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Urea is currently considered to be a requirement for the propagation of T-strain
mycoplasmas. We report here the replication of T-strain 960 (ATCC 25023) in
media prepared from dialyzed components with added putrescine and allantoin
but without added urea, or in dialyzed medium containing small amounts of
added urea. The least amount of urea which allowed growth in the medium
without allantoin was above 10 Ag/ml. The amount of urea estimated to con-
taminate the added allantoin or putrescine was 5 Ag/ml or less, which is insuffi-
cient to support T-strain replication. T-strain 960 was grown in the presence of
urea and the urease inhibitor acetohydroxamic acid AHA where the organisms
multiplied at a slower rate in the presence of AHA than in its absence. Urea hy-
drolysis occurred with concomitant ammonia accumulation and pH increase in
cultures with AHA added.

After the isolation and initial descriptions of
T-strain mycoplasmas (18, 19), the unpredicta-
ble growth and peculiar nutritional require-
ments of these organisms were studied. Serial
propagation was generally unsuccessful, and the
number of viable organisms in broth cultures
declined rapidly after 24 h (19). The rapid loss
of viability suggested depletion of a required
nutrient. It was found subsequently that horse
sera, which contain larger amounts of urea than
do other sera, were superior protein enrichments
for T-strain growth and, furthermore, that dial-
ysis or urease treatment of horse serum ren-
dered it inactive. However, if the serum dialy-
sate or urea was added to the medium, T-strain
growth then occurred (19). It was reported later
(9, 20) that urea was, in fact, the required
factor, and it has since been included in T-
strain media formulations as an essential com-
ponent (21). Urea is indeed described occasion-
ally as an "absolute requirement" for the
growth of T-strain mycoplasmas (14), and
"urease activity" is described as a requirement
for T-strain multiplication (7).

T-strain ureolytic capability is currently the
sole stable characteristic of these organisms
which can be used to distinguish them from
other members of the family Mycoplasmataceae
in the class Mollicutes. Because of their uncer-
tain properties, T-strain mycoplasmas have not
yet been given a specific taxonomic designation.
If urea is actually a requirement for the growth
of these organisms, then T-strain mycoplasmas

are unique in having such a requirement. In
that case, the biological role of urea hydrolysis
in T-strain mycoplasmas would be of particular
interest and importance. Furthermore, if these
organisms can be shown, with certainty, to have
a unique urea requirement for growth, they
deserve taxonomic distinction at least at the
genus level according to the currently accepted
criteria for assigning taxa in the class Molli-
cutes (23). If, however, urea is not a require-
ment for growth but simply can be utilized as a
substrate, then the property of urea hydrolysis
by T-strain mycoplasmas would suggest only
species level distinction, even though this activ-
ity is unique among the Mycoplasmatales.
Since the T-strain mycoplasmas are currently
unnamed, it is essential to establish unequivo-
cally whether urea is a requirement for their
growth.
The evidence, until now, which argued for a

T-strain urea requirement was (i) that the
organisms had not been grown in media without
added urea or added serum with high urea
content (9, 19, 20) and (ii) that urease inhibitors
(hydroxamic acids) caused either less multi-
plication after 18 h of incubation (7) or a
reduction of numbers of organisms after 24 h of
incubation (8) compared with untreated con-
trols. The hydroxamic acids were also shown to
inhibit release of CO2 from urea during short
incubations of the T-strains in separate experi-
ments designed to avoid T-strain multiplica-
tion. These results were taken together as an
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indication of' the essentiality of urea hydrolysis
f'or T-strain multiplication (7, 8).
We have reported (13a) that a T-strain myco-

plasma could be serially passaged in a medium
prepared from exhaustively dialyzed components
with added putrescine and allantoin but with
no added urea. However, we did not exclude the
possibility that trace amounts of urea in the
medium might be suf'f'icient to allow for T-strain
multiplication. It was expected, however, that
very low levels of' urea (less than 10 jg/ml)
would be either depleted metabolically by
T-strain ureolytic enzyme(s) or reduced to levels
which were not biologically useful to the orga-
nisms.

In this paper, we extend our previous observa-
tions (13a) and show that trace or contaminant
amounts of urea do not support T-strain multi-
plication. In addition, we show that, although a
urease inhibitor, acetohydroxamic acid (AHA),
reduces the rate of' multiplication of' T-strain
960, it does not appear to inhibit multiplication
or the ureolytic activity of' the organism.

MATERIALS AND METHODS

T-strains. Lyophilized 'T-strain 960. which had
been cloned eight times, was supplied by M. Shepard
(Camp Lejeune, N. C.).
Washing procedure. In some experiments, cells

were suspended twice in the medium specif'ied but
without added allantoin, urea, or AHA. The prepara-
tion was centrifuged at 18.000 :- g for 15 min at room
temperature after each suspension.
Media and growth conditions. The culture me-

dium used was that developed in these laboratories f'or
the initial isolation of' M. pneumoniae (10) but was
modif'ied as follows for T-strain culture and is referred
to hereafter as urea medium. The fluid medium was
prepared from 5() g of' beefheart inf'usion (Dif'co
Laboratories, Detroit, Mich.) per liter. This basal
broth was supplemented with 10% unheated horse
serum, 10% of a yeast extract preparation, 1% phos-
phate-buffered saline (Grand Island Biological Co.,
Grand Island, N.Y., 10x concentrate), 1,000 U of
penicillin per ml, 0.002% phenol red, and 0.1%c urea.
The pH was adjusted to a value between 6.0 and 6.5
with 1 N HCl.

Stock cultures of T-strain 960 were maintained in
glass serological tubes (13 by 100 mm) with Morton-
type closures and incubated at 34 to 36 C in medium
without added urea (Fig. 1). For medium without
added urea, the urea in the formulation just described
was replaced with 0.01 M putrescine dihydrochloride.
and the horse serum, which usually contains from 30
to 60 mg of urea per 100 ml, was replaced with
dialyzed calf serum (Microbiological Associates, Inc.,
Bethesda, Md.). This medium is referred to as putres-
cine medium.

Titration of T-strain mycoplasmas. Titers of'

T-strain broth cultures were determined by a tube
dilution method 13). which depends u)pon the abilitv
of' these organisms t produce ammonia f'rom urea
and, consequently. al alkaline shif't in pH detected by
the phenol red indicaitor. Serial 1t-fold dilutions of
the organisms were tmade in urea medium, and the
greatest dilution yielding- an alkaline pH shif't was
taken as the end point. This is expressed in color
change units ((C(CIT) anid deftined as the reciprocal of'
the logarithm (base I)(o' the diltitioni end point.

Dialysis of media (omponents. In addition to use
of commercially dialvzed (calf' serurm, basal broth and
yeast extract were also (ialyNzed for so(Xme experiments.
These were dialyze( (at 4 C against two changes of'
20 volumes of deionized water for a total of' 48 h, and
finally against 2)) vdoltues of' one-fourth strength
Earle balanced salt sloution (pH 63.5) f'or 24 h. The
dialyzed basal broth and veast extract, sterilized by
autoclaving,. were included in the complete medium
as described above or in ariations described below.
Media prepared in his inanner are ref'erred to as
dialvzed media.

Analytical methods. .Rimmiionia was assayed by the
microdiff'tision-Nesslht izlz iontlmetihod of Seligson and
Seligson 16). This isseiS sensItive to approximately
2 ug ot' ammonia nit roct and is high ly reproducible.

Urea was deternie (by)\ ion -exchange chromatog-
raphy using ain antoimt i( ami ino acid analysis similar
to the method of Spackniiiin et al. (22). Samples were
prepared by deproteimizit ioni with a 107( solution of'
sulfosalicylic acid (ahmot 25"o ot the sample volume).
The mixture was centriftued and the supernate was
adjusted to pH 2.) to )2 iisin ().: NIMK(H (about 20rc
of the sample volume) 'I'he tirea in the deproteinized
samples w\as then se a)rated f'rom the other com-
pounds present on IDirrum DC-6A resin (Durrum
Chemical Corp., Palo Alto, Calif'.) in a column (0.9 by
31 cm bed). A (1(. N1M itra te buffer containing (1.20 M
lithium ion and adtjusted to pH 2.8)) was used as the
eluant. TFhe colurnn temnperature was maintained at
.36 C. The buff'er flow rate was 7(1 ml/h. Af'ter each
analysis, the columrn was washed with 0.3 M LiOH.
The eluted urea was developed with ninhydrin at
10) C, and the resultanit complex w'as detected photo-
metrically at 57)) nm uisingh a 12-mnm f'low cell. The
recorder (Hewlett-P'ackard., model 123:A, San Diego,
Calif'.) was set to have a 1-mV range which corre-
sponds to 0.1 full-scale absorbance. This procedure
allowed f'or the detectionl of as little as 1 mg of' turea.

Reagents. Putrescine (Il4-diaminobutane) dihy-
drochloride was purchased f'rom Calbiochem (San
Diego, Calif'.). Allanitoinl was purchased f'rom Sigma
Chemical Co. (St. Louis, Mo.), who advised that the
allantoin was f'ree f'ronm urea and other nitrogenous
compounds, as eviideri(ed by prodtuction of' only a
single spot in two thini-layer chromatography svstems
using three detection miiethods. The allantoin is ex-
pected to be stable with respect to urea f'ormation in
the medium in which it wNas used in these studies. In
addition, we undertook analyses of' allantoin and
putrescine for urea by ion-exchange chromatography
(see below). AHA (Aldrich Chemical Co., San Lean-
dro, Calif'.) was prepared as a 1(10( aqueous concen-
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trate and stored frozen for up to 14 days. Reagent
preparations were prepared as aqueous solutions and
sterilized before use by passage through a membrane
filter (Millipore Corp., Bedford, Mass.) with 0.22-,um
average pore diameter. Allantoin was dissolved di-
rectly in the basal broth, and the solution was
sterilized by filtration before use.

RESULTS
Growth of T-strain 960 in media with

trace amounts of urea. Although we were able
to use putrescine in place of urea in undialyzed
medium formulations, added putrescine alone
did not support T-strain growth ip media pre-
pared from dialyzed components (13a). We
found that urea or allantoin were necessary as
well (13a). Therefore, it was of interest to deter-
mine whether residual urea, after dialysis of
the medium components, or traces present as
contaminants of the commercial reagents used
in the dialyzed media would be sufficient to
support T-strain multiplication.

T-strain 960 was passaged through more than
24 serial 10-fold dilutions in medium containing
0.033 M putrescine and dialyzed calf serum
before use (Fig. 1). Cultures which were in
exponential growth or early stationary phase
were used as inocula for the experiments de-
scribed.
The commerical allantoin was reported to be

free from nitrogenous contaminants on the basis
of thin-layer chromatographic analysis which is

CONTINUOUS PASSAGE PROCEDURE

0

0O O O O0~~ o00 0*'

0--%,
@@ O 00 0-~

PASS 1

PASS 2

PASS N

1o0 10-2 10-3 lo-' 10-2 10-3

UREA MEDIUM PUTRESCINE MEDIUM

FIG. 1. Procedure for serial T-strain culture. Each
tube contained 1.8 ml of either urea medium (0) or

putrescine medium (0). Both media were inoculated
with 0.2 ml of a growing T-strain stock culture in urea

medium, mixed thoroughly, and diluted through
three 10-fold dilutions. When a color change was
observed in the urea medium, the corresponding
dilution in putrescine medium was transferred to the
next set of culture tubes.

sensitive to 0.1 to 0.3% contaminants. We
assayed the allantoin for urea content by the
method referred to above. In analyses of differ-
ent lots of allantoin, we found 2.2, 2.9, and 3.0
,ug of urea per mg so that a 0.01 M allantoin
medium (1.58 mg/ml) would contain a max-
imum of 5 gg of urea per ml due to added
allantoin. Putrescine was analyzed in a similar
manner but with even greater sensitivity since
putrescine dihydrochloride is much more solu-
ble than allantoin. No urea was found at a
sensitivity range capable of detecting approxi-
mately 0.1 Mg of urea per mg of putrescine.
However, the 0.01 M putrescine medium, when
assayed by the same method, was found to
contain 2.9 + 0.2 ug of urea per ml.

It was necessary, therefore, to determine
whether the trace amount of urea present in
media due to allantoin plus any "background"
urea in the medium without allantoin was
adequate or necessary for the growth of T-strain
mycoplasmas. The multiplication of T-strain
960 was monitored in experiments where re-
duced amounts of allantoin were added to dia-
lyzed medium containing 0.01 M putrescine
(dialyzed putrescine medium). A positive
growth score was defined as either (i) an in-
crease in titer of 0.5 CCU if it could be observed
over three consecutive time points, (ii) an in-
crease in titer of 1 CCU if it could be observed
over two consecutive time points, or (iii) an in-
crease titer of two CCU at any single time
point. Growth, defined in this manner, was
statistically significant (P < 0.05) as estimated
by the Spearman estimator for serial dilution
assays (11).
The amount of background urea in dialyzed

medium was estimated by comparing analyses
of several urea concentrations added to samples
of the medium and deionized water. We found a
consistant difference of 4 + 1 Mg of urea per ml
of the dialyzed medium preparation which was
tested.

Experimental media were inoculated with
cells washed in complete medium without al-
lantoin as described above, and the number of
viable organisms was determined at approxi-
mately 12-h intervals over 79 h. For results
shown in both Tables 1 and 2, initial titers,
which served as points for comparison, were
determined by performing multiple tube dilu-
tion assays on the initial inoculum. The initial
titer represents the arithmetical mean of the
determinations (expressed as log o). Titers at all
subsequent time points were determined by a
single-tube dilution assay. The lowest allantoin
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concentration which allowed an unequivocal
positive growth score was 790 jg/mm (5 mM),
which could contain a maximum of 6,6 i 1 jig of
urea per ml as a contaminant of allantoin or
other medium components (Table 1).

In subsequent experiments, allantoin was
omitted from the dialyzed putrescine medium
and urea was added in decreasing amounts. The
urea was assayed before and after a 70-h growth
period. The initial and final pHs of the medium
were recorded also since previous results indi-
cated that pH changes occurred in media con-
taining putrescine and urea. The results (Table
2) indicated that the lowest urea concentration
to give an unequivocal positive growth score was
above 10 ;g/ml (17, 16, and 23 jig/ml in the
three experiments shown).
The final pH of the medium increased, and

the maximal titer reached 6 CCU/ml only in
urea concentrations above 10 jg/ml. The pH of
dialyzed medium is sensitive to small additions
of base such as ammonia because dialysis mark-
edly reduces its buffer capacity. Thus, small
amounts of ammonia (5 to 10 ;g/ml) produce
detectable pH changes. At urea concentrations
below 10 jg/ml, there was no pH increase, but a

decrease was found to occur after. 70 h of
incubation. We found a similar decrease in pH
occurring in sterile incubated medium. In addi-
tion, incubated and unincubated sterile me-
dium was assayed for urea. We found that there
was no change in the amount of urea as a result

of incubation. No urea remained in any of the
growth tubes at levels detectable with the
method described. These results suggest, there-
fore, that the trace amounts of urea in dialyzed
putrescine medium are are insufficient to pro-
mote growth of T-strain mycoplasmas and that
small amounts of urea are probably completely
hydrolyzed whether the organisms increase in
number or not.

Effect of the urease inhibitor, AHA. The
use of urease inhibitors provides another ap-
proach to the determination of urease function
in T-strains, and one such study (7) has recently
been published. In that study, the organisms
increased in numbers by at least 10-fold in the
presence of inhibitor after only 18 h compared to
a 1000-fold increase in the absence of inhibitor.
However, it is possible that T-strain multiplica-
tion was not actually inhibited, but that the
rate of multiplication was only reduced. Conse-
quently, we decided to test the effects of AHA
for longer time periods. AHA was chosen be-
cause it appears to have been more thoroughly
studied as a urease inhibitor (2, 5, 12). Initially,
four media formulations, all containing
dialyzed calf serum, were tested for their ability
to support T-strain multiplication in the pres-

ence of 1.8 x 10' M AHA. During a 60-h
period, multiplication of T-strain 960 in
dialyzed medium containing either 0.01 M pu-
trescine and 0.01 M allantoin (PAL medium,
Fig. 2A) or undialyzed 0.033 M putrescine

TABLE 1. Growth of T-strain 960 in dialyzed media containing 0.01 M putrescine and reduced amounts of
allantoin

Allantoin concn Contaminant Initial Titers observed at times
Expt

_____
9 < Contaminant t inlcitiulindicatedc (CCU) GrowthExpt ureae inoculum5 score'

___ __
pg/mi mM (pgmi) (CCU) 9.5 21.5 44.5 55 79

0 0 4.01 4 4 4 4 4 4
79 0.5 4.3 1 4 3 4 4 4 4 _

1 158 1 4.5 1 4 4 4 4 4 4 _
790 5 6.5 1 4 4 4 5 5 4 +
1580 10 9.0 1 4 5 5 6 5 4 +

0 0 4.0+1 3 3 3 3 3 4 -
79 0.5 4.3 1 3 3 3 4 3 3 _

2 158 1 4.5 1 3 3 3 4 5 5 +
790 5 6.5 1 3 3 4 4 6 5 +
1580 10 9.0 1 3 4 4 5 5 4 +

'Contaminant urea from added allantoin (3 gg/mg) plus 4 + 1 pg of urea per ml in medium prepared from
dialyzed components.

b Triplicate determinations for each expqriment (results identical; range = 0).
'Single determinations at each time point.
d + = >1 CCU increase in titer at two or more consecutive time points or 2 CCU increase at any time point

during 79 h of incubation.
'Hours of incubation at 34 C.
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TABLE 2. Growth of T-strain 960 in dialyzed media containing 0.01 Mputrescine and reduced amounts of urea

Initial inoc- Titers observed at times Significant
ulum (CCU) indicatedc (CCU) Mean (P*> 0.05)

Expt ±95% con- ~~Urea Growth ____------ ter difference
fidence (MWgml) score 8' 18 20 32 36 44 49 58 70 (CCU) between 0
interva1la urea and

added ureae

1. Urea determined by 4.4 ± 0.5 4 t 4 5 4 4.6
dilution' 7 - 5 4 4 4.6 -

10 - 4 4 5 4.6
17 + 5 6 6 5.8 +
29 + 5 5 5 5.0 -
54 + 6 6 6 6.0 +

2. Ureaassayed' 4.7 0.8 0 4 4 3 5 4 4 4.3
5 4 4 4 4 4 4 4.0 -

10 - 3 5 4 4 4 5 4.6 -
16 + 4 4 4 6 6 5 5.6 +
23 + 3 5 6 5 5 5 5.4 +

3. Ureaassayed 2.7±0.8 0 + 2 3 3 3 5 4 4.3 -

S + 2 4 4 3 4 4 3.8 -

10 + 2 2 4 4 5 5 4.6 -

16 + 2 2 4 4 5 5 4.6 -

23 + 3 3 14 6 51 6 1 5.5 +

a Initial inoculum represents the arithmetical mean of four determinations (experiment 1) or two
determinations (experiments 2 and 3) expressed as a logarithm (base 10) according to the definition of CCU in
Materials and Methods. The 95% confidence interval is determined using the Spearman estimator for serial
dilution assays (11).

b (+) growth score = 0.5-CCU titer increase at three consecutive time points, 1-CCU titer increase at two
consecutive time points, or a 2-CCU titer increase at any time point.

Single determinations at each time point.
d Arithmetical mean of titers observed at all time points for a given urea concentration; expressed as a

logarithm (base 10).
et test in which the standard deviation for a single tube dilution assay is taken as 4 0.5 CCU, and the degrees

of freedom is taken as the number of observations (time points) used to calculate the mean titer.
' Hours of incubation at 34 C.
' Medium containing 50 sg of urea per ml diluted serially with medium containing no added urea; 4 pg/ml is

included in this value to account for urea expected to be present in the dialyzed medium.
h Amino acid analytical method described in Materials and Methods.

medium (Fig. 2B) was completely inhibited by
the AHA. In media containing 0.1% urea (1.66
x 102 M) either with or without putrescine, the
organisms multiplied in the presence of AHA,
and cultures were viable for a slightly longer
time than control cultures without AHA.

In subsequent experiments, the growth-inhib-
iting effect of 1.8 x 10-' M AHA on T-strain 960
was tested in media containing 0.1% (1.66 x
10-2 M), 0.05% (8.33 x 10' M), and 0.025%
(4.25 x 10' M) urea. In addition, the pH
changes and accumulation of ammonia (NH3)
were assessed. The results of one such experi-
ment (0.025% urea) are shown in Fig. 3. Multi-
plication of T-strain 960 was not inhibited by
the concentration of AHA used, although the
rate appeared to be reduced. In the control

culture (no AHA), the pH increased sharply as
the titer reached maximal levels and remained
constant after maximal titer was attained. Am-
monia accumulation is seen to be closely related
to the increase in pH (Fig. 3). The amount of
ammonia expected to accumulate if 250 ,ug of
urea per ml (0.025%) were completely hydro-
lyzed is 140 ,g/ml. The initial ammonia concen-
tration in the medium in this experiment was 43
gg/ml and the maximal level was 182 zg/ml, so
that the amount of ammonia generated was
observed to be the amount expected from com-
plete urea hydrolysis in the culture without
AHA. The relationships between growth, pH,
and ammonia levels were qualitatively and
quantitatively the same when AHA was present
in the medium, except that the onset of sharp
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FIG. 2. Effect of 1.8 x 10-I M acetohydroxamic
acid (AHA) on the growth of T-strain 960 in media
with and without 0.1% added urea. A 5-mi volume of
each of the media was inoculated with a 1:50 dilution
of a growing culture of T-strain 960 which had been
passaged through multiple, serial 10-fold dilutions in
putrescine medium (0.01 M). PAL medium (A) is 0.01
M putrescine and 0.01 M allantoin in medium pre-
pared with dialyzed components as described in
Materials and Methods. All other media were pre-
pared with undialyzed components but were supple-
mented with dialyzed calf serum in place of hoe
serum. (B) 0.033 M putrescine dihydrochloride me-
dium, (C) 0.01 Mputrescine dihydrochloride and 0.17
M urea (0.1%), (D) 0.17 M urea (0.1%). Symbols: *,
control, no AHA; 0, AHA, 1.8 x 10-4 M).

increases in pH and ammonia levels were de-
layed for approximately 30 h.
With higher urea concentrations, less of a

delay in the alkaline pH shift was observed in
the cultures containing AHA, but maximial
titers were similar in all cases. The matimal pH
and ammonia levels reflected the initial urea
concentration, and amounts of ammonia accu-
mulated were within 10% of the amounts ex-

pected if all of the urea were completely hydro-
lyzed.
The results of experiments which tested vari-

ous concentrations of AHA in cultures bf T-
strain 960 grown in 0.05% urea medium are
shown in Fig. 4. The relationships between
growth and pH are similar to those Shown in
Fig. 3. There were reduced growth rates with
higher AHA concentrations and an increasing

delay of the pH change with increasing concen-
trations of AHA. The pH of the cultures con-
taining 14.4 x 10-' M AHA required 200 h of
incubation to reach levels comparable to the
other cultures tested.
The stability of AHA in the culture medium

was tested by preincubation of sterile medium
with and without AHA for various periods up to
96 h before inoculation with T-strain 960. The
pH changes and titer increases of the media
were similar for all preincubation periods, and

20

0

-0 0.025% UREA
°- - 0.025% UREA + 1.8 x 104 M AHA

0 20 40 60

HOURS INCUBATION AT 356C

1003
03

z

so

FIG. 3. Effect of 1.8 x 10-4 M acetohydroxamic
acid (AHA) on growth on T-strain 960 and onpH and
ammonia changes in medium containing 0.025% urea.
T7e urea medium was prepared with 10% dialyzed
catf serum in place of horse serum and was divided
into two parts. AHA was added to one part as a 100x
aqueous concentrate of the desired final concentra-
tion. Five-milliliter quantities of media were inocu-
lated from T-960 stocks which had been growig -in
0.01 M putrescine medium, and washed as described
in Materials and Methods. Media were inoculated
with a 1:1000 dilution of cells washed as described i

Materials ind Methods. Solid symbols (0, A)'rpre-
sent control (no AHA) cultures. Open symbols (0, A)
represent cultures containing 1.8 x 10' MAHA.
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(0
0 1.8 x 104 M AHA

0.05% UREA ( a 3.6 x 104 M AHA
(0 7.2 x 104 M AHA
0 14.4 x 104 M AHA

growth medium over a time period similar to
that in the other experiments described, nor was
it altered by storage of complete medium con-
taining 1.8 x 10' M AHA and 0.25% urea at 4
C for 3 months.
The effect of two concentrations of AHA was

also tested in medium containing 0.25% urea
and, in addition to growth, pH, and ammonia
levels, depletion of urea was also monitored
(Fig. 5). Ammonia and pH vary with multi-
plication and AHA concentration as discussed
previously (Fig. 3 and 4), but also correspond

IA) CONTROL

O
0 1E;

0 35 70 105 140

(B)

0 35 70 105

HOURS INCUBATION AT 35°C

I-
w
to

z

z

0

0
u

140

FIG. 4. Effect of various concentrations of acetohy-
droxamic acid on growth of T-960 in 0.05% urea
medium. Media was prepared as described in Fig. 3.
Samples (10 ml) of medium with and without AHA
were inoculated with cr1: 1000 dilution of T-strain 960
growing in 0.01 Mputrescine medium. Three replicate
cultures with AHA and two cultures without AHA
were inoculated for each of the AHA concentrations
tested. (A) Color change units (CCU) were deter-
mined in from one to three of the replicate cultures for
each point. Each point is the arithmetical mean for
the number of determinations made. In all points
which reflect multiple determinations, replicate cul-
tures were within 1 CCU of each other for a given time
point. (B) pH was measured in all cultures at each
point. The range in any set of three measurements did
not exceed 0.25 pH units (one set of measurements at
127 h). The range for all other pH measurements was

0.15 pH units or less.

the pH change in the cultures containing AHA
were delayed approximately 24 h compared
with the control cultures. Thus, the effect of the
AHA was not influenced by incubation in sterile
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FIG. 5. Effect of two concentrations of acetohy-
droxamic acid (AHA) on T-strain 960 titer, pH of
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with urea depletion. It can be seen that, during
the first 22 h of incubation in the presence of
both concentrations of AHA, no depletion of
urea could be detected, and there was no
increase in pH or ammonia levels in the media.
However, there was a 1 to 3 CCU increase in
titer above the initial titer of 3.5 CCU/ml. The
reproducibility of the urea analysis with urea
concentration of 250 Ag/ml is ± 10 jg/ml. Thus,
it was possible that small amounts of urea were
depleted but not detected.
The experiment was, therefore, repeated and

urea depletion was monitored at shorter time
intervals (Fig. 6). Since the initial inoculum for
this experiment is less than 2 CCU/ml, it can be
compared directly with the experiment shown
in Fig. 3. Growth curves and pH curves are seen
to be almost identical. Urea depletion and pH
increase correspond and relate to the titers of
the cultures. When a higher titer (about 5
CCU/ml) is reached, the rate of urea depletion
becomes maximal and is not altered by the
presence of AHA. The urea depletion curves
appear to be sigmoidal for both control and
AHA cultures, suggesting that AHA is not
affecting T-strain urease but might be slowing
growth by some other mechanism, and that the
number of organisms present at a given time
controls the rate of urea depletion.
The experiments represented by Fig. 3 were

initiated with washed cells. The results are
comparable to those obtained with unwashed
cells (Fig. 4, 5, and 6). Thus, neither the
washing procedure nor the presence of approxi-
mately 10-' M putrescine added to experimen-
tal cultures via unwashed inocula after the AHA
effect on T-strain 960.

DISCUSSION
The possibility that trace amounts of urea

may be necessary for T-strain growth will be
difficult to exclude absolutely until a chemi-
cally defined growth medium is developed.
However, we believe that earlier reports (7, 9,
20) that urea is required for growth are open to
question. This belief is based on the evidence
described below.

Dialyzed putrescine medium containing 0.5
mM allantoin and total contaminant urea of 4.3

1 ug/ml did not support the growth of
T-strain 960 (Table 1), although growth oc-
curred in the dialyzed putrescine medium con-
taining 5 mM allantoin and 6.5 1 jig of
contaminant urea per ml.
The same medium with allantoin replaced by

urea supported growth only when more than 10
M&g/ml was added (Table 2). This level of urea

was determined by analysis of the medium for
some experiments, and therefore traces of urea
present initially in the medium are included in
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FIG. 6. Effect of 1.8 x 10-4 M acetohydroxamic
acid (AHA) on T-strain 960 titer, pH of growth
medium, and urea depletion in 0.025% urea medium.
Media were prepared and inoculated as described in
Fig. 4. Three replicates were prepared for control (no
AHA) and AHA cultures. Each time point for growth
or pH without AHA (@) or with AHA (0) represents
the arithmetical mean for a single determination on
each of the three replicate cultures. The range for
CCU for most time points was 1 CCU (2 CCU at 19 h
with AHA), and the range for pH measurements did
not exceed 0.1 pH unit among the replicate cultures at
a given time point. Urea (U, control; 0, AHA) was
determined by the amino acid analytical method on
one of the replicate cultures from each set of three.
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the amounts shown (Table 2). There were no
significant differences found in the amounts of
urea in fresh and incubated samples of sterile
medium at the minimal initial urea concentra-
tions found to give a positive growth score
(Table 2: 16, 17, and 23 ug of urea per ml). We
interpret these data to mean that trace amounts
of urea in a medium prepared from dialyzed
components are not sufficient to support T-
strain multiplication.
Shepard (personal communication) also

found that an agar medium prepared with
dialyzed horse serum and containing residual
urea at a final concentration of 8,g/ml did not
support the growth of several T-strain isolates.
Thus, his result is compatible with ours and is
interpreted to mean that the trace amounts of
urea would not be expected to support T-strain
multiplication.
A 5-CCU increase in titer was observed dur-

ing 60 h of incubation in dialyzed (Fig. 2A) or
undialyzed (Fig. 2B) media containing no
added urea and without AHA. Since the trace
urea expected to be present in the dialyzed or
undialyzed medium is not sufficient to allow
T-strain multiplication, some other factors are
apparently required. It is possible that some
medium component is metabolically converted
to urea which is then utilized by the T-strains.
If that is true, however, urea would not be
considered a requirement for growth but its
precursor would.
When AHA was included in these same media

(Fig. 2A and 2B), titers were not altered. Thus,
multiplication of T-strain 960 was inhibited by
a urease inhibitor in media without added urea,
but was not inhibited by the urease inhibitor in
media with added urea (Fig. 2C, 2D, 3-6). This
suggests that the AHA effect on T-strain 960
might be unrelated to inhibition of T-strain
urea hydrolysis. The hydroxamic acids have
been shown to have no growth-inhibiting effect
on a number of bacterial species both with and
without urease activity, but they do inhibit
bacterial ureases (6). High concentrations
(0.1%, wt/vol) of sorbic hydroxamic acid are
effective inhibitors of fungi which are not ureo-
lytic (3), and hydroxamic acids also play a role
in iron chelation in the respiration of some
organisms (1). The iron levels of growth media
are, in turn, of considerable importance for the
growth of some fungi (4). Thus, there are other
possible explanations for the observed hydrox-
amic acid effect on T-strain mycoplasmas
which do not involve urease or an inhibition of
multiplication, and these remain to be ex-
plored.

In any case, the effect of AHA on growing
cultures of T-strains cannot yet be said to be an
inhibition of the enzyme urease, as has been
shown to occur when crystalline enzyme is used
(2, 5, 12), because it is not known whether (i)
T-strain mycoplasmas have this same enzyme,
(ii) the inhibitor enters the cells, (iii) incorpora-
tion of the inhibitor by the organisms is required
to produce an effect, or (iv) if the inhibitor is
metabolized or altered in any way on prolonged
incubation with the T-strains. Nevertheless the
AHA, or a derivative, has the effect of slowing
the rate multiplication of T-strain 960 in urea
medium and, therefore, of delaying the alkaline
pH shift, ammonia accumulation, and urea
depletion in T-strain 960 cultures (Fig. 3-6).

In Fig. 3, 5, and 6, which test comparable
conditions, we showed that the pH increase,
ammonia accumulation, or urea depletion had
the same maximal rate whether AHA was
present in the medium or not. Also, the rapid
change in these indicators of urea hydrolysis
occurred only after the titer of the cultures
reached 5 CCU/ml. When AHA was present,
these titers were reached after a longer incuba-
tion period. Thus, there was an apparent delay
in urea depletion and in other variables mea-
sured in the culture milieu.
Our results indicate that the urease inhibitor,

AHA, does not inhibit T-strain 960 multiplica-
tion or its ability to hydrolyze urea, and suggest
that the organisms are metabolically able to
circumvent the utilization of exogenously added
urea. Our previous results (13a) suggest that
agmatine will replace urea in T-strain growth
media, and results reported here and previously
(13a) suggest that putrescine and allantoin will
replace urea also.
These data provide evidence against a urea

requirement for T-strain mycoplasmas, and this
evidence is at least as compelling as any ad-
vanced in support of such a requirement.

It is important to differentiate clearly be-
tween T-strain capacity to hydrolyze urea
(urease activity) and a "requirement for urea for
growth." It is also necessary to differentiate
between a requirement for urea for growth and a
"requirement for urea hydrolysis for T-strain
multiplication" since these statements need not
necessarily be synonymous. Urea can be consid-
ered to be a requirement for growth only if it is
essential in the metabolism of the organism but
not provided metabolically. It may well be a
requirement for growth, and yet its hydrolysis
may be unrelated to T-strain multiplication.
Alternatively, urea hydrolysis could conceiva-
bly be required for T-strain multiplication but,
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if the urea is supplied metabolically, it would
not be considered as a nutritional requirement.
In the light of our findings, there is currently no

compelling evidence to support either possibil-
ity. Since there is no other known organism (free
living or parasitic) which has an absolute re-

quirement for urea for growth, this must be
unequivocally established before it can be ac-

cepted as a characteristic of T-strain mycoplas-
mas.
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