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Abstract: Phosphate-solubilizing bacteria (PSBs) were isolated from different plant rhizosphere soils of various agroeco-
logical regions of India. These isolates showed synthesis of pyrroloquinoline quinone (PQQ), production of gluconic acid,
and release of phosphorus from insoluble tricalcium phosphate. The bacterial isolates synthesizing PQQ also showed
higher tolerance to ultraviolet C radiation and mitomycin C as compared to Escherichia coli but were less tolerant than
Deinococcus radiodurans. Unlike E. coli, PSB isolates showed higher tolerance to DNA damage when grown in the ab-
sence of inorganic phosphate. Higher tolerance to ultraviolet C radiation and oxidative stress in these PSBs grown under
PQQ synthesis inducible conditions, namely phosphate starvation, might suggest the possible additional role of this redox
cofactor in the survival of these isolates under extreme abiotic stress conditions.
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Résumé : Des bactéries solubilisant le phosphate ont été isolées de différents sols de la rhizophère de végétaux présents
dans des régions agro-écologiques variées de l’Inde. Ces isolats montraient des activités de synthèse de la pyrroloquinoline
quinone (PQQ), de production d’acide gluconique et de libération de phosphore à partir de phosphate tricalcique insoluble.
Les isolats bactériens qui synthétisaient de PQQ étaient également plus tolérants aux UVC et à la mitomycine C qu’Esche-
richia coli, mais moins tolérants que Deinococcus radiodurans. Contrairement à E. coli, les isolats bactériens solubilisant
le phosphate étaient plus tolérants aux dommages à l’ADN lorsque cultivés en absence de phosphate inorganique. La tolé-
rance plus élevée aux radiation ultraviolette C et au stress oxydatif de ces bactéries solubilisant le phosphate lorsqu’elles
étaient cultivées en condition de synthèse inductible de PQQ, c.-à-d. privées de phosphate, pourrait suggérer que ce cofac-
teur impliqué dans les processus d’oxydoréduction joue un rôle supplémentaire dans la survie de ces isolats cultivés dans
des conditions de stress abiotique extrême.

Mots-clés : agents endommageant l’ADN, acide gluconique, bactérie solubilisant le phosphate, pyrroloquinoline quinone.

[Traduit par la Rédaction]

Introduction
Phosphate-solubilizing microorganisms are able to convert

insoluble mineral phosphate into soluble forms and play an
important role in the biogeochemical cycle of phosphorus in
soil (Goldstein 1994). Mineral phosphate solubilization
(MPS) by plants and microbes occurs by 2 primary mecha-
nisms, H+ excretion and organic acid production. While H+

excretion based solubilization of phosphate occurs in plants
(Hinsinger et al. 2003), fungi (Ahuja et al. 2007), and some
species of Bacillus (Vora and Shelat 1998), MPS activity by
organic acid production has been reported in both plants and
microbes. In bacteria, the major excreted acids include glu-
conic, citric, and oxalic acids (Richardson 2001), while
plants produce mainly citric, oxalic, and malic acids among
others (Zheng et al. 2005).

The MPS phenotype (MPS+) in bacteria generally requires
the presence of both apo-glucose dehydrogenase and its re-
dox cofactor, pyrroloquinoline quinone (PQQ) (Goldstein
1994). Many bacteria confer an incomplete system for MPS

activity. For example, the Escherichia coli genome encodes
apo-glucose dehydrogenase but not PQQ synthase (Blattner
et al. 1997), while some bacteria, including Deinococcus ra-
diodurans, encode PQQ synthase and lack apo-glucose de-
hydrogenase (White et al. 1999), making them MPS–

(Khairnar et al. 2003). Therefore, the MPS+ phenotype in
bacteria is regarded as an indicator of the presence of both
PQQ synthase and apo-glucose dehydrogenase. Presence of
PQQ in MPS– bacteria could have a role beyond MPS
(Khairnar et al. 2003).

PQQ has been shown to act as an antioxidant and pro-
oxidant in mammalian systems (He et al. 2003). It is also
involved in protection of DNA and proteins from oxidative
stress and DNA double-strand breakage caused by g radia-
tion (Misra et al. 2004; Rajpurohit et al. 2008). Hence, the
effect of various DNA damaging agents on the survival of
PQQ-producing phosphate solubilizing bacteria (PSBs) has
been investigated.

In the present paper, we studied the survival of different
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PSBs, isolated from the rhizosphere soils of various plants
growing in different agroecological regions of India, against
various DNA damaging agents. In this study, we report that
PQQ synthesized by PSB isolates was a key factor involved
in the tolerance against DNA damaging agents.

Materials and methods
All the chemicals of molecular biology grade were ob-

tained from Sigma Chemical Company (St. Louis, Mo.), Be-
thesda Research Laboratory (Bethesda, Md.), and Sisco
Research Laboratory (Mumbai, India). The restriction en-
zymes and DNA modifying enzymes were obtained from
Roche Molecular Biochemicals (Mannheim, Germany),
New England Biolabs (Ipswich, Mass.), and Bangalore
Genei (Bengaluru, India), and growth media from Difco Re-
search Laboratories (Sparks, Md.).

Isolation of PSBs
For isolation of bacteria, the soil samples were collected

from the rhizosphere of different plants growing in distinct
agroecological zones of India. Characteristics of isolation
sites are given in Table 1. The serially diluted samples were
streaked onto sterile Pikovskaya’s agar medium (pH 7.0–
7.5), containing tricalcium phosphate as the sole phosphorus
source (Pikovskaya 1948), and incubated at 37 8C for 48 h.
The PSBs were isolated on the basis of the appearance of a
clear halo around the colonies, and the phosphate-
solubilizing efficiency of these bacterial isolates was eval-
uated (Seshadri et al. 2002). Six of the 30 PSB isolates
showing very high phosphate-solubilizing efficiency were
selected for further study (Table 1).

Molecular studies
Genomic DNA was isolated from overnight-grown cul-

tures of the selected isolates as described earlier (Sambrook
and Russell 2001). The gene encoding 16S rRNA was am-
plified from selected strains by PCR using bacterial univer-
sal primers (forward, 5’-AGAGTTTGATCCTGGCTCAG-3’;
reverse, 5’-AAGGAGGTGAT CCAGCC-3’) following the
standard protocol (Sambrook and Russell 2001). The PCR
products were purified using a gel extraction kit (Qiagen,
Hilden, Germany) following the manufacturer’s protocol
and sequenced. Nucleotide sequences were subjected to mul-
tiple sequence alignment using the BlastN program (Alt-
schul et al. 1997), and the closest match of known
phylogenetic affiliation was used to assign the isolated
strains to specific taxonomic groups. The rRNA gene nu-
cleotide sequences of these PSBs were submitted to Gen-
Bank (Table 2).

For southern hybridization, approximately 10 mg genomic
DNA from different bacterial isolates was digested with
BamHI. Fragments were separated in a 1% agarose gel and
transferred to Hybond N+ membrane. Southern hybridization
was carried out at 55 8C as described earlier (Misra and Tuli
2000). In brief, the PCR product of the deinococcal pqqE
gene (Khairnar et al. 2003) was PCR amplified using gene-
specific primers, PqqF (5’-ATGGTGGCATTTCTCCGT-
GGCCCA-3’) and PqqR (5’-TCATGC GTGACTTACCAA-
TGGA-3’), labeled with DIG-dCTP using a multiprime
labeling system (Roche Molecular Biochemicals) and used

as a pqqE gene probe for hybridization with genomic DNA
from these isolates. Deinococcus radiodurans and E. coli
genomic DNA digested with BamHI were used as positive
and negative controls, respectively. The hybridization signal
was detected using a chemiluminescence detection system as
described in the manufacturer’s protocol (Roche Molecular
Biochemicals).

Biochemical studies

PQQ analysis in CFE
For the detection of the presence of PQQ in bacterial

cells, the cells were grown at 37 8C, and CFE was prepared
from stationary-phase cells of bacterial isolates, as described
earlier (Rajpurohit et al. 2008). For the analysis of PQQ,
20 mL of extracted sample was injected into the high-
performance liquid chromatography (HPLC) system (Waters
515 HPLC pump, Waters, Milford, Mass.) equipped with a
Waters 2487 dual l absorbance detector. The PQQ separa-
tion was carried out on C-18 Bondapak column with 45%
methonal in HPLC-grade water as mobile phase with a flow
rate 1 mL�min–1. The retention time of each signal was re-
corded at a wavelength of 289 nm.

MPS activity and organic acid production
MPS activity was measured by broth assay. One millilitre

of bacterial culture (108 cells�mL–1) was inoculated in
100 mL of Pikovskaya’s liquid medium (pH 6.8–7.0) con-
taining tricalcium phosphate (1000 mg P�L–1) as an insoluble
phosphorus source. The cells were incubated with Pikov-
skaya’s liquid medium for 3 days at 37 8C with constant
shaking. The aliquots were aseptically transferred into
1.5 mL microfuge tubes and centrifuged at 18 000g for
5 min. Supernatant was filtered through a 0.22 mm filter
(Millex GS, Millipore, Billerica, Mass.) and used for phos-
phate and gluconic acid determinations. The soluble phos-
phorus in the filtrate was estimated using the colorimetric
Mo-blue color method (Murphy and Riley 1962). The con-
centration of gluconic acid in the filtrate was determined by
HPLC (Waters 515 HPLC pump; detector: Waters 2487 dual
l absorbance; column: Waters T 90541Q 27, C-18 Bonda-
pak column, 4.6 � 250 mm; mobile phase: 0.1% H3PO4
and 98 acetonitrile (2:98); flow rate 1 mL�min–1; UV detec-
tor at 210 nm; duration 20 min; injection volume 20 mL).
The identification of gluconic acid in filtrate was based on
a comparison of the elution time of the unknown acids in
filtrate with the elution times of the gluconic acid standard.

Catalase activity assay
Catalase activity was estimated in CFE prepared from

bacterial cells grown under optimal growth conditions. En-
zyme activity was measured spectrophotometrically by mon-
itoring the decrease in absorbance at 240 nm due to the
decomposition of hydrogen peroxide in 50 mmol�L–1 potas-
sium phosphate buffer (pH 7.0) at 25 8C, as described earlier
(Beers and Sizer 1951). Protein concentration was deter-
mined by Lowry’s method (Lowry et al. 1951).

Cell survival studies under ultraviolet (UV) radiation,
mitomycin C (MMC), and hydrogen peroxide treatment

For UV and hydrogen peroxide treatments, the bacterial
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cells were grown either in Luria–Bertani (LB) broth at
37 8C or in minimal medium with and without inorganic
phosphates, as described earlier (Pausz and Herndl 2002).
One millilitre of bacterial culture (2 � 108 cells�mL–1) was
centrifuged to pellet cells; these cells were resuspended in
sterile phosphate-buffered saline and treated with different
doses of UV, as described earlier (Kota and Misra 2006).
The resuspended cells (0.2 mL samples) were applied in a
thin layer in sterile Petri dishes (4.5 cm diameter) and ex-
posed to different doses (0–200 J�m–2) of UV radiation at
254 nm, at a dose rate of 0.295 J�s–1�m–2 (PSV-3303 laser
power meter, Gentec, Quebec, Que.) at room temperature.
All UV irradiation procedures were performed under red
light to prevent possible photoreactivation activity. After

UV irradiation, the appropriate dilutions were plated in trip-
licate on LB plates. Plates were wrapped with aluminum foil
and incubated in the dark for 24 h at 37 8C for measurement
of colony-forming units (CFU). Hydrogen peroxide treat-
ment of different bacterial isolates was given using a modi-
fied protocol, as described earlier (Arrage et al. 1993). In
brief, bacterial cells were treated with different concentra-
tions of hydrogen peroxide (0–5 mmol�L–1) for 30 min.
Cells were appropriately diluted with normal saline and
plated on LB agar plates and CFU were scored after 24 h
incubation at 37 8C.

For MMC (0–5 mg�mL–1) effects, the cells were treated
with different concentrations of MMC for 30 min, as de-
scribed earlier (Keller et al. 2001). Appropriate dilutions of
treated cells were plated on LB agar plates, and CFU were
determined after incubation of plates at 37 8C for 24 h. The
cell survival against different DNA damaging agents of
treated cultures was determined as the percent CFU of
treated cultures relative to CFU of an untreated control cul-
ture.

Statistical analysis
Statistical analysis of data was carried out to measure the

significance difference in treatments. The results are pre-
sented as means ± SE. Data presented are the mean of 3 rep-
licates that had coefficients of variation <10%. All data are
taken from 2 independent, reproducible experiments.

Results and discussion

Identification of bacteria isolated from different
agroecological regions

Bacteria present in soil samples were screened for MPS+

phenotype in minimal medium supplemented with tricalcium
phosphate as the only source of inorganic phosphorus. The
30 bacterial isolates exhibiting differential levels of MPS ac-
tivity were isolated (data not shown). Of these, 6 isolates
showing a significantly higher MPS+ activity were selected
for this study. These MPS+ bacteria were identified on the

Table 1. Phosphate-solubilizing bacterial isolates from different agroecological regions of India.

Isolates (plant rhizo-
sphere) Agroecological region of India pH

Olsen P content
(mg P�kg soil–1)

TMPSB2 (B1)
(groundnut)

Indian agroecological region No. 6, hot semiarid ecore-
gion, with shallow and medium black soil, Dharwar
(Karnataka)

8.5 3.8

TMPSB5 (B5)
(groundnut)

Indian agroecological region No. 6, hot semiarid ecore-
gion, with shallow and medium black soil, Dharwar
(Karnataka)

8.5 3.8

TMPSB13 (B13)
(red gram)

Indian agroecological region No. 6, hot semiarid ecore-
gion, with shallow and medium black soil, Dharwar
(Karnataka)

8.5 3.8

TMPSB-P1 (P1)
(wheat)

Indian agroecological region No. 9, northern plain, hot
subhumid ecoregion, with alluvium-derived soils,
Pantnagar (Uttarakhand)

7.7 4.3

TMPSB-P4 (P4)
(wheat)

Indian agroecological region No. 9, northern plain, hot
subhumid ecoregion, with alluvium-derived soils,
Pantnagar (Uttarakhand)

7.7 4.3

TMPSB-T10 (T10)
(mangrove)

Indian agroecological region No. 19, west coastal plain,
hot humid–perhumid ecoregion, with alluvium-derived
soils, Mumbai (Maharashtra)

6.6 8.2

Fig. 1. Mineral phosphate-solubilizing activity of phosphate-
solubilizing bacteria. Bacterial isolates were tested for solubiliza-
tion of tricalcium phosphate (1000 mg P�L–1) in Pikovskaya’s med-
ium.
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basis of their 16S rDNA gene sequence homology with se-
quences available in NCBI GenBank databases (Table 2).
The selected isolates were identified as Proteus mirabilis
TMPSB1 (B1), Pseudomonas oleovorans TMPSB5 (B5),
Burkholderia cepacia TMPSB13 (B13), Pantoea agglomer-
ans TMPSBP-1 (P1), Enterobacter sp. TMPSB-P4 (P4), and
Enterobacter hormaechei TMPSB-T10 (T10). Thus, prelimi-
nary phylogenetic placements based on the results of the
BLAST analysis revealed that the majority of the isolates
clustered together into members of well-characterized bacte-
rial species. Diverse PSBs have been reported earlier from
various geographical regions (Chen et al. 2006; Pérez et al.
2007).

Mineral phosphate solubilization
The MPS potential of these 6 isolates was quantified

under liquid culture conditions. Result showed very high
levels of phosphorus (50%–80%) release from tricalcium
phosphates (Fig. 1) by these PSBs in 72 h. It has been well
established that microorganisms produce and exude organic
acids and (or) chelating agents to release phosphorus from
insoluble mineral phosphate (Rodrı́guez and Fraga 1999).
Most PSBs produce gluconic acid from the enzymatic oxida-
tion of glucose. This process requires the enzyme glucose
dehydrogenase and its redox cofactor, PQQ (Goldstein
1994). The bacteria lacking either the apoenzyme or PQQ
cofactor showed MPS– phenotype, and E. coli and D. radio-
durans are examples of the few bacteria having an incom-
plete system for mineralization of insoluble phosphates
(Babu-Khan et al. 1995; White et al. 1999; Khairnar et al.
2003). Expression of the PQQ synthase gene, pqqE, makes
transgenic E. coli cells positive for MPS activity (Babu-
Khan et al. 1995). Therefore, PSBs used in this study would
most likely have both apo-glucose dehydrogenase and the
PQQ cofactor. The synthesis of gluconic acid for solubiliza-
tion of insoluble tricalcium phosphate could be hypothe-
sized.

Production of gluconic acid and PQQ synthesis by MPS
bacterial isolates

These isolates were analyzed for the production of glu-
conic acid and the presence of the deinococcal-type pqqE
gene. HPLC analysis showed that all isolates released glu-
conic acid into the medium (Table 3). The levels of gluconic
acid produced by MPS+ isolates varied from 8.6 to
56.3 mmol�L–1, which can be related to the levels of MPS
activity (Fig. 1). This strongly suggested the presence of an
MPS mechanism dependent on gluconic acid production by
direct oxidation of glucose and the presence of an active
glucose dehydrogenase.

Southern hybridization of total genomic DNA of these
MPS+ isolates and D. radiodurans R1 showed a positive sig-
nal with the heterologous gene probe (Fig. 2). Escherichia
coli DNA did not hybridize with the pqqE gene probe, indi-
cating that the specific hybridization of this probe with ge-
nomic DNA from MPS+ bacteria was sequence specific and
confirming the presence of a pqqE-like sequence in the ge-
nome of all MPS+ isolates used in this study. The absence of
pqqE hybridization with E. coli genome was in agreement

Table 2. Identification of phosphate-solubilizing bacterial isolates by 16S rDNA sequencing.

Isolate
Length of gene
sequence (bp) 16s rDNA identification

Gene identity
(%)

GenBank
acc. No.

TMPSB2 (B1) 1495 Proteus mirabilis 99 EF626945
TMPSB5 (B5) 1500 Pseudomonas oleovorans 99 EU047553
TMPSB13 (B13) 1476 Burkholderia cepacia 99 EU047554
TMPSB-P1 (P1) 1505 Pantoea agglomerans 99 EU047555
TMPSB-P4 (P4) 1491 Enterobacter sp. 97 EU047557
TMPSB-T10 (T10) 1499 Enterobacter hormaechei 99 EU047556

Fig. 2. Detection of pqqE-related sequences in genomic DNA of
phosphate-solubilizing bacteria. Genomic DNA from the bacteria
were isolated, digested with BamHI, and hybridized with DIG-
dCTP labeled heterologous gene pqqE probe from Deinococcus
radiodurans.

Table 3. Gluconic acid production and pyrroloquinoline
quinone (PQQ) synthesis by phosphate-solubilizing bacter-
ial isolates.

Isolate PQQ synthesis
Gluconic acid
(mmol�L–1)

TMPSB2 (B1) Yes 8.6
TMPSB5 (B2) Yes 12*
TMPSB13 (B13) Yes 18.4
TMPSB-P1 (P1) Yes 12.5
TMPSB-P4 (P4) Yes 45.4
TMPSB-T10 (T10) Yes 56.3
Escherichia coli No nd

Note: nd, not detected. Gluconic acid released into Pikovs-
kaya’s medium by PSBs and PQQ in cell-free extract of PSBs
were analyzed by HPLC. The elution profile of bacterial gluconic
acid and PQQ were compared with commercially available gluco-
nic acid and PQQ.

*Ketogluconic acid.
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with earlier reports where E. coli had been used as a host for
cloning of pqqE by functional complementation (Babu-Khan
et al. 1995) and by genome sequence analysis (Blattner et al.
1997). The binding of DIG-dCTP labeled probe at more
than one place in some of the isolates (B13, T10, and R1)
showed the presence of more than one pqqE-like sequence
in their genome. The presence of the PQQ synthase gene
was further confirmed by detecting the presence of PQQ in
vivo by HPLC analysis. The HPLC analysis of CFE of these
MPS+ bacteria showed the presence of a compound with re-
tention time identical to the retention time (2.02 min) of
standard PQQ on C-18 Bondapak column (Table 3). These
results thus confirmed the presence of an active PQQ syn-
thesis system in metabolically distinct bacteria isolated from
the rhizosphere of different plants.

Survival of MPS bacterial isolates against UVC and
MMC

The responses of MPS+ bacteria possessing a PQQ syn-
thesis system for MPS activity to DNA damaging agents
were investigated. Results indicated that the tolerance of all
PQQ-producing bacteria against UVC and MMC were
higher than that of E. coli and lower than that of D. radio-
durans (Fig. 3A, 3B). These isolates showed a nearly 2 log10
cycle higher tolerance to UVC and MMC as compared with
E. coli, which does not synthesize PQQ. Zhang and Sundin
(2004) reported higher tolerance of Pseudomonas spp. and
Burkholderia cepacia cepacia to UVB radiation. The higher
tolerance of Enterobacter cloacae to UVA was attributed to
the presence of less sensitive UVA targets and (or) the exis-
tence of a more effective defense systems against oxidative
stress (Oppezzo and Pizarro 2001). Both UVB and UVC ex-
ert different effects on living cells. UVC produces a rela-
tively low level (<1%) of oxidative stress compared with
that produced by UVB (Cadet et al. 2005), while DNA
strand breakage produced under UVC exposure is much
higher than that caused by UVB radiation by way of unre-
paired cyclobutadipyrimidine lesion accumulation (Garinis
et al. 2005) and replication fork arrest (Cox et al. 2000).
UV causes primarily intrastrand cross-links in DNA,
whereas MMC inhibits DNA synthesis by reacting with gua-
nines of complementary DNA, causing the production of in-
terstrand cross-links (Keller et al. 2001; Vidal et al. 2006).
Such changes in DNA can lead to the arrest of the replica-
tion fork and production of DNA strand break (Niedernhofer
et al. 2004). Thus, the possibility of PQQ contributing to re-
pair of DNA strand breaks produced during UVC and MMC
exposure is suggested. The molecular mechanism by which
PQQ could enhance the DNA repair capability of the bacte-
rial isolates used in this study remains to be understood.
However, it has already been shown that the expression of
deinococcal PQQ synthase in E. coli makes these cells
more tolerant to higher doses of UV radiation (Khairnar et
al. 2007). Deinococcus radiodurans lacking PQQ becomes
highly sensitive to g radiation and other DNA damaging
agents and shows an impairment of double-strand break re-
pair (Rajpurohit et al. 2008). The results from this study
support the role of PQQ in the protection of host cells from
oxidative stress and DNA damage caused by abiotic stresses
like drought and UV radiation in the environment. Battista
et al. (2001) reported that in D. radiodurans DNA strand

breaks caused by desiccation (drought) is similar to that
caused by g radiation and X-rays.

Survival of MPS bacterial isolates against peroxide and
catalase activity

The results from the experiment conducted to evaluate the
tolerance of bacterial isolates to hydrogen peroxide treat-
ment showed that 4 of the 6 strains tested showed higher
tolerance to hydrogen peroxide, while isolates B1 and P4
showed a hydrogen peroxide sensitivity similar to that of E.
coli (Fig. 4A). It is known that both antioxidant enzymes
and antioxidant metabolites contribute to the oxidative stress
tolerance of any organism (Finkel and Holbrook 2000; Sha-
shidhar et al. 2010). Chang et al. (2005) reported that DNA
repair proteins and catalases are the main defense systems in
Pseudomonas aeruginosa for preventing the lethal effect of
hydrogen peroxide. PSBs producing PQQ but showing dif-
ferential response to oxidative stress might suggest the pos-
sibility of an inefficient antioxidant enzyme system.
Catalase, an important enzyme involved in hydrogen perox-
ide dismutation, was studied in these isolates. The results
showed the different levels of catalase activity in these iso-
lates (Fig. 4B). The B1 and P4 isolates showed relatively
less catalase activity compared with that of other isolates,
but at par to that of E. coli. The level of catalase activity in
other isolates, which showed higher tolerance to hydrogen
peroxide, was significantly higher. These results suggested
that the higher tolerance to oxidative stress is a cumulative
effect of both antioxidant enzymes and antioxidant metabo-
lites like PQQ in these MPS+ bacterial isolates. The antioxi-
dant role of PQQ has been explicitly demonstrated in vivo
(He et al. 2003; Khairnar et al. 2003) and in vitro (Misra et
al. 2004).

Survival of MPS bacterial isolates against UVC and
hydrogen peroxide under phosphate starvation
conditions

The effect of phosphate on UVC and hydrogen peroxide
tolerance was investigated in these PSB isolates and com-
pared with that of E. coli. Escherichia coli showed improved
tolerance in the presence of inorganic phosphate, whereas
the PSBs were found to be more resistant to oxidative stress
under phosphate starvation conditions (Fig. 5). The survival
of PSBs against UVC stress under phosphate-rich conditions
was found to be at par with their survival under phosphate
starvation conditions (Fig. 6). Bacteria solubilizing insoluble
mineral phosphates through production of gluconic acid
show inducible synthesis of PQQ in the absence of inorganic
phosphates (Goldstein and Liu 1987). The improved toler-
ance to DNA damage and oxidative stress under phosphate
starvation therefore argued in favor of PQQ having a role in
oxidative stress and DNA damage tolerance in these bacte-
ria. Earlier reports suggested that bacteria that do not pro-
duce PQQ show an enhanced tolerance to UVB when
grown in the presence of inorganic phosphate compared
with those grown in the absence of phosphate (Pausz and
Herndl 2002). This indicates that the mechanisms of UV tol-
erance in PQQ-producing PSBs and those bacteria that do
not make PQQ might be different. The molecular basis of
the differential effect of phosphates on tolerance to these
abiotic stresses in bacteria lacking PQQ versus those synthe-
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sizing PQQ is not understood and needs to be evaluated in-
dependently.

In the present study, we demonstrated that the rhizo-

spheres of plants growing in different agroecological regions
of India support a diverse group of potential PSBs. This
study showed that the synthesis of PQQ and production of

Fig. 3. Colony-forming units (CFU) of phosphate-solubilizing bacteria and Escherichia coli following MMC (A) and UVC (B) treatments in
comparison with untreated control cultures. Each point on the graphs represents the mean of at least 3 experiments, and the error bars re-
present SE.

Fig. 4. Colony-forming units (CFU) of phosphate-solubilizing bacteria and Escherichia coli following the hydrogen peroxide (A) treatment
in comparison with an untreated control and their catalase activity (B). Each point on the graphs represents the mean of 3 experiments, and
the error bars represent SE.
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Fig. 5. Colony-forming units (CFU) of phosphate-solubilizing bacteria and Escherichia coli under phosphate-rich (P) and -free conditions
following hydrogen peroxide treatment. The % CFU was determined relative to an untreated control culture. Each point on the graphs re-
presents the mean of 3 experiments, and the error bars represent SE.

Fig. 6. Colony-forming units (CFU) of phosphate-solubilizing bacteria and Escherichia coli under phosphate-rich (P) and -free conditions
following UVC treatment. The % CFU was determined relative to an untreated control culture. Each point on the graphs represents the
mean of 3 experiments, and the error bars represent SE.
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gluconic acid were strongly associated with MPS activity in
these MPS bacterial isolates. Oxidative stress tolerance re-
quired the presence of both PQQ and higher catalase activ-
ity. Indeed, a clear relationship could be established between
higher tolerance to DNA damaging agents and PQQ synth-
esis, organic acid production, and solubilization of insoluble
mineral phosphate. The results thus suggest a possible role
of PQQ in response to abiotic stresses in these PSBs.

It has been shown that MPS+ bacterial isolates mobilize
insoluble phosphates very efficiently as a consequence of
the production of gluconic acid, which results from the ex-
tracellular oxidation of glucose via the action of both apo-
glucose dehydrogenase and its redox cofactor, PQQ (Gold-
stein 1994). Interestingly, analysis of the culture superna-
tants and CFE allowed us to detect the presence of gluconic
acid and PQQ in all 6 bacterial cultures used in this study.
Furthermore, the gene encoding PQQ, the coenzyme respon-
sible for gluconic acid production, was also detected by
Southern hybridization.

Although abiotic stress induced signal transduction has
been studied in prokaryotes (Parkinson 1993), the DNA
damage response elements have not been identified in any
bacterial system. PQQ, which can react with artificially pro-
duced reactive oxygen species in solution, might act as a
signaling molecule in response to abiotic stress and help
such bacteria to survive better under adverse conditions.
The role of PQQ as an inducer for a periplasmic protein kin-
ase in E. coli, in the activation of the Ras signaling pathway
of mouse fibroblasts, and in double-strand break repair and
g radiation tolerance of D. radiodurans have been demon-
strated (Khairnar et al. 2007; Kumazawa et al. 2007; Rajpur-
ohit et al. 2008).

Conclusions

This study thus interestingly demonstrates that bacterial
isolates having MPS+ activity supported by a PQQ-
dependent mechanism can also withstand various abiotic
stresses that exert oxidative stress and DNA damage. These
findings suggested a strong possibility of PQQ functioning
in improving the survival of host bacteria against DNA dam-
aging agents, along with its principal function in MPS and
protection from oxidative stress. Further studies are required
to understand the molecular mechanisms of PQQ in DNA
damage tolerance and oxidative stresses in PSBs and how
this compound helps such organisms to withstand extreme
climatic conditions during their growth in nature. Further,
the study warrants the use of these isolates as an attractive
phosphate-solubilizing biofertilizer for field application
under various abiotic stress conditions.
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Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z.,
Miller, W., and Lipman, D.J. 1997. Gapped BLAST and PSI-
BLAST: a new generation of protein database search programs.
Nucleic Acids Res. 25(17): 3389–3402. doi:10.1093/nar/25.17.
3389. PMID:9254694.

Arrage, A.A., Phelps, T.J., Benoit, R.E., and White, D.C. 1993.
Survival of subsurface microorganisms exposed to UV radiation
and hydrogen peroxide. Appl. Environ. Microbiol. 59(11):
3545–3550. PMID:8285661.

Babu-Khan, S., Yeo, T.C., Martin, W.L., Duron, M.R., Rogers,
R.D., and Goldstein, A.H. 1995. Cloning of a mineral phos-
phate-solubilizing gene from Pseudomonas cepacia. Appl. En-
viron. Microbiol. 61(3): 972–978. PMID:7540821.

Battista, J.R., Park, M.J., and McLemore, A.E. 2001. Inactivation
of two homologous of proteins presumed to be involved in the
desiccation tolerance of plants sensitizes Deinococcus radiodur-
ans R1 to desiccation. Cryobiology, 42: 33–39.

Beers, R.F., Jr., and Sizer, I.W. 1951. A spectrophotometric method
for measuring the breakdown of hydrogen peroxide by catalase.
J. Biol. Chem. 159: 133–140.

Blattner, F.R., Plunkett, G., 3rd, Bloch, C.A., Perna, N.T., Burland,
V., Riley, M., et al. 1997. The complete genome sequence of
Escherichia coli K-12. Science (Washington, D.C.), 277(5331):
1453–1462. doi:10.1126/science.277.5331.1453. PMID:9278503.

Cadet, J., Sage, E., and Douki, T. 2005. Ultraviolet radiation-
mediated damage to cellular DNA. Mutat. Res. 571(1–2): 3–17.
PMID:15748634.

Chang, W., Small, D.A., Toghrol, F., and Bentley, W.E. 2005. Mi-
croarray analysis of Pseudomonas aeruginosa reveals induction
of pyocin genes in response to hydrogen peroxide. BMC Geno-
mics, 6(1): 115–129. doi:10.1186/1471-2164-6-115. PMID:
16150148.

Chen, Y.P., Rekha, P.D., Arun, A.B., Shen, F.T., Lai, W.A., and
Young, C.C. 2006. Phosphate solubilizing bacteria from subtro-
pical and their tricalcium phosphate solubilizing abilities. Appl.
Soil Ecol. 34(1): 33–41. doi:10.1016/j.apsoil.2005.12.002.

Cox, M.M., Goodman, M.F., Kreuzer, K.N., Sherratt, D.J., Sandler,
S.J., and Marians, K.J. 2000. The importance of repairing stalled
replication forks. Nature (Lond.), 404(6773): 37–41. doi:10.
1038/35003501. PMID:10716434.

Finkel, T., and Holbrook, N.J. 2000. Oxidants, oxidative stress and
the biology of ageing. Nature (Lond.), 408(6809): 239–247.
doi:10.1038/35041687. PMID:11089981.

Garinis, G.A., Mitchell, J.R., Moorhouse, M.J., Hanada, K., de
Waard, H., Vandeputte, D., et al. 2005. Transcriptome analysis
reveals cyclobutane pyrimidine dimers as a major source of
UV-induced DNA breaks. EMBO J. 24(22): 3952–3962. doi:10.
1038/sj.emboj.7600849. PMID:16252008.

Goldstein, A.H. 1994. Involvement of the quinoprotein glucose de-
hydrogenase in the solubilization of exogenous phosphates by
gram-negative bacteria. In Phosphates in microorganisms: cellu-
lar and molecular biology. Edited by A. Torriani-Gorini, E. Ya-
gil, and S. Silver. ASM Press, Washington, D.C. pp.197–203.

Goldstein, A., and Liu, S.T. 1987. Molecular cloning and regula-
tion of a mineral phosphate solubilizing gene from Erwinia her-
bicola. Biotechnology, 5(1): 72–74. doi:10.1038/nbt0187-72.

He, K., Nukada, H.T., Urakami, T., and Murphy, M.P. 2003. Anti-
oxidant and pro-oxidant properties of pyrroloquinoline quinone
(PQQ): implications for its function in biological systems. Bio-
chem. Pharmacol. 65(1): 67–74. doi:10.1016/S0006-2952(02)
01453-3. PMID:12473380.

Hinsinger, P., Plassard, C., Tang, C., and Jaillard, B. 2003. Origins

Shrivastava et al. 829

Published by NRC Research Press

C
an

. J
. M

ic
ro

bi
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

C
al

if
 D

ig
 L

ib
 -

 D
av

is
 o

n 
05

/0
2/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



of root-mediated pH changes in the rhizosphere and their re-
sponses to environmental constraints: a review. Plant Soil,
248(1–2): 43–59. doi:10.1023/A:1022371130939.

Keller, K.L., Overbeck-Carrick, T.L., and Beck, D.J. 2001. Survi-
val and induction of SOS in Escherichia coli treated with cispla-
tin, UV-irradiation, or mitomycin C are dependent on the
function of the RecBC and RecFOR pathways of homologous
recombination. Mutat. Res. 486(1): 21–29. PMID:11356333.

Khairnar, N.P., Misra, H.S., and Apte, S.K. 2003. Pyrroloquinoline
quinone synthesized in Escherichia coli by pyrroloquinoline qui-
none synthase of Deinococcus radiodurans plays a role beyond
mineral phosphate solubilization. Biochem. Biophys. Res. Com-
mun. 312(2): 303–308. doi:10.1016/j.bbrc.2003.10.121. PMID:
14637137.

Khairnar, N.P., Kamble, V.A., Mangoli, S.H., Apte, S.K., and
Misra, H.S. 2007. Involvement of a periplasmic protein kinase
in DNA strand break repair and homologous recombination in
Escherichia coli. Mol. Microbiol. 65(2): 294–304. doi:10.1111/
j.1365-2958.2007.05779.x. PMID:17630970.

Kota, S., and Misra, H.S. 2006. PprA: A protein implicated in
radioresistance of Deinococcus radiodurans stimulates catalase
activity in Escherichia coli. Appl. Microbiol. Biotechnol. 72(4):
790–796. doi:10.1007/s00253-006-0340-7. PMID:16586106.

Kumazawa, T., Hiwasa, T., Takiguchi, M., Suzuki, O., and Sato, K.
2007. Activation of Ras signaling pathways by pyrroloquinoline
quinone in NIH3T3 mouse fibroblasts. Int. J. Mol. Med. 19(5):
765–770. PMID:17390081.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. 1951.
Protein measurement with the Folin phenol reagent. J. Biol.
Chem. 193(1): 265–275. PMID:14907713.

Misra, H.S., and Tuli, R. 2000. Differential expression of photo-
synthesis and nitrogen fixation genes in the cyanobacterium
Plectonema boryanum. Plant Physiol. 122(3): 731–736. doi:10.
1104/pp.122.3.731. PMID:10712536.

Misra, H.S., Khairnar, N.P., Barik, A., Indira Priyadarsini, K.,
Mohan, H., and Apte, S.K. 2004. Pyrroloquinoline–quinone: a
reactive oxygen species scavenger in bacteria. FEBS Lett.
578(1–2): 26–30. doi:10.1016/j.febslet.2004.10.061. PMID:
15581610.

Murphy, J., and Riley, J.P. 1962. A modified single solution
method for determination of phosphate in natural waters. Anal.
Chim. Acta, 27: 31–36. doi:10.1016/S0003-2670(00)88444-5.

Niedernhofer, L.J., Odijk, H., Budzowska, M., van Drunen, E.,
Maas, A., Theil, A.F., et al. 2004. The structure-specific endonu-
clease Ercc1-Xpf is required to resolve DNA interstrand cross-
link-induced double-strand breaks. Mol. Cell. Biol. 24(13):
5776–5787. doi:10.1128/MCB.24.13.5776-5787.2004. PMID:
15199134.

Oppezzo, O.J., and Pizarro, R.A. 2001. Sublethal effects of ultra-
violet A radiation on Enterobacter cloacae. J. Photochem.
Photobiol.B: Biology, 62(3): 158–165. doi:10.1016/S1011-
1344(01)00180-4.

Parkinson, J.S. 1993. Signal transduction schemes of bacteria. Cell,
73(5): 857–871. doi:10.1016/0092-8674(93)90267-T. PMID:
8098993.

Pausz, C., and Herndl, G.J. 2002. Role of nitrogen versus phos-
phorus availability on the effect of UV radiation on bacterio-

plankton and their recovery from previous UV stress. Aquat.
Microb. Ecol. 29: 89–95. doi:10.3354/ame029089.
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