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Neisseria gonorrhoeae is naturally competent for DNA transformation. In contrast to other natural prokary-
otic DNA transformation systems, single-stranded donor DNA (ssDNA) has not previously been detected
during transformation of N. gonorrhoeae. We have reassessed the physical nature of gonococcal transforming
DNA by using a sensitive nondenaturing native blotting technique that detects ssDNA. Consistent with
previous analyses, we found that the majority of donor DNA remained in the double-stranded form, and only
plasmid DNAs that carried the genus-specific DNA uptake sequence were sequestered in a DNase I-resistant
state. However, when the DNA was examined under native conditions, S1 nuclease-sensitive ssDNA was
identified in all strains tested except for those bacteria that carried the dud-1 mutation. Surprisingly, ssDNA
was also found during transformation of N. gonorrhoeae comA mutants, which suggested that ssDNA was
initially formed within the periplasm.

Neisseria gonorrhoeae is naturally competent for DNA trans-
formation (27). Previous studies have revealed several factors
that appear to be essential for this process; these include the
requirement for the pilus organelle on the cell surface (27); the
elaboration of various pilus-associated proteins (e.g., PilC and
PilT) (2, 13, 15, 24); the production of two periplasmic pro-
teins, ComL and TPC (10); and the incorporation of ComA
into the cytoplasmic membrane (9). In addition, the absence of
the RecA protein precludes the successful incorporation of
donor DNA into the recipient chromosome (14). However,
despite the fact that all of these factors have been shown to be
required for competence through the use of defined N. gonor-
rhoeae mutants, their specific molecular functions in the trans-
formation process are not well understood.

DNA transformation requires the transport of donor DNA
across the cell envelope as well as the incorporation of the
donor DNA into the recipient chromosome. The molecular
details governing the transformation process are reasonably
well understood for the naturally competent gram-positive bac-
teria, e.g., Bacillus subtilis and Streptococcus pneumoniae (re-
viewed in reference 20). In these organisms, one strand of the
transforming donor DNA is degraded while the complemen-
tary strand is transported across the cytoplasmic membrane (6,
17, 20, 23). Once the donor DNA has been introduced into the
cytoplasm, the nascent single-stranded DNA (ssDNA) mole-
cule then interacts with a RecA-like protein, which facilitates
exchange of the donor DNA with its homolog on the recipient
chromosome. In addition, gram-positive bacteria appear capa-
ble of transporting DNA in a non-species-specific manner (20).
In contrast, transformation is less well defined for the naturally
competent gram-negative bacteria, e.g., Haemophilus influen-
zae and N. gonorrhoeae. A major difference from their gram-
positive counterparts is that gram-negative bacteria appear to
preferentially take up only genus-specific donor DNA, due to
the requirement for a specific DNA uptake sequence (DUS) to

be present on the transforming DNA molecule (5, 7, 11, 20,
26). Molecular analysis of noncompetent H. influenzae mutants
suggests that, following accretion of the donor DNA onto the
cell surface, the transforming DNA is first sequestered from
exogenous DNase I digestion. During the subsequent transit
step of the donor DNA molecule into the cytoplasm, one
strand of the DNA duplex is thought to be degraded, yielding
a recombinogenic ssDNA molecule within the cytoplasm (20).

In contrast to other naturally transformable bacteria, previ-
ous studies have not detected ssDNA during transformation of
N. gonorrhoeae (3, 8). Initial studies detected only double-
stranded DNA (dsDNA) by using a combination of isopycnic
gradient analysis of DNase I-resistant 32P-labeled donor DNA
and a genetic assessment of DNA-transforming activity in re-
isolated donor DNA preparations (1, 3). Subsequent studies,
which attempted to demonstrate S1 nuclease-sensitive inter-
mediates, appeared to corroborate these earlier findings (8).
However, despite this lack of evidence for ssDNA intermedi-
ates during transformation, theoretical considerations of the
mechanics of homologous recombination would seem to de-
mand that a ssDNA intermediate be formed at some point
during the transformation process (16). Therefore, either its
formation in the gonococcus is transient or its detection may
require a more sensitive technique.

In this study we have reassessed the nature of transforming
DNA by using a sensitive nondenaturing native blotting tech-
nique to detect ssDNA. When this modification was used to
study the molecular nature of transforming DNA, the results
showed the formation of ssDNA following uptake of donor
DNA into a DNase I-resistant state. Furthermore, the forma-
tion of ssDNA by comA mutants of gonococci suggests that its
formation occurs primarily in the periplasm of the organism.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plas-
mids used in this study are described in Table 1. The plasmid pRML115 was
constructed by ligation of an oligonucleotide (SmaI-AAGTCTGCCGGACGTC
CTAGGAAGTCTGCCGGAC-PstI) into the SmaI and PstI sites of pBluescript
II SK (Stratagene, La Jolla, Calif.). The underlined nucleotides designate the
gonococcal DUS. In addition, a 1.8-kb HindIII-SalI fragment containing the
ermC gene flanked by opaC gene fragments was cloned into the SalI and HindIII
sites of the plasmid. The plasmid pRML110 is identical to pRML115 except that
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it lacks the SmaI-PstI oligonucleotide containing the DUS. The plasmids
pRML110 and pRML115 were isolated from Escherichia coli DH10B by using a
Qiagen (Chatsworth, Calif.) column as described by the manufacturer.

N. gonorrhoeae was routinely grown on phosphate-buffered GC agar medium
supplemented with 1% IsoVitaleX in a 5% CO2 atmosphere (30). E. coli was
grown with Luria-Bertani medium (25), and when appropriate, the following
concentrations of antibiotics were used: erythromycin, 200 mg/ml, and carbeni-
cillin, 100 mg/ml.

DNA transformation. DNA transformation of piliated N. gonorrhoeae was
performed as previously described (32). The bacteria were grown on solid me-
dium for approximately 18 h. Typically, 20 colonies were then transferred to 0.5
ml of broth medium containing 20 mM MgCl2. The plasmid pRML115 (DUS1)
was added at a final concentration of 0.42 mg/ml, and the suspension was incu-
bated at 37°C for 30 min. Following incubation, the cell suspension was diluted
10-fold in broth medium and incubated at 37°C for 5 h, after which aliquots were
plated on agar plates both with and without 6.0 mg of erythromycin/ml. The
frequency of transformation was determined by dividing the number of erythro-
mycin-resistant CFU by the total CFU and is given in the text as the mean
frequency 6 standard error of the mean.

Isolation of DNase I-resistant DNA. GC broth containing 20 mM MgCl2
(transformation medium) was prewarmed to 37°C and inoculated to a density of
107 to 108 CFU/ml with gonococci swabbed from GC agar plates after approx-
imately 18 h of incubation at 37°C. Based on examination with a dissecting
microscope, only piliated, nonopaque gonococcal colonies were used in this
study. Plasmid DNA was added to a final concentration of 0.15 mg/ml, and the
suspension was incubated at 37°C for 10 min. After incubation, 0.33 U of DNase
I (U.S. Biochemicals, Cleveland, Ohio)/ml was added, and the medium was
maintained at 37°C for 10 to 250 min prior to the isolation of DNase I-resistant
DNA. Following DNase I treatment, the cells were pelleted by centrifugation for
10 min at 10,000 rpm in a Sorvall GSA rotor. The pellet was resuspended and
washed three times in 10 ml of GC broth medium containing 0.5 M NaCl. The
washed cells were resuspended in 10 ml of STE (25% sucrose–50 mM Tris–10
mM EDTA); 100 ml of proteinase K (20 mg/ml) and 1 ml of 10% sodium dodecyl
sulfate were added, and the mixture was incubated for 10 min at room temper-
ature. The lysates were then incubated for an additional 10 min at 60°C following
the addition of 1.1 ml of 5 M NaCl and 1.5 ml of 10% cetyltrimethylammoni-
umbromide (CTAB)–0.7 M NaCl. Then, 5 ml of chloroform-isoamyl alcohol
(24:1, vol/vol) was added, and the aqueous phase was separated by centrifugation
at 5,000 rpm for 5 min in a Sorvall SS34 rotor. The aqueous phase was removed
and extracted with 5 ml of phenol-chloroform (1:1, vol/vol). Following centrifu-
gation, the aqueous phase was recovered and an equal volume of isopropanol
was added to precipitate the DNA. Following centrifugation, the precipitate was
resuspended in 1 ml of water containing 3 mg of RNase A (Boehringer Mann-
heim, Indianapolis, Ind.)/ml.

Blotting. The concentration of DNase I-resistant DNA was determined spec-
trophotometrically. Typically, 50 mg of DNA from each sample was lyophilized,
resuspended in 20 ml of water, and separated in a 0.7% agarose Tris-borate-
EDTA gel by electrophoresis. To confirm that an equal amount of DNA was
loaded on the gel for each sample, the gels were stained with ethidium bromide
and the DNA was visualized with a UV transilluminator. For Southern analysis,
the gel was immersed in denaturing solution (0.5 M NaOH, 1.0 M NaCl) fol-
lowed by neutralization (0.5 M Tris [pH 7.4], 1.5 M NaCl) prior to transfer of the
DNA to Nytran (Schleicher & Schuell, Keene, N.H.) by capillary action. A
similar procedure was followed for native blotting except that the denaturation
step was omitted (19). To detect pRML110 and pRML115, an ermC-specific
probe was labeled with [a-32P]dATP (Dupont Corp., Boston, Mass.), using a
random-primer DNA-labeling kit (Promega Corp., Madison, Wis.) as instructed
by the manufacturer. Hybridization and washing were performed under stringent
conditions (65°C, 0.53 SSC [13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 0.1% sodium dodecyl sulfate) essentially as previously described (25).

DNAs were visualized by autoradiography with X-Omat film (Eastman Kodak
Co., Rochester, N.Y.).

S1 nuclease treatment. After lyophilization, total DNA was resuspended in 20
ml of S1 nuclease buffer (33 mM sodium acetate, 50 mM NaCl, 0.03 mM ZnSO4,
pH 4.5) containing 0.25 U of S1 nuclease (Boehringer Mannheim)/ml. For
control reactions, the DNA was resuspended in S1 nuclease buffer without S1
nuclease. Both the control and test solutions were then incubated for 1 h at 37°C
prior to electrophoresis.

RESULTS

DUS-specific uptake of plasmid DNA. As an initial step to
evaluate the molecular fate of transforming DNA, two isogenic
plasmids (pRML115 and pRML110) that differed with respect
to the presence of the neisserial DUS were constructed. The
frequency of transformation of strains MS11 and P9 with
pRML115 (DUS1) was 3.2 3 1024 6 1.0 3 1024 and 2.2 3
1024 6 0.6 3 1024, respectively; no transformants were ob-
tained with pRML110 (DUS2). For comparison, the frequency
of transformation of MS11 and P9 with gonococcal genomic
DNA that conferred resistance to nalidixic acid was approxi-
mately 100 times greater than that obtained with pRML115
(data not shown). Piliated, nonopaque N. gonorrhoeae MS11 or
DNA-uptake-deficient N. gonorrhoeae MS11 dud-1 cells were
suspended in transformation medium that contained one of
the two isogenic plasmids (nonopaque strains were used
throughout this study to eliminate any variation in DNA up-
take that could potentially result from Opa-mediated interac-
tion with donor DNA). Donor DNA was incubated with the
cells for 20 min to allow for DNA uptake. DNA uptake was
then terminated by the addition of DNase I, which degraded
any extracellular donor DNA (the DNase I concentrations
used were subinhibitory with respect to gonococcal viability
[unpublished observations]). DNase I-resistant total DNA
preparations were then isolated, and the purified DNA was
analyzed by Southern blotting with a radiolabeled probe that
was specific for the ermC gene present on both pRML110 and
pRML115. N. gonorrhoeae MS11 sequestered several electro-
phoretically distinct forms of pRML115 (DUS1) (Fig. 1, lane
1). Among these various DNase I-resistant DNAs, a 4.6-kb
form that comigrated with a linear plasmid DNA control was
observed (not shown). Analysis of the input pRML115 donor
DNA preparation showed that this linear form of the plasmid
was not detected in the donor DNA plasmid preparation (Fig.
1, lane 5). In addition to the linear form of the plasmid, at least
four alternative forms that comigrated with the various plas-
mid conformational forms that were present in the input trans-
forming donor DNA were also sequestered in a DNase I-re-
sistant state (Fig. 1, cf. lanes 1 and 5). Collectively, these
observations confirmed previous studies that demonstrated lin-
earization of plasmid DNA following uptake into competent
cells (1) as well as indicating that circular forms of plasmid
donor DNAs may also enter into a DNase I-resistant state.
Whether the circular forms actually entered the cytoplasm is
currently unknown.

In contrast, MS11 did not take up pRML110 (DUS2) into a
DNase I-resistant state (Fig. 1, lane 2), nor did MS11 cells
carrying the dud-1 mutation protect pRML115 (DUS1) from
nuclease digestion (Fig. 1, lane 4). These results show that
protection of transforming donor DNA from exogenous
DNase I digestion in this experimental system requires both a
functional pilus organelle and donor DNAs that contain the
neisserial DUS.

Single-stranded DNA is formed during DNA transforma-
tion. In order to detect ssDNA within the DNase I-resistant
total DNA preparations, donor DNA isolated over various
time points following the transformation of strain MS11 with

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant descriptiona Source or reference

E. coli DH10B recA1 Life Technologies, Inc.,
Gaithersburg, Md.

N. gonorrhoeae
MS11 wt Wild type; pilE7/30:2 31
MS11 dud-1 DNA uptake deficient; pilT This study
P9 wt Wild-type 22
P9 comA comA 9

Plasmids
pRML110 DUS2 ermC This study
pRML115 DUS1 ermC This study

aEmr, erythromycin resistance.
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pRML115 (DUS1) was examined by using a combination of
Southern blotting and native blotting (Fig. 2). Piliated, non-
opaque MS11 cells were suspended in transformation medium
that contained pRML115 and were incubated for 10 min at
37°C. Following the DNA uptake period, DNase I was added,
and large sample volumes (200 ml) were harvested after an
additional 10-, 30-, and 120-min incubation period at 37°C.
Consistent with the results presented in Fig. 1, Southern blot-

ting showed the presence of several electrophoretically distinct
forms of pRML115 in the DNase I-resistant samples, including
(i) high-molecular-weight forms that were stable over time
(120 min post-DNase I treatment) and that comigrated with
the various circular forms of the plasmid (Fig. 2A) and (ii) an
approximately 2.7-kb species present in the 10-min sample
(Fig. 2A, lane 1) that was not detected at subsequent time
points (Fig. 2A, lanes 2 and 3). When the identical samples
were analyzed under native conditions, the 2.7- and 4.6-kb
migrating bands were faintly visible in the 10-min sample but
were not detected in subsequent samples (Fig. 2B, cf. lanes 1 to
3). In addition, a fast-migrating smear of ermC-hybridizable
DNA was detected under native conditions even though the
double-stranded circular forms of the plasmid, which were
detected under denaturing conditions (Fig. 2A), were not de-
tected. Consequently, these observations indicate that the var-
ious signals represent ssDNA intermediates (Fig. 2B, lanes 1 to
3). These conclusions are supported by the controls presented
in Fig. 2C (where 5 ng of alkali-denatured, linear pRML115
provided a strong hybridization signal [Fig. 2C, lane 1] whereas
5 ng of double-stranded, linear pRML115 [Fig. 2C, lane 2]
remained undetected) and by the fact that alkali-denatured
pRML115 migrated at approximately 2.7 kb. Similar results
were obtained with strain P9 and are representative of those
obtained from repeated experiments under ostensibly identical
experimental conditions (data not shown).

In one reiteration of the experiment, the two ssDNA species
that were detected in only the 10-min sample shown in Fig. 2B
(i.e., those ssDNAs with an apparent molecular size of approx-
imately 2.7 and 4.6 kb) remained stable throughout the entire
time course of the experiment (Fig. 3A). In this single exper-
iment, the faster-migrating smear of ermC-hybridizable DNA
was again prominent only in the 10-min sample. The basis for
the longevity of these large-molecular-size ssDNAs in this ex-
periment is unknown and may represent slight differences in
culture conditions. Taken together, the results presented in
Fig. 2 and 3 are representative of all the observations that were
obtained from repeated experiments.

FIG. 1. DUS-specific uptake of DNA into a DNase I-resistant state by com-
petent gonococci. N. gonorrhoeae wild-type and N. gonorrhoeae dud-1 strains
were resuspended in transformation medium that contained pRML115 (DUS1)
or, as negative controls, pRML110 (DUS2) or no transforming DNA for 20 min
at 37°C. Following addition of DNase I to degrade extracellular DNA, DNase
I-resistant DNA was isolated and analyzed by Southern blotting with a probe
specific to the ermC gene present in both pRML115 and pRML110. Lanes: 1,
MS11 incubated with pRML115 (DUS1); 2, MS11 incubated with pRML110
(DUS2); 3, MS11 (no transforming DNA added); 4, MS11 dud-1 incubated with
pRML115 (DUS1); 5, MS11 lysate plus pRML115 (positive control). The blot
was exposed to film at 270°C for approximately 20 h.

FIG. 2. Southern blot and native blot analyses of DNase I-resistant DNA. MS11 was incubated with pRML115 (DUS1) for 10 min at 37°C. DNase I was added,
samples were removed 10, 30, and 120 min after the addition of DNase I, and total nucleic acid was isolated. The DNase I-resistant DNA was subsequently analyzed
by Southern blotting (A) and native blotting (B) with an ermC-specific radiolabeled probe. (C) As a control, native blotting of 5 ng of linear alkali-denatured pRML115
reacted with the ermC probe (lane 1), in contrast to 5 ng of linear double-stranded pRML115 that did not react with probe (lane 2). The arrows to the right of each
panel indicate the positions of migration of both double- and single-stranded pRML115. The Southern blot and native blot were exposed to film at 270°C for
approximately 18 and 36 h, respectively.
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To determine if the donor ssDNA was susceptible to S1
nuclease, total DNA preparations were treated with S1 nucle-
ase prior to electrophoresis. No difference was apparent in the
hybridization pattern of DNase I-resistant DNA when assessed
under denaturing conditions (data not shown), which con-
firmed a previous report (8) and showed that the S1 nuclease
treatment did not degrade all the DNA. In contrast, S1 nucle-
ase did degrade the ssDNA that migrated at approximately 2.7
and 4.6 kb when analyzed under native conditions (Fig. 3B,
lanes 5 to 7). Surprisingly, however, the DNA comprising the
smear was still detected (Fig. 3B, lanes 5 to 7). This latter
observation may indicate that the DNA comprising the smear
was modified in such a way that it was not susceptible to S1
nuclease or, alternatively, that so much dsDNA carrying the
ermC gene fragment remained following nuclease treatment
that the specificity of the native DNA blotting technique for
ssDNA was compromised (note that a faint signal is detectable
in Fig. 2C [lane 2] when 5 ng of donor dsDNA was assessed
under native conditions). Furthermore, the presence or ab-
sence of the smeared hybridization signal was dependent upon
the time allowed for uptake of the donor DNA prior to DNase
I treatment, suggesting that the material that comprised these
DNA species was either being utilized or degraded during the
transformation process.

Formation of transforming ssDNA in MS11 comA. MS11
comA mutants are noncompetent, presumably due to a defect
in transporting donor DNA across the cytoplasmic membrane
(8). To determine if ComA is involved in the formation of
ssDNA during transformation, transformation assays were per-
formed with isogenic P9 and P9 comA strains, and their donor
DNA profiles were compared. Southern analysis showed that
both P9 and P9 comA sequestered linear and circular forms of
pRML115 (DUS1) in a DNase I-resistant state and that S1
nuclease digestion had no discernible affect on the migration of
the DNA fragments as reported previously (data not shown
and reference 8). However, when these same DNA samples

were examined under nondenaturing conditions, various S1
nuclease-sensitive ssDNA species were observed in both P9
and P9 comA samples (Fig. 4). The smeared hybridization
patterns displayed in Fig. 4 suggest that a heterogeneous mix of
ssDNA molecules are produced in both cell types. However,
closer inspection of the DNA species that are obtained follow-
ing transformation of the P9 comA cells seems to indicate that
a greater proportion of the ssDNA comigrates with the alkali-
denatured linear pRML115 (DUS1) control (Fig. 4, lane 5).
Furthermore, these qualitative differences between P9- and P9
comA-derived donor DNAs with respect to migration and the
relative amount of ssDNA that is detected by native blotting
were consistent among repeated experiments and with results
obtained with MS11 and MS11 comA strains (not shown).

These results unequivocally demonstrate the formation of
ssDNA in comA mutants and suggest that the competence
defect associated with the comA mutation may be an inability
of the ssDNA to enter the cytoplasm. (It should be noted that
these cells remain recombinogenic in that they are still able to
undergo pilin-antigenic variation [9, 11a].)

DISCUSSION

Previous studies of DNA transformation in the gonococcus
clearly indicated that donor DNA taken up by competent cells
into a DNase I-resistant state remained predominantly double
stranded (1, 3, 8). These biochemical observations, in conjunc-
tion with an apparent lack of an eclipse period following DNA
uptake, led to the development of a novel model for gonococ-
cal transformation, where donor dsDNA is taken up into the
cytoplasm. Nonetheless, as previously reported (3, 8), at least
a portion of the incoming donor DNA was likely to be con-
verted into a single-stranded form (if only transiently) at some
point in order for recombination with the host chromosome to
proceed. Despite these expectations, no evidence for ssDNA
intermediates was forthcoming with the available techniques.
Therefore, the purpose of this study was to reexamine the
nature of donor DNA during transformation of N. gonorrhoeae
by using a sensitive blotting technique that specifically detects
ssDNA.

Native blotting was originally developed to detect regions of
nonhomology in bacteriophage l chromosomes following

FIG. 3. S1 nuclease treatment of DNase I-resistant DNA. Following trans-
formation of strain MS11 with pRML115, samples were removed 10, 40, 70, and
130 min after the addition of DNase I. Selected DNA samples were treated with
S1 nuclease prior to electrophoresis and were compared to untreated samples
under native conditions with an ermC-specific probe. (A) Untreated DNA; (B)
S1 nuclease-treated DNA. The arrows to the right of each panel indicate the
positions of migration of both double- and single-stranded pRML115. The blots
were exposed to film overnight at 270°C.

FIG. 4. ssDNA is formed by comA mutants of gonococci. Following the
incubation of P9 and P9 comA with pRML115 (DUS1), DNase I-resistant DNA
was analyzed by native blotting with an ermC-specific probe. Lane 1, P9; lane 2,
P9 treated with S1 nuclease; lane 3, P9 comA; lane 4, P9 comA treated with S1
nuclease; lane 5, alkali-denatured pRML115 (control). The blot was exposed to
film at 270°C for approximately 96 h.
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crosses where one of the participating l chromosomes con-
tained a sizable deletion (18, 19). Subsequently, this technique
has been adapted to detect ssDNA that is formed during the
transformation of Acinetobacter calcoaceticus (21) as well as in
detecting ssDNA intermediates in the l Red recombination
pathway following the in vivo induction of homologous recom-
bination (12). Through the use of native blotting combined
with S1 nuclease, donor ssDNA was identified during DNA
transformation of N. gonorrhoeae. Control experiments where
ssDNA and dsDNA were compared by native blotting showed
the specificity for detecting ssDNA in this type of analysis.

Overall, our results are consistent with previous studies that
indicated that the majority of donor DNA remained in the
double-stranded form (1, 3, 8). Therefore, it is not surprising
that reisolated DNase I-resistant donor DNA is capable of
transforming competent organisms (3). Likewise, attempts to
identify ssDNAs through S1 nuclease treatment and Southern
analysis (8) probably failed due to the relatively low level of
ssDNA that is formed within the cell.

The lack of ssDNA when the transforming DNA did not
possess a DUS, or when N. gonorrhoeae dud-1 mutants were used
as recipients, indicated that the single-stranded segments were
formed by gonococcal enzymes and not during the preparation
of the donor DNA from E. coli. At least two predominant
forms of ssDNA could be detected on the basis of differences
in electrophoretic mobility, in addition to a faster-migrating
smear of ermC-hybridizable material. Unfortunately, the exact
molecular nature of each of these forms is unclear. The ssDNA
that migrated at approximately 4.6 kb is likely to represent
partially single-stranded linearized donor DNA or comple-
mentary ssDNA that partially reannealed. Heat-denatured
pRML115 typically migrated at approximately 4.6 kb and is
therefore consistent with this interpretation. Alkali-denatured
donor DNA (Fig. 2C, lane 1) migrated at approximately 2.7 kb,
and thus it seems likely that the 2.7-kb donor ssDNA detected
during transformation represents fully denatured donor DNA.
The smear of ermC-hybridizable material may also represent
various forms of ssDNA species that migrate aberrantly due to
differences in the extent of the single-stranded region that is
present within each molecule. However, it remains unclear if
these ssDNAs are formed via a resection process using an
endogenous gonococcal exonuclease, reminiscent of the for-
mation of ssDNA intermediates in the l Red recombination
pathway (12), or are formed through the action of a DNA
helicase that unwinds the linearized duplex. The diffuse nature
of the hybridization pattern argues for the former explanation,
in that the smeared hybridization pattern probably represents
an assortment of partial duplex and/or ssDNA plasmid mo-
lecules, each containing single-stranded regions of differing
lengths. The observation that the smear is transient and dis-
appears with time may indicate that this is the DNA that is
being transported to the cytoplasm; however, the smear is also
resolved with time in comA mutants, suggesting that the DNA
is being degraded periplasmically in a comA-independent fash-
ion.

Based on the results of these experiments, we cannot con-
clude that the ssDNA is the recombinogenically active form of
transforming DNA, nor can be dismiss this possibility. Previous
studies indicated that plasmid DNA is subject to restriction
when introduced into a noncompatible host by DNA transfor-
mation of gonococci, whereas restriction is averted when DNA
is conjugally transferred (29). These previously published re-
sults appear to support a model of gonococcal DNA transfor-
mation in which dsDNA is transported to the cytoplasm, where
it would be susceptible to restriction enzymes acting specifi-
cally on dsDNA. In contrast, the apparent lack of restriction

following conjugal transfer was thought to correlate with the
transfer of ssDNA. However the observation that ssDNA can
mediate gonococcal transformation at frequencies similar to
those obtained with dsDNA (28) supports the idea that gono-
cocci can transport ssDNA to the cytoplasm, similar to the
mechanism utilized by other naturally competent bacteria. In
this regard, Butler and Gotschlich demonstrated that high-
frequency mobilization of broad-host-range plasmids into the
gonococcus by conjugation required methylation of the donor
DNA, suggesting that restriction barriers were also present
during the transport of ssDNA via the conjugation route (4).
Thus, the presence of restriction barriers in the transfer of
DNA between gonococcal strains by transformation does not
necessarily preclude a mechanism of transformation whereby
ssDNA is transported to the cytoplasm; restriction could result
following the formation of duplex DNA from complementary
single strands in the cytoplasm.

In conclusion, we have demonstrated the formation of donor
ssDNA during transformation of competent gonococci; how-
ever, it is unclear whether this DNA mediates transformation
or represents the degradation of donor DNA following uptake.
Additional information regarding the specificity of ComA for
DNA transport and the use of additional defined gonococcal
mutants is likely to be necessary to determine definitively the
fate of donor DNA during DNA transformation of gonococci.
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