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Neisseria gonorrhoeae strains with nutritional requirements that include argi-
nine (Arg-), uracil (Ura-), and hypoxanthine have attracted attention because of
their tendency to cause disseminated infections. As a basis for genetic studies of
arginine and pyrimidine biosynthesis, we examined the activities of four enzymes
of these pathways in cell-free extracts of both prototrophic and Arg- Ura-
strains. Activities of glutamate acetyltransferase, aspartate transcarbamylase, and
orotate phosphoribosyltransferase, encoded respectively by argE, pyrB, and
pyrE, were absent in some Arg- Ura- isolates. Gonococci that were unable to
utilize omithine for growth in place of citrulline lacked activity of carbamyl
phosphate synthetase (encoded by car). Defects of car imposed requirements for
both citrulline (or arginine) and a pyrimidine because of the dual role of carbamyl
phosphate in the two pathways. Defects of argE, car, pyrB, and pyrE were
separately introduced by genetic transformation into representatives of a gono-
coccal strain which initially was prototrophic. Results of enzyme assays of these
isogenic auxotrophic transformants confirmed the gene-enzyme relationships.

Neisseria gonorrhoeae strains freshly isolated
from patients exhibit various different nutrition-
al requirements (3, 4). Strains that require argi-
nine (Arg-) and uracil (Ura-) as well as hypo-
xanthine and possibly other compounds
frequently cause disseminated gonococcal infec-
tions of patients in some communities (17, 24).
Genetic studies of these natural auxotrophs are
being carried out in a number of laboratories
(e.g., 5, 15, 21, 33-35, 37). Unfortunately, in
many instances the genotype of an auxotrophic
strain cannot be correctly inferred from the
phenotype because of the presence of two or
more genetic lesions affecting the same biosyn-
thetic pathway (15). Aberrant frequencies of
DNA-mediated transformation have been re-
ported in studies employing gonococci with un-
recognized defects in more than one pyrimidine
gene locus (5, 21, 37). We are investigating
certain gonococcal gene-enzyme relationships to
obtain information on the biochemical and ge-
netic basis of auxotrophy which has evolved in
N. gonorrhoeae (6).

Earlier we reported (32) that many Arg- gono-
cocci have defects of the argE locus, encoding
the enzyme acetylornithine:glutamate acetyl-
transferase (GATase). Gonococci that lack
GATase activity are characterized by an inabil-
ity to grow on defined media which contain
glutamate, acetylglutamate, or acetylornithine in
place of arginine, but where the remaining en-
zymes of the arginine pathway are functional,

the bacteria can utilize ornithine, citrulline, or
argininosuccinate (Fig. 1). However, ornithine
does not satisfy the requirement for arginine of
some Arg- Ura- strains. In gonococci, as in
other bacteria (11, 31), ornithine is converted to
citrulline by omithine transcarbamylase (OT-
Case). Unexpectedly, OTCase activity compa-
rable to that of Arg+ gonococci was found in
various Arg- Ura- strains which utilized citrul-
line but not ornithine for growth (8, 32). In
addition to OTCase and ornithine, carbamyl
phosphate is required for the synthesis of citrul-
line. Mutants of Pseudomonas aeruginosa (11)
and Escherichia coli (28) which lack carbamyl
phosphate synthetase (CPSase) as a result of car
lesions exhibit requirements for both arginine
and uracil. Therefore, it seemed likely that activ-
ity of a corresponding synthetase might be lack-
ing in certain Arg- Ura- strains of N. gonorr-
hoeae. In addition, some of these gonococci
must possess one or more other defects of
pyrimidine biosynthesis since the uracil require-
ment often was retained by Car' transformants
selected for their ability to utilize ornithine (8,
37). It was important also to determine whether
the same or other defects of pyrimidine biosyn-
thesis are responsible for the uracil requirement
of Arg- Ura- gonococci that are Car' when
isolated from patient specimens.
We report here the findings with various Arg-

Ura- strains of N. gonorrhoeae which bear
lesions of argE, car, pyrB, and pyrE gene loci.
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FIG. 1. Arginine and pyrimidine biosynthetic pathways and relevant gene loci. The enzymes are encoded by
the following loci: GATase, argE; OTCase, argF; GDCPSase (glutamine-dependent CPSase), car; ATCase,
pyrB; OPRTase, pyrE.

MATERIALS AND METHODS

Media. GC medium base (Difco) with Kellogg sup-
plements (GCMBS) was used for routine cultures (7).
The neissena-defined agar (NEDA) was prepared by
previously described methods (4, 7). The customary
complete NEDA medium contains L-arginine and ura-
cil and various other compounds, but not L-ornithine.

Gonococci. Strains of N. gonorrhoeae with the pre-
fix MHD or SV were isolated from urogenital speci-
mens from patients in Milwaukee (3, 9). Strains 89
(SS41835/43) and 13 (SS158936/69) were isolated at the
Statens Seruminstitut, Copenhagen, Denmark, and
were contributed by Alice Reyn. Strain LP99 (21) and
strains with the prefix NRL were received from the
Neisseria Reference Laboratory, U.S. Public Health
Service Hospital, Seattle, Wash., through the courtesy
of King Holmes and Joan Knapp. Strain PID-8 was
isolated from a patient with pelvic inflammatory dis-
ease at the San Francisco General Hospital and was
received from Deborah Draper. Strains UCSB185 and
UC746 were provided by Josephine Morello, Universi-
ty of Chicago Hospitals and Clinics, Chicago, Ill.

Strains designated ONT-26 and KYN-1 were received,
respectively, from A. T. Hendry, Hamilton General
Hospital, Hamilton, Ont., Canada, and from Jane
Kenyon, Berkeley, Calif.
The methods used for confirming the identity of the

N. gonorrhoeae strains, determining their nutritional
requirements, and storing the cultures at -60°C have
been described (7, 9). The relevant characteristics of
the strains are given in Results.

Genetic transformation and derivation of isogenic
strains. DNA was extracted from various donor gono-
cocci and was partially purified (5). Recipient strains,
maintained as T2 colonies, were treated with DNA as
described for quantitative transformation or for the
semiquantitative plate transformation test (5).
An isogenic set of N. gonorrhoeae strains was

developed by introducing various genetic markers into
the transformable, prototrophic strain 89 which was
isolated in 1943 and has the drug susceptibilities and
other traits typical of pre-penicillin era gonococci.
Approximately 108 recipient gonococci were spread on
the surface of GCMBS medium and covered with a
solution of high-molecular-weight DNA (sufficient to
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give 5 to 10 Fg on the medium). After incubation for 6
to 8 h to obtain phenotypic expression, growth from
separate areas of the nonselective medium was re-

moved with a loop and streaked on separate sections
of GCMBS containing rifampin or another selective
antibiotic. After incubation for 24 h, a single transfor-
mant colony was picked from each section of the
selective medium and subcultured on fresh medium of
the same composition to eliminate untransformed re-

cipients. One further single-colony transfer was made
of each transformant, and the resulting 18-h cultures
were screened for the introduction or elimination of
unselected markers, either manually by streaking vari-
ous media or mechanically by use of the Steers inocu-
la-replicating apparatus, as described for auxotyping
(7). These isogenic strains are designated by the prefix
891.
To obtain prototrophic transformants of auxotro-

phic recipient strains, the gonococcal suspensions in

defined fluid (NEDF-X with added uracil; 5) were

treated with DNA and spread on the surfaces of
appropriate defined media lacking any one essential
component.

Chemicals. Amino acids, diacetyl monoxime (2,3-
butanedione monoxime), dithiothreitol, 5-phosphori-
bosyl-1-pyrophosphate, and Tris were purchased from
Sigma Chemical Co. (St. Louis, Mo.). Inorganic chem-
icals were reagent grade obtained from Mallinckrodt
Chemical Works (St. Louis, Mo.). Carbamyl phos-
phate and ATP were obtained from P-L Biochemicals,
Inc. (Milwaukee, Wis.). Antipyrene was from East-
man-Kodak Co. (Rochester, N.Y.).

Cell-free extracts. Gonococcal cultures and suspen-
sions were prepared as described previously (8, 32).
Glycerol (10%o, vol/vol) was added to the crude ex-

tracts for assay of CPSase. Extracts to be assayed for
orotate phosphoribosyltransferase (OPRTase) con-

tained both 10%o glycerol and 1 mM dithiothreitol.
Crude extracts from freshly harvested cultures were

used for assays of GATase and OPRTase. Dense
gonococcal suspensions could be frozen at -20°C for
up to 1 week with no apparent loss of the activities of
the other three enzymes. The gonococci were sonical-
ly disrupted, and the fragmented cell preparation was

immediately subjected to centrifugation at 27,000 x g

for 20 min at 3°C (32). The supernatant fluid (crude
cell-free extract) was promptly assayed for enzyme
activity at 37°C (or at room temperature, approximate-
ly 23°C, for OPRTase).
Enzyme assays. The method for determining the

activity of acetylornithine:GATase of N. gonorrhoeae
was described by Shinners and Catlin (32).
OTCase activity was assayed as described before

(32), except that the reaction mixture was modified to
contain 10 ,umol of L-ornithine, 10 ,umol of carbamyl
phosphate, 5 ,umol of MgCl2, 100 ,umol of Tris-hydro-
chloride (pH 7.5), and cell-free extract (0.1 to 0.5 mg of
protein) in a final volume of 1.0 ml. The citrulline
produced in the reaction was assayed with the diacetyl
monoxime reagent, as given previously (32).
Glutamine-dependent CPSase activity was mea-

sured by coupling carbamyl phosphate formation to
citrulline synthesis in the presence of OTCase as

described by Levenberg (19) and modified by Pierard
et al. (27). The reaction mixture, in a final volume of
1.0 ml, contained: ATP, 10 ,umol; MgC92, 10 ,umol;
glutamine, 10 p.mol; potassium bicarbonate (KHCO3),

90 ,umol; ornithine, 10 ,umol; Tris-hydrochloride (pH
7.5), 50 gjmol; OTCase from Streptococcus faecium,
10 to 25 U; and extract containing 0.25 to 1.0 mg of
crude extract protein per ml. Appropriate controls and
citrulline standards (containing 0.1 to 0.5 Fxmol of
citrulline per ml) were run simultaneously with each
assay. The diacetyl monoxime colorimetric test, as
described for OTCase, was utilized to determine the
amount of citrulline formed which is stoichiometric
with carbamyl phosphate. Specific activity is ex-
pressed in terms of nanomoles of citrulline formed per
minute per milligram of crude extract protein.

Aspartate transcarbamylase (ATCase) activity was
assayed by the method of Chang et al. (10) and Adair
and Jones (1). The reaction mixture, in a final volume
of 1.0 ml, contained: Tris-hydrochloride, pH 8.5, 100
ILmol; carbamyl phosphate, 10 ,umol; L-aspartate (pH
8.5), 50 ,umol; and crude extract, 0.05 to 0.1 mg of
protein. Carbamyl phosphate was added to start the
reaction. The reaction was terminated by adding 1.0
ml of a solution containing 2 parts of antipyrene-
H2SO4 to 1 part of oxime reagent mixed immediately
before use. The antipyrene reagent contained 0.5%
(wt/vol) antipyrene in 50%o (vol/vol) sulfuric acid, and
the oxime reagent contained 0.8% (wt/vol) diacetyl
monoxime in 5% (vol/vol) acetic acid. Upon addition
of the antipyrene-oxime reagent, the contents of the
reaction tubes were mixed vigorously in a Vortex
mixer, and the chromophore was allowed to develop in
the dark at room temperature for 16 h. The reaction
mixtures were then incubated in a 45°C water bath for
75 min and cooled for 15 min in an ice-salt bath. The
absorbance at 466 nm was read immediately in a
Beckman model 25 spectrophotometer. Carbamyl as-
partate standards (0.02 to 0.1 Fmol of carbamyl aspar-
tate per ml) and appropriate controls were run concur-
rently with each assay. Specific activity is expressed
as nanomoles of carbamyl aspartate formed per minute
per milligram of crude extract protein.
OPRTase activity was measured according to the

method of Beckwith et al. (2) as modified by Potvin et
al. (29). The reaction mixture, in a final volume of 1.2
ml, contained: Tris-hydrochloride (pH 8.5), 100 Fmol;
orotic acid, 0.25 ,umol; MgCl2, 2.5 Fmol; 5-phosphori-
bosyl-1-pyrophosphate, 0.5 pLmol; and crude extract
protein, 0.05 to 0.5 mg. Components were added to a
silica cuvette (1-cm light path, 1.2-ml volume), and the
reaction was initiated by the addition of extract. The
conversion of orotic acid to OMP was monitored
spectrophotometrically as a function of the decrease in
absorbance at 295 nm, compared with a blank contain-
ing no extract. The absorbance change at room tem-
perature was determined from the slope of the linear
portion of the curve (first 1 to 2 min), and activity was
calculated with a molar absorption coefficient of 3.95
x 103 liters mol-1 cm-1. Specific activity is expressed
as nanomoles ofOMP formed per minute per milligram
of crude extract protein.
The protein content of the extracts was determined

by the method of Lowry et al. (20) as modified by
Miller (25), using bovine serum albumin (fraction V;
Sigma Chemical Co.) as the standard.

RESULTS
CPSase. The inability of some Arg- Ura-

strains to utilize ornithine for growth, although
they produced OTCase, suggested that these
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gonococci might bear car defects, resulting in a
failure to synthesize carbamyl phosphate. In
preparation for tests of such strains, we deter-
mined CPSase activities in prototrophic N. gon-

orrhoeae strains 89 and SV274 (Table 1). The
reaction was dependent on potassium and mag-
nesium ions as well as glutamine, bicarbonate,
and ATP. The activity was linear for 60 min in
assays containing 0.25 mg of crude extract pro-
tein per ml.
A significant repression of CPSase activity

occurs when E. coli is cultivated in media con-
taining arginine and uracil (26). The gonococcal
CPSase activity, however, was not affected by
the concentrations of arginine (150 ,ug/ml, 0.71
mM) and uracil (8 ,ug/ml, 0.071 mM) present in
the complete NEDA medium, contrary to previ-
ous indications (8). Thus, crude extracts of
strain 89 cultivated for 18 h on NEDA medium
lacking arginine and uracil exhibited the same
activity as extracts of cells grown in parallel on
the complete medium.
CPSase activity was absent in extracts of

Arg- Ura- gonococci characterized by inability
to grow on the NEDA medium containing orni-
thine in place of arginine. However, such Car-
strains yielded transformants which produced
carbamyl phosphate and, accordingly, were able
to utilize ornithine for growth. For example,
Table 1 shows the CPSase activity present in
extracts of transformant strains 327-1 and 996-1
(derived, respectively, from the Car- strains
SV327 and MHD996). Strains 327-1 and 327-2
were independent Car' transformants which

differed with respect to a uracil requirement;
327-2 retained, and 327-1 lost, the pyr defects
borne by strain SV327.

In addition to removing the car defects by
transformation, car defects were introduced into
isogenic representatives of strain 89. Thus, the
Car- transformant 89I-739 (Table 1) was derived
by treatment of the Car' strain 891-660 (His-
Met-) with DNA from MHD996; Met' transfor-
mants were selected and screened for the simul-
taneous acquisition of requirements for uracil
and arginine (not satisfied by ornithine). Also,
treatment of the Car+ recipient 891-608 (His-
Pro- Hyx-) with DNA from strain 13 elicited
the His' Car- transformant 891-624. The pres-
ence of car defects was confirmed by the lack of
CPSase activity in strains 89I-739 and 89I-624.

Reciprocal crosses between strains 13 and
MHD996 yielded Car+ transformants, indicating
that the absence of CPSase activity involves two
classes of defects, car-i and car-2. The car-I

defect of strain 13 was removed by recombina-
tion with the intact car-I DNA sequence of
MHD996. In turn, the car-2 defect of MHD996
was eliminated by transforming DNA from
strain 13. Furthermore, Car' transformants
were obtained in similar reciprocal crosses be-
tween the two Car- strains 891-624 and 891-739,
described above. Using eight DNA preparations
in plate transformation tests of 15 additional
Car- patient isolates, we found only two recom-
bination classes-those exemplified by strains
13 and MHD996. We have not yet determined
whether these car defects correspond to carA

TABLE 1. CPSase activities and relevant phenotypes of N. gonorrhoeae patient isolates and transformants
Straina Sp act (nmol

Designa- Relevant phenotypeb min-' mg of
tion Status protein-)c

SV274 P Arg+ Car' Ura+ Hyx+ 13.4
SV327 P Arg- Car- Ura- Hyx- <0.1
327-1 T (SV274) Arg- Car' Ura+ Hyx- 10.0
327-2 T (SV274) Arg- Car' Ura- Hyx- 9.2

89 P Arg+ Car' Ura+ Hyx+ 10.0
MHD996 P Arg- Car- Ura- Hyx- <0.1
996-1 T (SV274) Arg+ Car' Ura+ Hyx- 7.9
891-739 T (MHD996) Arg- Car- Ura- Hyx+ <0.1

13 P Arg- Car- Ura- Hyx- <0.1
89I-624 T (13) Arg- Car- Ura- Hyx+ <0.1

a p, Parent strain isolated from a patient; T, transformant derived by treatment with DNA from the strain given
in parentheses. Strains 891-739 and 891-624 were Car- transformants of Car' isogenic representatives of strain
89.

b Requirements for arginine (Arg-), uracil (Ura-), and hypoxanthine (Hyx-); Car- indicates an arginine
requirement not satisfied by ornithine.

c Cells were grown on NEDA medium, and activity in crude extracts was assayed in the presence of 10 mM
glutamine.
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TABLE 2. Activities of ATCase and OPRTase in patient isolates and transformants

Straina Relevant genotype protein-1)
Designation Status car arg pyrB pyrE ATCase OPRTase
89 p + + + + 250 43
891-4 T (MHD661b) + argA + + 274 85

MHD316 P + argE - - <20 <1
316-17 T (MHDl97C) + argE + + 390 42
891-501 T (MHD316) + + - - <20 <1
891-500 T (MHD316) + + + - 384 <1

MHD996 P - argE + + 661 63
MHD872 P + argE - - <20 <1
872-1 T (MHD996) + argE + + 437 70
891-525 T (MHD872) + + - + <20 43
891-616 T (MHD872) + + + - 320 <1

13 p - argE - - <20 <1
891-629 T (13) + + - + <20 59
891-622 T (13) + + + - 299 <1

MHD32/69 P + argE - - <20 <1
891-528 T (MHD32/69) + + - + <20 78
891-505 T (MHD32/69) + + + - 300 <1

a p, Parent strain isolated from patient; T, transformant derived by treatment with DNA from the strain given
in parentheses. The prefix 891 indicates auxotrophic derivatives of parent strain 89; some 891 strains possessed
additional markers.

b Donor strain MHD661, argA pro pyrB+ pyrE+.
c Donor strain MHD197, pro arg+ pyrB+ pyrE+.

and carB of E. coli which encode, respectively,
the light (glutamine-binding) subunit and the
heavy subunit of CPSase (22).
ATCase. The results of transformation tests

showed that some Car- patient isolates possess
additional defects of pyrimidine biosynthesis;
for example, the Car' transformant 327-2 (Table
1) remained Ura-. The Arg- Ura- gonococci,
also, must bear pyr defects. Therefore, we ex-
amined crude extracts of prototrophic gonococci
and various Arg- Ura- strains for activity of
ATCase, the first enzyme of pyrimidine biosyn-
thesis which catalyzes the carbamylation of as-
partic acid in other bacteria (14, 36).
The ATCase activity found in the wild-type N.

gonorrhoeae strain 89 was 250 nmol min mg of
protein-' (Table 2). Extracts of cells grown on
complete NEDA medium (uracil; 8 ,ug/ml) ex-
hibited ATCase activities similar to those of
gonococci grown on medium lacking uracil. No
significant ATCase activity was found (specific
activity, <20 nmol min -1 mg of protein-')
when either carbamyl phosphate or aspartate
was omitted from the reaction mixture or when
boiled extract was used in place of unheated
crude extract.
ATCase assays were performed on 12 Car'

Arg- Ura- strains isolated from patients. Activ-
ity was present in extracts of strain UCSB185

(Table 3), but was absent in the other 11 strains,
including MHD316, MHD872, and MHD32/69
(Table 2). Also, ATCase activity was absent in
some Car- Arg- Ura- strains (e.g., strain 13),
but was found in others (MHD996). Treatment
of Ura- strains with DNA from ATCase-posi-
tive gonococci yielded transformants which pro-
duced ATCase (e.g., strains 316-17 and 872-1,
Table 2).
A group of linked chromosomal antibiotic

resistance loci in N. gonorrhoeae, including rif,
str, and spc, was shown by Sparling and col-
leagues (33) to map near a ura locus. We found
that transformants selected for resistance to
rifampin, streptomycin, or spectinomycin occa-
sionally also incorporated the pyrB locus of the
Ura- antibiotic-resistant donor. This indirect
method of deriving Ura- transformants made it
possible to generate an isogenic set of strains
each with a single pyr defect introduced into the
uniform matrix of strain 89. ATCase activity was
absent in crude extracts of 24 Ura- transfor-
mants derived in this way (Table 4).

Evidence for an additional pyrimidine defect.
Other Ura- transformants were derived by
treating the ArgA- Ura+ recipient 891-4 with
DNA from ArgE- Ura- patient isolates. Arg+
transformants were selected and screened for
those which had received a defective pyr locus
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TABLE 3. Patterns of enzyme activities in Arg- Ura- gonococci of various classes

Class Strains Relevant phenotypea Enzyme activity"
GATase OTCase CPSase ATCase OPRTase

I LP99, PID-8, ONT-26, KYN-1 Arg- Car- Ura- Hyx+ + + _ + +
II NRL8739, NRL8747 Arg- Car- Ura- Hyx+ _ + - + +

III MHD996 Arg- Car- Ura- Hyx- + _ + +
IV NRL7155, MHD530, SV327, 13 Arg- Car- Ura- Hyx- + _ _
V NRL5033, NRL5035, NRL5043, Arg- Car' Ura- Hyx- + + _

MHD316, MHD32/69, MHD872
VI UCSB185 Arg- Car' Ura- Hyx- + + +
a Requirements for arginine (Arg-), uracil (Ura-), and hypoxanthine (Hyx-); Car- indicates an arginine

requirement not satisfied by ornithine. One or more additional requirements for proline, methionine, glutamine,
histidine, branched-chain amino acids, or thiamine pyrophosphate were exhibited by some patient isolates.

b Enzyme activity present (+) or absent (-) in crude cell-free extract (compared with control extract from a
prototrophic strain).

from the DNA donor together with the argA+
allele. Assays of 42 Ura- strains obtained by
this means showed the presence of ATCase
activity in 39 of the strains (Table 4). Their
requirement for uracil evidently was due to
defects of a different locus, pyr-2. As expected,
Ura+ transformants were obtained in reciprocal
crosses between donors and recipients bearing
pyrB and pyr-2. No Ura+ transformants were
recovered in any cross when both participants
were pyr-2 strains or both were pyrB.
OPRTase. In considering which locus might

correspond to pyr-2, we noted that the chromo-
some map ofP. aeruginosa PAO showed linkage
between argA and pyrE and between pyrB, rifA,
and strA (13). This order was compatible with
the overall results presented in Table 4. Genetic
mapping experiments (to be presented else-
where) also had revealed tight linkage between
argA and pyr-2 of N. gonorrhoeae. Therefore,
we investigated the possibility that pyr-2 might
encode OPRTase, the pyrE product (Fig. 1).
OPRTase activity was present in crude ex-

tracts of Ura+ gonococci. As for other bacteria
(2, 14), orotate, phosphoribosylpyrophosphate,
and MgCl2 were absolute requirements for the
reaction. Strains that carried pyr-2 lesions as
determined by genetic crosses lacked OPRTase
activity, as did seven Car' Arg- Ura- strains
that were assayed (Tables 2 and 3). The ATCase
and OPRTase activities were either both present
or both absent in the Car- Arg- Ura- strains
examined thus far (Table 3).

DISCUSSION
The development of a chemically defined me-

dium for cultivation of N. gonorrhoeae (4) and
its use for auxotyping patient isolates (3) led to
the detection of a variety of nutritional require-
ments (7, 17, 37; and references therein). Strains
with requirements that include arginine, uracil,
and hypoxanthine are geographically wide-
spread (12, 18, 23, 24) and numerous in some
communities (17, 18, 23). Furthermore, this

Arg- Ura- Hyx- phenotype appears to be an
indicator of strains which possess one or more
properties conducive to the development of dis-

TABLE 4. Presence or absence of ATCase activity
in isogenic Ura- transformantsa

Strain Ura- transfor-mants assayed
Ura' Medium for

reci- Ura- selection ANCoae ANTose
pient' donor' positive' negative

891-4 MHD872 NEDA-ARG 6 2
MHD316 1 1
MHD32/69 11 0
MHD510 8 0
MHD446 7 0
13 6 0

891-1 MHD872 GCMBS 0 5
MHD32/69 0 1
13 0 5

891-618 UCA62 GCMBS + RIF 0 5
891-618 13 GCMBS + SPC 1 8

a The Ura- transformants were derived indirectly in
plate transformation tests, described in the text. The
Arg+ or streptomycin-nondependent transformants
formed colonies during incubation on the selection
media; the transformants resistant to rifampin (RIF; 5
,ug/ml) or to spectinomycin (SPC; 25 ,ug/ml) were
incubated initially on drug-free medium for phenotypic
expression. Transformants picked from the selection
medium were purified by subculture, screened for the
unselected Ura- trait, and subsequently assayed for
ATCase activity.

b Derivatives of prototrophic strain 89 transformed
to ArgA- (891-4), streptomycin dependence (89I-1), or
His- Met- (891-618; 618 was susceptible to rifampin
and spectinomycin).

c All had requirements that included arginine (argE)
and uracil; also MHD446, 13, and UCA62 were Car-.
Strains UCA62, MHD872, MHD32/69, and 13 were
resistant (by transformation) to rifampin, streptomy-
cin, and spectinomycin.

d ATCase activity was similar to that of Ura+ strain
89.
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seminated gonococcal infections (17, 24). Inter-
est in the evolution of auxotrophy in N. gonor-
rhoeae (6) led us to examine the nutritional
requirements and enzyme defects of strains iso-
lated over the past 45 years.

Seventy N. gonorrhoeae isolates from the
years 1935 to 1948 exhibited requirements for
one or more of eight compounds, including
arginine. Defects of argA and argG were found
in one strain each, and eight strains contained
argE lesions. None of the 70 strains required
uracil, although 13 of them were from dissemi-
nated gonococcal infections (B. W. Catlin and
A. Reyn, manuscript in preparation). However,
requirements for uracil as well as for arginine
and other compounds were displayed by gono-
cocci isolated in 1955 (J. Knapp, personal com-
munication). Among these strains are NRL8739
and NRL8747 which, according to our findings,
lack activities of GATase and CPSase, but pos-
sess functional ATCase and OPRTase enzymes
(class II, Table 3). Strains NRL5033, NRL5035,
and NRL5043, isolated in about 1963, possess
CPSase activity, but lack ATCase, OPRTase,
and GATase activities (class V), as do many of
the Arg- Ura- strains isolated more recently.
Classes III and VI are each represented by a
single strain thus far. Arg- Ura- Hyx+ gono-
cocci are not commonly reported in the United
States, but in Ontario, Canada, 32% of a large
group of isolates exhibited requirements for argi-
nine (satisfied by citrulline but not omithine),
uracil, and proline (12); ONT-26 is one of these
Canadian strains (class I).
Auxotrophy has been evolving for some time

in N. gonorrhoeae, a species which occurs natu-
rally only in human beings. Possible relations
between auxotrophy and persistence of gono-
cocci in penicillin-treated patients were dis-
cussed earlier (6, 21). The tight shut-off of argi-
nine and pyrimidine biosynthesis due to the
progressive accumulation of multiple genetic
defects (e.g., classes IV and V, Table 3) appar-
ently gives these penicillin-susceptible gono-
cocci a selective advantage. The presence of
OTCase activity in all N. gonorrhoeae strains
we have assayed (Table 3; 8, 32) is notable and
suggests that defects of specific loci have surviv-
al value for gonococci. A challenge for future
research will be determining the mechanisms of
selection of auxotrophic mutants in patients.
The occurrence of a mutation leading to auxot-
rophy was detected during passage in mice of N.
gonorrhoeae strain F62 (Car' Pro-). The mu-
tant strain retained various characteristics of
F62, but exhibited requirements for arginine and
uracil (16). Our tests of this strain (KYN-1)
demonstrated the absence of CPSase activity
and normal levels of the other enzymes assayed
(class I, Table 3).

A set of N. gonorrhoeae strains bearing seven
separate auxotrophic markers was developed by
Juni and Heym (15) for use as recipients in tests
with DNA preparations from patient isolates.
Their results independently illustrate the value
of isogenic strains for detecting the multiple
defects of Arg- Ura- strains which had created
difficulties for interpretation of earlier genetic
studies (e.g., 5, 21, 30, 37). However, in the
absence of knowledge of the defective gene
products of auxotrophs, the results of recombi-
nation tests may lead to erroneous inferences.
Thus, the defective car locus of N. gonorrhoeae
strain ATCC 27633 was not recognized because
Car' transformants were obtained in a cross
with a recipient presumed to be Car- (15). We
identified a car-2 defect in ATCC 27633; this
strain (not tabulated) lacks CPSase activity and
gives rise to Car' transformants in reciprocal
tests with nine car-i strains but not with any of
eight car-2 strains. It is evident that future
genetic studies will be facilitated by the use of
isogenic strains bearing defects of loci that en-
code known enzymes.
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