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Abstract The occurrence and distribution of an actino-
bacteria group of bacteria capable of dissolving insoluble
phosphates were investigated in this study in marine envi-
ronments, especially in sediments of Chorao Island, Goa
Province, India. A total of 200 bacterial isolates of actino-
bacteria was isolated. All isolates were screened for phos-
phate-solubilizing activity on Pikovskaya’s agar. Thirteen
different isolates exhibiting maximum formation of halos
(zone of solubilization) around the bacterial colonies were
selected for quantitative estimations of P-solubilization.
Quantitative estimations for P-solubilization were analyzed
for up to 10 days at intervals of 24 h. Maximum solubili-
zation from 893 £ 3.1 to 164.1 +4.1 pgml™' was
observed after 6 days of incubation in six of all isolates,
while the isolate NII-1020 showed maximum P-solubiliza-
tion. The increase in solubilization coincided with the drop in
pH. Many of these species showed wide range of tolerance to
temperature, pH, and salt concentrations. Further, 16S rRNA
gene sequence analyses were carried to identify the bacterial
groups which are actively solubilized phosphate in vitro.
Gene sequencing results reveal that all isolates were clus-
tered into six different actinobacterial genera: Streptomyces,
Microbacterium, Angustibacter, Kocuria, Isoptericola, and
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Agromyces. The presence of phosphate-solubilizing micro-
organisms and their ability to solubilize phosphate were
indicative of the important role played by bacteria in the
biogeochemical cycle of phosphorus and the plant growth in
coastal ecosystems.

Introduction

Phosphorus is a limiting nutrient, in spite of being a major
component of seawater. Major forms are either bound to or
strongly adsorbed to silt and clay. Phosphorus normally
occurs as phosphates in both inorganic and organic com-
pounds [3, 14, 26]. Moreover, phosphate uptake has been
found to be dominated by bacteria [5]. Microorganisms
assimilate inorganic phosphate and mineralize organic
phosphorus compounds, and microbial activities were
involved in the solubilization and mobilization of phos-
phates. Orthophosphate appears to be the preferred and
apparently universally used substrate. Mainly, phosphorus is
solubilized enzymatically or by acid hydrolysis. Though
phosphate-solubilizing bacteria (PSB) like Pseudomonas,
Serratia, Bacillus, Flavobacterium, and Corynebacterium
have been reported from various ecosystems, such as ter-
restrial especially from soil and water ecosystem including
coastal, offshore, and mangrove [4, 23], a series of obser-
vations indicates that the highest population of PSB (an
average of 108 CFU per gram of sample) was found in fertile
soils of forests, organic farming, and rhizosphere [30-34], as
well as in mangrove and shorelines samples [8]. PSB form
sea sediments were reported to be capable of accelerating the
dissolution of apatite phosphate within the phosphorus cycle
and interacting with the carbon cycle [24]. PSB living in both
terrestrial and water ecosystems play a vital role in supplying
phosphorus to plants [10]. The present study aims at studying
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the occurrence and identification of phosphate-solubilizing
actinobacteria in the sediments of Chorao Island, Goa, India.

Materials and Methods
Sampling and Collection of Sediment Samples
Chorao Island

The Chorao Island is located between the Mandovi and the
Mapusa Rivers in Goa, India. The western side of the
island is of a peninsular shape and occupied by a thick
mangrove forest of about 1.78 km® The geographical
location of the station is 15°32'34” latitude and 73°55'15”
longitude (Fig. 1). Samples were collected from the middle
of the section of the river and from the surface layer of the
sediments with a Peterson grab. The central portions of the
samples were aseptically transferred to sterile glass bottle
and transferred to the laboratory for further analysis.

Phosphate-Solubilizing Bacteria

Solubilization of precipitated tricalcium phosphate-TCP
(Caz(POy),) in unbuffered solid agar medium plates has been
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used widely as the initial criterion for the isolation of phosphate-
solubilizing microorganisms. The sediment samples were
serially diluted, spread plated on Pikovskaya’s agar (g 17"
(glucose—10 g, Caz(PO4)>—5 g, (NH4),S0,—0.5 g, KCl—
0.2 g, MgSO,—0.1 g, MnSO,—traces, FeSO,—traces, yeast
extract—0.5 g, and agar—15 g, pH 7.0), and incubated at
30 & 2 °C for 1-2 weeks. A total of 200 bacteria isolates with
P-solubilization halo zone on plates was purified with repeated
culturing and maintained in 20 % glycerol at —80 °C. All the
subsequent experiments were conducted after raising fresh culture.
Potential isolates which are showing more halo zones of P-solu-
bilization (>9 mm) were assessed for further characterization.

Characterization, Identification, and Phylogenetic
Analysis

Preliminary biochemical characterization was carried out as
per standard methodologies [6]. Growth versus incubation
period was checked for a maximum duration of 240 h, and
temperature range for growth was checked on nutrient broth
from 10, 25, 37, 45, and 55 °C by inoculating 1 ml of an
exponential culture (108 CFU m1™") in 100 ml of nutrient
broth and estimating the cell population at 12-h intervals.
The effect of salt concentration of the growth organisms
were performed from 0, 3, 5, 7, 9, and 12 % (w/v) for up to
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Fig. 1 Sampling site location and phosphate-solubilizing ability of isolates on Pikovskaya’s media
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240 h at 30 °C. The identity of the isolate was revealed on
the basis of Biolog carbon source utilization; for evaluating
carbon source utilization, bacterial suspensions were inoc-
ulated into Biolog GN2 Microplates as described in
instruction manuals and incubated at 30 °C for 24 h. The
results were interpreted using Biolog Micro Log 34.20.04
software (Biolog, Hayward, CA), and further validated by
performing the 16S rRNA gene sequencing using an ABI
PRISM BigDye Terminator cycle sequencing kit (as rec-
ommended by the manufacturer). The universal primers 27F
and 1492R were used for the partial sequencing of the 16S
rRNA gene. Sequences of the isolates were compared with
the sequence data available by the BLAST search in the
NCBI, GenBank database (http://www.ncbi.nlm.nih.nov)
[1]. Multiple sequence alignments were performed using
CLUSTALW [25]. The method of Jukes and Cantor [13] was
used to calculate evolutionary distances. Phylogenetic and
molecular evolutionary analyses were conducted using mega
version 4.0 [16]. The phylogenetic trees were constructed by
the neighbor-joining method [22] using the distance matrix
from the alignment. Distances were calculated using the
Kimura method [15]. All the sequences were submitted to
NCBI GenBank.

Phosphate Solubilization

After qualitative estimation of the P-solubilizing activity
which was carried out on Pikovskaya’s agar, quantitative
estimation of P-solubilization was carried out as per stan-
dard methodology [17], by inoculating 1 ml of bacterial
suspension (3 x 107 cells ml™") in 50 ml of National
Botanical Research Institute Phosphate broth (NBRIP) in
Erlenmeyer flasks (150 ml), which contained the following
ingredients (g 17'): glucose, 10.0; tricalcium phosphate
(TCP), 10.0; MgCl,-6H,0, 5.0; MgS0,4-7H,0, 0.25; KCl,
0.2; and (NH4),SO4, 0.1 and incubating the flasks for
10 days at 30 °C. At the end of the incubation period, the
cell suspension was centrifuged at 10,000 rpm for 10 min,
and the phosphate content in the supernatant was spectro-
photometrically estimated by the ascorbic acid method
[18]. All the studies were repeated on three independent
experiments to confirm the results. Sterile water-inoculated
media was treated as blank. After incubation for 10 days,
pH of the medium was recorded on a pH meter equipped
with glass electrode.

Results
Isolation of Phosphate-Solubilizing Bacteria (PSB)

A total of 200 bacterial isolates of actinobacteria was iso-
lated. All isolates were screened for phosphate-solubilizing

activity on Pikovskaya’s agar. Thirteen different isolates
exhibiting maximum formation of halos (zone of solubili-
zation) in 9-23 mm zone of phosphate solubilization after
6 days of incubation around the bacterial colonies were
selected for quantitative estimations of P-solubilization
(Fig. 1). Phenotypic and biochemical characterization were
performed using Biolog-based carbon source utilization and
Hi25 Kit (HiMedia, Mumbai) presented in Table 1. Molec-
ular analysis based on 16S rRNA gene sequencing results
reveals all isolates grouped together into six different genera
of actinobacteria, some of which are being reported for the
first time as P-solubilizers. The isolates were shown opti-
mum growth incubation of 144 h, 3-7 % (w/v) tolerance to
salinity and temperature of 37 °C (Table 1), which can be
used for the preparation of biofertilizer from local isolates
based on geographical conditions.

Phosphate-Solubilization Activity

The details of the pH and amounts of soluble-P in the medium
from 12 to 240 h of incubation are presented in Table 2. The
solubilization of Ca3(PQy,), in the liquid medium by different
strains was accompanied by a significant drop in pH (3.0-4.5)
from an initial pH of 7.0 £ 0.2 after 144 h was recorded. The
soluble-P concentration in the medium ranged between
89.3 & 3.1 and 164.1 + 4.1 pg ml~' with variations among
different isolates. In the blank treatment without addition of
any bacterial isolate, no soluble-P was detected or any drop in
pH was observed. The maximum P-solubilization was recor-
ded by Kocuria sp. NII-1020 and NII-1014, followed by
Microbacterium sp. NII-1011, NII-1021, and NII-1012;
Isoptericola sp. NII-1016 and 1029; Streptomyces sp.
NII-1008 and NII-1005; and Agromyces sp. NII-1018, and
very low P-solubilization levels were observed in Angustib-
acter sp. NII-1013 and in two Streptomyces sp. NII-1007 and
NII-1002. Maximum drop in pH was associated with higher
levels of P-solubilization, Kocuria sp. (NII-1020), where pH
was decreased to 4.0 from initial pH 7.0; comparatively higher
amounts of soluble-P (164.1 &+ 4.1 pg ml™ l) were detected in
the medium. The maximum P-solubilization was detected
after 144 h of incubation. The decrease in pH clearly indicates
the production of organic acid and phosphatase, which is
considered to be responsible for the phosphate-solubilization
activity (Table 2).

Phylogenetic Analysis

The identification of phosphate-solubilizing bacterial
strains based on 16S rRNA gene sequence and their phy-
logeny sequences are presented in Supplementary Fig. 1.
All the 13 isolates were grouped together into six genera:
four strains were grouped to Streptomyces, three isolates to
Microbacterium, two isolates to Kocuria, two isolates
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Table 1 Biochemical properties of P-solubilizing strains isolated from Chorao Island

Biochemical PSB isolates
reactions
NII NII NII NII NII NII NII NII NII NII NII NII NII
1002 1005 1007 1008 1011 1012 1013 1014 1016 1018 1020 1021 1029
Gram staining + + + + + + + + + + + + +
NaCl tolerance + + + + + + + + + + + + +
(0-12 %)
Optimum growth + + + + + + + + + + + + +
(3-7 %)
Catalase - - — - - + + — — — + + _
Oxidase — — — — + + + — — + — + _
Optimum temp (°C) 37 37 37 37 37 37 37 37 25 37 37 37 37
IMViC test
Indole production — - - - — — — — + — + + +
Methyl red - - + + + + + - - + + + +
Voges—Proskauer — — - + — - - + + — — — —
Citrate (Simmons) + + - + — — + — + + + _ +
Lysine + + + - + - + + + + - - -
decarboxylase
Ornithine + + + — + — — + + + — + _
decarboxylase
Phenylalanine — - — - — — - — — —_ _ _ _
deamination
Urease - - — + - + — — — — — — _
H,S production - — - - — + + — — _ — + +
Nitrate reduction + + — + + — + + — + _ + +
Carbon source utilization
Malonate + + — + — — + — + + — _ _
Esculin + + + + + + + + - + - - +
Arabinose + + —+ + + w — + + + + + _
Xylose + + - - - w - + + + + + +
Adonitol + + + — + w + - - — _ _ _
Rhamnose + + + w + + — — — + + + +
Cellobiose + + + — + — — — — + _ _ +
Melibiose + + + + + — — — — + _ _ +
Saccharose + + + — + — + _ _ + _ _ +
Raffinose + + + + - - - + + — - +
Trehalose + — + - + — + — — + _ _ +
Glucose + + + w + - + + + + + + +
Lactose + — + — + — — — — + + _ +

grouped to Isoptericola sp., and one each to Agromyces and
Angustibacter; some species showed less sequence simi-
larities with the closest known species in the NCBI
GenBank.

Nucleotide Accession Numbers

The 16S rRNA sequences of phosphate-solubilizing
actinobacteria were deposited in the NCBI GenBank
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database, and the accession numbers are presented in
Table 3.

Discussion

Usually phosphates precipitate because of the abundance of
cations in the interstitial water of mangrove sediments
making phosphorus mostly unavailable to plants. P-solu-
bilizing bacteria as a potential supplier of soluble forms of
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rTe::))litzto};_osr(l)tl:u:fllslgiiﬁﬁzv;/iitf)ln, Isolates Phosphate solubilization (ug P ml™h
in vitro activity and pH decline P-solubilization Calcium phosphate pH of the Incubation
zone (mm) Ca3(POy), medium period (h)
NII-1002 9.0 89.3 £ 3.1 4.5 144
NII-1005 10.0 101.2 £ 5.1 4.5 144
NII-1007 9.0 98.2 £59 4.5 144
NII-1008 12.0 112.1 £ 3.1 4.0 144
NII-1011 11.0 113.7 £ 2.1 4.0 144
NII-1012 10.0 110.2 £+ 3.1 4.0 144
NII-1013 9.0 933 £26 4.5 144
NII-1014 21.0 145.1 £ 2.7 3.0 144
NII-1016 12.0 1122 £ 2.1 3.6 144
NII-1018 11.0 110.1 £+ 3.2 4.0 144
NII-1020 23.0 164.1 £+ 4.1 3.0 144
NII-1021 14.0 1234 £ 2.1 35 144
Initial pH of liquid medium was  Ny1.1029 10.0 100.2 + 3.4 4.0 144
7.0
Table 3 Charac.tt?ri.zation Ofi PSB isolates Genus/species Accession Length of 16S rRNA gene
phqs phate—solublhzmg bacterial no. nucleotides (bp) similarity (%)
strain to genomic level
NII-1002 Streptomyces violascens HMO036772 988 99.7
NII-1005 Streptomyces noboritoensis HMO036675 1,140 97.9
NII-1007 Streptomyces cinereorectus HMO036677 1,474 99.6
NII-1008 Streptomyces cinnabarinus HMO036678 1,074 99.3
NII-1011 Microbacterium aurantiacum HMO036662 1,060 99.4
NII-1012 Microbacterium kitamiense HMO036663 1,458 98.0
NII-1013 Angustibacter luteus HMO036657 1,427 93.9
NII-1014 Kocuria flava HMO036661 995 99.4
NII-1016 Isoptericola hypogeus HMO036658 993 98.9
NII-1018 Agromyces soli HMO036655 1,454 98.1
NII-1020 Kocuria palustris HMO036660 993 99.0
NII-1021 Microbacterium yannicii HMO036664 995 98.1
NII-1029 Isoptericola variabilis HMO036659 919 98.9

phosphorus have a great advantage for mangrove plants.
The generally anoxic conditions of the sediments beneath
the aerobic zone would tend to favor dissolution of non-
soluble phosphate through sulfide production. However,
depending on the degree of aeration of the rhizosphere by
root oxygen translocation, the bacteria might be of value in
solubilizing phosphate near the roots where sediments are
not always completely anoxic, being similar to the fact that
upland rice tends to require more phosphate than paddy
rice [35]. Surprisingly, very limited research has been
focused on P-solubilizing efficiency of actinobacteria in
the marine environment, either in temperate or tropical
regions [2, 7, 9, 20, 28]. In an arid mangrove ecosystem in
Mexico, nine strains of P-solubilizing bacteria were iso-
lated from black mangrove (A. germinans) roots: Bacillus
amyloliquefaciens, B. atrophaeus, Paenibacillus macerans,

Xanthobacter agilis, Vibrio proteolyticus, Enterobacter
aerogenes, E. taylorae, E. asburiae, and Kluyvera
cryocrescens, and three strains from white mangrove
(Languncularia racemosa) roots: B. licheniformis, Chry-
seomonas luteola, and Pseudomonas stutzeri [27]. Phos-
phate-solubilizing actinobacteria were recorded from all
the sampling stations in Chorao Island, among which 13
isolated of six different genera showed positive phosphate-
solubilizing activity. Production of halo zones on solid agar
and release of phosphate in the medium could be ascribed
to the release of organic acids by the microbes [23]. The
ability of PSB to quantitatively dissolve phosphate and the
pH of the liquid media with various P sources after 6-day
incubation were measured using spectrophotometer. It
shows that all of the tested isolates were able to dissolve
the inorganic phosphate of Caz(PO4), within the liquid
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medium of NBRIP The highest concentration of dissolved
P was found in Kocuria sp. NII-1020 and NII-1014 with
the amounts of 164.1 £ 4.1 and 145.1 + 2.7 pg ml~!,
respectively (Table 2). The lowest concentration was found
in Streptomyces sp. NII-1002 with an amount of
89.3 £ 3.1 pg ml~!. Jeon et al. [12] showed that Pseudo-
monas fluorescens dissolves Caz(PO,), after 5-day incu-
bation and pH drops to 4.4. Perez et al. [19] stated that the
acidity of a liquid culture is the main mechanism of
phosphate dissolution. Whitelaw et al. [29] also stated that
the concentration of phosphate dissolved in the culture
media is in line with the acidity and concentration of amino
acid as well as pH shift. Ramachandran et al. [21] stated
that since the isolate is able to release inorganic phosphate
from Caz(POy), in the liquid media, the bacteria have the
potential to dissolve the bonded P, thus making it available
for the plants.

De Souza et al. [8] reported the percentage rates of the
occurrence of PSB from different niches, viz., beaches,
islands, coasts, and offshore, and it was found that phos-
phate-solubilizing bacterial population is higher in coastal
areas than in offshore areas. It is probable that the offshore
organisms are poor solubilizers of inorganic phosphate
because these organisms are hampered by an insufficient
supply of easily degradable organic compounds and low
uptake of carbon [8, 11]. Hence, the lower percentage in
the occurrence of PSB observed in the present study may
be due to the location of the stations in the deeper waters.
However, in terms of phosphate-solubilization efficiency,
the isolates showed a good result. This is the first and the
only study to report the phosphate-solubilizing capacity of
actinobacteria belonging to the genera Streptomyces,
Microbacterium, Angustibacter, Kocuria, Isoptericola, and
Agromyces, and their presence in mangrove sediments. The
P-solubilizing activities of all of these species were dem-
onstrated first by halo formation around bacterial colonies
growing on a solid medium supplemented with insoluble
calcium phosphate.

Conclusion

From the above study, it is concluded that actinomycetes/
actinobacteria are also efficient strains for inducing phos-
phate-solubilization activity. The PSB are widely distrib-
uted in different niches, with the coastal areas having a
higher density. Sediment was found to be the most efficient
carrier. Hence, these isolates could serve continuously to
fertilize a niche by solubilizing insoluble phosphorus
compounds especially in environments where a low con-
centration of phosphorus causes various limitations. The
contributions of PSB to phosphorous transfer can be ana-
lyzed by means of these bacteria in the sediments. It is

@ Springer

believed that these studies will potentially enhance our
awareness of the roles of microorganisms in aquatic sys-
tems and the mechanisms of eutrophication.
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