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Abstract A psychrotolerant phosphate solubilizing fun-
gus has been isolated from the rock soil of a cold desert site
in Indian Himalaya. The fungus grows from 4 to 35°C
(optimum 21°C), and from 2 to 13.5 pH (optimum 9) under
laboratory conditions. Based on phenotypic characters and
26S rDNA analysis, the fungus is identified as Paecilo-
myces hepiali. In quantitative estimation that was carried
out at 9, 14, and 21°C, the fungus solubilized maximum
phosphate at 14°C. In view of the slow growth and per-
sistence of the desired activity at low temperature, the
estimation was carried out for a longer period, i.e., up to
6 weeks. The suboptimal conditions for growth and bio-
mass production were found to be optimal for phosphate
solubilization by the fungus. At 14 and 9°C, the solubili-
zation touched its maximum on day 42. Decline in pH was
found to be significantly correlated with the phosphate
solubilization at all the temperatures, under consideration.
The acid phosphatase activity was found to be more
prominent than alkaline phosphatase in culture filtrate.
High performance thin layer chromatography (HPTLC)
analysis showed production of six organic acids, gluconic
and o-keto glutaric acid being in maximum amount in the
culture filtrate. The study has ecological significance in
view of the nutrient cycling under low temperature envi-
ronment, prevalent in Himalayan region.
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Introduction

Phosphorus (P) is an important component of macromol-
ecules, present in the living system. While it plays an
important role in the nutrient balance in the ecosystem, it is
essential for the fertility of soils and the plant growth.
Phosphates are intimately involved in the storage and
transfer of energy in the cells. Despite high total soil
concentrations of P, its concentration in the soil solution is
very low (Barber 1995) compared to the requirement of
plants. Water soluble P, applied in acidic soils is rapidly
fixed to unavailable forms and accounts for low phosphate
use efficiency (Sarkar and Uppal 1994). Most of the
applied P accumulates in the fine soil fractions that are
readily transported to surface waters through runoff,
especially in hilly regions (He et al. 1995).

Phosphate solubilizing microorganisms (PSMs) as a
group form an important part of the microbial community
that benefits plant growth and development. Mineral
phosphate solubilization by PSMs is caused by lowering of
the pH of the medium either by H™ extrusion (Illmer et al.
1995) or by the excretion of organic acids and chelating
metabolites (Asea et al. 1988; Cunningham and Kuiack
1992). PSMs are known to produce phosphatases, which
are hydrolytic enzymes, responsible for the breakdown of
insoluble compounds (Tarafdar et al. 2003).

Study on phosphate solubilizing efficiency of cold tol-
erant bacteria and fungi have got attention in recent years
(Pandey et al. 2002, 2008; Das et al. 2003; Gulati et al.
2008; Rinu and Pandey 2010). In the present study, a cold
tolerant fungus isolated from the rock soil of cold desert of
Indian Himalaya has been identified up to species level and
investigated for its phosphate solubilization efficiency at
three temperatures, with particular reference to production
of biomass, organic acids and phosphatases.
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Materials and methods
Fungal isolate

The fungus used in the present study was isolated from
rock soil collected from the cold desert area, Mana (30° 46’
24.8"” N; 79° 29’ 33.4" E; 3,238 m above mean sea level),
about 4 km away from Badrinath, in district Chamoli of
Garhwal Himalaya, India. The pH of soil was 5.9. The site
remains covered with snow from October to March,
maintaining sub-zero temperature. The fungus was main-
tained at 4°C in a refrigerator in the culture collection of
Microbiology Laboratory of the Institute. Fresh culture was
raised on Potato Dextrose Agar (PDA) for conducting the
experiments.

Identification and characterization of the fungus

Seven days old culture grown on PDA at 21°C was used
for recording observations on the colony morphology.
Microscopic observations were made on the fungus
stained with lactophenol cotton blue under the microscope
(Nikon-Eclipse 50i, Japan). The species level was given
by 26S rDNA sequencing (courtesy: Microbial Type
Culture Collection and Gene Bank (MTCC), Chandigarh,
India). The nucleotide sequence has been deposited with
NCBI. Temperature tolerance was checked by incubating
the fungal isolate at different temperatures (4, 9, 14, 21,
28, 35 and 42°C), up to 2 weeks. The pH tolerance was
measured at different pH levels (1.5-13.5, at an interval of
0.5) by incubating the culture agar plate/broth at 21°C for
1 week. Only 5 mm colony diameter on agar plates was
considered as growth for both temperature and pH
tolerance.

Estimation of phosphate solubilization, biomass and pH

For qualitative estimation, the Pikovskaya’s agar plates
inoculated with fungus were incubated at 4, 9, 14, 21, 28
and 35°C. The plates were observed for zone of solubili-
zation around the colony up to day 42 of incubation at
weekly intervals. The zone of solubilization was calculated
by subtracting the total diameter of the colony from the
colony diameter plus zone of clearance. The solubilization
efficiency (E) was calculated based on the equation as
described by Nguyen et al. (1992):

Solubilization diameter (S
Solubilization Efficiency (E) — Soubilization diameter (S)

Growth diameter
x 100

For quantitative estimation, the fungal culture was inocu-
lated in Pikovskaya’s broth containing tricalcium phosphate
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(0.5 g/100 ml). 0.5 g of tricalcium phosphate was weighed
into 250 ml Erlenmeyer’s flask and 100 ml of Pikovskaya’s
broth (without phosphorus source) was poured into it. The
initial pH of the media before autoclaving was 7.5. The
autoclaved media was inoculated with 5 mm disc of fungal
culture and incubated at 4, 9, 14 and 21°C for 6 weeks. The
culture filtrate was withdrawn from respective flasks on
every 7th day of incubation and filtered through Whatman
No. 42 filter paper and then analyzed for P,Os production
by using chlorostannous reduced molybdophosphoric acid
blue method (Jackson 1967). The pH (Systronics, India) of
the culture filtrate was also recorded each time. The bio-
mass of the culture was estimated on every 7th day of
incubation from the same flasks. The mycelium was col-
lected after filtration of the broth culture, and dried at 65°C
for 72 h.

Estimation of extracellular phosphatase activity

Phosphatase enzyme activity was estimated every 7th day
of incubation in Pikovskaya’s broth culture at different
temperatures, 9, 14 and 21°C. The preparation of culture
filtrate and the analysis of acidic and alkaline phosphatase
enzyme activity were done as described earlier (Pandey
et al. 2008). One enzyme unit was defined as the amount of
enzyme that catalyzed the formation of 1 pmol of end
product (P-Nitrophenol) in 1 min under experimental
conditions (Tabatabai and Bremner 1969). All the experi-
ments were conducted in triplicate and repeated twice. The
glassware used was free of detergents and other
contaminants.

Preparation of sample solution for the detection
of organic acids

The organic acid production was detected at 21°C in the
Pikovskaya’s broth culture filtrate. The culture medium
was filtered on 7th day through Whatman No. 42 filter
paper and the filtrate was then centrifuged (Hitachi, Himac
CR 22G Japan/Rotor, R20A2) at 10000 g for 10 min. This
aliquot was filtered through a syringe filter (pore size
0.45 pm). This solution was used for HPTLC analysis of
organic acids.

HPTLC analysis of organic acids

Six organic acid standards namely, citric, gluconic, suc-
cinic, malic, a-keto glutaric and oxalic were used for the
present study. The purified filtrate and standards were
applied to the silica gel TLC aluminium sheets of size
20 x 20 cm (Merk, silica gel 60 Fs4) by using a manual
applicator (Camag nanomat-4) through a HPLC injector
and capillary tube. Then it was developed with diethyl
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ether: formic acid: water (70:20:10) (Altomare et al.
1999). Another set of the loaded samples and standards
were developed in acetonitrile: water (70:30) (Singh et al.
2005). After 20-30 min of activation, the TLC sheets
were allowed to dry for 1 h and scanned in TLC Scanner
(Linomat 5, Camag TLC scanner-3) with speed of
100 mm/s and data resolution 100 pm/step. Initial scan-
ning was done at 254 nm, followed by spectral analysis at
200-700 nm. The analysis of the scanned data was done
by Win CATS software. The Rf value and spectra of
standards and samples were used for the identification of
organic acids in the fungal culture filtrate. The concen-
tration of acids was calculated according to the area of
standards.

Data analysis

The data were analyzed with the computer programme
Excel (Microsoft Corp.) for the graphical representations
and mean values. The correlation between phosphate sol-
ubilization, pH changes, biomass production and phos-
phatase was worked out by using the computer software,
SPSS/PC (1986). The nucleotide sequences, used for the
analysis of phylogenetic relationship of the fungal isolate,
were obtained by searching through NCBI and EMBL
databases. Analysis of 26S rDNA sequence was performed
by using neighbor joining method. The evolutionary dis-
tances were computed using the Maximum Composite
Likelihood method and are in the units of the number of
base substitutions per site. All positions containing gaps
and missing data were eliminated from the dataset (Com-
plete deletion option). Phylogenetic analyses were con-
ducted in Molecular Evolutionary Genetics Analysis
(MEGA) software version 4.0. (MEGA4, Tamura et al.
2007).

Results

Phenotypic, genotypic and growth characters
of the fungal isolate

The fungal colonies grew moderately fast with powdery
and aerial mycelium. The fungal culture sporulated better
on mycological agar and Czapek dox agar, as compared to
potato dextrose agar. The mycelium was observed to be
white turning cream, reverse cream to yellow, conidio-
phores erect bearing several whorl of flask shaped phia-
lides, conidia ellipsoidal to fusiform, some times lemon
shaped, smooth walled and hyaline. Watery drop like
exudates were also observed. The size of the conidia and
phialides was 1.62 x 1.22 um and 4.05 x 1.62 pm,
respectively (average of five replicates; Fig. 1). The phy-
logenetic tree confirmed the identity and its phylogenetic
relationship with other fungi, available in public domain
(Fig. 2). The fungus showed maximum similarity with
Paecilomyces hepiali, followed by P. farinosus. The fun-
gus has been accessioned as MTCC 9621 by Microbial
Type Culture Collection and Gene Bank, Chandigarh,
India. The Gene Bank accession number for the nucleotide
sequence provided by NCBI is GQ370817. The fungal
culture showed growth at a wide range of temperature,
from 4°C (on day 10) to 35°C (on day 14), being optimum
at 21°C (on day 7). The fungus formed 8 mm colony at 4°C
and 5 mm colony at 35°C, on day 14. The fungal culture
also grew at a wide range of pH, from 2.0 to 13.5, with an
optimum at 9.0.

Qualitative estimation of phosphate solubilization

In plate assays, the maximum zone formation occurred at
21°C (4 mm zone), followed by 14°C (3 mm), 9°C (2 mm)

Fig. 1 Colony morphology and zone of solubilization a and microscopic characteristics b of Paecilomyces hepiali, bar = 5 pm
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Fig. 2 The phylogenetic tree
inferred using the neighbor-

8 |Lecanicillium attenuatum AB378513
Verticillium spp. V1 29 AY312608

joining method. The percentage
of replicate trees in which the
associated taxa clustered
together in the bootstrap test 6
(500 replicates), is shown next
to the branches
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—|— Lecanicillium psalliotae AB378519
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ol Cordyceps militaris IMO807 HM 135162

Beauveria spp. SJL0910 HM135177
Beauveria brongniartii AB027381

0.00

and 28°C. However, the solubilization efficiency (E value)
was maximum at 14°C.

Effect of temperature, pH, biomass production and
phosphatase activity on tricalcium phosphate
solubilization

At 21°C, maximum phosphate solubilization was estimated
on day 35 of incubation (139.66 pg/ml); a decline was
recorded afterwards on day 42 (Table 1). Maximum bio-
mass production and decline in pH as well were also
recorded in the culture media on day 35. On day 42 of
incubation the fungus produced 7.4 Unit of acidic phos-
phatase in the culture filtrate (Fig. 3). The alkaline phos-
phatase was found to be lower (2.58 Unit on day 35), as
compared to the acidic phosphatase (Fig. 4).

At 14°C, the fungal isolate solubilized maximum
amount (164.21 pg/ml) of tricalcium phosphate on day 42.
Maximum biomass production and minimum pH (4.18) of
the culture media were recorded on the same day. Both
acidic (11 Unit at day 42) and alkaline phosphatase (3.89
Unit on day 35) were found to be maximum at this tem-
perature, as compared to other temperatures tested.

At 9°C, the phosphate solubilization efficiency was
found to be at par (136.00 png/ml on day 42) with that at
21°C, that persisted up to day 42 of incubation. Minimum
pH and maximum biomass production was found on day 35
and day 42 of incubation, respectively. Acidic and alkaline
phosphatase activity were found to be comparatively low
(3.06 and 1.83 U, respectively on day 35) at 9°C.

At all the tested temperatures, during the entire incu-
bation period, a negative correlation (P < 0.01) between
reduction in pH and phosphate solubilization was obtained
(Table 2). Similarly, a positive correlation (P < 0.01)
between increase in biomass and the phosphate solubili-
zation was obtained. Positive correlations (P < 0.01)
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Cordyceps spegazzinii DQ196435

between phosphatase activity with phosphate solubilization
and biomass, and negative correlation (P < 0.01) with pH
were also obtained.

Organic acid production by the fungus in Pikovskaya’s
broth

The definite peaks were not obtained in case of first mobile
phase that was diethyl ether: formic acid: water. In case of
the second mobile phase, that was acetonitrile: water,
definite peaks were obtained repeatedly. Hence, the second
case was used in the present study and analysis. The tested
fungus was found to be more efficient to produce gluconic
acid (4.77 pg/ml), than the other four acids namely, malic,
succinic, o-keto glutaric and citric (Fig. 5).

Discussion

In the present study an efficient phosphate solubilizing
fungus isolated from rock soil of a cold desert site in Indian
Himalaya has been identified. On the basis of its tolerance
and activity at low temperature, the fungus Paecilomyces
hepiali MTCC 9621, is referred as psychrotolerant. The
fungus also showed tolerance for wide range of pH.
Microorganisms are known to possess the ability to adapt
to environmental changes that may be due to their physi-
ological flexibility. Although phosphate solubilizing
microorganisms are commonly found in most soils, their
establishment and performance are severely affected by
environmental factors, especially under stress conditions
(Gupta et al. 1986; Tilak 1991).

In view of slow growth of the fungus and persistence of
the desired activity at low temperature, phosphate solubi-
lization efficiency was studied at different temperature
levels at weekly intervals, following a relatively longer
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Table 1 Phosphate solubilization efficiency, change in pH and biomass production by Paecilomyces hepiali at different temperatures

21°C

14°C

9°C

Incubation

time

PS (ng/ml) pH Biomass PS (ng/ml) pH Biomass PS (ng/ml) pH Biomass

(days)

480 £ 0.02

6.03 + 0.18
5.71 £0.16
495 £ 0.12
4.80 £ 0.24
493 £ 0.23
527 £0.14

43.33 £+ 3.05
80.16 £ 2.08
135.35 £+ 3.05

400 + 0.02
137.56 £+ 1.15

7.13 £ 0.10
6.32 £ 0.08
4.96 £ 0.08
4.61 £ 0.18
4.34 £ 0.08
4.18 £ 0.10

4.50 £ 0.00
62.66 + 3.05

200 £ 0.03
116.26 £+ 1.15

7.43 £ 0.03
6.12 £ 0.15
5.40 £ 0.06
4.95 £ 0.04
4.08 £ 0.06
5.00 £ 0.08

3.53 + 0.40
5733 £ 1.15
75.26 £ 3.05
91.14 £ 5.77

123.08 £+ 4.16

560 £ 0.04

550 £+ 0.01

510 £ 0.02

14
21

580 £ 0.02

540 £+ 0.04

520 £+ 0.02

720 £+ 0.02

610 £+ 0.02

136.66 £+ 1.15

560 £+ 0.03

28

760 £+ 0.03

139.66 + 2.08

158.33 £+ 1.15 660 £ 0.03

640 £+ 0.05

35
42

670 £ 0.08

123.83 + 5.86

660 £ 0.07

164.21 + 2.31

660 £ 0.07

136.00 £ 4.00

PS Phosphate solubilized

E9°C
104 B14°C
[21°C

Unit activity
[=))
1

7 14 21 28 35 42

Incubation time

Fig. 3 Unit acidic phosphatase activity of Paecilomyces hepiali at
different temperatures, up to day 42 of incubation

TE9°C
41 B 14°C
3.5 1

Z 34
% 2.5 1
= 27
515

-
0.5 1

Incubation time

Fig. 4 Unit alkaline phosphatase activity of Paecilomyces hepiali at
different temperatures, up to day 42 of incubation

period (up to 6 weeks) of incubation. The level of soluble P
in solution culture is likely to fluctuate over time. There-
fore, in such studies, it is desired to measure P level at
various time intervals. The importance of this parameter
has been demonstrated in case of Penicillium radicum, and
some other phosphate solubilizing microorganisms (Illmer
and Schinner 1992; Whitelaw et al. 1999; Wakelin et al.
2004), which is in tune of the findings of the present study.

Phosphate solubilization by various fungal species of
tropical origin, mainly belonging to Aspergillus and Peni-
cillium, has been reported by several workers. In these
studies, the solubilization is reported maximum during
second week, followed by decline or fluctuations on further
incubation (Vassileva et al. 1998; Goenadi et al. 2000;
Wakelin et al. 2004). In our previous study, eight species of
Penicillium of temperate origin showed maximum phos-
phate solubilization during 3rd week of incubation at 21°C
(Pandey et al. 2008). In a recent study, Ahuja et al. (2007)
reported the phosphate solubilization efficiency of a trop-
ical species of Paecilomyces, P. marquandii AA1, match-
ing to the activity reported in case of fungi of tropical
origin. Gupta et al. (2007) have reported the phosphate
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Table 2 Correlation coefficient (r) relating the amount of phosphate solubilized with pH of the medium, biomass (dry weight basis) and

intracellular phosphatase

r value for the correlation of phosphate solubilized, with pH of the medium and biomass

9°C 14°C 21°C

pH Biomass pH Biomass pH Biomass

—0.907** 0.937+** —0.983#* 0.663%* —0.922%* 0.798%%*

r value for the correlation of phosphate solubilized, with acidic and alkaline phosphatase

9°C 14°C 21°C

Phosphate solubilization pH Biomass Phosphate pH Biomass Phosphate pH Biomass

solubilization solubilization

Extracellular acidic phosphatase

0.954%*%* —0.942%%* 0.938** 0.687%* —0.643** 0.366 0.832%%* —0.710%* 0.860%**

Extracellular alkaline phosphatase

0.925%* —0.960%* 0.875%%* 0.888%*%* —0.897** 0.842%%* 0.935%%* —0.856%* 0.887%*%*

** Significant at P < 0.01 level
B cold tolerant strain of Pseudomonas corrugata. Rinu and
E | Pandey (2010) have recently reported the optimum phos-
g Al phate solubilizing efficiency of different species of
@ Aspergillus at suboptimal growth conditions. The elevated
—§ 3 phosphate solubilization at low temperature can be attrib-
§ 21 uted towards the involvement of cold active metabolites in
% 11 the process. Microorganisms including fungi are known to
E 0 : : : : produce cold active metabolites at low temperature

Malic Succinic  A-Keto Gluconic Citric (De Croos and Bidochka 2001)
glutaric Although HPTLC is a powerful tool for analysis of

Fig. 5 Organic acids produced by Paecilomyces hepiali at 21 °C

solubilization efficiency of Aspergillus and Penicillium
spp., isolated from the mines of Orissa (India), where
the average temperature ranges between 32 and 40°C.
These fungi preferred the pH of 7-9 for their best phos-
phate solubilization, and gave maximum solubilization
(81.48 pg/ml) at day 12 of incubation. P. hepiali (MTCC
9621), in the present study, solubilized tricalcium phos-
phate at par after second and third week of incubation, at
14 and 9°C, respectively, and showed persistence of the
activity up to day 42.

The suboptimal conditions recorded for growth and
biomass production of P. hepiali were found to be optimal
for the production of metabolites, mediating the phosphate
solubilization process. While 21°C gave best results for
biomass production, 14°C was found to be the best tem-
perature for phosphate solubilization. In an earlier study,
the phosphate solubilizing efficiency is reported to be
higher at suboptimal carbon concentrated medium, as
compared to the optimum requirement of the microbes
(Illmer and Schinner 1992). Pandey et al. (2002) reported
maximum phosphate solubilization at low temperature by a
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various biological compounds, it has not been widely used
for the detection of organic acids in microbial phosphate
solubilization based studies. Out of the two mobile phases,
the first one (diethyl ether: formic acid: water) was not
found effective for detection of organic acids in the present
study. The second mobile phase (acetonitrile: water) was
found to be appropriate for the detection of organic acids
repeatedly. No acids were determined in case of Tricho-
derma harzianum Rifai 1295-22 in an HPTLC analysis
with diethyl ether: formic acid: water as mobile phase
(Altomare et al. 1999). Singh et al. (2005) detected the
concentration of gluconic acid produced by Aspergillus
niger in different carbon sources containing media with
the help of HPLC with acetonitrile: water as mobile phase.
The production of various organic acids in the culture
solution is considered the main mechanism for the solu-
bilization of insoluble phosphate (Cunningham and Kuiack
1992).

Phosphate solubilizing microorganisms are known to
produce phosphatases, which are hydrolytic enzymes,
responsible for breakdown of insoluble compounds. The
acidic phosphatase activity was found considerably greater
at all the temperatures, probably due to the acidity of the
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medium caused by the fungus. Both acidic and alkaline
phosphatases were found to be maximum at 14°C. The
acidic and alkaline phosphatases are classified due to their
optimum activities in acidic or alkaline ranges, respec-
tively. The temperature and pH dependency of soil
immobilized phosphatases has also been explained by Pant
and Warman (2000). The study of phosphatases, a family
of enzymes involved in the acquisition of phosphate from
the environment by fungi among other microorganisms is a
powerful tool in the elucidation of gene expression
(Metzenberg 1979). The synthesis and secretion of
enzymes by eukaryotic cells in response to ambient factors,
such as pH and carbon, nitrogen, sulphur and phosphorus
sources, have been studied previously (Nahas et al. 1982;
Caddick et al. 1986a, b; Arst 1994).

Conclusion

The slow and steady phosphate solubilizing efficiency of
P. hepiali IMTCC 9621) seems to be a factor of ecological
conditions, the low temperature, in particular, prevailing
in the mountain ecosystem. The fungus used in this study
was isolated from the rock soil of an Indian Himalayan
location that remains snow covered for at least half of the
year. While the documentation of such species is important
in view of understanding the microbial diversity in diver-
sified ecosystems, bioprospecting of such species needs
attention for applied value. Moreover, the fungus may also
be useful as a model for studying the ecological adapt-
ability under low temperature environment. Microorganisms
growing under extreme environments are likely to possess
different active or passive mechanisms for their survival under
extreme conditions. The slow and steady, but effective and
prolonged activities, such as production of organic acids,
enzymes, etc., are likely to have implications in the nutrient
cycling under cold desert mountain ecosystem.
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