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Patterns of Phosphatase Activity among
Enterobacterial Species

RAFFAELLO POMPEIL!* ANGELA INGIANNI,' GIOVANNI FODDIS,* GIANNI DI PIETRO,!
AND GIUSEPPE SATTA?

Sezione di Microbiologia, Istituto di Medicina Interna, via Porcell 4, 09124 Cagliari,* and
Istituto di Microbiologia, Universita Cattolica del Sacro Cuore, 00167 Rome, 2 Italy

The phosphatase activities of cells of representative enterobacterial species were studied after cells were
grown in a chemically defined medium with variations in the amounts of phosphates and in pH (4.00 to 9.00).
All strains of a given species demonstrated similar acid phosphatase activities after growth in the presence or
absence of phosphates. In contrast, alkaline phosphatase was produced only by some species, and it was also
strongly influenced by the presence of either glycerophosphate or P, in the medium. There were four patterns
of phosphatase activity, depending on the properties of the alkaline phosphatase. Phosphatase activity can be
a valuable characteristic for inclusion in tests for the identification of enterobacteria.

Phosphatase activity among enterobacteria has been the
subject of considerable interest during past decades (1-4),
but most work dealt with only a few strains of different
species and used different assay conditions, producing re-
sults that were often contrasting and not easy to compare (6,
9, 10, 18, 22, 25-27). In fact, among enterobacteria only
Escherichia coli and Aerobacter (Klebsiella) aerogenes have
been analyzed for production of acid and alkaline phos-
phatases in the same strains (3, 23). One or the other of these
enzymes was examined in detail in a few species and ignored
in others (2, 5, 12, 13, 18, 25, 27). Consequently, our
knowledge of enterobacterial phosphatases is incomplete.
Moreover, the information that we have regarding phos-
phatases derives from very few strains of a species.

Recently, phosphatase activity was shown to be a con-
stant property of colonies of all the major species of the
family Enterobacteriaceae (17). A novel method, called
methyl-green phosphatase (MGP) (15), used different sub-
strates in a plate medium to evaluate the phosphatases of
colonies of different species. The technique allowed the
separation of the Proteus-Providencia group from other
enterobacteria and the identification of Providencia stuartii
strains (15, 16). Therefore, it is possible that the specific
properties of the phosphatases and the levels of activity may
be characteristic of various species of the group and may
contribute to species identification, as has already been done
for other bacteria (7, 11, 19) but which has been done for
only a few enterobacterial species (14, 16).

We have studied the phosphatase activities of the entero-
bacterial species most commonly isolated from clinical spec-
imens by growing them in a chemically defined medium
either containing or not containing different amounts of
phosphates in buffers at pHs ranging from 4.00 to 9.00.

MATERIALS AND METHODS

Strains. A total of 60 strains, belonging to 16 enterobacte-
rial species commonly isolated from clinical specimens,
were tested for phosphatase activity at different pHs and
with different amounts of P; in the growth medium, which
was or was not supplemented with glycerophosphate (G3P).
Enterobacterial species were isolated from clinical speci-
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mens in our laboratory and were identified by conventional
methods (8). Species of the tribe Proteeae were identified as
reported before (14). Escherichia coli ATCC 25922 was also
used.

Chemically defined medium for phosphatase assay. The
composition of the chemically defined medium (CDM),
deprived of P; and used for growing enterobacteria and
assaying phosphatase activity, was as follows (in milligrams
per liter): glucose, 1,000; NaCl, 5,000; MgSO, - 7H,0, 200;
CaCl,, 200; KCl, 400; r-methionine, 15; L-glutamine, 292;
L-lysine, 72.5; L-valine, 46; L-histidine, 42; tryptophan, 10;
L-leucine, 52; L-arginine, 126; L-cystine, 24; L-phenylala-
nine, 32.50; L-threonine, 48; L-tyrosine, 36; L-isoleucine, 52;
biotin, 1; calcium pantothenate, 1; folic acid, 1; nicotin-
amide, 1; thiamine, 1; inositol, 2; pyridoxal, 1; and ribofla-
vin, 0.1. All of the substances were obtained from BDH
Italia (Milan, Italy) and were dissolved in distilled water and
sterilized by filtration. The pH was adjusted to 7.4. G3P
(Carlo Erba, Milan, Italy) was added to the medium at a
concentration of 30 mg/liter when needed in order to en-
hance the rate of bacterial growth.

Determination of phosphatase activity. Acid phosphatase
(ACP) and alkaline phosphatase (ALP) activities were de-
tected by a modification of the method described by Torriani
(23). Bacteria were grown for 18 h in Mueller-Hinton broth
(Difco Laboratories, Detroit, Mich.) at 37°C. The cells were
then harvested by centrifugation at 3,150 x g for 20 min and
washed twice with saline. Bacteria were seeded in CDM
containing different amounts of P; (from 0 to 0.5 M, in a
mixture of monobasic and bibasic phosphate); the pH was
always adjusted to 7.4. After an additional 24 h of growth at
37°C, the cells were centrifuged, washed twice with saline,
and resuspended at a final optical density of 0.200 at 620 nm.
Toluene (0.2 ml per ml of cell suspension) was added, left for
15 min after a gentle shaking, and then removed; pHs of 1-ml
fractions of the cell suspension were regulated to between
4.0 and 9.0 by adding either acetate buffer or Tris buffer.
Five hundred micrograms of p-nitrophenyl phosphate was
added to each tube, and the suspensions were incubated for
3 to 15 h at 37°C (except in the case of Providencia stuartii,
which was incubated for 1 h). At the end of the incubation
time, 0.2 ml of 2 N NaOH was added to each tube to stop the
reaction. The cells were pelleted by centrifugation, and the
supernatant was analyzed for p-nitrophenyl release in a
spectrophotometer at 420 nm.
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TABLE 1. Effect of G3P on the expression of phosphatase
activity by different enterobacterial species

Phosphatase activity®

Species Wlthpg.’:iP at Wltho;lt{ :GSP at

5.0 9.0 5.0 9.0

Escherichia coli + + + +
Serratia marcescens + + + +
Proteus vulgaris + + + +
Kiebsiella pneumoniae ++ - ++ .
Kiebsiella oxytoca ++ - ++ -
Citrobacter freundii + - ++ -
Salmonella typhi + - + -
Salmonella serovar wien + - + -
Morganella morganii +++ - +++ -
Proteus mirabilis + - + -
Providencia stuartii +++ - +++ -
Providencia + + + -

alcalifaciens

Serratia liquefaciens + + + -
Yersinia enterocolitica + - + +
Providencia rettgeri + - + +
Enterobacter cloacae + - + +

¢ Activity was determined in CDM lacking P;. +, ++, and +++ indicate
increasing amounts of phosphatase activity produced; — indicates the absence
of phosphatase activity.

One unit of phosphatase activity was the amount of
enzyme able to liberate 1 pmol of p-nitrophenyl/h/ml of the
bacterial suspension. Standard curves were obtained by
using either commercial potato ACP or ALP from bovine
intestinal mucosa (SIGMA Chimica, Milan, Italy) at various
incubation times.

RESULTS

In order to study the effect of phosphates on phosphatase
production, each species considered in this study was grown
in CDM devoid of P, in the presence or the absence of G3P
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at two different pHs, namely, 5.0 and 9.0. Table 1 shows the
effect of G3P on the phosphatase activities of the various
species studied. ALP was expressed by only a few species.
On the basis of ALP production and the effect of G3P on it,
four main patterns of phosphatase activity could be observed
among the enterobacterial species tested. Escherichia coli,
Serratia marcescens, and Proteus vulgaris expressed detect-
able amounts of ALP in both the presence and absence of
G3P, and ALP was not affected by the presence of G3P in
the medium. Klebsiella pneumoniae, Klebsiella oxytoca,
Salmonella typhi, Salmonella serovar wien, Morganella
morganii, Proteus mirabilis, Providencia stuartii, and Citro-
bacter freundii always lacked ALP, but produced various
amounts of ACP. Yersinia enterocolitica, Enterobacter clo-
acae, and Providencia rettgeri had ALP activities in the
absence of G3P which were totally inhibited by addition of
G3P. Serratia liquefaciens and Providencia alcalifaciens
appeared to be endowed with ALP only in the presence of
G3P.

A number of strains of each species were studied for
phosphatase production at pHs from 4.00 to 9.00 and in the
presence of P; concentrations from 0 to 0.5 M. It is evident
that within a species, both ACP and ALP generally present
quite homogeneous characteristics in terms of properties,
amount of enzyme produced, optimal pH, and requirement
of P; for optimal enzyme production (Table 2). In contrast,
the strains of the various species differed from each other in
one or several of those parameters. Escherichia coli gener-
ally expressed a marked ALP activity ranging from 6 to 20
mU/ml/h which peaked at pH 9.0, as did Proteus vulgaris,
while S. marcescens had an ALP activity that peaked at pH
8.5 and a weak ACP activity (from 5 to 10 mU) that peaked
at pH 5.5. The highest production of phosphatase was
reached for these three species in the presence of P; concen-
trations of 0.1 M. Serratia marcescens produced moderate
amounts of ALP (from 8 to 41 mU) which were only partially
repressed by P;. ACP of Serratia marcescens ranged from 9
to 16 mU and peaked at 4.5. Proteus vulgaris produced a
larger amount of ACP (from 23 to 86 mU) than of ALP (8 to
10 mU). ALP was completely repressed by P;. Proteus

TABLE 2. Main properties of phosphatase activities of different enterobacterial strains

Optimal P; concn (M)

Phosphatase activity” at: Optimal pH for phosphatase
Species (no. of strains) activity at:
Alkaline pH Acid pH . . Alkaline Acid
(range)p (rangi) Alkaline Acid pH pH
Escherichia coli (7) 11.5 (6-20) 9.7 (5-10) 9.0 55 0 0.1
Serratia marcescens (3) 23.0 (841) 12.3 (9-16) 8.5 4.5 0 0.1
Proteus vulgaris (3) 9.0 (8-10) 44.3 (23-86) 9.0 7.5% 0 0.1
Providencia alcalifaciens (4) 34.2 (24-50) 93.0 (82-99) 9.0 4.5 0 0.1
Serratia liquefaciens (3) 32.0 (2541) 9.0 (7-11) 9.0 5.5 0 0.02
Providencia rettgeri (3) 17.6 (11-23) 61.3 (47-90) 9.0 4.5 0 0.1
Enterobacter cloacae (3) 12.0 (8-17) 5.0 (3-9) 9.0 4.5 0 0.1
Yersinia enterocolitica (3) 4.6 (3-7) 12.0 (8-19) 9.0 <4.0 0 0
Klebsiella pneumoniae (4) 974.2 (797-1,120) 5.5 0.1
Klebsiella oxytoca (3) 876.0 (698-910) 5.5 0.1
Salmonella typhi (4) 54.7 (40-62) 4.5 0.5
Salmonella serovar wien (3) 32.3 (18-51) 4.5 0.5
Morganella morganii (3) 23,406.6 (10,200-40,520) 5.5 0.5
Proteus mirabilis (3) 69.0 (25-100) 6.5 0.02
Providencia stuartii (4) 87,932.5 (78,000-101,200) 5.5 0.1
Citrobacter freundii (3) 4.6 (1-8) 4.5 0.1

2 Phosphatase activity is expressed in milliunits per milliliter per hour. The strains were grown in a medium supplemented with G3P.

® This phosphatase would be better considered a neutral phosphatase.
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vulgaris did not express a real ACP, but presented a peak of
phosphatase activity at pH 7.5, which showed a behavior
similar to that of ACP from all of the other species. Provi-
dencia alcalifaciens produced moderately elevated amounts
of both ALP and ACP (24 to 50 and 82 to 99 mU, respec-
tively). ALP activity peaked at pH 9.0, as did the ALP
activity of Serratia liquefaciens. ACP activity peaked at pH
4.5 and was induced by P; up to a concentration of 0.1 M.
The ALP of Serratia liquefaciens was produced in amounts
from 7 to 11 mU. ACP activity ranged from 25 to 41 mU,
peaked at pH 5.5, and was stimulated by small amounts of P,
(0.02 M). The ALP of S. liquefaciens and P. alcalifaciens
was completely repressed by small amounts of P;. Entero-
bacter cloacae, Yersinia enterocolitica, and Providencia
rettgeri produced a P;-repressible ALP only in medium
deprived of G3P. The ACP of Enterobacter cloacae had a
weak activity (3 to 9 mU) that peaked at pH 4.5, as did that
of Providencia rettgeri, and was induced by 0.1 M P,, similar
to the ACP of Providencia rettgeri. Yersinia enterocolitica
behaved peculiarly; it produced a P;-inhibitable ALP with an
activity of 3 to 7 mU and an ACP with an activity of 8 to 19
mU which peaked at a pH lower than 4.0 and showed its
maximum activity at a P; concentration of 0 M. Providencia
rettgeri has a strong ACP stimulated by P; up to a concen-
tration of 0.1 M; ALP was produced in amounts from 11 to
23 mU, and ACP was produced in amounts from 47 to 90
mU. Klebsiella, Morganella and Providencia stuartii strains
were always devoid of ALP in both the presence and the
absence of G3P but were very strong ACP producers.
Productivity ranged from 698 to 1,120 mU/ml/h for the
Klebsiella species, while it was 10,200 to 40,520 mU/ml/h in
Morganella morganii and 78,000 to 101,200 mU/ml/h in
Providencia stuartii. The ACP of Morganella morganii
peaked at pH 5.5 and was progressively induced by P; to
reach a maximum at 0.5 M P,. Providencia stuartii was by far
the best ACP producer. It peaked at pH 5.5 and was induced
by a P, concentration of 0.1 M. Salmonella serovar wien and
Proteus mirabilis produced less ACP than P. stuartii, M.
morganii, and the Klebsiella species (ranges, 18 to 62 mU
and 25 to 100 mU, respectively). Salmonella ACP peaked at
4.5 in most strains and was induced by increasing P; concen-
trations up to 0.5 M. ACP of Proteus mirabilis peaked at pH
6.5 and was stimulated by small amounts of P;. Citrobacter
freundii was a very poor phosphatase producer (1 to 8
mU/ml/h). Its enzyme peaked at pH 4.5 and was stimulated
by P;,. The phosphatase properties of each enterobacterial
species tested are summarized in Fig. 1.

DISCUSSION

The present work shows that different strains of the same
enterobacterial species share the same pattern of phos-
phatase activity and that different species exhibit different
patterns of activity. Furthermore, several peculiar proper-
ties of some strains have been clarified; in fact, ALP has
been shown to be produced by many but not all enterobac-
terial species and is generally repressed by P;, except in the
species Serratia marcescens. In addition, some species
show ALP activity only in the presence of G3P, while others
have ALP activity that is repressed by G3P.

Acid phosphatases were detected in all of the species
examined. In all cases they were not affected by P; and were
only slightly influenced by G3P. The differences observed in
the phosphatase activities of the different species were both
qualitative and quantitative.

By considering the type of phosphatase, the amount of
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enzyme produced, the peak pH, the optimal P; concentration
for phosphatase activity, the effect of P, on phosphatase
expression, and the action of G3P on ALP production, all
species could be distinguished from each other, with the
exception of Salmonella typhi, which appeared to be very
similar to Salmonella serovar wien, and Klebsiella pneumo-
niae, which closely resembled Klebsiella oxytoca. All other
species had at least one major qualitative characteristic
which enabled them to be differentiated from the other
species. This fact is very useful, and because of it phos-
phatase activity is an important property to be considered
for developing novel methods for the definition and identifi-
cation of some enterobacterial species.

The finding that phosphatase activity is distinctive in the
various enterobacterial species (with very few exceptions)
could give further taxonomic and practical value to the
methyl-green phosphatase test (15) for differentiation of
some enterobacterial species in microbiology laboratories. A
method has already been developed (14) for the identification
of Providencia stuartii and Morganella morganii on the basis
of analysis of phosphatase activity, and a selectively differ-
entiating medium for the rapid detection of these species on
agar plates has been proposed (20). In addition, the phos-
phatase of Providencia stuartii has already been cloned, and
a probe that promptly identifies this species has been pre-
pared (21).

ACKNOWLEDGMENTS
This work was supported by a grant from 60% MURST, Italy.

REFERENCES

1. Anagnostopulos, I. 1958. Bacterial phosphatases. 1. Study of the
purification of a phosphomonoesterase of Aerobacter aero-
genes. Bull. Soc. Chim. Biol. 40:1651-1662.

2. Bhatti, A. R., and J. Done. 1974. On the presence of two types
of alkaline phosphatase in Serratia marcescens. Microbios 11:
203-213.

3. Bolton, P. G., and A. C. R. Dean. 1972. Phosphatase synthesis
in Klebsiella (Aerobacter) aerogenes growing in a continuous
culture. Biochem. J. 127:87-96.

4. Bukowski, K. 1966. Phosphatase activity in Pasteurella multo-
cida; a test for differentiation between variant mammalian and
variant avium of this organism. Acta Microbiol. Pol. 15:13-16.

5. Gaislerova, V. 1973. A culture medium for the detection of
deoxyribonuclease and phosphatase. Zentralbl. Bakteriol. Orig.
A 222:544-547.

6. Gerlt, J. A. 1975. Purification and properties of a phosphohy-
drolase from Aerobacter aerogenes. J. Biol. Chem. 250:5053-
5058.

7. Kaluzewski, S. 1956. Studies on the phosphatase test in various
species of microorganisms. Acta Microbiol. Pol. §:95-98.

8. Kelly, M. D., D. J. Brenner, and J. J. Farmer III. 198S.
Enterobacteriaceae, p. 263-277. In E. H. Lennette, A. Balows,
W. J. Hausler, and H. J. Shadomy (ed.), Manual of clinical
microbiology, 4th ed. American Society for Microbiology,
Washington, D.C.

9. McCarthy, B. J. 1959. Phosphatase activity of bacterium lactis
aerogenes (Aerobacter aerogenes). Proc. R. Soc. Lond. B Biol.
Sci. 150:474-485.

10. Neumann, H. 1968. Substrate selectivity in the action of alkaline
and acid phosphatases. J. Biol. Chem. 243:4671-4676.

11. Pacova, Z., and M. Kocur. 1978. Phosphatase activity of aerobic
and facultative anaerobic bacteria. Zentralbl. Bacteriol. Orig. A
241:481-487.

12. Paget, M., and C. Vittu. 1949. Phosphomonoesterases of Shi-
gella species. C. R. Soc. Biol. (Paris) 143:405-407.

13. Paget, M., and C. Vittu. 1947. Distribution of phosphomo-
noesterases among the principal Salmonella. C. R. Soc. Biol.
(Paris) 141:1230-1232.



178

14.

15.

16.

17.

18.

19.

POMPEI ET AL.

Pompei, R., G. Cornaglia, A. Ingianni, and G. Satta. 1990. Use
of a novel phosphatase test for simplified identification of
species of the tribe Proteae. J. Clin. Microbiol. 28:1214-1218.
Satta, G., G. Grazi, P. E. Varaldo, and R. Fontana. 1979.
Detection of bacterial phosphatase activity by means of an
original and simple test. J. Clin. Pathol. 32:391-395.

Satta, G., R. Pompei, and A. Ingianni. 1984. The selective
staining mechanism of phosphatase producing colonies in the
diphosphate-phenolphthalein-methyl green method for the de-
tection of bacterial phosphatase activity. Microbiologica 7:159-
170.

Satta, G., R. Pompei, G. Grazi, and G. Cornaglia. 1988. Phos-
phatase activity is a constant feature of all isolates of all major
species of the family Enterobacteriaceae. J. Clin. Microbiol.
26:2637-2641.

Sheivastava, G. G., S. Ghatak, S. S. Batnajar, and A. K.
Sengupta. 1954. Phosphatase activity of Salmonella typhosa.
Enzymologia 17:23-27.

Shibata, K., M. Totsuka, and T. Watanabe. 1986. Phosphatase
activity as a criterion for differentiation of oral mycoplasmas. J.
Clin. Microbiol. 23:970-972.

. Thaller, M. C., F. Berlutti, F. Pantanella, R. Pompei, and G.

Satta. 1992. Modified MacConkey medium which allows simple

21.

22.

23.

24.

25.

26.

27.

INT. J. SYST. BACTERIOL.

and reliable identification of Providencia stuartii. J. Clin. Mi-
crobiol. 30:2054-2057.

Thaller, M. C., F. Berlutti, M. L. Riccio, and G. M. Rossolini.
1992. A species-specific DNA probe for Providencia stuartii
identification. Mol. Cell. Probes, in press.

Tonelli, E. 1957. Phosphatase production by some schizo-
mycetes. Nuovi Ann. Ig. Microbiol. 8:152-157.

Torriani, A. M. 1960. Influence of inorganic phosphate in the
formation of phosphatases by Escherichia coli. Biochim. Bio-
phys. Acta 38:460-469.

Tramer, J. 1952. Simple and rapid methods for the detection of
bacterial phosphatases using disodium-p-nitrophenyl phosphate
as substrate. J. Dairy Res. 19:275-287.

Vittu, C. 1947. The phosphomonoesterase system of Salmonella
species and its sensitivity to the action of sulfonamid. C. R. Soc.
Biol. (Paris) 141:1230-1232.

Voros, S., T. Angyal, V. Nemeth, and T. Kontrohor. 1961. The
occurrence and significance of phosphatase in enteric bacteria.
Acta Microbiol. Acad. Sci. Hung. 8:405-409.

Wolf, P. L., E. von der Muehll, and M. Ludwick. 1972. A new
test to differentiate Serratia from Enterobacter. Am. J. Clin.
Pathol. 5§7:241-245.



