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Summary

The mucosa is colonized with commensal Nefsseria. Some of these niches are sites of infection for
the STD pathogen Neisseria gonorrhioeae (Ngo). Given the antagonistic behavior of commensal
bacteria towards their pathogenic relatives, we hypothesized that commensal Ne/sseria may
negatively affect Ngo colonization. Here, we report that commensal species of NeJsseriakill Ngo
through a mechanism based on genetic competence and DNA methylation state. Specifically,
commensal-triggered killing occurs when the pathogen takes up commensal DNA that contains a
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methylation pattern it does not recognize. Indeed, any DNA will kill Ngo if it can enter the cell, is
differentially methylated, and has homology to the pathogen genome. Consistent with these
findings, commensal Neisseria elongata accelerates Ngo clearance from the mouse in a DNA
uptake-dependent manner. Collectively, we propose that commensal Ne/fsseria antagonizes Ngo
infection through a DNA-mediated mechanism, and that DNA is a potential microbicide against
this highly drug resistant pathogen.
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Kim et al report that the STD pathogen Neisseria gonorrhoeae is killed when it takes up DNA
released by related commensal bacteria. Neisseria gonorrhoeae employs the DNA uptake system
to obtain plasmids conferring antibiotic resistance and immune evasion tactics, thereby suggesting
that this system may be the pathogen’s Achilles Heel.

Introduction

Our normal flora (commensals, mutualists) is essential for bodily function. It provides us
with essential nutrients and maintains homeostasis of many metabolic processes (An et al.,
2014; Backhed et al., 2004; Brestoff and Artis, 2013; Flint and Eskin, 2012; Hooper et al.,
2002; Ley et al., 2006; Musso et al., 2011; Nicholson et al., 2012; Tremaroli and Backhed,
2012). It is essential for the development of the gut and immune system (Abt et al., 2012;
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Belkaid and Hand, 2014; Brestoff and Artis, 2013; Carabotti et al., 2015; Diaz Heijtz et al.,
2011; Ivanov et al., 2009; Sommer and Backhed, 2013).

The microbial flora, hereafter termed commensals, also protects the body against
colonization by pathogenic bacteria. The probiotic £scherichia coli strain Nissle 1917
outcompetes pathogenic £. coli O157:H7 for carbohydrates and Salmonella Typhimurium
for iron (Deriu et al., 2013; Maltby et al., 2013). Staphylococcus epidermidis secretes a
protease that inhibits biofilm formation and nasal colonization by Staphylococcus aureus,
and Staphylococcus lugdenensis produces an antibiotic peptide that inhibits Staphylococcus
aureus colonization in a mouse model of skin infection (Iwase et al., 2010; Zipperer et al.,
2016). The presence of Neisseria lactamica in the nasal cavity is correlated with a reduced
risk of infection by Neisseria meningitidis, possibly through inducing cross-reactive
antibodies (Cartwright et al., 1987; Deasy et al., 2015; Evans et al., 2011; Trotter et al.,
2007).

Over 12 species of commensal Neisseria colonize many regions of the human mucosa,
including the nasopharynx, endocervix and rectum (Diallo et al., 2016; Knapp and Clark,
1984; Liu et al., 2015). As these sites are occasionally infected by the sexually transmitted
pathogen Neisseria gonorrhoeae (Ngo), and in light of the fact that some commensals inhibit
colonization of related pathogenic species, we tested the hypothesis that commensal
Neisseria antagonize Ngo /n vitro and in vivo, using commensal Neisseria elongata (Nel)
and a mouse model of Ngo cervico-vaginal (lower genital tract) infection (Jerse, 1999; Jerse
etal., 2011).

We report that Nel significantly reduces the viability of Ngo /n vitro. The toxic agent is Nel
DNA in the supernate. Ngo, a genetically competent organism, is killed when it takes up Nel
DNA; Ngo mutants defective in DNA uptake are resistant to killing. Lines of evidence
demonstrate that any DNA will kill Ngo, provided that it can enter the cell and its
methylation pattern differs from the one in pathogen DNA. Ngo lower genital tract infection
can be modeled in the BALB/c mouse (Jerse, 1999; Jerse et al., 2011). Consistent with these
in vitrofindings, Nel accelerates the clearance of Ngo from mice and a DNA uptake mutant
of Ngo is resistant to accelerated clearance. Finally, we show that commensal Neisseria
DNA also kills the pathogen N. meningitidrs. Our findings reveal a weapon in bacterial
interspecies warfare that is based on genetic competence and DNA methylation state. They
highlight the potential of DNA as an antimicrobial agent for treating Ngo, a pathogen that
has rapidly become resistant to nearly all the antibiotics used clinically for its treatment
(Tomberg et al., 2010; Unemo et al., 2012; Unemo and Nicholas, 2012; Unemo and Shafer,
2014).

Nel interacts physically with Ngo and kills the pathogen in vitro

Cultured alone, piliated Ngo and Nel cells actively aggregate into biofilm precursors known
as microcolonies (Higashi et al., 2011; Merz et al., 1999). To determine whether commensal
and pathogen physically interact, planktonic Nel 29315 and Ngo MS11 (Table S1) cells were
cultured alone or together on coverslips for 5 h, and viewed by Scanning Electron
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Microscopy (SEM). Representative images are shown in Fig 1. The coccoid Ngo cells
formed microcolonies with members of its own species (Fig 1 A). The majority of Nel cells,
which are short rods, behaved similarly (Fig 1 B). Nel and Ngo microcolonies often abutted
each other, and solitary Nel and Ngo cells were occasionally seen attached to or partially
inserted into microcolonies of the other species (Fig 1 C, D). How commensal and pathogen
differentiate each other is unknown.

Neither Nel 29315 nor Ngo MS11 lost viability when the two species are co-cultured for
short periods (8 h) (Higashi et al., 2011). To determine whether Nel and Ngo affected each
other long term, commensal and pathogen were cultured alone or together, for 24 h and their
CFUs were determined by plating on selective agar. As reported, Nel CFUs in the
monoculture reached stationary phase at 6 to 8 h (Rendon et al., 2013). Its growth was
unaffected by the presence of Ngo (Fig 2). Ngo CFUs in the monoculture peaked at a similar
time. In the presence of Nel, however, Ngo viable counts began to decline at 16 h; by 24 h
they were 3 logs lower than those in the monoculture.

The experiment was repeated with Ngo strains D006 and D020, low passage strains isolated
relatively recently from patients attending a county health department STD clinic (Fig S1).
In the presence of Nel, D006, D020 and MS11 CFUs were significantly reduced compared
to CFUs recovered from monocultures. Like MS11, D006 and D020 did not affect Nel
viability. These results show Nel kills lab and fresh isolates of Ngo.

Nel accelerates the clearance of Ngo in a mouse model of lower genital tract infection

To determine whether Nel affects Ngo colonization /n vivo, an experiment was performed
using the female BALB/c mouse model of lower genital tract infection (Jerse, 1999; Jerse et
al., 2011). Nel and Ngo were inoculated into the vagina of BALB/c mice either alone or
mixed in equal numbers (Fig 3). Commensal and pathogen CFUs were determined daily by
plating vaginal swabs on selective agar. Nel colonized 80-100% of mice for 10 consecutive
days following inoculation, with no statistical difference in the percent of mice colonized or
number of Nel recovered from mice that were or were not co-inoculated with Ngo (Fig 3,
left panel). When inoculated alone, Ngo colonized 80% of the mice for 5 days and then
declined to 50% by day 10. However, the presence of Nel significantly accelerated the
clearance of Ngo from the animals (Fig 3, right panel). In mice inoculated with Nel and
Ngo, 50% of the animals were culture-positive for Ngo on day 4, compared to 90% of
animals inoculated only with Ngo. By day 10, only 10% of mice in the Nel+Ngo group were
colonized with Ngo compared to 50% of mice inoculated with Ngo alone (P=0.0032; log-
rank test). The average daily burdens of Nel and Ngo in the vagina, shown in Fig S2A-B,
also illustrate the reduction in Ngo burden in co-inoculated mice (P=0.0013, repeated
measures ANOVA). Nel and Ngo CFUs recovered from individual mice from each
experimental group are shown in Fig S2C-F.

Nel kills Ngo through DNA it released into the medium

To determine whether Nel killing of Ngo requires cell contact, Ngo CFUs were determined
after a 5-h incubation with Nel cell-free supernatants (SN) (Fig 4A). SN from 12 hand 18 h
cultures significantly reduced Ngo viability compared to the GCB medium control (P<0.005,
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One-way ANOVA with Tukey’s Multiple Comparison Test). The 24-h supernatant had the
most dramatic effect, reducing Ngo CFUs by 27-fold (/A<0.0001, One-way ANOVA with
Tukey's Multiple Comparison Test). This suggests killing occurred through a component(s)
that Nel released into the medium. The adverse effect of Nel supernatants on Ngo was
unlikely to be caused by nutrient depletion, as the supernatants were diluted with an equal
volume of fresh medium before the assay.

A spot assay (Dillard, 2011) was developed to provide a more rapid means of identifying the
toxic compound(s) in Nel supernatants. Ngo cells were spread over an agar plate;
supernatants were spotted on the lawn and the plate was incubated overnight. A zone of
clearance on the lawn served as the readout for toxicity (Fig 4B). Kanamycin and GC broth
served as the positive and negative controls, respectively.

Supernatants from a 24-h culture of Nel were digested with various enzymes and tested for
toxicity to Ngo using the spot assay. DNAse | abolished the toxicity of the supernatant for
Ngo, while heat-inactivated DNAse I, and native and heat-inactivated Proteinase K and
RNAse were still toxic (Table S2). This suggests that DNA is the killing agent. To verify that
Nel DNA is the toxic component, Ngo was incubated with purified Nel chromosomal DNA,
and its CFUs determined. Results from this liquid assay show Nel DNA killed Ngo in a
dose-dependent manner (Fig 4C).

Ngo DNA uptake/transformation mutants resist killing by Nel DNA

We tested the hypothesis that Nel DNA kills Ngo when it is taken up by the pathogen. All
Neisseria species examined to date are naturally competent and readily take up DNA in a
sequence-specific manner. DNA uptake involves the binding of ComP, a Type IV pilus-
associated protein, to a 10-base pair DNA Uptake Sequence (DUS10; 5 GCCGTCTGAA 3)
that is abundant in Nefsseria genomes; in Ngo there is ~1 DUS/kb of DNA (Berry et al.,
2013; Elkins et al., 1991a; Marri et al., 2010). DNA uptake also requires the Type IV pilus
retraction motor PilT (Craig and Li, 2008; Merz et al., 2000; Wolfgang et al., 1998a). Ngo
AcomPand Apil T transform at 3 to 5 log lower frequency than the WT parent (Wolfgang et
al., 1998b; Wolfgang et al., 1999). In the spot assay, Ngo AcomP was resistant to Nel DNA
killing, while the complemented AcomP strain was as sensitive to Killing as the WT parent
(Table S3). In the liquid assay, all Ngo AcomP, Apil T, and 79% of uninduced Api/ TTipil T
cells survived exposure to Nel DNA. By contrast, only 11-13% of WT Ngo cells, 12% of
complemented compP cells and 14% of induced Ap//T1ipil T cells survived Nel DNA killing
(P<0.0005 WT vs AcomP, AcomPvs AcomP/comP,, WT vs Apil T and uninduced Apil 7]
ipilTvs IPTG induced Api/TTipil T, One-way ANOVA with Tukey's Multiple Comparison
Test) (Fig 5A, B).

DNA taken up by Neisseriarecombines with homologous sequences in the genome in a
RecA-dependent manner, and Ngo ArecA is deficient in DNA transformation (Koomey and
Falkow, 1987; Koomey et al., 1987). We determined whether recA affected the sensitivity of
Ngo to DNA killing, using strain N400, in which recA is controlled by the IPTG-inducible
Jac promoter (Tonjum et al., 1995). N400 survived DNA killing in the absence of IPTG, and
became sensitive in the presence of IPTG (A<0.0005 WT vs uninduced N400, and
uninduced N400 vs IPTG-induced N400; One-way ANOVA with Tukey’s Multiple
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Comparison Test) (Fig 5C). The resistance of N400, AcomP, and Api/Tto DNA killing
strongly suggests that the killing mechanism involves the DNA uptake and transformation
machinery. They argue against a scenario in which DNA mediated the clumping of Ngo
cells.

Ngo AcomP resists Nel-accelerated clearance from the mouse

Ngo AcomPwas tested for its ability to resist Nel clearance from the lower genital tract of
the mouse. AcomP was inoculated into the vagina alone or with Nel in equal numbers. CFUs
of each strain were quantitated daily. As observed above, Nel accelerated the clearance of
WT Ngo (P=0.0333, log-rank test) (Fig 6A). Furthermore, the duration of recovery of Nel
from the mouse vagina was similar regardless of whether it was inoculated alone or together
with Ngo, indicating Ngo did not influence Nel colonization (P=0.153; log-rank test) (Fig
6B). In contrast, Nel did not accelerate the clearance of Ngo AcomP (P=0.251, log-rank test)
(Fig 6C), strongly suggesting that Nel accelerates Ngo clearance only if the pathogen is
competent for DNA uptake. The average daily burdens of Nel and Ngo in the vagina (Fig S3
A-D) also shows a lower Ngo burden in Ngo+Nel co-inoculated mice but not in NgoAcomP
+Nel co-inoculated mice, although the difference in the average number of Ngo recovered
from mice inoculated with only Ngo or Ngo+Nel approached but did not achieve
significance (P=0.07, repeated measures ANOVA). This result may be due to animal
variability within the Ngo+Nel group (Fig S3 E-J), with one mouse highly colonized
throughout the experiment (Fig S3, panel ).

Nel DNA does not kill Ngo via a "toxic" locus

To determine whether Nel DNA toxicity is conferred by a specific gene/genetic element, a
library of Bacterial Artificial Chromosomes (BACs) containing 20-50 kb inserts of Nel DNA
was constructed in £. coli using the vector pBeloBAC11. The inserts were sequenced and
verified by restriction analysis, and DNAs from several BACs with unique inserts were
tested for their ability to kill Ngo in the liquid assay. All tested BAC DNAs, but not empty
vector, were toxic to Ngo (Table S4). Overlapping fragments of the insert in the BAC clone
pBeloBAC11(6.1), subcloned into pUC19, also killed Ngo. It is unlikely that there is a toxic
locus in all tested BACs and pBeloBAC11(6.1) subclones, because these clones did not have
sequences in common except for the DUS.

We determined whether the DUS is a toxic sequence. Analysis of Ngo and N. meningitidis
(Nme) genomes showed that they have an extended DUS (DUS12; 5' ATGCCGTCTGAA
3"). DUS10 and DUS12 provide a similar function in DNA uptake but DUS12 confers a
slight increase in the transformation efficiency of Ngo and Nme (Ambur et al., 2007; Duffin
and Seifert, 2010). Thus, DUS12 was used in our assays. £. coli plasmid pCR-Blunt DNA
did not kill Ngo unless it contained a DUS12 (Fig 7A). DUS10 and DUS12 are abundant in
Neisseria genomes (Ambur et al., 2007; Marri et al., 2010); in the Ngo chromosome, there is
~1 DUS10 and ~0.7 DUS12 per kb of DNA. Yet, Ngo is not killed when incubated with its
own DNA (Fig 7B). Taken in context with the BAC cloning data, these results strongly
suggest that the DUS is not a toxic sequence.
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The methylation state of the DNA determines its toxicity for Ngo

The lack of evidence for a toxic locus in Nel DNA led us to determine whether an epigenetic
feature of the DNA is responsible for killing Ngo. Bacteria modify their DNA by means of
methyltransferases that covalently link methyl groups to bases in specific sequences (Noyer-
Weidner M., 1992). Among bacteria, the Ngo genome is one of the most heavily methylated;
Ngo strains encode/express 14-19 DNA methyltransferases (Blow et al., 2016; Roberts et al.,
2015; Stein et al., 1995) (http://tools.neb.com/genomes/index.php?page=N). PacBio Single
Molecule, Real-Time (SMRT) sequencing of Ngo FA1090 DNA revealed the methylation
patterns consistent with the activity of 10 methyltransferases (Blow et al., 2016; Roberts et
al., 2015). In Ngo MS11, the activity of at least 7 of these methyltransferases has been
demonstrated experimentally (Gunn et al., 1992) (Table S5). Commensal species of
Neisseria, by contrast, encode fewer DNA methyltransferases. In particular, Nel isolates
encode 7-10 predicted methyltransferases. Single Molecule, Real-Time (SMRT) sequencing
of Nel 29315 DNA indicates 3 methyltransferases are active in this strain (Table S5). These
methyltransferases modify sequence motifs that are not modified in Ngo (Table S5). These
findings indicate Ngo and Nel DNA have distinct methylation patterns.

That commensal Neisseriaencode fewer DNA methyltransferases than Ngo (Roberts et al.,
2015)(http://tools.neb.com/genomes/index.php?page=N) led us to test their chromosomal
DNA for toxicity to Ngo. DNA from N. lactamica (NIa), N. cinerea (Nci), N. mucosa
(Nmu), N. sicca (Nsi), N. polysaccharea (Npo), and Nme all significantly reduced Ngo
viability (Fig 7C). The putative number of DNA methyltransferases specific to the Neisseria
strains used in this study is listed under the strain names. £. col/i DH5a expresses only 3
methyltransferases (Table S5). In contrast to commensal Neisseria DNA however, £. coli
DNA, with 1000-fold fewer copies of the DUS, did not affect Ngo viability. These results
are consistent with the hypothesis that Ngo is killed when it takes up DNA whose
methylation state is different from its own.

We determined whether modifying Nel DNA to partially mimic the Ngo methylation pattern
would abolish its toxicity for Ngo. Several Ngo DNA methyltransferases modify cytosines in
CpG and GpC matifs (Table S5). The cytosines in CpG and GpC sequences in Nel DNA
were methylated /n vitro using M.CviPl and M.Sssl, respectively; methylation was verified
by confirming the resistance of the modified DNA to digestion by the cognate restriction
enzymes (Fig S4). Modified DNA was significantly less toxic to Ngo than unmodified DNA
(P<0.005; Student's t-test, Fig 7D). This suggests the toxicity of DNA is determined, at least
in part, by differences in the methylation state of the incoming DNA and the recipient Ngo
cell.

Ngo is not killed when incubated with its own DNA (Fig. 7B). If the methylation state of the
incoming DNA is at the root of the toxicity, then undermethylated Ngo DNA would kill
more efficiently than native Ngo DNA. To test this hypothesis, we constructed Ngo TD3, a
mutant deleted of the ngoll, ngolV, and ngoV restriction/modification (R/M) loci. The
mutations were verified by sequencing, and loss of methyltransferase activity was verified
by confirming the susceptibility of TD3 DNA to digestion with the cognate restriction
enzymes (Fig 7E). As expected, Haelll (an isoschizomer of Ngoll, with 4783 sites in Ngo
genome) digested TD3 DNA into smaller fragments than NgolV (1600 sites) or NlalV (an
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isoschizomer of NgoV, 1937 sites) (Fig 7E). In addition, the partial digestion of TD3 by
NlalV is likely explained by the activity of methyltransferase Ngolll, which modifies
sequences within the NlalV site (Table S5, Fig 7E). TD3 DNA was slightly more toxic to
Ngo than WT DNA (Ngo survival in the presence of WT Ngo DNA: 89.7% +/- 2.10 SEM;
of TD3 DNA: 79.8% +/- 1.34 SEM; £<0.0182, Student's t-test). In TD3, only 3 R/M loci
were deleted, which likely explains the mild difference in toxicity of its DNA.

As a final test of the importance of methylation in determining the toxicity of DNA for Ngo,
a DNA fragment of Ngo origin with either an £. coli or Ngo methylation signature was
tested for toxicity to Ngo. The 4kb /ga gene in Ngo was modified by insertion of a
recognition site for restriction enzyme AsiSI and a DUS12 into its 5' and 3' ends (Fig 7F, top
panel). In this mutant, Ngo i35A, the order of this locus is 5' AsiSI-DUS-/jga-DUS-AsiSI 3'
(ADIDA for short). There are few AsiSI sites in the WT Ngo chromosome; the smallest
AsiSI fragment is >15kb. In i35A, the smallest AsiSI fragment is the ~4kb ADIDA. i35A
DNA was digested with AsiSI and separated in an agarose gel; DNA migrating at 4 kb,
which contains only ADIDA, was purified.

Concurrently, ADIDA was replicated in £. coli DH5a., which expresses 3 DNA
methyltransferases (Table S5), and the insert was gel purified. ADIDA (E£. coli) and ADIDA
(Ngo) would have distinct methylation patterns since their hosts express DNA methylases
with different specificities. This was verified by restriction analysis. /ga contains Ngol and
NgoV recognition sites. As expected, the ADIDA (£. coli) was susceptible to digestion by
Haell and NlalV (isoschizomers of Ngol and NgoV), whereas ADIDA (Ngo) was resistant
to restriction (Fig Sb5).

ADIDA with E. coliand i35A methylation signatures were evaluated for their ability to kill
Ngo. ADIDA (E. coli) killed Ngo significantly more efficiently than ADIDA (Ngo i35A)
(P<0.01; Student's t-test; Fig 7F, bottom panel). ADIDA (£. coli) did not kill Ngo as
efficiently as Nel chromosomal DNA, the positive control, most likely because it was used at
a lower concentration in the assay and has a much lower sequence complexity than Nel
chromosomal DNA (see model in Discussion). These experiments demonstrate that Ngo is
killed when it takes up DNA with a methylation pattern it does not recognize.

Commensal DNA also kills N. meningitidis (Nme)

Nme, the only other Neisseria species that is pathogenic to humans, is also genetically
competent and takes up DNA in a DUS-dependent manner (Rotman and Seifert, 2014). We
determined whether commensal Neisseria DNAs are able to kill Nme 8013 in the liquid
assay. Nel, Nla, Nci, Nmu, Nsi and Npo DNAs, which have fewer putative DNA
methyltransferases than Nme DNA, significantly reduced the viability of this pathogen (Fig
7C, gray bars). Thus, the DNA methylation-based killing mechanism described for Ngo
appears to operate in Nme as well.

Discussion

Commensals have been shown to inhibit the colonization of pathogens through protein-
based killing mechanisms or outcompeting them for nutrients. Here, we presented evidence
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that commensal species of Nersseria kill pathogenic Neisseriathrough a mechanism that is
based on genetic competence and DNA methylation state.

Commensal Neisseria elongata (Nel) kills pathogen Neisseria gonorriioeae (Ngo) through
DNA it releases into its surroundings. Ngo is a naturally competent organism that
preferentially takes up DNA containing Neisseria-specific DNA Uptake Sequences DUS10
(5' GCCGTCTGAA 3) and DUS12 (5' ATGCCGTCTGAA 3') (Ambur et al., 2007; Duffin
and Seifert, 2010; Elkins et al., 1991b; Goodman and Scocca, 1988; Graves et al., 1982).
Ngo is killed when it takes up chromosomal DNA purified from Nel and other commensal
Neisseria, and Ngo mutants defective in DNA uptake/transformation resist DNA killing.
These findings indicate that DNA is toxic to Ngo, but only if it is taken up by the pathogen.
Consistent with these /n vitro findings, Nel accelerates the clearance of Ngo from the vagina
of mice in a DNA uptake-dependent manner.

The Ngo genome is one of the most heavily methylated of bacterial genomes, encoding
14-19 predicted DNA methylases (Blow et al., 2016; Roberts et al., 2015; Stein et al., 1995)
(http://tools.neb.com/genomes/index.php?page=N). Nel DNA modified to partially mimic
the Ngo methylation pattern kills the pathogen less efficiently than unmodified DNA.
Conversely, DNA from Ngo TD3, which is deleted of 3 of its 7 restriction/modification loci,
is more toxic to Ngo than WT Ngo DNA. Importantly, an Ngo sequence (ADIDA) with an
E. coli methylation pattern Kills the pathogen significantly more efficiently than the same
sequence with the Ngo methylation signature. These findings indicate that the toxicity of
DNA for Ngo is determined, at least in part, by differences in the methylation state of the
incoming DNA and the host genome. They demonstrate that any DNA will kill Ngo,
provided it is taken up by the pathogen, and its methylation state differs from that of the
recipient cell.

The resistance of the Ngo recA mutant to the bactericidal effect of DNA provides a clue to
the killing mechanism. In prokaryotes, RecA plays a central role in homologous
recombination, binding to single stranded (ss) DNA to form pre-synaptic filaments,
searching for sequences homologous to the sSDNA, and initiating synapse formation at
regions of homology (Lee et al., 2017; Renkawitz et al., 2014). Neisseria genomes have
large regions of sequence homology; DNA taken up by Ngo recombines with their
homologues in the chromosome in a RecA-dependent manner (Bennett et al., 2012; Koomey
and Falkow, 1987; Koomey et al., 1987; Marri et al., 2010; Mehr and Seifert, 1998).

Based on these and other observations, we propose a model for how Ngo is killed when it
takes up commensal Neisseria DNA. Commensal DNA is converted to ss form as it enters
the Ngo cytoplasm (Chaussee and Hill, 1998). RecA binds to the ssDNA and begins to form
synaptic joints at homologous sites in the chromosome (Lee et al., 2017; Renkawitz et al.,
2014). In these structures, the commensal DNA would have a foreign methylation signature.
Restriction enzyme(s) cleave at the duplexes with mismatched methylation, destroying
chromosome integrity. Consistent with this model, all sources of toxic DNA identified in this
study have multiple recognition sites for Ngo MS11 restriction/modification enzymes (Table
S6).
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Some restriction enzymes are able to cleave hemi-methylated DNA (Gruenbaum et al.,
1981); whether Ngo restriction enzymes have the ability to cleave duplexes with mismatched
methylation patterns remains to be tested. Restriction enzymes and their cognate
modification systems must be tightly coordinated to preserve cell viability; in the few
systems studied, control occurs at the transcriptional and posttranslational levels (Loenen et
al., 2014a; Loenen et al., 2014b). Little is known about how restriction/modification systems
are coordinated in Neisseria. We postulate that Ngo chromosome integrity is determined by
a race between methylases and restriction enzymes at synapses with mismatched
methylation patterns, and by the amount and sequence complexity of DNA taken into the
cell, as synapses formed at numerous sites by these DNA strands would overwhelm repair
enzymes.

How much DNA Ngo takes up in a short period of time is not known. The highly competent
Ngo expresses multiple Tfp, so it is reasonable to assume that many if not all Tfps are
capable of taking up DNA concurrently. Multiple segments of commensal Nefsseria DNA
homologous to different regions of the Ngo chromosome entering the cell would initiate
recombination at multiple homologous sites in the chromosome, making these sites sensitive
to restriction cleavage.

In the context of this model, the toxicity of £. coliplasmid pCR-Blunt(DUS) to Ngo was
initially puzzling, as the DUS does not have Ngo restriction/modification sites, and the
vector does not have extensive homology with the Ngo genome. A closer examination of
pCR-Blunt revealed short sequences (9-20 bp) with 100% nucleotide homology to ~14000
sites throughout the pathogen genome (Table S7; see Method Details). The same was
observed for vectors pBeloBAC11 and pUC19, used respectively for cloning Nel DNA and
subcloning of BAC inserts. Many of the short homology tracts in these vectors contain
sequence motifs recognized by Ngo MS11 restriction/modification systems (Table S7).
Sequence homology as short as 8 bp is sufficient to initiate RecA-mediated synapse
formation (Qi et al., 2015). We predict that once pCR-BLUNT(DUS) enters Ngo (enabled
by the DUS), these short homology tracts serve as sites of synapse formation. In the case of
the pBeloBAC11 and pUC19 recombinants, these short tracks of homology, together with
Nel sequences in the inserts, would initiate formation of synaptic structures.

How does Nel DNA find its way into the environment? Ngo extrudes its DNA using Type IV
Secretion System (T4SS) proteins AtlA and ParB, encoded in the Gonococcal Genetic Island
(GGI) (Dillard and Seifert, 2001; Ramsey et al., 2011). GGI and T4SS are in the commensal
Neisseria bacilliformis (Pachulec et al., 2014), but neither at/A nor parB are in 15 other
commensal Neisseriatested (Dillard and Seifert, 2001).

Commensal DNA is more likely released into the environment through autolysis. During
growth, approximately 4% of Ngo cells autolyse each generation, releasing DNA into the
medium (Kohler et al., 2007). Autolysis requires AmiC, a A-acetylmuramyl-L-alanine-
amidase, and LtgA, a lytic transglycosylase. Commensal Neisseria, including Nel, encode
orthologs of these enzymes (Table S8) (Garcia and Dillard, 2006; Hebeler and Young, 1975,
1976; Kohler et al., 2007). While our liquid assays indicate that relatively high
concentrations of Nel DNA are required to kill Ngo, our SEM images show Nel and Ngo
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microcolonies physically contact each other. At these Nel-Ngo interfaces the concentration
of extracellular DNA is likely to be very high. Importantly, the mouse studies strongly
suggest that extracellular Nel DNA can reach a high enough local concentration to
antagonize Ngo /n vivo.

How does Ngo establish a foothold in the body and induce infection if it is killed by resident
commensal Neilsseria? The available evidence suggests that Ngo is a weak pathogen. Only a
subset of individuals exposed to Ngo becomes infected. The transmission rate of Ngo ranges
from 20% (female to male) to 70% (male to a female) (Holmes et al., 1970; Lin et al., 1998).
In human challenge studies, 30-90% of males inoculated with Ngo become infected (Cohen
et al., 1994; Schmidt et al., 2001; Schneider et al., 1995). Host factors including genetics and
sex affect susceptibility to Ngo infection (Densen, 1989; Holmes et al., 1970; Lin et al.,
1998). Our study strongly suggests that microbiota composition and commensal Neisseria
abundance also influence the risk for Ngo infection.

The DNA-based mechanism of tribal warfare presented here also appears to be relevant to
pathogen Neisseria meningitidis (Nme). Carriage of commensal Neisseriais inversely
correlated with Nme carriage (Deasy et al., 2015; Diallo et al., 2016). Specifically,
commensal Neisseria lactamica (Nla) protects against Nme colonization of the nasopharynx
(Cartwright et al., 1987; Deasy et al., 2015; Evans et al., 2011). This protective effect was
postulated to be due to the presence of cross-reactive antibodies to the pathogen (Oliver et
al., 2002); however, natural bactericidal antibodies against Nme have been shown to predate
Nla carriage (Trotter et al., 2007). Our observation that commensal Neisseria DNA also Kills
Nme raises the possibility that commensal Neisseriaresiding in the nasopharynx may inhibit
Nme colonization through the DNA-based killing mechanism described for Ngo.

Our model and co-culture results suggest that Ngo and Nme DNA would not kill commensal
Neisseria. Ngo and Nme DNA are more heavily methylated than commensal Ne/sseria
DNA, and the presence of Ngo does not affect the viability of Nel, a genetically competent
organism (Higashi et al., 2011). Consistent with this, Ngo DNA does not kill Nel (Fig S6).
Several other pathogens are naturally competent for DNA transformation, among them
Bacteriodes, Streptococcus pneumonia, Acinetobacter baylyi, Haemophilus influenzae,
Helicobacter pylori, and Vibrio cholerae (Blokesch, 2016). Future work will determine
whether members of these genera antagonize each other using a similar DNA-based killing
mechanism.

Finally, our findings highlight the potential of developing a non-traditional DNA-based
method for treating gonorrhea. Ngo causes over 100 million new infections each year
worldwide (Organization, 2012). Moreover, gonorrhea enhances HIV transmission (Malott
et al., 2013). Ngo has rapidly developed resistance to virtually all antibiotics used for its
treatment (Unemo et al., 2012; Unemo and Shafer, 2014), prompting the Centers for Disease
Control to declare this pathogen an urgent public health threat (https://www.cdc.gov/std/
gonorrhea/arg/default.htm). The huge capacity of Ngo to take up exogenous DNA has
allowed the pathogen to rapidly acquire antibiotic resistance determinants. Ironically, DNA
uptake may also be its Achilles Heel.
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STARXMETHODS

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Magdalene So (somaggie@email.arizona.edu).

Experimental model and subject details

Bacterial strains and maintenance—Table S1 lists the bacterial strains used in this
study. Ngo MS11 and Nel subsp. glycolytica ATCC 29315 were used throughout the study
unless otherwise indicated. Piliated, Opa non-expressing MS11 was used throughout the
study; at the beginning of each experiment these phenotypes were checked by monitoring
colony morphology. In some experiments, MS11 Ap//T (Dietrich et al., 2009) was used.
Construction of the complemented derivative of Apil T (Apil T/ipilT) is described below.
N400 is a derivative of MS11 in which recA is under control of the IPTG-inducible /ac
promoter (Tonjum et al., 1995). For extraction of chromosomal DNA, the following strains
were used: E. coliDH5a., N. lactamica ATCC 23970, N. cinerea ATCC 14685, N. mucosa
ATCC 25996, M. sicca ATCC 29256, N. polysaccharea ATCC32768, and Neisseria
meningitidis 8013. Ngo clinical isolates D006 and D0020 were isolated from the urethra of
symptomatic male patients at Durham County STD clinic (Durham, NC, USA). Unless
stated otherwise, Neisseria strains were grown on GCB agar containing Kellogg’s
supplements | and Il (Kellogg et al., 1963) and antibiotics when appropriate (see below). £.
coliwas grown on LB medium or agar. All bacterial strains were maintained at 37° with 5%
CO». Bacterial density was calculated using the following formulas. Ngo MS11 and Nme
8013: ODggg 1.4 = 1x10° CFUs; Nel 29315: ODgpg 1.0 = 1.2x109 CFUs.

Mouse model—A modification of the female mouse model of experimental Ngo genital
tract infection (Jerse et al., 2011) was used to determine whether Nel inhibited Ngo /n vivo.
Female BALB/c mice (6 to 8 weeks old; National Cancer Institute or Charles River) in the
anestrus or diestrus stage of the estrous cycle were identified by vaginal smear and treated
with Premarin (Pfizer) on days -2, 0, and +2 and antibiotics to reduce the overgrowth of
commensals that occurs under the influence of estrogen (streptomycin, 2.4 mg, BID;
vancomycin, 0.4 mg, BID; and trimethoprim, 0.4 g/liter of drinking water) (Jerse et al.,
2011). Mice were housed in Thorn units in an ABSL-2 room in the absence of male mice
other than sentinel mice. This was to prevent changes to mice hormonal state by male
pheromones. Food and water, cages and bedding were autoclaved to reduce the commensal
flora load of mice. Animals were checked twice daily by facility personnel and twice daily
by the lab staff during the experiments. All experiments were conducted at the Uniformed
Services University according to guidelines established by the Association for the
Assessment and Accreditation of Laboratory Animal Care using a protocol approved by the
University’s Institutional Animal Care and Use Committee.

Method Details

Scanning electron microscopy—Ngo and Nel (5x107 CFUs of each organism) were
cultured alone or in a 1:1 ratio on glass coverslips in a 6-well microplate for 5 h. Bacteria
were imaged by scanning electron microscopy (Higashi et al., 2011). Samples were washed
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gently in PBS and fixed successively in PBS containing glutaraldehyde (2.5% wt/vol),
osmium tetroxide (1% wt/vol) and uranyl acetate (2% wt/vol). Samples were washed in PBS
and dehydrated by successive immersions in ethanol at the following concentrations: 15%,
30%, 50%, 70%, 80%, 90%, 95% (vol/vol, in water), and 100%. The samples were critical
point dried and sputter coated with platinum (Higashi et al., 2011). Images were obtained
using a Hitachi S-4800 Field-Emission Scanning Electron Microscope.

Co-culture experiments—Nel and Ngo cells harvested from 15 h agar plates (in log
phase) were resuspended in GC broth with Kellogg's Supplements I and 11 (Kellogg et al.,
1963). Cells were adjusted to approximately the same density and either grown separately
(~5%107 CFUs) or together (~5x107 CFUs each strain) in 1 ml total volume in 6-well
microplate dishes at 37°C, 5% CO ,. At the indicated times, the cultures were harvested and
serial dilutions made with GC broth were plated on LB agar for Nel CFUs, and GCB agar
containing vancomycin (3 pg/mL), colistin (7.5 ug/mL), and nystatin (12.5 pg/mL) (Jacobs
and Kraus, 1975) for Ngo CFUs. Plates were incubated overnight and colony forming units
were quantitated. The same plates incubated for 48 h did not increase CFU counts. CFU at
each time point was calculated from the average of triplicate wells from 3 independent. For
co-culture experiments with Ngo clinical isolates D006 and D0020, 0.5 ml of fresh
supplemented GC broth was added to each well every 24 h to replenish nutrients. CFU at
each time point was calculated from the average of triplicate wells from one experiment.

Construction of mutants and complemented strains—To construct AcomP and
complemented AcomP (AcomP/comP), the comP open reading frame (ORF) was replaced
with the kanamycin resistance gene (kan). Primers comP_MS11 F and comP_MS11 R
(Table S1) containing Ngo comP flanking sequences were used to amplify kan from plasmid
pNBNeiKan (Weyand et al., 2016). WT was transformed with the amplicon by spot
transformation (Dillard, 2011). Transformants were selected on GCB supplemented agar
containing kanamycin (30 pg/ml). To construct the complemented comP strain, a copy of
comPand its native promoter was inserted between the jgaand #pB sites in WT Ngo MS11
and this region was cloned into the Sacl and Ndel sites of pMRG68 to generate plasmid
pcomF*. The plasmid was then introduced into Ngo by spot transformation (Dillard, 2011).
Transformants were selected on GCB supplemented agar containing erythromycin (10 pg/
mL). The comP insertion was verified by PCR and sequencing using primers listed in Table
S1. In a verified comP clone, the native comP was removed as described above. The
resulting Ngo AcomP/comP strain was confirmed by PCR and sequencing using primers
listed in Table S1.

To construct the complemented strain of Api/ T (Apil TTipil T), pil T was amplified from WT
MS11 with primers MR616 and 617 using Phusion polymerase and the amplicon was cloned
into the Clal and Sall sites of pKH37 (Kohler et al., 2007). The insert was verified by
sequencing and the plasmid was transformed into £. co/i DH5a.. The plasmid was then
introduced into Ngo Api/T by electroporation as described (Dillard, 2011). The
electroporated cells were allowed to recover on GCB agar for 6 h, collected in 1 ml of GC
broth, vortexed for 1 min, and plated on GBC agar containing chloramphenicol (Cm; 10 mg/
mL). Cm resistant colonies were selected to determine if ip//T had inserted between the /ctP
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and aspC locus, first by determining the size of the PCR products produced by primers
MR618 and 619, then by sequencing. The optimal IPTG concentration needed to induce
PilT was determined by Western blotting using anti-PilT antibodies of WT and Apil/ TTipil T
cells grown for 14 h on GCB agar containing 0, 0.05, 0.1, and 0.5 mM IPTG. The IPTG
concentration that best approximated WT PilT level was 0.5 mM.

Competitive mouse infection experiments—Mice were inoculated vaginally on day 0
with 20 I of a phosphate-buffered saline (PBS) suspension containing similar numbers of
Nel mixed with piliated Ngo, Ngo AcomP, or Ngo AcomP/comBy (total CFU ~ 2 x106 per
20 pl inoculum) (n= 8-10 mice per group). Control groups received 10% CFU of Nel alone or
each Ngo strain alone. Vaginal swabs collected daily for 7-10 days post-inoculation were
quantitated by culturing on GCB agar with VCNT supplement (Sigma) and 100 pg/mi
streptomycin (Sm) for Ngo CFUs, and culturing on LB agar with 100 pg/ml Sm for Nel
CFUs. A total of 3 experiments were performed: one with Ngo alone, one comparing Ngo
and Ngo AcompP, and one comparing Ngo, Ngo AcomP, and Ngo AcomP/comByt. Thus, all
strains were tested at least twice except for Ngo AcomP/comBPy, which was tested once.
For randomization, the mice were randomly divided into five animals per group in all
experiments. All stages of the study were blinded except collection of vaginal swabs. The
technicians who quantitatively cultured and counted the plates were only aware of which
samples potentially contain Ngo, Nel or both. This was necessary because the types of plates
used to culture Ngo and Nel are different. These individuals, however, did not know which
samples contained Ngo, Ngo AcomP, or Ngo AcomP/comPy. A 10-day infection period
was used in initial experiments; a 7-day study endpoint was used in experiments in which
Ngo AcomP mutant was tested. This change in the protocol was necessary due to the
logistical challenge of adding two additional experimental groups of animals to the
experiment.

Sample-sizes for all experiments were determined as follows. Based on a preliminary result,
we estimated 80% and 30% colonization frequency in control (Ngo alone) and experimental
groups, respectively. Under this estimation, we chose 8-10 animals per group as this sample
size has 80% power to predict a difference at a level of P < 0.05.

For statistical analysis, Kaplan Meyer curves were created to compare duration of recovery
between control and experimental groups. Differences in the percentage of mice colonized
with each species over the 7-day period were analyzed by the Log Rank test. The number of
Ngo and Nel CFUs recovered over time was analyzed by a repeated measures ANOVA. The
limit of detection (20 CFU/ml of vaginal swab suspension) was used for cultures from which
no Ngo or Nel were isolated. No animal had died or needed euthanization (exclusion criteria
for data/subjects) during the experiment.

Assaying toxicity of Nel supernatants for Ngo—Nel at a starting density of 2 x 10°
CFUs/mL were grown in GC broth with Kellogg’s supplements | and Il for 0, 12, 18, and 24
h at 37°C, 5% CO,. Cells were pelleted by centrifugation and the supernatants collected.
Supernatants were filtered through a 0.22 pM PVDF filter unit pre-blocked with
supplemented GC broth containing 50 mg/mL BSA, then being washed with supplemented
GC broth. An equal volume of fresh supplemented GC broth was added to the filtered
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supernatant and used as the assay broth. Ngo was added to the assay broth at 2 x 107
CFUs/mL and 0.5 mL was added to each well of a 12 well culture plate. As a negative
control, a parallel set of cultures was initiated in which Ngo was incubated with filtered
supplemented GC broth with an equal volume of fresh supplemented GC broth. Cultures
were incubated for 5 h at 37°C, 5% CO,. Ngo CFUs were quantitated by plating serial
dilutions on GCB + VCN agar plates. Plates were incubated overnight and CFUs were
quantitated. CFUs were calculated from averages of triplicate wells from 3 independent
experiments. The same plates incubated for 48 h did not yield increased CFUs.

Quantitating DNA in supernates of Nel liquid cultures—Nel (5x106 CFU/mL) was
inoculated into GCB broth containing Supplements I, 1l and 5 mM NaHCOg, and grown in a
shaking incubator at 37°C, 220 RPM. Cells were harvested at 16 h and 24 h, and pelleted by
centrifugation at 3000 rcf for 30 min, and the supernates (SNs) were passed through a 0.22
UM PES Steriflip filter. DNA was extracted from 500 uL of each SN using phenol, phenol-
chloroform-isoamylalcohol 25:24:1, and chloroform. The DNA was precipitated with
isopropanol (1:1 volume) and NaOAc was added to a final concentration of 1M. The DNA
pellets were washed 2x with ice cold 70% EtOH and solubilized in 20 L TE. Separately,
known amounts of purified Nel DNA (0, 400, 1000, 2000, 4000, or 10000 ng) were added to
500 uL of supplemented GCB + NaHCO3. The DNA from these standards was extracted
using the same protocol. 5 uL of each DNA sample was separated by electrophoresis in a
0.7% agarose gel. Densitometric measurements from the DNA standards (arbitrary units)
were used to generate the standard curve (Y=1.489*X+108.22 (R?=0.9889)), where Y is the
densitometric measurement and X is the starting amount of DNA in ng. Densitometric
measurements from DNA extracted from Nel SNs were substituted as Y values in the
standard curve to determine the starting amount of DNA (X). DNA concentration was
determined by normalizing X to the starting volume of 500 L.

Spot assay—Ngo grown on GCB agar plates for 16 h was collected with a sterile Dacron
swab and suspended in liquid GC broth to ODggq of 0.2. 100 L of the bacterial suspension
was spread evenly on a GCB agar plate. 5 uL of DNA (20 ng/uL) or Nel supernatant was
spotted onto defined sections of the plate, and the liquid was allowed to dry at 37°C for 5-10
min. The plate was incubated at 37°, 5% CO , for 12-16 h and the zones of clearance were
recorded. 5 pl each of kanamycin (20 ug/ml) and GC broth were spotted on the agar to serve
as positive and negative controls, respectively.

DNA liquid culture killing assay—Ngo, Nel and Nme (5x10° CFUs each) were
suspended in GC broth containing Kellogg’s Supplements I and 1l and MgSO,4 (5 mM), and
seeded into 24-well microplates. DNA was added to the wells at the indicated
concentrations, and the plates were incubated for 4 h at 37°, 5% CO ,. The bacteria were
harvested with a P1000 pipette, and serially diluted in liquid GC broth. The serial dilutions
were plated onto GCB agar containing Kellogg’s Supplements | and Il and the plates
incubated overnight before colony forming units were counted. CFU values used for survival
(%) calculations were taken from the average of triplicate wells from 3-4 independent
experiments. In one outlier experiment, Ngo survival (%) was more than two standard
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deviations below the mean when incubated with 0.5 pg/mL of DNA. Data from this
experiment were excluded.

Extraction of chromosomal DNA—Neisseria spp. were grown on GCB agar with
Kellogg’s supplements | and |1, and £. colion LB agar plates, for 16 to 18 h at 37°C, 5% CO
2. Cells from one plate were collected with a sterile Dacron swab into 500 pL of GC lysis
buffer (0.5 M NaCl, 10 mM EDTA, 50 mM Tris, pH 8.0) with 1% SDS and 1 mg/uL RNAse
A (Qiagen). Cells were allowed to lyse at RT for 5 min. DNA from the lysates were
extracted sequentially with an equal volume of phenol, phenol-chloroform-isoamyl alcohol
(25:24:1), and chloroform. For each extraction step, lysate-organic solvent mixtures were
vortexed (1 min) and transferred to phase lock gels. The mixtures were centrifuged at 16,000
x gfor 5 min and the aqueous (upper) phases were collected into 15 mL conical tubes. DNA
was precipitated with 5 volumes of molecular biology grade 100% ethanol and 2.5 M
ammonium acetate at 4°C for 30 min. Precipitated DNA was washed twice with 70%
ethanol and dissolved in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). To assess DNA
purity, the NanoDrop spectrophotometer was used to determine the ratio of absorbance at
260 nm to 280 nm. When needed, DNA was subjected to a second RNAse treatment
(Thermo), followed by phenol-chloroform purification. The ODygo/ODogg ratio of DNA
preparations ranged from 1.8 to 2.0.

Construction of Bacterial Artificial Chromosomes—For preparation of inserts, 15
ug of Nel chromosomal DNA was partially digested with 10 units of Sphl restriction enzyme
for 15 min at 37°C. Digested DNA was separated in a 1% agarose gel, in 0.5x TBE buffer,
using clamped homogenous electric fields (CHEF) electrophoresis system at 1-50 sec linear
ramp, 6 V/cm for 14 h. Regions of the gel containing 20-60 kb fragments were excised and
the DNA was eluted using Model 422 Electro-Eluter per vendor specifications. Eluted DNA
was further size selected using 0.6% megabase agarose at 50V for 4 h (1x TAE buffer), to
exclude fragments smaller than 20 kb. For preparation of vector DNA, 8 ng of pBeloBAC11
was digested with 10 units of Sphl at 37°C for 1 h. Dig ested pBeloBAC11 was incubated
with 180 ng of inserts, prepared above, in the presence of 5 uL of T4 ligase, per vendor
instruction, at 16°C overnight. The ligation mixtures were desalted on 0.1 M glucose/1 %
agarose cones for 90 min on ice (Atrazhev and Elliott, 1996). Desalted DNA was
electroporated (325 DC V, 4 kQ, 330 uF) into £.coli Turbo Electrocompetent 5alpha. After
recovery in SOC medium at 37°C for 1 h with continuous shaking, electroporate d £. coli
cells were plated on LB agar containing chloramphenicol (12.5 pg/mL), X-gal (80 mg/mL)
and IPTG (100 pg/mL). White colonies were picked and grown in liquid LB containing 12.5
pg/mL chloramphenicol at 37°C for 16 h with continuous shaking. Bacterial Artificial
Chromosomes (BACs) were extracted using NucleoBond Midi columns.

Restriction enzyme analysis of pBeloBAC11 inserts—b5 pg of purified BACs were
digested with 20 units of Notl or Sphl restriction enzymes. Digested DNA was separated by
0.6% megabase agarose at 50V for 4 h. To determine the expected fragment sizes, BAC
inserts were sequenced with M13 primers and the sequences matched to the Nel reference
genome (Accession # NZ_CP007726.1).
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Subcloning of pBeloBAC11(6.1)—5 pg of purified BAC6.1 DNA was partially digested
with 2 units of Pstl restriction enzyme at 37°C for 15 min. Digested DNA was separated in a
0.7% agarose gel (1x TAE buffer) at 90V for 1 h. The region of the gel containing 5-10 kb
fragments was excised and the DNA was extracted using gel extraction kit (Qiagen). To
prepare vector DNA, 10 ng of pUC19 was digested with 10 units of Pstl at 37°C for 1 h.
Digested pUC19 was incubated with 30 ng of inserts prepared above, in the presence of 2 UL
of T4 ligase, per vendor specifications. Competent £. co/i DH5a was transformed with 4 uL
of ligation mixture. Transformants, after recovery in SOC medium at 37°C for 1 h with
continuous shaking, were selected on LB agar containing ampicillin (100 pg/mL). Plasmids
were extracted from selected colonies and sequenced using M13 primers listed in Table S1.

Construction of Ngo TD3 (deletion of the ngoll, ngolV, and ngoV restriction/
modification loci)—For each restriction/modification (RM) locus, a plasmid containing
sequences immediately flanking the ORFs was constructed as follows. ORFs and flanking
sequences were PCR amplified with primers listed in Table S1, and the amplicons were
digested with following restriction enzymes (NEB): Clal and Nael (ngol/), Pmel (ngolV),
and Asel (ngoV). Digested products were blunted with 1 unit of DNA polymerase fragment
Klenow at RT for 15 min, per vendor specifications. Pieces of DNA containing the flanking
regions of each ORF (identified on a 0.7% agarose gel based on fragment sizes) were
extracted and ligated with T4 ligase per vendor specifications. Ligation products were
cloned into pCR-Blunt with T4 ligase, generating plasmids pCR-Blunt (ngo//-fs), pCR-
Blunt (ngo/V-fs), and pCR-Blunt (ngoV-fs). To generate single RM mutants, WT MS11 was
spot transformed with 500 ng of each plasmid using an established protocol (Dillard, 2011).
Deletion of each RM system was verified by PCR and sequencing using primers listed in
Table S1. To generate the triple RM mutant, TD3, MS11 Ango/V/ was sequentially spot
transformed with 500 ng of pCR-Blunt (ngoV-fs) and pCR-Blunt (ngo//-fs). At each step,
deletion of RM systems was verified by PCR and sequencing using primers listed in Table
S1. Loss of methyltransferase activities in TD3 was verified by confirming the susceptibility
of TD3 DNA to digestion with cognate restriction enzymes Haelll, NgolV, and BamHlI.

Analysis of Ngo chromosome for short sequence homology to plasmids pCR-
Blunt, pBeloBAC11 and pUC19—NCBI Nucleotide Blast program with blastn
algorithm was used to align pBeloBAC11 and pUC19 query sequences to the Ngo MS11
(taxid: 528354) chromosomal sequence. Algorithm parameters were set for alignment of
short <20 bp sequences: max target sequence of 20000 adjusted for short input sequences
with expected threshold of 1000 and word size of 7. Match and mismatch scores were set to
1 and -4, respectively. Scoring costs for existence and extension of gap were set to 5 and 2,
respectively. These parameters were selected to minimize the number of alignments
containing mismatches or gaps. All queries resulted in approximately 14000 hits. This
number was similar even for alignments of concatenated query sequences (pCR-Blunt
concatenated to pUC19, etc.) against the Ngo sequence, indicating that ~14000 is the
maximum number of aligned sequences that is returned by blast. The actual number
homologous regions between these plasmids and the Ngo chromosome therefore likely
exceed the number reported by blast. Alignments containing mismatches and gaps were
removed from further analysis. Sequence alignments were imported into the Unix program
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Vim and the number of recognition sequences from MS11 restriction modification systems
was counted via regular expression searches.

Testing a DNA fragment with an E. coli or Ngo methylation signature for its
ability to kill Ngo—For this experiment, the /ga gene in Ngo was modified as follows. A
DNA fragment containing a site for the AsiSI restriction enzyme, a DUS12 and the first 980
bp of the 5' coding sequence of jga was synthesized (Integrated DNA Technologies, San
Jose, CA, USA) (Table S1). A second fragment containing the terminal 687 bp of the /jga
coding sequence, 293 bp of the jga downstream flanking sequence, a DUS and an AsiSI site
was also synthesized. The sequence order of the two fragments is AsiSI-DUS-5'/ga and
3'jgaDUS-AsiSI. Each fragment was cloned into pCR-Blunt, generating pCR-Blunt (/ga5)
and pCR-Blunt (/ga3), respectively. The jgalocus in Ngo was converted to AsiSI-DUS-/ga
DUS-AsISI (ADIDA) by sequential transformation of WT bacteria with pCR-Blunt (/ga)
and pCR-Blunt (/ga3) DNA (500 ng each), generating mutant Ngo i35A. All construction
steps were verified by sequencing (Table S1) and confirmed by restriction digestion. The
WT Ngo genome contains 9 AsiSI sites; the shortest AsiSI fragment is >15 kb. i35A
contains two new AsiSl sites, flanking /ga, and AsiSI digestion releases the 4kb ADIDA
fragment.

The ADIDA fragment was isolated from Ngo i35A for killing assays. Chromosomal DNA
from i35A (1 mg) was digested with AsiSI (500 units, 37°C for 4 h), and the fragments were
separated in a preparatory 0.7% agarose gel. The gel region containing 4 kb DNA was
excised and the DNA purified using a gel extraction kit (Thermo Fisher).

The ADIDA locus in Ngo i35A was cloned into plasmid pCR-Blunt by PCR amplification
using primers listed in Table S1 and the amplified DNA was transformed into £. co/i DH5a.,
generating recombinant pCR-Blunt (ADIDA). The insert from pCR-Blunt (ADIDA) was
purified from the vector by AsiSI digestion, agarose gel separation and extraction as
described above.

ADIDA fragments derived from E. coliand i35A (1 pg/mL each) were compared for their
ability to kill Ngo using the liquid Killing assay described above. Nel DNA (20 pg/ml)
served as the positive control. CFU was calculated from the averages of triplicate wells from
3 independent experiments.

Construction of pCR-Blunt(DUS)—The entirety of pCR-Blunt was PCR amplified with
primers DUS-pCR-Blunt_F and pCR-Blunt_R (Table S1). DUS was added via DUS-
pCR_Blunt_F, which contains a DUS12 (ATGCCGTCTGAA). PCR amplicons were
circularized with T4 ligase, per vendor specifications, and transformed into chemically
competent £. coli DH5a.. Transformants were allowed to recover in SOC medium at 37° for
1 h, and selected on LB agar containing 50 pug/mL of kanamycin. DUS in the resulting
plasmid pCR-Blunt(DUS) was confirmed by sequencing using M13 primers listed in Table
S1.

In vitro methylation of DNA—DNA was incubated with CpG and GpC
methyltransferases (M.CviPl and M.Sssl, respectively) per vendor specifications. Briefly,
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100 pg of DNA was incubated with 20 UL of methyltransferase in nuclease-free water in a
total volume of 500 pL (1x NEB methyltransferase buffer). S-adenosylmethionine (SAM)
was added to a final concentration of 640 uM. Methylation was verified by digesting 1 pg
DNA with 20 units of Haelll or BstUI at 37°C for 1 h.

Determination of modifications in Neisseria and E. coli DNA—Total DNA was
extracted from Nel using a Wizard Genomic DNA Purification Kit. Whole-genome
sequencing was conducted using the PacBio RSII platform (Pacific Biosciences, Menlo
Park, CA) with P6-C4 chemistry. Each isolate was sequenced using one SMRT cell.
Sequencing reads were then assembled using the hierarchical genome assembly process
(HGAP3, SMRTAnalysis 2.3.0) workflow, which included consensus polishing using Quiver
(Chin et al., 2013). The resulting assembled genomes contained 1-7 contigs each.
Methylation analyses were performed using the Modification and Motif Analysis pipeline in
SMRT Portal, and motifs and associated modified bases were identified and characterized.

Quantification and Statistical Analysis

Statistical differences between two study groups were evaluated using unpaired, two-tailed
Student’s t-test, log-rank test, or ANOVA with Tukey’s Post Test correction using GraphPad
Prism 5.0 software. Statistical tests applied and the Pvalues are indicated in the figure
legends and the Results section. For /n vitro assays, n indicates the number of independent
experiments. For /n vivo experiments, n indicates the number of mice used. N values are
listed in the figure legends. In all figures, error bars represent standard error of the mean
(SEM). Limit of Detection (LOD) is indicated by dotted lines, when appropriate. Statistical
comparisons with P values <0.05 are defined as statistically significant.

Supplemental Figure Legends

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Commensal Nefsseriakill STD pathogen N. gonorrhioeae by releasing DNA in the
environment

Killing requires DNA entry and recombination and a foreign DNA methylation pattern
Commensal N. elongata accelerates clearance of N. gonorrfioeae from the mouse vagina

A N. gonorrhoeae DNA uptake mutant resists this clearance
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Fig 1. Nel and Ngo microcolonies associate with each other.
Scanning electron micrograph of (a) Ngo and (b) Nel cultured alone, and (c, d) Ngo and Nel

cultured together for 5 h. The image in (c) was pseudocolored to discriminate Ngo (cocci;
yellow) from Nel (rods; blue). Starting CFUs of each species: 5x107. Scale bars: 10 uM.
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Fig 2. Ngo loses viability during prolonged co-culture with Nel.
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— Nel (monoculture)

— Ngo (monoculture)
--- Nel (mixed culture)
--- Ngo (mixed culture)

Ngo and Nel were cultured alone (~5x107 starting CFU) or together (~5x107 CFU each
organism) in 6-well microtiter plates. At the indicated times, CFUs of each organism was
determined by plating on selective agar. n=3. Error bars: SEM. Limit of detection (LOD): 10
CFUs. Under these conditions, Nel divides approximately every hour, with growth peaking

at 6-8 h (Tonjum et al., 1995).
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Fig 3. Nel accelerates the clearance of WT Ngo from mice.
Female BALB/c mice were inoculated vaginally with 108 CFUs of Nel, Ngo, or a mixture

containing 108 CFU of each species. Vaginal swabs were plated on selective agar for 7
consecutive days to quantitate Ngo and Nel CFUs. Y-axis shows the percentage of mice
culture-positive for Nel (left panel) and Ngo (right panel) at each time point, plotted as
Kaplan Meier curves and analyzed by the Log Rank test. n= 10 mice/group.
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Fig 4. Nel DNA kills Ngo.
(A) Ngo CFUs recovered after a 5 h incubation with cell-free Nel supernates (SN) harvested

at the indicated times from liquid cultures. n=3. Error bars: SEM. (**~<0.005,

*** £<0.0001; One-way ANOVA with Tukey’s Multiple Comparison Test). Nel DNA
concentration in 16, 20, and 24 h SN were 0.31, 0.81, and 2.72 ug/mL, respectively (n=1,
see Materials and Methods).

(B) A representative agar plate from a spot assay used to identify the toxic component in
cell-free Nel supernates. Undiluted Nel supernates (5 pL each) were spotted onto a lawn of
Ngo cells. Clearance, or kill, zones on the lawn after overnight incubation served as the
readout for toxicity of the sample for Ngo. Negative control: GC broth. Positive control:
Kanamycin (20 ug/mL).

(C) CFUs of Ngo recovered after a 4 h incubation with purified Nel DNA at the indicated
final concentrations. Survival is calculated as CFUs of Ngo incubated with DNA normalized
to CFUs of Ngo incubated with sterile buffer. Starting Ngo CFU: 5x10°. n=4. Error bars
represent SEM. LOD: 10 CFUs.
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Fig 5. Ngo competence mutants resist Killing by Nel DNA.
CFUs of Ngo DNA uptake/transformation mutants incubated for 4 h with purified Nel DNA

(20 pg/mL). WT: Ngo MS11. (A) AcomP: isogenic DNA uptake mutant deleted of the comP
ORF; AcomP/comPy,7: complemented AcomP strain. (B) ApilT: isogenic DNA uptake
mutant deleted of the pi/T ORF; Apil Tlipil T: Apil T complemented with WT pi/ T under
control of the IPTG-inducible /ac promoter, mock-induced with medium or induced with
IPTG during overnight growth on agar and during the liquid killing assay. (C) N400: Ngo
MS11 containing recA under control of the IPTG-inducible /ac promoter (Tonjum et al.,
1995) mock-induced with medium or induced with IPTG during overnight growth on agar
and during the liquid killing assay. (A-C) Starting CFU: 5x10°. n=3-4 (£<0.0005 WT vs
AcomP; AcomPvs DcomP/comByt; WT vs Apil T, uninduced Api/ T1ipil T vs IPTG-induced
Apil THpil T; WT vs mock-induced N400; mock-induced N400 vs IPTG-induced N400; One-
way ANOVA with Tukey’s Multiple Comparison Test). LOD: 10 CFUs.
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Fig 6. Nel does not accelerate the clearance of competence mutant AcomP from mice.
Female BALB/c mice were inoculated vaginally with 108 CFUs of Nel, Ngo AcomP, or a

mixture containing 108 CFU of each species. Vaginal swabs were plated on selective agar for
7 consecutive days to quantitate Ngo and Nel CFUs. Y-axis shows the percentage of mice
culture-positive for each strain over 7 days. (A) WT Ngo CFUs. (B) Nel CFUs (C) Ngo
AcomP. n= 7-9 mice/group. (Data were analyzed by the Log-rank test).
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Fig 7. Ngo is Kkilled when it takes up DNA with a different methylation pattern.
(A) CFUs of Ngo recovered after a 4 h incubation with Nel chromosomal DNA and DNA

from plasmids pCR-Blunt and pCR-Blunt (DUS) replicated in £. co/i DH5a (5 pg/mL).
Survival is calculated as CFU of Ngo incubated with DNA normalized to CFU of Ngo
incubated with buffer. Starting Ngo CFU: 5x10°. n=3. Error bars: SEM. (**£<0.005;

Student’s t-test). LOD: 10 CFUs.

(B) CFUs of Ngo recovered after a 4 h incubation with Nel or Ngo DNA at the final
concentrations indicated. Starting Ngo CFU: 5x10° n=3. Error bars: SEM. (***£<0.0001;

Student’s t-test). LOD: 10 CFUs.
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(C) CFUs of Ngo recovered after a 4 h incubation with DNA (5 pg/mL) from £. coli and the
Neisseria species indicated. Nla: N. factamica, Nci: N. cinerea, Nmu: N. mucosa, Nsi: N.
sicca, Npo: N. polysaccharea, and Nme: N. meningitidis. n=3. LOD: 10 CFUs.

(D) CFUs of Ngo recovered after a 4 h incubation with 5 ug/mL of unmodified Nel DNA or
Nel DNA whose cytosines were methylated at GpC and CpG sequences using M.CviPI and
M.Sssl methyltransferases (Nel DNA™M). n=3. Error bars: SEM. (A-D): Starting Ngo CFU:
5x10° (**P<0.005; Student’s t-test). LOD: 10 CFUs.

(E) Ngo WT and TD3 DNA digested with Haelll, NgolV, and NlalV restriction enzymes
that cleave unmethylated GGCC, GCCGGC, and GGNNCC sequences, respectively.

(F) CFUs of Ngo recovered after a 4 h incubation with (left to right) Nel chromosomal DNA
(20 pg/mL), ADIDA replicated in Ngo i35A, and ADIDA replicated in £. coli (1 pg/mL
each). Percent survival was calculated as noted. Starting CFU: 5x10%. Error bar: SEM.
(**P<0.01; Student’s t-test). LOD: 10 CFUs.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Enzymes
Haelll New England Biolabs (NEB) (Ipswich, MA, Cat# R0108S
USA)
NgolV NEB Cat# R0564S
NlalV NEB Cat# R0126S
AsiSl NEB Cat# R0630S
BamHI NEB Cat# R0136S
Notl NEB Cat# R1089S
Sphl NEB Cat# R1082S
Pstl NEB Cat# R0140S
BstUI NEB Cat# R0518S
Haell NEB Cat# R0107S
Sacl NEB Cat# R0156S
Ndel NEB Cat# R0111S
Clal NEB Cat# R0197S
Sall NEB Cat# R0138S
Pmel NEB Cat# R0560S
Asel NEB Cat# R0526S
M.CViPI NEB Cat# M0227L
M.Sssl NEB Cat# M0226L
DNAse | Invitrogen (Carlsbad, CA, USA) Cat# 18047019
Proteinase K Sigma (St. Louis, MO,USA) Cat# P2308
RNAse A Qiagen (Hilden, Germany) Cat# 19101
RNAse A, DNAse and protease-free Thermo Fisher (Waltham, MA, USA) Cat# EN0531

T4 ligase Promega (Madison, WI, USA) Cat# M0226L
Phusion Polymerase Thermo Fisher Cat# F531L
DNA Polymerase | Klenow Fragment Promega Cat# M2201
Bacterial strains (Table S1)
E. coli (DH5a) Lab collection N/A
E. coli Turbo Electrocompetent 5alpha NEB Cat# 2984H
N. gonorrhoeae (MS11) (Segal et al., 1985) N/A
Apil T (Dietrich et al., 2009) N/A
Apil T/ipil T This study N/A
AcomP This study N/A
AcomP/comPyr This study N/A
TD3 This study N/A
N400 (Tonjum et al., 1995) N/A
i35A This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

N. elongata ATCC N/A

N. lactamica ATCC N/A

N. cinerea ATCC N/A

N. mucosa ATCC N/A

N. sicca ATCC N/A

N. polysaccharea ATCC N/A

N. meningitidis Lab collection N/A

Oligonucleotides

Primers used for cloning and sequencing (Table S1) | This study N/A

DNA fragments (Table S1) This study N/A

Plasmids

pCR-Blunt Thermo Fisher Cat# K270020

pUC19 AddGene (Watertown, MA, USA) Cat# 50005

pBeloBAC11 NEB Cat# E4154

pKH37 (Kohler et al., 2007) N/A

pNBNeiKan (Weyand et al., 2016) N/A

pMR68 (Ramsey et al., 2012) N/A

Growth Media

GC medium base Difco Laboratories Inc (Detroit, MI, USA) Cat# 228920

GCB containing Kellogg’s Supplements I and 11 (Kellogg et al., 1963) N/A

GCB containing vancomycin, colistin, nystatin (Jacobs and Kraus, 1975) N/A

Glutaraldehyde Electron Microscopy Sciences (EMS) Cat# 16000
(Hatfield, PA, USA)

Osmium tetroxide EMS Cat# 19100

Uranyl acetate EMS Cat# 22400

Chemicals

IPTG GoldBio (Olivette, MO, USA) Cat# 12481C50

X-gal Research Products International (RP1) (Mount | Cat# B71800

Prospect, IL, USA)

S-adenosylmethionine (SAM) NEB Cat# B9003S
BSA Sigma Cat# A2153
Ampicilin GoldBio Cat# 69523
Kanamycin GoldBio Cat# K120SL25
Erythromycin Sigma Cat# E5389
Chloramphenicol Sigma Cat# C0378
Vancomycin RPI1 Cat# V065500
Colistin RPI Cat# C70700
Nystatin RPI Cat# N82020
Ethanol Sigma Cat# 459836
Isopropanol Sigma Cat# 19516
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REAGENT or RESOURCE SOURCE IDENTIFIER
Phenol Sigma Cat# 108952
Isoamyl alcohol Sigma Cat# 123513
Tissue Culture Plates

Microplate dish (6-well) Corning (Corning, NY, USA) Cat# 0720083
Microplate dish (12-well) Corning Cat# 087721B
Microplate dish (24-well) Corning Cat# 353847

Animal Model: Mice

Female BALB/c (6-8 weeks old)

National Cancer Institute and Charles River
(Jerse et al., 2011)

Cat# Strain_028

Other lab reagents

0.22 uM PES Steriflip filter Millipore (Burlington, MA, USA) Cat# SEIM179M6
0.22 uM filter Millipore Cat# SLGV033RS
Nucleobond Midi Columns Macherey-Nagel (Diren, Germany) Cat# 740410
Agarose Sigma Cat# A2576
Megabase Agarose Bio-Rad (Hercules, CA, USA) Cat# 1613108
Phase Lock Gels VWR (Radnor, PA, USA) Cat# 2302820

Gel Extraction Kit Qiagen Cat# 28706

Gel Extraction Kit Thermo Fisher Cat# K0691
Wizard Genomic DNA Purification Kit Promega Cat# A1120
Dacron Swabs Thermo Fisher Cat# 164KS01
CHEF Electrophoresis System Bio-Rad Cat# 1703670
Model 422 Electro-Eluter Bio-Rad Cat# 1652976

NanoDrop spectrophotometer

Thermo Fisher

RR_ID:SCR_015804

Software and algorithms

Blastn

NCBI

RR_ID:SCR_007190
https://blast.ncbi.nlm.nih.gov/Blast.cgi

GraphPad Prism 5.0

GraphPad (San Diego,CA, USA)

RR_ID: SCR_002798
https://www.graphpad.com

SMRT-Analysis

PacBio (Menlo Park, CA, USA)

RR_ID: SCR_002942
https://www.pach.com/products-and-
services/analytical-software/smrt-
analysis/

Quiver

(Chinetal., 2013)

N/A
https://github.com/PacificBiosciences/
GenomicConsensus

Vim Text Editor

Vim

N/A
https://www.vim.org/
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