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Summary
Microbes alter the physical and chemical state metals and minerals by interacting with
them in both natural and synthetic environments, metals and minerals also affect
microbial growth, survival and activity. Presence of bacteria is ubiquitous, from normal
to extreme environments. They can be found in hot springs, glaciers, deep oceans, toxic
metal concentrations, xerophilic conditions and on the surface and inside of rocks. In
this study, geomicrobiological investigation of the selected rock samples collected from
Murree and Ayubia hills, Pakistan, was carried out. Isolation, identification and
characterization of endolithic and epilithic bacteria, their capability of phosphate and
potassium solubilization, calcium carbonate precipitation and metal tolerance and its
correlation with antibiotic resistance was carried out. Swabs collected from rock
samples were spread on nutrient agar plates and endolithic and epilithic bacteria were
isolated on the basis of colony morphology and studied further. All the isolates were
screened for different industrially important hydrolytic enzymes. The bacterial isolates
were identified through 16S rRNA gene sequencing. These endoliths and epiliths were
assayed for antimicrobial activities against clinical isolates S. aureus, P. aeuroginosa
and E. coli. Total 31 bacterial isolates were recovered, of which 15 were endolithic and
16 epilithic. 16S rRNA gene sequencing revealed major culturable groups colonizing
these rocks and were clustered in four major groups, Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes which inlcuded Alcaligenes, Lysinibacillus,
Actinobacteria, Pseudomonas, Pusillimonas, Streptomyces, Fluviicola, Serratia,
Flavobacterium, Stenotrophomonas and Brevindomonas species. The sequences were
deposited in NCBI for acquisition of accession numbers. The bacterial isolates were
efficient producers of oxidase, catalase, protease, amylase and gelatinase. The
endolithic isolates, Pseudomonas sp. strain N4 (KT223616) and Streptomyces sp. strain
N28 (KT004386) exhibited good activity against all the three clinically isolated target
strains. Here I report that the rocks of Murree and Ayubia hills have a rich microbial
ecology that besides having an important role in weathering and mineralization
processes may also be potential source for biotechnological applications.
In this study I also focused on isolation of phosphate solubilizing bacteria. Three strains
of bacteria were selected on the basis of halozone formation on National Botanical

Research Institute for Phosphate medium (NBRIP) supplemented with TCP (tribasic
calcium phosphate). The solubilization index for these bacteria was recorded as 4.29,
4.03 and 3.99. pH of the medium also dropped from the initial 7.0 to 4.0 units after 5
days of growth in liquid NBRIP medium with continuous shaking at 150 rpm.
Pseudomonas putida P26 (KT004384) showed maximum solubilizing activity in the
NBRIP medium (161.70 mg/L) after 3 days of incubation in comparison to
Pseudomonas grimontii P4 (KT223621) and Alcaligenes faecalis N27 (KT004385).
The capability of solubilizing inorganic phosphate by these strains is attributed to the
production of organic acids. The presence of these organic acids is determined by high
performance liquid chromatography. Three different types of acids, gluconic, oxalic
and malic acid were the dominant acids found in the culture medium. This was the first
report on phosphate solubilizing (PSB) strains isolated from the rocks of lower
Himalayan range, Pakistan. These bacteria can play a role in weathering of rocks as
well.
Potassium is one of the essential macronutrient after nitrogen and phosphorus which is
required for plant growth and development and generally found in insoluble form in the
form of silicate minerals and rocks and plants are unable to utilize it. Eight strains were
found efficient potassium solubilizers. Of these 31, 8 strains were selected on the basis
of zone formation around the colonies. Atomic absorption spectroscopy was used for
quantitative analysis of potassium solubilization. The most potent bacteria were
Fluviicola sp. N26, Alcaligenes sp. N21 and Brevundomonas sp. P20, which solubilized
potassium from illite mineral. Fluviicola sp. N26 and Alcaligenes sp. N21 were
endolithic in nature while Brevundomonas sp. P20 was epilithic. Efficient amount of
potassium was solubilized by these strains. These bacteria could also be responsible for
weathering of rocks containing potassium in different mineral forms.
Calcium carbonate precipitation in the natural environment is associated with a variety
of factors including bacterial species. In this study, I investigated calcium carbonate
precipitation induced by bacteria isolated from rocks of Murree Hills, Lower
Himalayan region, Pakistan. Four species; Acinetobacter N1, Acinetobacter N6,
Bordetella N30 and Brevundimonas N5, having ureolytic activity, were found to
precipitate calcium carbonate. FTIR analysis revealed the formation of calcium
carbonate crystals confirmed by comparison to synthetically produced calcium

carbonate. Morphological characterization by scanning electron microscopy showed
crystals formed were mostly of irregular and polygonal shape having sharp spike- like
edges. All the four strains having urease enzymatic capability to convert urea into
ammonia to produce calcium carbonate crystals in higher pH due to production of
alkaline environment. The results of our research revealed a variety of rock bacteria
capable of precipitating calcium carbonate in natural environments and are expected to
have a great influence on cycling of carbonates in these environments.
In current study, the correlation of metal ion and antibiotic resistance is observed in
endolithic and epilithic bacteria. Minimum inhibitory concentration (MIC) of metal
ions was determined by adding the metal salts in the culture media and by gradually
increasing the concentrations of metals till the growth stopped. A total of 31 bacterial
strains were isolated from rock samples, where 16 were endolithic and 15 were epilithic
in nature. Results show that isolates were strongly resistant to many antibiotics and
metals. Against metals, the most resistant strains were Alcaligenes sp. N21,
Acinetobacter sp. N1 and Brevundimonas sp. N5, with most of the isolates showing
resistance against cadmium. On the other hand, maximum resistance was recorded
against Ampicillin followed by Cefotaxime, Streptomycin, Vancomycin, Ofloxacin
Chloramphenicol and Ciprofloxacin. The isolates demonstrating maximum MIC
against metal ions also showed resistance towards antibiotics. The results showed
strong correlation between the antibiotic and metal resistance. A deep genomic and
proteomic study is required further for understanding the exact mechanism of coresistance between metal ions and antibiotics.

Murree rocks and its geology
Murree is in Hazara mountains of lower Himalaya located in Pakistan and belongs to
upper Indus Basin. The rocks are mostly limestones and belongs to lockhart formation
which are from Paleocene era and almost 65 million years old. The rocks are well
exposed along Murree-Nathiagali road near Changagali, overlaid by Hangu formation
of middle Paleocene underlain by Patala formation. Murree rocks lithology contains
fossiliferous limestone filled with calcite fractures followed by calcareous shale of dark
grey color (Akhtar and Butt, 2009). The NE-SW of Hazara Mountains are tough
crescent shaped, forming border of Kashmir Hazara syntaxis.. The northern tip of
Hazara Mountains if formed by a town Balakot which is a gateway to higher Himalayas.
Some areas are easily accessible from Islamabad like that of Changagali via MurreeNathiagali road where Paleocene-Eocene rocks are well exposed. Latif and his
colleagues in 1970 gave the name “Mari Limestone” to the thick bedded well exposed
and nodular fossiliferous limestones from Paleocene age. The name was extended to
“Lockhart Limestone” by stratigraphic Committee of Pakistan from Hazara to Kohat
area (Davies, 1930; Fatmi, 1973).
Flora and fauna
Murree features a sub-tropical highland climate and has snowy cold winters with cool
summer with drastically high rains and fog. Annual precipitation is about 1,789 mm
with two maxima, first during summer in July-August and second winter in December,
January and February (Shafique, 2004).
Soil texture of Murree hills varies with biological activity and vegetation type. Soil is
classified as inceptisols and entisols with alkaline forms below 2000 m and acid forms
above this altitude. The hills have variety of trees rich alpine forests with grasslands.
Trees include, Pinus wallichiana, Aesculus indica, Quercus spp, Cornus macrophylla,
Pyrus pashia, Viburnum cotinifolium, Prunus cornuta, Rosa brunonii, Berberis lyceum,
Viola canescens, Salix spp., Cynodon dactylon and Diospyros lotus.
There is a variety of avian reptilian, and mammalian groups. Among bird Aquila
pennata, Columba palumbus, Hirundo rustica, Chaimarrornis leucocephalus, Milvus
migrans, Motacilla flava, Motacilla cinerea, and Aegithalos concinnus are very

common. Reptiles include Laudakia tuberculate, Scincella himalayana and others,
while different kind of mammals e.g. Sus scrofa, Canis aureus, Vulpes vulpes griffithii,
Martes flavigula, Petaurista petaurista, Mus musculus, Rattus turkestanicus, Hystrix
indica are also found in Murree hills.
Murree rocks were selected on the basis of active weathering observed in these rocks.
The weathered rocks were mostly observed in Ayubia which is the the center of Murree
having a diverse flora and fauna.
Microbes as geoactive agents
Geomicrobial agents are the living organisms which play role in geological processes
and include prokaryotes like bacteria and archaea and eukaryotes like algae, fungi and
protozoa. Microbes alter the physical and chemical state of metals and minerals by
interacting with them in both natural and synthetic environments, metals and minerals
also affect microbial growth, survival and activity. Many minerals are biogenic in
origin, there formation is of great importance in geology and industry and also essential
structural components of different organisms like radiolarian, diatoms and foraminifera
(Gadd and Raven, 2010).

Figure 1. Map of Murree Pakistan
Metal–mineral–microbe interactions are of much importance in geomicrobiology and
also fundamental to microbial biomineralization processes. Biomineralization is itself
an important interdisciplinary research area, and one that overlaps with
geomicrobiology (Banfield and Nealson, 1997; Dove et al., 2003; Banfield et al., 2005;
Konhauser, 2007).
Geomicrobial activities play role in cycling of organic and inorganic matter, mineral
degradation, mineral formation, fossil-fuel genesis and degradation and chemical
isotopic fractionation. Mineral degradation by microorganisms include phenomenon
such as soil and sediment formation and transformation, weathering and bioleaching.
Microorganisms plays role in genesis and degradation of fossil fuels, like coal,
petroleum, peat and methane. geomicrobiological activities can be exploited
commercially such as biogas generation, environmental bioremediation, extraction of
metals and ores and petroleum.

Weathering of rocks
Weathering is defined as the alteration and breakdown of material near Earth’s surface
to products that are with equilibrium to newly formed physico-chemical conditions.
Weathering is dependent on biosphere, hydrosphere and atmosphere (White and
Brantley, 1995) which changes the physico-chemical conditions of parent rock and
bring about high heterogeneity (Duzgoren-Aydin et al., 2002). Weathering of rocks and
mineral happens nearly everywhere on surface of the earth but the properties of the
products of weathering like chemical, physical and mineralogical are poorly understood
(Dearman, 1995; Hencher and McNicoll, 1995). And more attention is paid to
geochemical changes during weathering processes (Aiuppa et al., 2000; Sharma and
Rajamani, 2000, Malpas et al., 2001).
In landscape developments the basic aspects are the processes and rates of changes in
rocks and minerals from their original state to more stables phases at surface conditions.
Weathering helps landscape to be dynamic over the time. Rock weathering also plays
an important role in soil formation and its evolution, it has great impact on the evolution
and existence of life on earth as well. Recent studies on rocks are focusing on water
rock interactions and elemental mobility (Nesbitt, 1979; Gouveia et al., 1993; Ohlender
et al., 1996; Minarik et al., 1998; Tapia et al., 1998).
There are three types of weathering; chemical weathering, physical weathering and
biological weathering. Weathering occurs due to action of different chemical processes
is called chemical weathering. Rainwater is the most common chemical agent. Acid
rains cause cracks in the rocks and eats it away. Mechanical weathering is caused by
physical forces such as extreme hot and cold temperature without changing chemical
structure of the rocks. When water seeps into cracks and freezes which cause expansion
resulting in weathering of rocks. Wind also play important role in mechanical
weathering. Biological weathering also known as bio weathering is caused by living
organism. Different living organisms cause the rocks to weather. Animals, plants, algae,
fungi, lichens, bacteria all are responsible for biological weathering.
Biological weathering

Biological weathering or biological weathering is described as the tearing away of rocks
caused by living organisms. Organisms like plants, animals, algae, mosses, worms,
lichens, fungi and bacteria all play role in biological weathering altering the structure
of rocks. Biological weathering is responsible for the molecular breakdown of minerals.
Microbial weathering and its mechanism
There are two major processes of chemical weathering on the upper crust of earth,
mineral dissolution and mineral oxidation. Microbes play key role in both the processes,
they attach to mineral grains by means of extracellular polymeric substance (EPS) and
bring about physical changes in minerals to reach to the nutrient and energy substrata
underlying.. The rate of chemical weathering depends on their texture, morphology and
composition and surrounding fluids and their geochemistry. To know whether a mineral
is dissolved or not two thing must be considered as primary determinants, the
competition between (i) coulombic interaction, the strength of the bonds holding the
crystal structure (ii) ions at the mineral surface and its hydration energy (Banfield and
Hamers, 1997). If the hydration energy is large and coulombic interactions are small
the solid dissolves easily, whereas in the opposite case, the solid is insoluble.
If a specific cation or anion is adsorbed which can block water access to reactive sites,
mineral dissolution often diminishes, as in case of phosphate adsorption can decrease
calcite dissolution rates (Berner and Morse, 1974). In case of excess surface energy the
kinks in particular are considered preferred sites for the adsorption of ions. Rates of
dissolution are also enhanced by adsorption of protons. The overall electron charge on
mineral surface is redistributed by protons which posters the slow rupture of the bonds
in crystal lattice i.e. oxygen-metal bond (Casey and Ludwig, 1995).
For the electron exchange alteration of oxygen-metal bonds strengths, redox dissolution
reactions are very important. Some reactions are subjected to reductive dissolutions
while other to oxidative dissolutions, like iron manganese oxyhydroxides are dissolved
by reduction and silicates and sulfides by oxidation. In both the cases H+ and OH- as
well as concentration of electron accepting and donating species are the parameters
important for the determination of dissolution rates (Hering and Stumm, 1990).

Upon exposure of rock at the surface of the earth, the newly exposed surfaces are
immediately colonized by lichens, fungi, algae and bacteria. If the microorganisms
succeed in extracting minerals from the exposed rocks then it can become a rich source
for their nutrients and energy.
Elemental cycling and mineralization can be requisite for the survival of microbial
communities in terrestrial oligotrophic environments (Konhauser et al., 1994). To gain
access to the nutrients, microbes colonize on rocks and do two things: (i) they
disaggregate the mineral by physically penetrating into rocks: and (ii) they secrete
organic acids for dissolution of minerals.
As microorganisms start to colonize the rocks and rock surfaces, fungi and its hyphae
exploit cleavages and cracks to get access to newly exposed minerals. Due to these
activities of microorganisms rock surfaces are altered from simple surface roughing by
pitting and etching to physically disintegrated minerals (Barker et al., 1997).
Bacteria use EPS for enshrouding of all exposed minerals. These compounds have the
ability to retain water which help in fracturing of minerals and also promotes hydrolysis
and other chemical reaction and residence time for water (Welch et al., 1999).
Heterotrophic bacteria also use EPS as substrate, some produce acids which help
bacteria attacking underlying minerals (Ferris and Lowson, 1997).
These processes work in tandem and thereby help in breakdown of rocks into smaller
fragments which are more susceptible to dissolution by organic acids and rains. As
minerals become loosened the macrofauna i.e. nematodes accelerate erosion by
mechanical abrasion as they graze. Thus the original rocks are transformed small grains
(Schneider and Campion-Alsumard, 1999).
As bacteria and fungi start to colonize exposed rock surfaces, they accelerate the
dissolution process straightaway through organic acid production. Organic acids are
mostly produced by bacteria as a byproduct of glucose degradation in aerobic
respiration or fermentation, but there are some bacteria which secrete organic acids
when there is scarcity of an essential nutrient. Multiple carboxyl groups are found in
many fungal acids which dissociate at circumneutral pH (Berthelin, 1983).

Mineral dissolution is increased both directly and indirectly by organic acids. Organic
acids when released by microbes dissociate into protons and anions. The protons thus
formed react with mineral surface ligands, a process called protonation, which weakens
the metal-oxygen bond and eventually release the metal cation from the surface. The
anions promote dissolution by making metal chelate complex, anions destabilize the
metal-oxygen bonds. Once oxygen get detached from metal chelate complex it is
exposed to further protonation reactions. Systems which possess tri and bidentate
organic acids can release high levels of ions and those with monofunctional groups i.e.
acetic acids have low levels of ions (Welch and Ullman, 1993).
The most abundant of acids in natural systems is oxalic acid. It is due to high solute
concentration in soils e.g. Ca2+ and reprecipitated oxalic salts such as calcium oxalate
(Braissant et al., 2004). Organic acids are sometime not produced in situ, such as in
aquifers where acids concentrations of tens of micromolar are reported, the lower values
indicate that acids are migrated from nearby acidic soils (McMahon and Chapelle,
1991).
Organic acid like citrate and oxalate with deprotonated anions affect dissolution rates
in solutions indirectly through complexation of metals which lowers the saturation state
of solutions (Bennett et al., 1988). EPS also work in same way specially those rich in
alginate containing carboxyl groups in abundance (Welch et al., 1999).
Biomineralization, types and mechanisms
Within the framework of geomicrobiology microbes interact with minerals and metals,
these interactions are of great importance to fundamental microbial processes. The the
processes by which organisms form minerals is called biomineralization (Bazylinski,
2001; Dove et al., 2003), a widespread phenomenon in biology and facilitated by
animals, plants, fungi, protists and bacteria. Sulfides, oxides, calcium carbonate and
silicates all are biominerals (Baeuerlein, 2000; Bazylinski, 2001). Biomineralization
overlaps with geomicrobiology and is an important interdisciplinary research area
(Banfield and Nealson, 1997; Dove et al., 2003; Banfield et al., 2005; Konhauser,
2007). Mineral formation by microorganisms can be categorized into two types
biologically induced mineralization (BIM) and biologically controlled mineralization
(BCM).

In biologically induced mineralization the minerals generally grow and nucleate
extracellularly as a result of metabolism and chemical reactions, which involve
metabolic byproducts. The organisms’ secrete metabolic products to the surrounding
environment thereby reacting with ions and compounds which results in deposition of
mineral particles. Therefore BIM is as a result of metabolic activity is uncontrolled and
unintended type of mineralization. Minerals formed due to BIM have poor crystalline
structure, lack of specific morphologic crystals and broad particle size distribution.
Such types of minerals have poor mineral specificity and include impurities in mineral
lattice due to lack of control over mineralization. The crystallochemical characteristics
of minerals formed by BIM are indistinguishable from those formed by inorganic
chemical reactions under same environmental conditions. Thus BIM is equivalent to
inorganic mineralization. Sometimes the metabolic products diffuse away from the site
where organisms inhabit and minerals are formed in solution. Bacterial surfaces act as
sites for minerals growth, nucleation and ions adsorption such as cell wall and
exopolymers of bacteria, which include biofilm, sheathes, slimes and sometime
dormant spores (Bäuerlein, 2003; Beveridge, 1989; Banfield and Zhang, 2001).
Bacterial cell surface and exopolymeric surfaces are of great importance in BIM
because of high surface to volume ratio. Cations bind to cell surface by nonspecific
electrostatic interactions due to negatively charged cell and exopolymeric surfaces
which results in local supersaturation. The surfaces also stabilize nascent mineral
particles by decreasing the free energy barrier crystal nucleus formation and in some
cases form a layer over of mineral over the cell. In this way the mineralization rate of
BIM become faster by several orders of magnitude from that of inorganic
mineralization. Two types of BIM processes are known passive BIM and active BIM.
In passive BIM minerals nucleate and grow on surface by simple and nonspecific
cations binding and recruitment of solution anions while in active BIM minerals are
formed by direct redox transformation of surface-bound metal ions, or by the formation
of cationic or anionic byproducts of metabolic activities that form minerals on the
bacterial surfaces (Fortin and Beveridge, 2000; Southam, 2000).
Minerals are generally deposited within or on vesicles or organic matrices inside the
cell in BCM, also called organic matrix-mediated mineralization (Lowenstam, 1981)
and boundary-organized biomineralization (Mann, 1986) thus the organisms have

control over the growth and nucleation of minerals and its size, habit, intracellular
location and composition (Bazylinski and Frankel, 2000). These minerals formed as a
result of BCM have narrow size distributed well-ordered structures, species specific,
consistent, crystal habits. BCM processes are under genetic and metabolic control
Because of these characteristics. In case of BCM, mineral formation is not that much
sensitive to external environment as in BIM because Intracellular conditions like pH
and Eh are controlled by organism in BCM.
Biominerals are not produced by organisms but almost all the minerals comprises of
mineral and organic parts to some extent. About 50% of known biominerals are the
calcium-bearing minerals, the calcium carbonate minerals are the most abundant
biogenic minerals, both in terms of the quantities produced and their widespread
distribution among many different taxa (Lowenstam and Weiner, 1989). It is
extensively investigated that Organisms also form amorphous silica. Lowenstam and
Rossman in 1975 studied that the amorphous hydrous iron phosphate in the skin of
lolothurian Molpadia is biogenic in origin. These minerals include those amorphous
ones which differ by degree of short range of order having the same chemical
composition (Addadi et al., 2003). About 25% are biogenic mineral types of phosphates
are found in total. Phosphate minerals are generally produced by controlled
mineralization.
The rock dwellers
Rocks are the dynamic sources which support life forms important for our biosphere
apart from being its geological importance, ancient records and history of our planet.
Life of rock dwelling organisms was first documented in 1914 (Diels, 1914), but the
work of Friedmann and his colleagues on rock dwelling organisms of hot and cold
deserts enlightened us about these organisms and shaped geobiology’s modern branch.
Bacteria and microscopic algae presence in the extreme environments of exposed rocks
such as the Sinai and the Negev by laboratory cultivation methods and microscopy was
first documented (Friedmann and Galun, 1974). Similar algae were studied in the rocks
of dry valley of Antarctica which showed morphological similarities, colonize areas of
~1.5 to ~2 mm below the surface of rocks the rocks (Friedmann and Ocampo, 1976). A
diverse microbial community is inhabited in rocks including algae, fungi, and a diverse
group of bacteria including Fermicutes, Bacteroidetes, Actinobacteria, Proteobacteria

and also archaea. Such diverse organisms present in such extreme conditions attracted
microbial ecologists, astrobiologists and geomicrobiologists alike (Walker et al., 2005).
It was astonishing for astrobiologist that if rocks can support life in such harsh
environment then the same could be found on other planets as well, such as Mars.
Geomicrobiologists and geoecologists hypothesized that microbes inhabit rocks
because they protect themselves from desiccation, high/low temperatures, solar
radiations and also supply of growth surfaces, moisture and nutrients. By keeping these
results in view the NASA scientific community and voyagers are trying to probe life on
cold deserts of Antarctica which are apparently lifeless which they think are analogous
to the planet Mars. A diverse community of organisms inhabit rocks which include both
eukaryotes and prokaryotes Eukaryotic organisms include animals, plants, algae,
lichens and fungi and prokaryotic include bacteria and cyanobacteria and archaea. This
study was mainly focused on bacteria.
Classification of rock inhabiting bacteria
Rock as a habitat is very important for diverse life forms of microbes. The conditions
of local micro environment and its variations greatly influence the colonization of living
organisms, which might appear similar but are distinctly different. The rock dwellers
are broadly classified into epiliths, hypoliths and endoliths (Golubic et al., 1981).
Organisms which live inside the rocks are termed as Endoliths. They are further divided
into cryptoendolith, chasmoendolith and euendoliths. Cryptoendoliths colonize cavities
in rocks, chasmoendoliths are found in rock cracks or fissures and euendoliths inhabit
rocks by borings in it. The outer exposed rock surface is colonized by epilithic
Organisms and hypoliths resides on the underside of rocks.
Applications of rock dwellers
Microbes which dwell in the rocks play vital role in geological processes. Microbial
weathering of rocks result in formation of soil and provide plants and other life forms
with inorganic nutrients. These microbes dwelling in rocks play a key role in elements
biogeochemical cycles. These microbes are exploited for biomining purpose for
extraction of valuable metals from ores (Cockell, 2010). Deliberately introducing the
rock dwellers may help in transforming an entire planet habitable for humans (Birch,
1992). A primitive rock dweller Chroococcidiopsis, a widely reported cyanobacterium

is proposed to be pioneer microbe suitable for planet terraforming, like Mars
terraforming

(Friedmann

and

Ocampo-Friedmann,

1995).

Interestingly,

lithopanspermia theory postulates that life on the earth is extraterrestrial and not its
own, an asteroid impact from a life harboring planet having endolithic microbes on
rocks caused the seeding of life on planetary bodies (Melosh, 1988). The question of
origin of life on our planet is answered ancient microfossils records. As biomarkers or
biosignatures, these organisms can be used for search of life on other planets as well
(Cockell, 2010). The rock-boring euendolithic microbes which by dissolving rock
substrate, create tubular microcavities (TMCs) help differentiate abiotically formed
microtunnels morphologically and petrographically (McLoughlin et al., 2010). As the
rock dwellers thrive in extreme conditions, they can be exploited for the production of
antimicrobial agents. These organisms can also be used for the degradation of
recalcitrant environmental pollutants such as black carbon.
Rock dwelling bacteria, inhabiting the upper and inner surface of rocks of Murree,
Pakistan, have not been explored by scientists previously. The diversity of these
bacteria and potential to mineralize and weather natural rocks is also not reported. This
thesis includes 7 chapters. The research work is given in the last five chapters. The first
chapter is ‘Introduction’ and the second is ‘Literature Review’. In the current study, our
main focus was: (a) isolation of culturable epilithic and endolithic bacteria from Murree
rocks, lower Himalaya, Pakistan, their antimicrobial activity and production of different
enzymes (Chapter 3), (b) screening of phosphate solubilizing bacteria and their role in
weathering of phosphate rocks, solubilizing the inorganic and unavailable phosphate
soluble and available (Chapter 4), (c) screening and isolation of potassium solubilizing
bacteria (Chapter 5), (d) sixth chapter is about mineralization of calcium carbonate and
its possible mechanism (Chapter 6) and (e) the final chapter include tolerance of
isolated strains to heavy metals and antibiotic resistance and the correlation between
these two (Chapter 7). Our results showed Pseudomonas spp possesses very strong
phosphate solubilizing activity and Brevundimonas possesses high calcium carbonate
precipitating ability, which is reported by many scientists. Different acids produced by
phosphate solubilizing bacteria help to dissolve insoluble phosphate and urease
enzymes produced by Brevundimonas can bring about the precipitation of calcium
carbonate. The present study will come up with the isolation of epilithic and endolithic
bacteria from previously unexplored environment and the potential of these bacteria in

mineralization and weathering of different minerals. These bacteria also have the ability
to produce broad spectrum antimicrobial compounds and industrially important
enzymes. These bacteria play an important role in mineral cycling. This work can help
understand and provide information about rock dwelling bacterial diversity and their
role in mineralization and solubilization of important minerals.
Hypothesis
If bacteria can thrive on the surface as well as inside the rocks then they may also be
responsible for the mineralization and weathering of rocks.

Aim and objectives
The aim of present study was to explore the rocks of Murree hills for culturable
endolithic and epilithic microbes and their potential role in mineralization and
weathering and possible industrial applications.
Objectives:
•

Isolation of culturable endolithic and epilithic bacteria from the rocks of Murree
hills.

•

Identification and characterization of these isolates on the basis of 16S rRNA
gene sequence and phylogenetic analysis

•

Mineralization of CaCO3 by these bacteria

•

Screening of phosphate solubilizing bacteria

•

Isolation of Potassium solubilizing bacteria

•

Screening of these isolates for antimicrobial activity

•

Screening for heavy metal and antibiotic resistance
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Rock weathering and microbes
Microbes play a vital role in all types of geological processes. These processes include
bioweathering, biomineralizaiton, decomposition, bioremediation, sediment formation
etc. microbes have a variety of properties which contribute to these processes.
Bioweathering is brought about by the dissolution of different minerals like phosphate,
calcite etc. mineralization include calcium carbonate mineralization and other mineral
formation. The biofilms formed by microorganisms on rock surfaces, in pores and in
cracks of different stones are responsible for the disintegration of rocks (De la Torre et
al., 1993; Puente et al., 2006). Weathering by mirobes is generally referred to the
reproduction and growth of microorganism in rocks. These microbes produce acids as
a by-product of their metabolism and these acids are responsible for the dissolution of
rocks (Hirsch et al., 1995). The metabolites of microbes can cause the leaching out of
minerals from rocks (Lian et al., 2008). The interest of microbes as mineral weathering
agents is increasing among geologist and mcirobiologists (Song et al., 2007). The
organic acids produced by a bacillus strain, globisporus Q12 resulted in the
solubilization of silicon and potassium from silicates mineral. The most affective
organic acid reported is gluconic acid, which solubilize three silicate minerals including
biotite, feldspar and muscovite (Sheng et al., 2008). The mineral weathering rates are
also increased by plants roots respiration and degradation of organic matter by
microorganisms in soil, groundwater and sediments which produce carbonic acids
which elevates the rates of mineral weathering (Schwartzman and Volk, 1991). Other
organic acids are also produced by bacteria from the oxidation of organic matter which
can cause local pH change and increase ther process of silicate weathering. Al- silicates
weathering is reported previously in which several isolates of bacillus produce organic
acids like fromic acid, butyric, lactic, acetic and pyruvic acid (Štyriaková et al., 1999).In
a recent study is is demonstrated that the release of elements from geological matter is
accelerated directly by microorganisms by the acquisition of limiting nutrients needed
for the synthesis of biomass (Rogers et al., 1998) or indirectly by lowering the pH,
changing the saturation state of mineals or by complex cations (Vandevivere et al.,
1994). On the other hand it is shown that elemental release is inhibited by
microorganisms by developing of leached layer which promote the adsorption of
polysaccharides on the rock surfaces (Benzerara et al., 2004; Welch et al., 1999)

Diversity of rock dwellers
Different habitats are colonized by rock dwellers all over the world such as igneous
rocks (Thorseth et al., 1992; Villar et al., 2006; Herrera et al., 2009) sandstone and
limestone of sedimentary rocks (Weber et al., 1996; Matthes et al., 2001; Wierzchos et
al., 2006), gneisses and granite of metamorphic rocks (Cockell et al., 2002; de los Ríos
et al., 2005), mountains (Walker and Pace, 2007; Horath and Bachofen, 2009),
monuments (Scheerer et al., 2009), driest deserts(Friedmann and Galun, 1974), hottest
springs (Walker et al., 2005), tsunami deposits (Cockell et al., 2007), impact crater of
meteorite (Cockell et al., 2002, 2005), hydrothermal vents (Daughney et al., 2004),
floor of the sea (Mason et al., 2007),, deep surface (Amy et al., 1992; Pedersen, 1997),.
Fungi, cyanobacteria, red and green algae exhibit endolithic property (Perry, 1998;
Ghirardelli, 2002). As compared to epilithic organism, endolithic organism, which bore
into the rocks are at much greater advantage in extreme enivronments because rock
provide them protection against the hostile conditions of surrounding macro
environment. This ability to use the interior micro environment of rocks by endolithic
microbes for their metabolic activities and growth is the evident of ancient evolutionary
trait dating back to old Archean about 3.4 billion years old (Furnes et al., 2004). The
variety of metabolic strategies of these microbes are adapted to various environments
and

range

from

photosynthetic

of

shallow

surfaces

to

deep

surface

chemolithoautotrophs (McLoughlin et al., 2007). These chemolithoautotrophs of
subsurface depend on potential electron donors such as on H2, H2S, S, CH4, CO, Fe2+
and electron acceptors in rocks such as Mn4+, Fe3+, CO2, or O2 and SO2−4 and from
circulating fluids (McLoughlin et al., 2007). Endolithic communities adapted to harsh
polar environments like that of Canadian high Arctic and Antarctic dry valleys produce
extracellular polysaccharides which prevents the harmful effects of freeze thaw
cyclings and desiccation. They also biomineralize the surrounding rocks and actively
participate in the cycling of elements cycling and nutrients essential for life (Omelon,
2008). Cyanobacterial and fungal endoliths secrete acids which dissolve rocks or use
calcium pumps to sequester calcium ions and dissolve rock carbonates (Garcia-Pichel,
2006). The rock layers 0.5–5 mm deep below the surface is mostly inhabited by
Chroococcidiopsis spp a cryptoendolithic cyanobacteria. (Büdel, 1999; Büdel et al.,
2004). cryptoendolithic communities comprise of cyanobacteia and lichen belonging to
Plectonema and bacterial species of Thermus-Deinococcus and other members of
bacteria belonging to α-Proteobacteria and are exposed by molecular analysis in

sandstone rocks of McMurdo dry valleys of Antartica (Torre et al., 2003). The porous
sand stones of Colorado plateau in United States the biofilms both in vitro and natureal
through DNA sequence analysis showed that these rocks are mostly inhabited by
Geobacteriaceae and cyanobacteria (Kurtz et al., 2005). McKelvey valley sandstones
were found to be dominated by d diverse communites of
Nostocales, chrococccidiopsis and diazotrophic related polytypes of cyanobacteria and
chasmoendoliths (Pointing et al., 2009).

Antartic rocks are reported having diverse epilithic bacterial communities (Hale, 1987;
Pizarro et al., 1996). It is shown by Molecular analysis that the interior tidal rocks of
Gulf of Mexico are inhabited by cyanobacteria with thick sheaths related to
Myxosarcina, Chroococcidiopsis spp. and Xenococcus, and with different bacteria from
the divisions of Actinobacteria, Proteobacteria, and Bacteroidetes (Narváez- Zapata et
al., 2005). The Australian rocks of great barrier reef showed dirverse communities of
cyanobacteria of the genera Calothrix, Entophysalis, Blennothrix, , Lyngbya,
Chroococcidiopsis and Pseudanabanaceae (Dίez et al., 2007). Hypolithic bacteria are
considered to colonize on translucent quartz stones worldwide in arid environments.
Arid environments of hot and cold deserts are mostly dominated by hypolithic
communities of Chloroflexi phyla of cyanobacteria, fungi and mosses (Büdel and
Wessels, 1991; Schlesinger et al., 2003; Warren-Rhodes et al., 2006; Cockell and
Stokes, 2004; Cowan et al., 2010).

Table 1: Diversity of some endoliths and epiliths in different environments

Bacteria

Isolated from

Reference

Streptomycetes

Deteriorated stone

Groth et al., 2002

Rock surface

Gurtner et al., 2000;
Gorbushina et al., 2002;
Heyrman et al., 2005;
Ortega-Morales et al., 2005

Desert rocks

Dobrovolskaya et al., 1993;
Eppard et al.,1996; Urzi et
al., 2001

Arthrobacter , Bacillus
Micrococcus
Paenibacillus, Pseudomonas

Geodermatophilus
Actinobacteria,
Acidobacteria

Schabereiter-Gurtner et al.,
2002; McNamara and
Upper layer of rocks

Cytophaga, Flavobacterium,
Bacteroides

Mitchell, 2005; McNamara
et al., 2006

Chloroflexi, Ktedobacteria

Rock varnish

Diana et al., 2010

Methylobacterium,
Gemmatimonas,

Atacama desert rocks

Kuhlman et al., 2008

Afipia,

Acidobacteria,
Verrucomicrobia,Planctomyc Black canyon
etes.

He et al,. 2008

Stichococcus bacillaris

Alpine endolithon

Sigler et al,. 2003

Sphingomonas,
agrobacterium

Lime stones

Fiona et al,. 2009

Microbes in geology

Geomicrobiology is the study of role microbes are playing in different geological
processes the present day and

role played since the very beginning of life. These

processes include the weathering of rocks, the formation and transformation of soil and
sediments, degradation, genesis and transformation of differnet minerals, cycling of
organic and inorganic matter on the surface and in the subsurface of earth and fossil
fuel degradation, genesis and preservation. The background of the word
geomicrobiology is uncertain that when was it first introduced to scientific dictionary.
.Beerstecher (1954) defined geomicrobiology as “the study of the relationship between
the history of Earth and microbial life upon it.”Kuznetsov et al. (1963) defined it as
“the study of microbial processes currently taking place in the modern sediments of
various bodies of water, in ground waters circulating through sedimentary and igneous
rocks, and in weathered Earth crust and also the physiology of specific microorganisms
taking part in presently occurring geochemical processes.”
Geomicrobiology gained attention under the leadership of Russian scientist V.I.
Vernadsky (1863–1945), before this it did not get special attention. Ehrenberg (1836,
1838), was one of the first person who contributed a lot to geomicrobiology in mid
nineteenth century, who discovered that the ochreous deposited of bog iron were
associated with Gallionella ferruginea. The organism according to him was classified
as infurorian, a protozoan, was responsible for the formation of such deposits. But this
organism is recognized as stalked bacterium now. S. Winogradsky was another early
contributor to geomicrobiology who discovered a sheathed bacterium Leptothrix
ochracea which oxidizes FeCO3 to ferric oxide (1888) and Beggiatoa, capable of
oxidizing H2S to elemental sulfur (1887). Hader (1919) studied the role of microbes in
the formation of iron deposits. Many areas of study of geomicrobiology got attention
form microbiologists at the beginning of twentieth century. The early important
discoveries of geomirobiological process were done in the laboratory through
physiological studies, revealing the capabilities of microbes in geochemical
transformations and paving the way for later workers to study these processes occurring
in nature. In the United States, geomicrobiology began with the work of Harder (1919)
who worked on iron-depositing bacteria. With the passage of time new discoveries in
the field of goemicrobiology were made in the late twentieth century and recently, for
example Baas-Becking et al., (1960) for the very first time introduced the effect of pH
and Eh as environmental limits for microbes. As new observations are made. These

limits are now extended to acid and alkali in pH ranges (pH 0 and pH 13). Thermophilic
organisms which thrive at high temperature was first studied by Brock and associates
in 1970s working on Yellowstone Park in the United States (Brock, 1978). Colmer et
al., (1950) discovered an iron-oxidizing bacterium Thiobacillus ferrooxidans in coal
mine drainage, which was later on named as Acidithiobacillus ferrooxidans. The first
industrial application of geomicobial active organisms to ore extraction was made by
Zimmerley et al., 1958 Bryner et al., in 1954, who demonstrated that A. ferrooxidans
can leach metals from metal sulfide ores which he proved in acid mine drainage of
Utah United States, containing sulfidic copper as chief constituent. Tyler and
Barghoorn (1954) and by Schopf et al. (1965) and by Barghoorn and Schopf (1965)
discovered fossils of prokaryotes of precambrian era which led the foundation of
Paleomicrobiology. These and subsequent discoveries (Perri and Tucker, 2007;
Ivarsson et al., 2008; Sweetlove, 2011; Cosmidis et al., 2013) have had a profound
influence on current theories on the origin and evolution of life on Earth (Schopf, 1983;
Westall, 2004). These observations proved that biosphere and below earth surface has
a great diversity of microbes and they also had impact on the thoughts of astrobiology.
Emergence of life on earth
There are various hypothesis about the origin of life on earth. According to a hypothesis
known as panspermia it is suggested that life on earth life arrived from another world
in the form of spores. The spores might be possibly carried to earth surface in ejecta of
rock fragments generated by meteorites impact on other life-bearing planet instead of
individual spores enveloped in a mantle of H2O, CH4, NH3, and CO (Nisbet and Sleep,
2001).The earth harbor a diverse form of microbial life inside rocks thus the idea that
life came from other world inside ejecta of rock fragments in the form of spores is not
preposterous. The metrorite impact on the rock fragments which are large enough
induces shock, heat and pressure. All these process can accelerate the ejecta of the rock
fragments immediately after the meteorite impact. The bacterial spores and some of the
resistant endolith and epiliths can survive iside these rock fragments and hence can play
an important role in the origin of new life and other domains. The enclosure of spores
in a salt crystal or a protective envelope might have helped them in Protection from the
dehydrating effect of high vaccum of space. These spores were also protected from
cosmic radiation through their interplanetary travel (Fajardo-Cavazos and Nicholson,

2006). The size of the rock fragments can play an important role in the survival of
enoliths and epiliths. The larger the size more easily will the spores and resistant epiliths
and endoliths an peneterate to the rock fragments. Hence the survive entery impact on
the formation of earth atmosphere and earth crust with large impact on the soil and earth
surface (Honeck et al., 2001). The breaking up of the ejecta rock fragments entering
into the lower atmosphere due to its aerodyanamic drag ensured the scattering of
inoculum the earth surface.
Benner (2013) suggested that life began on Mars, a dry planet partially covered with
water. He proposed that in such extremely oxidized environment, boron and
molybdenum were there to halt organic molecules which result in tar formation. The
low availability of water content in this environment also has a deleterious impact on
RNA survivalthe survival. However, its quite difficult to answer the question of life
emergence. Scientists seek the principles for the emergence of life on any planet,
however earth is the only example and they now turn to different theories and
suggestions that how life began or emerged here. De novo is Another view about the
origin of life on earth. The earth’s early atmosphere and its constituent changed widely
with time, the view that it was dominated by carbon dioxide by Darwin and
Goldschmidt still hold its dominance (Wood et al., 2006). It is suggested that these
processes are due to the oxidation state of mantle where the carbonates and CO2 are
stable and due to oxidation of iron as Fe3+. The volcano exhale CO2 along with other
dioxide gases like H2O, N2,H2,H2S, NO, SO2, and P4O10 (Martin et al., 2007). There are
different other theories as well about the origin of life, i.e. organic soup theories, surface
metabolism theory and submarine alkaline hydrothermal theory etc.

Geomicrobiological processes
Microoganisms contribute a very important role in different geological processes.This
fact was not appreciated by some geologists and microbiologist until recently. These
geomicrobially active organisms include both prokaryote and eukaryotes. Among
prokaryotes the domain bacteria and archaea are very active in these processes. Archaea

and bacteria are distinguished as same when seen as intact cells under light microscope.
However archaea are different from bacteria, archaeal cell envelope, membrane and
ribosomes are distinctly differ from that of bacteria. Another difference between these
two is the set of enzymes for protein and nucleic acid synthesis (Brock and Madigan,
1988; Atlas, 1997; Schaechter et al., 2006).
Geomicrobially important archaea include extremophiles e.g. halophiles, thermophiles
methanogens and reduced Sulphur oxidizers. Bacteria which are active in geomicrobial
processes include sulphate reducing bacteria, manganese oxidizers and reducers, iron
oxidizing-reducing bacteria, aerobic anaerobic hydrogen bacteria, oxygen producing
cyanobacteria, nitrifying denitrifying bacteria etc. Eukaryotic microorganisms include
slime molds, protozoa, fungi and algae. Fungi mostly attack carbonates, phosphate and
silicate minerals. They also play an important role in the degradation of recalcitrant
naturally found organic polymers such as cellulose, chitin and lignin. Algae together
with cyanobacteria are the major oxygen producer for the atmosphere. Algae can also
precipitate or dissolve carbonate minerals and silica. Some protozoa can accumulate
iron oxide on their surface, other lay down silica, manganese, calcium carbonates and
strontium sulphate.
Prokaryotes are divided into different physiological groups which include
photolithoautotrophs, photoheterotrophs, chemolithoautotrophs, heterotrophs and
mixotrophs. All these groups contain organisms which are geomicrobially very
important. The chemosynthetic autotrophs, which contain both bacteria and archaea
derive their energy from inorganic compounds and use CO2, HCO3 or CO3 as carbon
source (Wood, 1988). The photosynthetic autotrophs (photolithoautotrophs ) include
no known archaea but a variety of bacteria which contain the photosynthetic pigment,
cholorophyll. These bacteria also use CO2, HCO3 or CO3 as carbon source but derive
their evergy for work from the radiant energy of sun, converting it into chemical energy.
These include both oxygenic and anoxygenic microbes. Mixotrophs derive their energy
from the oxidation of reduced carbon sources and inorganic compounds which are
oxidizable, or they may use organic carbon or CO2 as carbon source, or they may derive
energy from inorganic compounds but the carbon source must be from organic
compounds. They include both bacteria and archaea.

Photoheterotrophs include bacteria mostly but some extreme halophiles are also
included in this group. They derive all or part of their energy from sunlight, but they
derive their carbon by assimilating organic compounds. The arhaea contain a pigment
in their cell membrane known as proteorhodopsin, which is used as hydrogen pump,
used for conservation of energy from sunlight, during this process oxygen is not
evolved (Furutani et al., 2006; Ikeda et al., 2007). Heterotrophs use organic carbon
source and derive their energy from oxidation of organic compounds. They may be
aerobic or anaerobic, or they may ferment the energy source by disproportion.
Bacterial diversity of limestone
Mostly the silicate dissolution by microbes is investigated, but recently, oxides,
oxyhydroxides, phosphates and carbonates are also under focus. Carbonate dissolution,
along with silicates, is mostly related to biological weathering processes. The biogenic
dissolution of dolomite and calcites is mainly focused in carbonates. A bacterium, S.
oneidensis MR 1 isolated from Oneida Lake in New York State, which is responsible
for the reduction of manganese and iron also reported to dissolve dolomite and calcite.
This bacterium was chosen because of its ability to dissolute calcite (Lüttge and
Conrad, 2004). This strain showed the ability to attach to substrates which were of no
metabolic significance, and not reported for its attachment to carbonate rocks
previously. This bacterium is very common in aquatic enivronments and due to their
ability to attach to mineral surfaces were called ‘interface organisms’ (Davis et al.,
2007).

Endolithic bacteria like Streptomyces, Brevundimonas, Pseudomonas, Serratia and
Flavobacterium were isolated from limestones and dolomite in Nanjiang Canyon in
Guizhou karst area, China (Tang et al., 2016). The microbial community of limestones
and dolomite was divided into 4 groups, Proteobacteria, Bacteroidetes, Firmicutes and
Actinobacteria.

The

most

prominent

group

was

proteobacteria

especially

gammaproteobacteria, the most abundant genera was closely related to Pseudomonas.
Actinobacteria were also found in abundance in these two types of rocks.

The exposed pores of dolomite rocks are colonized by endolithic bacteria in Piora
region in Swiss Alps. They appeared as 1-8 mm of grayish-green bands below the

surface of the rock. These rocks were mostly colonized by photosynthetic bacteria.
Among the endolithic bacterial community, cyanobacteria were found dominant
especially the genus Leptolyngbya. Other chemotrophs like Alpha-Proteobacteria,
Acidobacteria and Bacteriodetes were also found in these rocks (Horath and Bachofen,
2008).

In extreme environments like arid deserts, microbes form a phototrophic-based
community of endolithic microbes dwelling in translucent rocks, and act as primary
producer to support other microbial communities (Nienow, 2009). Atacama Desert in
Chile is one of the driest and oldest desert . The sedimentary record shows that over the
time this area remained extremely dry and arid (McKay et al., 2003). To sustain the
photosynthetic activities in hyper arid deserts, the moisture is provided by deliquescent
and evaporitic halite crusts. Volcanic ignimbrite rocks are also inhabited by
phototrophic cyanobacteria (Wierzchos et al., 2012). Quartz is also inhabited by
hypoendoliths in areas where rain is scarce and the only source of liquid water is dew
and fog (Azúa-Bustos et al., 2011). Studies on Atacama Desert revealed a small number
of lithic organisms inhabit these hyper-arid rocks. Mostly chasmoendolithic organisms
were among the dominant community dwelling in fissures and cracks of calcite and
gypsum rocks of Atacama.Chroococcidiopsis, a cyanobacterial species was the
dominant community supporting other heterotrophic bacteria. The calcite rocks of
Atacama Desert contains liquid water. The water retention ability of these rocks was
quite high because of the complex network of fissures and cracks, and dewfall.
Therefore, a diverse microbial community of heterotrophic and phototrophic bacteria
occur in this extreme arid environment (de los Rios et al., 2010).

Calcite precipitating bacteria have been isolated from soil, seawater, fresh water and
caves (speleothems). A huge bacterial diversity was observed in calcareous deposits in
Colombia. 16S rRNA gene sequencing, showed the dominant bacteria were mostly
Proteobacteria and Firmicutes. Seven genera within these groups found to inhabit and
precipitate carbonate rocks included Acinetobacter, Brevibacillus, Lysinibacillus,
Strenotophomonas, Aeromicrobium, Methylobacterium and Bacillus. These findings
showed a complex bacterial community exists in the carbonate rocks of Colombian
calcareous deposits from mines and these bacteria play a vital role in precipitation of
calcium carbonates (García, 2016).

Studies on the diversity of actinobacterial habitats in limestone are rare. A study was
carried out by Nimaichand and his colleagues Hundung limestone in Manipur India.
They isolated 137 actinobacteria and 16S rRNA gene sequencing of these sample
showed great diversity, dominated by Streptomyces, Pseudonocardia, Janibacter,
Micromonospora,

Arthrobacter,

Nocardia,

Amycolatopsis,

Rhodococcus

and

Kitasatospora. Antimicrobial activity was also checked for these strains against
pathogenic bacteria and fungi. Total of 19 strains showed good antimicrobial activity
against both pathogenic bacterial and fungal test strains. Many strains showed
biocontrol and biosynthetic activities as well. They concluded that limestone habitat
has much potential for secondary metabolites (Nimaichand et al., 2015).

The Frasassi cave system inhabits a complex microbial community including white
biofilms coating cave surface in cave streams. Four year study revealed two biofilm
morphologies in this cave. The prominent groups making up the biofilms have δ-, β-,
γ-, and ε-proteobacteria. An additional site was also investigated for bacterial isolates
in Ramo Sulfureo. Fluorescence in situ hybridization was used for bacterial
identification which revealed filamentous γ-proteobacteria and Beggiatoa-like cells
having sulfur inclusions dominated the streams. A small biomass of ε-proteobacteria
was also detected in these streams. These results show that bacteria play a vital role in
speleogenesis by producing sulfuric acid and also create pores in subsurface which
make the carbonate rocks porous (Macalady, 2006).
Phosphate solubilizing bacteria
Phosphorus (P) is one of the most essential macronutrient engaged in metabolic
processes and plant growth after nitrogen (Widawati and Suliasih, 2006). The high
retention rate of phosphate makes its mobility very low in soils. Holford (1997)
delineated that plants retrieval rate of fertilizer phosphorous is exclusively 10-30% and
70-90% become immobilized in acid soil being bound to Fe, Al, or in alkaline soils to
Mg and Ca (Yang et al., 2010; Prochnow et al., 2006). Incompetency of plants to
acquire bound P demands its conversion to accessible/soluble form. The formation of
mineral phosphate is directly related to microbial activities. Phophogenesis is a series
of biogeochemical processes in sediments, phytoplankotons starts the process by

accumulation of inorganic phosphates. Upon death, these cells serve as a vehicle in the
form of sunk biomass and phosphate is transported to sediments from water column,
with the help of heterotrophic degradation this phosphate is released to interstitial pore
water (Gulbrandsen, 1969). Phosphate solubilizaing bacteria play a crucial
environmentally friendly role in the dissolution of both fertilizer and bound P (Khan et
al., 2007). Organic acids secreted from organic matter play crucial role in the
solubilization of phosphates, the organic acids react with Fe, Mg, Al or Ca which are
the phosphate binders forming stable organic chelates and free the phosphate ion bound
to it (Gupta et al., 2012; Arcand and Schneider, 2006). Many researchers have reported
phosphate solubilizing bacteria from different environments, including rhizosphere
(Oliveira et al., 2009), soil (Gupta et al., 2012; Chen et al., 2006) and mangrove
(Holguin et al., 2001). These explorations helped in the identification of different types
of phosphate solubilizing bacteria. Nuraini et al. (2011) and Hameeda et al. (2008)
reported phosphate solubilizing bacteria in compost of agriculture wastes.

Table 2: Posphate solubilizing bacteria and different acid production.
Phosphate solubilizing
Organic acids produced
Reference
bacterial strains
Enterobacter
intermedium
B. atrophaeus , Bacillus
amyloliquefaciens, B.
licheniformis,
Pseudomonas cepacia
B. licheniformis ,Bacillus
polymyxa,
Pseudomonas striata

Arthrobacter

2-ketogluconic

Hoon et al.,
2003

itaconic, isovaleric, isobutyric, Lactic,

Vazquez et al.,

acetic

2000

2-ketgluconic, Gluconic

Oxalic, citric
glyoxalic, α-ketobutyric, succinic,
fumaric, Malic, tartaric,
Oxalic, malonic

Bar-Yosef et
al., 1999
Gupta et al.,
1994
Gaur, 1990
Banik and
Dey, 1982

Bacillus firmus

2-ketogluconic, succinic

Micrococcus

Bacillus subtilis

Oxalic

succinic, 2-ketgluconic, Oxalic, citric

Banik and
Dey, 1982
Banik and
Dey, 1982
Banik and
Dey, 1983

Potassium solubilizing bacteria
Potassium (K) is one of essential macronutrient required for plant growth and
productivity. Potassium availability is dependent on many factors which include the
forms of K in solutions, K in exchangeable and non-exchangeable forms and K bearing
minerals and its degree of weathering (Sparks, 1987). Different soils all over the world
are mostly deficient in K in terms of availability. As K is one of the major elements
required for plants its deficiency is the main cause of productivity and is consider
limiting factor in agricultures. To fulfill the requirement of potassium for plants potash
fertilizers are used. In the consumption of potash fertilizers USA rank frist followed by
China and Brazil (FAI, 2007). The use of fertilizers create many problems which
include its cost and environmental problems. So it is demand of the day to find an
alternative ecofriendly and cost effective approach for potassium supplement to plants.
Potassium is the seventh most abundant element found in earth crust. Sir Humphry davy
isolated it for the first time by the electrolysis of potassium hydroxide (KOH) in 1807
and was the first metal to be deposited at cathode (Holmes, 2011). Potassium is the third
most important element after nitrogen and nhosphorus for plant growth. As a
macronutrient for plant growth potassium plays an important role in different metabolic
processes e.g. protein synthesis, enzymes, resistance to different insects and diseases,
and also in photosynthesis (Rehm and Schmitt, 2002). Many other physiological
processes are also dependent on K. the opening and closing of stomata, which is
necessary for photosynthesis is mainly regulated by K in plants. Production of ATP and
enzymes activation for the synthesis of ATP, sugars formed during photosynthesis and
its transportation through phloem and storage are dependent on K concentration in cells.
K also play a role in the transport of nutrient and water through xylem. If K

concentration is low plant will not be able to produce required ATP. Starch synthetase
is also dependent on K concentration. The availability of K plays an important role in
plant growth and productivity (Usherwood, 1985; Doman, 1979; Marschner, 1995
Pettigrew, 2008). Potassium is also important in many other biochemical processes and
osmotic regulation of cells K is needed in higher quantity by plants for higher
productivity (Valmorbida and Boaro, 2007). The shelf life of plants is improved by K
and due to the unavailability of K plants yield is severely reduced (Khawilkar, 1993).
K can be found in differet forms which includes exchangeable form, unexchangeable
form, mineral form and dissolved or solution form. K only in the solution form is taken
by plants. Regarding availability of potassium, only one to two percent can be uptaken
by plants because it is found in combination with other elements which make it
unavailable for plants. Feldspar and mica are the most abundant minerals of potassium
feldspar contains 90% and mica contains 98% potassium (McAfee, 2008). Most of the
potassium is in the form of insoluble minerals, rocks and deposits (Goldstein, 1994).
When weathering of these rocks and minerals take place they are converted to sand,
clay and slit which become part of the soil (Cockell et al., 2011). These are the largest
sources of K and under suitable environmental conditions they can be dissolved and
made available for plants (Hu et al., 2006). Different rocks such as sedimentary,
metamorphic and igneous can be used as fertilizers or natural promoters of K and other
minerals sources with proper management. The dissolution study of rocks has revealed
their agronomic potential as a source of natural nutrients (Song and Huang, 1988;
Kalinowski and Schweda, 1996).
Microorganisms have the ability to solubilize potassium containing minerals by
decomposing them. The role of microorganisms in the solubilisation was first reported
by Muentz (Muentz,1890). These microorganisms produce different organic acids
which cause the dissolution of K during biological processes. Certain bacteria bring
about the decomposition of silicates minerals of K and make it available for plants
uptake (Biswas and Basak, 2009). K solubilisation by molds, e.g. Aspergillus,
Penicillium and Fusarium and bacteria e.g. Pseudomonas, Micrococcus and Bacillus
have been reported (Gaur, 1990). Acids like oxalic acid formic acid and citric acids are
producec when organic matter is decomposed. These acids supply protons and help in
the dissolution of K by complexing Ca2+ ions. The organic compounds e.g. oxalate,
acetate and citrate produced by microorganisms also increase the dissolution of

minerals (Sheng, 2003). The complexes formed between metal ions like Ca2+ Fe2+ and
Al3+ and organic acids produced bring about the K solubilization (Styriakova, 2003).
Calcium carbonate precipitating bacteria
Microbial existence in endolithic environments is inescapable. Endolithic colonization
of photosynthetic “algae” including cyanobacteria in exposed alpine environments,
such

as

Tyrolean

dolomite

in

Italy

is

illustrated

by

early

reports.

(Diels, 1914). Microbial communities with comparable characteristics were also
reported to colonize stone buildings and monuments. Over the past few decades,
ecological studies have bestowed insight for understanding the physical and chemical
nature of endolithic ecosystems and also explored that patterns of microbial
colonization are influenced by these environments. Results propose unique adaptation
of endolothic communities that are comprised of closely related organisms to life in
harsh environments where epilithic (surface) growth is obstructed. It has also been
proposed that specific community composition and dynamics are influenced by
different physical and chemical characteristics of endolithic habitats , although it has
been arduous to report such hypotheses (Bell, 1993).
Table 3: Calcium carbonate precipitating bacteria isolated from different
environments.
Calcite precipitating bacteria

Reference

Bacillus pasteurii

Braissant et al., 2002

Halobacteria

S¢nchez-Rom¢n et al., 2011

Bacillus

Myxococcus
Pseudomonas

Sporosarcina pasteurii

Bacillus sphaericus

Goddette et al., 1992; Betzel et al.,
1988; Jørgensen et al., 2000
Rodriguez-Navarro et al., 2003;
Gonzalez-Muñoz et al., 2010
Jha et al., 2009
Bang et al., 2010

Wang et al., 2014

Brevundimonas, Sporosarcina

Wei et al., 2015

Thiobacillus

Lee et al., 2003

Diverse settings, including : gypsum in Antarctica (Hughes and Lawley, 2003),
sandstone in the Colorado Plateau of the North American Southwest (Bell, 1993),
sandstone in a semi-arid montane region of South Africa (Wessels and Budel, 1995),
dolomite in an alpine region of Switzerland (Sigler et al., 2003), carbonates in a glacial
region of Austria (Hoppert et al., 2004), limestone of the Niagara Escarpment in
Southern Ontario, Canada (Gerrath et al., 2000), sandstone cliffs in Ohio, USA
(Casamatta et al., 2002) and a variety of rock types in tropical regions around the world
(Budel et al., 2002) signifies the best epitome with abundant endolithic life illustrated
by subsequent studies.
Calcium carbonate precipitation a ‘biomineralization process’ is naturally occurring
phenomenon manifested by Bacterial kingdom (Boquet et al., 1973). Two different
mechanisms such as biologically-controlled or biologically-induced mineralization are
employed to achieve this.(Mann, 1995). Biologically-controlled mineralization is
attributed to the direct formation of minerals by organisms encompassing magnetotatic
bacteria, diatoms and coccolithophores, facilitated by their specific metabolic and
genetic pathways (Bazylinski and Moskowitz, 1997). However, categories of minerals
manufactured by process of calcium carbonate precipitation by bacteria is generally
interpreted as induced mineralization, as these are influenced by environmental
conditions (Brennan et al., 2004). Distinguished genera of ureolytic bacteria including
Sporosarcina sp., Bacillus sp. and Brevundimonas sp. were observed to serve an
important role in precipitation of minerals.Among these species, Sporosarcina sp. were
abundant in cultured isolates. B. lentus CP28 manifested high level of urease activity
which led to the efficient precipitation of calcium carbonate at 3.24 0.25 x 10-4 mg/cell.
Calcite was the dominant calcium carbonate phase revealed by X-ray diffraction.
Contrasting morphologies of minerals were observed by scanning electron microscopy
encompassing cubic, rhombic and polygonal plate-like crystals. The dynamism
exhibited by microbial calcium carbonate precipitation disclosed that B. lentus CP28
precipitated calcite crystals through its ureolytic ability, and that when certain
parameters such as ammonium ion concentrations and the pH reached 746 mM and 9.6

respectively, that executed calcite precipitation at a higher level of 96 mg/L (Shiping et
al., 2015).
Phenomenan of calcium carbonate precipitation is also influenced by microbial
extracellular polymeric substances (EPS) in association with morphology and
mineralogy. Due to its viscosity and slimy nature,favors the binding of remarkable
amounts of calcium thus resulting in calcium carbonate precipitation (Arp et al., 1999;
Braissant et al., 2007; Dupraz et al., 2005). Mineralization process concerned with
microbial metabolic activities elucidates the increment in environmental alkalinity,
thereby facilitating calcium carbonate precipitation (Douglas and Beveridge, 1998;
Castanier et al., 1999).
Two different experiments with and without Bacillus sp focused on determination of
effects of bacteria and bacterially produced extracellular carbonic anhydrase (CA) in
calcite precipitation were conducted. The consequences of these experiments revealed
that the presence of bacteria significantly enhanced the precipitation rate of Ca2+ than
the experimental system that was deprived of Bacillus sp. (Wei et al., 2011). It has been
established that microorganisms possess a decisive character in supporting calcite
precipitation. Although there is inadequate comprehension of the formation
mechanisms by microorganisms, quite a few researchers recommended that the
deposition is induced by following conditions: (1) Microbial mat or biofilm are
involved in capturing or adherence of depositing particles (Wen et al., 2004; Perry et
al., 1999) (2) Extracellular polymeric substances (EPS) promotes continual assimilation
of Ca2+ which leads to the occurrence of carbonate microcrystals on the surface of
biofilm followed by calcification (Wen et al., 2004) (3) In the environment enriched
with excessive dissolved inorganic carbon (DIC), EPS breakdown is followed by the
liberation of chelated Ca2+ ions so that the supersaturation degree of Ca2+ in the
environment will be continuously intensified, thereby promoting the precipitation of
calcium carbonate (CaCO3) (Arp et al., 1998; Braissant et al., 2009), (4) CaCO3
precipitation can also occur extracellularly through various bacterially mediated
processes such as photosynthesis, ammonification, denitrification, sulphate reduction
and anaerobic sulphide oxidation (Castanier et al., 1999; Castanier et al., 2000), (5) The
ability of ureolytic bacteria to hydrolyze urea enhances pH and imparts alkalinity to the
environment, facilitating CaCO3 precipitation (Chen et al., 2009).

Way of life and Adaptation
Thorough comprehension of mechanisms and investigation of wide variety of
microorganisms necessitates the formulation of hypotheses concerned with the
conditions necessary for the origin and early diversification of life on Earth. The
research also augment our perception of potential habitable environments able to
support life beyond Earth. Undeniably, understanding of biology of microorganisms in
adverse habitats has led innumerable scientists to speculate about the possibility of
existence of life in diverse planetary bodies within the Solar System, including Mars,
Venus, satellites of Jupiter (Io, Europa, Ganymede, and Callisto) and Saturn (Titan and
Enceladus).Moreover, numerous studies conducted in this field of research has sparked
a surge in support for Panspermia theory—the hypothesis that life is transported to
Earth naturally through space.
Aspects of modern biosphere ‘the macroscopic animals and plants’ constitutes a latest
step in the progression of life. Stratification by multicellular organisms on a diverse
microbial biosphere emerged about 600 Ma ago (Seckbach, 2000). Though, microbes
continue to exist as quantitatively dominant creatures on Earth. This ‘additive’
evolution involved the spread of new and more complex life forms alongside older,
simpler ones that have existed for at least 3.5 Ga (Zavarzin, 2003). However, majority
of environments are inhabited by more complex but less tolerant macroscopic forms of
life, the most primitive settings remain the domain of specialized microbes. Microbes
in these adverse evironments including epiliths and edoliths have various well-defined
mechanisms for survival, that can extend the survivability of the microbes.
Exopolysaccharide (EPS) biofilms
Characteristic feature of an established biofilm i.e. Exopolysaccharide matrix
generation is consisdered to be imperative in survival of the endoliths and epiliths. EPS
perform variety of crucial role such as storage of water by formation of hydrogen
bonding and nutrients especially in the terrestrial environment. Due to its hydrated
nature also provides protection against desiccation (Tamaru et al., 2005). The important
role of EPS in "subaerial biofilms", comprised of microbial communities that live on
solid mineral surfaces exposed to the atmosphere, has been reviewed e.g. by
Gorbushina (2007). EPS which is primary matrix of biofilm assist the survival of

microorganisms in outer space conditions in a dry state, as elucidated by lichens that
show an enhanced resistance to UV irradiation due to their cortex (Olsson-Francis et
al., 2017).
Temporarily endolithic organisms remain in a dry state, but when moistened trigger
the rapid growth and reproduction. Bell (1993) writes that in pure culture,
Chroococcidiopsis is encased within a gelatinous sheath that, upon rewetting, swells
rapidly and sometimes causes single cells to be squeezed out. Most of the organisms
identified from the microhabitats in hot semiarid lands and deserts seem to be widely
distributed in soil and freshwater of temperate regions as well (Bell 1993). They may
have developed a special adaptation to life in such harsh environments or they may just
be “drought-tolerators”. Apparently they utilize an “on-off” metabolismsimilar to that
shown by some soil organisms (Brock, 1975). Some algae have the ability to withstand
drought for 70 years (Bristol, 1919; Parker et al., 1969), and some can withstand
temperature as high as 160°C (Trainor, 1962, 1983; Schlichting, 1974). When
desiccation occurs prior to the temperature increase, heat tolerance is increased in
organisms compared to hydrated state. (Vogel, 1955). Even though endoliths hideaway
from climatic extremes, production of the extracellular polysaccharide can overcome
the dessication and other damaging effect of freeze thaw cycles. These microbes are
geo-chemically reactive with endolithic milieu.. The release of nutrients and its
recycling is also another important factor. SEM-BSE a novel microscopic technique
also support the physiological state of endoliths and epiliths in situ. The microscopic
technique shows that how these microbes interact with minerals and produce novel
biosignatures of curiosity for astrobiological studies. The in situ pH change shows the
capabilities of these microbes involved in weathering processes. Although the ecology
of these particular endolithic community can have multiple varying effects on the rate
of rock weathering. These differences in weathering rates may be an imperative force
in driving microbial diversities of endolithic habitats in polar deserts (Omelon et al.,
2008).
The endolithic growth is paramount transformation to survive environmental extremes
of exposed rock surfaces in the hot desert. The micrite layer that blocks harmful UV
radiation is highly reflective and reduces light intensity to the algae below the surface
and acts as a dynamic sunscreen and also help in trapping moisture . The lichen sustain

themselves by the effects of biodeterioration and biomineralization (Garvie et al.,
2008). Another familiar trait of all endoliths and epiliths is the extra- cellular secretion
of EPS and gelatinous materials. These secretions are principle measures of increasing
water retention around cells and halting the drying process, thus alleviating desiccation
damage to the community. A deep study of these compounds is required, specially the
synthesis, regulation or composition of these compounds by microbial communities ,
Compatible solutes
Most of the extremophiles including epiliths and endoliths can accumulate intracellular
low molecular weight compounds to avoid the loss of water known as compitable
solutes. These compatable solutes include sugars, alcohols, pyoles, ectoine, betain and
glycine. These solutes maintain the structure of proteins and therby play an important
role in cell survival in extreme environments. Despite harsh climatic conditions,
microorganisms are able to survive in deserts. Cyanobacteria, lichens, and mosses
present in a hypolithic–phototrophic association in semiarid and arid regions, and
epilithic,

endolithic,

covers

extensive

range

of

soil

substratum.

The

cyanobacterial Chroococcidiopsis gains ubiquitous in arid regions. Free moisture is
critical factor for these microbial harmonious associations, the hyperarid Atacama core
nearby boundary of life on Earth. Ability of desert microorganisms to subsist these
climatic niches is dependent on their potential to withstand the prolonged terms
desiccation (Wierzchos et al., 2006). Cell membranes impairment, oxidation and
photooxidation of macromolecules and DNA breaks are ultimate results of low water
activity. Prolonged water activity can alleviate the damage by endolithic and hypolithic
growth and trimming the load of photooxidative damage. Exopolysaccharide sheath,
compatible solutes production, especially trehalose, the production of UV-blocking
chemicals most importantly scytonemin and mycosporine-like amino acids; and special
DNA-repair mechanisms are found in radiation-resistant bacteria and are most
imperative biological shifts for survival (Oren et al., 2007).
Intracellular compatible solutes and osmoprotectants lead towards desiccation tolerance
(Potts et al., 1994), in addition, physical integrity is maintained by cell walls and
extracellular secretions (Billi et al., 2002) and also by means of genome repair 41.
Subsurface ‘refuge’ niche colonizers are less exposed to moisture, thermal and UV

stresses than surface-dwelling organisms, although the level of their tolerance to
climatic extremes than surface dwellers is still in question (Warren-Rhodes et al., 2006).
The biological soil crust and endolithic communities display a multilayered structure in
its cell wall and cell membrane sometimes. These layered structures are pigmented i.e.
photo-protective and play a crucial role in survival to different stresses in these
extremes. These pigmented structure can also play a role in high ultraviolet (UV)
tolerance at high altitude and areas with high UV index (UVI) (Wong et al., 2010).
Soil- and rock-surface communities (SRSCs) including epiliths and endoliths modulate
weathering of exposed mineral surfaces are thought to be major contributors to framing
the visual nature these desert biomes. The surfaces of sandstone undergoes an
‘exfoliation’ a process in which the surface layer of rocks erode and flake off in a
characteristic laminar manner. The process of exfoliation may closely observed with
SRSC. Sandstone surfaces can undergo an ‘exfoliation’ (in which surface layers erode
and flake off in a characteristic laminar manner) that is closely observed with the
presence of SRSC (Büdel et al., 2004).
The outcome of activities of epiliths and endoliths ultimately result in bioweathering.
Bioweathering of harsh environments is favored by endolithic bacteria while epilithic
weathering is mostly reported from deserts of mild conditions. Geomicrobiologists
correlated this phenomenon with microbial colonization (Viles et al., 1995; Bennett et
al., 2001). The evidences so far, suggest that SRSCs weathering may occur as a passive
byproduct of metabolism, or how they get access to limiting nutrients present in the
rock by organisms, especially phosphorus and nitrogen (Banfield et al., 1999).
Rock weathering is stimulated when SRSCs physically penetrate the cleavages present
in minerals. The heat-cooling and wetting-drying cycles push the cracks apart upto ~10
mm along the grain boundries (Gorbushina et al., 2007).
The dissolution rates are also enhanced by secreted compounds. These secreted
compounds are mostly EPS, which besides absorbing and holding water for longer
against the rock, also help in adherence of organisms to surfaces in rocks thereby
facilitating weathering (Mazor et al., 1996; Garcia-Pichel, 2010), help in pH changes
which range upto 5, OH and Ca responsible for ph increase governed by inorganic and

organic acids (Gorbushina et al., 2006) and also the organic ligands responsible for
oxygen-metal bonds weakening or which lowers the saturation states of solutions
(Banfield et al., 1999).
The local hydrological cycles are shaped up by BSCs (biological soil crusts) thereby
affecting different factors which influence the infiltration of water, most importantly
the roughness, permeability and absorption of soil, pore formation, soil aggregates and
its texture and stability (Belnap et al., 2006). Different factors affect the influence of
BSCs extent, which include communities in the crusts and its morphology, biomass,
and species composition, and also underlying soil nature and climatic regimens (Belnap
et al., 2003).
Antibiotic and enzyme production from epiliths and endoliths
Since the 1960s, from eubacteria, archaea, and fungi, microorganisms that have
adoptive strategies in extreme terrestrial environments many bioactive secondary
metabolites have been isolated and structurally characterized (Giddings et al., 2015).
For decades, microbial natural products have been one of major concern of
pharmaceutical companies for drugs, and today all evidence suggests that novel
molecules likely to be therapeutic agents are still are need to be discovered from these
natural origins, especially from actinomycetes. Interpreting chemical nature and
diversity of these microbial sources relies on proper understanding of their biological
nature and other pivotal factors that maximize the incident of successful identification
of novel molecules. Rhizospheres, plant endophytes, lichens, and endolithic bacteria
and marine sediments associated actinomycetes communities are still needed to
discover beyond the fact that, the millions of strains are isolated and screened in
research and industry (Genilloud et al., 2011).
Secondary minerals are mostly produced by fungi, or their hyphae are also sometime
found covered by partially etched minerals. The formation of exopolymers was
commonly found in endolithic microorganisms. Mites mostly feed on epilithic
organisms. Organic acids like pyruvate, citrate, malate, fumarate, formate, glutamate,
oxalate and lactate were produced by fungi in pure cuture in 42 hours. Recovery of
these acids is already done from rock samples. Cation extraction upto 60% from
minerals is resulted when fungi were grown on mineral powder and glucose. Bacterial

growth of some isolates was stimulated by some fungi and also inhibited growth of
some bacteria and yeasts. It is summarized that endolithic and epilithic bacteria with
some fungal strains extensively contribute in the deterioration of monuments and stones
(Hirsch et al., 1995).
Streptomyces species, novel members of epiliths and endoliths are potent source of
industrially important enzymes and other antibiotics (Cowan et al., 2015). The enzymes
and roles in industrial processes have been investigated during the last years, especially,
from extremophiles (Singh and Gabbani, 2012). Major enzymes are of biotechnological
and industrial importance and most of them are identified, but enzymes market is still
insufficient to cop industrial demands (Dumorne et al., 2017). The main reason is
instability to industrial conditions (Irwin et al., 2004). Additionally, the enzymes are
used in technologies employing ecological processes (Díaz-Tenaa et al., 2013).
Biocatalysts is always needed in industrial bioprocesses that can tolerate changes in pH,
temperature, and aerification, with high reproducibility, and other parameters
(Fujiwara, 2002; Haki et al., 2003). These microbes from extreme climates, are
considered as potent source of different industrially significant enzymes. The
extremozymes are solid biocatalysts and active under extreme environmental factors
that were previously regarded as incompatible with the biology. Extremozymes, such
as

cold-tolerant

extremozymes,

acid-tolerant

extremozymes,

alkali-tolerant

extremozymes, and salt-tolerant extremozymes are applied for industrial bioprocess by
implying for resistant biomolecules (Cavicchiol et al., 2002). The exploration of
enzymes from extremophiles with improved stability continues to be a priority adjunct
in enzyme research (Raddadi et al., 2015).
Metal resistance in endoliths and epiliths
Metals are one of most important elements of Earth as early life has arisen in abundance
of metals. Over the ages, all living systems have evolved mechanisms to use some
metals as integral ingredient while they have learned to cope with others, which are
toxic. Bedrock of the planet is fundamental source of metals in all major ecological
biomes (Choudhury et al., 2001). In present context of fast development of industry
heavy metals toxicity of the environment surrounding cause destruction of living
ecosystem in these areas (Diels et al., 1999). Bacteria are sieves that have ability to
grow and absorb effluents containing heavy metals (Lovely and Coates, 1997). Uptake

of zinc and copper by halophilic bacteria isolated from the Dead Sea shore in Jordan
was studied by Al-Momani et al., (2007).
Complex association amongst organisms and minerals in endolithic biological
communities offer a perfect model framework to concentrate on the attributes of
biosphere; microbial biology, geobiology and astrobiology, and shape biosignatures
that can be safeguarded in the geographical record (Walker and Pace, 2007; Gorbushina
and Broughton, 2009). As it is reality that lichens, a parasitic development frame, are
advantageous bioweathering specialists (Adamo et al., 2002). Lithobiotic biofilm
groups can collaborate geophysically and geochemically with mineral substratum and
weakening can likewise bring about the development of patinas, films, varnishes, hulls
and stromatolites (Gadd, 2007; Fomina et al., 2010). Soil component transcendently
mirror the sythesis of the Earth's outside, some are altered by weathering for the most
part and furthermore biogenic and anthropogenic exercises have extraordinary effect
that initiates substance changes including mineral disintegration while organic action
causes enhancement of carbon, nitrogen and sulfur. Stone-occupying microorganisms
may developing on the surfaces (epilithic), in more ensured living spaces, for example,
cleft and crevices (chasmolithic), and a large portion of them enters millimeters or even
centimeters into the stone pore framework (endolithic). Microbial colonization starts in
a biofilm by phototrophic cyanobacteria and green growth, trailed by lichens, and
general heterotrophs (Hoppert et al., 2004), even heterotrophic shake groups foundation
is conceivable without beginning phototroph contribution (Roeselers et al., 2007).
Exceedingly running down surfaces of are sources colonization (a 'proto-soil') for
greeneries, plants and higher plants as they have fitting conditions.
Microbial colonization have a vital geoactive parts in the biosphere, strikingly in the
zones of elemental biotransformations and biogeochemical cycling, metal and mineral
changes, disintegration, bioweathering, and soils with residue arrangement. All sort of
prokaryotic and eukaryotic microorganisms and harmonious relationship with each
other and higher living beings have key part working the topographical marvels, and
geomicrobial are biotransformations of metals and minerals. Microbial exercises can
impact changes in metal speciation, lethality and versatility, and mineral arrangement
or mineral disintegration or breaking down. Relating instruments are basic for
managing the characteristic biogeochemical cycles for metals and related components

in biomass, soil, rocks and minerals, e.g. sulfur and phosphorus, and metalloids,
actinides and metal radionuclides (Andrei et al., 2017, Gadd et al., 2012). Despite the
fact that they have unequivocal character in regular biosphere forms in any case, gainful
and pernicious outcomes can likewise be applied by metal and mineral changes in a
human setting. Bioremediation is a procedure in which natural and inorganic poisons
are debased encouraged by organic action of microbes and parasites being the most
imperative life forms for recovery, immobilization or detoxification of metallic and
radionuclide contaminations. A few microorganisms aggregate biominerals or metallic
components having reactant and different properties in nanoparticle, crystalline or
colloidal forms, and connected with improvement of curious biomolecules of
mechanical and antimicrobial intrigue. Decay and demolition of normal and engineered
materials, shake and mineral-based building materials (e.g. solid), corrosive mine waste
and related metal contamination, biocorrosion of metals, compounds and related
substances are extreme results of microorganisms intervened metal and mineral
changes in addition it likewise effectsly affect radionuclide speciation, versatility and
control, all with gignatic social and monetary outcomes (Dakal et al., 2012, Gadd et al.,
2005). The pervasivness and significance of microorganisms in biosphere makes
geomicrobiology as one of vital assistants of microbiology with an interdisciplinary
way to deal with characterize suggestions in a situation and misuse in biotechnology
(Gadd et al., 2012).
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Abstract. Murree and Ayubia hills are parts of the lower Himalaya Mountain
range in Pakistan. The rocks of these hills are younger and mostly limestone in
nature. In this study, geomicrobiological investigation of the selected samples
collected from Murree and Ayubia hills was carried out. The rock samples were
spread on nutrient agar plates and endolithic and epilithic bacteria were isolated
on the basis of colony morphology and studied further. All the isolates were
screened for different industrially important hydrolytic enzymes. Study isolates
were identified through 16S rRNA gene sequencing. These endoliths and epiliths
were assayed for antimicrobial activities against clinical isolates S. aureus, P.
aeuroginosa and E. coli. Total 31 bacterial isolates were recovered of which 15
were endolithic and 16 were epilithic. 16S rRNA gene sequencing revealed major
culturable groups colonizing these rocks were clustered in four major groups,
Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes which inlcude
Alcaligenes, Lysinibacillus, Actinobacteria, Pseudomonas, Pusillimonas,
Streptomyces, Fluviicola, Serratia, Flavobacterium, Stenotrophomonas and
Brevindomonas species. The sequences were deposited in NCBI for acquisition of
accession numbers. The bacterial isolates were efficient producers of oxidase,
catalase, protease, amylase and gelatinase. The endolithic isolates N4
(Pseudomonas sp. KT223616) and N28 (Streptomyces sp. KT004386) exhibited
good activity against all the three clinically isolated target strains. The study

revealed the rocks of Murree and Ayubia hills have a rich microbial ecology that
besides having an important role in weathering and mineralization processes
may also be potential source of biotechnological applications.
Keywords: Murree hills, Pakistan, antimicrobial production, endolith, epilith, microbial mineralization,
weathering

Introduction
Many microorganisms can survive and thrive in physically and geochemically
extreme conditions that were previously considered hostile to life. These
microorganisms are known as extremophiles (Sharma et al., 2012) and grow inside the
rocks and on the outer surface of rocks. Such rock inhabiting organisms are categorized
as endolithic, epilithic and hypolithic (Golubic et al., 1981) on basis of position of their
colonization on the rocks.
Several types of rocks have been studied for microbial diversity such as rocks of
igneous origin (both glassy and crystalline) by Thorseth et al. (1992); Villar et al.
(2006); Herrera et al. (2009), sandstones, salts and limestones (sedimentary rocks) by
Matthes et al. (2001); Wierzchos et al. (2006); Weber et al. (1996), and gneisses and
granites (metamorphic rocks) by Ríos et al. (2005) and Cockell et al. (2002).
These rock dwellers are reported from different habitats on earth, those dwelling in
mountains(Walker and Pace 2007; Horath and Bachofen 2009), in deserts (Friedmann
and Galun, 1974; Friedmann and Ocampo, 1976), from deposits of tsunami (Cockell et
al. 2007), from the floor of sea (Mason et al. 2007), from the impact crater (Cockell et
al. 2002, 2005) from springs having temperature above 600C (Walker et al. 2005), from
the subsurface of deep sea (Amy et al. 1992; Pedersen, 1997), from monuments of
cultural heritage (Scheerer et al. 2009), Daughney et al. in 2004 also reported bacteria
thriving in deep hydrothermal vents. The colonization of microbes has been reported In
glassy and crystalline igneous rocks
(Thorseth et al. 1992; Villar et al. 2006; Herrera et al. 2009); in sandstones, salts and
limes stones of sedimentary rocks (Weber et al. 1996; Matthes et al. 2001; Wierzchos
et al. 2006) and gneisses and granite of metamorphic rocks (Cockell et al. 2002; De-los
Ríos et al. 2005).
Endoliths and epiliths, inhabiting the extreme environments, produce molecules
which help microbes in their adaptation to extreme life conditions and are considered
as a new important source of moieties of biological origin (Sánchez et al., 2009).
Accordingly, these microorganisms are important targets as a source of variety of
bioactive compounds such as secondary metabolites and other industrially important
enzymes like amylase, protease and gelatinase. Microbes play key role in weathering
and mineralization of rocks. They attach to mineral surfaces and bring about physical
and chemical changes in the structure. They create microenvironment of the complex
nature at mineral-water interface, where they produce organic acids, metabolically
catalyzed redox reactions and complexing agents lead to change in pH and
concentration gradient, which is different from bulk solution. This helps in
thermodynamic state which enhances weathering. The extracellular polysaccharides
(EPS) also serves as a site for secondary mineral precipitation, which is different in
morphology from those precipitated in bulk solution inorganically (Konhauser, 2007).
The antimicrobial compound production seems to be the general phenomenon for most
bacteria. A commendable array of defense, i.e. broad-spectrum antibiotics, lytic agents

such as lysozyme and metabolic byproducts such as organic acids are produced by
many types of bacteria. In addition, several other types of bacteriocins, proteins and
exotoxins are also produced which are biologically active peptide moieties, with
bactericidal mode of action (Riley et al., 2002; Yeaman et al., 2003). Secondary
metabolites are produced in response to nutrient exhaustion, biosynthesis or addition of
an inducer and growth rate decrease (Demain, 1998). The misuse of antibiotics lead to
drug resistance, so the only solution is to explore new environments in terms of its
diversity that will not only lead to the discovery of new forms of life, but also the
secondary metabolites and other industrially important enzymes. Currently,
extremozyme production is the demand of recent markets. These extremozymes can
withstand more tough conditions in various industrial processes. The microbes
inhabiting such dry and hard environments may be a good source of different hydrolytic
enzymes.
In the current research our focus was to isolate and characterize the extremophiles
(endoliths and epiliths) from natural rocks of Ayubia (Murree), Khyber Pakhtunkhwa
(KPK) Pakistan. All the isolates were characterized on molecular basis by 16S rRNA
gene sequencing. The isolated endoliths and epiliths were screened for industrially
important hydrolytic enzymes and also for antibacterial activity against clinical isolates.
Methodology
Sampling
The rocks and soil samples were collected from Ayubia, District Abbottabad,
Khyber Pakhtunkhwa (KPK), Pakistan, (Elevation 2600 meters), (34°4'20"N,
73°23'55"E) (Figure 1). The rock samples were collected in pre-sterilized (ultra violet
treated for 20 minutes) polyethylene zipper bags. The temperature at the time of
sampling was 20°C while pH of both samples was 5. All the samples were transported
to laboratory and stored at 4°C.

Figure 1. Sampling site: Ayubia Muree lower Himalaya, Pakistan

Rock analysis
The collected rocks belong to Lockhart formation/Lockhart Limestones, which are
derived from Paleocene era and are around 65.5 million years old (Akhtar and Butt,
2000). Along Murree-Nathiagali road, near Changlagali the Lokhart limestones are
very well exposed, and there it overlies the early to middle Paleocene Hangu Formation
and underlain by Patala Formation. Lithology of the rock sample consists of highly
fossiliferous limestone with infrequent calcite filled fractures followed by 0.8 meter
thick band of dark gray colored calcareous shale. Bedded in between is thick
fossiliferous nodular limestone of gray to dark gray in color.
Isolation of endolithic and epilithic bacteria

For the isolation of endolithic and epilithic bacteria, Nutrient Agar/Broth and LuriaBertani Agar/Broth were used. For epilithic bacterial isolation, outer surface of rocks
were directly swabbed with sterile cotton swabs. While for isolation of endolithic
bacteria, rocks were broken down with sterile hammer under aseptic conditions. Then the
freshly exposed inner surface was swabbed with sterile cotton swabs. The swabs were
then immersed and shaken in 1 ml sterile water, the suspensions were then spread on
nutrient agar plates (Difco, Detroit, USA) and incubated at 30°C for 3 days and cell count
(CFU/ml) was determined for all samples. For purification, visible colonies were picked
on the basis of morphological differences and cultured on nutrient agar plates separately.
Identification of bacteria by morphological and biochemical analysis
Identification of isolated strains was carried out morphologically and biochemically.
Bergey’s Manual of Determinative Bacteriology (9th Edition) was used for
identification of isolates. Culture characteristics of the isolated strains were observed.
While the microscopic analysis was done through Gram staining procedure.
Molecular characterization
Further confirmation of the isolated bacterial strains was done by molecular
characterization through 16S rRNA gene sequencing. The genomic DNA of all bacterial
strains was extracted by DNA extraction kit (QIAGEN). The concentrations of DNA
were qualified and quantified by spectrometry, NanoDrop 2000 (Thermo Scientific).
PCR amplification
PCR amplification of extracted DNA was done using universal bacterial primers
27F′
(5′-AGAGTTTGATCCTGGCTCAG-3′)
and
1492R′
(5CTACGGCTACCTTGTTACGA-3′) bacterial primers. The PCR mixture consisted
GoTaq®Green Master Mix Promega (25 μl), primer 27F´ (1 μl), primer 1492R´ (1 μl),
DNA extract (2 μl), and Nuclease-Free Water (50 μl). MJ mini Personal Thermal
Cycler was used to perform the PCR reaction (BIO RAD) the cycling conditions
consisted of an initial denaturation at 95oC for 3 min followed by 30 cycles of
denaturation at 95oC for 1 min, annealing at 55oC for 1 min, and extension at 72oC for
1 min. At 72oC the final extension was performed for 7 min. Electrophoresis was done
for the PCR product analysis with 1% agarose gel.
Sequencing and phylogenetic analysis
Sequencing of the amplified PCR product was done by Macrogen Service Center
(Geunchun-gu, Seoul, South Korea). BLAST tool was used for the identification of
nearest relatives of the sequences in the NCBI database, and homologues were analysed
for phylogeny using Molecular Evolutionary Genetic Analysis (MEGA) version 6.
Maximum Likelihood method was used for the construction of phylogentic tree
(Tamura and Nei 1993), and diversity among endoliths and epiliths extremophiles were
studied (Tamura et al. 2013). Finally, the sequence was submitted to the National
Center for Biotechnology Information (NCBI) GeneBank for assignment of an
accession number. The 1000 bootstrap replicates were used to estimate the significance
of product tree.
Antimicrobial and biochemical potential

Antimicrobial potential of isolated strains
Three multi-drug resistant clinically isolated pathogens were used as target subjects,
i.e. Pseudomonas aeruginosa, Staphylococcus aureus and Escherichia coli. The
antimicrobial activity of the strains was evaluated by using the point inoculation
method. The test microbial colonies were transferred into sterile tubes containing
normal saline and the turbidity was adjusted to 0.5 McFarland standard solution.
Homogenous lawns were prepared on Muller Hinton agar plates under aseptic
conditions and inoculated with the test strains.
Intracellular and extracellular enzymes
All the isolated bacterial strains were screened for the production of both intracellular
and extracellular enzymes. Intracellular enzymes, including catalase, oxidase and
hydrogen sulfide production and extracellular enzymes including amylase, protease and
gelatinase were screened according to the protocol described by Murray et al. (1981).
Results
A total of 31 different endolithic and epilithic isolates were reported in the present
study. All these different strains were isolated on the basis of distinct morphological
characteristics. Morphological features such as size, shape, color, margins were checked
and recorded.
Epilithic and endolithic bacteria
Among 31 isolates, 15 were epilithic named P3, P4, P5, P10, P10i, P11, P12, P17,
P18, P19, P20, P21, P23, P24 and P26. while 16 were endolithic named NI, N3, N4,
N5, N6, M6, N10, N12, N14, N21, N22, N26, N27, N28, N30 and N40. Colony
morphology features are in Table 1b. Gram’s staining results show that out of 31 strains,
3 were Gram positive and the rest were Gram negative.
The pH of the site was 5 to 6 and temperature was 20°C. Shrubs and tall pine trees
were present around the sampling site. Insects, snakes, monkeys and different birds
were seen there. A total of 31 different endolithic and epilithic isolates were reported
in the present study. Microscopic, morphological and biochemical characteristics of the
isolates were studied by comparing these characteristics with Bergey’s Manual of
Determinative Bacteriology (9th Edition). 16S rRNA gene sequences of the isolates
were submitted in databank and were assigned the Accession numbers by the NCBI
(Table 1a). Isolates N22, N21, P21, N14, N27 and P24 were identified as Alcaligenes
spp., P17 and N40 were identified as Lysinibacillus spp., P20 was identified as
Brevindimonas spp., P23 and N30 were identified Bordetella spp., P4, P10, P10i, P11,
P26, P19, N4 and N10 were identified as Pseudomonas spp., N12 as Pusillimonas spp.
N26 as Fluviicola spp., N28 as Streptomyces spp. and isolate P18 identified as
Parapusillimonas spp., P12 was identified as Serratia spp., P5 belonged to
Stenotrophomonas spp., and P3 was identified as Flavobacterium spp.,while N1,N6
and M6 were identified as Actinobacteria spp. (Figures 2 a,b).

Pseudomonas putida |NR 074739.1|
Pseudomonas putida (KT380548)
P26
Pseudomonas plecoglossicida|NR 024662.1|
Pseudomonas putida (KT380503)
Pseudomonas putida (KT380614)
Pseudomonas sp. P10 (KT223623)
Pseudomonas plecoglossicida strain P10i (KT223624)
P19
Pseudomonas sp. (KF358309)
Pseudomonas parafulva (CP009747)
Pseudomonas parafulva strain P11 (KT223625)
Pseudomonas lini|NR 029042.2|
Pseudomonas trivialis|NR 028987.1|
Pseudomonas grimontii (KR922067)
Pseudomonas grimontii (KR054989)
Pseudomonas grimontii P4 (KT223621)
Stenotrophomonas maltophilia (KJ534483)
Stenotrophomonas maltophilia (HM047520)
Stenotrophomonas maltophilia strain P5 (KT223622)
Serratia marcescens (KJ025960)
Serratia marcescens (KR262852)
Serratia marcescens strain P12 (KT223626)
Advenella mimigardefordensis |NR 121716.1|
Advenella kashmirensis |NR 042360.1|
Advenella kashmirensis|NR 042360.1|
Advenella incenata |NR 042702.1|
P23
Bordetella trematum |NR 025404.1|
Bordetella avium |NR 041769.1|
Parapusillimonas granuli |NR 115804.1|
Parapusillimonas granuli |NR 115804.1|(2)
Alcaligenes faecalis |NR 113606.1|(2)
P24
P18
P21
Alcaligenes faecalis |NR 113606.1|
P20
Brevundimonas naejangsanensis|NR 116722.1|
Brevundimonas diminuta|NR 113602.1|
P17
Lysinibacillus fusiformis |NR 112569.1|
Lysinibacillus pakistanensis |NR 113166.1|
Flavobacterium sp. P3 (KT223620)
Flavobacterium sp (HQ425305)
Flavobacterium sp (KP072775)
0.05

Figure 2 (a). Molecular phylogenetic analysis by Maximum Likelihood method

N14
Alcaligenes faecalis |NR 113606.1|(3)
Alcaligenes faecalis |NR 113606.1|(2)
Alcaligenes aquatilis |NR 104977.1|
Alcaligenes faecalis |NR 113606.1|
N22
Alcaligenes faecalis|NR 113606.1|
N21
N27
N12
Paralcaligenes ureilyticus |NR 116812.1|
Parapusillimonas granuli|NR 115804.1|
Advenella kashmirensis|NR 042360.1|
Pusillimonas soli |NR 117261.1|
N30
Bordetella trematum |NR 025404.1|
Bordetella avium |NR 041769.1|
Pseudomonas sp. N10 (KT223619)
Pseudomonas plecoglossicida (KT223624)
Pseudomonas sp. (KT223623)
Pseudomonas sp. (KT734761)
Pseudomonas sp. (KF317736)
Pseudomonas plecoglossicida strain N4 (KT223616)
Acinetobacter rudis (KT223614)
Acinetobacter rudis (AB859737)
Acinetobacter rudis strain N1 (KT223614)
Acinetobacter sp. N6 (KT223618)
Acinetobacter sp. M6 (KT223613)
Acinetobacter sp. (EF494200)
Acinetobacter sp. (FJ494707)
Acinetobacter sp. (JQ039977)
Acinetobacter sp. (FM177774)
Brevundimonas vesicularis strain N5 (KT223617)
Brevundimonas sp. (KT350448)
Brevundimonas nasdae (KP072757)
N28
Streptomyces cavourensis|NR 043851.1|
Streptomyces albolongus|NR 041144.1|
N40
Lysinibacillus fusiformis |NR 112569.1|
Fluviicola taffensis |NR 074547.1|
Salinirepens amamiensis|NR 112980.1|
N26
Flavobacterium sp. (DQ778311)
Flavobacterium sp. N3 (KT223615)
Flavobacterium sp. (DQ778310)
0.05

Figure 2 (b). Molecular phylogenetic analysis by Maximum Likelihood
method Tamura-Nei model was used for the construction of evolutionary history using
the method of maximum likelihood (Tamura K. and Nei M.1993). Next to the branches
are the percentage of trees which show the associated taxa clustered together. For
heuristic search intial tree(s) were automatically obtained by applying Neighbor-Join
and BioNJ algorithms to a matrix of pairwise distances estimated by Maximum
Composite Likelihood (MCL) method. MEGA6 was used for evolutionary analysis
(Tamura et al. 2012).

Evaluation of antimicrobial potential of the isolated strains
Good antibacterial activity was shown by all the isolated bacterial strains. The
endolithic bacteria Pseudomonas spp. N4 and Streptomyces spp. N28 exhibited good
activity against all the three clinically isolated strains, i.e. Pseudomonas aeruginosa,

Staphylococcus aureus and Escherichia coli Among epilithic bacteria Brevindomonas
sp. P20 and Bordetella spp. P23 showed activity against the 3 human pathogenic test
strains (Tables 2 a, b).
Table 1a. Isolated strains with their accession numbers, query coverage and identity

S. No.

Isolated
strains

Homologous species

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

P17
N22
N30
N21
N40
P21
P23
P24
P26
N12
N14
N26
N27
N28
P19
P20
P18
M6
N1
N3
N4
N5
N6
N10
P3
P4
P5
P10
P10i
P11
P12

Lysinibacillus spp.
Alcaligenes spp.
Bordetella spp.
Alcaligenes spp.
Lysinibacillus spp.
Alcaligenes spp.
Bordetella spp.
Alcaligenes spp.
Pseudomonas spp.
Pusillimonas spp.
Alcaligenes spp.
Fluviicola spp.
Alcaligenes spp.
Streptomyces spp.
Pseudomans spp.
Brevundomonas spp.
Parapusillimonas spp.
Acinetobacter spp.
Acinetobacter spp.
Flavobacterium Spp.
Pseudomonas Spp.
Brevundomonas spp
Acinetobacter spp.
Pseudomonas Spp.
Flavobacterium Spp.
Pseudomonas Spp.
Stenotrohpomonas Spp.
Pseudomonas Spp.
Pseudomonas Spp.
Pseudomonas Spp.
Serratia Spp.

Accession
number
(Assigned)
KT004373
KT004374
KT004375
KT004376
KT004377
KT004378
KT004379
KT004380
KT004381
KT004382
KT004383
KT004384
KT004385
KT004386
KT004387
KT004388
KT004389
KT223613
KT223614
KT223615
KT223616
KT223617
KT223618
KT223619
KT223620
KT223621
KT223622
KT223623
KT223624
KT223625
KT223626

Query
coverage
(%)
100
100
99
99
98
100
99
100
100
100
100
98
100
100
100
100
100
100
100
100
100
100
100
99
100
99
98
100
100
99
100

Identity
(%)
99
99
89
86
82
99
90
99
99
97
99
93
98
100
98
100
95
99
94
99
100
97
95
86
96
96
90
100
100
99
99

Table 1b. Colony morphology and microscopy of isolated straisn
S. No.
1

Strain
P17

2

P18

3

P19

4

P20

5

P21

6

P23

7

P24

Colony Morphology
Small, circular, cream color, flat, opaque
Small sized, raised colonies, opaque , pin
pointed colonies
Off white in color, flat in shape, small size,
circular
Grows in net form, off white in color, long
threads type
Off white color, flat colonies, small in size
Large in size, sticky, irregular in shape, cream
color, raised colonies with irregular margins
Small in size, circular shape, off white color,
flat colonies, opaque

Microscopic examination
Gram +ive , long rods
Gram -ive, rods
Gram –ive, short rods
Gram –ive, long rods
Gram -ive, rods
Gram –ive, short rods
Gram –ive, rods

8
9

P26
N12

10

N14

11

N21

12

N22

13

N26

14

N27

15

N28

16

N30

17

N40

18

P3

19

P4

20

P5

21

P10

22

P10i

23

P11

24

P12

25

N1

26

N3

27

N4

28

N5

29

N6

30

N10

31

M6

Small in size, shiny appearance, opaque,
Off white color, small in size, flat colonies
Small in size, irregular in shape, cloudy type in
appearance, off white in color
Small in size, flat colonies, entire margins, off
white color
Small in size, raised colonies, yellowish in
color, circular in shape
Orange color, small in size, flat colonies,
irregular in shape
Transparent type, small in size, irregular in
shape, off white in color
Milky white in color, dry, small in size, circular
in shape, raised colonies.
Large in size, flat colonies, sticky type, off
white color
Medium size, yellowish, circular in shape, flat
colonies,
Orange color medium colonies, shiny,raised,
round, opaque
off white color Small in size, irregular ,
translucent, flat colonies,
Brownish dry large colonies, raised centers,
irregular opaque
Small offwhite colonies, round, flat, dry,
opaque
Off white medium colonies, irregular,
translucent
Small offwhite colonies, round, flat, dry,
opaque
Cherry red, raised colonies, shiny, round,
opaque
offWhite small colonies, hard, raised, round,
dry, opaque
Yellowish shiny medium colonies, round,
raised, opaque
Off white, small colonies, dry, opaque
Offwhite, spread like a network, fibrous, dry,
hard, opaque
Off white small colonies, irregular, flat, shiny,
translucent
Brownish small colonies, pin pointed raised at
center, dry, irregularly shaped, opaque
offWhite small colonies, hard, raised, round,
dry, opaque

Gram –ive , rods
Gram –ive, rods
Gram -ive, rods
Gram -ive, short rods
Gram -ive, rods
Gram –ive, short rods
Gram –ive, rods
Gram +ive, rods
Gram –ive, rod
Gram +ive, rods
Gram –ive, long rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, long rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, rods
Gram –ive, long rods
Gram –ive, rods

Table 2a. antibacterial activity of isolated endolithic strains
S.No

Isolates

1
2
3
4

N1
N3
N4
N5

Pseudomonas
aeruginosa (15442)
++
+
+++
-

Activity against ATCC
Staphylococcus
aureus (6538)
+
++
++
+

Escherichia coli
(10536)
+
++
++

N6
+
++
5
M6
+
6
N10
7
N12
+++
+
++
8
N14
++
++
9
N21
++
+++
10
N22
+
+
12
N26
+++
12
N27
+++
13
N28
+++
+++
+++
14
N30
+++
15
N40
+
16
Key - = No Activity, + = Weak activity, ++ = Moderate Activity, +++ = Strong Activity

Table 2b. antibacterial activity of isolated epilithic bacterial strains
Activity against ATCC
Pseudomonas
Staphylococcus
Escherichia coli
aeruginosa
aureus
P3
++
+
+++
17
P4
+
++
18
P5
++
++
19
P10
+
++
20
P10i
+
+
21
P11
+
++
22
P12
+
23
P17
++
+
+
24
P18
+++
25
P19
+++
+
26
P20
++
+++
++
27
P21
++
28
P23
++
++
+++
29
P24
+
30
P26
+
++
31
Key - = No Activity, + = Weak activity, ++ = Moderate Activity, +++ = Strong Activity

S.No

Isolates

Intracellular and extracellular enzyme production
The bacterial isolates were efficient producers of oxidase and catalase enzymes.
Almost all the 31 endolithic and epilithic strains produced catalase and oxidase
enzymes. None of the strains produced Hydrogen sulfide gas. Amylase was produced
by 7 endolithic and 9 epilithic bacterial strains, gelatinase was produced by 11
endolithic and 11 epilithic strains and 7 endolithic and 5 epilithic strains were positive
for protease production (Tables 3 a, b).
Table 3a. Production of intracellular and extracelluar enzymes by isolated endolithic
strains
Isolates

15
16
17
18
19
20

N1
N3
N4
N5
M6
N6

Extra cellular enzymes activities

Intracellular enzymes activities

A
m
y
l
G
a
es
le
a
tP
ir
n
o
a
t
se
H
e
a
y
s
d
e
r
o
C
g
a
et
n
a
lS
O
u
a
x
sl
ief
d
i
T
a
ed
sse
etT
te
es
st
t

S. No

+
+
+
+
-

+
+
+
+
-

+
+
+
-

-

+
+
+
+
+
+

+
+
+
+
+
+

21
22
23
24
25
26
27
28
29
30
31

N10
N12
N14
N21
N22
N24
N26
N27
N28
N30
N40

+
+
+
-

+
+
+
+
+
+
+
-

+
+
+
+
-

-

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+

Table 3b. Production of intracellular and extracellular enzymes by isolated epilithic
strains

1
2
3
4
5
6
7
8
9
10
11
12
13
14

P3
P4
P5
P10
P10i
P12
P17
P18
P19
P20
P21
P23
P24
P26

Extra cellular enzymes
activities
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Intracellular enzymes activities
-

o
C
g
a
et
n
a
S
O
l
u
x
a
ils
fe
d
iT
a
sd
e
es
tT
t
e
s
t

Isolates

A
m
y
l
G
a
es
le
a
t
P
ri
n
o
ta
esH
ey
a
sd
er

S. No

+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+

Discussion
Extreme environment of rocks have long been thought to have limited microbial
diversity and activity. Isolation and characterization of endolithic and epilithic bacteria
give an insight into Ayubia rocks, and production of secondary metabolites as potential
drugs and enzymes for industrial use. In the past century, many endolithic ecosystems
were studied which focused on cyanobacterial and algal diversity, using microscopic
and culture techniques for identification (Horath and Bachofen, 2009). Variation in
morphology, color and size may be induced by different stress factors which are present
on endolithic sites, but one cannot rely on morphological properties after cultivation or
in situ. Taxanomic identification is substantially mislead by morphological information
alone (Norris and Castenholz, 2006).
Using 16S rRNA gene sequencing our isolates were clustered into four different
groups that were predominated by Proteobacteria. One possible reason might be the
slow metabolic activities of this group in order to prolong its survivability in extreme
niches. In addition to this, the endolithic microorganisms differ from the known
epilithic ones which is a questionable attribute at the subsurface level. According to the
studies conducted by Walker and Pace (2007), the endolithic microbes in the Rocky
Mountain range of Antarctica possess restricted diversity and relatively simple systems
in comparison to the terrestrial ecosystems, e.g. soil.

The rocks are mostly dominated by Proteobacteria, which includes alpha, beta and
gamma Proteobacteria. Other phyla were also found like Firmicutes, Bacteroides and
Actinobacteria The endolithic microbial community of Ayubia is different from that of
Tibet the endolithic Bacteriodetes like Flavobacterium (Wong et al., 2010). The
epilithic and endolithic community reported by (Wierzchos et al., 2006) is almost
similar to the bacterial community isolated from Ayubia. Which consists mostly of
Proteobacteria with Firmicutes and Actinobacteria. Acidobacteria were not found in our
study. Endolithic bacterial seven strains of Pseudomonas were isolated from Ayubia
both endolithic and epilithic and Pseudomonas grimontii were also isolated from
impact-shocked rocks from Haughton impact structure, Devon Island, Nunavut,
Canadian High Arctic (Fike, 2002).
The bacterial similarities identified in these diverse environments pave the path to
question the definite origin of these communities. The prior question which could arise
is that whether these bacteria are truly multicultural or they reside prevalently in a
particular environment and they are only transported into other environments.
Bacteria from lower Himalaya rocks have not yet been reported for antimicrobial
agents. Secondary metabolites, mainly new and novel antibiotics are in great demand
with the increase in multi-drug resistant pathogens. The microbe driven natural
products from these environments have largely been ignored by scientists. All the
isolated strains were screened for antimicrobial secondary metabolites. Our studies
reveal that these extremophiles are good producers of antibiotics, with potent activities
against the tested Gram positive and Gram negative clinical isolates. Endoliths and
epiliths produce these active metabolites to prolong its survivability in these extreme
conditions. Streptomyces sp. strain N28 showed maximum activity against all the tested
isolates. In our study the endolithic strain N28 Streptomyces spp. (KT004386) also able
to produce satisfactory zones of inhibition against both Gram positive and Gram
negative bacteria. Other strains, i.e. N4 Pseudomonas sp. also screened positive against
all the three pathogenic strains. Streptomycetes have greater ability to synthesise and
secrete antibiotics. Recent findings showed presence of four volatile compounds which
might be responsible for diverse biological activity of the secondary metabolites from
Streptomyces sp. (Zothanpuia et al., 2017).
In actinobacteria and other microorganisms the biosynthetic systems like PKS,
NRPS, and phzE are considered to be responsible for the production of a large number
of biologically active compounds (Yuan et al., 2014).
Considerable changes occurred In the last decades regarding what scientists consider
the limits of habitable environmental conditions. For every extreme environmental
condition investigated, a variety of microorganisms have shown they can tolerate these
conditions, but they also often require these extreme conditions for survival
(Rampelotto, 2010). The global market for industrial enzymes was nearly US$ 4.8
billion in 2013, and it is expected to reach US$ 7.1 billion by 2018, with a compound
annual growth rate (CAGR) of 8% over the five-year period, according to BCC
Research (BCC Research, 2014). Endoliths and epiliths represent largest reservoir of
biodiversity on the planet, and have a great potential for development of new natural
products including enzymes. Endoliths and epiliths participate in biogeochemical
cycling, polar food web and produce a wide variety of enzymes including amylases,
cellulases, peptidases, lipases, xylanases and other classes of enzymes (Gadd, 2007).
Our result demonstrated that these endoliths and epiliths are of great importance in
terms of enzyme production. Most of the bacterial isolates were able to produce both
intracellular and extracellular enzymes. At extreme conditions the enzymes become
more rigid, which is of great importance. Pseudomonas sp. N8 was a good producer of

protease and amylase, which were according to the findings of Liu et al. (2007). The
understanding of specific factors that confer the ability to withstand extreme habitats
on such enzymes has become a priority for their biotechnological use (Dalmaso et al.,
2015). It is important to study and understand these microorganisms in order to be able
to use the biochemical, ecological, evolutionary and industrial potential of these
endoliths and epiliths microbes.
Conclusion
According to our results, a total of 31 isolated strains have been analyzed by rRNA
sequencing, of which 16 proved to be endolithic and 15 epilithic. This study comes with
implication that such unique environment is for the first time explored for bacterial
diversity in Himalayan range Pakistan.
In our study the endolithic strain N28 Streptomyces spp. (KT004386) also able to
produce satisfactory zones of inhibition against both Gram positive and Gram negative
bacteria. Other strains i.e. N4 Pseudomonas sp. also screened positive against all the
three pathogenic strains. Streptomycetes have greater ability to synthesis and secrete
antibiotics. Endolithic bacterial seven strains of Pseudomonas were isolated from
Ayubia. The bacterial similarities identified in these diverse environments pave the path
to question the definite origin of these communities. The prior question which could
arise is that whether these bacteria are truly multicultural or they reside prevalently in
a particular environment and they are only transported into other environments. In the
last decades, substantial changes have occurred regarding what scientists consider the
limits of habitable environmental conditions. These endoliths and epiliths have a great
potential to produce secondary metabolites and other extremozymes. Further studies
are required to produce highly pure compounds of great commercial use.
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Phosphate solubilization by bacteria isolated from Murree rocks,
lower Himalaya, Pakistan
Abstract
In this study, I focused on the isolation of phosphate solubilizing bacteria from rocks
of Murree, lower Himalaya, Pakistan. Bacteria from outer and inner surface of the rocks
were screened for their ability to solubilize phosphate. Three strains of bacteria were
selected on the basis of halozone formation in National Botanical Research Institute for
Phosphate medium (NBRIP) supplemented with TCP (tribasic calcium phosphate). The
solubilization index for these bacteria was recorded as 4.29, 4.03 and 3.99. pH of the
medium also dropped from the initial 7.0 to 4.0 units after 5 days of growth in liquid
NBRIP medium with continuous shaking at 150 rpm. The strain P26 which is closely
related to Pseudomonas species and identified as Pseudomonas putida strain
(KT004384) showed maximum solubilizing activity in the given medium (161.70
mg/L) after 3 days of incubation. The other two strains P4 and N27 were identified as
Pseudomonas grimontii (KT223621) and Alcaligenes faecalis (KT004385). The
capability of solubilizing inorganic phosphate by these strains is attributed to the
production of organic acids. The presence of these organic acids is determined by high
performance liquid chromatography. Three different type of acids, gluconic, oxalic and
malic acid were the dominant acids found in the culture medium. This was the first
report on phosphate solubilizing (PSB) strains isolated from the rocks of lower
Himalaya range Pakistan. It may be assumed that these bacteria can play a role in
weathering of rocks as well.

Key words: Murree; Himalaya; phosphate solubilizing bacteria; rocks; organic acids

Introduction
Phosphorus is the second most important macronutrient for plant growth after nitrogen.
Phosphorus is found in almost all rocks and regarding availability to plants it is one of
the less available elements in the lithosphere (Jones and Oburger, 2011), therefore
considered as limiting nutrient in the soils. Phosphates are the fully oxidized forms of
phosphorus, but it forms insoluble complexes with aluminium, calcium and iron thereby
generating insoluble phosphate salts with low solubility, affecting the productivity of
ecosystems (Zou et al., 1992). For maximum plant productivity, a large quantity of
soluble P in the form of chemical fertilizers is applied to soils. However, this soluble P
is easily precipitated into insoluble forms like, FePO4, CaHPO4, AlPO4 and Ca3(PO4)2
which are not easily taken up by plants, this leads to soil pollution or can be washed
away to fresh water and ground water (Shigaki et al., 2006; Omar, 1998). To solve this
problem, it is necessary to develop technology which should be eco-friendly and
economical (Vassilev and Vassileva, 2003).
Phosphate solubilizing microorganisms (PSMs) have the ability to solubilize the
insoluble phosphate. They not only provide phosphorus but can also accelerate
accessibility of trace elements (Mittal et al., 2008), facilitate plant growth by the
fixation of atmospheric nitrogen (Dobbelaere et al., 2002; Sahin et al., 2004), producing
plant growth hormones like auxins (Jeon et al., 2003; Egamberdiyeva, 2005), cytokines
(Salamone et al., 2001), and gibberellins (Gutierrez- Manero et al., 2001), enzymes and
fungicidal compounds such as protease, chitinase and cellulase (Dey et al., 2004; Lucy
et al., 2004; Hamdali et al., 2008). Therefore, it is believed that PSMs greatly affect the
plant performance by production of the substances which promote plant growth
(Hameeda et al., 2006a). Due to their ability to solubilize inorganic phosphorus pools,
PSMs are widely used as innoculants to increase the crop yield (Chen et al. 2008; Khalid
et al. 2004; Hameeda et al., 2006b). Using PSMs as innoculants for phosphorus
availability and plant growth promotion have been assessed in several studies in field
conditions and green house (Reyes et al., 2002; Zaidi et al., 2003).

Different kinds of phosphate solubilizing bacteria (PSB) have been characterized and
reported for promoting plant growth and increasing the availability of phosphorus
(Khan et al., 2010; Zaidi et al., 2009; Rodríguez and Fraga, 1999; Harris et al., 2006).
Different mechanisms are used by PSB to bring about the solubilization of phosphates
from insoluble forms into soluble, but the most efficient mechanism used by these
bacteria is the production of microbial metabolites such as organic acids (Lin et al.,
2006). These organic acids contain carboxyl and hydroxyl groups which are responsible
for the conversion of phosphates into soluble forms (Chen et al., 2006). The organic
acids produced by these microorganisms are of low molecular weight and the
concentration of acids varies from 1 to 50 Mm (Strobel, 2001).
Materials and Methods
Hypothesis
“Rock dwelling bacteria play a key role in rock phosphate solublization”
Isolation of Phosphorus Solubilizing Bacteria
The rocks used for PSB isolation were collected from Ayubia, Murree, lower Himalaya,
Pakistan. Both epilithic and endolithic strains isolated from these rocks were used for
phosphate solubilizing activity. A specific medium NBRIP (National Botanical
Research Institute Phosphorus) agar plates containing 10 g glucose,

0.25 g

MgSO4.7H2O, 0.2 g KCl, 5 g MgCl2.6H2O, 0.1 g (NH4)2SO4 in 1 L distilled water. For
the selective screening of phosphate solubilizing bacteria, 5 g of tribasic calcium
phosphate (TCP) was used in which an inorganic source of phosphorus is added as a
sole source of phosphate (Nautiyal, 1999). All the strains were point inoculated on these
plates and were incubated for 5 days at 30°C. Phosphate solubilizing colonies were
selected on the basis of formation of clear zones.
Solubilization index
Solubilization index was determined by measuring colony diameter and clear zone
diameter, using the formula (Edi-premono et al., 1996).

SI = Colony diameter + Halozone diameter/ Colony diameter
Bacteria which formed clear zones around the colonies had the ability to solubilize
inorganic phosphate, and were transferred to liquid NBRIP medium. All assays were
performed in replicates.
Quantitative analysis of Phosphate Solubilization
Bacteria selected on the basis of clear zone formation were further used for phosphorus
solubilization in liquid medium. The selected strains were inoculated into 500 ml
Erlenmeyer flasks containing 200 ml of NBRIP medium without agar. Each flask was
inoculated with 2 ml of bacterial suspensions and incubated for seven days in shaker
incubator at 30°C. After incubation, samples were taken from each flask for analyzing
the concentration of released soluble phosphorus. A pH meter equipped with glass
electrodes was used to record the pH of the medium. Solubilized phosphorus
concentration was measured by phospho-molybdate blue color method (Murphy and
Riley, 1962).
Effect of pH and temperature on phosphate solubilization
To study the effect of pH and different temperatures on phosphate solubilization, the
isolates were incubated at various pH (4, 5, 6, 7, 8 and 9) and temperatures (25, 30, 35,
40, 45°C). The isolates were grown in liquid NBRIP medium for three days and
solubilization was observed on the basis of phospho-molybdate blue color method.
Identification of PSB strains
DNA extraction
Positive strains were grown in 10 ml nutrient broth for 24 hours at 30°C. About 1 ml of
each culture was transferred to microtubes and centrifuged at 13,000 rpm for 5 min and
pellet was collected for total DNA extraction. CTAB method was used for DNA
extraction. The extracted DNA was confirmed and visualized using Ultraviolet visible
spectrometer on gel electrophoresis containing ethidium bromide and 1% agarose gel.

Polymerase chain reaction (PCR) was performed using universal primers, 27F (5’AGAGTTTGATCCTGGCTCAG -3’) and 1492R (5’- GGTTACCTTGTTACGACTT
-3’). The PCR products were then sent to Macrogen (Korea), for sequencing. Once the
sequencing was done, phylogenetic tree was constructed using the online BLAST
program comparing the related sequences with the available known sequences in NCBI
data bank (http://www.ncbi.nlm.nih.gov/BLAST).
Analysis of pH change and Production of organic acids
For the analysis of pH change, PSB solubilizing bacteria were grown in liquid medium
and were incubated for 7 days at 30ºC. the cultures were centrifuged after incubation
and pH of the medium was recorded for organic acid production by PSB strains. The
supernatant was collected from the liquid medium of PSB strains and was centrifuged
at 13,000 rpm for 15 min . Then the samples were filtered through 0.2 um filters and 20
ul of filtrates were subjected to HPLC.
Results and Discussion
Identification of PSB strains
The selected three bacterial strains which developed clear zone around the colonies had
the ability to solubilize inorganic phosphate after 7 days of incubation. Among these
three strains two were epilithic and one was endolithic in nature. 16S rRNA analysis
showed epilithic bacteria isolated from lower Himalaya rocks, P4 showed close
proximity with Pseudomonas species and was identified as Pseudomonas grimontii P4
(KT223621) and the other was identified as Psuedomonas sp. P26 (KT004384) and the
endolithic strain N27 showed nearest proximity with Alcaligenes species and was
identified as Alcaligenes faecalis N27 (KT004385).

Figure 1: Phylogenetic tree of the isolated three strains based on 16S rRNA sequences
showing the positions of Pseudomonas grimontii, Psuedomonas putida and Alcaligenes
faecalis strains with respect to closest species. The accession numbers are of the
isolated species are also given in parenthesis
Solubilization index
The

solubilization index was measured by the formation of halozones around the

colonies growing on solid NBRIP medium.
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Pseudomonas grimontii (AB698742)
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Figure 1: phylogenetic analysis of phosphate solubilizing bacteria
The formation of halozones was the indication of these strains to solubilize insoluble
TCP. The varying diameters of the halozones showed that TCP was solubilized to
different degrees by different strains. All the indices of solubilization are shown in

Table 1 grown on NBRIP solid medium. In the first 24 hours, rapid halozones were
observed, but with passage of time and with the increase of colony diameter, the zones
expanded. It was due to assimilation and then deficiency of available phosphate in the
medium. Our results showed that P26 was the most efficient in solubilizing inorganic
phosphate on NBRIP solid medium with a solubilizaiton index of 4.29, followed by P4
and N27 with solubilization indices of 4.03 and 3.99 respectively (table 1)
Table 1: Solubilization index

Strains

Colony

Zone

diameter(cm)

diameter(cm)

SI index

N27

2.8

3.2

3.9

P26

2.1

4.6

4.29

P4

1.2

3.4

4.03

P2
6

P4

N2
7

Figure 2: Zone of hydrolysis by different strains

Quantitative analysis of phosphate solubilization
In this study pH of the medium containing TCP was observed to decrease during the
bacterial incubation. The initial pH of the medium was set at 7.5. The results showed
pH of the medium decreased gradually during the first few days. pH of the culture
medium decreased to 4 in the start and remained almost constant afterwards. All the
phosphate solubilizing strains began to grow exponentially when grown in NBRIP
medium containing TCP as the sole phosphate source. pH of the medium also started
to decrease from the initial pH 7 and continued to decrease till the stationary phase
(Figure 3).
Importantly, the acidification is accredited to the consumption of glucose present in the
medium which results in the production of organic acids. Previous studies also showed
similar results (Trivedi and Sa, 2008; Rodriguez et al., 2004). Reduction in quantity of
soluble phosphate is the result of auto-consumption by bacterial cultures growing in
TCP medium. (Rodriguez et al., 2000). This element liberated is used to estimate the
phosphorus released, which was either assimilated by bacteria to form biomass or
dissolved as orthophosphate in the supernatant.
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Figure 3. pH changes of the liquid medium by PSB strains during 3 days of
incubation.
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Figure 4. Orthophosphate solubilization from inorganic and insoluble tricalcium
phosphate by the isolated strains
In the current study the maximum released soluble orthophosphate was recorded for
P26 (161.70 mg/l) after 3 days of growth. This was followed by P4 (151.60) and N27
(128.37) after the same time of incubation. No significant change was observed in phH
and phosphate concentration in uninoculated controls. A clear relationship can be

established between the growth of bacteria, solubilizaiton of orthophosphate from TCP
and acidification of supernatant (Figure 4).
These results show that bacteria play significant role in rock phosphate solubilization
hence we accept the hypothesis i.e. “Rock dwelling bacteria play a key role in rock
phosphate solublization”

Effect of pH and temperature of phosphate solubilization
The isolates showed good growth between 20-45ºC, which indicates that they can
solubilize phosphate between these ranges. Isolates Alcaligenes faecalis N27,
Psuedomonas sp. P26 and Pseudomonas grimontii P4 showed good phosphate
solubilizing activity at 30-35°C. While the optimum pH range was from 4 to 9. The best
solubilization activity was shown at pH 7 (Figure 5a and 5b).
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Figure 5a: Phosphate solubilization by the study isolates and effect of pH on
phosphate solubilization
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Figure 5b. Effect of temperature on phosphate solubilization

Our results show that the optimum temperature for phosphate solubilization by the
bacteria isolates was 30ºC. Similarly, Johri et al., (1999), Fasim et al., (2002), Rosado
et al., (1998), and Kim et al., (1997) have shown that 30°C is the best temperature for
solubilization. Few researchers have reported 28°C as the optimum temperature for
phosphate solubilization (Varsha, 2002: Seshadre et al., 2002: Kang, 2002). Whereas,
Sayer and Gadd (1998) and Gharieb et al., (1998) reported 25°C as optimum
temperature for phosphate solubilization. Solubilization at extreme temperature has
been reported by some scientists. Solubilization of phosphate has been reported at
temperature as low as 10C (Johri et al. 1999) and as high as 45°C (Nautiyal et al., 2000;
Nahas, 1996) is also reported.

Phosphate solubilization is the result of acid production by bacteria which lowers the
pH, however, there may also be other mechanisms involved (Fasim et al., 2002; Nguyen
et al., 1992: Sayer and Gadd, 1998). Organic acids production results in the
solubilization of phosphate in many cases. At pH 12, metabolites other than organic

acids like siderophores are responsible for phosphate solubilization (Nautiyal et al.,
2000: Nahas, 1996). Phosphate solubilization is attributed to a multitude of factors
which include microorganisms, pH decrease and insoluble phosphate (Nahas, 1996). It
is clear from these studies that bacteria has the ability to adapt to environment of the
surroundings and environmental conditions are linked with bacterial metabolic
activities.
Organic acids production
The most reported mechanism used by microorganisms to solubilize insoluble
phosphates is the production of organic acids from the precursors present in the medium
through biosynthesis and other metabolic reactions (Rodríguez and Fraga, 1999).
Production of organic acids by PSB strains isolated from Murree rocks, in NBPIR broth,
was investigated. Culture filtrates showed the presence of different organic acids
confirmed through HPLC chromatography analysis which convened the capacity of
these bacteria to solubilize inorganic phosphate from TCP. Phosphates are either
dissolved by the organic acids produced through anion exchange or they may chelate
Fe, Al or Ca associated with insoluble phosphates (Gyaneshwar et al., 2002). Different
types of acids were produced by PSB strains. The acids dominantly produced by our
isolates were malic, oxalic and gluconic acids. Past studies on production of organic
acids by microorganisms (Illmer and Schinner, 1992; Whitelaw et al., 1999) showed
that in their experiments gluconic acid was not produced by the bacterial strains. Our
findings two strains didn’t produce gluconic acid while one strains was able to produce
it.

a

b

c

Figure 6: HPLC identification of organic acids produced by three strains
Pseudomonas grimontii 6(a), Pseudomonas putida 6(b) and Alcaligenes faecalis 6(c).

Alam et al., (2002) reported that oxalic acid is the most dominant acid produced, same
is the case in our study. One of the most reported mechanisms by which microorganisms
solubilize phosphate and liberate phosphorus from insoluble phosphate minerals is the
production of gluconic acid through the activity of periplasmic cell-membrane bound
NADP-dependent glucose dehydrogenase (Goldstein, 1995). The acidification of
periplasmic space which results in solubilization of phosphate is attributed to the direct
oxidation of glucose or other aldose with the help of quinoproteins and glucose
dehydrogenase (PQQGDH). When gluconic acid is produced by the conversion of
glucose, a transmembrane proton is generated which is used for transport functions and
bioenergetics of the membrane, thus the gluconic acid protons become available for
phosphate solubilization (Liu et al., 1992).
Correlation with other studied parameters
The results in our study show a strong negative correlation (r = 0.994; p<0.01) between
the released soluble phosphorus and culture pH which proves that the inorganic
phosphates are dissolved and solubilized by the decrease of pH for previously studied
bacterial strains (Hwangbo et al., 2003; Chen et al., 2006). This confirms the hypothesis
of involvement of organic acids in solubilizing the insoluble phosphate into soluble
form (Vazquez et al., 2000; Hwangbo et al., 2003; Elizabeth et al., 2007; Chen et al.,
2006; Trivedi and Sa, 2008).
The decrease in pH of culture medium and organic acid production by microorganisms
is the reason for the solubilization of orthophosphate from TCP (Puente et al., 2004;
Carrillo et al., 2002; Illmer and Schinner, 1995). Decrease in pH is the main mechanism
for inorganic phosphate solubilization (Rodriguez and Fraga, 1999; Illmer and
Schinner, 1992). Another mechanism for phosphate solubilization is the production of
acid chelates. In the presence of Ca2+ these chelates alter the solubility of the product
thereby releasing the insoluble phosphate (Puente et al., 2004; Vazquez et al., 2000;
Nautiyal et al., 2000). The correlation between organic acids and pH was found to be
highly negative and had a positive correlation for organic acids and released
orthophosphates. Organic acids are perhaps the main reason for solubilization of
phosphate, same results were provided by Whitelaw et al. (1999) and Nahas (1996),
proving that in many cases the important and key mechanism for phosphate
solubilization was acid production. We can conclude that the production of organic

acids in large quantity results in the acidification of bacterial cells and surrounding
environment which in turn results in the release of orthophosphate from inorganic
phosphate minerals by proton substitution for Ca2+. Thus it is a fact that our strains
produced organic acids like gluconic, oxalic and malic acid, which is a property of PSM
members of the family Enterobacteriaceae (Hameeda et al., 2006; Buch et al., 2008;
Lin et al., 2006).
It is the first report on bacteria isolated from the rocks of Murree hills lower Himalaya
Pakistan which exhibit a high capability of solubilizing phosphate in NBPIR medium
in which TCP was used as the sole phosphorus source. A sharp decrease in pH was
recorded in our study along with the solubilization of TCP. This indicated the
production of organic acids from the metabolic reactions of the microorganisms which
resulted in the solubilization of orthophosphate (Ben et al. 2009; Hwangbo et al., 2003).
The hypothesis that the solubilization of Ca3(PO4)2 and rock phosphate is caused by the
secretion of organic acids was confirmed by HPLC chromatography analysis which
revealed that organic acids are produced during bacterial growth in NBPIR medium.
These results along with the formation of halozones indicate that strains isolated from
these rocks have the ability to solubilize phosphorus from inorganic rock minerals of
phosphate. These PSB strains can be used for crop yield as they promote plant growth
by providing them with soluble phosphorus and in developing inoculants which fulfills
the nutritional requirement of the plants. These type of bacteria are usually environment
friendly. All the nucleotide sequences and data is available in the GeneBank database
with their accession numbers
It is concluded from this study that these endolithic and epilithic bacteria having the
ability of solubilizing rock phosphates can be used to improve soil quality and
phosphate availability. The organic acids produced by these PSB strains is responsible
for phosphate solubilization and also play an important role phosphate rock weathering
The endolithic and epilithic PSB can be used as bio-inoculants to increase the
bioavailability of phosphate present in soil as phosphate is mostly present in insoluble
form making complexes with other elements. Applying these bacteria will help to
minimize the use of synthetic fertilizers which will reduce environmental pollution and
play role in sustainable agriculture
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Rock inhabiting potassium solubilizing bacteria from Murree hills,
Pakistan
Abstract

Potassium is one of the essential macronutrient after nitrogen and phosphorus which is
required for plant growth and development and generally found in insoluble form in the
form of silicate minerals and rocks and plants are unable to utilize it. In the present
study 31 bacterial isolates collected from the rocks of Murree hills were screened for
their ability to solubilize potassium. Eight strains were found efficient potassium
solubilizers. Of these 31, 8 strains were selected on the basis of zone formation around
the colonies. Atomic absorption spectroscopy was used for quantitative analysis of
potassium solubilization. The most potent bacteria were Fluviicola sp. N26, Alcaligenes
sp. N21 and Brevundomonas sp. P20, which solubilized potassium from illite mineral.
Fluviicola sp. N26 and Alcaligenes sp. N21 were endolithic in nature while
Brevundomonas sp. P20 was epilithic. Efficient amount of potassium was solubilized
by these strains. These bacteria could also be responsible for weathering of rocks
containing potassium in different mineral forms.

Key words: potassium, illite, endolith, epilith, Murree hills, solubilization

Introduction
Potassium (K) is the seventh most abundant element found in Earth’s crust. Sir
Humphry Davy isolated it for the first time through electrolysis of potassium hydroxide
(KOH) in 1807 and was the first metal to be deposited at cathode (Holmes, 2011).
Potassium is the third most important element after nitrogen and phosphorus for plant
growth. As a macronutrient for plant growth, potassium plays an important role in
different metabolic processes e.g. protein synthesis, enzymes, resistance to different
insects and diseases, and also in photosynthesis (Rehm and Schmitt, 2002).
Many other physiological processes are also dependent on potassium. The opening and
closing of stomata, which is necessary for photosynthesis is mainly regulated by K in
plants. Production of ATP and enzyme activation for the synthesis of ATP, sugars
formed during photosynthesis and its transportation through phloem and storage are
dependent on K concentration in cells. Potassium also plays role in the transport of
nutrients and water through xylem. If K concentration is low, plants will not be able to
produce required ATP. Starch synthetase is also dependent on K concentration. The
availability of K plays an important role in plant growth and productivity (Usherwood,
1985; Doman, 1979; Marschner, 1995 Pettigrew, 2008). Synthetic fertilizers are used
to fulfill potassium requirement of plants but using these fertilizers also influence the
surounding environment and make the soils stiff. Bacteria dwelling in the rocks have
great potential for potassium solubilization and can be used as inoculant instead of
synthetic fertilizers (Ahmad et al., 2016). Potassium is also important in many other
biochemical processes and osmotic regulation of cells (Valmorbida and Boaro, 2007).
The shelf life of plants is improved by K and its unavailability reduces the yield
(Khawilkar, 1993). Potassium can be found in different forms that includes
exchangeable form, unexchangeable form, mineral form and dissolved or solution form.
Potassium in the solution form only is taken by plants. Regarding availability of
potassium, only one to two percent can be uptaken by plants because it is found in
combination with other elements which make it unavailable for plants. Feldspar and
mica are the most abundant minerals of potassium. Feldspar contains 90% and mica
contains 98% potassium (McAfee, 2008). Most of the potassium is in the form of
insoluble minerals, rocks and deposits (Goldstein, 1994). When weathering of these
rocks and minerals take place they are converted to sand, clay and silt which becomes
part of the soil (Cockell et al., 2011). These are the largest sources of K and under
suitable environmental conditions they can be dissolved and made available for plants

(Xiufang et al., 2006). Different rocks such as sedimentary, metamorphic and igneous
can be used as fertilizers or natural promoters of K and other mineral sources with
proper management. The study on dissolution of rocks has revealed their agronomic
potential as a source of natural nutrients (Song and Huang, 1988; Kalinowski and
Schweda, 1996).
Potassium solubilizing microbes play key role in making the insoluble form of
potassium avaiblble for plant uptake. These microbes have the ability to solubilize
potassium from its like feldsfar, mica, illite and other insoluble forms by production of
organic acids, capsular polysaccharides and siderophores (Shanware et al., 2014). The
role of microorganisms in the solubilisation was first reported by Muentz (1890). These
microorganisms produce different organic acids which cause the dissolution of K
during biological processes. Certain bacteria bring about the decomposition of silicate
minerals of K and make it available for plants uptake (Biswas and Basak, 2009).
Potassium solubilisation by molds, e.g. Aspergillus, Penicillium and Fusarium and
bacteria e.g. Pseudomonas, Micrococcus and Bacillus have been reported (Gaur, 1990).
Acids like oxalic acid, formic acid and citric acid are produced when organic matter is
decomposed. These acids supply protons and help in the dissolution of K by
complexing Ca2+ ions. The organic compounds e.g. oxalate, acetate and citrate
produced by microorganisms also increase the dissolution of minerals (Sheng, 2003).
The complexes formed between metal ions like Ca2+, Fe2+ and Al3+ and organic acids
produced bring about the K solubilization (Styriakova, 2003).
In the present study, we screened bacteria isolated from rocks of Murree hills for their
potential to solubilize potassium

The mechanism of K solubilization could mainly be related to the production of organic
acids which dissolve rock K directly or can form chelates of silicon to dissolve K. The
quantitative solubilizing ability of K is studied by KSMs from insoluble potassium in
liquid Aleksandrov`s medium is studied by many researchers. In the mechanism of K

solubilization various organic acids are responsible for the dissolution of structurally
unavailable and insoluble forms of potassium. These acids solubilize K by exchange
reactions, complexolysis and acidolysis which are vital processes in the conversion of
insoluble K into soluble forms. Both organic and inorganic acids play a key role in the
conversion of insoluble K (mica, feldspar, muscovite) into soluble forms of K thereby
increasing the bioavailability of nutrients for plants (Meena et al., 2016)

Materials and methods
Bacterial strains
Total of 31 already isolated and identified epilithic and endolithic strains from Murree
rocks were used for screening of potassium solubilization.
Aleksadrov medium
For screening potassium solubilization Aleksandrov agar medium was used. The
constituents of the medium included; glucose 1%, MgSO4.7H2O 0.05%, FeCl3
0.0005%, CaCO3 0.01%, CaPO4 0.2% and illite as potassium source 0.5%, agar 3% and
pH of the medium was adjusted to 6, and sterilized by autoclaving and plates were
prepared.
Screening of KSB strains
Thirty one bacterial strains which were isolated from rocks of Murree hills and
identified were tested for K solubilization using an insoluble potassium mineral source.
Out of these 31 strains, 8 showed potassium solubility activity by the formation of clear
zones around the colonies. These strains were selected and characterized by DNA
extraction and phylogenetic tree was constructed. These strains were further subjected
to quantitative analysis for potassium solubilization and activities were determined.
Qualitative analysis of KSB
All the 31 strains were streaked on these plates and incubated for 7 days at 37ºC.
Positive strains showed zone formation around the colonies. Strains were screened and
selected on the basis of zone of hydrolysis on khandeparkars selection ratio (Prajapati,
2012) as follows:
Ratio = Diameter of zone of clearance/diameter of growth = D/d
DNA extraction and phylogenetic analysis
The selected eight strains were grown in liquid medium for DNA extraction. Positive
strains were grown in nutrient broth (10 ml) and were incubated at 30°C for 24 hours.
After incubation, 1 ml of culture was transferred to Eppendorf tubes and centrifuged at

13,000 rpm for 5 minutes and the pellet from these cultures was harvested for the
extraction of DNA. CTAB method was used for DNA extraction. Gel electrophoresis
was used for the confirmation of DNA extracts containing 1% agarose gel and was
visualized through transilluminator.
For the amplification of extracted DNA, PCR was performed using universal primers,
27F

(5’-

AGAGTTTGATCCTGGCTCAG

-3’)

and

1492R

(5’-

GGTTACCTTGTTACGACTT -3’). After amplification, the PCR products were
collected and sent to Macrogen, Korea, for sequencing. Once the sequencing was done
phylogenetic tree was constructed using the online BLAST program comparing the
related sequences with the available known sequences in NCBI data bank
(http://www.ncbi.nlm.nih.gov/BLAST).
Quantitative analysis of potassium
For quantitative analysis of potassium solubilization, bacteria were grown in liquid
Aleksandrov medium. The liquid cultures were grown at 30°C for 7 days in shaker
incubator. After incubation the cultures were centrifuged at 10,000 rpm for 10 minutes
and supernatant was collected for the estimation of potassium. Cobalt nitrite was used
for the precipitation of dissolved potassium. About 25 g of cobalt nitrite was dissolved
in 100 ml distilled water and was filtered before use. Then 5 ml of cobalt nitrite was
added to the collected supernatants and the volume was made up to 10 ml by adding
distilled water. The reaction mixtures were then incubated at 37°C for 45 minutes for
the precipitation of potassium. The reaction mixtures were then centrifuged at 13,000
rpm for 5 minutes. The supernatant was discarded and precipitate was collected and
washed twice with distilled water and once with absolute ethanol. The collected pellet
was then air dried. After drying, 5 mL of conc. HCl was added to the precipitate and
was incubated at 37°C for 15-20 minutes, color developed and analyzed quantitatively
through atomic absorption.

Results
Screening of potassium solubilizing bacteria
Total of 31 strains were tested on Aleksandrov solid medium containing potassium
aluminum silicate t. All the 31 strains were spotted on agar plates and results were
observed after 3 days of incubation at 300C. It was found that 8 strains out of 31 made

a clear zone of K solubilization. Among these strains six were endolithic and two strains
were epilithic which formed clear zones around the colonies.

Figure

1.

Screening

of

potassium solubilizers on the basis of zone of hydrolysis
Identification and Phylogenetic analysis
Total eight strains were selected on the basis of zone formation and were characterized
by rRNA sequencing. BLAST program was used for these sequences and were aligned
in the Genebank data base with the closest of the relative strains. All the eight isolates
were identified and their closest relatives in the data base were noted and phylogenetic
tree was constructed (Figure 2). The strains with assigned accession numbers belonged
to Acinetobacter sp. N6 (KT223618), Pusillimonas sp. N12 (KT004382), Alcaligenes
sp. N14 (KT004383), Alcaligenes sp. N21 (KT004376), Fluviicola sp. N26
(KT004384), Pseudomonas sp. P11 (KT223625) and Serratia sp. P12 (KT223626). All
the strains were characterized by their ability to form zone on solid Aleksandrov
medium for potassium solubility. The strains Alcaligenes sp. N21 and Serratia sp. P11
showed rapid growth. While strain N6 was the slowest in growth.
Qualitative analysis of potassium solubilization
Bacterial strains grown on Aleksandrov solid medium showed the ability of potassium
solubilization. These strains solubilize potassium to varying degrees, and is confirmed
by formation of clear zone around their colonies. The indices of solubilization by all
the selected strains grown on solid Aleksandov medium are given in Table. 1. The clear
zones appeared in the first 24 hours of incubation and gradually increased with the
increase in diameter of colony size. Our results showed strains Fluviicola sp. N26 (4.8),
Alcaligenes sp. N21 (4.1) and Brevundomonas sp. P20 (4) showed maximum zone
formation around the colonies and had the highest solubilizaion index ratio.

N21
Alcaligenes faecalis |NR 113606.1|(2)
Alcaligenes faecalis |NR 113606.1|
N14
N12
Pusillimonas soli |NR 117261.1|
Serratia marcescens strain P12 (KT223626)
Acinetobacter sp. N6 (KT223613)
Pseudomonas parafulva strain P11 (KT223625)
N26
Fluviicola taffensis |NR 074547.1|
Brevundimonas diminuta|NR 113602.1|
P20
Brevundimonas naejangsanensis|NR 116722.1|

Figure 2: Phylogenetic representation of study isolates from Murree Hills capable
of potassium solubilization

Table 1. solubilization index.
Name of strain

Diameter of zone

Diameter of

Ratio

of clearance (cm)

colony (cm)

Alcaligenes sp. N14

1.8

0.5

3.6

Acinetobacter sp. N6

2.3

0.6

3.8

Pusillimonas sp. N12

1.6

0.5

3.2

Serratia sp. P11

1.9

0.6

3.1

Alcaligenes sp. N21

2.5

0.6

4.1

Fluviicola sp. N26

2.4

0.5

4.8

Brevundomonas sp. P20

1.2

0.3

4

Serratia Sp. P12

1.7

0.5

3.4

Quantitative analysis of potassium solubilization
For quantitative analysis, the bacterial strains were grown in liquid Aleksandrov
medium. Cobalt nitrite was used for the precipitation of solubilized potassium. After
collection, precipitates were dissolved in concentrated HCl and were subjected to
atomic absorption. Shimadzu-AA6300 atomic absorption spectrometer was used for
dissolved potassium analysis. Eight strains were selected on the basis of zone
formation. Strains Fluviicola sp. N26, Alcaligenes sp. N21 and Brevundomonas sp.
P20, with solubilizing ability of 739.17, 688.23 and 637.28 ppm, respectively. Other
strains Pseudomonas sp. P11 (611.81 ppm), Pusillimonas sp. N12 (586.34 ppm),
Serratia sp. P12 (586.34 ppm), Acinetobacter sp. N5 (535.40 ppm) and Alcaligenes sp.
N14 (484.46 ppm) also showed satisfactory solubilization ablility.

Table. 2. Atomic absorption of potassium solubilized by bacteria

S.No Strains

ppm

1

Alcaligenes sp. N14

484.46

2

Acinetobacter sp. N6

535.40

3

Pusillimonas sp. N12

586.34

4

Brevundomonas sp. P20

637.28

5

Alcaligenes sp. N21

688.23

6

Fluviicola sp. N26

739.17

7

Pseudomonas Sp. P11

611.81

8

Serratia Sp. P12

586.34

Discussion
Potassium is one of the essential macronutrient for plant growth after nitrogen and
phosphorus. These macronutrients are supplied to plants in synthetic fertilizers which
increase crop yield but also cause problems related to environment and economy (Rajan
et al., 1996). Potassium in soils is generally found in insoluble forms, 90 to 98 percent
of potassium is unavailable for plants to use because it is found in different mineral
forms. The addition of fertilizer to the soil also stiffens the soil which makes the
availability of potassium much harder.Therefore, an agronomically useful approach is
needed which is environment friendly, for this purpose rock potassium and rock
phosphate are directly applied in fields. However, the use of potassium rock materials
as fertilizer insignificantly increase the crop yield as potassium nutrients are slowly
released from rocks (Sindhu et al., 2012). Therefore concentrated efforts are going on
to study the combine effects of rock material and potassium solubilizing bacteria in
growth and development of crops.

Among 31 bacterial isolates in our study, 8 showed potassium solubilizing activity on
Aleksandrov medium supplemented with illite as potassium source. The bacterial
strains Fluviicola sp. N26, Alcaligenes sp. N21 and Brevundomonas sp. P20 formed
large zones of potassium solubilization. Potassium solubilizing bacteria have been
reported from the roots of several crops withpotassium minerals (Mikhailouskaya et al.,
2005) and soils (Li, 1994). Two potassium and phosphate solubilizing strains KNP413

and KNP414 of Paenibacillus mucilaginosus were isolated by Hu et al., (2006) from
Tianmu Mountains’ soil in Zhejiang province of China. Both of the strains showed high
capacity to dissolve potassium and phosphate, the strain KNP414 even showed higher
potassium solubility than Bacillus mucilaginosus AS1.153 which is widely used as
inoculant of potassium fertilizer in China.
The increase in colony forming unit or increase in bacterial growth on the K containing
plates is also an indicator of K solubilization. The growth is mostly occurred with high
viscosity, but the relation is not understood yet. But in increase in growth is related to
K solubilization also reported by Girgis et al (2008) and Anjanadevi et al. (2015).
Potassium from mica was found to solubilize readily among silicate bearing minerals
(Tandon et al., 1988). Different bacterial strains dissolving potassium, aluminum and
silica from insoluble minerals were reported by Aleksandrov et al., (1967). KSB are
also isolated Bacillus subtilis and Bacillus megaterium from rocks in Kerala, India,
which were found to be potent potassium solubilizers (Anjanadevi et al., 2015). KSB
from rocks, minerals and soil samples including orthoclase, muscovite mica and
microline were also isolated by Sugumaran and Janarthanam (2007).

In quantitative analysis we noted that these bacteria have the ability to release
significant amount of potassium ranging from 484 to 739 ppm with variations among
the types of isolates. Fluviicola sp. N26, Alcaligenes sp. N21 and Brevundomonas sp.
P20 showed increased ability to solubilize potassium, among all the rock dwelling
bacterial strains in our study. This is the first report of Fluviicola sp. N26 from the
endolithic source performing K solubilization. Previously, its isolation from fresh water
and characterization is reported by O'Sullivan et al. (2008). Similarly, study isolate
Alcaligenes sp. N21 is first reported for K solubilization from endolithic source,
previously it was reported from different source like mangrove soil by Behera et al
(2017). Another study isolate Brevundomonas sp. P20 of epilithic source was
potentially active for the solubilization of K in medium by atomic absorption reports,
Earlier, Brevundomonas sp. is reported for plant growth promotion studies but the exact
mechanism is not reported (Patel and Desai 2015). Therefore, the actual mechanism
may involve the solubilization of different minerals to make available for growth of
plants. This study provides a base line for further studies to use the potential of rock
microbes in different fields like agriculture by solubilization of different nutrients to
enhance the growth of productive plants.

Conclusion
In the current study, it is indicated that bacteria isolated from rocks have great potential
to solubilize potassium. The Murree hills in the lower Himalaya range of Pakistan are
not previously explored for bacterial diversity regarding the solubilization of essential
minerals. The bacteria strains efficient in potassium solubilization, can further be
exploited for plant growth and crop yield. These bacteria can also play a key role in
weathering of potassium containing rocks.
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Calcium Carbonate Precipitation by Rock Dwelling Bacteria in
Murree Hills, Lower Himalayas Range
Abstract
Calcium carbonate precipitation in the natural environment is associated with a variety
of factors including bacterial species. In this study, I investigated calcium carbonate
precipitation induced by bacteria isolated from rocks of Murree Hills, Lower
Himalayan region, Pakistan. Four species; Acinetobacter N1, Acinetobacter N6,
Bordetella N30 and Brevundimonas N5, having ureolytic activity, were found to
precipitate calcium carbonate. FTIR analysis revealed the formation of calcium
carbonate crystals confirmed by comparison to synthetically produced calcium
carbonate. Morphological characterization by scanning electron microscopy showed
crystals formed were mostly of irregular and polygonal shape having sharp spike- like
edges. All the four strains having urease enzymatic capability to convert urea into
ammonia to produce calcium carbonate crystals in higher pH due to production of
alkaline environment. The results of our research revealed a variety of rock bacteria
capable of precipitating calcium carbonate in natural environments and are expected to
have a great influence on cycling of carbonates in these evironments.

Key words: Calcium Carbonate, Himalayan Rocks, Urease, Precipitation

INTRODUCTION
Calcite precipitation by bacteria is a bio-mineralization process, and it is a collective
feature of the whole bacterial kingdom (Boquet et al., 1973). The two mechanisms
involved in bio-mineralization are biologically-induced and biologically controlled
mineralizations (Mann, 1995). Diatoms, magnetotactic bacteria and coccolithophores
use genetic and specific metabolic pathways in biologically controlled process of
mineralization (Bazylinski and Moskowitz, 1997). Generally, the precipitation of
calcium carbonate (CaCO3) is thought to be the induced type of mineralization as
environmental conditions effect the types of minerals produced (Brennan et al., 2004).
The phenomenon of mineral carbonate precipitation is omnipresent across the globe in
oceans, fresh water bodies, saline lakes and soils with the involvement of numerous
bacterial species (Rivadeneyra et al., 1998; Douglas et al., 1998; Peckman et al., 1999;
Zamarreño et al., 2009). The biogeochemical cycles of calcium are regularized by these
bacteria, which add to the CaCO3rocks, deposits and sediment formation (Chafetz et
al., 1991; Paerl et al., 2001). Open environments help in the biologically-induced
mineralization and this process is usually connected with microbial metabolic activities
and cell surface structures. The morphology and mineralogy of CaCO3 precipitates is
most likely affected by microbial extracellular polymeric substances (EPS) which has
the ability to bind and trap significant amounts of calcium to the bacterial surfaces thus
helping in its precipitation (Arp et al., 1999; Braissant et al., 2007; Dupraz et al., 2005).
Calcium carbonate precipitation is facilitated by an increase in environmental alkalinity
which is caused by the process linked with microbial metabolic activities (Douglas and
Beveridge, 1998; Castanier et al., 1999). Urease enzymes catalyze the hydrolysis of
urea which is the most common metabolic activity in large varieties of microorganisms
(Mobley and Hausinger, 1989). Ammonia and carbonate is produced when microbial
urease hydrolyzes urea, this in-turn increases the carbonate concentration and pH which
forms CaCO3 when reacts with environmental calcium (Hammes et al., 2003; Muynck
et al., 2010). The most stable and commonly found bacterial carbonate polymorph is
calcite, while vaterite and aragonite are the other two crystal polymorphs of CaCO3
(Rodriguez-Navarro et al., 2012). Aragonite is often represented as the metastable
polymorph during its bacterial mineralization (Pedone et al., 2010). Bacterial strain and
growing environments affect the polymorphs’ synthesis. Based on the findings of
Cañaveras et al., (2001), various forms of calcium carbonate were precipitated by
different bacteria which include spherical and polyhedral crystalline. A number of

bacteria, such as Bacillus, are involved in bacterial-induced carbonate mineral
formation (Goddette et al., 1992; Betzel et al., 1998; Jørgensen et al., 2000), sulphatereducing bacteria (Warthmann et al., 2000), cyanobacteria (Jansson and Northen,
2010), Pseudomonas (Jha et al., 2009), Myxococcus (Rodriguez-Navarro et al., 2003;
Gonzalez-Muñoz et al., 2010) and Halobacteria (S¢nchez-Rom¢n et al., 2011).
According to the experiments carried out by Groth et al. (2001), among cave bacteria
Bacillus sp., precipitated vaterites, while all other bacteria produced calcite during
crystal-producing ability test, while M. xanthus induced collective precipitation of
vaterite and calcite (Rodriguez-Navarro et al., 2003). There are developing indications
that polymorph selection and CaCO3 morphology might not be directly influenced by
bacteria (Chekroun et al., 2004; Bosak et al., 2005; Rodriguez-Navarro et al., 2012).
The outer structure of bacteria, chemical nature and the nutrient contents of the culture
medium which could play a critical role in the crystallization process of bacteria, may
influence bacterial structure and morphology (Gonzalez-Muñoz et al., 2010). In this
study, the aim was to identify bacteria which can produce CaCO3 in the rocks of Murree
Hills (lower Himalayas range) and characterize them.
MATERIAL AND METHODS
Isolation of bacterial strains
Bacterial strains which can precipitate CaCO3 were isolated from the rocks of Murree
Hills situated in lower Himalayas range (34°04’20"N,73°23’55”E) having an elevation
of 2600 meters above the sea level. The samples were suspended in filter-sterilized
saline solutions (NaCl 0.9%), properly diluted and cultured on calcium carbonate
precipitation media (CCP) which contain 20 g of urea, 2.12 g NaHCO3, 10 g NH4Cl, 3
g of Nutrient broth, 30 mM CaCl2, pH 8.5, and 20 g agar per liter. The plates were
incubated at 28°C for 7 days, and the appeared colonies were examined under a
microscope. Based upon the visual crystal formation, the selected positive colonies
further purified by streaking them on CCP medium without CaCl2.

DNA extraction and PCR amplification
DNA was extracted from pure culture using DNA extraction kit (QIAGEN). The
concentration of DNA was qualified and quantified by using nanodrop 2000
spectrophotometer (Thermo Scientific). The amplification of 16S rRNA gene was
carried

out

with

the

help

of

universal

AGAGTTTGATCCTGGCTCAG-3’)

and

bacterial
1492

primers
R’

27F’

(5’(5’-

CTACGGCTACCTTGTTACGA-3’). The PCR mixture contained GoTaq®Green
Master Mix Promega (25 µl), Nuclease-Free Water (50 µl), primer 27F (0.5-5 µl),
primer 1492R (0.5-5 µl) and DNA extract (1-5µl). MJ Mini Personal Thermal Cycler
(BIO RAD) was used for the PCR reaction with the denaturing temperature of 95ºC for
30 cycles and 1 minute, the annealing temperature was maintained at 55ºC for 1 minute
and extension temperature of 72ºC of 1 minute. For the period of 7 minutes and at the
temperature of 72ºC, the final extension was performed. Agarose 1% gel
electrophoresis was used to analyze the PCR product.
Sequencing and Phylogenetic Analysis
The sequences of 16S rRNA were queried by using BLAST searched against the Gene
Bank database to suggest the closest relatives and phylogenetic affiliation. Clustal W
was used to align the sequences with their closest relatives and later on maximumparsimony algorithm of MEG-4 software was used to construct phylogenetic tree from
a matrix of pairwise genetic distances. The four partial sequences of 16S rRNA genes
have been deposited in the Gene Bank database for the strains N1, N5, N6 and N30
isolated from Murree Hills of lower Himalayas range under accession numbers:
KT223614, KT223617, KT223618 and KT004375, respectively.

Urease enzyme activity
The selected strains were further assayed for urease enzyme activity. For this purpose
urea agar medium was used which contained of monosodium phosphate 2.0 g, sodium
chloride 5.0 g, urea 20.0 g phenol red 12.0 mg, agar 15.0 g, dextrose 1.0 g, pancreatic
digest gelatin 1.0 g, and pH of the medium was adjusted to 6.8 (Hammes et al., 2003;
Chahal et al., 2011). Each candidate strain was inoculated with 0.5 L-cell suspension
on the media, and all the plates were incubated at 28°C for 2 days. For the production
of ammonia through urease activity on urea, urease enzyme production was confirmed
by the formation of pink-red color which is the indication of production of alkaline
conditions by the enzyme which convert phenol red to pink-red color. Escherichia coli
was used as negative control having no urease enzyme and hence cannot convert phenol
red
Collection and analysis of calcium carbonate precipitates
All positive strains were grown in 500 mL Erlenmeyer flasks containing 100 mL liquid
CCP medium for precipitates collection and analysis formed by these positive strains.
The flasks containing media and cultures were incubated for 60 hours at 28°C. For this

experiment, un-inoculated liquid CaCO3 precipitation medium was used as the control.
The whole culture was centrifuged for 1 min at 10,000 rpm at every time point and after
incubation. The pellet, which included the bacterial cells and CaCO3 precipitate, was
re-suspended in 50 mL TE buffer (10 mM Tris, 1 mM EDTA, pH 8.5). For the digestion
of bacterial cell wall, Lysozyme was added at a final concentration of 1 mg/mL and the
cell suspension was incubated at 37°C for 1 hour. Centrifugation was used to remove
the cell debris and sterile distilled water was used to wash the pellet, then it was air
dried at 37°C for 24 hours. To estimate the amounts of carbonate crystals precipitated
by the different strains, the pellet was weighed for the estimation of carbonate crystals
produced and precipitated by the selected bacterial strains and was further analyzed.
FTIR spectroscopy was used to find calcium carbonate precipitation mineralogy,
induced by the selected bacteria. Ethanol was used to homogenize the dry precipitates
of CaCO3 after crushing them by using a mortar and pestle. Bruker FTIR spectrometer
(Germany) model: Tensor27 was used with software Opus65 for peaks’ analysis at the
Microbiology Research Laboratory at Quaid-i-Azam University (Islamabad, Pakistan).

Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM Hitachi S-450) was used to determine the
morphology of CaCO3 precipitation. The collected carbonate crystals were sputtercoated with a gold/palladium mixture and mounted directly into the SEM stubs.
Accelerating voltage of 25 kV was used to perform the scanning.
RESULTS
Isolation of calcium carbonate precipitating bacteria
Four out of thirty-one bacterial isolates induced the precipitation of CaCO 3 on CaCO3
precipitation (CCP) agar plates. The results of microscopy showed that the initial white
spots around the bacterial colony changed into a hard tough whitish grey crystals after
incubation of 7 days, with a scattered white spot covering the colony. These four strains
were selected for further studies based on the evidence of morphological differences of
crystal formed on the agar plate.

Figure 1. Phylogenetic analysis of calcium carbonate precipitating bacterial
isolates.

Phylogenetic analysis of selected strains
16S rDNA sequencing was used to identify and characterize our four isolates. BLAST
program was used to search the obtained sequences against the GenBank database.
These isolates possessed their closest relatives belonging to Acinetobacter (KT223614)
N1, Acinetobacter (KT223618) N6 Bordetella (KT004375) N30 and Brevundimonas
(KT223617) N5.
Four strains N1, N6, N30 and N5 were characterized by their growth rate, urease
activity, calcium carbonate precipitation capability, and CaCO3 solubilizing activity.
Brevundimonas N5 grew more rapidly than the other three strains and formed CaCO3
crystals faster than Acinetobacter N1, Acinetobacter N6 and Bordetella N30 (Figure 1).
Microbially induced precipitation of CaCO3 by the hydrolysis of urea was also
investigated. These bacteria have the capability to produce ammonia from urea with the
help of an enzyme urease and as a result increase the pH of surrounding environment
which induces the precipitation of CaCO3. All the four strains N1, N6, N30 and N5 had
the capability to produce urease activity. E. coli was used as control which does not

produce any urease enzyme and cannot convert it into ammonia. The appearance of
purple red color on urea agar plate was the indication of urease activity. Thus urease
activity can directly be linked to calcium carbonate precipitation. Enhanced
precipitation of CaCO3 was observed with bacteria having higher urease activity. The
selected four strains were tested for CaCO3 precipitation activity and were grown on
solid CaCO3 precipitation (CCP) medium. E. coli was also grown on CCP medium as
control. After incubation for 3 days at 30ºC, and crystals were formed on the surface of
each bacterial colony.
FTIR and SEM analysis of microbi0logically-induced calcium carbonate
precipitation
After 7 days of incubation, the precipitates were collected and subjected to FTIR for
analysis. FTIR results revealed that crystal formed were analogous to CaCO3. For
standard, synthetic CaCO3 was used and microbially formed crystals were compared
with the peaks of standard (Figure 2). All the four strains, Acinetobacter N1,
Acinetobacter N6, Bordetella N30 and Brevundimonas N5 were able to produce CaCO3
crystals.
Scanning electron microscopy was used for morphological characterization of crystals
induced by these bacteria. Different crystal morphologies, i.e. elongated, irregular,
spike- like, polygonal etc. were observed (Figure 3). All the strains showed different
morphologies for crystal formations. The elongated crystals were smooth and the
irregularly shaped crystals were plate- like having sharp spike- like edges.

Figure 2. FTIR analysis of microbially produced and synthetic calcium carbonate
(red=synthetic and blue=microbially produced)
Our observations revealed that the selected four strains were able to produce CaCO3
crystals in liquid media. Parameters i.e. pH change and urease activity were also
monitored. A direct positive correlation was observed between crystal formation and
the growth of isolates. An increase was observed in pH. The initial pH was set to 7 and
after incubation the pH raised to 9.5, while that of control was slightly raised from 7 to
7.7, and trace amount of CaCO3 was collected from the control.

(a)

(b)

(c)

(d and e)
Figure 3. SEM analysis of microbially induced calcium carbonate precipitates.

DISCUSSION
Science related to isolation, characterization and useful application of Rock dwellers is
in initial stage. These microbes have great potential of different uses from health to
environment, agriculture and industries. These microbes also have a great potential of
mineralization of different minerals by an effective and environment friendly way.
Calcium carbonate exists in three polymorphic forms in the natural environments
calcite, vaterite and aragonite. The most common polymorphic forms induced by
ureolytic bacteria are calcite and vaterite (Bachemeier et al., 2002; Giralt et al., 2001;
Stocks-Fisher et al., 1999). The precipitation of aragonite is also reported by some
scientists (Rivadeneyra et al., 1996). In our study we focused on calcite, as Murree
rocks are mostly composed of calcite.
Calcium carbonate precipitating bacteria are reported from various natural
environments in the past studies (Wright and Oren, 2005), such as salt lakes, soils,
oceans and freshwater (Douglas et al., 1998; Rivadeneyra et al., 1998; Peckman et al.,
1999; Zamarreño et al., 2009). It has been found in our research that certain rock
dwelling bacteria can also induce CaCO3 precipitation. Four isolates of bacteria,
Brevundimonas N5, Bordetella N30, Acinetobacter N6 and Acinetobacter N1 were
identified as precipitating CaCO3. Calcium carbonate precipitating bacteria are isolated
from different habitats. Jroundi et al., (2010) and Rodriguez-Navarro et al., (2012)
isolated these bacteria from decaying stones. In our study we isolated these bacteria
from natural rocks and found that calcium carbonate precipitation is highly induced by
a variety of bacteria. Biomineralization of CaCO3 is not confined to a specific group of
bacteria but a wide range of bacterial genera are involved in it. Calcium carbonate
biomineralization is a common phenomenon in bacteriology and it is not linked to a
group of microorganisms (Boquet et al., 1973). However, our isolates from a much
harsher endolithic and epilithic environments are capable of Calcium Carbonate
precipitation very effectively if induced to such environments.
Study isolate Brevundimonas N5 from an endolithic source is potentially capable of
Calcium Carbonate biomineralization. The results from SEM, FTIR denoted that
Brevundimonas N5 precipitated CaCO3 after incubation period. Our results agree with
the results of Rodriguez-Navarro et al (2012) from stones, Wei et al (2015) from Marine
water. The study isolate Bordetella sp. is first time reported for precipitation of CaCO3
from rocks, previous reports are available which showed that Bordetella sp have urease
enzyme (Friedman et al., 2008) which is supposed to be the main player involved in

CaCO3. The other two study isolates involved in biomineralization from endolithic
source was identified as Acinetobacter sp. Study results overlap previous reports of
CaCO3 precipitation by Acinetobacter sp from different sources i.e. fresh water
(Zamarreño et al., 2009), drip water of mine (García et al., 2015), heritage stones
(Jroundi et al., 2017).
Bacteria can precipitate all the three polymorphs of CaCO3, but little is known about
the exact mechanism. The main determinant for precipitation of CaCO3 polymorph is
the culture medium used (Gonzalez-Munoz et al., 2010). Urease enzymes and its
specific amino acid sequence is reported to be responsible for the selection of
polymorph.
Research on ureolytic bacteria which bring about CaCO3 precipitation is also largely
focused now. These bacteria hydrolyses urea and as a result produce carbonate ion and
ammonia which in turn increase pH of the surrounding medium thereby favoring
precipitation of CaCO3 (Ai-Thawadi, 2011; Hammes et al., 2003). In our study, we also
tested all the three strains for ammonia production on urease activity assay, and we
found that all the strains were able to produce ammonia i.e. were positive for urease
activity. Among the three strains Brevundimonas showed rapid carbonate crystal
growth and higher urease activity than the other two strains.
The enzyme urease is extensively studied for the last decade, but its catalytic
mechanisms still remains a mystery (Benini et al,. 1999). It was observed that different
polymorphs are formed depending on the type of urease used. For example it is reported
that the urease of Sporosarcina pasteurii when used formed vaterite and calcite was
formed when jack bean urease was used (Sondi and Salopek-sondi, 2005). An
amorphous precipitate of vaterite, which was later on crystallized to calcite was formed
when the jack bean urease solution was unstirred (Sondi and Matijevic, 2001). In the
bacterially induced precipitation of calcium carbonate, calcite was formed (Ferris et
al., 2004). Different polymorphs are formed by urease enzyme used from different
sources, but still the origin of formation of polymorph of calcium carbonates is has not
been resolved (Reddy, 2013: Rodriguez-Navarro et al., 2012)

These observations are confirmed by Hammes et al., (2003) who proposed that
ureolytic bacteria had diverse genes in their genome and their higher affinity and rates
are responsible for rapidly formed carbonate crystals.

The natural environments are rich in nitrogenous organic compound i.e. urea, which is
introduced to these environments by different animals as excreta. Fungi, bacteria and
yeast are responsible for biotic activity of urease in the environment (Mobley and
Hausinger, 1989). Urea is used as a substrate in urea hydrolysis which turns the
surrounding environment alkaline and thus help in the precipitation of CaCO3.
When grown in medium without urea, the strains Acinetobacter N6 and Bordetella N30
started metabolizing glucose and as a result produced organic acids which lowered the
pH of the medium. Such precipitation and dissolution are observed in cave microbes
(Banks et al., 2010). Thus, it is concluded that availability of both organic substances
and urea in the natural environment are crucial for the solubilization and precipitation
of CaCO3.
Calcium carbonate is the main component of building industry. It is used in the
production of cement. Biologically calcium carbonate is produced by calcite forming
bacteria. These bacteria act as nucleation sites for CaCO3 crystals. These bacteria can
be used for the healing process of cement cracks because these calcites precipitating
bacteria having ureolytic ability can improve the mechanical property of cements and
concrete by filling its cracks (Park and Ghim, 2012). The bio deposition of calcium
carbonate on cements and concrete surface help in decreasing the porosity and water
absorption. In the architecture field, the self-healing and strength of the material was
increased by introduction of CaCO3 precipitating bacteria. Stone buildings in China are
repaired by using the vegetative cells of CaCO3 precipitating bacteria (Yang and
Cheng, 2013). These bacteria are also used in waste water treatment for the removal of
chemicals in stream waters (Gross et al., 2007) and greenhouse gas removal from
landfills (Jugnia et al., 2008).
Our study is the first report about bacterial isolates in the lower Himalayan rocks having
ability to precipitate CaCO3. Rock bacteria have great potential regarding solubilization
and precipitation. These bacteria thrive in extreme environments and can use all the
available energy sources. A deep insight is needed to understand the exact mechanism
of precipitations by these bacteria.
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Correlation between Metal ions and Antibiotic resistance in
endolithic and epilithic bacteria isolated from rocks of Ayubia hills,
Murree, Lower Himalaya, Pakistan
Abstract
There exists a strong correlation between cross resistance of metal and antibiotics in
bacteria. The studies suggest that these mechanisms of cross resistance might be due to
the presence of a single gene which confers resistance to both or the presence different
genes controlled by single promotor site. In current study, the correlation of metal ion
and antibiotic resistance is observed in endolithic and epilithic bacteria. Bacteria were
isolated from different rock samples collected from Ayubia hills, Murree, Pakistan.
Endolithic and Epilithic bacteria were isolated and identified through 16S rRNA
sequence analysis. Antibiotic resistance of the isolates was detected by using discs of
commonly used antibiotics. Minimum inhibitory concentration (MIC) of metal ions was
determined by adding the metal salts in the culture media and by gradually increasing
the concentrations of metals till the growth stopped. A total of 31 bacterial strains were
isolated from rock samples, where 16 were endolithic and 15 were epilithic in nature.
Most of the isolates were Gram negative. The isolated strains belonged to four major
groups including; Proteobacteria, Actinobacteria, Bacteroides and Firmicutes. The
abundant

genera

included;

Pseudomonas,

Lysinibacillus,

Actinobacter,

Brevundimonas, Alcaligenes, Stenotrophomonas, Lysinibacillus and Serratia. Results
show that isolates were strongly resistant to many antibiotics and metals. Against
metals, the most resistant strains were N21 (Alcaligenes sp.), N1 (Acinetobacter sp.)
and N5 (Brevundimonas sp.), with majority of the isolates showing resistance against
Cadmium. On the other hand, maximum resistance was recorded against Ampicillin
followed by Cefotaxime, Streptomycin, Vancomycin, Ofloxacin Chloramphenicol and
Ciprofloxacin. The isolates demonstrating maximum MIC against metal ions also
showed resistance towards antibiotics. Statistically it was proven that the kappa value
is between 0 and 1 for most of the strains which showed significant correlation between
antibiotic and metal resistance. Our results showed strong correlation between the
antibiotic and metal resistance. A deep genomic and proteomic study is required further
for understanding the exact mechanism of co-resistance between metal ions and
antibiotics.

Key words: Endolithic, Epilithic, metal and antibiotic resistance, Murree hills

Introduction
Heavy metals are natural components of Earth’s crust. Metal having a specific gravity
of more than five times that of water are termed as heavy (IUPAC, 2002). Mercury,
lead, iron, cadmium, arsenic etc. are some of the examples of well-known elements
which have a specific gravity equal or greater than 5 (Galadima, 2010). These elements
are recycled constantly in the natural environment by processes such as biological
activities, erosion and weathering. The uncontrolled and indiscriminate discharge of
industrial waste to the environment is causing an increase in concentration of toxic
metals, polluting the surroundings. Industrialization nowadays is a major concern for
the quality of soil, water bodies and atmosphere (Ali et al., 2013). Large amount of
toxic substances are discharged to the environment by textile, chemical, food,
metallurgical and pharmaceutical industries (Oketola and Osibanjo, 2011). The
biosphere is also polluted by human activities such as use of pesticides and chemical
fertilizers, mining (Aikpokpodion et al., 2010), car battery manufacturers (Adie and
Osibanjo, 2009), automobile activities (Adewole and Uchegbu, 2010) and
transportation vehicles (Galadima et al., 2012), which release high quantity of heavy
metals and pollutants.
High concentration of heavy metals in soil are responsible for reduced nutrient and
water uptakes, disturbances in enzymatic reactions and poor plant growth (Agarwal
1999; Ebbs et al., 1997; Nwaugo, 2008). Heavy metal pollution also greatly threatens
food safety. Food Safety Forum for the year 2009 reported one sixth of cultivated land
in China was highly contaminated by heavy metals and an area of about 20 million
hectares was declared not safe for agriculture practices because of high heavy metal
concentrations (Yao et al., 2012). Studies on heavy metals also revealed these metals
have been accumulated in vegetables (Adewuyi et al., 2010; Atayese et al., 2008; Chang
and Kim, 2005) fish (Sarma et al., 2010) and rice (Yang et al., 2006; Lin et al., 2008)
as well. Different diseases are caused by heavy metal in humans as they accumulate in
the body tissues which leads to illnesses such as bone diseases, kidney, nervous system
and cardiovascular diseases (Sinha et al., 2009; Nies, 1999; Staessen et al., 1999;
Kumar et al., 2011; Ali et al., 2013).

Different strategies are used to overcome the problem of heavy metal pollution. Mostly
used methods include physiochemical methods such as solvent extraction and chemical
precipitation (Dhankhar and Guriyan, 2011). These methods are very costly and cannot
be applied on large surfaces, and also proved to be not environment friendly as for the
remediation process, some toxic reagents are added (Schmitt et al., 2007; Dhankhar and
Guriyan., 2011).
Heavy metals have a negative impact on microbial growth in the affected environments,
however, some microbes especially bacteria have the ability to proliferate and
withstand high concentrations of metal (Amaechi et al., 2014; Anyanwu and Ugwu,
2010; Ezaka and Anyanwu, 2011; Nwachukwu et al., 2010). Tolerance of bacteria to
heavy metals can be defined as the ability of bacteria to tolerate toxic effects of metal
with the help of intrinsic properties, while resistance to heavy metals may be defined
as the mechanism by which bacteria detoxify the presence of specific metals and
survive in higher concentrations of heavy metals (Nies, 1999,. Kumar et al., 2011).
Both metals and bacteria are distributed throughout the nature and counter each other
since the beginning. The metal ions are also need of the living organisms to use as a
cofactor for enzymatic and biochemical activities. These metal ions include Fe, Zn, Cu
etc. and are of essential value for life activities but the higher metal concentrations
inside cells have adverse effect on the cells. Those organisms inhabiting high metal
concentrations require special tools to minimize the toxic effects and survive the high
metal concentrations. Similarly, the metal concentrations stop the growth of
microorganisms which do not have the tools to face the toxic effects of higher
concentrations of metal ions. The resistant against metal ions can also facilitates
resistance against antibiotics and same for antibiotic resistance (Hobman et al., 2014;
Chen et al., 2015 Knapp et al., 2017).
The use of metal resistant bacteria for the decontamination of heavy metals is a better
and applicable alternative and is applied mostly in developed world for such purposes
(Nakamura et al., 1999, Okino et al., 2002, Sinha et al., 2009). The Himalayan rocks
are not well explored previously for heavy metal resistant bacteria. The specific
objective of this study was to isolate and identify bacterial species resistant to heavy
metals such as chromium, cadmium, copper, lead and mercury.

Material and method
Sample collection
Rock samples were collected from Ayubia hills, Murree, lower Himalaya, Pakistan
((34°4'20"N, 73°23'55"E) aseptically and were stored in sterile zipper bags, pH and
temperature of the sampling site were recorded by pH meter and thermometer. Samples
were transported to Microbiology Research Lab, Quaid-i-Azam University Islamabad
and were stored at low temperature (4 ºC) till further analysis. These rock samples were
then processed for the isolation of epilithic and endolithic bacterial strains using
standard microbiological protocols.
Reagents and chemicals
All the chemicals and reagents were from Sigma (USA).
Isolation and identification of bacteria
The epilithic strains were isolated by rubbing a wet sterile cotton swab against the
surface of rocks, then inoculated on surface of the media plate (diluted LB agar and
MSM). For the isolation of endolithic bacteria, wet sterile cotton swab was rubbed
against the inner surface of the rocks and transferred on to the media plates. Bacterial
strains were selected on the basis of distinct colony morphology and stored at 4ºC for
further study.
Heavy metal tolerance
Various heavy metals were used to check metal tolerance of the study isolates. Stock
solutions (4000 ppm) of all metals were prepared for further use. Nutrient agar (Sigma)
medium was used for the determination of minimum inhibitory concentrations (MIC)
of Cd+2, Cr+3, Hg+2, Ar+3 and Co+2. Metals were supplemented as HgCL2, ArCl3, CdCl2.
H2O, CrCl3 and CoCl2·6H2O. Bacteria were considered resistant by comparing their
MIC values with that of control organism i.e. E. coli. Varying concentrations (0, 50,100,
150, 200, 250 up to 1000 ppm) of all the selected heavy metals were prepared. The
isolates were streaked on nutrient agar plates incorporated with heavy metals

aseptically. After 24 hours of incubation at 37ºC, the plates were checked for growth.
Same procedure was used for the control.
Minimum Inhibitory Concentration (MIC)
Minimum Inhibitory Concentration (MIC) was determined by gradually increasing the
concentration of heavy metals in the medium until visual growth disappeared on
nutrient agar plates (Rajbanshi, 2008). When E. coli failed to grow on the desired heavy
metal concentration after incubation period, it gave us the Minimum Inhibitory
Concentration (MIC), and all the other isolates were then categorized accordingly.
Antibiotic Resistance profile of the isolates
All study isolates were checked against different antibiotics. Antibiotic discs of
Amoxicillin, Ampicillin, Chloramphenicol, Ciprofloxacin, Streptomycin, Cefotoxime,
Vancomycin and Ofloxacin were used to determine the susceptibility of these
indigenous isolates.
The antimicrobial resistance activity was determined by disc diffusion assay. Turbidity
of cell suspension of the study isolates was adjusted according to 0.5 McFarland
standard solution. Bacterial suspension of each isolate was then used to spread with the
help of a glass spreader to make a lawn on separate Muller-Hinton agar followed by the
placement of different antibiotic discs under aseptic conditions. The petri plates were
then incubated for 24 to 48 hours at 37ºC. After the incubation period, observed the
zone of inhibition for each isolate and antibiotic disc.
Statistical analysis
For statistical analysis Cohen kappa interrater or intrarater reliability testing was used.

Results
Isolation of Epilithic and Endolithic bacteria
Thirty-one bacterial strains were isolated from Murree rocks, lower Himalaya, Pakistan.
Of these, 15 bacterial strains were isolated from epilithic source and 16 bacterial strains
from endolithic source. The isolates were differentiated on the basis of colony
morphology and cultural characteristics. Gram staining revealed majority of the isolates
were Gram negative in nature. About 90% (28) of the total isolates were Gram negative
and 10% (3) were Gram positive bacteria.
Molecular characterization of bacteria
16S rRNA gene sequencing revealed that most of the isolates belonged to four major
groups including Firmicutes, Proteobacteria, Actinobacteria and Bacteroides. The
genera in order of abundance were Pseudomonas, Actinobacter, Alcaligenes,
Lysinibacillus,

Fluviicola,

Serratia,

Flavobacterium,

Stenotrophomonas,

Streptomyces, Pusillimonas and Brevundomonas. Query coverage, identity and
accession numbers of the isolates are given in Table 1.
Metal tolerance
All the isolates were screened for their tolerance towards 5 heavy metal ions. The MIC
for all the isolates was recorded. There was decline in bacterial growth as the
concentration of metal ion increased and increased growth was recorded in control
when no metal ion was added. Our results showed almost all the isolates were resistant
to cadmium, the highest MIC was shown by the strains Alcaligenes sp. N21,
Acinetobacter sp. N1 and Brevundomonas sp. N5, which was recorded as 1200 ppm,
but their growth was inhibited at concentration above 1200 ppm. In case of chromium,
the highest MIC was shown by the isolates Alcaligenes sp. N14 and Parapusillimonas
sp. P18 which was 900 ppm, respectively. All the isolates, in comparison to the control
were resistant to chromium with varing ranges of MIC. Some organisms were not able
to tolerate high concentrations of arsenic and their growth ceased at high
concentrations. Streptomyces sp. N28 and Flavobacterium sp. N3 did not show any
growth when the concentration of arsenic reached 50 ppm. On the basis of comparison

with control they were categorized as non-resistant. Whereas, highest MIC for arsenic
was shown by the isolates Brevundomonas sp. P20 and Pseudomonas sp. N10, recorded
as 700 and 600 ppm, respectively. The isolates also showed resistance to cobalt with
comparatively higher concentrations. The highest MIC for cobalt was 1000 ppm by
isolates Alcaligenes sp. N21 and Acinetobacter sp. N21.
Antibiotic Resistance Profile
Commonly used antibiotics were used to determine antibiotic susceptibility of the study
isolates. These broad-spectrum antibiotics included AMC= amoxicillin, AMP=
ampicillin, CHL= chloramphenicol, CIP= ciprofloxacin, STR= streptomycin, CTX=
cefotoxime, VAN= vancomycin and OFX= ofloxacin. The results indicated these wild
type bacteria have strong antibiotic resistant mechanisms. The most resistant specie
observed was endolithic, i.e. Lysinibacillus sp. N40 which resist all antibiotics. None
of these antibiotics halted the growth of Lysinibacillus sp. N40. Some other resistant
species are Pseudomonas sp. P26, Pseudomonas sp. P19, Brevundomonas sp. P20 and
Stenotrophomonas sp. P5. These isolates showed resistance to most of the antibiotics
used in the experiments here. On the other hand, the maximum resistance was reported
against ampicillin and 19 isolates showed resistance against it. Besides ampicillin,
cefotaxime showed resistance of 17 endolithic and epilithic species followed by
amoxicillin 15, streptomycin, Vancomycin and Ofloxacin 14, chloramphenicol 12 and
ciprofloxacin 10 (Table 3). Most of the isolates showed resistance against antibiotics
which revealed microbes of harsh conditions have extraordinary characteristics which
can also provide special tool for the survival in stress conditions other than that of its
original habitat.
Statistical analysis
Cohen kappa interrater or intrarater reliability testing was used for the statistical
analysis of metal and antibiotic resistance which showed that the kappa value for most
of the strains lie between 0 and 1. The dependence of metals and antibiotic resistance
and their correlation was checked. The kappa value for cadmium and Cephalosporin is
0.91, which shows a positive correlation between metal resistance and antibiotics. In
the case of mercury resistance strains the kappa value is 0.84 for Ampicillin which
indicates that mercury and ampicillin resistant strains are correlated. Some also shown

negative correlation between the two variables. In case of streptomycin and cadmium
the kappa value is -1.08, which show a negative correlation.

Table 1. Query coverage, identity and accession numbers of isolated strains.

Table 2. Minimum Inhibitory Concentration of different metal ions against the
isolates
S.No Strai
.
n

1

P17

2
3
4
5

N22
N30
N21
N40

10
13
16

N12
N27
P20

17

P18

27

P5

28
29

P10
P10i

Isolate
homologous

Lysinibacillus
sp.
Alcaligenes sp.
Bordetella sp.
Alcaligenes sp.
Lysinibacillus
sp.
Pusillimonas sp.
Alcaligenes sp.
Brevundimonas
sp.
Parapusillimona
s sp.
Stenotrophomon
as sp.
Pseudomonas sp.
Pseudomonas sp.

MIC in ppm
Cadmiu
m
800

Chromiu
m
500

Arseni
c
50

Cobal Mercur
t
y
800
100

400
600
1200
700

600
500
700
800

100
300
400
300

400
600
1000
700

60
120
40
80

800
600
700

600
500
600

100
200
700

800
600
700

80
140
60

500

900

200

500

80

800

600

500

800

140

700
600

800
600

200
400

700
500

60
80

Table 3. Antimicrobial resistance profile of the endolithic and epilithic bacteria
from Murree Hills rock

Key: R=Resistant, I=Intermediate, S=Susceptible (AMC= Amoxicillin, AMP= Ampicillin CHL=
chloramphenicol, CIP= Ciprofloxacin, STR= streptomycin, CTX= Cefotoxime, VAN= vancomycin,
OFX= Ofloxacin)

Discussion
It was supposed that the mechanisms of resistance against antibiotics and metals are
effective against or boost co-resistance. Bacterial strategies for antibiotics include
efflux pump, alteration of the target site, enzyme inactivation, decreased permeability
etc. Some of these mechanisms are also used for metal resistance by bacteria. Some
studies also revealed that the genes responsible for antibiotic resistance and metal
tolerance are located on the same operon. It is assumed that any mechanism against
antibiotic/metal can be cross used for the other one. These may include co-resistance
and cross resistance. It is also of interest that antibiotic and metal resistance have some
shared regulatory responses.
The current study is an attempt to find out the co-relation between antibiotic resistance
and metal tolerance of the wild type extremophilic bacteria thriving in or on rocks. The
study isolates which include endolithic and epilithic bacteria were obtained from rocks
of Ayubia hills, Murree, Lower Himalaya, Pakistan. A total of 31 strains were isolated
by culture method in lab and examined for antibiotic and metal resistance, which
indicated the extremophile bacteria from endolithic and epilithic source have great
potential of antibiotic and metal resistance. The ratio of antibiotic and metal resistance
of these endolithic and epilithic bacteria is higher than other bacteria from nonextremophilic source.
So far, the most important use of metal ions is in agriculture and medicines as pesticides
and antimicrobial agents. Use of metal ions for the purpose of treatment of infectious
diseases is known for a long time. Due to advancement in the discoveries of antibiotics,
the use of metal compounds was decreased. The thoughts behind were less harmful
effects of the newly produced antibiotics on host as compare to metals. Recently the
use of metal compounds in some specific cases increased (Knap et al., 2017). Microbes
have the ability to adapt to any stress condition by different mechanisms, similarly,
bacteria developed resistance against different metal compounds. The nature has
different metals scattered around almost in each habitat. Our study habitat (Ayubia hills,
Murree) also have a number of different metal ions (khan et al., 2017). Presence of
metal ions have harmful effects on the bacterial population, while bacteria struggle for
survival and develop different strategies to develop resistance against metal

concentrations. Therefore, our study isolates were able to tolerate metal concentrations
up to increased levels. These metals included cadmium, chromium, arsenic, cobalt and
mercury. Overall observations reveal that MIC for arsenic and mercury was less than
those of cadmium, chromium and cobalt. The highest tolerance level was observed in
case of Alcaligenes sp. and Acinetobacter sp. Similar results was reported by Silver and
Phung (2005), Fournier et al., (2006), Post and Hall (2009) and Post et al., (2010). These
researchers confirmed the resistance at genomic level by detection of genes responsible
for carrying the resistant genes of metals like arsenic, cobalt, cadmium etc. in
Alcaligenes sp. and Acinetobacter sp. Metal resistant bacteria from endolithic and
epilithic source from rocks of Murree hills, is reported for the first time.
The antibiotic resistance of wild type bacteria is of great interest. Previously, it was
suggested that bacteria get resistant due to exposure to antibiotics in human and
veterinary use. Later on, it was discovered that microorganisms from some unexplored
and anthropogenic free environment show resistance against different antibiotics (Rafiq
et al., 2017, Noor et al., 2016). The study isolates showed strong resistance against the
used antibiotics. The resistance was shown against amoxicillin, ampicillin,
chloramphenicol, ciprofloxacin, streptomycin, cefotaxime, vancomycin and ofloxacin.
There is no previous report available on antimicrobial resistance of bacteria from this
endolithic and epilithic source. Although there are many studies which demonstrated
the co- relation of antibiotic and metal resistance of bacteria (Berg et al., 2005; BakerAustin et al., 2006; Allen et al., 2010; Hobman and Crossman 2014; Puicharla et al.,
2014). Currently, these antibiotics are very common in use for treatment of infectious
diseases, but these bacteria from unexplored habitat showed strong resistance. The
possible mechanism may include the antagonistic competition in the natural habitat, to
protect itself from different harmful effects, the synonym of extreme environments etc.
The extremophile adopts different strategies for survival including cell modification,
production of different metabolites and these tools can be used against antibiotics which
counter the effects of antibiotics and the organisms may survive.
The linkage between the metal resistance and antibiotic resistance is known for the last
many years, when enzyme conferring resistant against penicillin i.e. penicillinase was
discovered in correlation with mercury metal ion (Richmond et al. 1964; Fraser, 1971).
Studies also revealed that presence of some specific gene provide resistance against

metal and also boost the resistance against other antibiotics (Skurnik et al., 2010). This
may be due to any one mechanism by which a single gene can provide resistance against
both metal and antibiotic or presence of separate genes in a single operon (Richmond
et al., 1964; Baker-Austin et al., 2006). Similarly, some antibiotic resistant genes like
tet1 and tet2 series are associated with metal pollutant and activate the efflux pump
which confers resistance to both metals and antibiotics. The resistance link is between
tetracycline and divalent ions of Zn and Cu (Yamaguchi et al., 1990; Palm et al., 2008;
Ji et al., 2012). Lysinibacillus sp. NP40 is comparatively highly resistant against the
metals i.e. Cd, Cr, Co, As and Hg and strongly resistant against all the used antibiotics.
Besides this, the isolates Pseudomans sp. P19, Brevundomonas sp. P20, Pseudomonas
sp. P4, Stenotrohpomonas sp. P5 have relatively high resistance to metals and
antibiotics. On the other hand, Serratia sp. P12 and Pseudomonas sp. P10i have low
MIC values against metals ions, they also have low antimicrobial resistance level. The
present results also suggest that a strong correlation exists between metal resistance and
antibiotic resistance which was confirmed by Cohen kappa correlation, in which kappa
values above 0 showed positive correlation between metal and antibiotic resistance.
Most probably these mechanisms may include the same gene product active against
both or two separate genes on same operon or transposon. This needs to be investigated
in future.

Conclusions
The study revealed the metal resistant, antibiotic resistant endolithic and epilithic
bacteria and correlation between them. They can be correlated and mechanism of
resistance against metals can also confer resistance against antibiotics.
The study is of basic nature but it provides a ground for the studies to explore the genetic
mechanisms, responsible genes and influence of metal resistance on antibiotic
resistance in future. The metal resistance can be explored for both harmful and
beneficial roles. On one side metal resistant genes boost the antibiotic resistance while
on other hand we can use it for detoxification of metal toxic effluents, water and sewage
water, we can use metal resistant genes in biosensors to detect the presence of metals
in water or any other source. The metal resistant microbes can also be used in
bioleaching processes.
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Conclusions


According to our results, a total of 31 isolated strains have been analyzed by
rRNA sequencing, of which 16 proved to be endolithic and 15 epilithic. This
study comes with implication that such unique environment is for the first time
explored for bacterial diversity in Himalayan range Pakistan.



In our study the endolithic strain Streptomyces spp. N28 (KT004386) also able
to produce satisfactory zones of inhibition against both Gram positive and Gram
negative bacteria. Other strains i.e. Pseudomonas sp. N4 also screened positive
against all the three pathogenic strains. Streptomycetes have greater ability to
synthesis and secrete antibiotics. Endolithic bacterial seven strains of
Pseudomonas were isolated from Ayubia. The bacterial similarities identified
in these diverse environments pave the path to question the definite origin of
these communities. These endoliths and epiliths have a great potential to
produce secondary metabolites and other extremozymes. Further studies are
required to produce highly pure compounds of great commercial use



It is concluded from this study that these endolithic and epilithic bacteria having
the ability of solubilizing rock phosphates can be used to improve soil quality
and phosphate availability. The organic acids produced by these PSB strains is
responsible for phosphate solubilization and also play an important role
phosphate rock weathering The endolithic and epilithic PSB can be used as bioinoculants to increase the bioavailability of phosphate present in soil as
phosphate is mostly present in insoluble form making complexes with other
elements. Applying these bacteria will help to minimize the use of synthetic
fertilizers which will reduce environmental pollution and play role in
sustainable agriculture



In the current study, it is indicated that bacteria isolated from rocks have great
potential to solubilize potassium. The Murree hills in the lower Himalaya range
of Pakistan are not previously explored for bacterial diversity regarding the
solubilization of essential minerals. The bacteria strains efficient in potassium
solubilization, can further be exploited for plant growth and crop yield. These
bacteria can also play a key role in weathering of potassium containing rocks.



Our study is the first report about bacterial isolates in the lower Himalayan rocks
having ability to precipitate CaCO3. Rock bacteria have great potential
regarding solubilization and precipitation. These bacteria thrive in extreme
environments and are able to use all the available energy sources. A deep insight
is needed to understand the exact mechanism of precipitations by these bacteria



The study revealed the metal resistant, antibiotic resistant endolithic and
epilithic bacteria and correlation between them. They can be correlated and
mechanism of resistance against metals can also confer resistance against
antibiotics.



The study is of basic nature but it provides a ground for the studies to explore
the genetic mechanisms, responsible genes and influence of metal resistance on
antibiotic resistance in future. The metal resistance can be explored for both
harmful and beneficial roles. It is already known that metal resistant genes boost
the antibiotic resistance while on other hand we can use it for detoxification of
metal toxic effluents, water and sewage water, we can use metal resistant genes
in biosensors to detect the presence of metals in water or any other source. The
metal resistant microbes can also be used in bioleaching processes.



The hypothesis which we supposed is accepted after performing the
experiments. Which means that bacteria living on the surface and inside rocks
play an important role in weathering and mineralization of rocks.

Future Prospects


Habitats of Lower Himalayan range have potential for further
exploration in terms of microbiology by using cultural dependent and
independent techniques.



These isolates can be studied further for biotechnologically important
metabolites, bioactive compounds, proteins and enzymes.



Their sulfur oxidizing ability can be used for reclamation alkali soil.



These isolates can further be studied for production and purification of
antibiotics and other biomolecules.



Iron oxidizing and reducing abilities of these microbes can also be tested
further.



Bacterial diversity of other habitats of these hills, e.g. rhizosphere, water
and soil can also be studied.



Their mechanisms of adaptation and survival under these harsh
conditions are required to be explored further.



Air sampling of the site will also help understand the diversity of rocks
and its surroundings in more detail.

Appendix 1. Isolates with their accession numbers

S. No.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

Strain Name
M6
N1
N3
N4
N5
N6
N10
P3
P4
P5
P10
P10i
P11
P12
P17
P21
P23
P24
P26
P19
P20
P18
N22
N30
N21
N40
N12
N14
N26
N27
N28

Accession No (NCBI GenBank)
KT223613
KT223614
KT223615
KT223616
KT223617
KT223618
KT223619
KT223620
KT223621
KT223622
KT223623
KT223624
KT223625
KT223626
KT004373
KT004378
KT004379
KT004380
KT004381
KT004387
KT004388
KT004389
KT004374
KT004375
KT004376
KT004377
KT004382
KT004383
KT004384
KT004385
KT004386

Appendix 2. Nucleotide sequence of all the studied strains
2.1 >Acinetobacter sp. M6 (KT223613)
GCGGCTAACACATGCAAGTCGAGCGGGGGAAGTTGCTTCGGTAACTGACC
TAGCGGCGGACGGGTGAGTAATACTTAGGAATCTGCCTATTAATGGGGGA
CAACATCTCGAAAGGGATGCTAATACCGCATACGCCCTACGGGGGAAAGC
AGGGGATCACTTGTGACCTTGCGTTAATAGATGAGCCTAAGTCGGATTAG
CTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCTGTAGCGGGTCTG
AGAGGATGATCCGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGG
GAGGCAGCAGTGGGGAATATTGGACAATGGGGGGAACCCTGATCCAGCC
ATGCCGCGTGTGTGAAGAAGGCCTTATGGTTGTAAAGCACTTTAAGCGAG
GAGGAGGCTCTTTTGGTTAATACCCAAGATGAGTGGACGTTACTCGCAGA
ATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGC
GAGCGTTAATCGGATTTACTGGGCGTAAAGCGTGCGTAGGCGGCTTTTTA
AGTCGGATGTGAAATCCCCGAGCTTAACTTGGGAATTGCATTCGATACTG
GGAAGCTAGAGTATGGGAGAGGATGGTAGAATTCCAGGTGTAGCGGTGA
AATGCGTAGAGATCTGGAGGAATACCGATGGCGAAGGCAGCCATCTGGCC
TAATACTGACGCTGAGGTACGAAAGCATGGGGAGCAAACAGGATTAGAT
ACCCTGGTAGTCCATGCCGTAAACGATGTCTACTAGCCGTTGGGGTCTTTG
AGACTTTAGTGGCGCAGCTAACGCGATAAGTAGACCGCCTGGGGAGTACG
GTCGCAAGACTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGT
GGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTG
ACATAGTAAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTTACAT
ACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTTTTCCTTACTTGCCAGCATTTCGGATGGG
AACTTTAAGGATACTGCCCGTGACAAACTGGAGGAAGGCGGGGACAACA
TCAAGTCATCATGGGCCTTACAACCAGGGGTACACACTGGTTC
2.2. >Acinetobacter rudis strain N1 (KT223614)
GCGGCAGCTTACACATGCAGTCGAGCGGGGAAAGGTAGCTTGCTACTGGA
CCTAGCGGCGGACGGGTGAGTAATACTTAGGAATCTGCCTATTAGTGGGG
GACAACGTTCCGAAAGGAGCGCTAATACCGCATACGCCCTACGGGGGAA
AGCAGGGGATCACTTGTGACCTTGCGCTAATAGATGAGCCTAAGTCGGAT
TAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCTGTAGCGGGT
CTGAGAGGATGATCCGCCACACTGGGACTGAGACACGGCCCAGACTCCTA
CGGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGGAACCCTGATCCA
GCCATGCCGCGTGTGTGAAGAAGGCCTTTTGGTTGTAAAGCACTTTAAGC
GAGGAGGAGAGGCCCTAGGTTAATACCCTAGGTGCTTGGACGTTACTCGC
AGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGG
TGCGAGCGTTAATCGGATTTACTGGGCGTAAAGCGTGCGTAGGCGGCCAT
TTAAGTCGGATGTGAAATCCCCGAGCTCAACTTGGGAATTGCATTCGATA
CTGGGTGGCTAGAGTATAAGAGAGGAAGGTAGAATTCCAGGTGTAGCGGT
GAAATGCGTATAGATCTGGAGGAATACCGATGGCGAAGGCAGCCTTCTGG
CCTAATACTGACGCTGAGGTACGAAAGCATGGGGAGCAAACAGGATTAG
ATACCCTGGTAGTCCATGCCGTAAACGATGTCTACTAGCCGTTGGGGTCTT
TGAGACCTTAGTGGCGCAGCTAACGCGATAAGTAGACCGCCTGGGGAGTA
CGGTCGCAAGACTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCG
GTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGCCT
TGACATACTAGAAACTTTCCAGAGATGGATTGGTGCCTTCGGGAATCTAG
ATACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCCTGAAATGTTGG
2.3. >Flavobacterium sp. N3 (KT223615)

TAAGACGTGCAAGTCGAGCGGTATATGTCATCGGATATACGAGACCGGCG
CACGGGTGCGTAACGCGTATGCAATCTACCTTTTACAGAGGGATAGCCCA
GAGAAATTTGGATTAATACCTCATAGTATAGTGACTCGGCATCGAGATAC
TATTAAAGTCACAACGGTAAAAGATGAGCATGCGTCCCATTAGCTAGTTG
GTGAGGTAACGGCTTACCAAGGCTACGATGGGTAGGGGTCCTGAGAGGG
AGATCCCCCACACTGGTACTGAGACACGGACCAGACTCCTACGGGAGGCA
GCAGTGAGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGC
GTGCAGGATGACGGTCCTATGGATTGTAAACTGCTTTTGTACGAGAAGAA
ACACTCCTACGTGTAGGAGCTTGACGGTATCGTAAGAATAAGGATCGGCT
AACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATCCAAGCGTTATCCGG
AATCATTGGGTTTAAAGGGTCCGTAGGCGGTTTAGTAAGTCAGTGGTGAA
AGCCCATCGCTCAACGGTGGAACGGCCATTGATACTGCTAAACTTGAATT
ATTAGGAAGTAACTAGAATATGTAGTGTAGCGGTGAAATGCTTAGAGATT
ACATGGAATACCAATTGCGAAGGCAGGTTACTACTAATGGATTGACGCTG
ATGGACGAAAGCGTGGGTAGCGAACAGGATTAGATACCCTGGTAGTCCAC
GCCGTAAACGATGGATACTAGCTGTTGGAAGCAATTTCAGTGGCTAAGCG
AAAGTGATAAGTATCCCACCTGGGGAGTACGTTCGCAAGAATGAAACTCA
AAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCG
ATGATACGCGAGGAACCTTACCAAGGCTTAAATGTAGTTTGACCGACTTG
GAACAGA
2.4. >Pseudomonas plecoglossicida strain N4 (KT223616)
GCGCCTGGCGGCAGGCTACACATGCAGTCGAGCGGATGACGGGAGCTTGC
TCCTTGATTCAGCGGCGGACGGGTGAGTAATGCCTAGGAATCTGCCTGGT
AGTGGGGGACAACGTTTCGAAAGGAACGCTAATACCGCATACGTCCTACG
GGAGAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTC
GGATTAGCTAGTTGGTGGGGTAATGGCTCACCAAGGCGACGATCCGTAAC
TGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACT
CCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGA
TCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTT
AAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTGTTTTGACGTTACC
GACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGA
GGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGT
TTGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCCA
AAACTGGCAAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGC
GGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCAC
CTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGA
TTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGA
ATCCTTGAGATTTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGG
GAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCAC
AAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCA
GGCCTTGACATGCAGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAA
CTCTGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTG
GGTTAAGTCCCGTAACGAGCGCAACC
2.5. >Brevundimonas vesicularis strain N5 (KT223617)
GGAGACAGTGTCCTACGGGTGACTAACCGCTGGTAACTTGCCTTTAAGTTC
GCAATATCTCAGGGAAACTTGAGCTAATACCGAATGAGCTCTTCCGGGCA
CCCATTTATCGCCTTTAGAGCGGCCCGCGTCCGATTACTTACTTTGGTGAG
CGTATAGGCTCATCACTGCGACGATCTGTAGCTGGTCTGATAGCATGATCA
CCCTCATTGGAACTGAAACACGACCCAAACTCCTACGGCAGGCACCGGTG
CGGACTCTTGCGCCATGGGCCAACGCCTGACTTCATCCATGCCGACGTGA

ATGATTAATGTCTTATGATTGTAAGATTCTTTCACCTGTTACGATTATGACT
GTACTCTGATAATAAGCCCCGGCTAACTTCTTGCCAACAACCGCGGTAAT
ACTAACGGTGCTAGCGTTGCTCGAAATTACTGTGCCTAAAGGGACCGTAC
GCGGATATTTAAGTCAGGTGTGAAATCCCGGGGCTCAACCTCGGAATTGC
CTTTGATACTGGGTGTCTTGAGTATGACAGAGGTGTGTGCTTCTCCCTGTG
TATAGGTGTAATTCGTATATATTCTGAAGAGCACCAGTGAAGTACGCGTC
CACTGTCTCATTACTGACTCTGATGCTCGAAAGCGTGTGGAGCAACAGGA
TTAGATACTCTGGTAATCCTCGCCCTCAACAATGATTGCTATGCTGTCGGG
GATACATGCCATTTTCTATGACGCATCTCTACGCAATAATCAATCCGCCTG
GGGGAGTACCTGGCGCCTGAATATCCACTCCTACGAATTTGACGGTGAAC
CCCCTCGAGAAGGTGGGTTCCTGTTGGT
2.6. >Acinetobacter sp. N6 (KT223618)
AGTTGCTTCGGTGACTGACCTAGCGGCGGACGGGTGAGTAATACTTAGGA
ATCTGCCTATTAATGGGGGACAACATCTCGAAAGGGATGCTAATACCGCA
TACGCCCTACGGGGGAAAGCAGGGGATCACTTGTGACCTTGCGTTAATAG
ATGAGCCTAAGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGC
GACGATCTGTAGCGGGTCTGAAAGGATGATCCGCCACACTGGGACTGAGA
CACGGCCCATACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGG
GGGGAACCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCCTTATGGTT
GTAAAGCACTTTAAGCGAGGAGGAGGCTCTTTTGGTTAATACCCAAGATG
AGTGGACGTTACTCGCAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCC
GCGGTAATACAGAGGGTGCGAGCGTTAATCGGATTTACTGGGCGTAAAGC
GTGCGTAGGCGGCTTTTTAAGTCGGATGTGAAATCCCCGAGCTTAACTTGG
GAATTGCATTCGATACTGGGAAGCTAGAGTATGGGAGAGGATGGTAGAAT
TCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGATGGCG
AAGGCAGCCATCTGGCCTAATACTGACGCTGAGGTACGAAAGCATGGGGA
GCAAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGATGTCTACT
AGCCGTTGGGGTCTTTGAGACTTTAGTGGCGCAGCTAACGCGATAAGTAC
ACCGCCTGGGGAGTACGGTCGCAAGACTAAAACTCAAATGAATTGACGGG
GGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGA
ACCTTACCTGGTCTTGACATAGTAAGAACTTTCCAGAGATGGATTGGTGCC
TTCGGGAACTTACATACAGGTGCTGCATGGCTGTCGTCAGCTCGGGTCGTG
AGATGTTGGGTTAATTCCCGCAACGAGCGCAACCTTTTTCTTATT
2.7. >Pseudomonas sp. N10 (KT223619)
ACATGCAAGTTCGAGCGGATGAGGGCAGCTTGCTCCTTGATTCAGCGGCG
GACGGGTGAGTAATGCCTAAGAATCTGCCTGGTAGTGGGGGACAACGTTT
CGAAAGGAACGCTAATACCGCATACTTCCTACAGGAGAAAGCAGGAGAT
CTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTCAGATTATCTATTTGGTG
GGGTAATGGCTCACCAACGCGACGATCCGTATCTGGTCTGAGAGGATGAT
CACTCACACTGGAACTGACACACGGCCCACACTCCTACGGGAGGCAGCAG
TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGT
GTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCA
GTAAGCTAATACCTTGCTGTTTTGACGTTACCGACAGAATAAGCACCGGCT
AACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTAATCGG
AATTACTGGGCGTAAAGCGCGCGTACGTGGTTTGTTAAGTTGGATGTGAA
AGCCCCGGGCTCAACCTGGGAACTGCATCCGAAACTGGCAAGCTAGAGTA
CGGTAGAGGGAGGGTGG
2.8. >Flavobacterium sp. P3 (KT223620)
TTCTTCGGAAGCAGAGACCGGCGCACGGGTGCGTAACGCGTATGCAATCT
GCCTTTCACAGAGGGATAGCCCAGAGAAATTTGGATTAATACCTCATAGC

ATAGCACAATCGCATGATTGAGCTATTAAAGTCACAACGGTGAAAGATGA
GCATGCGTCCCATTAGCTGGTTGGTAAGGTAACGGCTTACCAAGGCTACG
ATGGGTAGGGGTCCTGAGAGGGAGATCCCCCACACTGGTACTGAGACACG
GACCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGTCAATGGGCGC
AAGCCTGAACCAGCCATGCCGCGTGCAGGATGACGGTCCTATGGATTGTA
AACTGCTTTTGTACGAGAAGAAACACTCCTTCGTGAAGGAGCTTGACGGT
ATCGTAAGAATAAGGATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATAC
GGAGGATCCAAGCGTTATCCGGAATCATTGGGTTTAAAGGGTCCGTAGGC
GGTCTGGTAAGTCAGTGGTGAAAGCCCATCGCTCAACGGTGGAACGGCCA
TTGATACTGCTGGACTTGAATTATTAGGAAGTAACTAGAATATGTAGTGTA
GCGGTGAAATGCTTAGAGATTACATGGAATACCAATTGCGAAGGCAGGTT
ACTACTAATGGATTGACGCTGATGGACGAAAGCGTGGGTAGCGAACAGG
ATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGATACTAGCTGTTGG
AAGCAATTTCAGTGGCTAAGCGAAAGTGATAAGTATCCCACCTGGGGAGT
ACGAACGCAAGTTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGC
GGTGGAGCATGTGGTTTAATTCGATGATACGCGAGGAACCTTACCAAGGC
TTAAATGCAGACTGACCGATTTGGAAACAGATCTTTCGCAAGACAGTTTA
CAAGGTGCTGCATGGTTGTCGTCAGCTCGTGCCGTGAGGTGTCAGGTTAA
GTCCTATAACGAGCGCAACCCCTGTTGTTAGTTGCCACCGAGTATTGTCGG
GAACTCTAACAAGACTGC
2.9. >Pseudomonas grimontii P4 (KT223621)
GCGGGCGGCATACACATGCAGTCGAGCGGTAGAGAGAAGCTTGCTTCTCT
TGAGAGCGGCGGACGGGTGAGTAATGCCTAGGAATCTGCCTGGTAGTGGG
GGATAACGTTCGGAAACGGACGCTAATACCGCATACGTCCTACGGGAGAA
AGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTCGGATTA
GCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCGTAACTGGTCT
GAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACG
GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGC
CATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTG
GGAGGAAGGGCCATTACCTAATACGTGATGGTTTTGACGTTACCGACAGA
ATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGC
AAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTA
AGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTG
ACTGACTAGAGTATGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAA
ATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGAC
TGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGAT
ACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGGAGCCTT
GAGCTCTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGGGAGTAC
GGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGG
TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGCCTT
GACATCCAATGAACTTTCTAGAGAATAGATTGGTGCCTTCGGGAACATTG
ACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGGT
AAGTCCCGTAACGAGCGCAACCCTTGTCCTTATTACCACCACGTAATGGTG
GGCCCTCTAAGGAGACTGCCGTGACAACCGGAGGAAGGGGGG

2.10. >Stenotrophomonas maltophilia strain P5 (KT223622)
ATGCTAGTCGAACGGCAGCACAGTAAGAGCTTGCTCTTATGGGTGGCGAG
TGGCGGACGGGTGAGGAATACATCGGAATCTACTCTGTCGTGGGGGATAA
CGTAGGGAAACTTACGCTAATACCGCATACGACCTACGGGTGAAAGCAGG

GGATCTTCGGACCTTGCGCGAATGAATGAGCCGATGTCGGATTAGCTAGT
TGGCGGGGTAAAGGCCCACCAAGGCGACGATCCGTAGCTGGTCTGAGAG
GATGATCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGG
CAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATACC
GCGTGGGTGAAGAAGGCCTTCGGGTTGTAAAGCCCTTTTGTTGGGAAAGA
AATCCAGCCGGTTAATACTTGGTTGGGATGACGGTACCCAAAGAATAAGC
ACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGT
TACTCGGAATTACTGGGCGTAAAGCGTGCGTAGGTGGTCGTTTAAGTCCG
TTGTGAAAGCCCTGGGCTCAACCTGGGAACTGCAGTGGATACTGGGCGAC
TAGAGTGTGGTAGAGGGTAGCGGAATTCCTGGTGTAGCAGTGAAATGCGT
AGAGATCAGGAGGAACATCCATGGCGAAGGCAGCTACCTGGACCAACAC
TGACACTGAGGCACGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTG
GTAGTCCACGCCCTAAACGATGCGAACTGGATGTTGGGTGCAATTTGGCA
CGCAGTATCGAAGCTAACGCGTTAAGTTCGCCGCCTGGGGAGTACGGTCG
CAAGACTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAG
TATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATG
TCGAGAACTTTCCAGAGATGGATGGGTGCCTTCGGGAACTCGAACACAGG
TGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCG
CAACGAGCGCAACCCTTGTCCTTAGTTGCCAGCACGTAATGGTGGGAACT
C
2.11. >Pseudomonas sp. P10 (KT223623)
GGCGCAGCTACACATGCAGTCGAGCGGATGACGGGAGCTTGCTCCTTGAT
TCAGCGGCGGACGGGTGAGTAATGCCTAAGAGTCTGCCTGGTAGTGGGGG
ACAACGTTTCGAAAGGAACGCTAATACCGCATACGTCCTACGGGAGAAAG
CAGGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTCGGATTATC
TAGGTGGTGGGGTAATGGCTCACCAAGGCGACGATCCGTATCTGGTCTGA
GAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGG
AGGCAGCAGTGGGGAATATTGGACAGTGGGCGAAAGCCTGATCCAGCCG
TGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGG
AGGAAGGGCAGTAAGCTAATACCTTGCTGTTTTGACGTTACCGACAGAAT
AAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAA
GCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAG
TTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCCGAAACTGGC
AAGCTAGAGTACGGTAGAGGGAGGGTGGAATTTCCTGTGTAGCGGTGAAA
TGCGTATATATAGAGGAGGAACACCTGTGGAAGAAGGCGACCCTCCTGCG
ACTGATACTGACTCCTGAG
2.12. >Pseudomonas plecoglossicida strain P10i (KT223624)
GCTTACACATGCAGTCGAGCGGATGACGGGAGCTTGCTCCTTGATTCAGC
GGCGGACGGGTGAGTAATGCCTAAGAATCTGCCTGGTAGTGGGGGACAAC
GTTTCGAAAGGAACGCTAATACCGCATACGTCCTACAGGAGAAAGCAGGG
GACCTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTCAGATTATCTAGTTG
GTGGGGTAATGGCTCACCAACGCGACTATCCGTAACTGGTCTGAGAGGAT
GATCAGTCACACTGGAACTGACACACGGTCCACACTCCTACGGGAGGCAG
CAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCG
TGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGG
GCAGTAAGCTAATACCTTGCTGTTTTGACGTTACCGACAGAATAAGCACC
GGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTAA
TCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGGATG
TGAAAGCCCCGGGCTCAACCTGGGAACTGCATCCGAAACTGGCAAGCTAG
AGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGA

TATAGGAAGGAACACCAGTGGCGAAGGCGACCCCCTGGACTGATACTGAC
ACTGATGTGCGAAAGCGTGGGGAGCAAACAGGATTATATACCCTGGTACT
CCACCCCGTAAACGATGTCTACTAGCCGTTGGAATCCTTGAGACTTTAG
2.13. >Pseudomonas parafulva strain P11 (KT223625)
AGCGGCGGACGGGTGAGTAATGCCTAGGAATCTGCCTGGTAGTGGGGGAC
AACGTTTCGAAAGGGACGCTAATACCGCATACGTCCTACGGGAGAAAGCA
GGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTCGGATTAGCTA
GTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCGTAACTGGTCTGAGA
GGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAG
GCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGC
CGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGG
AAGGGTAGTAGATTAATACTCTGCTGTTTTGACGTTACCGACAGAATAAG
CACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCG
TTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTG
GATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTGGCTGA
CTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCG
TAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATA
CTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCT
GGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGAATCCTTGAGAT
TTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGGGAGTACGGCCG
CAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAG
CATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGCCTTGACAT
GCAGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCTGACACAG
GTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGT
2.14. >Serratia marcescens strain P12 (KT223626)
GCAAGTGCGCAGCTTACCATGCAAGTCGAGCGGTAGCACAGGGGAGCTTG
CTCCCTGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCC
TGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTC
GCAAGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCAGATGTGCCCA
GATGGGATTAGCTAGTAGGTGGGGTAATGGCTCACCTAGGCGACGATCCC
TAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCA
GACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGC
CTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCA
CTTTCAGCGAGGAGGAAGGTGGTGAACTTAATACGTTCATCAATTGACGT
TACTCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATA
CGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAG
GCGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGC
ATTTGAAACTGGCAAGCTAGAGTCTCGTAGAGGGGGGTAGAATTCCAGGT
GTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCG
GCCCCCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAA
CAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAG
GTTGTGCCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGC
CTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCC
GCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTT
ACCTACTCTTGACATCCAGAGAACTTTCCAGAGATGGATTGGTGCCTTCGG
GACTCTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGAAATGT
TGGGGTAAGTCCCGCAACGAGCGCAACCCTTA
2.15. >P17

GAGCGACAGAGAAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGA
GTAACACGTGGGCAACCTACCTTATAGTTTGGGATAACTCCGGGAAACCG
GGGCTAATACCGAATAATCTGTTTCACCTCATGGTGAAATATTGAAAGAC
GGTTTCGGCTGTCGCTATAGGATGGGCCCGCGGCGCATTAGCTAGTTGGT
GAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTG
ATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGC
AGTAGGGAATCTTCCACAATGGGCGAAAGCCTGATGGAGCAACGCCGCGT
GAGTGAAGAAGGATTTCGGTTCGTAAAACTCTGTTGTAAGGGAAGAACAA
GTACAGTAGTAACTGGCTGTACCTTGACGGTACCTTATTAGAAAGCCACG
GCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTC
CGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGT
GAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGA
GTGCAGAAGAGGATAGTGGAATTCCAAGTGTAGCGGTGAAATGCGTAGA
GATTTGGAGGAACACCAGTGGCGAAGGCGACTATCTGGTCTGTAACTGAC
ACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAG
TCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTA
GTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAG
ACTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATG
TGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCCG
TTGACCACTGTAGAGATATGGTTTCCCCTTCGGGGGCAACGGTGACAGGT
GGTGCATGGTTGTC
2.16. >P21
GCGAGAGAGCTTGCTCTCTTGGCGGCGAGTGGCGGACGGGTGAGTAATAT
ATCGGAACGTGCCCAGTAGCGGGGGATAACTACTCGAAAGAGTGGCTAAT
ACCGCATACGCCCTACGGGGGAAAGGGGGGGATCGCAAGACCTCTCACTA
TTGGAGCGGCCGATATCGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCA
AGGCAACGATCCGTAGCTGGTTTGAGAGGACGACCAGCCACACTGGGACT
GAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGAC
AATGGGGGAAACCCTGATCCAGCCATCCCGCGTGTATGATGAAGGCCTTC
GGGTTGTAAAGTACTTTTGGCAGAGAAGAAAAGGTATCCCCTAATACGGG
ATACTGCTGACGGTATCTGCAGAATAAGCACCGGCTAACTACGTGCCAGC
AGCCGCGGTAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTA
AAGCGTGTGTAGGCGGTTCGGAAAGAAAGATGTGAAATCCCAGGGCTCA
ACCTTGGAACTGCATTTTTAACTGCCGAGCTAGAGTATGTCAGAGGGGGG
TAGAATTCCACGTGTAGCAGTGAAATGCGTAGATATGTGGAGGAATACCG
ATGGCGAAGGCAGCCCCCTGGGATAATACTGACGCTCAGACACGAAAGC
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGAT
GTCAACTAGCTGTTGGGGCCGTTAGGCCTTAGTAGCGCAGCTAACGCGTG
AAGTTGACCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATT
GACGGGGACCCGCACAAGCGGTGGATGATGTGGATTAATTCGATGCAACG
CGAAAAACCTTACCTACCCTTGACATGTCTGGAAAGCCGAAGAGATTTGG
CCGTGCTCGCAAGAGAACCGGAACACAGGTGCTGCATGGCTGTCGTCAGC
TCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTC
ATTAGTTGCTACGCAAGAACACTCTAATGAAACTGCCGGTGACAAACCCG
AAGAAAGGTGGGG
2.17. >P23
ATCACATGCAGTCGAACGGCAGCACGGAATTCGGTCTGGTGGTGAGTGGA
GAAGGGGTGAGTAATGTATCTAGATCGTGCACATCAGCAGGGGGATAAGT
ACGCAAAAGCGTGGCTCATACCGCAAACGCACTACGGGGGAAAGCGGGG
GACCGTCTGGCCTCGCACTATTGGAGCGGCCGATATCGGATCAGCTGGTT

AGTGGGGTAACGGCTCAGAAACGCAACAATCCGTAGCTGGTTTGAGAGGA
CGACCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACCGGAGGCC
GCAGTGGGGAATTTTGGACGACGAGGGCAACCCTGATCCAGCCATCCCGC
GTCGTGCGATGAAGGCCTTCGGATTGTAAAGCACTTTTGACAGGGAAGAA
GCGGAGCCAGATAATACCTGGCGCGTATGACGGTACCTGCACAAGAAGCA
CCGGCAAACTACGTGTCAGCAGCCGCGGTAATACGTATGGTGCAAGCGTT
AATCTTAATTACAGTTCGTAAAGCGTGCGCATGCGGATCGGAAAGAAAGA
TGTGAAATCCCAAAACTGAACTTTGGAACTGCAATTTTAACTACCGCTCTA
GAGTGTGTAAGACGGAGGTGGAAGTCCACGTGTAGCAGTGACATGCATAT
ATATGCGGATGAACACCGATGGCGAACGCGACCTCCTG
2.18. >P24
CATGCAGTCGAACGGCAGCGCGAGAGAGCTTGCTCTCTTGGCGGCGAGTG
GCGGACGGGTGAGTAATATATCTGGAACGTGCCCAGTAGCGGGGGATAAC
TACTCGAAAGAGTGGCTAATACCGCATACGCCCTACGGGGGAAAGGGGG
GGATCGCAAGACCTCTCACTATTGGAGCGGCCGATATCGGATTAGCTAGT
TGGTGGGGTAAAGGCTCACCAAGGCAACGATCCGTAGCTGGTTTGAGAGG
ACGACCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGG
CAGCAGTGGGGAATTTTGGACAATGGGGGAAACCCTGATCCAGCCATCCC
GCGTGTATGATGAAGGCCTTCGGGTTGTAAAGTACTTTTGGCAGAGAAGA
AAAGGTATCCCCTAATACGGGATACTGCTGACGGTATCTGCAGAATAAGC
ACCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGT
TAATCGGAATTACTGGGCGTAAAGCGTGTGTAGGCGGTTCGGAAAGAAAG
ATGTGAAATCCCAGGGCTCAACCTTGGAACTGCATTTTTAACTGCCGAGCT
AGAGTATGTCAGAGGGGGGTAGAATTCCACGTGTAGCAGTGAAATGCGTA
GATATGTGGAGGAATACCGATGGCGAAGGCAGCCCCCTGGGATAATACTG
ACGCTCAGACACGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGT
AGTCCACGCCCTAAACGATGTCAACTAGCTGTTGGGGCCGTTAGGCCTTA
GTAGCGCAGCTAACGCGTGAAGTTGACCGCCTGGGGAGTACGGTCGCAAG
ATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGATGATGT
GGATTAATTCGATGCAACGCGAAAAACCTTACCTACCCTTGACATGTCTG
GAAAGCCGAAGAGATTTGGCCGTGCTCGCAAGAGAACCGGAACACAGGT
GCTGCATGGC
2.19. >P26
TAGTGGGGGACAACGTTTCGAAAGGAACGCTAATACCGCATACGTCCTAC
GGGAGAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCTAGGT
CGGATTAGCTAGTTGGTGGGGTAATGGCTCACCAAGGCGACGATCCGTAA
CTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGAC
TCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTG
ATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTT
TAAGTTGGGAGGAAGGGCAGTAAGCTAATACCTTGCTGTTTTGACGTTAC
CGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAG
AGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGG
TTTGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCC
AAAACTGGCAAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAG
CGGTGAAATGCGTAGATTTAGGAAGGAACACCAGTGGCGAAGGCGACCA
CCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGG
A
2.20. >P19
ACGGGAGAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCTAG
GTCGGATTAGCTAGTTGGTGGGGTAATGGCTCACCAAGGCGACGATCCGT

AACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAG
ACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCC
TGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCAC
TTTAAGTTGGGAGGAAGGGCAGTAAGCTAATACCTTGCTGTTTTGACGTTA
CCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACA
GAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTG
GTTTGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATC
CAAAACTGGCAAGCTAGAGTACGGTAGAGGGTGGGTGGAATTTCCTGTGT
AGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGAC
CACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTT
GGAATCCTTGAGATTTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCT
GGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCC
GCAC
2.21. >P20
TATCGCCATTAGAGCGGCCCGCGTCTGATTAGCTAGTTGGTGAGGTAAAA
GCTCACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGATGACCAGCCACA
CTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAA
TCTTGCGCAATGGGCGAAAGCCTGACGCAGCCATGCCGCGTGAATGATGA
AGGTCTTAGGATTGTAAAATTCTTTCACCGGGGACGATAATGACGGTACC
CGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAA
GGGGGCTAGCGTTGCTCGGAATTACTGGGCGTAAAGGGCGCGTAGGCGGA
TCGTTAAGTCAGAGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTG
ATACTGGCGATCTTGAGTATGAGAGAGGTATGTGGAACTCCGAGTGTAGA
GGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGACATAC
TGGCTCATTACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATT
AGATACCCTGGTAGTCCACGCCGTAAACGATGATTGCTAGTTGTCGGGCT
GCATGCAGTTCGGTGACGCAGCTAACGCATTAAGCAATCCGCCTGGGGAG
TACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAG
CGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCACCT
TTTGACATGCCTGGACCGCCACGGAGACGTGGCTTTCCCTTCGGGGACTA
GGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGG
TTA
2.22. >P18
CCCAGTAGCGGGGGATAACTACTCGAAAGAGTGGCTAATACCGCATACGC
CCTACGGGGGAAAGGGGGGGATCGCAAGACCTCTCACTATTGGAGCGGCC
GATATCGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCAACGATC
CGTAGCTGGTTTGAGAGGACGACCAGCCACACTGGGACTGAGACACGGCC
CAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGACAATGGGGGAAA
CCCTGATCCAGCCATCCCGCGTGTATGATGAAGGCCTTCGGGTTGTAAAGT
ACTTTTGGCAGAGAAGAAAAGGTATCCCCTAATACGGGATACTGCTGACG
GTATCTGCAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAAT
ACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGTGTAG
GCGGTTCGGAAAGAAAGATGTGAAATCCCAGGGCTCAACCTTGGAACTGC
ATTTTTAACTGCCGAGCTAGAGTATGTCAGAAGGGGGTAGAATTCCACGT
GTAGCAATGAAATGCGTAGATATGTGGAGGAATACCGATGGCGAAGGCA
GCCCCCTGGGATAATACTGACGCTCAGACACGAAAGCGTGGGGAGCAAA
CAGGATTAAATACCCTGGGTAGTCCACGCCCCTAAACGATGTCAACTAGC
T
2.23. >N22

CCGCATCACGCCCTCACGGGGGAAAGGGGGGGATCGCAAGACCTCTCACT
ATCGGAGCGGCCGATATCGGATTAGCTAGTTGGTGGGGTAAAGGCTCACC
AAGGCAACGATCCGTAGCTGGTTTGAGAGGACGACCAGCCACACTGGGAC
TGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGAC
AATGGGGGAAACCCTGATCCAGCCATCCCGCGTGTATGATGAAGGCCTTC
GGGTTGTAAAGTACTTTTGGCAGAGAAGAAAAGGTATCCCCTAATACGGG
ATACTGCTGACGGTATCTGCAGAATAAGCACCGGCTAACTACGTGCCAGC
AGCCGCGGTAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTA
AAGCGTGTGTAGGCGGTTCGGAAAGAAAGATGTGAAATCCCAGGGCTCA
ACCTTGGAACTGCATTTTTAACTGCCGAGCTAGAGTATGTCAGAGGGGGG
TAGAATTCCACGTGTAGCAGTGAAATGCGTAGATATGTGGAGGAATACCG
ATGGCGAAGGCAGCCCCCTGGGATAATACTGACGCTCAGACACGAAAGC
GTGGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGA
TGTCAACTAGC
2.24.>N30
ATCACATGCAGTCGAACGGCAGCACGGAATTCGGTCTGGTGGTGAGTGGA
GAAGGGGTGAGTAATGTATCTAGATCGTGCACATCAGCAGGGGGATAAGT
ACGCAAAAGCGTGGCTCATACCGCAAACGCACTACGGGGGAAAGCGGGG
GACCGTCTGGCCTCGCACTATTGGAGCGGCCGATATCGGATCAGCTGGTT
AGTGGGGTAACGGCTCAGAAACGCAACAATCCGTAGCTGGTTTGAGAGGA
CGACCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACCGGAGGCC
GCAGTGGGGAATTTTGGACGACGAGGGCAACCCTGATCCAGCCATCCCGC
GTCGTGCGATGAAGGCCTTCGGATTGTAAAGCACTTTTGACAGGGAAGAA
GCGGAGCCAGATAATACCTGGCGCGTATGACGGTACCTGCACAAGAAGCA
CCGGCAAACTACGTGTCAGCAGCCGCGGTAATACGTATGGTGCAAGCGTT
AATCTTAATTACAGTTCGTAAAGCGTGCGCATGCGGATCGGAAAGAAAGA
TGTGAAATCCCAAAACTGAACTTTGGAACTGCAATTTTAACTACCGCTCTA
GAGTGTGTAAGACGGAGGTGGAAGTCCACGTGTAGCAGTGACATGCATAT
ATATGCGGATGAACACCGATGGCGAACGCGACCTCCTG
2.25. >N21
CATGCAGTCGAACGGCATCTCGAGAGAGCTTGCTCTCTTGGTGGCGAGTG
GCGGACAGGTGAGTAATATATCGGAACTTGCTCAGGAACGCGGGAGAACT
ACTCGAAAGAGTGCCTAATACCACAGACGCCCTACAGGGGAAAGGGGGG
GATCTCAATACCTCTCTCTATTGGATCGACGCATATCGGATTAACTATTTG
GTGGGGTAAAGGCTCAGCGAGGCAACGCTCCGTAGCTGGTTATGCGAGGA
CGACCACCCACGCTGGGACTGAGACGCGACCCAGACTCCTGCGGGAGGCA
CCGATGCGGAATTGTGGACTGTGGGATAAACGCCGATCCAGCCGTCCCGT
GTGTCTGATGAGAGGATTCTGGTTGTAAAGTAATTTATGGCCCACAACAA
AATGTATCCCCTCATACCGGATACTGCTGACGGTATCTGCAGAATAAGCA
CCGGCTGACTACTTGCCAGCAGCCGCGGTGATACGTATGGTGCAAGCGTT
AATCGGAATTACTGGGCGTGAACGGGTGTGTATGCTGTTCGTATAGAAAT
ATGTGAAATCCCAGGGCTCTACCTTGGAACTGCGTTTTTAACTGCCATATC
TCGAGTATGTCACAGGGGGGTAGAATTCCACCTGTATCAGTGCAGTGCCT
AAATATCTGCAGGAATATCAATGGTCAAGGCTACCTC
2.26. >N40
CTGGCAGTTCGAGCGACTCATCAGGAGCTTGCTCCTACGACTTTAGCGGC
GGAGGGATGATTCACATGTGTGCGACCTACCTCATGGTTTGTTATGACTCC
AGCAAACCGGGCCTTATACCGAAAAATCTGTTTCACCTCGAGGAGACCCA
CTGAGATACGGTTTCTGCTGTCGCTATAGGATGGCCCCGCGACGAACTATC
TATTTGGTGAGGTGACGACTCACCACGGCGACAATGCGACACCGACCTGA

CACGGTGATCAGGCACCCTGGGACTGACACGCAGCCCGGACTCCTACCGG
AGGCAGCCATGCGGAATCTTCCACAATGGGCGAAAGCCTGATGGACTCTC
TCCCCGTGAATGAAGAAGGATTTCGGCTCATAAAACTCTCTTGCAAGGTA
CGAGCCAGTACCCTAGTAACTGCCTGTGCCTTGACCGTTCCTTATTATAAA
GGCACGGCTAACTACCTGCCACCAACCGCTGTAATACGTATGTGGCCAGC
GTTCTCCGGAATTAATGTGCCTTTAACGCGCGCAGGTGGGTTCTTAAGTCA
GATGTGTAAACCTGCGGCTCAACCGTGGAAG
2.27. >N12
GCCCTACGGGGGAAAGGGGGGGATCGCAAGACCTCTCACTATTGGAGCG
GCCGATATCGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCAACG
ATCCGTAGCTGGTTTGAGAGGACGACCAGCCACACTGGGACTGAGACACG
GCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGACAATGGGGG
AAACCCTGATCCAGCCATCCCGCGTGTATGATGAAGGCCTTCGGGTTGTA
AAGTACTTTTGGCAGAGAAGAAAAGGTACCTCCTAATACGAGGTACTGCT
GACGGTATCTGCAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGG
TAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGT
GTAGGCGGTTCGGAAAGAAAGATGTGAAATCCCAGGGCTCAACCTTGGAA
CTGCATTTTTAACTGCCGAGCTAGAGTATGTCAGAGGGGGGTAGAATTCC
ACGTGTAGCAGTGAAATGCGTAGATATGTGGAGGAATACCGATGGCGAA
GGCAGCCCCCTGGGATAATACTGACGCTCAGACACGAAAGCGTGGGGAG
CAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAACTA
GCTGTTGGGGCCGTTAGGCCTTAGTAGCGCAGCTAACGCGTGAAGTTGAC
CGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGG
ACCCGCACAAGCGGTGGATGATGTGGATTAATTCGATGCAACGCGAAAAA
CCTTACCTACCCTTGACATGTCTGGAAAGCCGAAGAGATTTGGCCGTGCTC
GCAAGAGAACCGGAACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCG
TGAGATGTTGGGGTTAAGTCCCGCAACGAGCGC
2.28. >N14
CGCCCTACGGGGGAAAGGGGGGGATCGCAAGACCTCTCACTATTGGAGCG
GCCGATATCGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCAACG
ATCCGTAGCTGGTTTGAGAGGACGACCAGCCACACTGGGACTGAGACACG
GCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGACAATGGGGG
AAACCCTGATCCAGCCATCCCGCGTGTATGATGAAGGCCTTCGGGTTGTA
AAGTACTTTTGGCAGAGAAGAAAAGGTATCCCCTAATACGGGATACTGCT
GACGGTATCTGCAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGG
TAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGT
GTAGGCGGTTCGGAAAGAAAGATGTGAAATCCCAGGGCTCAACCTTGGAA
CTGCATTTTTAACTGCCGAGCTAGAGTATGTCAGAGGGGGGTAGAATTCC
ACGTGTAGCAGTGAAATGCGTAGATATGTGGAGGAATACCGATGGCGAA
GGCAGCCCCCTGGGATAATACTGACGCTCAGACACGAAAGCGTGGGGAG
CAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAACTA
GCTGTTGGGGCCGTTAGGCCTTAGTAGCGCAGCTAACGCGTGAAGTTGAC
CGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGG
ACCCGCACAAGCGGTGGATGATGTGGATTAATTCGATGCAACGCGAAAAA
CCTTACCTACCCTTGACATGTCT
2.29. >N26
ATGTAATTTTTCGGCATCGTTAGATTATTAAAGGTTACGGTATAGGATGGG
CATGCGTCCCATTAGCTAGTTGGTATGGTAACGGCATACCAAGGCTACGA
TGGGTAGGGGGCCTGAGAGGGTGATCCCCCACACTGGTACTGAGACACGG
ACCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGTCAATGGGCGCA

AGCCTGAACCAGCCATGCCGCGTGCAGGAAGACGGTCCTATGGATTGTAA
ACTGCTTTTATTCGGGGATAAACCTCCTTACGTGTAGGGAGCTGAAGGTAC
CGAAAGAATAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGG
AGGGTGCAAGCGTTATCCGGAATCATTGGGTTTAAAGGGTCCGCAGGCGG
GATTGTAAGTCAGTGGTGAAAAGCGGCAGCTCAACTGTCGTCGTGCCGTT
GATACTGCAGTTCTTGAATTTGATTGGAGTGGGCGGAATATGTCATGTAGC
GGTGAAATGCTTAGATATGACATAGAACACCGATCGCGAAGGCAGCTCAC
TAAGTCTGAATTGACGCTCATGGACGAAAGCGCGGGTAGCAAACAGGATT
AGATACCCTGGTAGTCCGCGCCGTAAACGATGATTACTCGTTGCCGGCCTT
TTGGGGTCGGTGACCAAGCGAAAGTGATAAGTAATCCACCTGGGGAGTAC
GATCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGG
TGGAGCATGTGGTTTAATTCGATGATACGCGAGGAACCTTACCAGGGC
2.30. >N27
ATACGCCCTACAGGGGAAAGGGGGGGATCGCAAGACCTCTCACTATTGGA
GCGGCGGATATCGGATTAACTAGTTGGTGGGGTAAAGGCTCACCAAGGCA
ACGATCCGTAGCTGGTTTGAGAGGACGACCAGCCACACTGGGACTGAGAC
ACGGCCCAGACTCCTACGGGAGGCAGCTGATGGGGAATTTTGGACAATGG
GGAGAAACCCTGATCCAGCCATCCCGCGTGTATGATGAAGGCCTTCGGGT
TGTAAAGTACTTTTGGCAGAGAAGAAAAGGTATCCCCTAATACGGGATAC
TGCTGACGGTATCTGCAGAATAAGCACCGGCTAACTACGTGCCAGCAGCC
GCGGTAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGC
GTGTGTAGGCGGTTCGGAAAGAAAGATGTGAAATCCCAGGGCTCAACCTT
GGAACTGCATTTTTAACTGCCGAGCTAGAGTATGTCAGAGGGGGGTAGAA
TTCCACGTGTAGCATTGAAATGCGTAAATATGTGGAGGAATACCAATGGC
GAAGGCAGCCCCCTGGGATAATACTGACGCTCAGACACGAAAGCGTGGG
GAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAA
CTAGCTATTGGGGCCGTTAGGCCTTAGTAGCGCAGCTAACGCGTGAAGTT
GACCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCACAGGAATTGACTT
GGGACCCGCACGAGCGGTGGATGATGTGGATTAAT
2.31. >N28
TGCATGGGTGGGGGTTGAAAGCTCCGGCGGTGAAGGATGAGCCCGCGGCC
TATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCC
GGCCTGAGAGGGCGACCGGCCACACTGGGACTGAGACACGGCCCAGACT
CCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGA
TGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTT
CAGCAGGGAAGAAGCGCAAGTGACGGTACCTGCAGAAGAAGCGCCGGCT
AACTACGTGCCAGCAGCCGCGGTAATACGTAGGGCGCAAGCGTTGTCCGG
AATTATTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCACGTCGGATGTGAA
AGCCCGGGGCTTAACCCCGGGTCTGCATTCGATACGGGCTAGCTAGAGTG
TGGTAGGGGAGATCGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATC
AGGAGGAACACCGGTGGCGAAGGCGGATCTCTGGGCCATTACTGACGCTG
AGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCA
CGCCGTAAACGTTGGGAACTAGGTGTTGGCGACATTCCACGTCGTCGGTG
CCGCAGCTAACGCATTAAGTTCCCCGCCTGGGGAGTACGGCCGCAAGGCT
AAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCAGCGGAGCATGTGG
CTTAATTCGACGCAACGCGAAGAACCTTACCAAGGCTTGACATATACCGG
AAAGCATCAGAGATGGTGCCC
Appendix 3a. Standard curve for phosphate solubilization
standard curve
ppm
absorbance

0
20
40
60
80
100
120
140
160
180
200

0
0.1
0.17
0.23
0.29
0.34
0.4
0.47
0.53
0.62
0.71

Appendix 3b.
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y = 0.0033x + 0.0191
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Appendix 4. Effect of pH on phosphate solubilization.

Effect of pH
strains
O.D
4
N27
0.14
P26
0.18
P4
0.16

5
0.3
0.29
0.21

6
0.35
0.43
0.37

7
0.42
0.54
0.49

8
0.35
0.41
0.43

Appendix 5. Effect of temperature on phosphate solubilization.

9
0.25
0.31
0.32

250

Appendix 6. Standard curve for potassium solubilization.

Effect of temperature
strains
O.D
25
N27
0.39
P26
0.33
P4
0.28

30
0.42
0.54
0.49

35
0.35
0.48
0.44

40
0.28
0.32
0.26

45
0.22
0.28
0.2

70

y = 0.9815x - 0.02
R² = 1
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10
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0
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Appendix 7. Atomic absorption for potassium solubilization.
samples
FPM
Ppm curve
DF
C

0

60

Final ppm

70

1

19

19.3785023

25

484.46

2

21

21.4161997

25

535.40

3

23

23.4538771

25

586.34

4

25

25.4915945

25

637.28

5

27

27.5292919

25

688.23

6

29

29.5669893

25

739.17

7

24

24.4727458

25

611.81

8

23

23.5487965

25

586.34

Appendix 8: Cohen kappa correlation values for antibiotic and metal resistance
V1
r1
-1.033333333 c1
a1
pva1
0.301447933
r2
-0.794491234 c1
a2
pva2
0.42690951
r3
0.038096074 c1
a3
pva3
0.969611081
r4
0.91583 c1
a4
pva4
0.359756066
r5
-1.083683242 c1
a5
pva5
0.278505268
r6
1.303948024 c1
a5
pva6
0.192251305
r7
1.069601617 c1
a7
pva7
0.284798667
r8
0.071789848 c1
a8
pva8
0.942769152
r9
NA
c2
a1
pva9
NA
r10
0 c2
a2
pva10
1
r11
NA
c2
a3
pva11
NA
r12
0 c2
a4

pva12
r13
pva13
r14
pva14
r15
pva15
r16
pva16
r17
pva17
r18
pva18
r19
pva19
r20
pva20
r21
pva21
r22
pva22
r23
pva23
r24
pva24
r25
pva25
r26
pva26
r27
pva27
r28
pva28
r29
pva29
r30
pva30
r31
pva31
r32
pva32
r33
pva33
r34

NA
NA
NA
NA
NA
NA

1
0 c2
1
c2

-0.355127422
0.722494134
0.842875424
0.399298119
0.471331529
0.637404003
0.012589794
0.989955063
0.526540747
0.598512548
1.489729565
0.136295358
-1.837959021
0.066068444
-1.023893761
0.305885457
0.351005881
0.725583937
-0.24640784
0.805366538
-0.284693045
0.77587932
1.256811611
0.208821861
-2.525988619
0.011537322
0.275334318
0.783059401
0.363325604
0.716361669
-0.914467451
0.360471273
0.267999286
0.788699868
0.367314716

a5
a5

c2

a6

c2

a7

c2

a8

c3

a1

c3

a2

c3

a3

c3

a4

c3

a5

c3

a6

c3

a7

c3

a8

c4

a1

c4

a2

c4

a3

c4

a4

c4

a5

c4

a6

c4

a7

c4

a8

c5

a1

pva34
0.713384278
r35
-0.217368246 c5
a2
pva35
0.827921375
r36
-1.396642938 c5
a3
pva36
0.162520971
r37
1.676654816 c5
a4
pva37
0.093610001
r38
-2.056526322 c5
a5
pva38
0.039731812
r39
1.387028079 c5
a6
pva39
0.165433201
r40
1.610543044 c5
a7
pva40
0.107279356
Key: c1=cadmium, c2= chromium, c3=arsenic, c4= cobalt, c5= mercury, a1=AMC, a2=
AMP, a3=CHL, a4=CIP, a5=STR, a6=CTX, a7=VAN, a8=OFX
Appendix 9: Data coding for Cohen kappa correlation
MIC in ppm
S.No Strai
.
n

Isolate
homologous

Cadmiu
m
400

Chromiu
m

Arseni
c

400

1

P17

Lysinibacillus
sp.

3

3 2

2

N22

Alcaligenes sp.

2

3

N30

Bordetella sp.

4

N21

5

Cobal Mercur
t
y

50

500

20

3

3

3

3 1

3

3

3

3

3

3

Alcaligenes sp.

3

3

3

3

3

N40

Lysinibacillus
sp.

3

3

3

3

3

6

P21

Alcaligenes sp.

3

3

3

3

3

7

P23

Bordetella sp.

3

3

3

3 1

8

P24

Alcaligenes sp.

3

3

3

3

3

9

P26

Pseudomonas sp.

3

3

3 2

3

10

N12

Pusillimonas sp.

3

3

3

3

3

11

N14

Alcaligenes sp.

3

3

3

3

3

12

N26

Fluviicola sp.

3

3

3

3

3

13

N27

Alcaligenes sp.

3

3

3

3

3

14

N28

Streptomyces sp.

3

3 1

3

3

15

P19

Pseudomonas sp.

3

3

3

3 1

16

P20

Brevundimonas
sp.

3

3

3

3

17

P18

Parapusillimona
s sp.

3

3

3 2

18

M6

Acinetobacter
sp.

3

3

3

3

19

N1

Acinetobacter
sp.

3

3

3

3 2

20

N3

Flavobacterium
sp.

3

3 1

21

N4

Pseudomonas sp.

3

3

3

3 1

22

N5

Brevundimonas
sp.

3

3

3

3

23

N6

Acinetobacter
sp.

3

3

3 2

3

3

3

3 3

3

3

24

N10

Pseudomonas sp.

3

3

3 3

25

P3

Flavobacterium
sp.

3

3

3 2

26

P4

Pseudomonas sp.

3

3

3 2

27

P5

Stenotrophomon
as sp.

3

3

3

3

3

28

P10

Pseudomonas sp.

3

3

3

3

3

29

P10i

Pseudomonas sp.

3

3

3 2

3

30

P11

Pseudomonas sp.

3

3

3 3

3

31

P12

Serratia sp.

3

3

3 2

3

S.No.

Isolated
strains

1

P17

2

Homologous
species

AMC

AMP

CHL

CIP

Lysinibacillus sp.

3

1

1

1

N22

Alcaligenes sp.

3

3

2

3

N30

Bordetella sp.

1

1

4

N21

Alcaligenes sp.

1

5

N40

Lysinibacillus sp.

6

P21

7

3

1

3

STR

CTX

VAN

OFX

1

3

3

1

1

3

1

1

2

1

3

3

1

3

3

3

1

1

2

3

1

1

3

3

3

3

3

3

3

3

Alcaligenes sp.

1

1

2

1

3

3

1

1

P23

Bordetella sp.

3

1

1

3

1

3

3

1

8

P24

Alcaligenes sp.

2

1

1

3

1

3

3

1

9

P26

Pseudomonas sp.

3

3

1

1

3

3

3

3

10

N12

Pusillimonas sp.

1

3

3

3

3

3

1

1

11

N14

Alcaligenes sp.

1

2

2

1

3

1

1

3

12

N26

Fluviicola sp.

3

3

3

1

1

1

1

3

13

N27

Alcaligenes sp.

3

3

1

3

1

1

1

3

14

N28

Streptomyces sp.

1

1

2

2

2

1

3

3

15

P19

Pseudomonas sp.

3

3

3

3

1

3

1

3

16

P20

Brevundomonas
sp.

3

3

3

3

3

3

3

3

17

P18

Parapusillimonas
sp.

1

1

2

1

3

3

2

1

18

M6

Acinetobacter sp.

3

3

2

1

1

2

1

2

19

N1

Acinetobacter sp.

1

3

3

1

1

3

1

1

20

N3

Flavobacterium
sp.

3

3

2

2

2

1

3

3

21

N4

Pseudomonas sp.

1

3

1

2

1

3

1

1

22

N5

Brevundomonas
sp.

3

3

1

1

2

1

3

1

23

N6

Acinetobacter sp.

1

3

3

2

3

3

3

3

24

N10

Pseudomonas sp.

1

3

3

1

1

1

3

2

25

P3

Flavobacterium
sp.

1

1

3

2

3

3

1

1

26

P4

Pseudomonas sp.

3

3

3

3

3

2

2

3

27

P5

Stenotrophomonas
3
sp.

3

3

3

1

3

2

2

28

P10

Pseudomonas sp.

3

1

1

1

3

1

1

2

29

P10i

Pseudomonas sp.

1

3

1

1

2

2

1

3

30

P11

Pseudomonas sp.

1

1

3

1

2

3

3

1

31

P12

Serratia sp.

1

1

2

1

2

1

3

3

3= Resistance, 2= Intermediate, 1= Susceptible

