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The ability of Escherichia coli MV1184 to accumulate inorganic phosphate (P;) was enhanced by manipu-
lating the genes involved in the transport and metabolism of P,. The high-level P, accumulation was achieved
by modifying the genetic regulation and increasing the dosage of the E. coli genes encoding polyphosphate
kinase (ppk), acetate kinase (ack4), and the phosphate-inducible transport system (pstS, pstC, pstA, and pstB).
Acetate kinase was employed as an ATP regeneration system for polyphosphate synthesis. Recombinant
strains, which contained either pBC29 (carrying ppk) or pEP02.2 (pst operon), removed approximately two-
and threefold, respectively, more P, from minimal medium than did the control strain. The highest rates of P,
removal were obtained by strain MV1184 containing pEP03 (ppk and ackA4). However, unlike the control
strain, MV1184(pEP03) released P, to the medium after growth had stopped. Drastic changes in growth and
P, uptake were observed when pBC29 (ppk) and pEP02.2 (pst operon) were introduced simultaneously into
MV1184. Even though growth of this recombinant was severely limited in minimal medium, the recombinant
could remove approximately threefold more P, than the control strain. Consequently, the phosphorus content
of this recombinant reached a maximum of approximately 16% on a dry weight basis (49% as phosphate).

Inorganic phosphate (P;) is recognized as one of the major
nutrients contributing to eutrophication of lakes, bays, and
other natural waters (10). P; removal from wastewaters has
been conducted by chemical precipitation with lime, alum,
and ferric chloride. However, the chemical treatment meth-
ods are expensive, and this has led to the development of
biological P; removal which provides an alternative to chem-
ical treatment methods (9, 18, 19).

Many bacteria are known to be capable of accumulating
excess P; in the form of polyphosphate (polyP) (16). Al-
though the physiological functions of polyP are not fully
elucidated, polyP has been implicated as (i) an energy source
because of its ready conversion to ATP, (ii) a substitute for
ATP in kinase reactions, (iii) a phosphate reservoir with
osmotic advantages, and (iv) a component to enable the
entry of DNA during the genetic transformation of several
bacterial species (1).

In Escherichia coli, P; enters via either the high-affinity
phosphate-specific transport system or the low-affinity phos-
phate inorganic transport system (Fig. 1) (3, 8, 20, 22). The
pst operon consists of five genes, namely, pstS, pstC, pstA,
pstB, and phoU, transcribed anticlockwise on the E. coli
chromosome (3, 22). The products of the first four genes are
required for the transport of P;, and together with the fifth
gene, they are involved in the regulation of the phosphate
regulon (3, 22). An enzyme responsible for polyP synthesis is
the homotetrameric polyP kinase (PPK) (1). PPK polymer-
izes the terminal phosphate of ATP into polyP in a freely
reversible reaction (nATP = nADP + polyP,). The utiliza-
tion and degradation of polyP are catalyzed by polyphos-
phatase and by specific kinases including polyP glucokinase
and polyP fructokinase (12). The ppk gene encoding PPK has
been cloned, sequenced, and overexpressed in E. coli (2).
The ppx gene, which encodes an exopolyphosphatase (PPX),
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also has been found downstream of the ppk gene, constitut-
ing a polyP operon (2a).

Under ordinary operating conditions, activated sludges
are capable of removing an average of only 20 to 40% of the
P; concentrations normally found in municipal wastewaters
(6). The P; removal capacity of activated sludges appears to
be limited by their phosphorus content, which is typically 1
to 2% on a dry weight basis (6, 9, 18). Improving the ability
of bacteria to accumulate P;, therefore, may contribute to
excess P; removal from wastewaters. This report describes
the genetic improvement of P, accumulation in E. coli
MV1184. High levels of P; accumulation were achieved by
modifying the genetic regulation and increasing the dosage of
the genes involved in the key steps of P;-transport-and
metabolism.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are shown in Table 1 and Fig. 2.
E. coli strains were maintained on L agar supplemented with
the appropriate antibiotics. The concentrations of antibiotics
were 50 wg/ml for ampicillin and 25 pg/ml for chloramphen-
icol. When induction was required, isopropyl-p-D-thiogalac-
topyranoside (IPTG) was added to a final concentration of
0.5 mM.

Genetic procedures and recombinant techniques. Standard
procedures were used for plasmid preparations, restriction
enzyme digestions, ligations, transformations, and agarose
gel electrophoresis (21). E. coli MV1184 was also used as the
host for plasmid construction.

Plasmid constructions. Plasmid pBC29, which contains the
ppk gene of E. coli, was a gift from A. Kornberg (Stanford
University), and the construction of this plasmid has been
described elsewhere (2). The ppk gene was expressed from
its own promoter. Plasmid pEPO1 is a 5.5-kb derivative of
pBluescript IIKS™ and contains a 2.7-kb MluI-Pst1 fragment
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FIG. 1. Diagrammatic representation of the strategy for genetic
improvement of E. coli for enhanced P; accumulation. Acetate
kinase was employed as an ATP regeneration system for polyP
synthesis. Abbreviations: ACK, acetate kinase; PIT, low-affinity
system for P; transport; PST, phosphate-specific transport system;
PPX, exopolyphosphatase; CoA, coenzyme A.

from pMKB800 (17). This 2.7-kb fragment contains the ack4
gene of E. coli and its own promoter. Although the transcrip-
tional direction of the ackA4 gene was reverse with respect to
that of the lac promoter in pEPO1, the levels of acetate
kinase activity in MV1184(pEP01) were more than 100-fold
higher than the parental level.

A 7-kb EcoRI-HindIIl fragment, which is capable of
complementing the phoS defect in E. coli ANCC75, was
isolated from the chromosomal DNA of E. coli MV1184 and
cloned into pBR322 to generate pEP02. A 6-kb Dral-HindIII
fragment, which contains the pst operon, was then sub-
cloned into the Smal-HindIII site of pKK223-3 downstream
from the tac promoter (pKP02.1). A 6.2-kb BarmHI-HindIII
fragment was excised from this plasmid and inserted into
pKTY321 to produce pEP02.2. To construct plasmid pEP03
which contains both ppk and ackA, a 2.7-kb BamHI-Pst1
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FIG. 2. Structures of recombinant plasmids used in the present
study. Chromosomal inserts of plasmids are shown by thin lines,
and vectors are shown as blackened lines. Arrows indicate the open
reading frames and their transcriptional directions. The sites and
directions of lac and tac promoters are indicated by arrowheads.
Restriction site abbreviations: B, BamHI; Bg, Bgll; D, Dral; E,
EcoRI; H, Hindlll; K, Kpnl; M, Mlul; P, Pstl; S, Smal. The sites
in parentheses were destroyed during construction.

fragment was excised from pEPOl and inserted at the Hin-
dIII-Ps?I site of pBC29.

Fractionation of cellular phosphorus. Fractionation and
estimation of cellular phosphorus compounds were carried
out essentially as described by Harold (11). Cells were
extracted with cold 0.5 N perchloric acid (PCA) for 20 min,
with 95% ethanol (30 min at room temperature) and ethanol-
ether (3:1, 1 min at 100°C), and finally with hot 0.5 N PCA
(15 min at 70°C). The cold and hot PCA extracts were
designated acid-soluble and -insoluble fractions, respec-
tively. The ethanol and ethanol-ether extracts were com-
bined and pooled as the lipid fraction. The total phosphorus
of each fraction was determined by ammonium persulfate
digestion; phosphate determination followed (18). Acid-sol-

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid

Relevant properties

Reference or

source
E. coli strains
MV1184 araA(lac-proAB) rpsL thi (680 lacZ AM15) A(srl-recA)306::Tnl0; Tet" F'[traD36 24
proAB* lacI? lacZ AM15]
ANCCT75 leu purE trp his argG rpsL phoS64 met thi 4
Plasmids
pBR322 Cloning vector; Ap*, Tc’ 5
pUC18 Cloning vector; Ap*, lacPOZ’ 25
pKK223-3 Expression vector; Ap’, ptac Pharmacia
pBluescript IIKS™* Cloning vector; Ap, lacPOZ’ Stratagene
PKTY320 Cloning vector; Ap*, Cm*, mob*, pl5A origin 14
pKTY321 Ap® derivative of pKTY320; PstI site was deleted by Bal 31 nuclease This study
pBC29 pUCI18 harboring 3-kb Bgll-Kpnl fragment from E. coli; Ap’, ppk™* 2
pMKS800 pBR322 harboring 9.5-kb BamHI fragment from E. coli; Ap*, ackA* 17
pEPO1 pBluescript IIKS* harboring 2.7-kb Mlul-Pst] fragment from pMK800; Ap*, ack4™ This study
pEP02 pBR322 harboring 7-kb EcoRI-HindIlI fragment from E. coli selected by This study
complementation of phoS mutation in ANCC75; Ap’, pst operon )
pEP02.1 pKK223-3 harboring 6-kb Dral-HindIII fragment of pEP02; Ap’, ptac-pst operon This study
pEP02.2 pKTY321 harboring 6.2-kb BamHI-HindIIlI fragment of pEP02.1; Cm’, ptac-pst This study
operon, pl5A origin )
pEPO03 pBC29 harboring 2.7-kb HindIII-PstI fragment of pEP01 This study
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uble and -insoluble polyPs were determined by hydrolysis in
1 N HCI at 100°C for 7 min.

Phosphate uptake experiment. Cells were grown in 2X YT
medium (21) at 37°C with shaking for 7 h, inoculated into L
broth (a 1% inoculum), and incubated for 9 h under the same
conditions. For cultures of recombinant strains containing
pEP02.2, 0.5 mM IPTG was added to L broth before 9 h of
incubation to induce the expression of the pst genes. Cells
were transferred into T medium (13) containing 0.5 mM
potassium phosphate at an optical density at 600 nm (ODy)
of about 0.2. The cell suspension was incubated at 37°C with
constant stirring, and samples were taken at intervals for
determination of growth and P; concentration. P; was as-
sayed by an ascorbic acid method (18). Cell growth was
determined by measuring ODgq,. Cell dry weight was deter-
mined by filtering the culture sample through preweighed
0.45-um-pore-size membrane filters and then drying them for
1 h at 103°C. A quick estimation of cell dry weight was made
by using calibration curves (ODgy, as a function of dry
weight).

RESULTS

P, removal by E. coli recombinants. P, uptake experiments
were performed in triplicate with strain MV1184(pUC18), a
control strain, and five recombinant derivatives. Figure 3
shows a representative illustration of growth of and P;
uptake by strain MV1184(pUC18) and recombinant deriva-
tives containing pBC29 (carrying ppk), pEPO1 (ackA), or
pEP02.2 (pst operon). Growth of the three recombinant
strains was almost equivalent to that of the control strain.
The control strain removed about 20% of the P; from the
medium during the first 3 h. However, no P; uptake occurred
after growth stopped. Strains MV1184(pBC29) and MV1184
(pEP02.2) removed two- and threefold, respectively, more P;
from the medium than did the control strain. Interestingly,
the E. coli recombinant strain containing pEP02.2 (pst
operon) alone removed more P; from the medium than did
MV1184(pBC29). Strain MV1184 bearing pEPOl (ackA)
alone took up less P;, even compared with the control strain.

Strain MV1184 containing pEP03 (ppk and ackA4) showed
the highest rates of P, removal from the medium (Fig. 4).
This recombinant strain removed approximately 90% of the
P; from the medium within 4 h. Until 3 h, growth of this
recombinant was almost equivalent to that of the control
strain. However, unlike the control strain, the cell density of
strain MV1184(pEP03) decreased after reaching a maximum
at 3 h. The decrease in cell density was concomitant with an
increase in P; in the medium, indicating that P; was released
by cell lysis. Drastic changes in growth and P, uptake were
observed when pBC29 (carrying ppk) and pEP02.2 (pst
operon) were simultaneously introduced into MV1184.
Growth of this recombinant was severely limited in T
medium, even though this recombinant grew well in 2x YT
and L media (data not shown). Nevertheless, this recombi-
nant removed approximately threefold more P; than did the
control strain. No detectable release of P, was observed with
this recombinant strain. Strain MV1184 containing both
pEP02.2 (pst operon) and pEP03 (ppk plus ack4) was also
constructed. However, introduction of both of the plasmids
appeared to be detrimental to MV1184. Cell viability of this
recombinant decreased soon after the cells entered the
stationary phase of growth in L broth. As a result, subse-
quent P; uptake experiments in T medium could not be
performed.

Accumulation of cellular phosphorus. To confirm P; accu-
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FIG. 3. Time course of cell growth (A) and P; concentration (B)
during growth of E. coli MV1184 containing pUC18, pBC29, pEP01,
or pEP02.2 in T medium containing 0.5 mM P;.

mulation in bacteria, E. coli cells were harvested by centrif-
ugation after 6 h of incubation, and fractionation and esti-
mation of cellular phosphorus were carried out (Fig. 5). The
results shown in Fig. 5 illustrate the amount of phosphorus
of each fraction, the sum of which represents total cellular
phosphorus, in MV1184(pUC18) and the five recombinant
derivatives. To show the recovery of cellular phosphorus in
these extracts, phosphorus content in bacteria was also
estimated from the amount of P; removed and initial phos-
phorus content. As expected, higher levels of polyP were
detected in recombinant strains, except for MV1184(pEP01),
than in the control strain. Surprisingly, however, strain
MV1184(pBC29 and pEP02.2) accumulated much less phos-
phorus than that predicted from the amount of P, removed.

To explain this discrepancy, changes in total phosphorus,
as well as P;, in the culture supernatants were carefully
observed during the P; uptake experiment with strain
MV1184(pBC29 and pEP02.2). As shown in Fig. 6, total
phosphorus in the culture supernatant decreased in parallel
with P; during the first 4 h. However, after 4 h, total
phosphorus increased with time, even though P, still contin-
ued to decline. These results clearly indicate that phospho-
rus compounds, other than P;, were released into the me-
dium from bacteria. The phosphorus content in bacteria,
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FIG. 4. Time course of cell growth (A) and P; concentration (B)

during growth of E. coli MV1184 containing pUC18, pEP03, or
pEP02.2 plus pBC29 in T medium containing 0.5 mM P;.

calculated from the difference in total phosphorus between
the cultures before and after centrifugation, reached a max-
imum of 16% (49% as phosphate) on a dry weight basis at 4
h but subsequently decreased to approximately 12% by 6 h.
The fractionation of cellular phosphorus revealed that the
content of acid-soluble plus acid-insoluble polyP decreased
from 9.6% at 4 h to 8.2% at 6 h on a dry weight basis (data
not shown).

DISCUSSION

Many bacteria are capable of accumulating P, intracellu-
larly in the form of polyP (16). Some bacterial species have
also been found to take up P; far in excess of their require-
ments of growth after being subjected to P; starvation (12).
This phenomenon, referred to as polyP overplus, is known
to be caused by the elevated levels of polyP kinase (12). E.
coli does not accumulate appreciable amounts of polyP,
especially those of high-molecular-weight types, despite its
possession of polyP kinase activity (15). We observed that
the parental strain MV1184 did not accumulate high levels of
P;, even after being subjected to P; starvation (data not
shown). The phosphorus content of MV1184 was approxi-
mately 1.8% on a dry weight basis, regardless of whether the
cells were starved for P;. This value is comparable to that of
conventional activated sludge but lower than those reported
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FIG. 5. Fractionation of cellular phosphorus in E. coli
MV1184(pUCI18), a control strain, and five recombinant derivatives.
Cells were harvested by centrifugation after 6 h of incubation.
Acid-soluble and -insoluble polyPs were determined as the acid-
labile phosphorus in cold and hot PCA fractions, respectively, after
hydrolysis in 1 N HCI at 100°C for 7 min. The differences between
total phosphorus and acid-labile phosphorus in these fractions were
defined as stable P. Lipid P was determined as the total phosphorus
of lipid fraction. The open bars indicate total phosphorus which was
predicted from the amount of P; removed. The results represent
averages of at least three separate experiments. Error bars indicate
one standard error of the mean.

in P;-accumulating sludge bacteria (3 to 10% of dry weight
biomass) (7, 23). Since the kinetics of bacterial P; accumu-
lation are not fully understood, it is still difficult to specifi-
cally identify what limits P; accumulation in E. coli. How-
ever, in the present study, we found that the recombinant E.
coli strain, which bears pEP02.2 (pst operon) alone, re-
moved approximately threefold more P; from the medium
than did the control strain (Fig. 3). The phosphorus content
of this recombinant was clearly greater than that of MV1184
containing pBC29 (carrying ppk) alone (Fig. 5). These results
suggest that P; transport may limit P, accumulation in E. coli
MV1184. Strain MV1184(pEP02.2) appeared to accumulate
more stable P than polyP (Fig. 5). However, the data are
only preliminary, and further work would be needed to
substantiate this point.

We attempted to improve the P; accumulation ability of E.
coli MV1184 by modifying the genetic regulation and in-
creasing the dosage of the genes involved in the key steps of
P; transport and metabolism. As far as the phosphorus
content is concerned, the best recombinant strain was
MV1184(pBC29 and pEP02.2). The phosphorus content of
this recombinant E. coli strain reached a maximum of 16%
on a dry weight basis (49% as phosphate), of which approx-
imately 60% was estimated to be stored in the form of polyP.
This value was approximately 10-fold higher than that of the
control strain. The bacterial ability to accumulate P; has
been reported in previous papers (7, 9, 13, 18, 23). A
laboratory strain of Acinetobacter calcoaceticus has been
reported to exhibit polyP overplus, resulting in approxi-
mately 5.3% of its dry weight as phosphorus (16% as
phosphate) (18). Some sludge bacteria, isolated from en-
hanced biological P; removal processes, were observed to
accumulate as much as 10% of the biomass dry weight as
phosphorus under certain conditions (23). Strain MV1184
(pBC29 and pEP02.2) surpasses these bacteria in the cellular
level of phosphorus. However, it must be noted that
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FIG. 6. Time course of total phosphorus (@) and P; (A) concen-
trations in culture supernatant, cell growth (M), and total phospho-
rus content (¢) of MV1184(pBC29 and pEP02.2) during P; uptake
experiment. Total phosphorus in bacteria was calculated from the
difference in total phosphorus between the cultures before and after
centrifugation. The results represent averages of experiments done
in duplicate.

MV1184(pBC29 and pEP02.2) released phosphorus at a
detectable amount into the medium after its phosphorus
content reached a maximum. Curiously, unlike MV1184
(pEP03), this recombinant did not release P; but continued to
remove P; even after phosphorus release took place. The
mechanism underlying this phenomenon is unknown at the
present time.

The recombinant E. coli strains, constructed in the present
study, were capable of removing excess P; regardless of
whether they were starved for P;. In pBC29 and pEPO03, the
expression of ppk is still under the control of its own
promoter. Pho box-like sequences have been found in the
promoter (2), and the expression of ppk appears to be
positively regulated by the products of phoB and phoR with
P, starvation. Nevertheless, high levels of PPK activity were
detected in MV1184(pBC29) and MV1184(pEP03), even un-
der P;-sufficient conditions (data not shown). This is attrib-
utable to the gene dosage effect because the ppk gene was
carried on high-copy-number plasmid vectors. It would be
possible to further increase the PPK enzyme activities by
employing strong promoters which are not regulated by P; in
the medium. Similarly, the ack4 gene was expressed by its
own promoter in pEP0O1 and pEP03. The exception was the
pst operon. Increasing the gene dosage did not improve P;
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transport under conditions of P; excess (data not shown). In
plasmid pEP02.2, the pst genes were inserted downstream of
the tac promoter, and IPTG had to be added to the precul-
ture to induce the expression of pst genes. We are now
testing the expression of pst genes by various promoters
which do not require IPTG.

PolyP kinase is present in numerous microorganisms (15,
16). Recently, we cloned and sequenced the PPK-encoding
gene (ppk) from Klebsiella aerogenes (formerly named Aer-
obacter aerogenes). The PPK protein shares 93% identical
amino acid residues with E. coli PPK protein. The expres-
sion of the K. aerogenes ppk at high levels increased polyP
accumulation in this organism (unpublished data). We also
detected strong hybridization signals from some sludge
bacteria when the E. coli ppk gene was used as a DNA probe
(data not shown). These results indicate the potential for
genetic improvement of more useful microorganisms, includ-
ing sludge bacteria, for enhanced P; removal.

In E. coli, further strain improvement would be possible
by (i) genetic inactivation of the ppx gene which encodes
exopolyphosphatase (2), (ii) use of more suitable promoters
for the expression of pst genes, and (iii) optimization of the
simultaneous expression of ppk, ack4, and pst genes. For
enhanced P, removal due to engineered bacteria, the follow-
ing aspects should also be investigated: (i) maintenance and
stability of recombinant plasmids; (ii) effective measure for
minimizing the leakage of phosphorus from cells; (iii) kinet-
ics of P; transport and metabolism; and (iv) effects of
environmental conditions such as temperature, pH, oxygen
concentration, and medium composition.

ACKNOWLEDGMENTS

We gratefully acknowledge M. Akiyama and A. Kornberg, Stan-
ford University, Stanford, Calif., for providing pBC29 and open
exchanges of information. We also thank A. Nakata for providing
pMKS800.

This research was supported in part by the Ebara Research Co.

REFERENCES

1. Ahn, K., and A. Kornberg. 1990. Polyphosphate kinase from
Escherichia coli. J. Biol. Chem. 265:11734-11739.

2. Akiyama, M., E. Crooke, and A. Kornberg. 1992. The polyphos-
phate kinase gene of Escherichia coli. J. Biol. Chem. 267:22556—
22561.

2a.Akiyama, M., and A. Kornberg. Personal communication.

3. Amemura, M., K. Makino, H. Shinagawa, A. Kobayashi, and A.
Nakata. 1985. Nucleotide sequence of the genes involved in
phosphate transport and regulation of the phosphate regulon in
Escherichia coli. J. Mol. Biol. 184:241-250.

4. Amemura, M., H. Shinagawa, K. Makino, N. Otsuji, and A.
Nakata. 1982. Cloning of and complementation tests with alka-
line phosphatase regulatory genes (phoS and phoT) of Esche-
richia coli. J. Bacteriol. 152:692-701.

5. Bolivar, F., R. L. Rodriguez, P. J. Greene, M. C. Betlach, H. L.
Heyneker, H. W. Boyer, J. H. Crosa, and S. Falkow. 1977.
Construction and characterization of new cloning vehicles. II. A
multipurpose cloning system. Gene 2:95-113.

6. Carberry, J. B., and M. W. Tenney. 1973. Luxury uptake of
phosphate by activated sludge. J. Water Pollut. Control Fed.
45:2444-2462.

7. Deinema, M. H., L. H. A. Habets, J. Scholten, E. Turkstra, and
H. A. A. M. Webers. 1980. The accumulation of polyphosphate
in Acinetobacter spp. FEMS Microbiol. Lett. 9:275-279.

8. Elvin, C. E., N. E. Dixon, and H. Rosenberg. 1986. Molecular
cloning of the phosphate (inorganic) transport (pit) gene of
Escherichia coli K-12: identification of the pit* gene product
and physical mapping of the pit-gor region. Mol. Gen. Genet.
204:477-484.

9. Fuhs, G. W., and M. Chen. 1975. Microbiological basis of



VoL. 59, 1993

10.
11.

12.

13.

14.

15.

16.
17.

phosphorus removal in the activated sludge process for the
treatment of wastewater. Microb. Ecol. 2:119-138.

Hammond, A. E. 1971. Phosphate replacements; problems with
the washday miracles. Science 172:361-364.

Harold, F. M. 1960. Accumulation of inorganic polyphosphate
in mutants of Neurospora crassa. Biochim. Biophys. Acta
45:172-188.

Harold, F. M. 1966. Inorganic polyphosphate in biology: struc-
ture, metabolism and function. Bacteriol. Rev. 30:772-794.
Harold, F. M., and S. Sylvan. 1963. Accumulation of inorganic
polyphosphate in Aerobacter aerogenes. I1. Environmental
control and the role of sulfur compounds. J. Bacteriol. 86:222—-
231.

Kimbara, K., T. Hashimoto, M. Fukuda, T. Koana, M. Takagi,
M. Oishi, and K. Yano. 1989. Cloning and sequencing of two
tandem genes involved in degradation of 2,3-dihydroxybiphenyl
to benzoic acid in the polychlorinated biphenyl-degrading soil
bacterium Pseudomonas sp. strain KKS102. J. Bacteriol. 171:
2740-2747.

Kulaev, I. S. 1975. Biochemistry of inorganic polyphosphates.
Rev. Physiol. Biochem. Pharmacol. 73:131-158.

Kulaev, 1. S., and V. M. Vagabov. 1983. Polyphosphate metab-
olism in micro-organisms. Adv. Microb. Physiol. 24:83-171.
Lee, T.-Y., K. Makino, H. Shinagawa, and A. Nakata. 1990.
Overproduction of acetate kinase activates phosphate regulon in
the absence of the phoR and phoM functions in Escherichia coli.

EXCESS PHOSPHATE ACCUMULATION IN E. COLI

18.

19.

20.

21.

22.

24.

3749

J. Bacteriol. 172:2245-2249.

Ohtake, H., K. Takahashi, Y. Tsuzuki, and K. Toda. 1985.
Uptake and release of phosphate by a pure culture of Acineto-
bacter calcoaceticus. Water Res. 19:1587-1594.

Osborns, D. W., and H. A. Nicholls. 1978. Optimization of the
activated sludge process for the biological removal of phospho-
rus. Prog. Water Technol. 10:261-277.

Rosenberg, H., R. G. Gerdes, and K. Chegwidden. 1977. Two
systems for the uptake of phosphate in Escherichia coli. J.
Bacteriol. 131:505-511.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Surin, B. P., H. Rosenberg, and G. B. Cox. 1985. Phosphate-
specific transport system of Escherichia coli: nucleotide se-
quence and gene-polypeptide relationships. J. Bacteriol. 161:
189-198.

. van Groenestijn, J. W., M. Zuidema, J. J. M. van de Worp, M.

Deinema, and A. J. B. Zehnder. 1989. Influence of environmen-
tal parameters on polyphosphate accumulation in Accinetobac-
ter spp. Antonie Leeuwenhoek 55:67-82.

Vieira, J., and J. Messing. 1987. Production of single-stranded
plasmid DNA. Methods Enzymol. 153:3-11.

. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved

M13 cloning vectors and host strains: nucleotide sequences of
the M13mp18 and pUCI19 vectors. Gene 33:103-119.



