colonies that were entirely pili-
ated were selected, and the number of nonpiliated or underpiliated blebs
was counted every 2 h, with each bleb receiving a score of 1, until 4 or more
appeared, which was scored as a maximum of 4. The assay was repeated 6
to 11 times, and all colony scores were considered for the Student ¢ test.
The standard error of the mean (SEM) was provided for the average of
each 10-colony PDCMC repeat.

Growth curve and colony titers. The viability assays were performed
as previously described (35). In brief, strains were spread onto plain GCB
plates and GCB plates supplemented with IPTG. At different times points,
e.g.,20 h or 40 h, 3 or 4 colonies were individually picked with a filter disk
and dispersed into 500 wl GCBL (1.5% peptone protease no. 3 [Difco],
0.4% K,HPO, [Fisher], 0.1% KH,PO, [Fisher], 0.1% NaCl [Fisher]). Se-
rial dilutions were plated onto GCB plates in duplicate, and the number of
colonies was counted. Each assay was performed 4 to 6 times, and the SEM
was provided for each of the averaged titers.

Gonococcal transformation. Gonococcal genomic DNA was isolated
from the donor strain by swabbing a half plate of a confluent lawn grown
for 22 h into 1 ml GCBL and washed once in 1X phosphate-buffered
saline (PBS). The pellet was resuspended in 180 wl ATL buffer from the
Qiagen QIAamp DNA minikit, and total DNA was extracted following the
manufacturer’s instructions. The recipient strain FA1090 recA6 was trans-
formed by plating a small patch on a GCB IPTG plate using 5 starting
colonies. Ten microliters of supplemented GCBL containing 10 mM
MgSO,, was mixed with 10 wl genomic DNA, which was placed on the
lawn, dried, and grown for 22 h. The growth containing the spot was
swabbed into GCBL and spread onto a GCB plate containing the antibi-
otic whose marker was linked to the mutation in the donor DNA. Colo-
nies were streaked twice on plates with the antibiotic, and 5 or 6 candi-
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Name Sequence Purpose

PILRBS GGCTTTCCCCTTTCAATTAGGAG PpilE verification
SP3A CCGGAACGGACGACCCCG pilE verification
CONSTF2 TACCAAGACTACACCGCCCG 454 sequencing
SmaClal CAAACCCTTAAAAGACAAGC 454 sequencing
LACPFOR GAGCGGATAACAATTTCACA recA6 verification
GcRecA-Rev2 CAAAGCCGAAGAAACCGC recA verification
GcRecA-For ATGCGATAATGACCGACCG recA verification
GCRECA-REV AGATCTTTATTCTTCGGGTCGTTCGC recA verification
ThrB-For GACTTACCATGTGTTGTCGC thrB verification
ThrB-Rev AGCCGATATTCTGAACTGGG thrB verification
RECO3 GCATAATGTTTCCTTTTCTCTTCG recO verification
RECO4 TTCAGACGGCATTTCCACAAC recO verification
RDGC3 TTCAGCAAATAATTCCCGAC rdgC verification
RDGC4 AGGGCGAACATCATGGCG rdgC verification
RUVBFOR2 TGCCGTCTGAAACGCGCCG ruvB verification
RUVBREV2 CAAACGTCTGATAACAATGCCG ruvB verification
ermCoutl CAATTCTTATCTCTTTTCAATAGC recB verification
ermCout2 GAAGTAATAAAGTTTTGACTGTG recB verification
RECBI1 ATTGCCGCCCTGTTTACGC recB verification
RecJfor_N-His AGCATACATATGTCAGTCAAAATCCAAACC rec] verification
RecJrev_N-His CGTCGCAAGCTTACGCCGCTTCCCAGTAG rec] verification
RecN game primer S ATGCTTCTAACACTTTCTTTGCG recN verification
RecN3primeend AAATAAACTATTTTTCGACGCAAG recN verification
RECGREV GTCCTGATTTTTGTTAATCCAC recG verification
RECG1FOR CCGCCGGGGCTTGATTCC recG verification
GCRECXREV TTAGAATTCTCAGCAGCTGTCTTCCC recX verification
GCRECXFOR GATCTTAATTAAATTTACGAAAACCTGCAA recX verification

Repfor_N-His
Reprev_N-His

GAATTCCATATGATGAAACTCAATGCCCAA
TTAATCCGCCGGGCCGCCCTAGGGCACGT

rep verification
rep verification

RecQver_for ACCGACCAACACCCTTAC recQ verification
RecQver_rev2 TTAAACAGAGGCAATGCCG recQ verification
pilCdownstream CCATCTTTGGCGGTACCCTCGCTG pilC verification
PilCPLfor GGCGGAGGTGGCGGGGCC pilC verification

dates were saved for confirmation of the mutation (by the size of locus-
specific PCR products) and for the identity of the pilE gene (by direct
sequencing of the pilE PCR product) (Table 2).

Preparation of samples for deep sequencing. Mutant strains were
revived from frozen stock to fresh GCB plates and grown for 22 h. One
colony was picked with a filter disk and dispersed into 500 pwl GCBL. One
microliter was diluted into 500 pl GCBL, and 30-, 40-, and 50-.l portions
were spread onto fresh GCB IPTG plates and grown for 22 h. Between 265
and 370 colonies (average, 323.5; median, 321.5) were collected in 1.5 ml
GCBL using a glass spreader. The cells were pelleted and resuspended in
180 pl ATL buffer (Qiagen), and total DNA was extracted by using the
QIAamp DNA minikit (Qiagen) according to the manufacturer’s instruc-
tions. The pilE region was amplified using 5 to 15 ng genomic DNA with
high-pressure liquid chromatography (HPLC)-purified primers based on
CONSTEF2 and SmaClal from IDT (Table 2).

Primer design was based on 454 sequencing application brief no. 001-
2009: forward primer (primer A-Key), 5'-CCATCTCATCCCTGCGT
GTCTCCGACTCAG-(10-nt MID)-CONSTE?2; reverse primer (primer
B-Key), 5'-CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-SmacClal.
Multiplex identifiers (MIDs) were designed using 454 sequencing techni-
cal bulletin no. 005-2009.

Primers were input into IDT’s Oligo Analyzer website to ensure a AG
greater than —10 kcal/mol (most were —6.75 kcal/mol). KOD Hot Start
DNA polymerase (Toyobo) was chosen for its high fidelity. All poly-
merases tested produced a second faint band. Each reaction mixture was
prepared in a 50-pl volume, split into 3 tubes of ~17 pl during the reac-
tion (95°C for 2 min; 29 cycles of 95°C for 20 s, 58°C for 10 s, and 70°C for
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10s; and 70°C for 5 min), and then combined back together for the 580-bp
band to be excised from a 0.8% agarose gel using a gel extraction kit
(Qiagen). Typical yields were 3 g of PCR product. Sample concentra-
tions were measured with a NanoDrop instrument (ND-1000), and the
samples were visualized using an Experion Bioanalyzer (Bio-Rad).

Strains with growth defects. FA1090 containing the Escherichia coli
recAX genes (recAXp:) and FA1090 recA6 with ruvB and recG were grown
for 26 h, FA1090 recA6 with 7 uM deferoxamine mesylate was grown for
28 h, and FA1090 recA6 recBI was grown for 40 h. The titers (CFU/ml) of
these strains at those time points was equivalent to that of the parent
FA1090 recA6 grown on IPTG for 22 h. Iron sequestration of Desferal was
confirmed by Western blotting of the TbpB protein as described previ-
ously (36).

Deep-sequencing assay. One microgram of each sample was sent sep-
arately to 454 Life Sciences (Roche Diagnostics) at the 454 Sequencing
Center in Branford, CT, where they were combined so that 27 samples
with normal to high expected Av frequencies were run on one quarter of a
plate, 16 reduced-frequency samples were run on a second quadrant, and
6 Av-deficient samples were run on the remaining half plate. Each sample
was collected once, except for FA1090 recA6, which was sampled in trip-
licate (although only two provided sufficient reads for analysis). The sam-
ples were run using GS FLX with titanium chemistry, and a total of
1,173,399 reads were generated.

Analysis of variants. GS Reference Mapper v2.7 (Roche) was used to
map the percentage of variants at each nucleotide position. Default set-
tings were chosen, with the exception of the “-srv” parameter, which
allowed for all variants, even if they occurred only once. The data were
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exported to Microsoft Excel and plotted as the frequency of variants per
nucleotide base of sequence. This work was assisted by the Northwest-
ern University NGS Core Facility. The average number of nucleotide
changes in the SV (positions 122 to 359) and HV, (positions 395 to
447) regions was calculated by taking the average percentage of de-
tected variants divided by the length of the tract size according to the
formula [(SV X 3.5) + (HV)]/2.

In-house BioPerl program to identify silent copies. The FA1090
1-81-S2 variant pilE gene was divided into 10 different regions (positions
relative to the ATG starting nucleotide are as follows: R1, 159 to 181; R2,
187 to 210; R3, 223 to 239; R4, 253 to 273; R5, 274 to 288; R6, 289 to 305;
R7, 315 to 332; R8, 347 to 365; RY, 394 to 447; and R10, 474 to 494), (Fig.
1C). The variant sequences for each region were defined for all 19 silent
copies of FA1090. In many regions, a particular sequence was present in
more than one silent copy. For example, CGTTACCGGGTATTGCCCG
AATCin R1 is found in both 1¢2 and 2¢6. The sequences of each region
were aligned based on the boundaries between the 10 regions and
compared to the library of silent-copy sequences. If an exact match to
one or more silent copies was found in a region, the potential donor(s)
was identified. If an exact match to a donor silent copy was not found,
the Wagner-Fischer algorithm (http://search.cpan.org/~davidebe
/Text-WagnerFischer-0.04/WagnerFischer.pm) was used to find the
best match between the variant and one of the silent copies. If the Wagner-
Fisher distance was 1 (e.g., one insertion or deletion relative to the donor),
“mismatch” was returned for that region; otherwise, the sequence was
returned for inspection. Mismatched and other unassigned reads were
manually assigned to a donor until the total number of unassigned reads
was approximately equal to 1% of the total reads. Single-nucleotide
changes were found in the variants that could have originated from mul-
tiple silent copies, and these were identified as “var” to denote that the
single-nucleotide change was part of a pilin antigenic variation event but
could not be assigned to a particular donor or two. Once all 10 regions
were analyzed, each region was mapped onto a 19-bit number. If a region
could have come from several silent copies, a “1” appeared in each place in
the 19-bit number. For example, if the sequence within a region could
have come from silent copy 2¢1 or 6¢1, the binary number for that region
was 0b0000100000000100000. The reference sequence was mapped to
the 19-bit binary number 0b1111111111111111111. The binary
“AND” was taken for the 10 regions to identify the silent copy. If there
was a match to exactly one silent copy, that silent copy was identified as
the donor for that variant. The verdict was the result of the binary
AND, excluding “var” regions adjacent to named silent copies (indi-
cating that the boundary of the silent copy fell in the middle of the
region). If the verdict was all 0s, meaning the read contained two or
more silent copies, then the verdict of a double crossover (meaning
multiple recombination events) was returned; e.g., if region 2 came
from silent copy 2¢3 = 0b0000000000010000000, region 7 came from
silent copy 6¢1 = 0b0000100000000000000, and the rest of the regions
were REF = 0b1111111111111111111, the binary AND of these num-
bers would be 0b0000000000000000000. One special sequence was
identified as 2c¢1_6¢1 (which matched the HV ;. region for pilS copies 2cl
and 6¢1). Short reads (less than the full-length variable region) were ex-
cluded from analysis.

The program can be accessed at https://github.com/davidwebber
/silent-dna.

RESULTS AND DISCUSSION

Selection of mutants and conditions. In order to develop a pilin
Av assay based on 454 sequencing, we chose a representative set of
mutant strains and conditions that have all previously been shown
to affect the frequency of pilin Av by the percentage of nonpiliated
colonies or by using the PDCMC assay. A list of mutants and
conditions analyzed can be found in Table 1. The recombination
mutants used in this study had recA, recO, rec], recX, rdgC, recG,
recN, recB, ruvB, rep, or recQ inactivated. Strains expressing the
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Escherichia coli recA and recAX genes in place of the Gc recA were
also tested, as were growth in iron-limited conditions. A series of
G4-related mutants were also analyzed, including those with sin-
gle-nucleotide changes to the pilE G4 sequence (Fig. 1D) and dis-
ruption of the —35 region in the promoter of the G4-associated
small RNA (sRNA).

Strain and sample preparation. Most mutants were back-
crossed by transformation into N. gonorrhoeae strain FA1090
recA6 containing the pilE from human volunteer isolate 1-81-S2
(14) to ensure an isogenic background. The recAp. and recAXgc
(46) and the recA9 null (45) mutations were transformed into
FA1090 with the 1-81-S2 pilE sequence. The recA6 allele is under
the control of a lac operator, allowing for the regulated expression
of recA and pilin Av with IPTG (45). The more recently con-
structed mutants Avdl, Avd92, Avd5-4-1, and Av-T17A and the
pilE G4-associated RNA —35 promoter mutant (34, 41) were an-
alyzed without backcrossing.

Strains with a normal growth rate were grown for 22 h (19 to 20
generations) on medium with IPTG to allow for expression of
recA and pilin Av, while strains with growth defects (recAXgc,
ruvB, recG, and recB) were grown longer to achieve the same num-
ber of generations as the parent strain at 22 h. Total DNA was
extracted from ~300 combined colonies, and the variable portion
of pilE was amplified with primers CONSTF2 and SmacClal (Fig.
1B) (47). CONSTF2 anneals 90 bp into the pilE gene without
homology to any pilS copies, while the SmaClal primer anneals
downstream of the gene in the SCR. Including the extra 40 nt on
each primer, the PCR product is ~580 bp, falling within the op-
timal range for 454 sequencing. The samples were gel purified to
eliminate any contaminating PCR products and submitted for
emulsion PCR and 454 sequencing. DNA concentrations in the
sequencing reaction mixtures were adjusted so that mutants
previously reported to have lower pilin Av were overrepre-
sented in the sample to attempt to provide increased sequenc-
ing depth (Table 1).

Overview of the sequencing results. The number of reads per
sample ranged from 5,000 to 125,000 (Table 1), with sufficient
data for all mutants to perform a complete analysis. We measured
the frequency of nucleotide changes for each variant at each base
pair compared to the parental pilE sequence using GS Mapper
(Roche), with examples of the parent and a mutant with reduced
pilin Av shown in Fig. 2A. This analysis showed that sequence
changes were found in all the variable regions but not in the con-
served base pairs; as expected, the majority of variations were
within the HV| and HV . regions, while the conserved cysI and
cys2 regions had relatively few changes present. One prominent
change recorded in about 98% of all the reads was at a portion of
the gene containing an Ay homopolymer (positions 328 to 333),
which the sequencing reported as losing one nucleotide to create
an A, polynucleotide run (Fig. 2A). Insertion or deletion of nucle-
otides at a homopolymeric tract is a known issue of 454 sequenc-
ing (48), and this variation was not present using traditional se-
quencing; therefore, it was discounted as a sequencing artifact.
The second most prominent change was A326G (Fig. 2A), a cen-
trally located variation present in the SV region of 15/19 pilS cop-
ies but not in the starting pilE of 1-81-S2. This A326G change
occurred both singly and as parts of longer recombination tracts
(data not shown). In the two parental samples, the frequencies of
reads containing the A326G transition were 6.84 and 6.5%, while
a mutant with reduced pilin Av, such as a rec] mutant, gave 4.0%
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FIG 2 Pilin antigenic variation of mutants. (A) Graphs of pilin Av plotted for FA1090 recA6 (parent) 1 and its recJ::kan derivative using the program GS Mapper.
The distribution shows the percentage of variant nucleotide changes per base pair for each strain. The A333- change, appearing in 97 to 99% of reads, is indicated,
as well as the second most common change A326G. The locations of the cysI and cys2 regions are also indicated. (B) Comparison between the percentage of
A326G changes, the average percent changes of the SV and HVL regions from the GS Mapper program, the calculated pilin Av frequencies from the Perl program
(light blue), and the calculated pilin Av frequencies with the background subtracted, based on Table 3 (white). Values are represented relative to the average of
the two parent strains set to 1.0.
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TABLE 3 Comparison of pilin antigenic variation frequencies

TABLE 4 Examples of the silent-copy breakdown by number of reads

Relative pilin Av®
determinid by: % Av
determined

Strain, mutant genotype, Previous 454 from 454
or condition” methods* sequencing sequencing
Parent 1 +++ +++ 10.58
Parent 2 +++ +++ 10.81
pilC1™" +4++ +++ 12.77
recA9? - - -
recO = - -
recQ + + 2.61
rep ++ ++ 5.46
recN +++ +++ 12.43
recB +++ ++++ 19.00
rec] + + 3.19
recX + + 3.44
rdgC ++ ++ 8.42
recG + ++ 7.74
ruvB + +++ 12.48
recApc’ ++ ++ 6.21
recAXp.? ++++ ++++ 17.04
Avd-1 - - -
Avd92 - - —
Avd-5-4-1 + + 1.73
Av-A17T ND +++ 11.67
—35 mut ++ + 4.44
Desferal ++++ ++++ 14.40
thrB ++ ++ 7.47

@ All strains are in the FA1090 recA6 background, except as noted.

b — Av deficient; +, severely deficient; ++, moderately deficient; ++ +, parental
levels of variation; + + + +, increased levels of Av; ND, not determined.

¢ Previously analyzed by PDCMC assay, PCR, RT-PCR, percent nonpiliated, and direct
sequencing (18, 21, 22, 24-26, 34-36, 38, 41, 43, 46, 56, 61, 62, 65).

4 FA1090 recA™ background.

(Fig. 2A). It is interesting to note that this single change proved to
be a good indicator of the overall Av frequency (Fig. 2B). The
A326G value could be used as a simple method to quantify pilin
Av, but it is not comprehensive and can be used only when the
starting pilE sequence does not already contain a G at 326.

We investigated whether further analysis of the GS Mapper
data could determine the relative pilin Av frequency more accu-
rately by looking at the average number of nucleotide changes in
the SV.and HV| regions (Fig. 2B). This analysis provided a relative
measurement of the frequency of pilin Av on par with the level of
A326G mutations and is compatible for either 454 or Illumina
sequencing, but it is limited since it cannot determine the variant
sequences of individual antigenic variants.

We created a BioPerl script to calculate the percentage of vari-
ant reads in regard to total reads and to identify the silent-copy
donors for each variant. We divided the pilE sequence (from the
SV through the HV; region) into 10 regions (Fig. 1C) and
matched the DNA sequence of each region either to the parental
sequence or to one or more donor silent-copy sequences. The
output of the script reported which silent copy (or copies) was the
donor for each region. If consecutive regions matched the same
donor copy, this result was assumed to represent a recombination
event from only that donor. Alternatively, if two adjacent regions
had received two sequences originating from different donor si-
lent copies, the variant was identified as having multiple recom-
bination events. For every sample, including mutants previously
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No. of reads for:

recA9 recO
Donor copy Parent1 mutant mutant Avd-1 Avd92
Unknown nonparental 108 571 286 737 916
pilSlcl 100 95 75 127 195
pilS 1c2 7 2 3 10 14
pilS 1c3 3 2 2 3 8
pilS 1ca 0 1 0 3
pilS 1c5 7 2 0 254 2
pilS 2cl 21 0 3 4 0
pilS 2cl/6¢1 157 11 9 81 34
pilS2c2 3 0 0 0 1
pilS 2¢3 5 0 0 1 2
pilS 2c4 3 0 0 1 0
pilS 2¢5 0 0 0 0 0
PpilS 2¢c6 10 0 0 0 0
pilS 3cl 198 68 59 171 155
pilS 3c2 21 2 4 5 16
pilS 3¢3 22 23 13 30 41
pilS 6¢l 26 13 9 37 43
pilS 62 3 16 19 40 25
pilS 6¢3 0 0 0 0 0
pilS 7cl 87 1,041 1 1,396 2,089
Multiple events 26 13 3 22 33
Parental 5,645 95,041 41,594 123,903 115,392
uss 2 2 0 3 3
Unassigned variant 41 90 27 140 109
Total® 6,495 96,993 42,107 126,968 119,079

“ Number of reads counted, excluding short or truncated reads.

reported as being totally deficient in pilin Av, there was a small
percentage of variant sequences that could not be assigned to any
silent-copy donor. In some cases, these unassigned reads con-
tained simple insertion/deletions (indels) or substitutions that
were not found in any silent donor copy and likely represented
sequencing errors common to 454 sequencing (49, 50). Other
variant sequences that could not be assigned to a silent-copy do-
nor had a recombination crossover within one of the 10 arbitrarily
defined regions. For example, there were several variants that had
crossovers within the HV, region (region 9), which has been pre-
viously reported (18, 51). We manually identified common indels
and crossover points to include these in the variant analysis. The
overall number of the unassigned reads was reduced to between
0.5% and 1.5% in the different samples. The results of the BioPerl
analysis are presented in Table 3, graphically depicted in Fig. 2B,
and further discussed below.

Analysis of pilin Av of the parental strain and Avd mutants.
We were puzzled that strains that had previously been reported to
be pilin Av deficient (Avd) showed low levels of variation (e.g., the
recA9, recO, Avd-1, and Avd92 strains). One silent copy, pilS7
copy 1 (7c1), was the most common donor sequence recorded in
the Avd strains (the recO construct was missing pilS 7c1 and did
not have this issue), followed by the donor sequences 1c1, 3c1, and
2c1/6c1 (Table 4). Since we did not detect pilS 7 copy 1 variants at
this level using traditional sequencing-based assays, we reasoned
that these “variants” might have been artifacts produced during
the PCR amplification of the pilE gene. Recombination can occur
between extension products produced from the reverse primer in
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the copy 1 silent copies and extension intermediates produced
from the CONSTF2 primer at pilE to produce a spurious signal
(47). To test this hypothesis, we used an oligonucleotide probe
specific for the pilS 7 copy 1 HV| region to probe for this sequence
in PCR products produced from recA9 DNA (data not shown).
The PCR conditions were varied by (i) lowering the PCR template
DNA to <1 ng per reaction mixture, (ii) lowering the PCR cycling
to <25 rounds, and (ii) using Phusion or FastStart polymerase.
The combination of these conditions reduced the presence of the
7cl HV, sequence in the PCR products to undetectable levels
(data not shown). Future uses of this technique will use the con-
ditions that suppress PCR recombination.

The recA9::ermC, recO::ermC, Avd-1, and Avd92 mutants have
been previously reported to be Avd (21, 34, 45). To adjust the
results to account for the background of in vitro recombination
artifacts, the average percent variation (variant reads per total
reads) of these four Avd strains was subtracted from all samples.
This factor estimates the contribution of the in vitro recombina-
tion to the calculated pilin Av frequencies but weakens the con-
clusions we can make for the true Avd mutants. However, since
the in vitro recombination background is a small proportion of the
error in the other data, we are confident that those pilin Av fre-
quencies are close to the actual frequencies.

The two FA1090 recA6 parental strain samples showed 10.58%
and 10.81% variant pilE sequences after background correction
(Table 3). These values are consistent with results reported in
previous assays using traditional sequencing of only piliated prog-
eny, which reported frequencies of between 10 and 13% variants
using the identical strain with the identical starting pilE grown
under the same conditions (18, 38).

Effect of pilC phase variation. Previous sequencing assays
showed different spectra of donor pilS copies when piliated and
nonpiliated progeny were analyzed separately (18). Loss of pilia-
tion can occur by several mechanisms: (i) insertion of a stop
codon encoded in a subset of pilS copies, (ii) PilE variants that are
poorly assembled into pili, (iii) deletion of the pilE gene (52), or
(iv) slipped-strand phase variation at one of the two accessory pilC
genes (53). The first two mechanisms are the result of pilin anti-
genic variation and will be recorded in the overall frequency.
Strains with pilE deletions will not amplify with the primers used
and will not be present in our analysis. To determine the contri-
bution of slipped-strand phase variation, we included a phase-
locked pilC mutant (54).

The phase-locked pilC mutant showed a pilin Av frequency of
12.77% variants/pilE, which was slightly higher than that of the
isogenic pilC phase-variable parent (Table 3). This slight increase
in the frequency can most likely be attributed to the fact that
nonpiliated Ge (of which a pilC mutant is a subtype) grow faster
than piliated Ge (Fig. 3). A majority of the cells that are nonpili-
ated due to the loss of PilC would still retain the parental pilE
sequence and result in an effective increase in the number of pa-
rental reads relative to the phase-locked pilC mutant.

Pilin Av of recombination mutants. Rec] is a 5'-to-3" single-
strand exonuclease involved in recombination and repair (55) and
contributes to the RecF-like pathway of single-strand gapped re-
pair that is required for pilin Av (24). A recJ::kan mutant was
reported to have a low level of pilin Av as measured by the ratio of
nonpiliated to piliated colonies (24), and an independent trans-
poson insertion in rec] was isolated in a screen for pilin Av mutants
using the PDCMC assay (56). The small amount of variants in the
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FIG 3 Effect of piliation on the growth of a recB mutant. (A) Growth of
piliated versus nonpiliated parental and recB mutants. The titer of the parent
FA1090 recA6 strain (Par) after 22 h of growth is compared to that of its
recB::ermC derivative grown for 22 and 40 h. The solid bars indicate a com-
pletely piliated background (Avd-1), while the hatched bars indicate a com-
pletely nonpiliated background (ApilE). P+, piliated; P—, nonpiliated. (B)
Colony appearance of the parental background strain (left) and the recB::ermC
mutant (right) grown in the presence of IPTG for the indicated times. Top row,
piliated Avd-1 background; middle row, nonpiliated ApilE background; bot-
tom row, pilin Av-proficient background. The arrows point to emerging non-
piliated blebs.

rec]::kan mutant was confirmed by this sequencing assay, showing
a frequency of 3.19% variants/pilE (Table 3).

RecQ is an evolutionarily conserved 3'-to-5' DNA helicase that
is responsible for proper repair of DNA damage by unwinding
duplex DNA (57). RecQ family members are also important heli-
cases for dissolving G4 structures (58—60). The gonococcal RecQ
has a unique triplication of the C-terminal HRDC domain that is
required for pilin Av (61, 62). An insertion in recQ was originally
identified using a PCR-based assay (21, 63) and a PDCMC screen
for pilin Avd mutants (56). Using the deep-sequencing assay, we
confirmed that the recQ::ermC mutant was necessary for pilin Av,
with 2.61% variants/pilE (Table 3).
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The Rep helicase in E. coli is required for replication progres-
sion and replication restart and prevents illegitimate recombina-
tion at short regions of homology (64). In Gc, the Rep protein has
been shown to participate in DNA transformation and pilin Av, as
measured by the percentage of nonpiliated progeny colonies and
the PDCMC assay (65). The deep-sequencing assay confirmed the
intermediate phenotype of the rep:tetM mutant, with a pilin Av
frequency of 5.46% variants/pilE (Table 3). This result is consis-
tent with the previous assays, and it is possible that Rep is partially
redundant for pilin Av with another helicase.

The E. coli RecX and RdgC proteins are inhibitors of RecA
activity (66—68). In contrast to that of E. coli, the gonococcal RecX
acts as a recombination enhancer by facilitating RecA disassembly
(28), and a recX::ermC mutant was shown to have reduced pilin Av
levels by a reduced percentage of colonies with the nonpiliated
phenotype (22). In the deep-sequencing assay, the recX::ermC al-
lele yielded a variant/pilE level of 3.44%. The RdgC protein of E.
coli inhibits the strand exchange activity of RecA (67), but in Gc,
an rdgC mutant was shown to have reduced frequencies of pilin Av
by the PDCMC assay (26). It is possible that while RdgC in E. coli
physically blocks RecA polymerization by competitively binding
to double-stranded DNA (dsDNA) (67), it could act similarly to
RecX to limit RecA activity to enhance pilin Av. The rdgCI::ermC
mutant produced 8.42% of pilE variants by the deep-sequencing
assay (Table 3), confirming an enhancing role for RdgC in pilin
Av. These data confirm that these negative regulators of RecA
activity both act as positive modulators of pilin Av in Ge.

The Gc RecA and RecX proteins show many differences com-
pared to the E. coli orthologs. Like in many bacteria, the E. coli recA
gene is upstream of the recX gene in an operon that is regulated by
the SOS regulon, while in Gg, the two genes are carried separately,
and this organism does not have a traditional SOS regulon (69,
70). Replacing the Gc recA with the E. coli ortholog partially re-
stored pilin Av, as measured by the production of nonpiliated
variants from a piliated progenitor (46). Curiously, when the Gc
recA locus was replaced with the E. coli recAX operon, pilin Av was
increased over that of the same strain expressing the Ge recA gene
(46). Consistent with earlier results, the recAp: strain showed
6.21% pilin Av by the deep-sequencing assay (Table 3), confirm-
ing that the E. coli RecA cannot completely substitute for the Gc
RecA for pilin Av. The strain with the E. coli recAX operon replac-
ing the Ge recA showed an increased pilin Av frequency (17.04%
variants/pilE) by the deep-sequencing assay (Table 3), confirming
that coexpression of RecX with RecAg elevates the frequency of
pilin Av by enhancing the ability of the E. coli RecA protein to
mediate pilin Av. It is likely that the stabilization of E. coli RecA by
RecX in Ge (46) results in the increased frequencies, which sug-
gests that the amount of RecA is limiting during pilin Av. How-
ever, the enhancement could also be due to the limitation of E. coli
RecA activity by E. coli RecX,, similar to the effect of Gc RecX on Gc
RecA (22, 28).

RecN is part of the RecF-like pathway of DNA repair in Gc
(24). Although RecN is required for efficient transformation and
repair of UV damage in Gg, the recN mutant showed the same level
of pilin Av as its parent strain by PDCMC (24). Consistent with
this earlier result, the recN::ermC mutant showed 12.43% vari-
ants/pilE in the deep-sequencing assay (Table 3), confirming that
the RecN pathway is not required for pilin Av.

The frequency of pilin Av measured for the recB mutant was
increased over that for the parent strain with a frequency of
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TABLE 5 Silent-copy usage in strains with elevated nonpiliated
variants”

Usage (%) in:

Combined recB ruvB recAXpc
Donor copy parent strains ~ mutant ~ mutant  mutant
Unknown nonparental ~ 8.46 10.89 7.87 10.08
pilS 1cl 13.37 7.31 7.90 5.70
pilS 1c2 0.51 0.81 0.88 1.93
pilS 1c3 0.20 0.09 0.00 0.09
pilS 1c4 0.07 0.05 0.23 0.23
pilS 1c5 0.89 1.70 2.48 0.51
pilS 2c1 2.74 5.72 3.34 15.30
pilS 2cl/6¢1 26.27 22.19 29.11 16.17
pilS 2¢c2 0.45 0.58 0.70 0.23
pilS 2¢3 0.51 0.26 0.15 0.11
pilS 2c4 0.22 1.59 1.17 1.74
pilS 2¢5 0.00 0.21 0.08 0.12
pilS 2¢c6 0.80 1.70 1.72 1.97
pilS 3cl 27.31 21.78 20.91 8.93
pilS 3c2 1.99 5.64 3.77 11.10
pilS 3¢3 2.42 3.41 4.54 3.43
pilS 6¢1 2.34 2.21 1.83 2.99
pilS 6¢2 0.08 0.12 0.24 1.81
pilS 6¢3 0.00 0.11 0.08 0.00
pilS 7cl 1.85 4.37 1.38 7.75
Multiple events 3.21 4.48 2.52 4.89
uss 0.21 0.10 0.06 0.22
Unassigned variant 6.10 4.68 9.04 4.69
Total 100.00 100.00 100.00 100.00

“ Bold indicates silent-copy incorporation known to cause a nonpiliated or
underpiliated colony morphology.

19.00% variants/pilE (Table 3). While there have been reports of
recD mutants having increased pilin Av (71) and recB mutants
having decreased pilin Av (72), the sequencing data here suggest
that pilin Av does not depend on RecBCD activity. There are two
possible explanations for the increase in variants. First, if the
RecBCD complex is destroying nonproductive intermediates with
double-strand breaks, this would increase the frequency. How-
ever, we do not favor this explanation but rather believe that the
enhanced pilin Av is explained by the severe growth defect of the
recB mutant and the higher growth rate of nonpiliated or under-
piliated cells compared to piliated variants (Fig. 3). The recB mu-
tant takes 40 h to grow to the same CFU/colony as its recB™ parent
in 22 h (Fig. 3A), and the size and amount of cell matter per colony
are greater in the recB mutants (Fig. 3B). The faster-growing non-
piliated cells outcompete their piliated siblings, resulting in higher
cell numbers during the same time period, independent of recB
status (Fig. 3B). This can be seen by the increase of nonpiliated
(and underpiliated) blebs that emerged and outcompeted the
slower-growing piliated variants (Fig. 3B, bottom) and the in-
crease in known nonpiliated pilS donors (2c1, 2¢4, and 3¢2) (Ta-
ble 5). This view is substantiated by the previous report using
standard sequencing technology on only piliated recB mutant
progeny, which did not show an increased frequency of pilin Av
(38).

RuvABC and RecG resolve Holliday junctions that form dur-
ing recombination (29, 32, 73). An insertion in ruvA and two
insertions in ruvB were initially found by the transposon screen to
mildly reduce pilin Av by PDCMC (56). Subsequent analysis of
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FIG 4 Growth rate and colony variation scores of ruvA, ruvB, and recG mu-
tants. (A) CFU/colony for the parent FA1090 recA6, ruvA::kan derivative,
ruvB::ermC derivative, and recG::kan derivative grown without IPTG and in
the presence of IPTG. Shown are results from a representative experiment,
where the error bars represent the SEM for 3 to 5 colonies. Above the graph is
the ratio of the CFU/colony of cells grown with IPTG (recA™) to that of cells
grown without IPTG (recA) for each pair of samples. Shown are the averages
from five experiments for the parent, ruvA::kan, and ruvB::ermC strains and
from two experiments for the recG::kan strain, with parentheses representing
the SEM. (B) Pilin-dependent colony morphology changes (PDCMC) of the
parent FA1090 recA6 strain, ruvA::kan derivative, ruvB::ermC derivative, and
recG::kan derivative grown in the presence of IPTG. Shown are the averages of
results from 6 to 11 assays (of 10 colonies each), with error bars representing
the SEM. Statistical significance was determined using Student’s two-tailed ¢
test. Asterisks indicate strains with P values of <0.05 relative to the parent
strain for the time points 26, 28, and 30 h.

complete deletions of ruvA, ruvB, ruvC, and recG showed signifi-
cant decreases in pilin Av for all four mutants by PDCMC (25).
However, the ruvA, ruvB, and recG mutants all show a growth
defect in the presence of IPTG-induced homologous recombina-
tion (Fig. 4A). Both the ruvB::ermC and recG::kan strains were
grown for 26 h to account for the lower growth rate. The deep-
sequencing data reveal that the recG::kan mutant was moderately
decreased for pilin Av, showing a frequency of 7.74% variants;
however, the ruvB::kan mutant did not show decreased levels of
pilin Av, with a frequency of 12.48% variants/pilE (Table 3). Re-
peating the analysis of ruvA::kan, ruvB::ermC, and recG::kan mu-
tants by PDCMC assay showed the recG mutant to be greatly re-
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duced for pilin Av, but the ruvA and ruvB mutants had only a
slight defect in Av that was proportional to the decrease in growth
(Fig. 4B). The ruvB mutant also showed an increased use of non-
piliated or underpiliated donor silent copies (Table 5). Although
the ruv mutants are involved in recombination (and other aspects
thereof), they appear not to be directly required for pilin Av, and
their identification as Avd was due to the reduced growth rate.
This finding appears to be in contrast to the reported synthetic
lethality of the Ruv system and RecA when pilin Av is allowed (25,
34). These results strongly suggest that the RuvABC complex is
necessary to resolve intermediates that are formed during pilin Av
when RecG is inactivated but that the RuvABC system is not by
itself required for the recombination process.

In summary, the proteins involved in general recombination
processes (RecA, RdgC, RecX, and RecG) and the proteins of the
single-strand repair pathway (Rec], RecO, RecQ, and Rep) were
confirmed to be involved in pilin Av by decreasing the frequency
of variant pilE sequences in their respective mutants. The Holliday
junction resolution helicase subunit RuvB was not required for
pilin Av, and the double-strand break repair recombinases RecB
and RecN were dispensable for pilin Av. These data also show that
the different growth rates of piliated and nonpiliated Gc and the
increased differential in some mutant backgrounds can be an im-
portant parameter in measuring pilin Av.

Pilin Av of G4 mutants. Formation of the G4 structure up-
stream of pilE is absolutely required for pilin Av, as analyzed by
PDCMC assay and a sequencing assay (34). The G4-related mu-
tants used in this study were Avd-1 (G;, — A), Avd5-4-1 (G; —
A), Avd92 (Gg—A), Av-Al17T (A, —T) (Fig. 1C), and —35 mut
(with a change of AGAGTT — CTCACC in the sSRNA promoter).
The mutations in Avd-1 and Avd92 were reported to abolish pilin
Av due to the disruption of the critical G residues in the G4 se-
quence. While Avd5-4-1 also has a disrupted canonical G, the
flanking G, outside the core sequence can compensate for disrup-
tion to the G; nucleotide, leading to residual pilin Av (34). Indeed,
Avd5-4-1, at 1.73% variants/pilE, had a low level of pilin Av that
was above the background of the Avd-1 and Avd92 G4-null mu-
tants (Table 3). The A, — T G4 substitution caused the same level
of pilin Av as the wild-type G4 sequence, with 11.67% variants/
pilE (Table 3), confirming the requirement of the Gs alone for
proper pilin Av.

Another requirement for pilin Av is the transcription of a cis-
acting RNA that initiates within the G4 region (41). Mutation of
the required —10 and —35 promoter elements disrupts the pilE
sRNA promoter, reducing its expression and the level of pilin Av
(41). Consistent with earlier results, the —35 mutant had an in-
termediate level of pilin Av in the deep-sequencing assay with
4.44% variants/pilE (Table 3). Thus, this sequencing confirms the
requirement of the pilE G4-forming sequence and its associated
sRNA to promote pilin Av.

Other genes and conditions. Pilin Av was also investigated in
the thrB mutant and in cultures grown with the iron chelator
Desferal. The threonine biosynthesis genes thrB and thrC were
found in a transposon screen looking for insertions that reduce
pilin Av (56). ThrB and ThrC convert homoserine to threonine.
Both genes caused a modest decrease in the appearance of non-
piliated colonies over time. This deep-sequencing assay confirms
the reduction in pilin Av in the thrB::kan mutant with 7.47% vari-
ant pilE sequences, although the mechanism remains unknown.

Desferal sequesters iron to create an iron-starved environment
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FIG 5 Silent-copy repertoire of different strains. Pie charts represent the dif-
ferent pilS copies identified in the nonparental pilin variant sequences of dif-
ferent mutants. Each pilS copy is represented by a different color that corre-
sponds to the diagram in Fig. 1A. On the right the silent copies are indicated by
their position (e.g., 2cl represents pilS 2 copy 1). variant, recombinant DNA
donated from more than one unique silent copy; multiple events, copies with
two or more identified pilS DNAs; 2¢1/6¢1, the common 2¢1/6¢1 variant that
could have arisen from either pilS 2c1 or pilS 6¢l.

similar to that found within the host. Previously, it was reported
that iron starvation led to an increase in pilin Av as measured by a
quantitative RT-PCR assay (36). FA1090 grown under iron-lim-
ited conditions produced a pilin Av frequency of 14.40% variants/
pilE by the next-generation sequencing assay. This result confirms
that pilin Av is increased when the bacteria are grown under iron-
limiting conditions and suggests that this may be a way to regulate
pilin Av in vivo. Since high Desferal concentrations can affect the
growth rate of Gg, it would be interesting to measure pilin Av at
different levels of iron sequestration inhibition.

Donor silent-copy repertoire of variant pilE sequences. Pre-
vious sequencing assays using the FA1090 1-81-S2 variant have
shown that there is a nonrandom incorporation of silent-copy
donor DNA used for pilin Av, with the top donor silent copies
being 2¢1/6c1 and 3¢l and other prominent donor copies being
1cl, 3¢2, 1c5, 1¢3, and 7cl (Table 6) (18, 34, 38). Some donor
silent copies are rarely detected, despite sharing significant ho-
mology to the 1-81-S2 pilE (e.g., uss, 6¢3, or 2¢5). It has also been
suggested that the sequence of the initial pilE can affect the pilin Av
frequency (43). We analyzed the donor pilS copies used in the
mutants from this study. Consistently, the top two silent donor
copies used, regardless of the mutant background, were 2c1/6¢1
and 3cl (Fig. 5; Table 6). The spectrum of donor silent copies
recorded in the deep-sequencing data was largely unchanged for
most of the mutant strains (Fig. 5). This result implies that the
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recombination proteins that participate in pilin Av but are not
essential for the process are not involved in the selection of the pilS
donor DNA. There were three exceptions to the pattern of silent-
copy incorporation among the mutants. The rec] mutant barely
showed any 1cl donors but did have an increase in 3¢3, as did the
recQ mutant. The recAXy- mutant exhibited a broader spectrum
of silent-copy donors, with enhanced identification of 2cl and
3¢2. Since the profile of the recAy- mutant did not deviate far from
the canonical pattern (except for an increase in possible artifactual
7cl), this argues that the modulation of RecAy- by RecXy is
affecting the process of pilin Av.

The recAXy complement had a high rate of pilin Av (17.04%
variants/pilE), and the increased number of donor silent copies
may reflect this higher frequency. However, since mismatch cor-
rection mutants did not display the same increased donor spec-
trum even though they have an increased frequency (35), the
heightened frequency cannot in itself explain the greater use of
donors. Of note, the recAXy strain displayed abnormal colony
morphologies and had a mild growth defect (data not shown), and
the variants produced had a higher percentage of donor silent
copies known to produce nonpiliated variants (Table 5).

Summary. Pilin Av is an important process used by the Neis-
seria that varies the sequence of the pilE gene as a method of gen-
erating diversity both to effect functional changes and to avoid the
immune surveillance. Pilin Av is dependent on homologous re-
combination proteins and the RecF-like pathway of single-strand
gap repair, which were confirmed in the deep-sequencing analysis
performed in this study. Equally important to pilin Av is the intact
G4 sequence upstream of pilE and expression of its accompanying

TABLE 6 Comparison between traditional and 454 sequencing of silent-
copy profiles for starting sequence pilE 1-81-S2

% determined by:

Crissetal. Cahoonand Helm and
pilS copy (18) Seifert (34) Seifert (38)  This study
pilS 2cl or pilS6¢cl  34.8 41.7 40.7 26.27
pilS 3cl 21.7 20.8 18.5 27.31
pilS 3c2 17.4 8.3 7.4 1.99
pilS 1cl 8.3 8.3 11.1 13.37
pilS2c4 or pilS6cl 4.3 8.3
pilS 3¢3 3.3 2.42
pilS 1c5 3.3 7.4 0.89
pilS 2c4 1.1 0.22
pilS 1c4 1.1 0.07
pilS 7cl 1.1 8.3 3.7 1.85
pilS 6¢3 1.1
pilS 2¢5 1.1
pilS 6cl 1.1 234
pilS 2c1 2.7
PpilS 6¢2 0.08
pilS 1c3 4.1 7.4 0.2
pilS 1cl or pilS 3cl 3.7
pilS 12 0.51
pilS 22 0.45
pilS 2c3 0.51
PpilS 2¢6 0.8
uss 0.21
Multiple events 3.21
Unassigned 6.1
Unknown 8.46

September 2016 Volume 198 Number 18


http://jb.asm.org

small RNA. With 19 different silent copies to use as donor DNA,
the silent-copy profiles of all the different mutants remain re-
markably consistent, implying that there is one central mecha-
nism that governs which copies are chosen and that it is indepen-
dent of the factors required for pilin Av to occur.
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