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The lethal and mutagenic effects of various mutagens on Neisseria gonorrhoeae were investigated. Lethality
studies demonstrated that N. gonorrhoeae was relatively sensitive to ethyl methanesulfonate, UV light, and
methyl methanesulfonate. Although N. gonorrhoeae was readily mutated by ethyl methanesulfonate and N-
methyl-N’-nitro-N-nitrosoguanidine for the three genetic markers assayed, no increase in the mutation
frequency was observed for any of the selective markers after UV irradiation or methyl methanesulfonate
treatment. These results suggest that N. gonorrhoeae lacks an error-prone repair mechanism.

Infection with Neisseria gonorrhoeae can result in a
variety of clinical manifestations which include gonorrhea,
pharyngitis, pelvic inflammatory disease, arthritis, and dis-
seminated gonococcal infection (21). This organism demon-
strates a wide diversity of phenotypic types and has the
capacity to alter its antigenic, structural, and pathogenic
states (10, 13, 26). The molecular mechanisms responsible
for these various phase transitions are poorly understood.

One of the factors that has impeded genetic studies of
virulence mechanisms and the extension of the map of the
gonococcal genome is the low efficiency of mutagenesis of
this organism in the laboratory. To understand the process-
ing of DNA damage in N. gonorrhoeae and the mechanisms
by which it avoids mutations, our laboratory has focused on
delineating the DNA repair capacities of this organism. To
date, N. gonorrhoeae has been shown to lack photoreactiva-
tion and to possess an excision repair system (1, 2). The
purpose of this study was to assess the mutability of N.
gonorrhoeae by both direct and indirect mutagens.

Direct mutagens cause mutations by mispairing mecha-
nisms either involving template or nucleotide presursors (16,
19). Alternatively, indirect mutagens act by inducing a
postreplication repair system that is error prone (16, 19).
Hence, mutations resulting from their action are caused by
misrepair. In Escherichia coli, error-prone repair is one of
the many damage-inducible functions that have been collec-
tively designated as the SOS response (18, 32). Expression
of error-prone repair in E. coli is dependent on the recA™,
lexA*, and umuC"* gene products (9, 30).

Many organisms have been identified which lack the
capacity to be mutagenized by indirect mutagens. As these
organisms include Haemophilus influenzae, Micrococcus
radiodurans, Streptococcus pneumoniae, Streptococcus mu-
tans, and Streptococcus sanguis, the common factor that
emerges from this information is that naturally competent
organisms appear to lack error-prone repair (24, 33). Thus,
another facet of this endeavor was to investigate further the
relationship between competency and error-prone repair by
examining the potential of a competent organism, N. gonor-
rhoeae, to be mutagenized by indirect mutagens.
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MATERIALS AND METHODS

Strains. The bacterial strains used are listed in Table 1.

Media and chemicals. Liquid cultures of N. gonorrhoeae
were routinely grown in GCK broth, which is composed of
GC medium base (Difco Laboratories) and 1% Kellogg
supplements (10). Liquid cultures of Bacillus subtilis were
grown in Penassay broth (Antibiotic Medium no. 3; Difco
Laboratories) and plated onto Tryptose Blood Agar base
(Difco). Cultures of E. coli were grown in and plated on LB
medium (15). All amino acids, ethyl methanesulfonate
(EMS), and methyl methanesulfonate (MMS) were obtained
from Sigma Chemical Co. N-Methyl-N'-nitro-N-nitroso-
guanidine (MNNG) was obtained from Aldrich Biochemi-
cals.

Treatment with DNA-damaging agents. Cultures were rou-
tinely grown with aeration at 275 rpm on a Gyratory shaker
(New Brunswick Scientific Co.) at 37°C to an optical density
of 100 Klett units as measured by a Klett-Summerson
colorimeter with filter no. 66. For survival determinations,
samples were either washed once, suspended in GCK broth,
and plated at the appropriate dilutions or were immediately
diluted into Spizizen salts (25) and plated. For mutagenesis
experiments, 1-ml portions were removed after the appropri-
ate exposure time, centrifuged for 1 min at 8,000 X g at room
temperature, and resuspended in 1 ml of GCK broth. The
samples were then added to 9 ml of GCK broth in a 250-ml
DeLong flask. Cells were incubated for 24 or 48 h at 35°C in
7% CO, (without aeration) before plating onto selective
medium. The selective antibiotic medium was GCK broth
containing either rifampin (0.125 wg/ml) or nalidixic acid (0.7
pg/ml). Prototrophs of strain F62 were selected by plating
onto GGM medium lacking proline (14). After incubation,
any putative mutants were isolated from individual colonies
and tested on the appropriate selective medium. The muta-
tion frequency was determined by dividing the number of
mutants by the number of survivors after 24 or 48 h of
incubation.

Specific treatments with alkylating agents. EMS was added
to a final concentration of 1, 2, or 5% (vol/vol). Treatments
with MMS used a final concentration of 0.01, 0.025, or 0.05%
(vol/vol). For treatment with EMS or MMS, cultures were
incubated at 37°C with aeration for various time periods.

MNNG was prepared at 1 mg/ml in 0.2 M sodium acetate
buffer, pH 5.5, and frozen in 1-ml aliquots at —20°C until
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TABLE 1. Bacterial strains

Strain Genotype or phenotype Source
N. gonorrhoeae
WLPI met-1 F. E. Young®
(ATCC 19424)
F62 pro-1 F. E. Young
FA19 Wild type P. F. Sparling®
FA248 Met™ Pro~ P. F. Sparling
HS208 Arg~ Val” Hyp~ Ura” lle- F. E. Young
FAS34 rif-7 (No plasmids) P. F. Sparling
FAS14 str-12 (Contains pF10) P. F. Sparling
FAS83 nal-1 arg-1 met-1 pro-1 P. F. Sparling
HVC1 Not determined Clinical isolate?
B. subtilis
BR151 trpC2 metBI10 lys-3 R. E. Yasbin
YB886 trpC2 metB5 xin-1 SPB™ R. E. Yasbin
YB1005 trpC2 metB5 xin-1 uvrA42 R. E. Yasbin

SPB~

“ Where allele numbers have not been assigned for the strain, the auxotype
is designated.

b University of Rochester, N. Y.

¢ University of North Carolina, Chapel Hill.

4 Pennsylvania State University, University Park.

needed. MNNG was added to cells at a final concentration of
10 pg/ml. Cultures were incubated with or without aeration
at 37°C.

UV irradiation. Before UV irradiation of cells, cultures
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were pelleted by centrifugation (10,000 rpm, 4°C) for 10 min
and resuspended in the original volume in Spizizen salts. The
UV source was a single germicidal lamp (model G8T5;
Sylvania) with a maximum output at 254 nm. The flux of the
UV source was 0.8 to 1.0 W/m? as measured by a Blak-Ray
J-225 meter (Ultraviolet Products). Ten milliliters of bacteria
(108 CFU/ml) were UV irradiated in a 100-mm glass petri
dish with constant stirring during exposure.

RESULTS

Sensitivity of N. gonorrhoeae to DNA-damaging agents.
Mid-exponential-phase cells of various strains of N. gonor-
rhoeae were exposed to different DNA damaging agents
which included UV, MMS, EMS, and MNNG. Although a
heterogeneous response was observed, all strains of N.
gonorrhoeae tested were more sensitive to UV irradiation or
MMS treatment than was repair-proficient B. subtilis BR151
(Fig. 1). Based on the prediction of the target theory (17),
one would expect that if both organisms possess equal repair
capacities, N. gonorrhoeae would be slightly more resistant
to UV than B. subtilis would be, since the B. subtilis genome
is larger (2 x 10° to 3 x 10° daltons). ,

Analogous results were obtained after treatment of several
strains of N. gonorrhoeae with 1% EMS or 10 ug of MNNG
per ml for different time periods since all strains tested were
more sensitive to these alkylating agents than was repair-
proficient B. subtilis BR151 (data not shown). These same
lethality studies were also done by using a repair-proficient
E. coli isolate that had survival levels comparable to those

PERCENT SURVIVAL
S

o

T T

v T T T T

T T
20 40 60 80
EXPOSURE TIME (MIN)

) FIG. 1. Sensitivities of various strains of N. gonorrhoeae to UV irradiation and MMS treatment. (A) Sensitivity of N. gonorrhoeae to UV
lrra{!iation. Different strains of N. gonorrhoeae were UV irradiated as described in the text. Symbols: O, strain WLPI; @, strain FA248; A,
str.aln FA534; B, strain F62; A, strain FA19; @, strain FA514; O, B. subtilis BR151. (B) Sensitivities of N. gonorrhoeae to MMS treatment.
Mlq-exponential-phase cells were incubated at 37°C with aeration in GCK broth containing a final concentration of 0.015% MMS (vol/vol) for
various time periods as described in the text. Symbols: (J, strain FA248; A, strain HS208; A, strain FA19: @, strain HVC-1; O, strain FAS14;

W, strain WLPI; @ , B. subtilis BR151.
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for B. subtilis BR151 (data not shown). These observations
suggested that N. gonorrhoeae was deficient in a repair
pathway(s) that renders it more susceptible to the lethal
effects of these physical and chemical agents.

Mutability of N. gonorrhoeae. In choosing mutagens for
this study, the main consideration was to include representa-
tives of both direct mutagens and indirect mutagens. Two
examples of direct mutagens were EMS (20) and MNNG (6).
Mutagenesis by these alkylating agents is largely indepen-
dent of the recA gene in E. coli (6, 8), and thus, mutations
readily occur in organisms that lack an error-prone repair
system. Conversely, UV irradiation and MMS were chosen
as they are well-defined examples of indirect mutagens (3,
31). Mutations resulting from treatment with UV or the
alkylating agent MMS are caused by the induction of a
postreplication repair system that is highly error prone (16,
32).

EMS mutagenesis. Treatment of strain F62 with 1% EMS
for various time periods resulted in a substantial increase in
number of nalidixic acid-resistant (Nal") mutants, rifampin-
resistant (Rif’) mutants, or revertants from the proline
auxotrophic phenotype to prototrophy (Pro*) (Fig. 2A).
Incubation of EMS-treated cells for 48 h instead of 24 h
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before selective challenge did not result in any increase in
the number of mutants obtained (Fig. 2A). Identical results
were obtained with strain WLPI (data not shown). For both
strains, optimal mutation frequencies were obtained after a
60-min exposure to EMS which resulted in survival levels of
10 to 25% for strain WLPI and 0.4 to 2% for strain F62.
However, depending on the particular batch of EMS used,
occasionally an 80-min exposure resulted in a slightly higher
mutation frequency.

Increasing the concentration of EMS to 2% (vol/vol)
decreased the exposure time required for maximum muta-
genesis but did not significantly alter the number of mutants
obtained (data not shown). A concentration of 5% (vol/vol)
EMS drastically decreased the mutation frequency because
of the increased lethality.

MNNG mutagenesis. Treatment with 10 ug of MNNG per
ml for various time periods resulted in an increased mutation
frequency for all markers selected in strain F62 (Fig. 2B).
Strain WLPI was also readily mutated to both Nal" and Rif"
by MNNG (data not shown). Quantitatively, variability was
observed in the degree of augmentation depending on the
particular batch of MNNG used. However, both strains
were always readily mutated by this agent.
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FIG. 2. Mutagenesis of strain F62 by EMS and MNNG. (A) EMS mutagenesis of strain F62. Mid-exponential-phase cells of strain F62
were incubated in medium containing 1% EMS (vol/vol) for various time periods as described in the text. After 24 or 48 h of incubation, cells
were plated onto the appropriate selection medium and incubated for 72 h. The percent survival at each time point was as follows: 20 min, 43;
40 min, 8.4; 60 min, 0.9; 80 min, 0.04. Data are representative of three separate experiments. Symbols: @, Rif" mutants after a 24-h
posttreatment incubation; B, Nal" mutants after a 24-h posttreatment incubation; O, Rif" mutants after a 48-h posttreatment incubation; OJ,
Nal" mutants after a 48-h posttreatment incubation. (B) MNNG mutagenesis of strain F62. Mid-exponential-phase cells of strain F62 were
incubated in 10 pg of MNNG per ml at 37°C without aeration as described. This treatment decreased the survival to 1.5% after a 30-min
incubation and was used for the selection of Rif" and Nal” mutants. Alternatively, Pro™ revertants were isolated after treatment of strain F62
with 10 pg of MNNG at 37°C with aeration. This treatment decreased the survival to 0.03% after a 30-min incubation. Data are representative
of three separate experiments. Symbols: A, Rif* mutants; B, Nal" mutants; @, Pro* revertants.
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TABLE 2. MMS mutagenesis of strain F62¢

‘ No. of Rif*  No. of Nal’ No. of Pro*
Exg::seure % ml;tants/ mutants/10” reverta:;tséllf)’ CFU
(min) Survival 10 CFUb CFU agter .
after 48 h 48 h 72h 9%h 120h
0 100 <0.6 <0.6 0.8 0.8 0.8

10 31.3 <0.3 <0.3 1.0 1.2 1.2
20 1.1 <0.3 0.3 03 03 0.3
30 0.06 <0.5 <0.5 0. 0.2 0.4

“ MMS concentration, 0.025%. Data are representative of three experi-
ments. The mutation frequencies marked < were cases in which no resistant
colonies were observed per set of duplicate plates. The number shown is the
calculated mutation frequency had there been one such colony.

b Plates were incubated for up to 120 h with no change in the mutation
frequencies.

MMS mutagenesis. No increase in mutation frequency was
observed for any of the markers selected in strain F62 after
exposure to 0.025% MMS for various time periods (Table 2).
Increasing the concentration to 0.05% MMS resulted in an
increased lethality but not any increase in the mutation
frequency (data not shown). Analogous results were ob-
tained for strain WLPI (data not shown).

UV mutagenesis. Strain F62 was exposed to varying fluxes
of UV irradiation to inflict different degrees of damage to the
DNA. This treatment did not result in any augmentation of
the mutation frequency for any marker assayed (Table 3).
Identical results were obtained with strain WLPI. In addi-
tion, the incubation time (24 to 48 h) before plating on the
selective medium had no effect on the number of mutants
obtained (data not shown).

In E. coli, a substantial increase in the mutation frequency
is observed in excision repair-deficient strains after UV
irradiation in comparison with excision repair-proficient
strains (32). Since N. gonorrhoeae possesses an excision
repair system (2) that functions on pyrimidine dimers, this
capacity was chemically inhibited by the addition of caffeine
(0.5 to 1.0 mg/ml), a known inhibitor of excision repair in
procaryotes (28), including N. gonorrhoeae (2), to the postir-
radiation incubation media. The use of caffeine to inhibit
excision repair was necessitated since no excision repair-
deficient mutant of N. gonorrhoeae has yet been obtained.
No increase in the number of Rif* or Nal" mutants was
observed after a postirradiation incubation of the cells in a
caffeine-containing medium (data not shown). This result
further confirmed the immutability of N. gonorrhoeae by
UV irradiation.
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DISCUSSION

The classical genetic approach for studying pathogenic
mechanisms and phase transitions in N. gonorrhoeae has
been hampered by the limitations of genetic transfer systems
in this organism and by the difficulty encountered in generat-
ing mutations. The purpose of this investigation was to gain
better understanding of the processing of DNA damage in
this organism and its relation to mutation fixation. Lethality
studies demonstrated that although a heterogeneous re-
sponse was observed, all strains of N. gonorrhoeae tested
were relatively sensitive to UV irradiation, EMS, and MMS
in comparison with repair-proficient strains of B. subtilis and
E. coli. The difference in the UV sensitivities of N. gonor-
rhoeae and B. subtilis cannot be attributed to the absence of
the dimer-specific photoreactivation pathway since both
organisms lack this repair system (1, 11). The sensitivity of
N. gonorrhoeae to these DNA-damaging agents suggested
that this organism might lack a form of postreplication
repair. Significantly, organisms that lack this system are
more sensitive to the lethal effects of UV, EMS, MMS, and
bifunctional alkylation agents (3, 29). It is important to note
that strain WLPI is also extremely sensitive to mitomycin C
(MIC, 0.015 wg/ml; unpublished data). Other experiments
have suggested that the sensitivity of N. gonorrhoeae to the
alkylating agents EMS and MNNG is at least partly attribut-
ed to the absence of an adaptive response to the lethal effects
of these agents (Campbell and Yasbin, manuscript in prepa-
ration).

The mutagenesis studies revealed that N. gonorrhoeae
was readily mutated for the three phenotypes assayed by the
direct mutagens EMS and MNNG. Conversely, no signifi-
cant increase above the spontaneous mutation frequency
was observed for any markers after treatment with the
indirect mutagens MMS and UV irradiation. As organisms
that lack the inducible repair system are immutable by UV
irradiation and MMS but are readily mutated by EMS and
MNNG, these results strongly suggest that N. gonorrhoeae
lacks this inducible type of error-prone repair.

As defined by UV immutability, N. gonorrhoeae, M.
radiodurans (27), S. pneumoniae (5), S. mutans (24), S.
sanguis (24), and H. influenzae (12, 23) all lack error-prone
repair. Since all of the aforementioned bacteria are compe-
tent for DNA-mediated transformation, the intriguing possi-
bility arises that the competency is incompatible with error-
prone repair (24, 33). One exception to this observation is
the demonstration of chromosomal mutagenesis by MMS
treatment and by UV irradiation in B. subtilis (22; R. Miehl-

TABLE 3. UV mutagenesis of strain F62¢

No. of Rif" No. of Nal" No. of Pro” revertants/10’ CFU after:
. Fluence . mutants/10” mutants/10’
Trial (J/m?) % Survival CFU after CFU after 72h 96 h 120 h
48 h? 48 h®
1 0 100 <0.3 0.5 0.6 1.1 1.1
12 11.1 0.3 0.8 0.7 1.1 1.1
24 0.55 0.3 <0.2 1.5 1.8 1.8
36 0.09 0.5 <0.3 <0.2 <0.2 <0.2
48 0.04 0.5 <0.3
2 0 100 <0.4 <0.4
4 32.2 <0.3 <0.3
8 14.2 <1.2 <1.2
16 0.95 <0.4 0.4
24 0.21 <0.8 <0.8

“ Data are representative of three experiments. For trial 1, the maximum number of colonies observed on any set of plates was two or three.
b Plates were incubated for up to 120 h with no change in the mutation frequencies.
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Lester, personal communication). However, unlike M. ra-
diodurans, H. influenzae, S. pneumoniae, and N. gonor-
rhoeae, in which the competent population can approach
100%, only 10 to 20% of the B. subtilis population becomes
competent (4). In B. subtilis, the development of competen-
cy is accompanied by activation of SOS functions (33). Since
error-prone repair is one of the SOS-inducible functions, it is
not surprising that an increased mutation frequency was
obtained in the transformed population of B. subtilis cells
(22, 33). N. gonorrhoeae is competent throughout its life
cycle; it could be hypothesized that the coordinate expres-
sion of competency and SOS functions, including error-
prone repair, might result in an unfavorable genetic load.
Thus, it could be suggested that the majority of competent
organisms evolved in such a way as to remove error-prone
repair from the phenomena associated with the SOS re-
sponse. Although this hypothesis is attractive, it should be
approached with caution. Both Salmonella typhimurium and
Proteus mirabilis, two noncompetent organisms, appear to
be somewhat deficient in error-prone repair (7, 30).

The absence of error-prone repair in N. gonorrhoeae
dictates the considerations that must be applied in mutagen-
izing this organism and also suggests methods for augment-
ing the mutation frequency. Any agent that is known to act
by inducing error-prone repair will be ineffective for N.
gonorrhoeae. Conversely, emphasis should be placed on
those agents that act by mispairing mechanisms. We also
assayed the mutability of N. gonorrhoeae to hydroxylamine,
another direct mutagen. Although this mutagen might prove
advantageous for generating specific GC—AT transitions,
the overall efficiency in N. gonorrhoeae is very low and,
thus, does not prove warranted for routine mutagenesis
(unpublished data). The overall inefficiency of most muta-
gens to generate high mutation frequencies in N. gonor-
rhoeae suggests that alternative methods be employed. We
are presently investigating transpositional mutagenesis in N.
gonorrhoeae. Attempts are also being made to introduce an
error-prone repair system into this organism.
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