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ABSTRACT. Serratia plymuthica strain 1C1270 isolated from the rhizosphere, possessing antagonistic acti-
vity towards a wide range of plant-pathogenic fungi, is able to hydrolyze phytate. Phytase activity was found
intracellularly, while no activity was detected in the culture liquid. Optimum activity was found at pH 4-5; it
completely disappeared at pH > 7.0 and 2.5. Phytase production was practically absent in the exponential
phase and reached a maximum in the late stationary phase. Mutations of genes grr4 and grrsS, encoding
GacA/GacS-like 2-component global regulatory system, or in gene rpoS encoding the ¢ factor RpoS subunit
of RNA polymerase, led to a deficiency in phytase production. Introduction into mutants of the respective
wild-type genes cloned into the wide-range plasmid pJFF224-NX under the control of the bacteriophage T4
gene 32 promoter complemented this deficiency. This is the first report implicating the GacA/GacS global
regulators and RpoS factor in phytase production in bacteria.

Abbreviations

Clm chloramphenicol Clm" chloramphenicol-resistant
Gen gentamicin Gen" gentamicin-resistant

Rif rifampicin Riff rifampicin-resistant

Tet tetracycline Tet" tetracycline-resistant
PCR polymerase chain reaction PHY(s) phytate(s)

Phytases (myo-inositol-hexakisphosphate phosphohydrolases, EC 3.1.3.8) catalyze the release of
phosphate from PHY (myo-inositol hexakisphosphate). The enzymes participate in supplying inorganic phos-
phate to bacteria and plants and are widely used as an animal-feed additive to improve phosphate bioavail-
ability and to reduce the loss of phosphate and divalent cations from PHY. The latter lower feed quality
because PHY's bind proteins and minerals (Konietzny and Greiner 2004). The accumulation of PHY's in me-
dia causes significant environmental pollution. Therefore, phytases have become an important tool in animal
production and in the remediation of industry-related environmental pollution (Pandey et al. 2001; Greiner
and Konietzny 2006; Gargova et al. 2006; Gulati et al. 2007).

In some soil and plant-associated bacteria, phytases offer the ability to utilize PHY's as a source of
phosphorus (Zinin et al. 2004). In bacteria, phytase is an inducible enzyme and its expression is subject to
complex regulation, as a response to nutrient or energy limitations (Konietzny and Greiner 2004). The global
regulators which are involved in the regulation of expression of a number of genes and operons belonging to
different bacterial processes play a significant role in the control of bacterial gene expression. In Gram-nega-
tive bacteria, such global regulators include the two-component GacA/GacS regulatory system, which con-
trols secondary metabolites and exoenzyme production in various species of Pseudomonas, Pectobacterium
carotovora and Serratia plymuthica, among others (Chancey et al. 1999; Cui et al. 2001; Pernestig et al. 2001;
Ovadis et al. 2004). This system acts via a phosphorylation—dephosphorylation cascade; GacS, a transmem-
brane sensor kinase, transfers a phosphoryl group to the GacA response regulator protein (Heeb and Haas
2001). In addition to the GacA/GasS-like regulatory system, the 65 subunit of RNA polymerase plays a key
role in the regulation of gene transcription during the transfer of cells to a stationary phase of growth and
under different stresses, including starvation, osmotic stress, efc. (Hengge-Aronis 2002). Data on the role of
global regulators in the regulation of phytase production are only available for Raoultella terrigena (Zamu-
dio et al. 2002). Those authors showed a twofold decrease in phytase production in the stationary phase in
an rpoS::Tn10 mutant.
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Production of phytases could be an advantage for biocontrol bacteria’s ability to protect economi-
cally important crops against plant pathogens. A combination of plant-growth-promoting, antagonistic and
phytase activities might lead to better performance of commercial biocontrol agents under field conditions.
Several plant-associated isolates of Serratia species, mainly S. marcescens and S. plymuthica, have been de-
scribed as biocontrol agents for fungal plant pathogens (Berg 2000; Kamensky et al. 2003; Ovadis et al. 2004).
These isolates are known to produce a range of antifungal metabolites, including chitinolytic enzymes and
antibiotics (Kalbe et al. 1996; Kamensky et al. 2003; Levenfors et al. 2004; Ovadis et al. 2004). However,
to the best of our knowledge, only one study has described phytase production by a strain of Serratia (Mu-
kesh et al. 2004).

The goal of this research was to investigate whether strains of S. p/ymuthica produce phytases and
if so, whether the GacA/GacS-like and RpoS global regulators play a role in the regulation of phytase syn-
thesis. Biocontrol strain IC1270 of S. plymuthica was chosen as the model organism. This strain has been
shown to suppress the growth of a wide range of plant-pathogenic fungi due to its ability to produce chitino-
lytic and proteolytic enzymes, siderophores and the antibiotic pyrrolnitrin (Chernin ez al. 1995; Ovadis et al.
2004). Recently, grr4 and grrS genes (homologues of gac4 and gacS genes of other Gram-negative bacte-
ria), as well as the 7poS gene from this bacterium were cloned and sequenced and their null mutants obtained
(Ovadis ef al. 2004).

MATERIALS AND METHODS

Strains and culture conditions. The spontaneous Rif" derivative of Serratia plymuthica strain 1C1270,
isolated from the rhizosphere of grape, and its Gen" gene-replacement mutants IC1270 no. 20, no. 93, and
no. 823 (deficient in genes grrA, grrS and rpoS, respectively) were described by Ovadis et al. (2004). Esche-
richia coli strains carrying pJFF224-NX and pJFF224-NX:xylE, both Clm' (Frey 1992), were kindly sup-
plied by Prof. J. Frey (Institute of Veterinary Bacteriology, Bern, Switzerland). Liquid or solid (1.5 %, M/V,
agar) Luria broth were used as growth media (Miller 1992). E. coli strain XL1-Blue was from a laboratory
collection (Tet"; Stratagen, USA). Gen was used at a 20 pg/mL, Rif — 40 pg/mL, Clm — 25 pg/mL, Tet —
12.5 pg/mL.

DNA manipulations. Total genomic DNA isolation, restriction-enzyme digestion, agarose-gel electro-
phoresis, electroporation and PCR were generally performed according to standard procedures (Ausubel et
al. 1994). Enzymes were purchased from MBI Fermentas (Lithuania) or Promega (USA) and used according
to the manufacturers’ directions. The following strategy was used for recloning of the regulatory genes grr4
and grrS, encoding the two-component global regulation system, and rpoS, encoding the transcriptional
oS factor, from strain IC1270. Each of these genes was recloned from previously described hybrid plasmids
based on the pGEM-T Easy vector (Ovadis ef al. 2004) into the wide-host-range shuttle vector pJFF224-XN,
that is stably maintained in E. coli and many other bacteria (Frey 1992).

The desired genes were excised with EcoRI from the corresponding hybrid plasmids, recovered
from the gel and religated with vector pJFF244-XN, which was also cut with EcoRI. The genes were inser-
ted under the control of the strong promoter of phage T4 gene 32 (g32). The ligation mixtures were first
electroporated into strain XL 1-Blue competent cells. The corresponding recombinant clones were selected
on Luria agar medium supplemented with Tet and Clm and tested by PCR for the presence of corresponding
genes using specific primers against previously identified sequences of S. plymuthica 1C1270 grrA, grrS and
rpoS (GenBank accession no. AY057388, AY057389 and AY057391, respectively). The primers were:

grrA - 5°-ACG TGA ACT GCA GAT AAT GCT GA-3" — forward,
5'-GGG CGC GTA GCG TAC AAT T-3" —reverse;

grrS 5-ATG ACC AAA TAC AGC TTG CTG G-3" — forward,
5'-TCA GCT TGT CGT TGG GCG A-3" —reverse;

rpoS 5-ATG AAC CAA AAT ACG CTG AAA GTT AA-3" — forward,
5'-TTA TTC GCG GAA CAG CGC-3"—reverse.

The PCR steps were as follows: (/) 3 min, 94 °C; (2) 2 min, 55 °C; (3) 2 min, 72 °C; (4) 30 s, 94 °C;
(5) 30 s, 55 °C; (6) 1 min, 72 °C; (7) 30x steps 4-6; (8) 10 min, 72 °C; (9) hold at 4 °C. Orientation of the
structural parts of the cloned genes relative to the T4 g32 promoter was determined by restriction analyses
using restriction enzyme Pstl, which has several restriction sites in all of the inserts but only one site in the vec-
tor. Finally, clones with insertions of genes grr4, grrS and rpoS in sense orientation towards the promoter
were selected. The obtained hybrid plasmids pJFF224-NX/grrA, pJFF224-NX/grrS and pJFF224-NX/rpoS
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were used for electroporation of competent cells of strain IC1270 mutants no. 20, no. 93 and no. 823, respec-
tively, and the presence of the corresponding genes was confirmed by PCR with the above described primers.

Determination of pyrocatechol 2,3-oxygenase activity and plasmid stability. The ability of plasmid
pJFF224-NX to express cloned genes was demonstrated by using the derivative of the pJFF224-NX plasmid
carrying the reporter xy/E gene encoding the enzyme pyrocatechol 2,3-oxygenase cloned under the control
of phage T4 gene 32 promoter (Frey 1992). Strain IC1270 was transformed by electroporation with plasmid
pJFF224-NX:xylE; xylE expression was detected by spraying colonies growing on 25 mg/mL Clm-supple-
mented Luria agar with pyrocatechol (Frey 1992). Colonies producing pyrocatechol 2,3-oxygenase turned yel-
low after 10-20 s.

Determination of phytase activity. Bacteria were grown with aeration at 6.7 Hz in 200 mL Luria
broth at 30 °C, then spun down and washed in 0.89 % NaCl. The pellet was resuspended in 2 mL 50 mmol/L
Tris-HCI buffer (pH 7.0) and sonicated at 4 °C. Phytase was measured using a modification of the diammo-
nium molybdate method (Greiner et al. 1997; Idriss et al. 2002). Incubation mixtures (300 pL) contained
30 pL of cell extract and 120 pL of substrate containing 0.4 % dodecasodium phytate, 2.5 mmol/L CaCl,,
50 mmol/L buffer and 150 uL. H,O. Glycine-HCI, citrate, Tris—maleate and Tris-HCI buffers (all 50 mmol/L)
were used for the determination of phytase activity at pH 2.5-3.0, 4.0-5.0, 6.0, and 7.0-8.0, respectively.
After a 1-h incubation at 30 °C, the reaction was stopped by adding 300 uL hexaammonium heptamolybd-
ate—-ammonium vanadate reagent solution. The samples were centrifuged (210 Hz, 1 min) and 445 was
measured. Phytase activity was expressed in pkat per pg protein. Phosphate content was assayed with hexa-
ammonium heptamolybdate—ammonium vanadate reagent as described for the phytase-activity assay. Protein
content was measured according to Bradford (1976).

RESULTS AND DISCUSSION

We tried to detect phytase activity in S. plymuthica 1C1270 and its grrA (IC1270 no. 20), grrS
(IC1270 no. 93) and rpoS (IC1270 no. 823) mutants, deficient in the production of GrrA, GrrS and ¢S global
regulators, respectively (Ovadis et al. 2004). Cells of strain IC1270 were shown to produce phytase(s). Opti-
mum phytase activity was observed at pH 4.0-5.0; at pH 3.0 or 6.0, the activity drastically decreased to 5.0
and 6.3 % of the value at pH 4.0, respectively, and completely disappeared at pH 2.5 and =7 (Table I). The
appearance of phytase activity in a narrow pH range suggests that the IC1270 cells produce only one enzyme
responsible for this activity. Phytase production appeared at 36 h and reached a maximum at 40—44 h. No acti-
vity was detected in the culture liquid. Similar characteristics have been reported for phytases of bacteria
belonging to various species of Enterobacteriaceae, including Klebsiella terrigena (Greiner et al. 1997),
Obesumbacterium proteus (Zinin et al. 2004), Enterobacter cloacae, Citrobacter freundii, and E. coli (Zinin
et al. 2003), Citrobacter braakii (Kim et al. 2003), and Yersinia intermedia (Huang et al. 20006).

In contrast to the wild-type strain, phytase activity was nearly undetectable in the grr4, grrS and
rpoS mutants at pH 4.0-5.0, and did not appear at all under more acidic or basic conditions (Table I). None
of these mutations influenced cell growth to any considerable extent in Luria broth medium, in agreement
with Ovadis et al. (2004). On the other hand, the activity was almost completely restored when the mutant
phenotype was complemented by the introduction of recombinant plasmids carrying the wild alleles of the
grrS and rpoS genes cloned under the control of the E. coli bacteriophage T4 g32 promoter region into the
wide-host-range expression vector pJFF224-NX, based on the replicon of plasmid RSF1010 (Frey 1992). In all
three mutants complemented with the recombinant plasmids carrying the corresponding wild-type regulatory
genes, phytase activity was found at the same level and pH optimum was the same as in the parental strain
IC1270.

Activity of the g32 promoter was confirmed with plasmid pJFF224-NX carrying the reporter con-
struct g32-xylE encoding pyrocatechol 2,3-oxygenase. The vector plasmid pJFF224-NX, the reporter plas-
mid pJFF224-NX:xylE, as well as the obtained hybrid plasmids carrying the global regulatory genes grrA,
grrS or rpoS cloned under the g32 promoter into pJFF224-NX, were stably maintained in strain 1C1270.
Phytase production in the IC1270 strain depended on the activity of the GacA/GacS (GrrA/GrrS) global regu-
lators of gene expression and ¢S subunit of RNA polymerase, adding phytase to the list of bacterial enzymes
whose production depends on these regulators (Heeb and Haas 2001).

Bacterial phytases were shown to play an important role under conditions of phosphate starvation in
plants. Hence, for example, the capacity of Bacillus amyloliquefaciens to produce phytases increases the
plant-growth-promoting effect of these bacteria under conditions of phosphate deficiency in media (Idriss et
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al. 2002). In these conditions, phytase production might be advantageous for biocontrol bacteria (including
strain IC1270), because it enables the use of PHY's that are normally unavailable as a source of phosphate.

Table I. Phytase activity of the strain S. plymuthica 1C1270 and its derivatives at various pH?®

Strain IC1270 no. Characteristics Phytase activityb

el
=

W

<0.02
0.80 +0.08
16.1 +0.67
5.75+0.58
1.02+0.12
<0.02

<0.02

<0.02
0.97+0.10
142 +0.65
530+0.25
0.87 +0.08
<0.02

<0.02

<0.02
1.03 +£0.03
147 +£0.98
5.03+0.17
0.98+0.07
<0.02

<0.02

<0.02
0.90+0.07
154 +0.30
6.48 +0.20
0.92+0.10
<0.02
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9The plasmid-free mutant strains were grown in Luria broth medium supplemented with Gen while strains
carrying the recombinant plasmids were grown in medium supplemented with Gen and Clm for 44 h at 30 °C
with aeration; means + SE at p < 0.05 from three independent experiments.

bukat per pg protein.

®Contains cloned grrA+ gene in pJ FF224-NX/grrA+ plasmid.

dContains cloned grrS+ gene in pJFF224-NX/grrS+ plasmid.

®Contains cloned rpoS+ gene in pJFF224-NX/rpoS+ plasmid.
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