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The colonial morphology of some strains of Pseudomonas pseudomallei was
correlated with certain biochemical and physiological traits. After 3 days of
growth on Wahba or heart infusion agars, smooth-colony strains generated
toxic amounts of ammonia. Under the same conditions, the rough strains si-
multaneously produced oxalic acid which decreased the inhibitory concentra-
tion of ammonia. The ammonia-ammonium concentrations in smooth cultures
exhibited certain bacteriocin-like characteristics. An unusually stable, smooth
strain (strain 165) was chosen to compare and emphasize any differences with
typical, rough strain 7815. Three-day-old smooth cultures grown on Wahba agar
containing 3% (w/v) glycerol demonstrated ammonia toxicity. The substitution
of glucose for glycerol completely obviated this toxicity. In highly aerated
Wahba broth containing glucose, the amount of ammonia found in strain 165
smooth cultures and the amount of oxalic acid found in strain 7815 rough cul-
tures were greatly reduced. In Difco nitrate broth smooth strain 165 did not
form gas, and it reduced nitrate to nitrite only. Strain 7815 produced a gas and
reduced both nitrate and nitrite.

Antibiosis among bacterial strains is a
common occurrence and is sometimes useful as
an aid in laboratory identification. One of the
most striking antagonisms in this respect is
attributed to a class of compounds called bac-
teriocins. The bacteriocins are generally de-
fined as protein-like, naturally occurring bac-
terial antibiotics which act principally on
strains of the same species as the producer or
on genetically related species. Some bacterio-
cins act on species of other genera (4, 25).
Our efforts to find bacteriocins among

strains of Pseudomonas pseudomallei proved
fruitless. However, another type of antagonism
was found which resembled bacteriocin anti-
biosis, but was essentially due to ammonia
excretion. This paper describes the conditions
under which ammonia toxicity was observed
and some interesting correlations among colo-
nial morphology, physiological and genetic
traits.

MATERIALS AND METHODS
Strains and cultural conditions. Eighteen iso-

lates of P. pseudomallei were obtained from water,
soil, and animal sources in Vietnam, Malaysia, and
Thailand. P. mallei (synonym Actinobacillus mallei,
strains 4 and 3873) and P. cepacia (synonym P. mul-
tivorans, strains 17616 and 17759) were described
previously (26). P. aeruginosa pyocin indicator
strains were obtained from R. J. Zabransky (38).
Strains were maintained on Difco brain heart infu-
sion agar containing 3% (w/v) glycerol (glycerol agar).

Survey for inhibiting strains. The survey proce-
dures were essentially those of Darrell and Wahba
(6), except that the basal medium (36) was heart in-
fusion broth (Difco) containing 10-6 M iodoacetic
acid, 0.1% sodium citrate, 0.1% K2HPO4, 0.0018%
phenol red dye, and 2% agar (Wahba agar). In the
survey, a candidate inhibitor strain was streaked on
Wahba agar and incubated at 37 C for 3 days. The
cultures were then exposed to CHClI vapors for 30
min, the growth was scraped off with a glass slide,
and the cultures were chloroformed again for 30 min
and aired for 1 hr (treated primary cultures). Indi-
cator strains were streaked at right angles across the
scraped area and incubated at 37 C ovemight (sec-
ondary indicator cultures), and the degree of inhibi-
tion was recorded. All other modifications are noted
in the text.
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Ammonia assay. Portions of bacterial broth cul-
tures were sterilized by shaking with chloroform.
The bacterial cells and chloroform were separated
from the aqueous phase by centrifugation and dis-
carded. In the assay, the aqueous ammonia and
ammonium were converted to gaseous NH, by in-
creasing the pH of the solution. The total ammonia
evolved was trapped in a boric acid solution and ti-
trated with sulfuric acid in the presence of brom-
cresol green (35). The pK equilibrium of
ammonia/ammonium was taken to be pH 8.9. Above
this pH, the predominant molecular species was as-
sumed to be ammonia; below this pH, the predomi-
nant species was considered to be ammonium or
ammonium salts. The assay was expressed as grams
of NH4+ per 100 g of solution. Heat was needed to
drive the NH, out of whole agar cultures. The ele-
vated temperatures apparently increased the
amounts of NH, due to deamination of cultural
components; therefore, this method was used spar-
ingly for agar cultures and the results were cau-
tiously interpreted.
Oxalic acid assays. Agar cultures were examined

microscopically (60-fold magnification) for the pres-
ence of oxalate crystals. Broth cultures were steri-
lized by shaking with CHC1,. The chloroform and
cells were discarded after centrifugation. Oxalic acid
assays were performed by the method of Lewis and
Weinhouse (18).

Tests for nitrate and nitrite. The organisms
were grown in 8 ml of Difco nitrate broth at 37 C. A
0.5-ml amount of 20% sodium acetate was added to
each culture just prior to testing. The presence or
absence of nitrate and nitrite was determined by the
methods described in the 9th edition of the Difco
Manual.

Staining of PBHB granules. Cultures were
grown in ,-hydroxybutyrate (BHB) broth. Stained
preparations were made according to the method
described by Hugh (10). Poly-BHB (PBHB) granules
retained the Sudan black B stain and appeared dark
blue under microscopy examination.
Enumeration of bacteria. Samples (1 ml) of cul-

tures were diluted by 10-fold increments. One-tenth-
milliliter amounts of each dilution were spread over
the dried surfaces of glycerol agar plates and incu-
bated at 37 C. The colonies were counted on a Bac-
tronic colony counter (New Brunswick Scientific
Co., New Brunswick, N.J.).
Enzymes and other tests. Pronase was obtained

from Calbiochem, Gaithersburg, Md., and trypsin
was obtained from Fisher Scientific Co., Silver
Spring, Md. Bovine plasma albumin fraction V was
obtained from Armour Pharmaceutical Co., Kan-
kakee, Ill. The pH of fluids was crudely determined
by the response of the phenol red dye indicator.
More exact pH determinations were made with a
Beckman SS-3 pH meter (Beckman Instruments,
Inc., Palo Alto, Calif.) on fluids which had previously
been sterilized with chloroform. The methods de-
scribed by Osman (23) were used to search for phage.

RESULTS
Identifying inhibitor-producing strains.

Separation of bacteriocin-producing and indi-

cator strains of P. pseudomallei was best ac-
complished by using the single-streak method
of Wahba (36). With this method, the inhibi-
tion was most pronounced and consistent
when the inhibitory strains were incubated for
3 or more days at 37 C. Eight out of 18 strains
tested produced an inhibitor in agar cultures
which inhibited the subsequent growth of all
other strains, including themselves. The other
10 strains did not cause any type of growth
inhibition. Phage were not detected in any of
the inhibitor strains.

Cultural characteristics. After a few days
of incubation at 37 C on cystine Trypticase
agar (CTA; BBL, Baltimore, Md.), the inhibi-
tory strains were usually nonviable. The
phenol red dye in the medium indicated in-
creasingly alkaline conditions as these cultures
became sterile. On MacConkey agar, these
strains first appeared as colorless colonies. On
continued incubation the colonies acquired a
slight pink color. When the inhibitor-alkaline
strains were grown on glycerol agar the young
colonies had a smooth-appearing texture. After
48 hr of incubation some of the colonies be-
came rough, but the majority remained
smooth.

In contrast, the noninhibiting strains were
viable for many weeks on CTA medium and
elicited neutral to acid conditions in the cul-
ture medium. On MacConkey agar these
strains formed red to dark-red colonies, often
mimicking coliform lactose fermenters. On
glycerol agar they always grew out as the rough
colony type.

Occasionally, the smooth strains gave rise to
rough variants. This was accompanied by a
loss of inhibitor production and a change from
alkaline to acid conditions in Wahba agar cul-
tures. For this reason, 0.0018% phenol red was
incorporated into Wahba agar as an inhibition
indicator. If the medium was alkaline by day 3
of culture, the agar was inhibitory.
When grown on glycerol, Wahba, or some

other agar media, many rough or smooth
strains will have a pitted or plaqued lawn.
This pitted appearance is similar to the auto-
plaquing found in P. aeruginosa (3, 39).
Genetic spectrum of P. pseudomallei in-

hibition. P. pseudomallei has been shown to
have a high degree of genetic homology with P.
mallei, a much lesser degree with P. cepacia,
and very little, if any, with P. aeruginosa (26).
When data from a variety of experiments had
accumulated, it appeared that the inhibition
patterns were somewhat reflective of genetic
relatedness to P. pseudomallei. These data are
summarized in Table 1. Strains of P. aerugi-
nosa pyocin indicators, P. pseudomallei, P.
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TABLE 1. Inhibitory patterns produced by P. pseudomallei within the genus Pseudomonas

Degrees of inhibition caused by primary cultures of

Secondary cultures ______ P. pseudomallei strainsb
165 7919Ra 7919S 7816Ra 7816S 7815 7820 321S 292

P. pseudomallei strain
165 3 - 4 - 4 - - 4 -

7919 3 - 4 - 4 - - 4 -

7816 3 - 4 - 4 - - 4 -

7815 3 - 4 - 4 - - 4 -

7820 4 - 4 - 4 - - 4 -

P. mallei strain
4 4 4 ~4 - 4 - C

3873 4 4 4 - 4 - -

P. cepacia strain
17616 4 3 4 2 3 2 2 3
17759 2 - 3 - 3 - -|C

P. aeruginosa
12 strains _

a Rough strains derived from corresponding smooth strains.
& Gradation is from 4, total inhibition; 3, only the ends of the streak grew; 2, no growth in the immediate

vicinity of the primary culture; 1, less growth over primary culture; to -, no inhibition.
c The stocked strains of P. pseudomallei 321 were all rough when this series of experiments was done.

cepacia, and P. mallei had been streaked
across treated primary cultures of P. pseudo-
mallei. The smooth strains of P. pseudomallei
were inhibitory to all of the P. pseudomallei,
P. mallei, and P. cepacia secondary cultures.
The P. mallei strains were later found to be
inhibited by alkaline conditions alone. The
rough P. pseudomallei strains caused variable
inhibition of P. mallei and P. cepacia strains.
None of the P. pseudomallei strains inhibited
any of the 12 P. aeruginosa pyocin indicators.
Attempts to extract and characterize the

inhibitory substance. Three-day-old inhibitor
strain cultures in Wahba broth were centri-
fuged and sterilized by filtration (0.45-,um
membrane filters). These fluids did not dem-
onstrate any antibiotic effect when inoculated
onto agar cultures. Broth cultures of the
smooth or rough strains were usually near neu-
trality after 3 days of incubation.
Three-day-old Wahba agar (0.6% agar) cul-

tures of smooth and rough strains were frozen
overnight at -20 C. Collapsed agar was re-
moved by centrifugation. The expressed fluids
were passed through 0.45-,um membrane filters
and stored over chloroform in a refrigerator.
The expressed fluids from inhibitor cultures
were approximately pH 8.6; the noninhibitor
cultures were approximately pH 6.8. None of
the expressed fluids demonstrated any anti-
biotic activity on agar cultures.
Attempts to isolate and concentrate an in-

hibitor by vacuum evaporation, ultrafiltration,
or ammonium sulfate precipitation techniques

were not successful. Wahba agar, buffered to
pH 8.6 by 0.05 M tris(hydroxymethyl)amino-
methane-hydrochloride (Tris-hydrochloride)
buffer, only slightly retarded P. pseudomallei
colony size within 24 hr. Colony size was
normal at 48 hr.

Sterile dialysis membranes were placed over
the agar surfaces of treated primary cultures.
Indicator strains were then streaked on each
membrane surface. Indicator strains did not
grow in the vicinity of primary streaks on alka-
line plates. No inhibition was observed on
membranes which covered rough (noninhibi-
tory-acid) primary cultures. These membranes
were described by the manufacturer as perme-
able to most molecules of less than 12,000
molecular weight.
Growth inhibition was markedly reversed

when treated primary inhibitory cultures were
flooded with 1-ml solutions of either 0.2%
trypsin in 0.05 M Tris-hydrochloride, pH 8.6,
or 0.2% Pronase in Tris-hydrochloride buffer,
pH 8.6, containing 0.1 M CaCl2. The Pronase
solution was the most effective. In contrast, a
0.2% bovine plasma albumin solution in 0.05 M
Tris-hydrochloride, pH 8.6, had no effect on
growth inhibition at all, nor did the buffer so-
lutions alone have any effect on the inhibitory
process. A 0.2 M acetate buffer of pH 3.8 alle-
viated inhibition to a slight degree, but not
dramatically. The assembled results led us to
assume that we probably were dealing with an
inhibitor which was alkaline, protein-like (ac-
tivity neutralized by Pronase or .trypsin), of
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low molecular weight (passed through a dia-
lysing membrane and not precipitated by
ammonium sulfate or denatured by chloro-
form), and somewhat restricted in its activity
to certain genetically related organisms. At
this point, the results seemed strikingly sim-
ilar to the D-amino acid toxicity and resistance
found in smooth and rough strains of Brucella
abortus (8).
Chromatographic search for a nitroge-

nous inhibitor. A highly stable smooth strain
(165) and a typical rough strain (7815) were
employed for further chemical and physiolog-
ical studies. Some characteristics of these
strains are listed in Table 2. Three-day-old
Wahba agar cultures were sterilized by chloro-
form vapors and frozen. The expressed fluids
were then examined by thin-layer chromatog-
raphy (2, 8) on Dowex AG 50 W-X8 columns
(Bio-Rad Laboratories, Richmond, Calif.) and
with an automated, amino acid analyzer (21,
28). The tests were designed to elucidate any
differences in production of polypeptides or
amino acids by smooth or rough strains. It was
immediately seen that the fluids of both cul-
tures contained very large amounts of am-
monia. Paradoxically, the noninhibitor strain
7815 apparently produced at least three times
more ammonia than inhibitor strain 165. The
only way we could account for such a large
amount of NH, and a neutral to slightly acid
pH in rough cultures was to assume that the
ammonia had been neutralized by an acid.
This explanation was consistent with Nicholls'
obscure finding that copious amounts of oxalic
acid are produced by rough-, but not smooth-
colony strains of P. pseudomallei (22).
A logical explanation for the observed anti-

biosis was that the smooth cultures excreted
ammonia into the agar culture media. The re-
sidual toxicity was due to the high concentra-
tion of ammonia. However, the ammonia ex-
creted by rough cultures was probably neutral-
ized by the concurrent production of oxalic
acid and consequently made nontoxic. An
aqueous 0.1 M solution of ammonium oxalate
has a pH of 6.4 and is easily dissociated during
the testing procedures for ammonia (Merck
Index, 8th ed.).

It also seemed likely to us that there might
be a close relationship between colony mor-
phology, ammonia production, and the
pathway used for respiration in P. pseudomal-
lei, when one considers that the maintenance
of smooth B. abortus cultures is more de-
pendent on the availability of oxygen than on
the components of culture media (1, 29). Even
more germane to this study, Stanier et al. (32)

TABLE 2. Cultural characteristics of P. pseudomallei
strains after 3 days of incubation

Culture characteristics Smooth strain Rough straincharcteistcs JSmoth5 7815

Wahba agar
pH
NH4 (%)
Oxalate crystals
Growth
Addition of 3% glucose

Addition of 3% glycerol

Wahba broth
Pellicle
pH

Gas
NH4 (%)

Wahba broth plus 0.4%
KNO,

Pellicle
Gas

Nitrate broth
Gas
Nitrate reduced
Nitrite reduced

Nitrate broth with 3%
glycerol

Gas
Nitrate reduced
Nitrite reduced

Nitrate broth with 3%
glucose

Gas
Nitrate reduced
Nitrite reduced

,B-Hydroxybutyrate broth"
Cells retaining Sudan

black B stain
Pellicle

Heart infusion agar, pits
(plaques)

Heart infusion agar with
3% glucose, pits
(plaques)

8.6
0.025
None
Sterile
Acid, nonin-

hibitory
Alkaline, in-

hibitory

Neutral

0.006

+a
+'

Few

Many

Few

6.8
0.085
Many
Viable
Acid, nonin-

hibitory
Acid, nonin-

hibitory

Slightly acid
or neutral

0.013

Many

Many

Few

a A very small amount of gas appeared on the third day.
° Observations differed with time and variants of the two

strains. Smoothest and roughest isolates were used in this
test.

found that the smooth-colony forms of P.
stutzeri were incapable of denitrification, but
after one or two passages through nitrate
media these strains regained the rough-colony
characteristics of fresh-soil isolates and were
once again capable of vigorous denitrification.
Consequently, we examined the two strains of
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P. pseudomallei in Difco nitrate broth con-
taining Durham tubes. Smooth strain 165 re-
duced nitrate to nitrite only and did not form
any gas, whereas rough strain 7815 reduced
nitrate past nitrite and formed a gas in the
Durham tube (Table 2).
Approximation of cultural conditions.

Experiments were designed to approximate
the inhibitory amounts of ammonia in a 3-day-
old smooth-strain Wahba agar culture (Table
2). A final concentration of 0.085% ammonium
hydroxide in Wahba agar resulted in a pH of
8.4. Various amounts of oxalic acid were added
to different lots of ammoniated agar so that
the media ranged from pH 8.4 to 6.7. When
cultures were streaked across these media, it
was found that P. pseudomallei strains were
inhibited on agar of pH 8.4 (0.0% oxalic acid)
and pH 8.1 (0.04% oxalic acid). No inhibition
occurred at pH 7.8 (0.077% oxalic acid). As
previously stated, Wahba agar buffered to pH
8.6 by Tris-hydrochloride did not dramatically
retard the growth of this organism.

Physiologically, the inhibitory action of
smooth strain 165 on Wahba agar did not
occur when grown on 3% glucose (w/v) in
Wahba agar. When 3% glycerol (w/v) was sub-
stituted for glucose, strain 165 was as inhibi-
tory as when grown on plain Wahba agar. To
facilitate quantitative measurements, an at-
tempt was made to reproduce the oxygen ten-
sion of agar cultures in broth cultures. There-
fore, 175 ml of Wahba broth was placed into
each of three wide-bottomed Fernbach flasks
of 2,800-ml capacity. This provided a very
shallow medium (ca. 0.5 cm depth) with a
large surface area exposed to air. Two other
flasks were filled the same way with Wahba
broth containing 3% glucose. Except for the
controls, each flask was inoculated with 0.1 ml
of an overnight brain heart infusion broth cul-
ture of either strain 7815 or 165. The cultures
were placed in a shake incubator at 37 C and
allowed to remain stationary for three hr, and
then were shaken overnight. Growth was so
heavy by the next morning that shaking was
discontinued for the remainder of the experi-
ment. Table 3 summarizes the data obtained
from this experiment. In general, these results
seemed indicative of those conditions that
occurred in agar. As expected, the growth of
both strains increased in all media during the
first 24 hr. In our interpretation we assumed
that an increase in pH increased the amount of
NH3 in comparison with ammonium ions or
ammonium salts. When the pH decreased, we
assumed the ammonium and its salt form were
favored. Therefore, at the end of 3 days,

smooth strain 165 Wahba broth cultures had
risen in pH from 7.3 to 8.5, the amount of
ammonia had increased, the viable cell count
had decreased, and there was little, if any, ox-
alic acid. In contrast, rough strain 7815 had a
pH decrease from pH 7.3 to 6.8, the viable cell
count was still elevated, and the broth culture
was found to contain approximately two mole-
cules of NH, for each oxalic acid molecule,
probably in the form of ammonium oxalate.
Consequently, we reaffirmed our belief that
the inhibitory substance produced by smooth
strains on Wahba agar was ammonia and that
rough strains neutralized this toxicity by the
concurrent production of oxalic acid.

Interestingly, when strain 165 was grown in
3% glucose-Wahba broth very little ammonium
was detected and little, if any, oxalic acid was
found, but the pH decreased from 6.5 to 3.8. It
appeared that glucose metabolism reduced the
amount of ammonium excreted and caused the
accumulation of another acidic metabolite.
Although the acidity seemed to decrease the
viable cell count, it should be remembered
that in Wahba agar cultures a 3% concentra-
tion of glucose neutralized the inhibitory ac-
tion of strain 165, even though 3% glycerol did
not (Table 2).
The reversal of inhibition by proteolytic

enzymes was finally clarified by comparing the
action of 0.2% Pronase, trypsin, and albumin
solutions (0.05 M Tris-hydrochloride, pH 8.6)
on treated primary agar cultures of inhibitory
strain 165 and uninoculated Wahba agar
brought to pH 8.7 by NH,OH. The inhibitory
effects on secondary inocula were neutralized
completely by Pronase, partially by trypsin,
and not at all by albumin.

DISCUSSION
Our original aim was to devise a system for

differentiating strains of P. pseudomallei by
means of bacteriocins. It was to be a system
similar to the one used so successfully for the
epidemiology of P. aeruginosa infections (6, 23).
Because none of the strains in this study
showed any characteristic of lethal phage pro-
duction, the inhibition was thought to be bac-
teriocin-mediated on the basis of Bradley's cri-
teria (4).

In his 1967 review, Bradley described low-
molecular-weight bacteriocins as unresolvable
in the electron microscope, nonsedimentable,
thermostable, and trypsin sensitive. The as-
sumption derived from these characteristics is
that the antibiotic is a very small protein. The
ability of the inhibitor to pass through dialysis
membranes, the neutralization of inhibition by
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TABLE 3. Comparison of P. pseudomallei strains 165 and 7815 grown in shallow broth cultures

Strain Medium and time (hr) Viable cells/ml Colony type pH NH, x Oxalic acid
10-3%) (mg/100 ml)

165 Wahba
0 2.1 x 105 Smooth
24 3.3 x 109 Smooth 8.2 15.51 2.47
48 3.0 x 109 Smooth 8.1 26.24 0.66
72 1.0 x 108 Smooth 8.5 26.62 4.02

7815 Wahba
0 7.0 x 105 Rough
24 9.2 x 109 Rough 7.5 20.00 66.81
48 1.1 x 1010 Rough 6.9 55.80 172.57
72 1.4 x 1010 Rough (96%)b 6.8 74.31 231.52

Wahba-3%
165 glucose

0 2.1 x 105 Smooth
24 3.3 x 109 Smooth 5.9 1.23 9.72
48 8.9 x 108 Smooth 4.0 1.48 0.91
72 7.1 x 105 Smooth 3.8 1.14 5.17

Control Wahba 7.3 1.62 2.29
Wahba-3%
glucose 6.5 1.89 3.13

a The NH. evolved was expressed as grams of NH4 per 100 g of sample.
bThe variant 4% were divided among mucoid and very small, rough colonies.

proteolytic enzymes, and its spectrum of ac-
tivity led us to believe that P. pseudomallei
inhibition was due to a low-molecular-weight
bacteriocin. Later, we found that aqueous
ammonia has similar characteristics, and it
was the actual cause of inhibition. Experimen-
tally, the toxic effects of ammonia were neu-
tralized by Pronase and trypsin solutions. This
effect was probably due to binding of NH,+
cations by enzyme protein (which conse-
quently changed the ratio of NH3:NH,+ and
effectively reduced the toxic concentration of
ammonia) instead of specific proteolytic
enzyme activity (37).

In retrospect, it was apparent that a number
of bacterial end products might easily be mis-
taken for bacteriocins. In the propagation and
maintenance of Proteus and Chlamydomonas
species, T-mycoplasmas, Aerobacter aerogenes
and Escherichia coli, ammonia toxicity is a
recognized threat, and media can usually be
designed to minimize ammonia production (7,
19, 30, 31). However, in some bacteriocin sys-
tems, like streptococci (13, 15), the toxicities of
ammonia, hydrogen peroxide, D-amino acids,
and other low-molecular-weight inhibitors are
not always taken into consideration as part of
the inhibitory phenomenon (8, 9, 27). Even the
products of incomplete carbohydrate oxida-
tion, such as formic, acetic, 2-ketoglutaric,

fumaric, citric, glycollic, and oxalic acids, are
known to be excreted in toxic concentrations
by bacteria (9, 31). The interpretations of in-
hibition patterns are further complicated when
production of inhibitors varies or more than
one inhibitor is produced. The inhibitory pat-
tern can also be modified by the indicator
strain, as when strains which produce peroxi-
dase or catalase neutralize the toxicity of hy-
drogen peroxide, acid end products neutralize
bases, proteins bind fatty acids, and, some-
times, the pH of the indicator culture ionizes a
molecule into a toxic or nontoxic form.
Judging from our experiences and the current
bacteriocin literature it would be wise to con-
sider these and other aspects of bacterial inter-
ference before assigning a specific epithet to
the inhibitory process.

After associating inhibition with colony ap-
pearance and ammonia production, we reex-
amined a relevant article with the misleading
title, "Melioidosis, with special reference to
the dissociation of Bacillus whitmori" (22). In
this paper, Nicholls did much more than just
attempt to correlate phase dissociation with
virulence. In fact, he recorded a number of
striking but unexplained colonial, biochemical,
and physiological correlations. He noted that
smooth strains were generally "suicidal" and
caused alkaline conditions in his laboratory
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media. The rough colonies were derived from
smooth strains. The reverse derivation was not
observed. In addition, he found that rough
strains produced oxalates and that the more
stable smooth strains did not do so until their
cultural population started turning rough. No
oxalates were found in rough cultures when he
incorporated 2 percent glucose into his media.
On the other hand, Tomov (34) did not no-

tice any suicidal phenomenon or antagonism
among individual strains of P. pseudomallei
when he investigated antagonism in the genus
Malleomyces. This may have reflected his
selection of strains or choice of laboratory
media. Other workers (11; M. Capponi and P.
Sureau, Rapport sur le Fonctionnement Tech-
nique de l'Institut Pasteur de Dalat, Viet
Nam, 1955, p. 39) have found that P. pseu-
domallei has an antibiotic effect on species of
other genera. For the most part, our observa-
tions verify and extend Nicholls' findings.
We now know that the alkaline condition in

smooth cultures was due to the production of
ammonia. As the ammonia accumulated, the
concentration became autotoxic and impeded
the growth of secondary inocula. This was
most notable in Wahba and glycerol agar cul-
tures. When glucose was substituted for glyc-
erol, the ammonia toxicity was not manifested
by primary cultures.
Ammonium oxalate is easily dissociated by

the testing method used, and it appeared that
rough strain 7815 produced even more am-
monia and ammonium than smooth strain 165.
However, oxalic acid assays of strain 7815 cul-
tures indicated the ammonia was detoxified by
simultaneous oxalic acid production. Thus,
when rough strains are isolated on MacConkey
agar, the slightly acidic ammonium oxalate
causes the pH indicator to turn the colonies
red, thereby giving the false impression that
the rough colonies are coliform lactose fermen-
ters. Similar false positives have occurred in
the oxidation-fermentation media of Hugh and
Liefson (M. Rogul et al., Bacteriol Proc., p. 20,
1969).

In agreement with Nicholls (22), no oxalates
were found in cultures when rough strains were
grown in high glucose concentrations. The
shallow, aerated glucose broth cultures of
rough strain 7815 contained hardly any detect-
able ammonia or ammonium. It was assumed
that ammonium was either bound or that its
production was suppressed by some aspect of
glucose metabolism.
The autoplaquing (autolyzing or autopitting)

of pseudomonad cultures is an inconsistent
phenomenon which is generally attributed to

phage, bacteriocins, or vague metabolic factors
(3, 39). Surprisingly, ammonia lysis has been
reported in other bacterial systems, but it has
not been associated with pseudomonad auto-
plaquing (7, 16). An attractive hypothesis de-
rived from the presented data was that the pit-
ting in lawns of P. pseudomallei cultures re-
flected the emergence of colonial variants
which did not have a mechanism to neutralize
toxic amounts of ammonia and were conse-
quently lysed when a critical concentration of
ammonia was reached. Pitting does occur in
lawns of P. pseudomallei strains 165 and 7815
on Difco heart infusion agar. However, the pit-
ting was greatly diminished when glucose was
incorporated into the medium (Table 2). The
difference was most striking in strain 165
where the pitting was almost totally obviated.
There may be other mechanisms operative in
the pitting of strain 7815. In another study, we
have shown that there is autoplaquing in P.
aeruginosa, which was probably caused by
ammonia lysis and was definitely abolished
when high concentrations of glucose were in-
corporated into the basal media (unpublished
data).

Other pertinent features of P. pseudomallei
strains were that in Difco nitrate broth smooth
strain 165 reduced nitrate to nitrite only and
did not form a gas during the process. In
marked contrast, rough strain 7815 produced a
gas and reduced both nitrate and nitrite. In
general, the rough strains of P. pseudonallei
did not form their usual pellicle in nitrate
broth. It was also our strong impression that
rough strain 7815 retained much more Sudan
black B stain than did smooth strain 165 after
growth in BHB broth, thus indicating the ac-
cumulation of PBHB granules in strain 7815.
These hydrophobic granules may well be the
underlying reason for pellicle formation in
rough strains. Because no pellicle formation
occurs in nitrate broth, it appears that nitrate
reduction or assimilation may be linked in
some way with PBHB metabolism. This will
have to be studied quantitatively, and in
greater depth, because Levine and Wolochow
(17) claimed to have found PBHB in a smooth
strain but did not indicate the stability of their
strain or compare it with their rough strains.
Many of the preceding observations are

compatible with the operation of a Krebs (tri-
carboxylic acid) or glyoxalate cycle. A number
of pseudomonads are known to have both the
tricarboxylic acid and inducible glyoxalate
shunt enzymes. It is widely accepted that
PBHB is the storage product derived from the
glyoxalate cycle and that oxalic acid is usually
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derived from glycine or glyoxalate. The glyox-
alate cycle is most active when cells are grown
on acetate, other C2 compounds, or fatty acids
whereas it is greatly reduced when cells have
to use glucose, certain amino acids, or some
tricarboxylic acid cycle metabolites (5, 14, 24).

Occasionally, imbalanced metabolism, due
to an excess of nutrient in the medium, will
result in the excretion of accumulated inter-
mediate metabolites such as citric, 2-oxoglu-
taric, or oxalic acid (20, 31). At other times,
when the organisms are forced to deaminate
and use the carbon skeletons of ribosomal pro-
teins, nucleotides, and amino acids, ammonia
will accumulate (12, 20, 33).

Because the rough strain 7815 was found to
contain abundant intracellular PBHB granules
in BHB broth and excreted large amounts of
oxalic acid in media except when glucose was
present, we concluded that the glyoxalate
cycle was probably operative. The smooth
strain did not show any evidence of a glyox-
alate cycle.
Most workers agree that in the laboratory

smooth strains consistently yield to the rough
colonies. We do not know whether this usually
occurs as an adaptation or mutation. The sta-
bility of smooth strain 165 signifies that, in
this case, the colony appearance is basically a
genetic trait. In addition, the results of strain
7815 in nitrate and Wahba broths suggested
that a nitrite reductase complex and glyox-
alate cycle have emerged from smooth strains
as a genetically derepressed or an adaptive
shift in metabolic pathways.
We are presently devising methods for de-

fining cytochrome content, nitrate and nitrite
reducing systems, and the enzymes of the gly-
oxalate and tricarboxylic acid cycles in P.
pseudomallei strains.

ACKNOWLEDGMENTS
We thank A. D. Alexander, R. Repaske, and E. S. Wind-

ham for their advice and interest during the course of this
study. We are also grateful to Nesbitt D. Brown and Charles
E. Cain for technical advice and assistance and to K. C.
Carr for his enthusiasm and excellent help.

LITERATURE CITED
1. Altenbern, R. A., D. R. Williams, J. M. Kelsh, and W.

L. Mauzy. 1957. Metabolism and population changes
in Brucella abortus. II. Terminal oxidation and ox-
ygen tension in population changes. J. Bacteriol. 73:
697-702.

2. Babbitt, J. M. 1963. Thin-layer chromatography. Rein-
hold Publishing Corp., New York.

3. Berk, R. S. 1963. Nutritional studies on the "auto-
plaque" phenomenon in Pseudomoras aeruginosa. J.
Bacteriol. 86:728-734.

4. Bradley, D. E. 1967. Ultrastructure of bacteriophages

and bacteriocins. Bacteriol. Rev. 31:230-314.
5. Charles, A. M. 1971. Effect of growth substrate on en-

zymes of the citric and glyoxylic acid cycles in Thio-
bacillus novellus. Can. J. Microbiol. 17:617-624.

6. Darrell, J. H., and A. H. Wahba. 1964. Pyocine-typing of
hospital strains of Pseudomonas pyocyanea. J. Clin.
Pathol. 17:236-242.

7. Descamps, J. A., and A. Wilssens. 1970. "In vitro" study
of the ammonia production by the dominant flora of
the intestinal tract of piglets. Meded. Rijksfac. Land-
bouwwetensch. Gent 35:319-337.

8. Goodlow, R. J., W. Braun, and L. A. Mika. 1951. The
role of D-alanine in the growth and variation of Bru-
cella abortus. Arch. Biochem. 30:402-406.

9. Hentges, D. J. 1967. Influence of pH on the inhibitory
activity of formic and acetic acids for Shigella. J.
Bacteriol. 93:2029-2030.

10. Hugh, R. 1970. Pseudomonas and Aeromonas, p. 175-
190. In J. E. Blair, E. H. Lennette, and J. P. Truant
(ed.), Manual of clinical microbiology. American So-
ciety for Microbiology, Bethesda, Md.

11. Jameson, J. E. 1949. An antibiotic from Pfeifferella
whitmori. J. Hyg. 47:142-145.

12. Kay, W. W., and A. F. Gronlund. 1969. Influence of
carbon or nitrogen starvation on amino acid transport
in Pseudomonas aeruginosa. J. Bacteriol. 100:276-282.

13. Kelstrup, J., and R. J. Gibbons. 1969. Bacteriocins from
human and rodent Streptococci. Arch. Oral Biol. 14:
251-258.

14. Kornberg, H. L. 1959. Aspects of terminal respiration in
microorganisms. Annu. Rev. Microbiol. 13:49-78.

15. Kuttner, A. G. 1966. Production of bacteriocins by group
A Streptococci with special reference to the nephrito-
genic types. J. Exp. Med. 124:270-291.

16. Larsen, H. 1962. Halophilism, p. 329-335. In I. C. Gun-
salus and R. Y. Stanier (ed.), The bacteria, vol. 4: the
physiology of growth. Academic Press Inc., New York.

17. Levine, H. B., and H. Wolochow. 1960. Occurrence of
poly-B-hydroxybutyrate in Pseudomonas pseudo-
mallei. J. Bacteriol. 79:305-306.

18. Lewis, K. F., and S. Weinhouse. 1957. Determination of
glycolic, glyoxylic, and oxalic acids, p. 269-276. In S.
P. Colowick and N. 0. Kaplan (ed.), Methods in en-
zymology, vol. 3. Academic Press Inc., New York.

19. Loppes, R. 1970. Growth inhibition by NH4+ ions in ar-
ginine-requiring mutants of Chlamydomonas rein-
hardi. Mol. Gen. Genet. 109:233-240.

20. MacKelvie, R. M., J. J. R. Campbell, and A. F. Gron-
lund. 1968. Absence of storage products in cultures of
Pseudomonas aeruginosa grown with excess carbon or
nitrogen. Can. J. Microbiol. 14:627-631.

21. Moore, S., and W. H. Stein. 1954. A modified ninhydrin
reagent for the photometric determination of amino
acids and related compounds. J. Biol. Chem. 211:907-
913.

22. Nicholls, L. 1930. Melioidosis, with special reference to
the dissociation of Bacillus whitmori. Brit. J. Exp.
Pathol. 11:393-399.

23. Osman, M. A. M. 1965. Pyocine typing of Pseudomonas
aeruginosa. J. Clin. Pathol. 18:200-202.

24. Ozaki, H., and I. Shiio. 1968. Regulation of the TCA and
glyoxalate cycles in Brevibacterium falvium. I. Inhibi-
tion of isocitrate dehydrogenase by organic acids re-
lated to the TCA and glyoxalate cycles. J. Biochem.
64:355-363.

25. Reeves, P. 1965. The bacteriocins. Bacteriol. Rev. 29:25-
42.

26. Rogul, M., J. J. Brendle, D. K. Haapala, and A. D. Al-
exander. 1970. Nucleic acid similarities among Pseu-
domonas pseudomallei, Pseudomonas multivorans
and Actinobacillus mallei. J. Bacteriol. 101:827-835.

27. Rosebury, T., D. Gale, and D. F. Taylor. 1954. An ap-

379



ROGUL AND CARR

proach to the study of interactive phenomena among
microorganisms indigenous to man. J. Bacteriol. 67:
135-152.

28. Rosen, H. 1957. A modified ninhydrin colorimetric anal-
ysis for amino acids. Arch. Biochem. Biophys. 67:10-
15.

29. Sanders, E., and I. F. Huddleson. 1956. The influence of
environmental conditions on the growth and dissocia-
tion of Brucella abortus. Amer. J. Vet. Res. 17:324-
330.

30. Shepard, M. C., and C. D. Lunceford. 1967. Occurrence
of urease in T strains of mycoplasma. J. Bacteriol. 93:
1513-1520.

31. Stanier, R. Y., M. Doudoroff, and E. A. Adelberg. 1963.
The microbial world, 2nd ed. Prentice-Hall, Inc., En-
glewood Cliffs, N. J.

32. Stanier, R. Y., N. J. Palleroni, and M. Doudoroff. 1966.
The aerobic pseudomonads: a taxonomic study. J.
Gen. Microbiol. 43:159-271.

33. Strange, R. E., and J. R. Hunter. 1966. "Substrate-ac-

celerated death" of nitrogen-limited bacteria. J. Gen.
Microbiol. 44:255-262.

34. Tomov, A. T. 1970. Bacterial antagonism in the genus

Malleomyces. (Transl. from Russian) J. Microbiol.
Epidemiol. Immunobiol. (U.S.S.R.) 6:105-108.

35. U.S. Department of the Army. 1951. Urea and ammo-

nia, p. 180-186. In Methods for medical laboratory
technicians. Dept. of the Army TM8-227. U. S. Gov-
ernment Printing Office, Washington, D. C.

36. Wahba, A. H. 1963. The production and inactivation of
pyocines. J. Hyg. 61:431-442.

37. Webb, J. L. 1963. Enzyme and metabolic inhibitors.
I. General principles of inhibition, p. 244-245. Aca-
demic Press Inc., New York.

38. Zabransky, R. J., and F. E. Day. 1969. Pyocine typing of
clinical strains of Pseudomonas aeruginosa. Appl.
Microbiol. 17:293-296.

39. Zierdt, C. H. 1971. Autolytic nature of iridescent lysis in
Pseudomonas aeruginosa. Antonie van Leeuwenhoek.
J. Microbiol. Serol. 37:319-337.

380 J. BACTERIOL.


