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CHAPTER 1 ________________ _ SUMMARY 

CHAPTERl 

Executive Sunlnlary 

Diversity of Thermophilic Bacteria in Hot Springs and Desert Soil of Pakistan 
and Identification of Some Novel Species of Bacteria 

Microorganisms that grow in hostile or extreme environments are cunently a 

popular and an emerging subject for study/scientific research. These microorganisms 

have been recognized as 'extremophiles', which inhabit environments with extreme 

levels of salinity, pH, pressure, heat, cold, and even radiation. These extremophiles, 

having many interesting biological secrets, provide a novel source of scientific 

discoveries in the basic and applied sciences. In this thesis, we reported microbial 

diversity of them10philic bacteria in hot springs and desert soil of Pakistan. During 

these studies, several novel bacteria were also identified and were delineated as novel 

species of bacteria. 

1.1 Actinobacterial and Bacterial diversity in hot water springs soil 

and desert soil 

Samples for the isolation of strains were collected from hot water spling sites in 

Tatta pani Kotli Kaslm1ir (74°32'46.10"E, 35°28'30AO"N ASL 3841 ft) , Mmtaazabad 

(74°36'19.77"E,36°16'30.34"N 6809 ft ASL), Tato field hot water spring 

(74°32'49.10"E, 35°28'30.40"N ASL 3861 ft) and Cholistan deselt Bahawalpur 

Pakistan (29°23'43"N 71 °41'I"E ASL 291.9948ft) .Vmious enrichment and selective 

media were used. Different substrates were used in media to select various bacteria. 

These isolates were pmified and stored as slants (Sh01t tenn preservation), and as 30% 

glycerol stocks or lyophilized cultures (Long tenn preservation). These strains were 

identified based on 16SrRNA gene sequence analysis by using standard PCR conditions 

and plimers. Based on the mmoker gene sequence similarities it was observed that, 248 

isolated shoains belong to 37 genera and 3 major phyla which were Proteobacteria, 

Firmicutes and Actinobacteria. 
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1.2. Novel taxa from hot water spring soil 

Of the potentially novel species of Actinobacteria and Bacteria two were 

characterized by polyphasic taxonomy. These strains were characterized as novel 

species of the genera Nocardioides and Streptomyces. 

1.2.1. Nocardioides pakistanensis sp. nov. 

NCCP-1340T, which belongs to No ca rdio ides genus was isolated and described 

as a new species. Optimum requirements for pH, temperature and salt were recorded 

according to standards protocols. Sequence similarity of 16SrRNA gene tells that 

NCCP-1340T be in the right place with the genus Nocardioides and was most closely 

related to No ca rdio ides iriomotensis IR27-S3T. DNA-DNA affinity value was less than 

53%. After following the minimal criteria for identification of novel species which 

included physiological features, biochemical characteristics and the phylogenetic 

studies, strain NCCP-1340T signifies a novel species of genus Nocardioides, and we 

propose the name Nocardioides pakistanensis sp. nov. 

1.2.2. Streptomyces caldifolltis sp. nov. 

An Actinobacterium, NCCP-1331 T, was isolated during diversity study for 

which ideal temperature, pH and salt requirement was 28°C, 7.0 and 2 % NaCI (w/v). 

Maximum parsimony maxmimum likelihood and neighbor joining procedures for the 

16SrRNA gene sequence confirmed that strain NCCP-1331 T belonged to the genus 

Streptomyces and with closest affinity with Streptomyces brevispora BK160T, 97.9 % 

nucleotide similatity, DNA-DNA similatity values of strain NCCP-1331 T with S. 

brevispora KACC 21093Twas 42.7 %. After following the minimal criteria for 

descliption of a novel species it was indicated that strain NCCP-1331 T belongs to the 

genus Streptomyces, for which we propose the name Streptomyces caldifontis sp. nov. 

1.3. Novel taxa from desert soil 

Of the potentially novel species of Actinobacteria and Bacteria two which were 

characterized by polyphasic taxonomic approach belongs to genus Microvirga and 

novel genus ZaJaria solitudinis gen. nov. sp. nov .. 
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1.3.1. Micro virga pakistanensis sp. nov 

A Gram negative strain labelled as NCCP-1258T
, from Cholistan desert soil, 

Bahawalpur, Pakistan for which optimum growth conditions were detelmined for 

impoltant parameters like, media optimization, growth conditions for pH, temperature 

and salt concentration. Phylogenetic studies were perfOlmed with three algorithms 

based on 16srRNA gene sequence was aligned against sequences present in datab base 

of Ezbiocloud and comparison revealed that strain NCCP-1258T is in right place with 

genus Microvirga and its closest relative is Microvirga lotononidis. DNA-DNA 

similarity values ofNCCP-1258T was less than the 42% that is enough to delineate a 

new species. According to the criteria for describing a new species that belongs to 

Microvirga genus and other rhizobium species 16SrRNA gene sequence do not give 

accurate resolution and concatenated sequences of housekeeping gene (dnaK, gyrE, 

recA and rpoB) should also be amplified and compared for similarity. While following 

all criteria's strain NCCP-1258T was placed as a new species of genus Microvirga , for 

which the name Microvirga pakistanensis sp. nov. was proposed. 

1.3.2. ZaJaria sofitudinis gen. nov. sp. nov. 

A new bacterium from phylum Actinobacteria, NCCP-1664T, was isolated :£i'om 

Cholistan deselt, Pakistan which was most closely related to Arthrobacter halodurans 

(97.70 %) but DNA-DNA relatedness value with above mentioned type strain was less 

than 54 %. Later on the strain was studied with polyphasic taxonomic approach. After 

following all criterias to delineate a strain as a new species strain it was revealed that 

NCCP-1664T could not be placed in any existing Arthrobacter group be distinguished 

:£i'om the closely related taxa and, represented a novel species of the genus novel genus 

ZaJaria gen., nov.for which we propose the name ZaJaria solitudinis gen. nov. sp. nov. 

1.4. Diversity and distribution of bacterial diversity by 454 pyrosequencing 

approach and correlation between physical parameters and species distribution 

Pyrosequencing approach was used targeting the V3 region of rRNA gene and 

microbial community was detelmined. 

1.4.1. Hot water Springs bacterial diversity of Pakistan 

Samples from nine hot water splings which were distributed over three geothelmal 

fields namely, Tato field (also called Tatta Pani Chilas in local language), Tatta pani 

and Murtazaabadalong the MKT, were collected. Physical parameters considered were 
3 
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were N2, CO, electrica l conductivity, HC03 , NH4, pH, Temp, Si02, S04-2, Ca, K+ 

and Na levels. Shifts in bacterial comm unity were observed with variation in the level 

of temperature, sul fate, nitrate and carbonate leve l. 

Major phyla observed were Proteobacteria, Chloroflexi, Thermo toga, 

Bacteriodetes, Deinococcus thermus, Nitrospirae, Acidobacteria and others we ll 

reported thermal spri ng phyla which are sti ll unclassified were UT06, OP 11 , BRC 1, 

OD l , OP8, OP I, OP3, OP9, OMAN, NKB19 (F igure 1). Presence of 40.1 % 

unclassified OTUs c learl y suggest the presence of many undi scovered and unexplored 

unique microbiota within these sites. Innovative vis ions into the nature ofthe eco logical 

connections among central taxa in these comm uniti es, were determined which w ill he lp 

in determining the future course of studies of these sites. 

Diversity of Bacteria and Actinobacteria in Hot water 
springs of Pakistan by Pyrosequencing Approach 
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Figure 1 Pie Chart showing distribution of Bacteria l phyla and Actinobacteria in Hot 
water springs of Pakistan by Pyrosequencing Approach of 16S rRNA gene. Va lues in 
brackets are showing number of average number ofOTUs (operational taxonomi units). 
Unclassified OTUs belongs to UT06, Caldithrix-y, BRCI , OP8, OP II , MATCR, 
OMAN, Bacteria_uc, NKB19, JXI05615-y, WS I and OD l. 

1.4.2. Desert samples bacterial diversity of Pakistan 

The Choli stan desert part, situated in Pakistan , supports spec ific flora that grows in 

the large area that is covered in dust. We studied e ight different samples, two from the 
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rhizosphere of forerunner plants, two from surface at 50 cm depth and two from 100cm 

depth and control samples and used pyrosequencing of V 1-V3 sections to compare the 

bacterial population diversity of the samples. 

The results disclosed a total of 4,692 OTUs in the seven samples, calculated. OTUs 

(Operational taxonomic units) related to Phylum Pro teo bacteria, Deinococcus thermus, 

Chloroflexi and Actinobacetria were dominant in rhizosperic desert samples (NCCP

D I-a, NCCP-D I-b), while in other samples instead of Actinobacteria number of OTUs 

for Thermotogae and Chloroflexi were in significant in number. In NCCP-D3-a and 

NCCP-D3-b Bacteroidetes and Acidobacteria was also in considerable number (Figure 

2). 

Diversity of Bacteria and Actinobacteria in Cholistan 
Desert, Pakistan by Pyrosequencing Approach 
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Figure 2 Pie Chart showing distribution of Bacterial phyla and Actinobacteria in 
Cholistan deseli soil of Pakistan by Pyrosequencing Approach of 16 vS rRNA gene. 
Values are showing number of average number of OTUs (operational taxonomic 
units ). 

This work showed that the Cholistan desert area of Pakistan contain varied bacterial 

communitues in the vicinityof roots of forerunner desert plants. It also showed that the 

microbiota of deserts depended on availability of physiochemical resources e.g. , 

precipitation, nutrients etc. 
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2.1 Extremophile originality 

CHAPTER 2 

Introduction 
and 

Review of Literature 

It is well established that a variety of archaeal and bacterial species animate 

under enviromnental conditions, which include pressure, temperature, UV light, very 

low levels of nutrients and low or high levels of pH. (Gerday & Glansdorff, 2007). 

(Cavicchioli, 2002) suggested the possibility that while consideling these 

extremophiles as models we can get insights into the life style at celestial habitat. 

It would be highly significant to establish identification between ancient and 

primitive organisms. It has been observed that cladistically ancient organisms are 

positioned near the base of rRNA based trees but they neither possess primeval 

molecular genetic elements, nor they are more rudimentary in their metabolic abilities 

than their aerobic counterpaIis (Islas, Velasco, BecelTa, Delaye, & Lazcano, 2003). Pre

RNA worlds are the source of primitive living systems, in which life may have been 

founded on polymers using backbones other than ribose phosphate and possibly the 

nitrogenous bases different from guanine, adenine, uracil and cytosine (Levy & Miller, 

1998), followed by a stage in which life was based on RNA both as the genetic matelial 

and as catalysts (Joyce, 2002) . 

2.2 Nascent earth and extreme environment 

Only very few facts suppoli hyper-thennophilic origin of life. Firstly, the base of 

rRNA-based molecular phylogenies are full ofhypelihennophiles (Pace, 1991,1997). 

Secondly, instantaneously after earths creation, the exterior of the earth was very warm 

and planet persisted to be smelted for some time after its fonnation. Life on earth 

appeared dUling that time and only hyperthemlophilic life was possible (Wetherill, 

1990); (Juergen Wiegel, 1998b). The biphasic temperature-growth curves of many 

thennophiles growing at elevated temperatures and the existence of cryptic 

thennophiles are considered as additional arguments for the stari of life in the range of 
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60- 90°C and that hyperthermophiles as well as mesophiles and psychrophiles are 

adaptations to changed environments. 

While some antagonists say that earth' s surface speedily lost temperature to provide 

mesophilic origin of life (Wilde, Valley, Peck, & Graham, 2001). Chemical 

decomposition of recognized biochemical compounds i.e.; amino acids, nucleobases, 

RNA and thern10labile molecules have half-lives for decomposition at temperatures 

between 2S0°C and 3S0°C are at the most a few minutes (S . L. Miller & Bada, 1988). 

Another theory that suppOlis mesophilic origin of life came from (Gulen, Petrov, 

Okafor, Vander, O'Neill, Hud & Willian1s, 2016) and (Petrov, Gulen, Nonis, Kovacs, 

Bernier, Lanier & Hud, 20 IS) believes that charactelistic of ribosome that al1110ur it in 

high temperature e.g., RNA folding are changed gradually during evolution. 

Hyperthermophilic microbial routines are the artefact of secondary adaptations that 

settled dUling early stages of cell evolution. But we do not have an infonnation on 

the alignment of the native stratosphere dUling the period of the beginning oflife or on 

enviromnental conditions that were central for the development of living structures 

(Lazcano & Bada, 2003). (Delaye, BecelTa, & Lazcano, 200S) believes that the source 

of the mutant sequences inhelited to those establish in all prevailing species and the 

deviance of the bactelia, archaea, and eucarya did not happened at the same time, i.e. 

the parting of the principal dominions took place later, perhaps even much later, then 

the advent of the genetic constituents of their least common ancestors. The last 

universal ancestor is the last evolutionary conclusions of a sequence of familial 

proceedings, including paralogous duplications that took place earlier to the parting of 

Bactelia, Archaea, and Eucarya. (Dworkin, Lazcano, & Miller, 2002) and (Forterre, 

Brochier, & Philippe, 2002) believes that if hypelihennophily is not truly plimeval, 

then heat-loving lives may be remnants of an edition that progressed after the beginning 

oflife and afore or soon after the paliing of the main ancestries. (Forterre et aI., 2002) 

believes in lateral transfer of reverse gyrase. (Dworkin et aI., 2002) have faith in the 

fact that aloe adapter to live at high temperatures due to some stresses other than 

tem peratures. 

2.3 Thermal environments and biodiversity 

Wilson (1992) created the term biodiversity and wrote "The Diversity of Life" . 

At that time there were 4,800 species described in the "kingdom" Monera Recently, 
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Hug, Baker, Anantharaman, Brown, Probst, Caste li e, lse, (20 16) gave new tree of life 

(F igure 3) in which 92 phyla whi ch are representing tota l Bacterial Eukaryot ic and 
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Figure 3 T ree of Life adopted fi'om (Hug et aI. , 2016) 
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Currently published names includes; 11,305 specIes, 520 sub-species, 

2,103 genera, 320 families, 13 7 orders, 20 sub-orders, 87 class, 7 subclass of which 31 

are later homotypic synonyms, 1,257 are new combinations 

(htlp:llwww.bacterio.cict.fr/number.html#total. May 2012) and huge numbers of 

aligned 16S rRNA sequences are deposited in the Ribosomal Database Project (RDP) 

database, according to 2006 statistics 210,000 sequence were deposited 

(http: //rdp.cme.msu.edu/misc/ news.jsp#mar0206, March 2006), and every month 30-

50 more are added.What makes them popular models to test biogeographical 

hypotheses is the Island-like nature of thermal environments. Using similar strains of 

the thern10philic archaeon Sulfolobus originating from hot springs in Yellowstone 

National Park and Italy. (Zillig, Stetter, Wunderl, Schulz, Pliess & Scholz, 1980) 

fOlmulated the hypothesis that "geographical barriers between habitats ofthe same type 

do not exist for microorganisms." TIllS hypothesis also corresponds to the oft-quoted 

hypothesis that "everything is everywhere and the environment selects" (Beijerinck, 

1913). However, (Whitaker, Grogan, & Taylor, 2003) attribute genetic divergence 

detected by multilocus sequence analysis of strains of Su lfo 10 bus solfataricus fi'om five 

sites to geographic isolation. 

2.4 General features and geography of Pakistan Hot water springs 

There are seven hot splings of the Mmiazabad which lye along the Main Karakoram 

Thrust in Northern Areas of Pakistan with the surface temperature range of 47 to 92°C. 

All the thelmal waters of Pakistan formulated from NaHC03. Tatta Pani and Tato 

thern1al springs along the Main Mantle Thrust have the surface temperature from 48 to 

92°C. These are also NaHC03 type. Geothennal springs of Chagai are related to the 

youngest volcano (Koh-I-Sultan) of Pakistan. The NOlihern Areas having geothennal 

fields of Tatta Pani, Tato and Murtazabad are located between the latitudes 35° 20' N 

to 36° 30' N and longitudes 74°E to 76°E . 

Important mountain ranges of the area are the Rakaposhi and Karakoram etc. 

Rainfall in these areas are light and the continental dlifi at the these areas of Pakistan 

occurs during later on. The formation involved three elements which control propeliy 

of earth, i.e. Indian mass, the rocks placed on the southern pmi of the the tectonic plate 

covering Eurasia, and the Kohistan Islm1d Arc System (Todaka et aI., 1988); (M Ahmad 

et aI., 2005; Powell, 1979); (Khan, Khan, Leghmi, & Khan, 1987). 
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2.5 Chemical composition of Hot springs of Pakistan. 
Among vmious hot water springs present in Pakistan, (Chang, Gachal, Qadri, & 

Sheikh, 2013) has reported the chemical composition of Manghopir thennal spring for 

the year 2008. 
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Table 1 Chemical composition of hot water spring Manghopir (Chang et aI., 2013) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Date 5 12 23 14 10 5 15 12 16 9 10 12 

Time 12:00 12.10 12:20 12:00 12:40 11 :30 1:00 1:40 1:10 12:30 1 :30 2:30 

Temp: ail·O C 22 23 27 26 30 32 33 28 28 27 24 23 

Temp: H20 °C 19 20 24 23 27 28 29 25 25 24 20 20 

pH 7.9 7.5 7.0 7.09 7.2 7.4 7.1 7.62 7.3 7.05 7.08 7.09 

EC mu/scm 3750 3840 4030 3614 3845 4420 3184 2778 2465 4790 3842 3250 

TDS mg/L 1910 2148 2619 1952 2135 2373 1898 1659 1872 2580 2278 1947 

Turbidity 58 60 62 58 62 60 68 70 62 56 58 60 

Ca mg/L 400 180 80 92 80 68 76 84 70 64 137 379 

Mg meq/L 74 76 78 73 58 43 48 56 90 153 110 85 

Hardness mg/L 1305 720 420 530 475 350 738 1298 960 790 986 1298 

HC03ppm 450 410 335 350 585 700 558 378 595 960 676 472 

Alkalinity mg/L 9.00 7.50 6.80 7.0 12.4 14.00 11.5 7.60 9.40 19.2 15.3 9.4 

Cl mg/L 319 435 553 534 590 646 545 443 476 512 532 569 

Na meq/L 58 165 733 458 . . 684 855 498 207 518 680 518 233 

Kmg/L 19 18 17 14 20 21 22 21 24 19 21 23 

S04 mg/L 480 570 860 427 496 576 438 336 475 684 515 240 

C03 ppm 0 0 0 0 0 0 0 0 0 0 0 0 

BOD mg/L 4.2 4.0 3.1 3.3 3.2 2.8 2.5 2.3 2.4 3.5 3.8 3.0 

DO mg/L 3.8 4.2 5.6 5.1 4.8 5.2 5.0 5.1 4.9 4.3 4.4 5.3 
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2.6 Thermophiles 

Temperature, as an environmental factor, compels all living microorganisms. In 

contrast to the upper temperature boundaries, the lower temperature boundaries for 

growth among microorganisms are not well defined (Russell et al. , 1990). 

Thermophiles are the microorganisms that "love" heat. A word of caution is necessary 

regarding the use of the tem1 thennophilic. The tenn means different temperature 

ranges for different groups of microorganisms. For example, Candida thermophile is 

described as a thermophilic yeast with a maximum growth temperature (T max) of 

51°C. The optimal growth temperature (T opt) for this microorganism is 30-35°C 

(Shin, Shin, Yoon, & Park, 2001). Among Bacteria, this would be a thelmotolerant 

speCIes. 

The record for the widest temperature span for growth, 50°C, is held by 

Methanothermobacter thennautotrophicus , able to grow from 22°C to 75°C (Gerday 

& Glansdorff, 2007) . Strain 121 , a Fe(III)-reducing Archaea isolated from a 

hydrothennal vent along the Juan de Fuca Ridge, is repOlied to have a doubling time of 

24h at 121°C and remains viable after exposure to temperatures as high as 130°C 

(Kashefi & Lovley, 2003). The most heat-resistant spore is held by MOOl'ella 

thermoacetica strain JW/DB-4. Under autotrophic conditions at 60°C, this bacterium 

fOlms spores with a decimal reduction time, 2h at 121 °C. A subpopulation of spores 

apparently requires 1h at 100°C to become fully activated before gelminating (Byrer, 

Rainey, & Wiegel, 2000). Thermus aquaticus, an aerobic, thennophilic bacterium, was 

isolated from Yellowstone National Park, Wyoming, in the late 1960s (Brock & 

Freeze, 1969), and the microorganism' s Taq DNA polymerase has become an essential 

component of molecular biology. Cosmopolitan microorganisms from thermal 

environments include Methanothermobacter thermautotrophicus, Thermanaerobacter 

thermohydrosulfuricus, Thermoanaerobacterium thermosaccharolyticum, and 

Geobacillus stearothermophilus. 

2.7 The interaction correlation between biogeography and 

biogeochemistry 

The interaction correlation between biogeography and biogeochemistry in 

thelmal environments is also worthy. As an example, three combinations can be defined 

by (Engle, Li , Woese, & Wiegel, 1995). Relaxed biogeography and biogeochemistry; 
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e.g., Thermoanaerobacterium thermosaccharolyticum and Thermobrachium celere 

have a relaxed biogeography and biogeochemistry. They have been isolated from a 

variety of enviromnents from several locations including thermobiotic, mesobiotic, 

slightly alkaline and acidic envirolli11ents. Relaxed biogeography and restricted 

biogeochemistry, e.g., Clostridium paradoxum and Clostridium thermoalcaliphilum, 

isolated fl:om sewage sludge on four different continents, but only from sewage sludge. 

In all these sewage sludge facilities environment is mesobiotic and pH is nearly neutral. 

Motility of spores in these two strains is dependent on pH, temperature and presence of 

glucose. Both strains are peptidolytic and caseinolytic (Juergen Wiegel, 1998a). 

Restricted biogeography and relaxed biogeochemistry i.e., Anaerobranca horikoshii 

has only been isolated from a specific area behind the old faithful ranger station in 

Yellowstone National Park, but from several pools in that area, representing a spectrum 

of pH values from acidic (PH 5) to alkaline (PH 8.5). Although relatively easy to isolate, 

strains of A. horikoshii have not been obtained from other areas of Yellowstone 

National Park or other countries, nor has its sequence been found in enviromnental 16S 

rRNA gene libralies. 

2.8 Survival Mechanisms at thermophilic environment 

Survival of bactelia (Figure 4) at high temperatures is because of various 

strategies. It involve amino acid substitutions (Am6rsd6ttir, Sigh"yggsd6ttir, 

Thorbjm:nard6ttir, & Krist jansson, 2009), hydrophobic cores (Bezsudnova et aI. , 2012), 

interactions al110ng subunits (Pang & Allemalli1, 2007), inactivation of spores by high 

hydrostatic pressure (Sarker, Akhtar, Torres, & Paredes-Sabja, 2015) and by adjusting 

membrane fluidity after adjusting membrane fatty acid composition (Y. Y oon, Lee, 

Lee, Kim, & Choi, 2015) and also by maintaining membrane fluidity using various 

thennosensors e.g., DesK (Cybulski et aI., 2015) 

2.9 Types of thermal environments 

Various types ofthennal environments exist including terrestrial, solar heated, 

maline, subsurface, anthropogenic, temporary and mesobiotic enviromnents, a brief 

overview of these environments were reviewed below 
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Figure 4 Survival mechani sms of bacteri a for survival 
at high temperatures (Q. Wang, Cen, & Zhao, 2015). 

2.9.1 Terrestrial thermal environments 

The N0l1hem areas of Pakistan have many hot springs in the Gilgit, Hunza, 

Yasi n and Murtazabad (M), va ll eys . The Tatta Pan i (TP) hot springs are posit ioned on 

the Karakoram Highway These springs are placed at the height of 1200m to 4650m 

from the sea level (S. Ahmad et aI. , 20 13). (Shuj a, 1986) and (Malik Sikander Bakht, 

2000) have also studied hot springspresent bes ide the same range. Hot springs are 

dispersed and their temperature ranges up to 91°C. Three parts of Pakistan i.e. Kashmir, 

N0l1h West Fronti er Provi nce and Balochi stan wo uld-be regions where geothermal 

possess ions are situated. Major events which shaped earth during the Cenozoic and 

Mesozoic age have their role in des igning these structures in Paki stan. 

Worldw ide these environments are found at geysers, solfatares (mud or paint pots), and 

mud or paint pots in volcanicall y acti ve regions throughout the world, inc luding 

Iceland, Western North America, New Zealand, Japan, Eastern Russia, and the rest of 

the so call ed Pacifi c Ring of Fire, major exampl es includes: Yellowstone National Park 

at No rth Ameri ca which is being studied dat ing back to 1897 (Reysenbach & Shock, 

2002) . Neutra l to alkaline areas richer in chloride sa lts or carbonate were observed in 

areas of ten'estrial environments (Zhao, Romanek, M ills, Wi egel, & Zhang, 2005). 

2.9.2. Solar-heated environments 

Solar-heated environments may occur anywhere on earth rece iv ing so lar energy 

inputs . Such environments are likely inhabited by mesophili c, thermotolerant, and 
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thelmophilic microorganisms because solar energy can heat some soils to 60°C and 

shallow waters to 50°C at celtain times of the day or year, as pointed out by (Brock, 

2012). Thermal environments on Earth' s surface also experience evaporation, and thus 

many environments have elevated salinity and, therefore, halophilic inhabitants. For 

example, Thermohalobacter berrerlsis, a thennophilic and halophilic bacterium, was 

isolated from a solar slattem in France (Cayol et aI. , 2000). Halo-alkali-thennophiles, 

halophilic (up to 25% NaCI 4.5 M Sodium ion as NaCIINa2C03), thennophilic (up to 

75°C), and alkaliphilic (up to pH 25°C 10.5) triple extremophiles, coined, have been 

isolated from dry salts fi.-om salt flats in Nevada and from sediments of athalassohaline 

lakes in Wadi An Natrun, Egypt (N. M. Mesbah & Wiegel, 2005). 

2.9.3. Marine environments 

Marine thennal environments may occur at Beaches: Hot Water Beach 

(Whitianga, New Zealand), Pozzuol: (Italy), Savusavu (Fiji Island) (Elizabeth Adrienne 

Burgess, 2009). Under 8m of water: Vents off the coast of Milos Island, Greece 

(Sievelt, Kuever, & Muyzer, 2000). Under 2,500m: Abysmal of water, deep-sea 

hydrothennal vents first discovered in 1977 near the Galapagos Islands (Corliss, 

Dymond, Gordon, & Edmond, 1979). 

Organisms inhabiting such enviromllents face multiple challenges i.e.; Venting 

water can exceed 300°C, but in deep-sea vents it cools quickly upon mixing with cold, 

deep-sea water, and habitat types range from those preferred by hyperthennophiles to 

temperatures habitable by psychrophiles (Kelley, Baross, & Delaney, 2002) i.e.; Black 

smoker chimneys, associated with volcanic psychrophiles activity, plate spreading 

zones generally are fueled by high concentrations of sulfides (Kelley et aI. , 2002). 

Serpentinite-hosted systems, like the Lost City hydrothennal field, are enriched in 

hydrogen and methane as energy sources (Kelley et aI., 2005). Thermococcus 

barophilus, obtained from the Snake Pit region of the Mid-Atlantic Ridge, requires 

elevated pressure for growth at or above 95°C (Marteinsson et aI. , 1999). Pyrococcus 

sh'ain ES4 shows an extension of Tmax under increased pressure (Pledger, Crump, & 

Baross, 1994; Summit, Scott, Nielson, Mathur, & Baross, 1998). 

(Jolivet, Corre, L'Haridon, FOlterre, & Prieur, 2004; Jolivet, L'Haridon, Corre, 

FOlterre, & Plieur, 2003) repolted that at hydrothermal vents, the level of natural 

radioacti vity can be 100 times greater than that at Earth' s surface because of increased 

occurrence of elements such as Pb, Po, and Rn. For example, Archaea Thermococcus 
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gammatolerans, isolated from a hydrothermal site in Guaymas Basin. Thermococcus 

marinus from the Snake Pit hydrothennal site on the Mid-Atlantic Ridge, 

Thermococcus radiotolerans from a hydrothennal site in the Guaymas Basin. 

Additionally, all organisms existing in mmine enviromnents also have some tolerance 

i.e; Marinococcus halophilus if incubated at 200 C requires only O.OIM NaCI but if 

growth temperature raises upto 25°C minimal salt requirement for growth is 0.5M 

(Vento sa, Nieto, & Oren, 1998). 

2.9.4 Subsurface environment 

Subsurface thennal environments include petroleum reservOIrs and 

geothennally heated lakes and aquifers . Activity in subsurface environments varies 

with the availability of nutrients, water, energy, depth, surrounding matrix and source 

matelials. Lethal temperatures may not occur until as much as 10,000m below the 

surface (Pedersen, 2000) with few exceptions e.g., Uzon Caldera, temperatures well 

above 100°C can occur at depths of only a few meters (Elizabeth Adlienne Burgess, 

2009). A depth record for culturable life has been established at 5,278m (Szewzyk, 

Szewzyk, & Stenstrom, 1994). Elevated temperatures found within petroleum 

reservoirs can be up to 130°C (Grassia, McLean, Glenat, Bauld, & Sheehy, 1996). The 

geochemical conditions in reservoirs are vmiable because of age, source material, and 

surrounding geology, and prokm·yote communities (Orphan, Goffredi, Delong, & 

Boles, 2003). (Takahata, Nishijima, Hoaki, & Maruyama, 2000) have proposed that 

microorganisms in these environments may face oligotrophic conditions. Subsurface 

geothermal aquifers such as the well- known and expensive Great Ariesian Basin of 

Australia are non-volcanically heated but experience temperatures up to nearly 103°C. 

2.9.5 Anthropogenic environments 

Anthropogenic habitats include household and water heaters and industrial 

process enviromnents and thelmal effluent from power plants (Brock, 2012). One of 

the earliest well known anaerobic thermophiles, Thermoanaero bacter (basonym 

Clostridium) thermohydro sulfuricus, was isolated from an Austlian sugar factory (Y.

E. Lee, Jain, Lee, & Zeikus, 1993). Other thennophiles have been isolated from 

thennally polluted effluent from a carpet factory (Caneto et aI., 1996), the smoldering 

slag heap of a uranium mine (Fuchs, Huber, Teiner, Burggraf, & Stetter, 1996), and 

mushroom compost (Kom-Wendisch et aI., 1995) . Strains of Themus aquaticus have 
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been isolated from various anthropogenic thennal environments including hot tap water 

and greenhouse soil (Brock & Freeze, 1969). 

2.9.6 Temporary environments and mesobiotic environments 

Thennophiles can be isolated from various enviromllents, such as animal 

droppings, manure piles and compost, tempormily heated by biodegradation of organic 

material, sun-heated soils, sediments at the edges of lakes and puddles which can have 

temperatures up to 50°C but are frequently around 35-45°C. Whereas most of the 

thennophiles isolated from these enviromllents are Firmicutes . One example is the 

archaeon Methanothermobacter thermautotrophicus. This species can be easily 

isolated from sun-heated black sediments of lakes and mesobiotic sewage plants, but it 

also has been isolated from sun-heated wood stumps in Georgia, United States (G. Luo, 

Wang, & Angelidaki, 2013) and mesobiotic environments such as cold su-eam 

sediments in Germany (Jiirgen Wiegel, Braun, & Gottschalk, 1981) or sediments of 

Lake Mendota, Wisconsin, for which temperatures have never been measured 16°C. In 

contrast, themlophiles living in steady thennal environments. 

2.9.7 Cultural diversity 

Most of the microorganisms from nearly all enviromnents inhabit are presently 

uncultured (P. Hugenholtz, 2002). Considering the extreme conditions in which most 

therrnophiles thrive, some require special handling or novel approaches for their 

enrichment, culturing, and isolation (Mesbah and Wiegel, 2005). 

2.9.8 Phylogenetic and genetic diversity 

Amplification of 16S rRNA genes directly from environmental DNA has shown 

intense vmiation in amount of diversity (Barns, Fundyga, Jeffries, & Pace, 1994);(P. 

Hugenholtz, Pitulle, Hershberger, & Pace, 1998) (H. Kimura et aI., 2005); (Elizabeth 

Adrienne Burgess, 2009; Elizabeth A. Burgess, Wagner, & Wiegel, 2007). Sequences 

fi.-om deep-sea hydrothernlal vents led to the identification of novel lineages among 

Archaea and Bacteria (Reysenbach, Longnecker, & Kirshtein, 2000) but some thennal 

enviromnent communities may contain only a few phylogenetic types e.g. , 

(Reysenbach & Shock, 2002) identified only three major phylogenetic groups out of35 

clones analyzed during a study on Yellowstone National Park. 
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Table 2: Few of the new species of thermophilic and mesophilic bacteria isolated and identified during 2016. 

Isolated strains Temp. Reference 
! 

Athalassotoga saccharophila gen. nov. , sp. nov. 30-60 (Itoh et aI., 2016) 

Lampropedia colzaerens sp. nov. 45 (Tri pathi et aI., 2016) 

Bacillus licheniformis RES 5 sp. nov. 65 (Salem et a I. , 2016) 

Caldimicrobium thiodismutans sp. nov. 75 (Kojima, Umezawa, & Fukui, 2016) 

inmirania thermotlzioplzila gen. nov. 35-68 (S lobodkina, Baslerov, et aI., 2016) 

Herbinix luporum SD 1 D sp. nov. 40-65 (Koeck, Hahnke, & Zverlov, 2016) 

Al11ycolatopsis deserti sp. nov 20-60 (Busarakam et aI., 2016) 

Tepidibacilllls decatllrensis sp. nov. 20-60 (Dong et aI., 2016) 

Chelatococcus thermostellatus sp. nov. 50 (Ibrahim, Lebbe, Willems, & Steinbiichel, 2016) 

Deferrisoma palaeochoriense sp. nov. 30-70 (Perez-Rodriguez, Rawls, Coykendall , & Foustoukos, 2016) 

Streptomyces sp. AI-Dhabi-I sp. nov. 55 (AI-Dhabi, Esmail, Duraipandiyan, Arasu, & Salem-Bekhit, 2016) 

Thermostilla marina gen. nov., sp. nov 30-68 (Slobodkina, Panteleeva, Beskorovaynaya, Bonch-Osmolovskaya, & Siobodkin, 2016) 

Dethiosu!fatarculus sandiegensis gen. nov., sp. nov. 30-37 (Davidova et aI., 2016) 

Risungbinella massiliensis sp. nov. 25-37 (Dubourg et aI., 2016) 

Brevibacillus gelatini sp. nov. 45 (lnan, Ozer, Guier, Belduz, & Canakci , 2016) 

Su!furovul11 riftiae sp. nov. 25-45 (Giovannelli et aI., 2016) 

Lascolabacillus massiliensis gen. nov., sp. nov. 37 (Beye, Bakour, Traore, Raouit, & Fournier, 2016) 

Flexilinea flocculi gen. nov., sp. nov. 25-43 (Sun, Toyonaga, Ohashi, Matsuura, et aI., 20 16) 

Lentill7icrobiul11 sacclzarophilum gen. nov., sp. nov., 20-40 (Sun, Toyonaga, Ohashi, Tourlousse, et aI., 2016) 

Massilibacterium senegalense gen. nov., sp. nov., 37 (Alou et aI., 20 16) 

Altererythrobacter terrae sp. nov. , 15-37 (Srinivasan et aI. , 2016) 

PhycicoccLis endoplJyticus sp. nov., 20-42 (William DOrsi et aI., 20 16) 

Bacillus gobiensis sp. nov., 15-40 (B. Liu et aI., 2016) 

Cyanobacterial strains 26-58 (Bravakos, Kotoulas, Skaraki, Pantazidou, & Economou-Ami lli , 2016) 
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2.9.9. Metabolic diversity 

Among all types of microbial metabolism from thennal environments, 

chemolithotrophy either autotrophy or heterotrophy IS a foundation of 

hyperthennophilic communities in sunless and too hot enviromnents which are not 

suitable for photo autotrophic production. Few chemolithoautotrophs e.g., bacteria of 

the order Aquificales are considered as primary producers in these ecosystems (Carrine 

E Blank, ShelTY L Cady, & NOlman R Pace, 2002). Among Bactelia are anaerobic 

Finnicutes such as the facultative chemolithoautotrophs MOOl'ella thermacetica that 

undergoes homoacetogenic fermentations from carbohydrates, and the anaerobe 

Ammonifex degensii capable of fonning ammomum from nitrate VIa 

chemolithoautotrophic growth (Huber et aI., 1996), Fe(III) reducers Thermolithobacter 

ferrireducens, Thermolithobacter carboxydivorans, a hydrogenic CO utilizer (Juergen 

Wiegel, Hanel, & Aygen, 2003). Photoheterotrophic Chloroflexus aggregans, 

Chloroflexus aurantiacus, Heliobacterium modesticaldum and Roseiflexus castenholzii 

(Hanada, Takaichi, Matsuura, & Nakamura, 2002). In some examples, in situ 

geochemistry of thennal enviromnents may be shaping the dominant metabolisms or 

perhaps is shaped by the dominant metabolisms (Orphan et aI. , 2003). Many thelmal 

enviromllents are emiched in elements that are toxic to humans, such as As and 

selenium (Se), and some microorganisms in these habitats use toxic, redox-active 

elements to gain energy, via either oxidation or reduction (Donahoe-Christiansen, 

D'Imperio, Jackson, Inskeep, & McDermott, 2004). 

2.9.10 Ecological diversity 

The thennophilic prokaryotes have introduced us to novel modes oflife because of 

biological interactions in geothelmally heated environments. The discovery of deep

sea hydrothennal vent communities demonstrated that life can exist at temperatures 

100°C as well as at 2°C on the basis of associated microbial vent community (Corliss 

et aI., 1979). Novel symbioses between eukaryotes and prokaryotes have been 

identified at deep-sea vents, such as the association between the tube wonn Riftia 

pachyptila and chemosynthetic, sulfur-oxidizing bacteria (Cavanaugh, Gardiner, Jones, 

J am1asch, & Waterbury, 1981) or the thennotolerant Pompeii worm, which utilize 

eurythennal enzynles of a community ofprokaryotes living on its back (Chevaldonne 

et aI. , 2000). Fledgling field of microecology is rapidly expanding, and themlal 

enviromnents are exemplary systems for it (Magunan, 2013), For example, In hot water 
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spnngs the diversity of microorganisms within mats of cyanobacteria has been 

examined and the importance of a prokaryote species is detemlined based on its role in 

their environments (Ward, Ferris, Nold, & Bateson, 1998) and the effect oftemperature, 

on structuring community of prokaryotes through genetical parameters and the 

distribution of different metabolic types (Nonis, Wraith, Castenholz, & McDe11110tt, 

2002); (Orphan et aI. , 2003). FISH is also helpful method that enable us to examine the 

structural distribution of microorganism of known phylogenetic affiliations (Niibel et 

aI., 2002). Lipids present within the membranes of prokaryotes can be diagnostic for 

various types of microorganisms and have provided insight into the distribution of 

microorganisms among different enviromnents. For example, analysis of glycerol 

dialkyl glycerol tetraethers (GDGTs) from selected hot springs in Nevada exposed the 

presence of the archaeal lipid crenarchaeol, which was believed to present in low

temperature and marine environments. Second evidence came from presence ofDGGE 

band sequences of 16S rRNA genes from these splings which were related to 

thermophilic Crenarchaeota and confi1111ed that the presence of crenarchaeol is not 

exclusive to the cold-adapted, mmine branch of the Crenarchaeota (Pearson et aI., 

2004). 

2.10 Bacterial diversity in hot springs of Pakistan 

All over the world thennal springs have been studied thoroughly, bacterial 

ecologists have great interest in discovering community structure of the1111al sPlings. 

Studies includes microbial composition (Canine E Blank et aI. , 2002), bioenergetics in 

the ecosystem (Spear, Walker, & Pace, 2005a), biogeochemistry of geothe1111al system 

(Spear et aI., 2005a) Tibetan and Tengchong thennal spring community structures 

(Briggs et aI. , 2014; Jiang et aI., 2016; J. Li, Peng, Zhang, Jiang, & Chen, 2016), hot 

spling, Japan (Kojima et aI. , 2016), hot water spling Kenya (Kambura et aI., 2016), 

Amazonian hot water spring (Paul, COliez, Vera, Villena, & Gutienez-ColTea, 2016), 

Bulgaria hot water spring (Stefanova et aI., 2016), US Hot splings (Nobu et aI., 2016) 

etc. UnfOliunately, a big series of hot water splings we were aiming to discuss is still 

undiscovered. Geographically Pakistan is situated at latitude 24° to 37° North and 

longitude 62° to 75° East. It is geothennally lich area. Hot springs are scattered along 

Main Mantle Thrust and Main Karakoram Thrust in Chilas and Hunza (Malik Sikander 

Bakht, 2000) m'eas in the NOlihem areas of Pakistan. Their temperature reaches up to 

91°C (Javed, Zahoor, Sabar, Haq, & Babar, 2012a). Tibet, occupies more or less the 
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same geological position III Himalayan mountain ranges as Pakistan, (Zaigham, 

Nayyar, & Hisamuddin, 2009) . 

In Pakistan to date, not a single study has been reported for bacterial diversity of 

hot water springs. V 3.lious other studies in which selective bactelia were isolated from 

hot water springs of Pakistan includes isolation of strain Ralstonia sp. MRL-TL from 

hot water spring to check its ability to degrade polY(f-caprolactone) (peL) (Shah et 

aI., 2015), Analysis of Power Generation from Geothennal Resources (Ahsan 

Mustaqeem, Qureshi, & Waq3.l·), Euthennal hot water spring mango Pir was studied for 

physico-chemical and biological studies and Cyanophyta, Zooplankton, Bacillarophyta 

and Nematoda were isolated (Jahangir, Khuhawar, Leghari, & Legh3.li, 2001), Fresh 

water spring was studied £l·om Kohat, Pakistan and the quality assessments of the 

dlinking water were can-ied out by determining, total colifol1n bactelia, total plate 

count, total fecal colifonn and E. coli (S . Ahmad et aI., 2013). 

At the same time, if desert sites are considered than £l·om last 3-5 years various 

episodes of epdemic diseases appeared among local populations of deseli areas. We 

selected these deseli sites to give insight into the local microbiota of these problem 

sites. These extreme dry soils harbor unique microbiota. The objective of our study was 

to discover unique and undiscovered microbiota Tatta pani, Tato Field and 

Murtazaabad hot water springs and cholistan deseli, to find any new species of bact eli a 

and characterize these candidate strains using polyphasic taxonomic approach for 

validation at species level, to study microbial diversity and community structure of 

TattaPani, Mmiazabad and Tato Field hot splings and Cholistan deseli soil by second 

generation pyrosequencing and to compare the gap between cultured and non cultured 

microbiota and to compare the microbial composition of different sites among the hot 

springs and to assess the relationships between microbial community compositions and 

environmental conditions (e.g. water geochemistry). 
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CHAPTER 3 

Isolation, Identification and Sequencing 

3.1. Sampling, Isolation and Preservation 

Samples for the isolation of strains were collected from hot water spling sites in 

Tatta pani Kotli Kasmnir (74°32'46.1 O"E, 35°28'30AO"N ASL 3841 ft), Murtaazabad 

(74°36'19.77"E,36°16'30.34"N 6809 ft ASL), Tato field hot water sprmg 

(74°32'49.10"E, 35°28'30AO"N ASL 3861 ft) and Cholistan desert Bahawalpur 

Pakistan( 29°23'43"N 71 °41 'l"E ASL 291 .9948[1) . 

Table 1 Media optimization using different media. 

Medium Composition (g L-1) 

XYL Xylan-lO g, tryptone-0 .5, trace salt-lml, CaC03 -0 .5 

CMC CMC-Na-l , yeast extract-O.Ql g, Na2N03-0.5 g, KH2P04 -l g, MgS04.7H20-
0.5 g, trace salt- lml, CaC03-0.5 g 

MSC MSC -lg, yeast extract-O.Q1 g, Na2N03-0.5 g, KH2P04-l g, MgS04.7H20-
0.5 , trace salt-lml, CaC03-0.5 g 

TS Glucose-I g, lotus root starch-I g, yeast extract-2 g, tryptone-0.5 g, trace salt-I 
ml, CaC03-0.5 g 

R2A Glucose-0.6, soluble starch-0 .6, yeast extract-0 .6 g, caseinoacids-0.6 g, sodium 
pyruvate -0.3 g, K2HP04-O.3 g, MgS04.7H20 -0.05 

ISP2 Malt extract, 1O.Og; yeast extract, 4.0g; glucose, 4.0g 

Starch/casein agar Starch-lOg, casein-0.3g, KN03-2 g, NaCI-2 g, K2HP04-2g, MgS04.7H20-0.05 
g, CaC03-0.2 g, FeS04.7H20-0.0Ig 

TSA Tryptone 0.5g, glucose 1.0 g, yeast extract 2.0g, CaC03 Ig, trace salt lmI, 

HV agar Humic acid Ig, KCI- 1.7g, Na2HP04-0.5g, MgS0 4-0.5g, CaC03-0.02g, FeS04-
O.OIg, vitamin B complex stock solution lmL, agar, 1.5- l.8% 
(Vitamine B solution: 5.0mg each of VBl , 2, 6 and niacin, D-calcium 
pantothenate, inositol, and PABA (para amino acid), 2.5mg biotin, and lOmL 
dd water). 

ISP3 Oat meal 20g, trace salt solution (ml) 1.00, ferric sulphate heptabyill'ate 0.001 g, 
manganese chloride tetrahydrate O.OOIg, zinc sulphate heptahydrate O.OOI g 

ISP7 L-Asparagine 19, L-tyrosine 0.5g, dipotassium phosphate 0.5g, magnesium 
sulphate. 7H20 0.5g, sodium chloride 0.5g, trace salt solution (ml) 

GA agar Asparagine Ig, glycerol 109, K2HP04 Ig, trace salt solution ImL. 

Note: CMC (Sodium carboxymethyl cellulose) and MSC (Microcrystalline cellulose) were added to 
check enzyme production and ability to degrade cellulose, Glycerol Asparagine (GA), agar, 
1.5- 1.8% is added 
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V mious enrichment and selective media were used. Different substrates were used in 

media to select various bacteria. List of different media with recepies are given in Table 

3. Total 248 strains were isolated. These isolates were purified and stored as slants 

(Short tenn preservation), and as glycerol stocks or lyophilized cultures (Long tenn 

preservation). 

3.2. 16srRNA Gene Sequence Analysis 

These strains were identified based on 16SrRNA gene sequence analysis by 

using standard PCR conditions and plimers (27F 1492 R). Amplified product was 

isolated by loading in 1 % agarose gel for gel electrophoresis. Bromophenol blue was 

used as loading dye. 

3.3. Sequencing Profile of Isolates from Hot Water Spring Sites and 

Cholistan Desert Site 

It was revealed that these 248 strains belong to 37 genera and 3 major Phyla; 

Proteobacteria, Actinobacteria and Firmicutes. 

Table 2 List of Strains Isolated :fi:om Cholistan Deseli Soil and Identified by 16SrRNA 
Gene Sequence Similmity. 

Strain ID Accession # Texonomy Similarity Length 

NCCP-II01 LC065128 Achromobacter dolens LMG 26840T 98.47 111 2 

NCCP-1102 LC065129 Achromobacter mwplatensis B2T 99.64 1426 

NCCP-ll03 LC065130 Mirovirgaflocculans ATCC BAA-817 T 98 .5 869 

NCCP-1104 LC065131 Arthrobacter cryotolerans 100 1364 

NCCP-1105 LC065132 Arthrobacter cupressii 100 1465 

NCCP-1107 LC065134 Arthrobacter defluvii 4C I-a T 98.35 1539 

NCCP-1108 LC065135 Arthrobacter halodurans JSM 078085 T 97.36 1545 

NCCP-ll09 LC065136 Microvirga subterranea DSM 14364 T 98.86 1052 

NCCP-1112 LC065139 Arthrobacter rhombi F.98.3HR.69 T 97.15 668 

NCCP-ll13 LC065140 Bacillus aerophilus 28K T 100 904 

NCCP-1115 LC065142 Bacillus invictus Bi.FFUP l T 99.37 1139 

NCCP-1117 LC065144 Bacillus licheniformis ATCC 14580 T 96.06 1443 

NCCP-1120 LC065147 Bacillus methylotrophicus CBMB205 T 96.74 1468 

NCCP-1121 LC065148 Bacillus methylotrophicus CBMB205 T 99 .23 1445 

NCCP-ll22 LC065149 Bacillus safensis FO-36b T 100 814 

NCCP-1123 LC065150 Bacillus siamensis KCTC 13613 T 100 787 

NCCP- 11 24 LC065151 Bacillus sonorensis NBRC 101234 T 96.45 1071 
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NCCP-1126 LC065153 Bacillus sporothermodurans M215 T 100 1496 

NCCP-1127 LC065154 Bacillus sporothermodurans M2 15 T 94 1440 

NCCP-11 29 LC065156 Bacillus tequilensis KCTC 13622 T 98.49 1135 

NCCP-1135 LC065 162 Bacillus tequilensis KCTC l3622 T 99.93 1550 

NCCP-1l36 LC065 163 Bacillus tequilensis KCTC 13622 T 99.89 884 

NCCP-1138 LC065165 Bacillus tequilensis KCTC l3622 T 95.46 1169 

NCCP-1l39 LC065 166 Brevibacillus brevis NBRC 15304 T 99.9 

NCCP-1140 LC065167 Cupriavidus gilardii CIP 105966 T 99.67 633 

NCCP-1143 LC065 170 Cupriavidus gilardii ClP 105966 T 97. 12 1050 

NCCP-1145 LC065172 Cupriavidus metallidurans CH34 T 98.87 1059 

NCCP-1146 LC065 173 Massilia flava Y9 T 97 .57 948 

NCCP-1147 LC065174 Massiliaflava Y9 T 99.27 1102 

NCCP-1148 LC065 175 Massilia suwonensis 5414S-25 T 99.88 856 

NCCP-1 149 LC065176 Massilia umbonata LP0 1 T 94.85 996 

NCCP-1150 LC065177 Microvirga lotononidis WSM3557 T 97.98 1499 

NCCP-1151 LC065178 Microvirga aerilata 5420S-16 T 98.38 927 

NCCP-1153 LC065180 Microvirga aerilata 5420S-16 T 99.29 845 

NCCP-11 54 LC065181 Microvirga aerilata 5420S-16 T 98.85 870 

NCCP-1155 LC065182 Microvirgaflocculans ATCC BAA-817 T 98.4 1 1459 

NCCP-1157 LC065 184 Microvirga lotononidis WSM3557 T 96.27 968 

NCCP-11 58 LC065185 Microvirga lotol1onidis WSM3557 T 97.02 940 

NCCP-11 59 LC065186 Microvirga lotononidis WSM3557 T 97.67 945 

NCCP-1161 LC065188 Microvirga lupini Lut6 T 98.7 1082 

NCCP-1163 LC065 190 Microvirga lupini Lut6 T 98.94 1040 

NCCP-11 64 LC065 191 Streptomyces kasugaensis M338-M1 T 100 1202 

NCCP-1165 LC065192 Microvirga lupini Lut6 T 98.67 1051 

NCCP-1166 LC065 193 Microvirga vignae BR3299 T 98.25 916 

NCCP-1169 LC065 196 Microvirga vignae BR3299 T 98.66 820 

NCCP-1170 LC065 197 Microvirga vignae BR3299 T 98.67 831 

NCCP-1171 LC065198 Microvirga zambiensis WSM3693 T 98.44 834 

NCCP-1172 LC065 199 Nocardia alba YlM 30243 T 98.79 915 

NCCP-1174 LC065201 Nocardia grenadensis GW5-5797 T 98.88 893 

NCCP-1175 LC065202 'Phenylobacterium zucineum' HLK 1 T 92.78 1282 

NCCP-1177 LC065204 Pseudomonas geniculata ATCC 19374 T 100 1088 

NCCP-ll78 LC065205 Pseudomonas geniculata ATCC 19374 T 100 1016 

NCCP- 11 81 LC065208 Pseudoxanthomonas mexicana AMX 26B T 44.99 1192 

NCCP-1182 LC065209 Pseudoxanthomonas mexicana AMX 26B T 99.69 965 

NCCP-1184 LC065211 Pseudoxanthomonas mexicana AMX 26B T 100 1535 
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NCCP-11 86 LC065213 Rhizobium selenitireducens ATCC BAA- 94.71 1200 

1503 T 

NCCP-1187 LC0652 14 Rhizobium sel enitireducens ATCC BAA- 97.7 1 967 

1503 T 

NCCP-11 90 LC0652 17 Streptomyces jlavidovorans 97 .95 735 

NCCP-11 91 LC065218 Streptomyces gancidicus NBRC 1541 2 T 99 .87 780 

NCCP-1l 92 LC0652 19 Streptomyces glauciniger NBRC 1009 13 T 98.69 998 

NCCP-11 93 LC065220 Streptomyces griseostramineus NBRC 1278 1 97 .89 1000 

NCCP-1 20 1 LC065228 Streptomyces hyderabadensis OU-40 T 96.26 860 

NCCP-1 202 LC065229 Streptomyces minutiscleroticus NBRC 13000 96.65 778 

NCCP-1 203 LC065230 Streptomyces mutabilis NBRC 12800 T 99.88 855 

NCCP-1204 LC06523 1 Streptomyces netropsis NBRC 3723 T 99.72 1409 

NCCP-1 206 LC065233 Streptomyces phaeogriseichromatogenes 95.73 1430 

NRRL2834 T 

NCCP- 1207 LC065234 Streptomyces pratensis ch24 T 98 .09 1088 

NCCP-1 208 LC065235 Streptomyces somaliensis NBRC 129 16 T 99.93 1350 

NCCP-1 212 LC065239 Streptomyces yanii NBRC 14669 T 97 .1 2 1064 

NCCP- 1213 LC065240 Streptosporangiwn canLlln HBUM 170018 T 99 .9 967 

NCCP-1258 LC065285 Microvirga lotononidis WSM3557 T 97.98 1499 

NCCP- 1286 LC065313 Paenisporosarcina quisquiliarum SK 55 T 99 .76 830 

NCCP- 1293 LC065320 RhizobiumselenitireducensATCCBAA- 1503 98.45 840 

NCCP-13 16 LC065343 Xanthobacter tagetidis DSM 11 105 T 99.89 924 

NCCP-13 17 LC065344 Xanthobacter tagetidis DSM 11105 T 99.89 919 

NCCP-132 1 LC065348 Rhizobium selenitireducens A TCC BAA- IS03 98.45 840 

NCCP-1329 LC065356 Microvirga vignae BR3299 T 98.29 818 

NCCP-1664 LC065376 Arthrobacter halodurans ISM 078085 T 97.7 1539 

Table 3 List of Strains Isolated from Tatta Pani Hot Water Spring Soil and Identified 
by 16SrRNA Gene Sequence Similarity 

Strain ill Accession # Texonomy Similarity Length 

NCCP-11 99 LC065226 Streptomyces hyderabadensis OUAO T 97.07 1475 

NCCP-1l 60 LC065 187 Hydrogenophaga dejluvii BSB 9.5 T 97.8 955 

NCCP-1214 LC06524 1 Achromobacter spanius LMG 59 11 T 98.63 879 

NCCP- 1215 LC065242 Alcaligenes aquatilis LMG 22996 T 97.26 101 4 

NCCP- 1216 LC065243 Alcaligenes faecalis subsp. parafaecalis G T 94.09 1229 

NCCP- 1217 LC065244 Aneurinibacillus migulanus DSM 2895 T 98 .88 1433 

NCCP- 12 18 LC065245 AnOAybacillus kamchatkensis JW/VK-KG4 T 99.23 913 

NCCP- 1219 LC065246 Ano;.ybacillus salavatliensis A343 T 99 .5 1442 

25 



CHAPTER 3 ISOLATION, IDENTIFICATION AND SEQUENCING 

NCCP-1220 LC065247 Arthrobacter glob iformis NBRC 12137 T 99.77 888 

NCCP-1221 LC065248 Arthrobacter globiformis NBRC 12137 T 99.79 940 

NCCP-1222 LC065249 Bacillus acidiceler CBD 119 T 97.19 1000 

NCCP-1223 LC065250 Bacillus acidiceler CBD 119 T 99.17 845 

NCCP-1224 LC065251 Bacillus aerius 24K T 95.35 1446 

NCCP-1225 LC065252 Bacillus aerophilus 28K T 99.6 1000 

NCCP-1231 LC065258 Bacillus invictus Bi.FFUP 1 T 99.89 935 

NCCP-1232 LC065259 Bacillus lichenifonnis ATCC 14580 T 98 .8 1087 

NCCP-1 233 LC065260 Bacillus methylotrophicus CBMB205 T 98.3 1070 

NCCP-1234 LC065261 Bacillus methylotrophicus CBMB205 T 98.04 1084 

NCCP-1 235 LC065262 Bacillus safensis FO-036b T 100 940 

NCCP-1236 LC065263 Bacillus siamensis KCTC 13613 T 99.79 971 

NCCP-1237 LC065264 Bacillus subterraneus DSM 13966 T 99.89 889 

NCCP- 1238 LC065265 Bacillus subtilis subsp. subtilis NCIB 36 10 T 98.6 1000 

NCCP-1239 LC065266 Bacillus tequilensis lOb T 99.88 860 

NCCP-1 240 LC065267 Bacillus tequilensis lOb T 99.74 779 

NCCP-124 1 LC065268 Bacillus tequilensis lOb T 99.77 870 

NCCP-1242 LC065269 Bacillus tequilensis KCTC 13622 T 99.35 1072 

NCCP- 1243 LC065270 Bacillus toyonensis BCT-7112 T 99.89 871 

NCCP-1244 LC065271 Brevibacillus brevis NBRC 100599 T 99.79 932 

NCCP- 1246 LC065273 Brevibacillus choshinensis DSM 8552 T 100 879 

NCCP-1247 LC065274 'Brevundimonas olei' MJl5 T 100 973 

NCCP-1248 LC065275 Cupriavidus gilardii CIP 105966 T 96.1 1146 

NCCP-1249 LC065276 Cupriavidus gilardii CIP 105966 T 100 176 

NCCP-1251 LC065278 Cupriavidus gilardii CIP 105966 T 98 .51 960 

NCCP-1252 LC065279 Fontibacillus aquaticus GPTSA19 T 96.41 1172 

NCCP-1253 LC065280 Geobacillus thermodenitrificans subsp. 98.29 909 

calidus F84b T 

NCCP-1 254 LC06528 1 Herbaspirillum massiliense JC206 T 95.4 1069 

NCCP-1255 LC065282 Hydrogenophaga atypica BSB 41.8 T 98.21 837 

NCCP-1256 LC065283 Hydrogenophaga atypica BSB 41.8 T 99.4 1009 

NCCP-1257 LC065284 Hydrogenophaga defluvii BSB 9.5 T 98 .21 780 

NCCP- 1260 LC065287 Hydrogenophaga defluvii B SB 9.5 T 97.05 11 21 

NCCP-1 26 1 LC065288 'Kocuria assamensis ' S9-65 T 99.88 849 

NCCP-1 262 LC065289 'Kocuria assamensis' S9-65 T 100 951 

NCCP-1 263 LC065290 Kocuria palustris DSM 11925 T 99.89 930 

NCCP-1264 LC065291 Leucobacter tardus K 70/01 T 98.72 1418 

NCCP-1266 LC065293 Leucobacter tardus K 70/01 T 98 .82 1110 
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NCCP- 1268 LC065295 Microbacterium aero/atum V-73 T 99.45 92 1 

NCCP- 1269 LC065296 Microbacterium resistens DMMZ 1710 T 97 .97 1085 

NCCP-1 270 LC065297 Microbacterium resistens DMMZ 1710 T 99.67 924 

NCCP-127 1 LC065298 Micromonospora chokoriensis 2-19/6 T 99.65 867 

NCCP-1 273 LC065300 Nocardioides daedukensis MDN22 T 99.75 1205 

NCCP-1 274 LC065301 Nocardioides luteus KCTC 9575 T 99.88 841 

NCCP-1275 LC065302 No ca rdio ides j enseni? 99.61 1059 

NCCP-1 276 LC065303 Nocardioides luteus KCTC 9575 T 99 .03 1029 

NCCP-1 277 LC065304 Nocardioides mesophilusT 100 1206 

NCCP-1279 LC065306 Nonomuraeajabiensis A4036 T 99 .77 1327 

NCCP-1 280 LC065307 Nonomuraea muscovyensis FMN03 T 99 .66 11 79 

NCCP-128 1 LC065308 Ochrobactrum-pseudogrignonenseCCUG 98 .31 717 
3D7 17 T 

NCCP- 1283 LC06531 0 Paenibacillus dendritiformis CIP 105967 T 100 1471 

NCCP-1 284 LC0653 11 Paenibacillus puldeungensis CAU 9324 T 100 1409 

NCCP-1 285 LC065312 Paenibacillus thailandensis S3-4A T 96.8 1000 

NCCP-1 287 LC065314 Phenylobacterium lituiforme FaiI3 T 98.75 128 1 

NCCP-1288 LC0653 15 Pheny lobacterium lituiforme FaiI3 T 98.62 940 

NCCP-1289 LC0653 16 Pseudoxanthomonas mexicana AMX 26B T 98. 11 795 

NCCP-1294 LC06532 1 'Roseomonas alkaliterrae' YIM 78007 T 96.49 1000 

NCCP- 1295 LC065322 Sphingomonas cynarae SPC-1 T 98 .69 839 

NCCP-1296 LC065323 Staphy lococcus saprophyticus subsp . bovis 98.92 1117 
GTC 843 T 

NCCP- 1298 LC065325 Stenotrophomonas maltophilia ATCC 13637 99 .68 941 

NCCP-1306 LC065333 Streptomycesflavidovorans NBRC13039 T 98 .2 1 838 

NCCP- l307 LC065334 Streptomyces canarius NBRC 1343 1 T 96.9 1 1036 

NCCP-l308 LC065335 Streptomyces capoamus JCM 4734 T 97 .71 11 81 

NCCP-l3 10 LC065337 Streptomyces cinerochromogenes NBRC 98 .62 867 
l3822 T 

NCCP- l3 13 LC065340 Microvirga lotononidis WSM3557 T 98.07 880 

NCCP-131 5 LC065342 Xanthobacter tagetidis DSM 111 05 T 99 .37 800 

NCCP-13 18 LC065345 Xylanimicrobium pachnodae VPCX2 T 97.94 83 1 

NCCP-133 1 LC065358 Streptomyces brevispora BK160 T 97.94 154 1 

NCCP- 1340 LC065367 Nocardioides iriomotensis IR27-S3 T 96 .81 1498 

NCCP-l345 LC065372 'Roseomonas alkaliterrae ' YIM 78007 T 97.76 760 

NCCP- l346 LC065373 Bacillus invictus Bi.FFUP l T 99 .69 989 

NCCP- l347 LC0653 74 Streptomyces griseostramineus NBRC 97.89 1000 
1278 1 T 

NCCP- l348 LC065375 Arthrobacter ol)'zae KV65 1 T 100 1465 
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Table 4 . List of Strains Isolated from Tato Field Hot Water Spring Soil and Identified 
by 16srRNA Gene Sequence Similarity. 

Strain ID Accession # Texonomy Similarity Length 

NCCP-1 226 LC065253 Bacillus anthracis ATCC 14578 T 98.5 1 1052 

NCCP-1227 LC065254 Bacillus anthracis ATCC 14578 T 99 .66 910 

NCCP-1228 LC065255 Bacillus myabhattai B8W22 T 99.77 880 

NCCP- 1229 LC065256 Bacillus cereus ATCC 14579 T 99.89 929 

NCCP-1 23 0 LC065257 Bacillus invictus Bi.FFUP l T 100 818 

NCCP-1 245 LC065272 Brevibacillus choshinensis DSM 8552 T 99.89 924 

NCCP-1 250 LC065277 Cupriavidus gilardii CIP 105966 T 97.9 1 67 1 

NCCP- 1259 LC065286 Hydrogenophaga defluvii BSB 9.5 T 97.89 900 

NCCP-1292 LC0653 19 Pseudoxanthomonas mexicana AMX 99 .9 967 
26B T 

NCCP-1305 LC065332 Streptomyces aureofaciens NBRC 12843 98.53 815 

NCCP-1 309 LC065336 Streptomyces kasugaensis M338-M1 T 100 1269 

NCCP-1 265 LC065292 Leucobacter tardus K 70/01 T 99.77 863 

NCCP-1 272 LC065299 Micromonospora cholwriensis 2- 19/6 T 99 .39 816 

NCCP-1282 LC065309 Ochrobactrum pseudogrignonense 100 958 
CCUG 30717 T 

NCCP-129 1 LC0653 18 Pseudoxanthomonas mexicana AMX 99.47 1127 
26B T 

NCCP-1297 LC065324 Staphylococcus saprophyticus subsp. 99.38 1445 
saprophyticus ATCC 15305 T 

NCCP-1311 LC065338 Streptomyces kasugaensis M338-M1 T 100 1073 

NCCP-1312 LC065339 Streptomyces drozdowiczii NBRC 97.85 1400 
101007 T 

NCCP-1319 LC065346 Pseudoxanthomonas mexicana AMX 100 980 
26B T 

NCCP-1320 LC065347 Microvirga lotononidis WSM3557 T 97.97 1280 

NCCP- 1322 LC065349 Paenibacillus puldeungensis CAU 9324 96.14 956 

NCCP-1323 LC065350 Microvirga zambiensis WSM3693 T 98.43 830 

NCCP-1324 LC06535 1 Paenibacillus dendritiformis CIP 105967 100 919 

NCCP-1325 LC065352 Leucobacter tardus K 70/01 T 97.46 1067 

NCCP-1326 LC065353 Bacillus sporothermodurans M2 15 T 96.54 1019 

NCCP-1327 LC065354 Streptomyces celluloflavus NBRC 13780 98.8 1 1096 

NCCP-1328 LC065355 Microvirga zambiensis WSM3693 T 97.98 991 

NCCP-1330 LC065357 Massilia flava Y9 T 98.17 929 

NCCP-1332 LC065359 Bacillus taquilensis KCTC13622 T 100 1059 

NCCP-1 333 LC065360 Bacillus aerophilus 28K T 99.09 1106 

NCCP-1334 LC06536 1 Streptomyces caeruleatus GIMN4 T 96.51 11 97 

NCCP-1335 LC065362 Nonomuraea jabiensis A4036 T 98.7 1545 

NCCP-1336 LC065363 Paenibacillus puldeungensis CAU 9324 95.73 1535 
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NCCP-l337 LC065364 Nonomuraea jabiensis A4036 T 99 .28 971 

NCCP-l338 LC065365 Hydrogenophaga atypica BSB 41.8 T 99 .51 1031 

NCCP-l339 LC065366 Nonomuraea jabiensis A4036 T 98 .55 901 

NCCP-l341 LC065368 Massiliaflava Y9 T 98.35 1091 

NCCP-l342 LC065369 Nocardia alba YlM 30243 T 99.89 903 

NCCP-l343 LC065370 Bacillus taquilensis KCTC13622 T 98.46 918 

NCCP-l344 LC065371 Bacillus taquilensis KCTCl3622 T 99.93 1408 

Table 5 List of Strains Isolated :fl:om Mmiazaabad Hot Water Spring Soil and Identified 
by 16SrRNA Gene Sequence Similarity. 

Strain ill Accession # Texonomy Sinlilarity Length 

NCCP-1267 LC065294 Leucobacter tardus K 70/01 T 98 .28 1104 

NCCP-1106 LC065133 Arthrobacter defluvii 4C1-a T 99.56 907 

NCCP-ll10 LC065l37 Arthrobacter humicola T 100 1463 

NCCP-1111 LC065l38 Arthrobacter pascens DSM 20545 T 97.88 947 

NCCP-1114 LC065141 Bacillus aerophilus 28K T 98.29 1465 

NCCP-1116 LC065143 Bacillus invictus Bi.FFUP1 T 98.44 1112 

NCCP-1118 LC065145 Bacillus methylotrophicus CBMB205 T 96.39 1000 

NCCP-1119 LC065146 Bacillus methylotrophicus CBMB205 T 95.38 1142 

NCCP-1125 LC065152 Bacillus sonorensis NBRC 101234 T 99 .3 1449 

NCCP-1128 LC065155 Bacillus sporothermodurans M215 T 99.19 1527 

NCCP-1l30 LC065157 Bacillus tequilensis KCTC l3622 T 98.35 1032 

NCCP-1l31 LC065158 Bacillus tequilensis KCTC 13622 T 97 .84 1118 

NCCP-1l32 LC065159 Bacillus tequilensis KCTC 13622 T 98.25 1036 

NCCP-1l33 LC065160 Bacillus tequilensis KCTC l3622 T 99.88 860 

NCCP-1l34 LC065161 Bacillus tequilensis KCTC 13622 T 99.87 792 

NCCP-1137 LC065164 Bacillus tequilensis KCTC 13622 T 98.94 850 

NCCP-1141 LC065168 Cupriavidus gilardii CIP 105966 T 97.93 930 

NCCP-1142 LC065169 Cupriavidus gilardii CIP 105966 T 98.78 1557 

NCCP-1144 LC065171 Cupriavidus gilardii CIP 105966 T 100 1139 

NCCP-1152 LC065179 Microvirga aerilata 5420S-16 T 98.76 970 

NCCP-1156 LC065183 Microvirgaflocculans ATCC BAA-817 96.88 1154 

NCCP-1162 LC065189 Microvilga lupini Lut6 T 88.5 880 

NCCP-1167 LC065194 Microvirga vignae BR3299 T 97 .03 1044 

NCCP-1168 LC065 195 Microvirga vignae BR3299 T 98.06 926 

NCCP-1173 LC065200 Nocardia asteroides NBRC 15531 T 100 1050 

NCCP-1176 LC065203 'Phenylobacterium zucineum' HLK1 T 99.02 11 2 1 

NCCP-1179 LC065206 Pseudomonas geniculata ATCC 19374 T 99.57 927 
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NCCP-11 80 LC065207 Pseudomonas geniculata ATCC 19374 T 99.5 81 1 

NCCP- 11 83 LC0652 10 Pseudoxanthomonas mexicana AMX 99 .2 1 1075 
26B T 

NCCP- 11 85 LC0652 12 Rhizobium selenitireducens ATCC 97.25 1026 
BAA-1 503 T 

NCCP-11 88 LC0652 15 Rhizobium selenitireducens ATCC 98 .89 149 1 
BAA-1 503 T 

NCCP-11 89 LC0652 16 Rhizobium selenitireducens ATCC 98.48 857 
BAA-1 503 T 

NCCP-11 94 LC06522 1 Streptomyces griseostramineus NBRC 99.07 966 
1278 1 T 

NCCP- 1l95 LC065222 Streptomyces griseus subsp. grise us 99.04 732 
KCTC 9080 T 

NCCP-11 96 LC065223 Streptomyces hyderabadensis OU-40 T 98.75 1364 

NCCP-1l97 LC065224 Streptomyces hyderabadensis OU-40 T 98.48 14 15 

NCCP-1l98 LC065225 Streptomyces hyderabadensis OU-40 T 97 .83 11 41 

NCCP-1200 LC065227 Streptomyces hyderabadensis OUAO T 94.8 1210 

NCCP-1 205 LC065232 Streptomyces netropsis NBRC 3723 T 99 .89 904 

NCCP-1 209 LC065236 Streptomyces tauricus JCM 4837 T 100 1341 

NCCP- 12 10 LC065237 Streptomyces thermoviolaceus subsp. 100 880 
thermoviolaceus DSM 40443 T 

NCCP-1211 LC065238 Streptomyces violascens ISP 5183 T 97.08 1000 

NCCP-1 278 LC065305 Nonomuraeajabiensis A4036 T 99 .73 1483 

NCCP-1 290 LC0653 17 Pseudoxanthomonas mexicana AMX 98 .08 1156 
26B T 

NCCP-1299 LC065326 Stenotrophomonas maltophilia ATCC 99.35 770 
13637 T 

NCCP-1300 LC065327 Streptomyces albidojlavus DSM 40455 T 99 .89 874 

NCCP-1301 LC065328 Streptomyces anulatus NRRL B-2000 T 99 .66 876 

NCCP-1302 LC065329 Streptomyces atratus NRRL B-1 6927 T 99.38 815 

NCCP-1303 LC065330 Streptomyces atrovirens NRRL B-16357 99.66 895 

NCCP-1304 LC06533 1 Streptomyces aurantiogriseus NBRC 98.25 862 
12842 T 

NCCP-1314 LC06534 1 Xanthobacter tagetidis DSM 111 05 T 98.73 11 05 

Murtazaabad hot water spring possessed diverse Bacteria and Actinobacteria . 

Streptomyces genus was most dominant at this site. Species belonging to 14 genera 

were isolated from this site. Tato Field hot water spling possessed diverse Bacteria and 

Actinobacteria. Streptomyces genus was most dominant at this site. Species belonging 

to 14 genera were isolated from this site. Most diverse site an10ng all hot water spling 

sites was Tatta pani with 31 different genera. Among Bactelia most dominant were 

Bacillus sp. and Hydrogenophaga sp. While among Actinobacteria 
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Biodiversity of Bacteria and Actinobacteria In 
Murtazaabad Hot Water Spring 

1 
XalltilObacter sp. -1_ (98.73%) 

Stenotropho11lonas sp. ~_ (99.35%) 

Phellylobacteriu11l sp. _ (99.02%) 
-1 

NOllomuraea sp. _ (99.7%) 
-1 

Nocardia sp. _ (100%) 
-1 

Leucobacter sp. ~- (98.2%) 

Pseu(/oxuntho111olUl .. '- (98.1-99.2%) 
. -1 

Pseudomonas sp. _ (99.0-99.5%) 
-1 

Rhizobiu11I sp. I (97.25-98.9%) 
~ 

Cupriavidus sp. I (97.9-100%) 
-1 

Arthrobacter sp. ~. __ • (97.8-100%) 

Microvirga sp. ! (88.5-98.8%) 
~ Bacillus sp. • __________ (95.4-99.8%) 

Streptomyces sp. i (94.8-99.9%) 
I 
o 5 10 15 20 

Number of Strains 

Figure 5 Diversity of Bactelia and Actinobacteria In Mmiazaabad Hot Water Spring 

Various specIes belonging to Arthrobacter, Nocardioides, Streptomyces, 

Nonomuraea , Leucobacter and Microbacterium genera were present. Cholistan des eli 

soil possess Microvirga genus in most dominant number that is followed by Bacillus 

genus and Streptomyces genus. Pariial 16SrRNA gene sequence similarity of isolated 

strains showed that the selected sites were abundant in candidate novel strains of 

Bacteria and Actinobacteria. Various candidate novel strains whose partial 16SrRNA 

gene sequence similarity was ranging from 93% to 98.2% were selected and their full 

length 16SrRNA similarity was confinned by cloning method. Late on four candidate 

novel strains, two from hot water splings and two from deseli sites were studied by 

polyphasic taxonomic approach. 
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Biodiversity of Bacteria and Actinobacteria In Tato Field Hot 

., 
Brevibacillus sp. - 99.89% 

Staphylococcus sp. j- 99.3% 
Ochrobactrum sp. - 100% 

Micromonospora sp. "'- 99.3% ., 
Cupriavidus sp. - 97.9% ., 

Water Spring 

Nocardia sp . .r- 99.8% 
Massilia sp. ~ (98.1-98.3%) 

Leucobacter sp. 1- (97.4-99.7%) 
Hydrogenophaga sp. - (97.4-99.5%) 
Psell dox~n t"~mollas .. ~ (99.8-1 00 o~) 

Paembacdlus sp. i_ (95.7-96.1 Yo) 
Nonomuraea sp. j (98.5-99.2%) 

Microvirga sp. ~ (97.9-98.4%) 
Streptomyces sp. ! (96.5-100%) 

Bacillus sp. i (96.5-100%) 
I 

o 5 10 15 
Number of Strains 

Figure 6 Diversity of Bacteria and Actinobacteria in Tato Fiels Hot Water Spling 
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Biodiversity of Bacteria and Actillobacteria In Tatta Pani 
J • Hot Water Spring 

Achromobacter sp. .. (98.6%) -j 
Xylanimicrobium sp. r- (97.9%) 

Xanthobacter sp. r- (99.3%) 

Stenotropitomonas sp. 

Staphylococcus sp. 

~ (99.6%) 

J- (98.9%) 
Sphingomonas sp. .. (98.6%) 

Pseudoxanthomonas sp. -jJ- (98.1 %) 

Ochrobactrulll sp. .. (98.3%) 

Micro:~:;:;:~: :;: E1- ~:::~~~ 
Herbaspirillulll sp. (95.4%) 

Geobacillus sp. (98 .2%) 

Fontibacillus sp. ~_ (96.4%) 

BrevlIndimonas sp. ~ (100%) 

Aneurinibacilllls sp . .. (98.8%) 

Roseomonas sp. ~ (96.5-97.8%) 

Anoxybacillu, ,p. l (99.2-99.5%) 

Phenylobacteriulll sp. (98.6-98.7%) 

NOllomuraea sp. ~ (99.6-99.7%) 

(99.8-100%) 

(99.7-100%) 

(94.0-97.6%) 

Leucobacter sp. 

Brevibacilllls sp. 

Alcaligenes sp. 

Paenibacillus sp. 

Microbacterium sp. 

Kocuria sp. 

Cupriavidus sp. 

Arthrobacter sp. 

Hydrogenophaga sp. 

Nocardioides sp. 

Streptomyces sp. 

Bacillus sp. 

(96.8-100%) 

(97.9-99.6%) 

(99.8-100%) 

(96.1-100%) 

(99.7-99.8%) 

.---- (97.0-99.4%) 
(96.8-100%) 

(96.9-98.6%) 

I 
o 5 10 

Number of Strains 
15 

(96.4%) 
\ 

20 

Figure 7 Diversity of Bactelia and Actinobacteria In Tatta Pani Hot Spring 
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Biodiversity of Bacteria and Actinobacteria 
1- Observed During Study 

Xylan imicrobium ..• (97.9%) 
Streptosporangill .. ~ (99.9%) 

Sphingomonas sp. f (98.6%) 
Paenisporosarcil1... (99.7%) 

Herbaspirillum sp. f (95.4%) 

Geobacillus sp. ~ (98.2%) 
Fontibacillus sp. (96.4%) 

BrevlIndimonas sp. (100%) 
Anellrinibacillus sp. (98.8%) 

Stenotl'opllOmona .. ~ (99.6-100%) 
Staphylococcus sp. -1- (98.9-99.3%) 

Roseomonas sp. ~ (96.4-97.6%) 
Ochrobactrul1l sp. - (98.3-100%) 

Micromonospora sp. C (99.3-99.6~0) 
Anoxybacillus sp. i_ (99.2-99.5 Yo) 

Alcaligenes sp. r (94.0-97.2%) 
Microbacterium sp. E (97.9-99.6%) 

Kocuria sp. (97.0-100%) 
Achro11lobacter sp. -I (98.4-99.6%) 

Xanthobacter sp. ~ (98.7-99.8%) 
Pseudol1lonas sp. ~ (99.5-100%) 

Phel1ylobacterium .. - (92.7-99.0%) 
Nocardia sp. - (98.8-100%) 

Brevibacillus sp. - (99.7-100%) 
Paenibacillus sp. (95.7-100%) 
Nonomuraea sp. 98.5-99.7%) 

Nocardioides sp. §(96.8-100%) 
Massilia sp. (94 .8-99.8%) 

Leucobacter sp. (97.4-99.7%) 
Rhizobium sp. (97.0-99.5%) 

Hydrogenophaga sp. 1- (97.0-99.5%) 
Pseudoxallt"omo .. ~ (84.9-100%) 

Cupriavidus sp. ~ (96.1-100%) 

Microvirga sp. : (88.5-99.2%) 
Streptomyces sp. (94.8-100%) 

A rthrobacter sp. j (97.1-100%) 

Bacillus sp. I (94.0-100%) 

o 10 20 30 40 50 
Number of Strains 

Figure 8 Diversity of Bacteria and Actinobacteria in Hot water springs of 
Pakistan 
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Biodiversity of Bacteria and Actinobacteria in Cholistan Desert Soil 

BrevibacilLus sp. 1-- (99.9%) 
Phenylobacterium sp. ~ (92.7 %) 
Paellisporosarcina sp. r (94.0-100 %) 
Streptosporangium sp. ~ (99.9 %) 

Nocardia sp. - (97.1-100 %) 
Xanthobacter sp. c::f-- (99.8 %) 
Pseudomonas sp. (100 %) 

Aclzromobacter sp. (97.1-99.7 %) 
Cupriavidus sp. ,..-- (99.7 %) 

Pseudox(f1/thomo1/(f.. (94.0-100 %) 
Rhizobium sp. ,.. ___ (94 .0-98.7 'Yu) 

Massilia sp. ~ __ • (94.8-99.8%) 

Arthrobacter sp. ~----- (98.5-99.6 %) 
Streptomyces sp. (95.4-100 %) 

Bacillus sp. ~-------------. (99.8 %) 
Microvirga sp. ~1 ~~~~~~~~~~~~~~~~~~~12(~9.9 %) 

o 5 10 15 20 
Number of Strains 

Figure 9 Diversity of Bacteria and Actinobacteria in Cholistan Desert Soil 

3.4. Protocols of Major Techniques for Polyphasic Texonomic Study 

Following protocols were used for perfonning major expeliments: 

DNA Extraction was done by following procedure: Added SOOulTE buffer in cells 

and 20ul Lysis buffer, left overnight, added SOul SDS buffer and SuI phosphokinase, 

boiled at SSOC for 1 hour, added SSOul of Tlis phenol: Chlorofonn: isoamylalchohol in 

the ratio of2S:24: 1 shaked, centrifuged at 12,000rpm for 10 minutes, took supernatant, 

repeated process, again took supernatant, added 800ul of ethanol and 80ul of Na

acetate, kept at room temperature for 10 . minutes, centrifuged at 12,000rpm for 10 

minutes, discarded supernatant, washed pellet with 70% ethanol, discarded ethanol, 

kept at SO°C for drying, dissolved in TE buffer SOul and stored at 4°C, after dissolution 

confirmed by running on 1 % agarose gel. 3ulloading buffer (Bromophenol blue) was 

used. PCR amplification of extracted DNA was done by using universal primers for 

16S rRNA gene. Conditions for PCR were adusted at 9SoC (4 minutes), 9SoC (4Ssec .), 

SSoC (4Ssec .), nOC(1:30min.), 72oC(10 min.) and 32 cycles were run. Again PCR 

product ws confim1ed by running in 1 % agarose gel according to intructions by W. J. 

Li et al. (2007). The 16S rRNA gene sequence was pUlified by using a PCR pUlification 

kit (Sangon Biotech, China) and cloned by pEASY-Tl cloning kit (Transgen 

Biotechnology) to obtain a complete sequ::ce. Took I aOuI peR product, RU~gel of 
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all product in wide wells of agarose gel, check the bands under UV light and fine bands 

were cut and store in Eppendorf tubes, added SOOul of binding solution in the cut gel 

sections, boiled at SSOC for 10 minutes until all jel melted, trans felTed melted jel 

mixture into spin filter tube, centrifuged for 1 min at 10, OOOrpm, discarded effluent, 

used 600ul washing solution to wash DNA, centrifuged for 1 minute at 10, OOOrpm, 

discarded effluent, washed again with 600ul washing buffer, centrifuged at 10, 000 rpm 

for 1 minute, discarded effluent, centIifuged again for 4-S minutes to remove traces of 

all washing buffer from binded DNA, transfelTed the spin filter into a new Eppendorf, 

added 20-30ul of elution buffer, left at room temperature for 1-2 minutes, centIifuged 

for 1 minute at I2,000rpm, repeated process, discarded the spin filter and saved DNA 

at -20°C. In the next phase added 3ul of extracedDNA in PCR tubeand 0.3ul of Peasy 

T1 simple cloning vector and left it at 2SoC in each new Eppendorf along with DNA 

and vector mixture, all process will be done in ice, left in ice box at room temperature 

for 20-30 minutes, boiled at 42°C for 1 :30 minutes, left in ice for 2 minutes, took 

eppendorfs filled with 300-S00ul ofLB broth and added 200ul of mixture in it, shaked 

for 2 hours at 37°C, spreaded on plates of LB agar and incubated at 37 oC until growth 

appeared, poured LB broth in eppendorfs with 1 OOul1l OOml kanamycin, took PCR 

grade white tips and picked the colonies with tip and added in the LB broth+ kanamycin 

eppendorfs, shaked for 24 hours at 37°C, and then subjected to sequencing. 

DNA-DNA hyblidization was perforn1ed by following steps: 

Following steps were followed: DNA was extracted and washed with 0.2S ml each 

of RNase A solution (2mg/ml+0.1SM NaCI, pHS.O) and RNase TI solution (800 

unitsllml of 0.1 Mtris HCl), left at 30°C for 30 minutes and at 80°C for 10 minutes to 

deactivate DNase, shifted in ice and added 2ml phenol, shaked swiftly, precipitated 

DNA with propanol and spooled well, washed DNA, air dried washed DNA with O.lx 

SSC solution and checked optical density at 260m11. Added O.lx SSC solution, 

incubated at 100°Cfor 10 minutes, shifted in ice for S minutes, added Ix PBS-MgC12 

buffer to dilute up to 0.20D and poured 100ul of DNA into 96 well microtitre plate, 

incubated at 30°C for 4 hours, , added 300ul of IX PBS into DNA, after 10 minutes 

discarded PBS buffer, incubated at 4SoC for IS minutes added 200ul of DNA 

hybridization solution( 40ml 10xSSc buffer, 20ml SOx Denhardt' s solution, 2ml 

modified salmon(10m/ml) , 38 ml dd H20, 100 ml fonnamide) , after 4 hours of 
'. . ...... 

incubation at 37°C added Ix PBS (300ul) per well and kept at 4SoC, addea 200up pf 
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prehybridizarion mixture tomeach well, kept for 4 hours at strain specific temperature, 

after 2 hours added 100D DNA 10ul photobiotin, kept samples in icebox in front of 

UV light at 20cm distance fonn light for 90 minutes, all assembly was in a dark room .. 

Aded 185ul of Tlis HCI(pH9,0.IM), 200ul of Tris Hcl-secondary butyl alcohol(O.IM) 

and shaked with hands. Centrifuged and transferred the lower layer 200ul in a new 

eppendorf repeated the step until it becomes color less, again cenuifuged, and mixed 

properly with 30-50 times pipetting, added 950 ul of pre hybridization solution and 50ul 

of DNA(100D), mixed well. Discarded liquid with pressure from microtitre plates, 

transferred 100D DNA to each well according to arrangement. Covered plates with 

parafilm and aluminium foil and incubated at hybridization temperature of 40°C and 

the hybridizations were perfonned with eight replications in all the eight wells in a row. 

After 12 hours discarded the liquid and added lxsSC solution, 300ul in each well and 

kept at 40°C for 15 minutes. Repeated process 5 times and liquid was removed from 

well everytime with pressure, added alkaline phosphatase 100ul in each well and kept 

at 37°C for 1 hour, added 100ul of 4-MUP solution and incubated at 37°C for 1 hour. 

And results were checked. 

For detection of aminoacids following steps were followed: took strains in milk 

tubes of same size for DNA extraction, added 400ul of 6N HCI in each tube and sealed 

by Bunsen bumer, kept the milk tubes ovemight in sand at 121°C, broke the milk tubes 

and took the strains in a new Eppendorf, cenu'ifuged at 12,000 rpm for 10 minutes, took 

dried TLC plates and loaded 15ul strain by PCR tip drop by drop and dlied it thoroughly 

prepared chromatogram with methanol: pyridine: glacial acetic acid:H20 in the ratio 

oflOml:lml:0.25ml:5ml. placed TLC plate in chromatogram for 4 hours, dlied at room 

temperature ovemight, left TLC plate in in fresh chromatogran1 with same solution for 

4 hours, dried plates with cold dryer sprayed with ninhydlin(O.4%) and heated at 100-

110°C for 2-3 minutes. Results were observed. 
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CHAPTER 4 

Description of Novel Species and Genus 

Proposed During Study 
Following novel genus and species will be decribed in chapter 4. 

4.1 ZaJaria solitudinis gen. nov. sp. nov. 
4.2. Microvirga paldstanensis sp.nov. 
4.3. Streptomyces caldifontis sp. nov. 
4.4. Nocardioides pakistanensis sp. nov. 
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4.1 Proposal of ZaJaria solitudinis gen. nov. sp. nov. Moderately 

Thermophilic, Isolated from Cholistan desert, Pakistan 

4.1.1. Abstract 

A Gram-staining positive, non-spore fonning, non-pigmented and non-motile 

bacterium, designated strain as NCCP-1664T, was isolated from Cholistan desert, 

Pakistan. Cells of strain NCCP-1664T were observed to be strictly aerobic with rod to 

coccus growth cycle, which were catalase positive and oxidase negative. The growth 

was observed at pH 6.0-9.0 (optimum pH 7-8) at 28-45 °C (optimum 37°C) and could 

tolerate 0-16% NaCI (optimum 2%) . Phylogenetic analyses based on 16S rRNA gene 

sequence revealed that, strain NCCP-1664T belongs to family Micrococcaceae and was 

closely related to the members of genus Arthtobacter having highest sequence 

similaIity with Arthrobacter ginkgonis (98.9 %), A. halodurans (97.7 %) and A. oryzae 

(97.3 %) and less than 97 % with other closely related taxa. DNA-DNA relatedness 

values of strain NCCP-1664T with above mentioned type strains was found to be less 

than 54 %. DNA G+C content of strain NCCP-1664T was 67.5 mol%. Recent 

reclassification of Arthrobacter speCIes III the genera Paenarthrobacter, 

Pseudarthrobacter, Glutamicibacter, Paeniglutamicibacter and 

Pseudoglutamicibacter supported that the chemotaxonomic data of strain NCCP-1664T 

(peptidoglycan type as A3a L-Lys - L-Ala; menaquinones as MK-9(H2) (82.4 %), MK-

8(H2) (17.5 %), major fatty acids as anteiso -CI5:0 (51.2 %), C18:1C09 C (16.9 %), C1 8:0 

(12.9 %) and anteiso-C17:o (9.6 %) and polar lipids profile comprising of 

phosphatidylglycerol, diphosphatidylglycerol, glycolipids and unknown 

phospholipids) along with physiological, biochemical characteristics and the 

phylogenetic analyses allowed to describe it in to a novel genus, for which the name 

ZaJaria solitudinis gen. nov. sp. nov. is proposed with the type strain NCCP-1664T 

(=DSM 29936T = KCTC 39549T
). 

Keywords. Cholistan desert, peptidoglycaIl type A3a , polyphasic taxonomic approach 

4.1.2. Introduction 

The genus Arthrobacter was first established by Conn and Dimmick (1947) 

within the family Micrococcaceae, by describing three species, including type species 

Arthrobacter globiforme, for which later on (SKERMAN, McGowan, & Sneath, 
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1980)proposed name Arthrobacter glo biform is. Classification of genus Arthrobacter 

recently has undergone tremendous change when (Busse, 2016) reclassified selected 

species of the genus Arthrobacter into novel genera, namely Glutamicibacter gen. nov. 

(Glutamicibacter protophormiae group Basonym: Arthrobacter protophormiae (Erko 

Stackebrandt, Fowler, Fiedler, & Seiler, 1983), Paeniglutamicibacter gen. nov. 

(Paeniglutamicibacter sulfureus Basonym: Arthrobacter sulfureus (Erko Stackebrandt 

et aI., 1983), Pseudoglutamicibacter gen. nov. (Pseudoglutamicibacter cumminsii 

group Basonym: Arthrobacter cumminsii (Funke et aI. , 1996)), Paenarthrobacter gen. 

nov. (Paenarthrobacter aurescens group Basonym: Arthrobacter aurescens (H. C. 

Phillips, 1951) and Pseudarthrobacter gen. nov. (Pseudarthrobacter polychromogenes 

group Basonym: Arthrobacter polychromogenes (Schippers-Lammertse, Muijsers, & 

Klatser-Oedekerk, 1963)) and compared the characteristics with Arthrobacter sensu 

stricto (IncludesA. globifonnis, A. pascens, A. oryzae and A. humicola). 

Members of this genus are aerobic, catalase-positive, Gram-staining positive 

bacteria that show a rod-coccus growth cycle, having lysine in the peptidoglycan as a 

diagnostic amino acid and a high DNA G+C content (Y. G. Chen et aI. , 2009). Species 

of the genus Arthrobacter, have been isolated from varying sources, which includes 

human specimens (Mages, Frodl, Bernard, & Funke, 2008 ; Yassin, Sproer, Siering, 

Hupfer, & Schumann, 2011 ),filtration substrates (Ding, Hirose, & Yokota, 2009), 

poultry litter (Tvrzova et aI. , 2005), the surfaces of cheese (Irlinger, Bimet, Delettre, 

Lefevre, & Grimont, 2005), soil and sediment (Kageyama, Morisaki, Omura, & 

Takahashi, 2008; Westerberg, Elvang, Stackebrandt, & Jansson, 2000), sea water (Y. 

G. Chen et aI. , 2009), rice rhizosphere (Krishnan et aI. , 2016), alpine soil (D.-C. Zhang 

et aI. , 2010) as well as sewage and wastewater reservoir sediments (K. K. Kim et aI. , 

2008 ; Roh et aI. , 2008). Some isolates are able to degrade complex organic compounds 

like 4-chlorophenol (4-CP) (Westerberg et aI. , 2000) and some produce plant growth 

promoting honnones e.g; indole acetic acid(IAA) and siderophores (Krishnan et aI. , 

2016).Over the last decade, several novel species belonging to the genus Arthrobacter 

have been isolated from cold environn1ents such as six cold tolerant Arthrobacter spp. 

includingA. psychrolactophilus from Pennsylvania Fannlands of Antarctica(Loveland

Curtze, Sheridan, Gutshall, & Brenchley, 1999),A. cly otolerans and A . 

livingstonensisfi'om Antarctic soil(Ganzeli, Bajerski, Mangelsdorf, Lipski, & Wagner, 

2011),A. a rdleyens is from Antarctic lake sediments (M. Chen, Xiao, Wang, Zeng, & 
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Wang, 2005), A. gangotriensis and A. kerguelensis from pengum rookery soil 

sample Antarctica(Gupta, Reddy, Delille, & Shivaji, 2004) A . psychrophenolicus from 

an alpine ice cave(Margesin, Schumann, Sproer, & Gounot, 2004). 

4.1.3. Materials and Methods 

Isolation, morphology and phenotypic Characterization 

DUling the investigation of the microbial diversity of Cholistan desert, 

Bahawalpur Pakistan, several strains were isolated. In this study, a novel halotolerant 

bacterium, designated NCCP-1664T
, was charactelized using polyphasic taxonomic 

approach. Based on phenotypic and phylogenetic analyses together with biochemical 

characterization, NCCP-1664T strain can be considered to represent a novel genus 

ZaJaria gen.,nov., for which the name ZaJaria solitudinis gen. nov. sp. nov. has been 

proposed. 

Soil samples were collected in sterilized NUNC tubes from the deep sediments 

ofCholistan des eli, Pakistan (29°23'43"N 71°41'l"E ASL 29 1.9948ft) and kept at 4 

°C before usage. The samples were serially diluted to isolate bacterial strains using 

International Streptomyces Project (ISP) 2 medium (Shirling & Gottlieb, 1966). Among 

various colonies, a strain, designated as NCCP-1664T, was recovered after 48 hours on 

ISP 2 agar medium plate incubated at 37°C. The strain was streaked repeatedly on ISP 

2 medium (Shirling & Gottlieb, 1966) untill pure colonies were obtained. Purified 

strain was stored in 25%v/v glycerol at -80°C for fUliher studies. The type strains of 

closely related species, Arthrobacter halodurans ISM 078085T
, A. cupressi D48T

, A. 

oryzae KV-651 T, A. humicola KV-653T
, A. cryotolerans LI3 T, were used as reference 

strains in these studies. 

To optimize the growth on various media, strain NCCP-1664T was grown at 

pH7.0 on ISP 2g/L(Malt extract 10.0g, yeast extract 4.0g, glucose 4.0g and agar 15g), 

R2A giL (Glucose-0.6g, soluble starch-0.6g, yeast extract-0.6 g, caseinoacids-0.6 g, 

sodium pyruvate -0.3 g, K2HP04-0.3g, MgS04·7H20 -0.05 and agar- 15g), ISP 3(Oat 

mea120g, trace salt solution (ml) 1.00, fenic SUlphate heptahydrate 0.001 g, manganese 

chlOlide tetrahydrate O.OOlg, zinc sulphate heptahydrate O.OOlg and agar 15g), TSA 

(tryptone 0.5g, glucose 1.0 g, yeast extract 2.0g, CaC03 19, trace salt 1ml and agar 

15g) and ISP 7(L-Asparagine 19, L-tyrosine 0.5g, dipotassium phosphate 0.5g, 

magnesium sulphate. 7H20 0.5g, sodium chlOlide 0.5g, trace salt solution (ml) and 

agar 15g). The colony morphology of strain NCCP-1664T was observed on ISP 2 media 
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at 37°C after 3 days. The cells were observed using phase-contrast microscopy (BH-

2; Olympus) and further detailed morphology was examined under scanning electron 

microscopy (QUANTA 200; FEI). Gram staining was carried out using the standard 

Gram reaction. Growth at various temperatures (4, 10, 15,20,28,30, 33, 37, 40, 45, 

50, 55 and 60°C) was observed on ISP2 medium for 1 week. The pH range for growth 

was tested at pH 4, 5, 6, 7, 8, 9, 10, and 11 using the buffer system described by (Ping 

Xu et aI. , 2005) at 37°C for 4 days by culturing the strain in trypticase soy broth (TSB; 

Becton Dickinson). Tolerance to NaCI (0, to 20 %, w/v, with 1 % increment) was 

investigated on ISP 2 medium by incubating at 37°C for 10 days. Catalase and oxidase 

activities were detem1ined as described previously by (Kovacs, 1956). Growth under 

anaerobic conditions was determined on nutrient agar supplemented with or without 

0.1 % nitrate by using the GasPak Anaerobic Systems (BBL) according to the 

manufacturer' s instructions. 

The biochemical, enzymatic activities and utilization of sole carbon and 

nitrogen source were determined according to the manufactmer' s instruction by using 

API ZYM, API 20E, API 50CH, API 20NE strip (bioMelieux, France). Biolog GN III 

microplates ™ were also used for characterization of single-carbon source assimilation 

and other biochemical tests, by incubating the plates at 3 7°C according to the 

manufacturer ' s instructions. 

16S rRNA gene amplification, sequencing and phylogenetic analysis 

The preliminary identification of strain NCCP-1664T was done based on 16S 

rRNA gene sequence. Extraction of genomic DNA and PCR amplification of the 16S 

rRNA gene of the strain NCCP-1664T was perfonned using protocol described 

previously by (W. J. Li et aI. , 2007). The sequence obtained was compared with 

available 16S rRNA gene sequences of cultured species from the EzTaxon-e server 

(http: //eztaxon-e.ezbiocloud.netl)(O. S. Kim et aI., 2012a). Phylogenetic analysis was 

perfom1ed using the software package MEGA 6 software package (Tanmra et aI., 2013) 

after multiple alignment of the sequences using CLUSTAL _X program (Thompson, 

Gibson, Plewniak, Jearunougin, & Higgins, 1997). Neighbour-joining (Saitou & Nei, 

1987) tree was constructed using Kimura ' s two parameter model as a distance matrices 

(M. Kimura, 1980). To detelmine the support of each clade, bootstrap analysis was 

performed with 1000 replications (Joseph Felsenstein, 1985). The validity of the 
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neighbour-joining tree was evaluated with maximum-likelihood (ML) and maximum 

parsimony (MP) algorithms. 

DNA-DNA hybridizations and DNA base composition 

DNA-DNA relatedness among NCCP-1664T and reference strains 

Arthrobacter oryzae KV -651 T and A. halodurans JSM 078085T were determined. 

Total genomic DNA was prepared using protocols of Mannur (1963) andPitcher, 

Saunders, and Owen (1989) as described previously (Goris et al. , 1998). DNA-DNA 

hybridizations were perfonned with biotin-labelled probes in 96-micro-wells plate 

(NUNC) according to Ezaki et al. (1989); Christensen, Angen, Mutters, Olsen, and 

Bisgaard (2000a) with modifications by GOlis et al. (1998) and fluorescence 

measurements were perfoTI11ed using an HTS7000 Bio Assay Reader (Perkin Elmer). 

The hybridization temperature was 40 DC and the hybridizations were perfonned with 

eight replications. The G+C content of the genomic DNA was detennined by using 

reversed phase HPLC using DNA of Escherichia coli DH5a as the reference (M. 

Mesbah et al. , 1989). 

Chemotaxonomy characterization 

For chemotaxonomic analysis of strains NCCP-1664T and its reference strains, 

several characteristics were investigated using standard methods. Peptidoglycan 

analysis was done with the help of commercial facility of DSMZ. Polar lipids were 

extracted and separated by two-dimensional thin layer chromatography using standard 

procedures by Minnikin et al. (1979); (M. Collins & Jones, 1980). Menaquinones were 

extracted by following protocol described by (M. D. Collins et al. , 1977) and analyzed 

using HPLC(Kroppenstedt, 1982). Fatty acid methyl esters were analysed by using the 

Microbial Identification System (Sherlock Version 6.1 ; MIDI database: TSBA6; 

(Sasser, 1990). Biomass for fatty acid analysis was obtained from cells grown on u-yptic 

soy agar (Difco) at 37DC for 2 days. 

4.1.4. Results and discussion 

Isolation, morphology and phenotypic Characterization 

Cells of strain NCCP-1664T were observed to be Gram-staining positive, 

strictly aerobic, non -motile and non- spore fonning with rod to coccus life cycle 

(Figure 10). 
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Colonies are round in shape and off white in color. Strain NCCP- 1664Tcan 

grow at temperature range of28 - 45°C w ith optimum at 37 °C. N o growth was observed 

at temperature lower than 28 °C and there was also slow growth at 45 °C . This 

temperature range is towards higher side than that the reference type strains can grow 

at (Ganzert et a I. , 2011 ), (Kageyama et a I. , 2008), (1. Zhang, Ma, & Yu, 201 2) and (Y. 

G . Chen et a I. , 2009).Optimum growth of strain NCCP-I 664T was observed at pH 7.0-

8.0 but can grow at pH range 6.0-9 .0. No growth was observed above or below thi s pH 
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range. Cells tolerated a NaCl concentrations between 0-16 % (optimum growth was 

observed with 2% NaCl (w/v). Strain NCCP-1664T exhibited many phenotypic features 

that were similar to that of the closely related taxa, Arthrobacter OTyzae KV -651 T, A. 

cryotolerans LI3 T, A. halodurans JSM 078085T, A. cupressi D48T and A. humicola KV-

653 T (given in below text) ; but many biochemical and physiological characteristics also 

differentiated these species (Table 8 and are also summarized in the species 

description). Of these, the most notable differentiating characteristics were positive for 

catalase and negative for oxidase and urease production. Strain NCCP-1664T showed 

growth at 45°C, which is unusual for other species of the genus Arthrobacter. 

There were several phenotypic characte11stics that differentiate strain NCCP-1664T 

from the closely related references species. Among these involved positive reaction for 

acid production with D-cellobiose while all the other reference species exhibited negative 

reaction. The strain under study also exhibited negative reaction for ,B-galactosidase, 

assimilation of maltose, acid production with D-fiuctose, enzyme reaction of cystein 

arylamidase, glucose fennentation and utilization of L-alanine and L-alanyl-glycin as 

carbon sources while all other reference strains were positive. NCCP-1664T was observed 

to be negative for H2S production, hydrolysis of esculin and gelatin while reference strain 

A. cupressi D48T was positive for these reactions. Nitrate reduction was positive in NCCP-

1664T while negative in A. cupressi D48T
, A. humicola KV-653T and A. cly otolerans 

LI3 T
. Several other phenotypic characte11stics have been summarized in Table 8 

~ . . , 
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Table 8.Differentiatingphysiological and biochemical characteristics of strain NCCP1664T 

with the type strains of closely related reference species of the genus Arthrobacter. 

1 A. haloduransJSM 078085T 

2 A. cupressi 
3 A. Ol'yzaeKV -651 T 

4 A. humicolaKV -653T 

5 A. cryotoleransLI3T 

Characteristics NCCP-1664T 

NaCI range (%)w/v 0-16 
ioptimum) (2) 
Temperature range COc) 28-45 
(optimum) (37) 

pH range 6.0-9.0 
iOQtimum) (7.0-8 .0) 
,B-galactosidase (ONPG) -

H2S production -

Nitrate reduction + 
Hydrolysis of esculin, -
gelatin 
Assimilation of: 

Arabinose -

Maltose -

Mannitol -

N-acetyl glucosamine + 
Mannose, Phenyl -
acetic acid 

Acid production from: 
Glycerol + 
D-galactose, D- -
melezitose, D-
rafinose, D-turanose 
D-fructose -

L-rhanmose -

D-Iactose, D-Iyxose -

D-melibiose -

D-trehalose -

Inulin + 
Oxidation / 
fermentatioll of: 

D-sorbitol + 
Glucose fennentation -

D-sucrose -

Enzym.e activity 
Alkaline phosphatase + 

1 

0-12 
(0) 

4-35 
(30) 

6.0-9.0 
(7.0) 

+ 

-

+ 
+ 

-

+ 
-

+ 
-

-

-

+ 
-

+ 
-

+ 
-

-

+ 
-

-
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2 3 4 5 

0-2 0-2 0-3 0-10 
(0) (0) (0-1) (0-1) 

4-35 4-35 4-35 4-24 
(30) (30) (30) (16) 

6.0-10.0 6.0-11.0 6.0-10.0 4.0-9.0 
(7.0) (7.0) (7.0) (6.0) 

+ + + + 

+ - - + 
- + - -

+ - - -

- - - + 
+ + + + 
+ - - -

+ - - -

w+ - - -

+ - - -

+ - - -

+ + + + 
- - - w+ 
- - - -

+ - + -
+ - - w+ 
+ - - -

w+ + + -

+ + + + 
+ - + -

- w+ - -
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Esterase (C 4), 0..- - - + - + -

galactosidase, valine 
arylamidase 
Esterase lipase (C 8) + + + - w+ + 
Lipase (C 14) - - - w+ w+ -

Leucine arylamidase + - + + + + 

Cystein arylamidase - + + + + + 
Trypsin + - + - w+ -

a -chymotrypsin - - + - - -

Acid phosphatase + - + + + + 
Napthol-As-BI- + - + - + -

phosphohydrolase 
,8-galactosidase - + + + + + 

0..- glucosidase + + + w+ + -

,8-glucosidase, N- - - - - + -

acetyl- ,8-
glucosaminidase, (l-
mannosidase 

Oxidation of carbon 
substrates: 

Glycogen - - + - - + 
D-galactose + + + - w+ w+ 
a-Hydroxy butyric + - w+ - - -

acid 
a-Ketoglutaric acid + + + w+ - + 

D,L-lactic acid and w+ - w+ - - -

Succinamic acid 
Malonic acid + - + - - -

Propionic acid w+ - w+ + - w+ 
L-alanine - + + + + 
L-alanyl-glycine - + + + + 
L-asparagine + - + + -

L-glutamic acid w+ + + w+ -

Glycyl-L-glutamic + + + - -

acid 
L-proline + - w+ + -

L-pyroglutamic acid + - + - -

L-serine + + + + -

Putrescine + + - + -

All data are taken from CUlTent study. 

+ , Positive; w+, weakly positive; -, negative. 

168 rRNA gene amplification, sequencing and phylogenetic analysis 

The comparison of 16S rRNA gene sequence (1539 nuc1eotides; 

DDBJ/EMBLIGenBank accession number LC065376) of sh·ain NCCP-1664T with 

sequences of the type strains of the genus Arthrobacter on EzTaxon Server database 
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showed the highest sequence similarity of 97.70 % with A. halodurans JSM 078085T 

and 97.27 % with A. oryzae Kv651 Tand less than 97% with the other species of the 

genus Arthrobacter and other taxa of the related genera. All the three computation 

methods for phylogenetic analysis clearly detennines that NCCP-1664T does not 

belong to any of the recently described groups in the Arthrobacter genus by (Busse, 

2016). It fonns cluster with A. halodurans that is member of Arthrobacter sensu latu 

group yet. Maximum likelihood tree (Fig. 20) showed that sh'ain NCCP-1664T fonned 

a monophyletic cluster with Arthrobacter halodurans JSM 078085T, at a high bootstrap 

value (82%) and these nodes are reproduced by Neighour joining and Maximum 

parsimony methods (Filled spots at nods of Fig. 12) suggesting a strong coherence of 

strain NCCP-1664T withA. halodurans JSM 078085T (EU583729). 

DNA-DNA hybridizations and DNA base composition 

Since the 16S rRNA gene sequence similarities of NCCP-1664T were higher 

than 97 % with two species Arthrobacter halodurans and A. oryzae, therefore DNA

DNA hyblidization was canied out with type strains of two closely related species. 

DDH values showed 54.1 ± 2.8 % relatedness with Arthrobacter halodurans JSM 

078085T and 47.9 ± 3.5 % withA. Olyzae KV-651T. As strain NCCP-1664T shared low 

level of sequence similarity with closely related species of the genus Arthrobacter, 

hybridization values are less than the 70% threshold recommended for delineation of 

any strain to a novel species (E. Stackebrandt & Goebel, 1994; Wayne et al., 1987) it 

is suggested that strain NCCP-1664Tbelongs to a novel genus ZaJaria gen., nov., 

The DNA G+C content of strain NCCP-1664T was determined to be 67.5 mol%, which 

was within the range of the other members of the genus Arthrobacter (Y. G. Chen et 

al. , 2009; Ganzeli et al. , 2011; Kageyama et al. , 2008; J. Zhang et al., 2012) 

Chemotaxonomy characterization 

Fatty acid profile of NCCP-1664T shows that major fatty acids present were 

anteiso -CI5:0 (51.2%). C1 8:1C09c (16.9%), C18:0 (12.9%) and anteiso-CI 7:0 (9.6%) (Table 

9). Fatty acid profile was almost similar to most closely related reference strain A. 

halodurans except C14:0 which is absent in NCCP-1664T. High percentage of C18:1C09c 

is observed in compmison to A.halodurans JSM 078085T as well as fromA.oryzae KV-

651T, which is 2nd closest relative ofNCCP-1664T and also member of 'A. globiformis 

group ' / Arthrobacter sensu stricto which includes type species of the genus, A. 

globiformis too (Busse, 2016). It gave a clear evidence that NCCP-1664Tbelongs to a 
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separate genus,inspite of relevance with closely related groupsit doesn' t satisfy core 

characteristics of any group. 

Table 9. Cellular fatty acid profile (%) of strain NCCP-1664T in comparison to the 

closely related type strains 

Characteristics NCCP-1664T r~ 2-v-V 3-v-v-V 

iSO-CI4:0 1.7 1.3 1.5 

C14:0 - 1.4 1.1 

iSO-C I5:0 4.5 3.6 4.8 

anteiso -CI5:0 51.2 51.0 50.1 

iSO-CI 6:0 4.4 3.2 4.5 

C1 6:0 3.2 - 1.8 

anteiso- 1.6 1.8 1.7 
C17:1w9c 
anteiso-C 17:0 9.6 9.1 14.9 

C1 8: 1W9c 16.9 10.6 10.2 

C1 8:0 12.9 8.1 7.6 

data are obtained in this study. 
Values are percentages of total fatty acid detected. - , not detected 

¢ Arthrobacter halodurans JSM 078085T 

M Arthrobacter OTyzae KV -651 T 

1.4 

1.2 

4.7 

51.2 

4.0 

5.1 

3.0 

6.0 

10.0 

13.3 

¢¢¢Paeniglutamicibacter cTy otolerans comb. nov.Basonym: Arthrobacter cly otolerans LI3T 

Strain NCCP-1664T was observed to possess MK-9(H2) (82.4%), MK-8(H2) 

(17.5%) as a major components of isoprenoid quinones . As described by (Busse, 2016) , 

presence of MK-9(H2) as the major isoprenoid quinone is characteristic 

chemotaxonomic feature of genus Arthrobacter, Arthrobacter sensu stricto ('A. 

globiformis group ' ) also possess MK-9(H2) as predominant menaquinone. The polar 

lipids profile comprised of diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), 

glycolipid (GL) and unknown polar lipid (PL) (Figure 11). Polar lipid profile ofNCCP-

1664T is distinct from all closely related genera, as shown in Table 10. 
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PG 

PI 

Figure 11 Polar lipid profile of strain NCCP1664T after separation 
by two-dimensional thin layer chromatography 

The peptidoglycan type of strain NCCP-1664Tcomprised of the amino acids 

alan ine, glutamic acid and lysine in the following approx imate molar ratio: 2.7 Ala: 

1.0 Glu : 0.9 Lys (0.4 D-Ala, 0.8 L-Ala, 1.0 D-G lu, 1.5 L-Lys), L-Glu was not 

detected. The hydrolysate contained additiona lly to the am ino acids the peptides L

A la - D-Glu, L-Ala - D-Ala, L-Lys - D-Ala, L-Lys - L-Ala and D-Ala - L-Lys - L

Ala, alanine represented the N-terminus of the interpeptide bridge. From these data it 

was concluded that NCCP-1664T DSM 29936 displayed the peptidoglycan type A3a. 

L-Lys - L-A la, type A 11.4. The peptidoglycan structure matches partially with 

Arthrobacter sensu lato (Arthrobacter psychrolactophilus group) and Citricoccus 

genus which possess A3a. type 11.4 but difference in peptidoglycan structure of 

NCCP-1664T lies in absence of threonine as compared to Arthroacter sensu lato 

(Arthrobacter psychrolactophilus group) and absence of L-Glu in comparison to 

Citricoccus genus. 

The peptidoglycan, po lar lip ids, fatty acid and respiratory quinones profiles of strain 

NCCP- 1664
T 

clearly shows that it belongs to a distinct genus. ,;t~;O~':1$;' 
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4.1.5. Description of Zafaria gen. nov 

ZaJaria i (Zafai ' ri .a N .L. masc. gen. n. Zafaria after the name of Dr. Yousuf 

Zafar, a distinguished professor of biotechnology in Pakistan). We propose that based 

on the phylogenetic analysis, quinones MK-9(H2) (8204%) , MK-8(H2) (17.5%), and 

polar lipids diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), glycolipid 

(GL), unidentified phospholipids, peptidoglycan type A3a L-Lys - L-Ala , type AlIA 

which contained an1ino acids alanine, glutamic acid and lysine in the molar ratio : 2.7 

Ala: 1.0 Glu : 0.9 Lys (004 D-Ala, 0.8 L-Ala, 1.0 D-Glu, 1.5 L-Lys) and absence of 

L-Glu, NCCP-1664T DSM 29936 belongs to a distinct genus ZaJaria gen. nov. 

4.1.6. Description of Zafaria solitudi11.is gen. nov. sp. nov. 

Solitudillis (cho.lis.tan.en' sis. N.L. fem. adj. solitudinis is pertaining to 

Cholistan desert, from where the type strain was isolated). 

In addition to the characteristics desclibed for the genus, the species has the 

following features . Cells are aerobic and non -motile. Colonies are round and off white 

in color. The optimum temperature, pH and NaCI concentration for growth are 37 °C, 

7.0-8.0 and 2 % (w/v) , respectively. Positive for assimilation of D-sorbitol, N-acetyl 

glucosamine and nitrate reduction but negative for glucose fennentation, acidification 

of D-sucrose, hydrolysis of esculin and gelatin; assimilation of arabinose, mannose, 

phenyl acetic acid, maltose and mannitol. Positive for acid production from inulin and 

glycerol but negative from D-galactose, D-melezitose, D-raffinose, D-turanose, D

lactose, D-Iyxose, D-fructose, L-rhamnose, D-melibiose and D-trehalose. Strong 

enzyme activity is observed for esterase lipase (C 8), alkaline phosphatase, leucine 

arylamidase, trypsin, acid phosphatase, napthol-As-BI-phosphohydrolase, a

glucosidase but no enzyme activity for esterase (C 4), a-galactosidase, valine 

arylamidase, lipase (C 14), cystein arylamidase, a -chymotrypsin, jJ-glucoronidase jJ

glucosidase, N-acetyl-jJ-glucosaminidase and a-mannosidase. positive for utilization of 

substrates as carbon source: D-galactose, a-hydroxy butyric acid, a-ketoglutaric acid, 

malonic acid, L-aspar'agine, glycyl-L-glutamic acid, L-proline, L-pyroglutamic acid, 

L-serine and putrescine; weakly positive for D,L-lactic acid, succinamic acid, 

propionic acid, L-glutamic acid but negative for glycogen L-alanine L-alanyl-glycine 
. ':'I:.)~:::···~ .. ;~~ 

(Biolog GN III microplates TM). Cell-wall peptidoglycan containe _,t" • .:rno a~'ds.: 
~~ \ .. ' ~~.., 
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peptidoglycan type A3a. The major whole-cell sugars are galactose and glucose. Major 

fatty acids are anteiso-C 15 :0, C 18: I w9c, C 18:0 and anteiso-C 17:0. In addition to polar lipids 

described in genus description it also unknown phospholipids (PL). The DNA G+C 

content is 67.5 mol%. 

The type strain is NCCP-1664T (=DSM 29936T = KCTC 39549T
) , which was isolated 

from soil sample collected from Cholistan desert, Bahawalpur, Pakistan. The 

DDBJ/EMBLIGenBank accession number for 16S rRNA gene sequence of strain 

NCCP-1664T is LC065376. 
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Table 10 Differentiation ofNCCP-1 664T DSM 29936 from c10sel y related genera. 

Trait NCC Arlh Arlh Arlhrob Paenar Pseudarl G/ulam Paenig/ul Pseudog/1I1 Arlhrobaeler sensu lato' Sino/1/o Cilrieoee Zhiheng/ Mieroeoe KoeZlria 
P- rob rob aeler (/woba hrobacte icibac amicibact amicibaele Arthr Arlhr Arthr Arthr Arlhroba Arl/1/' nas us genus' iuella eus genus" 

1664T cter ler genus* " genus'" genus'" **** aete aele sensu r er r obaci obael obaci obaci eler abaci • • •• r r stricto gen. gen. nov. gen. gen. nov. gen. nov. er er er er psychrola er 
dese halo CA nov. ('A. nov. (,A ( 'A. albus! wolu nasip agilis cilrell clophilus pigm 
rli dur g/obi(or CA. oxydans CA. su((ureus cUlllll1insii wensi hocae group s group enli 
OS ans III is alll'esc group '! proloph group '! group '! s group grou 
M OS group'! ens ormiae p 
299 M group' group ' ! 
35T 210 ! 

8 1T 
Peptidogly A3a A4 A4 A3a A3a A3a A4a A4a (Lys- A4a (Lys- A4a A3a A3a A3a A3a A3a A3 0. ( A4a A4a A2 or A3a (L-

ean (L- a( a (Lys- (Lys- (Lys- (Lys- Glu) Ala-Glu or (Lys- (Lys- (Lys- (Lys- (Lys- (Lys ga l, (Ala/Gly/ (L-Lys- L- A4a (L- Lys-Ala 
Lys - L- (L- Ala2- 3) Ala- Ser- Ala- Lys-8er- D- Ala2- Thr- Thr- Thr- - man. Glu/Lys Ala-L-G lu) Iys) 3-1) 

L- Lys Lys Thr- Thr-Ala) Glu) Glu) Asp Gly2- AIa2- Ala2) Ala l-3 Ala- Rib) Lys±Gly 
Ala) -L- -L- Ala) Gly) 3- 3) or Lys- Ser- ±Glu ) 

Ala Ala Ala Ala l-4) Ala3 
- L- - L- (Gly) or 
Gi ll Glu Lys-

) ) Ala4) 

Type/ All. Al l A ll AI I .S AI 1.1 Al 1.23 A l 1.35 AI 1.54 A 1l.35 AI1.6 A Il. 6 AI I.2 AII.2 A I 1.25, unsp A l 1.22 A II.40/S A l 1.35 A Il.pep AIl.6 
& 4 .35 ,35 or 7 or A 11.58 0 2 7 or 7 A I 1.27, ecifie 6 or or 

Molar AII.6 AI I.2 A l 1.28 or d A l 1.31 Al 1.7 
ratio 8 or 

A ll. 
7 

Quinones MK9 MK MK MK- MK- MK- MK-8. MK-8, MK-8(H2) NA MK8( MK- MK- MK- MK- MK- MK- MK-9, MK- MK-8. MK7(H 
(i-b) -9 - 9(1-12) 9(1-12) 9(H2) MK-9 MK-9 H2), 9(H2) 9(H2) 9(1-12) 9(1-12 9(H2) 9(H2) 10 MK- 2) 
MK- (1-12 9(1-1 orMK- IO MK- ) 7(H2) orMK8( 
8(1-12) ) 2) 9(1-12) 1-12)MK 

9(1-12) 
Polar DPG, DP DP MGDG MGD MGDG, MGDG DGDG MGDG, NA NA DMG DMG DMG, PI DMG, DMG, DMG,PI PI/V 

Lipids PG, G G, G, DMGIV IV, DMG, TMD TMDGIV PI TMDG 
GL. PG PG, DGDG/ DMG TMDG, DMG, TMDG TMD G PI PI 
Unkn PI PI V, TMDG PI TMDG PI, PLJ-5 G, P! PI 
O\,VI1 DMG, , PI IV 
PL TMDG, 

.. __ :: ,:~~A "-"""" PI 

'. ~ 
.1"',2<1'" 

2? ~v (~, 
.) 

') .; 

:;-: ' " 
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Cirricoccils nitrophelloliclis PNP I T (GU797 t 77) 

CilricocclIS a/ka/ilo/eralls YIM 700 I OT (A Y376 164) 

L----- Cirricocclls yambamellsis PS9T (AB473562) 

t---------\'lMCS2ST(KT946776) 
100 S;1I011101105 orrocyollea DSM 20 127T (X80746) 

Za/aria soliwdillis gell. 1I0V. sp .. 1I0V. 

Sillomollasjla\'O CW 108 T (EU370704) 

k ----Arlhrobacler ha/odllrallS J5M 078085T (EU583729) 
~--- NCCP-1664T(LC065376) 
r------ Arthrobacler crylolo /erans L13T (GQ4068 12) 

6 1 

65 

98 

Arthrobacter psycilrophelloliclls AG3 1 T/AJ616763 
Arthrobacter sll({ureus DSM 20 167T (X83409) 
Arthrobacter kerguelensis KGN 15T (AJ606062) 

Arthrobacter alllarc(iclIs SPC26T (AM93 I 709) 
Arthrobacter ganga/riel/sis Lzl yT (AJ606061) 

ArthrobaCler mysorel/s LMG 16219T (AJ63983 I ) 

Arthrobacter lIico rjollae DSM 20l2)T (X80739) 

Arrlirobaclermi/airellsis Rell?T (FQ311875) 
Arrhrobacfer prolophormiae OSM 20 168T (X80745) 

Arthrobacler Ilraloxydal/s OSM20647T (X834 1 0) 
Arthrobacler crealillo/yriclis GIFU 12498T (0882 11) 

L----Arlhrobacler soli 5YB2 T( EF660748) 
L------Arlhrobacler rhombi F.98.3HR69T (Y I5885) 

Arthrobacler Uto/uwensis OSM I 0495T (X93353) 
Arthrobacler nal/jingel/sis A33T (KF479547) 

99. ArlhrobaCler pascells DSM 20545T (X80740) 
ArlhrobaCler g/obi/ormis NBRC 12137T (BAEGO I 000072) 

4rthrobaCler 0I)'20e KV -65 1 T (AB279889) 

Paenig)utamicibacter gen. nov. 
('A. sulfureus group') 

1 

PselldarlhrobaCler gen. nov. 
('A. Q.\)'dalls group') 

Arlltrobacrer sellsu sO'icro 
'A. g/obifo,.",is group 

Artlirobaclerllll l1lico/a KV-653T (AB279890) 
r------Arrhrobacler c"pressi 048T (HQ65 732 1) 

ArthrobaCler ellciellsis N10-1 008T (JF42 1614) 
] A rrllrobacrer sensll srricto 

;A. g/obiformis group 

Arrhrobacler/illii DSXY973T (KJ08209 1) 

Arthrobacler lI iigatellsis LC4T (AB248526) 
86 ArrhroboCler defllll'ii 4C I_aT (AM40936 I ) 

69 ArthrobaClel' ch/orophelloliclls A6T (CPOO 1341) 
Arrhrobacler eqlli lMMll L-1606T (FN67355 1) 
Ar,hrobaClel'ph enal1l/Jrel/il'ora1ls Sphe3T (CP002379) 

Arlhrobacler siccilo/eralls 4J27" (CAQIO I 00000 I) 
Arthl'obaCler sllljollil'ora1ls ALLT (AF235091) 

Arthrobacler liv;/lgslollensis Ll2T (GQ4068 1 1 ) 

Arthrobacter polyc1lromoge1les DSM 20136" (X8074 I) 
Arthrobaclero).:vdalls DSM 201 19T (X83408) 
Anhrobacler scleromae YH-200 1 T (AF330692) 

PseudarrhrobaCler gen. nov . 
('A. oxydalls group') 

Arl/,robacler stackebralldlii CCM 2783T (AJ640 198) 1 
Anhrobacrer ps)'chro/aclopili/Ils JCM 138741' (AB588633) 

Arthrobacter a/pinus 56-3T (GQ2274 13) 
Arthrobacler cI)loconiti Cr6-08T (GU784867) 

Arthrobacter psychrolacrophillis group 

100 Arthrobacrer llirroguajacolic/ls G2- 1 T (AJ5 12504) 
Artllrobacler ourescells DSM 20 116T (X83405) 

Arthrobacter rall/osus CCM 1646T (AM039435) 
Arthrobaclerllreajaciells OSM 20 126T (X80744) 

Arthrobacter lIicOli1lovoralls DSM 420T (X80743) 
Anhrobacler histidill%\,orans DSM 20 l i ST (X83406) 
Arthrobacler /"teo/us CF25T (AJ243422) 

Arthrobacler koreens;s CA 15-8T (AY 116496) 
L-___ Arrhrobacler cilrellS DSM 20 133T (X80737) 

L-_____ Arthrobacter gal/davensis R58 12T (AJ316140) 

r-------Artl".obacter methy/otropJlIls TGA T (AF235090) 

74 
~_.....:.I ;:.00::l Arlh,.obaclerjlal'lls TB 23 T (ALPMO I 000083) 

Arl/trobaclerjlal'IIs JCM 11 496T (AB299278) 
97 '----- Arl/".obacle,. agilis DSM 20550T (X80748) 

'----~ Arthrobacler sllbterrallellS CH7T (DQ097525) 
ArthrobaCfer lIlII/bae LMG 1950 lT (AJ315069) 

Arrhrobacter parietis LMG 22281T (AJ639830) 

Paellortltrobacfer gen. nov. 
('A. aurescens group ') 

"Arthrobacler cilrells" 

ArrlzrobaCler se1lsu lato group 

ArthrobaCler agilis 
Arlhrobacler sensu /010 group 

ArtlirobaCler tecti LMG 22282T (AJ639829) Artlzrobacler pigmenti 

L _______ ....:.:I O:::0O[==~A:rr:h:ro:b:acler pigmellti LMG 22284T (AJ639827) . ] Arlhrobocler sensu /aro 
Arrhrabacle,. caslelli DSM I 6402T (AUMNO 1000007) group 

L_......:~r--- Z},j"el/g/ill e"a salsllginis NBRC 1 09062T (AB778264) 
Zhihellglillella alba VIM 90734T (EU847536) 

L-_______________ MicrobacterillllllacliclI lI/ DSM 20427T (X7744 I) 

0.0 1 

Figure 12. Maximum likelihood tree 
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4.2. Microvirga pakistanensis sp. nov., 

4.2.1 Abstract 

A Gram-negative, non-spore fonning, non-pigmented, strictly aerobic 

and non-motile short rod bacterium, designated NCCP-1258T
, was isolated from 

Cholistan desert soil, Bahawalpur, Pakistan. Growth of strain NCCP-1258T was 

observed at pH range 6.5-9.5 (optimum 7.5-8.5), temperature range of20-45 °C 

(optimum 40°C) and it tolerated 0-2 % NaCl (optimum 0.5 %, w/v) . 

Phylogenetic analysis based on 16S rRNA gene sequence comparison revealed 

that strain N CCP -1258 T belongs to genus Microvirga and is most closel y related 

to Microvirga lotononidis (98.0 %), Microvirga vignae (97.4 %), Microvirga 

lupini (97.2 %), Microvirga zambiensis (97.2 %) and Microvirga flocculans 

(97.1 %). Analysis of the concatenated sequences of four housekeeping gene 

loci (dnaK, gyrE, recA and rpoE) also confirmed the placement of strain NCCP-

1258T within the genus Microvirga. DNA-DNA relatedness values ofNCCP-

1258T with above mentioned type strains were less than 42 %. The DNA G+C 

content of strain NCCP-1258T was 64.3 mol %. Chemotaxonomic data 

(predominant menaquinone system was Q-1 0; major fatty acids were CI 6:0, C1 8: 1 

ro7c and C1 9:0 cyclo ro8c; the polar lipid profile contained 

diphosphatidylglycerol, phosphatidylcholine, phosphatidyl dimethyl 

ethanolamine and phosphatidyl ethanolamine) also supported the affiliation of 

strain NCCP-1258T to the genus Microvirga. On the basis of physiological and 

biochemical characteristics, the phylogenetic analyses and DNA-DNA 

relatedness, strain NCCP-1258T can be distinguished from the closely related 

taxa and thus represents a novel species of the genus Microvirga, for which the 

name Microvirga pakistanensis sp. nov. Is proposed with the type strain NCCP-

1258T (= CGMCC 1.15074T = KCTC 42496T
). 

Keywords: 

Microvirga paldstanensis, Cholistan desert, Moderately therrnotolerant 
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4.2.2 Introduction 

The genus Microvirga was established by Kanso and Patel (2003), which 

describes aerobic, Gram-negative, non-sporulating and rod-shaped bacterium, 

which required yeast exh"act for growth. The first species described in the genus 

Microvirga was Microvirga subterranea (Kanso & Patel, 2003); the genus was 

assigned to the class Alphaproteobacteria, phylum Proteobacteria. At the time 

of writing this manuscript, the genus Microvirga comprised 9 species (LPSN, 

http ://www.bactelio.net/microvirga.html). Members of Microvirga have been 

isolated from vmious habitats, e.g. Japanese hot spring (Takeda, Suzuki, & 

Koizumi, 2004), Australian geothermal waters (Kanso & Patel, 2003), Chinese 

rice field soil (Jianli Zhang, Song, Xin, Zhang, & Fang, 2009), Korean 

atmospheric samples (Weon et aI., 2010), cow pea grown in semi mid Brazil 

(Radl et aI. , 2014). and nitrogen fixing Lupinus texensis from Texas, USA 

(Ardley et aI., 2012). Recently, another one as-yet not validly named new 

species, Microvirga massiliensis sp. nov., was isolated in Mm"seille fi"om a stool 

sample collected in Senegal, and it had the human commensal with the largest 

genome (Caputo et aI. 2016). 

During investigation of the microbial diversity of desert soil of Cholistan, 

Bahawalpur, Pakistan, several strains including pink coloured strain designated 

NCCP-1258T were isolated. Based on 16S rRNA gene sequence analysis, strain 

NCCP-1258T was most closely related to Microvirga lotononidis (type strain 

WSM3557T
) (Ardley et aI. , 2012), which was isolated from native legumes Listia 

angolensis (in Zambia) and Lupinus texensis (Texas, USA). In this study, a 

bacterium, designated NCCP-1258T
, was characterised bypolyphasic taxonomic 

approach to delineate its exact taxonomic position. Fmiher, phenotypic and 

biochemical characterization was performed along with phylogenetic 

relationships of 16S rRNA gene and four housekeeping genes. 
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4.2.3 Materials and methods 

Isolation, morphology and phenotypic characterisation 

During a study of bacterial diversity from desert soil of Cholistan, Bahawalpur, 

Pakistan, (lat/lon 29023'43 liN 71041'1 liE) a soil sample was selially diluted in 

stelilized water and inocula from 10-3 and 10-4 dilutions were spread on R2A agar 

medium (containing yeast extract 0.1 %, peptone 0.1 %, casein hydrolysate 0.1 %, 

soluble starch 0.1 %, glucose 0.1 %, sodium pyruvate 0.06 %, KH2P04 0.06 % and 

bacto agar 1.5 %) and incubated at 40 DC. During isolation, a pink coloured colony 

of strain NCCP-1258T was recovered after 3 days of incubation on R2A agar 

medium at 40 DC. For fmiher pUlification, the strain was streaked repeatedly. The 

purified cells of strain NCCP-1258T were maintained on R2A medium and stored 

in glycerol stocks at -80DC as well as in lyophilized ampules. The type strains of 

closely related species, Microvirga lotononidis WSM3557T (= LMG 26455T
), M 

lupini Lut6T (= LMG 26460T
), M zambiensis WSM3693T (=LMG 26454T) and M 

flocculans ATCC BAA-817T (= JCM 11936T
) were used as reference strains in all 

the charactelization experiments unless otherwise mentioned. 

Growth of strain NCCP-1258T was tested on various media, such as ISP 2, oat 

meal agar (ISP 3), TSA, R2A and nutrient agar media at 40 DC. The colony 

morphology of strain NCCP-1258T was observed on R2A agar at 40 DC after 3 

days of incubation. Cells grown on R2A agar for 24 hrs were observed using phase

contrast microscopy (BH-2; Olympus) and fmiher detailed morphology under 

scanning electron microscopy (QUANTA 200; FEI). Gram staining was carried 

out using the standard Gram reaction Gregersen (1978). Growth at various 

temperatures (4,10, 15,20,28,30,33, 37,40,45,50,55 and 60 DC) was observed 

on R2A agar for 1 week. The pH range for growth was tested at pH between 4.0 

and 11.0 (with 0.5 pH value increments) using the buffer system described by P. 

Xu et al. (2005) at 40 DC for 4 days in R2A broth and the growth was determined 

using a spectrophotometer at OD6oo run. Tolerance to NaCI (0, to 20 %, w/v, with 

1 % increment) was investigated on R2A agar by incubation at 40 DC for 10 days. 

Catalase and oxidase activities were detem1ined as described previously (Kovacs, 
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1956). Growth under anaerobic conditions was detennined on R2A agar 

supplemented with or without 0.1 % nitrate by using the GasPak Anaerobic 

Systems (BBL) according to the manufacturer's instructions. 

The biochemical, enzymatic activities and utilization of sole carbon and nitrogen 

sources were determined using API 20E, API 50CH, API 20NE and API ZYM 

sttips according to the manufacturer ' s instructions (bioMelieux, France) . Further 

physiological and biochemical features of stt-ain NCCP-1258T were detennined 

using Biolog GN III microplate ™ by incubating at 40°C according to the 

manufacturer' s instructions. 

Phylogenetic analyses 

PCR amplification and sequencing of 16S rRNA gene of strain NCCP-

1258T were perfonned using the protocol desclibed previously (W. J. Li et aI. , 

2007). The phylogenetic position of strain NCCP-1258T was identified based on 

16S rRNA gene sequence and by comparison with the sequences of type species 

on EzTaxon-e server (http: //eztaxon-e.ezbiocloud.net/, (0. S. Kim et aI. , 2012a) 

and BLAST search on the DDBJINCBI servers. To clalify the taxonomic status 

ofthe strain, housekeeping genes [gyrase subunit B (gyrB) , RNA polymerase beta 

subunit (rpoB), deoxYIibonucleic acid subunit K (dnaK) and recombination 

protein subunit A (recA)] were also amplified and sequenced using the primers 

and annealing temperature conditions as desclibed by Ardley et al. (2012). The 

sequences were submitted to DNA Data Bank of Japan 

(http://www.ddbj.nig.ac.jp/) and are listed in respective dendrograms. 

Phylogenetic analyses were perfonned using MEGA 6 software package 

(Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) based on 16S rRNA gene 

sequences of strain NCCP-1258T and its closely related taxa. Phylogenetic tt-ees 

were constructed using three algOlithms: maximum parsimony (MP), neighbour 

joining (NJ) and maximum likelihood (ML) methods. The phylogenetic 

relationship was also confilmed using housekeeping loci. The sequence 

similarities of the housekeeping genes were estimated with the available 

sequences of closely related validly published species using the Kimura 2-

parameter model. The concatenated data set was created by combining the 
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nucleotide sequences of the four housekeeping genes and phylogenetic trees were 

re-constructed using this concatenated data set with the concatenated sequences 

of related species of the genus Microvirga and other closely related genera. The 

stability of the relationship was assessed using bootstrap analysis for all the 

phylogenetic h'ees with 1,000 re-samplings for the tree topology. 

DNA base composition, DNA-DNA hybridization 

DNA-DNA hybridisation was perfonned between strain NCCP-1258T and 

the reference strains. Total genomic DNA was extracted using a combination of 

the protocols of Mannur (1963) as described previously (Goris, Suzuki, Vos, 

Nakase, & Kersters, 1998). DNA-DNA hybridizations were perfonned with 

biotin-labelled probes in micro-well plate (NUNC) according to the method of 

Ezaki, Hashimoto, and Yabuuchi (1989) with modifications by GOlis et al. (1998) 

and fluorescence measurements were conducted using Bio Assay Reader (model 

HTS7000, Perkin Elmer). The hybridization was perfOlmed at 40 DC with eight 

replications. The DNA G+C content of the genomic DNA of strain NCCP-1258T 

was detennined on reversed phase HPLC of enzymatically degraded DNA of 

Escherichia coli DH5a as the reference (M. Mesbah, Premachandran, & 

Whitman, 1989). 

Chemotaxonomy 

Chemotaxonomic characteristics of strains NCCP-1258T and its reference 

strains were detennined under the same experimental conditions. Cellular fatty 

acid analysis was performed by growing strain NCCP-1258T and all reference 

strains on TSA at 33 °C for 3 according to the recommendation given by Sasser 

(1990) using Microbial Identification System (Sherlock Version 6.1; MIDI 

database: TSBA6). Menaquinones were extracted and analyzed using HPLC by 

following the procedures of M. D. Collins, Pirouz, Goodfellow, and Minnikin 

(1977) and Kroppenstedt (1982). Polar lipids were exh'acted and identified by 

two-dimensional thin layer chromatography by following procedures of (M. 

Collins & Jones, 1980; Minnikin, Collins, & Goodfellow, 1979). 
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4.2.4 Results and discussion 

Morphology and phenotypic characterization 
.' 

The 3-days old cells of strain NCCP-1258T were pleomorphic with ro .;;;:~~~;~>.'! 

which occUlTed singly, in pairs or in small chains or clusters (Figure 13). 

Optimum growth of cells was observed in R2A medium with pH 7.5-8 .5 (range 

6.5-9.5), at 40 DC (range 20-45 0c) and cou ld tolerate 0-2 % NaCI (optimum 0.5 

%, w/v). Cells of strain NCCP-1258T were non-motile, which differentiated strain 

NCCP-1258T from the closely related reference species : M jloccufans,-M 

zambiensis and_M lotononidis that are reported to be motile by polar flagella 

(Ardley et aI., 2012; Takeda et aI. , 2004). 

Figure 13 Transmission electron micrograph of cells of strain NCCP-1258T 

grown on R2A agar (a) after 24 hours ; (b-e) polymorphic cells observed after 

three days showing arrangements in pairs, tetrads and quadrats. 

Strain NCCP-1258T was positive for oxidase and urea hydrolysis, unlike M 

jlocculans and M subterranean which did not hydrolyse urea, M zambiensis , M 

lupini , M lotononidis and M subterranean were oxidase n~gatiy~. NCCP-1258T was 
<," _ .;: - ,r.i:' I.J>~ 

positive for tryptophan deamination , whereas the cLifl:l.B r .Jat-eC:i . r-ains were either 
,. ~~~} . 
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weakly positive or negative (Ardley et aI., 2012; Kanso & Patel , 2003; Takeda et aI. , 

2004). Strain NCCP-12S8T hydrolysed esculin and gelatine (weak) and produce acid 

from arbutin and D-melibiose but the closely related strains did not (Ardley et aI. , 

2012). Other detailed reactions which differentiated strain NCCP-12S8T from the 

closely related species of Microvirga are enlisted in Table 11 and/or described in 

species description. 

Table 11: Differentiating phenotypic and biochemical characteristics of strain 
NCCP-12S8T with the type strains of closely related species of genus Microvirga. 

All strains are negative for lysine and ornithine decarbm"ylases, citrate 
utilization, H2S production, indole production and arginine dihydrolase. No acid is 
produced ji-Oln glycerol, erythritol, D-ribose, D- and L-:>.y lose, D-adonitol, methyl
fJD-:>.ylopyranoside, D-galactose, L-sorbose, L-rhamnose, dulcitol, D-sorbitol, 
methyl-aD-mannopyranoside, methyl-aD-glucopyranoside, amygdalin, D-maltose, 
D-lactose, D-trehalose, Inulin, D-melezitose, D-rajjinose, amidon (starch), glycogen, 
xylitol, gentiobiose, D-turanose, D-lyxose, D-tagatose, D- and L-arabitol, potassium 
gluconate, potassium 2-ketogluconate, potassium 5-ketogluconate, D-mannitol, 
inositol, D-sorbitol, L-rhamnose, D-sucrose and amygdalin. All strains are negative 
for assimilation ofN-acetyle glucosamine, maltose, potassium gluconate, capric acid, 
adipic acid, malate, trisodium citrate and phenyl acetic acid (API 50CH, API 2 ONE 
and API20E bioMerieux, France) 

Strongly positive enzyme reaction was observed for alkaline phosphatase 
whereas negative for valine mylamidase, cystein mylamidase, tlypsin, acid 

phosphatise, a-galactosidase, fJ-galactosidase, fJ-glucoronidase, a-glucosidase, /3-
glucosidase, N-acetyl- fJ-glucosamin idase, a-mannosidase and a-fucosidase (API 
ZYM, bioMerieux, France). 

All strains were observed to utilize succinic acid and succinamic acid as carbon 
source but do not utilize dextrin, glycogen, Tweens 40 and 80, L-elythritol, D
galactose, a-D-Iactose, lactulose, methy l pyruvate, mono-methyl-succinate, cis
aconitic acid, citric acid, formic acid, a-fJ-y-hydroxy butyric acid, a-keto butyric acid, 
a-ketoglutaric acid, a-ketovaleric acid, D- and L-lactic acid, malonic acid, propionic 
acid, quinic acid, D-saccharic acid, sebacic acid, bromo succinic acid, L
alaninamide, D- and L-alanine, L-alanyl-glycine, L-asparagine, L-glycyl-L-aspartic 
acid, glycyl-L-glutamic acid, L-histidine, hydroxy-L-proline, L-leucine, L-ornithine, 
L-phenylalanine, L-proline, L-pyroglutamic acid, D-, L-serine, L-threonine, D- and 
L-carnitine, y-amino butyric acid, urocanic acid, inosine, phenyl ethylamine, 

putrescine, D- and L-a-glycerol phosphate, glucose-l and glucose-6-phosphate 
(Biolog GN III microplates™). 

All data are from current study.+, Positive; - , Negative; W+, weakly positive 
\.. 
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Characteristics NCCP- M. M. M. M. flocculans 
1258T lotononidis lupini zambiensis ATCCBAA-

WSM3557T Lut6T WSM3693T 817T 

Motility Non Motile, polar Non- Motile, polar Motile, Polar 
motile flagella motile flagella flagella 

NaCI optimum 0.5 0-1.0 0-0.5 0-0.5 0 
Range (w/v) (0-2.0) (0-2.0) (0-1.5) (0-2.0) (0-1.0) 
Temperature optimum 40 40 40 35 40-45 
Range DC (20-45) (15-45) (10-43) (15-35) (20-45) 
pH optimum 7.5-8.5 7.0-8.5 7.0-8.5 7.0- 8.5 7.0 
Range (6.5-9.5) (5.5-9.5) (5.5-9.5) (6.0-9.5) (6 .0-9.0) 
Oxidase + - - - + 
Urease + + + + -
Tryptophane + W+ W+ - -
deaminase 
Acetoin production - W+ W+ W+ -
Nitrate reduction + + + + -
Hydrolysis of: 

Gelatin W+ - - - + 
Esculin + - - - + 

Acid production 
from: 

Arbutin, D- + - - - -

melibiose 
Salicin W+ + + + -
D-cellobiose - + + + -
Glucose + + + + -
fennentation 

Assimilation of: 
Mannose + - - - -
D-arabinose + + + + -
L-arabinose - + + + -
D-mannitol - + + + -

Enzyme activity: 
Esterase (C 4) + - - - -
Esterase lipase (C + - - + -
8) 
Lipase (C 14) + - - - + 
Leucine - - - + -
arylamidase, a -
chymotrypsin 
Napthol-As-BI- - - - + -
phosphohydrolase 

Carbon sources 
utilized: 
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D-fructose + - + - -
L-fucose + - W+ - -
L-glutamic acid + + + + -
Acetic acid - + + + -
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Phylogenetic analysis, DNA base composition and DNA-DNA hybridization 

The comparison of 16S rRNA gene sequence (1499 nucieotides; 

DDBJ/EMBLIGenBank accession number LC065285) of strain NCCP-1258T 

showed the highest similarity of 98.0 % with Microvirga lotononidis 

WSM3557T, 97.4 % with M vignae BR3299T, 97.2 % withM lupini Lut6T and 

M zambiensis WSM3 693 T and 97.1 % with M flocculans ATCC BAA -81 7T 

and less than 97 % with the other species of genus Microvirga and other taxa 

of the related genera on the EzTaxon Server database. A neighbour-joining 

phylogenetic trees based on 16S rRNA gene and concatenated sequences of four 

housekeeping genes (Figure 15, Figure 18) revealed that strain NCCP-1258T 

fell within the radiation of a cluster comprised of Microvirga lotononidis, M 

vignae, M lupini, M zwnbiensis and M flocculans with a bootstrap value of 

72 %. A similar tree topology was also observed when the phylogenetic analyses 

were perfom1ed using MP and ML algOlithms (Figs 16, 17, 19 and 20). The 

sequence similarity value of the gyrB, rpoB, dnaK and recA housekeeping genes 

was also highest with M lotononidis (93 .6, 91.4, 88.2 and 83.4 %, respectively) 

(Figure 14). This low sequence similarity of the four housekeeping genes also 

supported the hypothesis that strain NCCP-1 258T belongs to a novel species. 
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2 7. 
~ 

,o! ... . !: ,. 
.. 

Figure 14 Seperation of ampli fied house keeping genes of NCCP-1 2S8T and its closely 
re lated genes for all four house keeping genes. 

Table 12 PCR conditions for amp lificat ion of house keep ing genes 

Locus Sequence (5 '-3') Length Annealing Accession 
Temp. (OC) No. 

dnaK -F GAGATCGGCGACGGCGTGTTC 762bp 56 LC085514 
dnaK -R GATGCGGATCTGSTGCTCCTTG 

gyrB -F GGCATGTATATCGGCGACAC 714bp 56 LC085516 
gyrB-R GCTGCGGGATGTTGTTGGTGAA 

recA -F CAGATCGAGCGCGCCTTCGGCAA 581bp 55 LC085515 
recA -R ATCTGGTTGATGAAGATCACCAT 

rpoB-F CGTATCGCGGYTCCTGGCTC 548bp 55 LC085517 
rpoB -R CGAGGCGCATGTTCATCTTGAC 
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Figure 15 Neighbour-joining phylogenetic tree inferred from 16S rRNA gene sequences (1,304 bp) showing inter relationship of strain NCCP-12S8T with the 

members of genus Microvirga and other closely related genera. Bootstrap value (>60%) expressed as percentages of 1,000 replications, are shown at the branch 

points .. Azorhizobiwn caulinodans ORS 571 T (AP009384) was rooted as outgroup. The length of the bar represents 1 % nucleotide sequence divergence. 
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Figure 16. Maximum likelihood phylogenetic tree of 16S rRNA gene sequence of NCCP-1258T 
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Figure 17. Maximum Parsimony phylogenetic tree of16S rRNA gene sequences ofNCCP-1258T 
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Figure 18 Neighbour-joining phylogenetic tree inferred from 1886bp concatenated sequence of the rpoB, gyrB, dnaK and recA showing inter

relationship of strain NCCP-1258T with the closely related type strains of genus Microvirga and closely related genera. Rhodobacter sphaeriodes 

2.4.1 was rooted as an out-group. The bootstrap values (only >60% are shown), expressed as a percentage of 1000 replications, are given at the 

branching points. Accession numbers are mentioned in sequence dnaK, gyrB, recA, rpoB. All nodes were also recovered by maximum-liklihood 

and maximum parsimony algorithms. The length of the bar represents 10 % nucleotide sequence divergence. 
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Figure 19 . Maximum-likelihood phylogenetic tree of rpoB, gyrb, dnak and reca of NCCP-1258T 
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Since the 16S rRNA gene sequence similarity of sh-ain NCCP-1258T is higher than 

97 % with four closely related type strains DDH was carried out as suggested by E. 

Stackebrandt and Goebel (1994). The results revealed that DDH values of strain NCCP-

1258T were 41.6 % with the type strain Mierovirga lotononidis WSM3557T
, 39.2 % 

with M lupini Lut6T, 33.6 % with M zambiensis WSM3693T and 15.4 % with M 

jloeeulans ATCC BAA-817T. These values are less than the 70 % threshold that is 

indicative of the presence of new species (Wayne et aI., 1987). The DNA G+C content 

of strain NCCP-1258T was detennined to be 64.3 mol %, which is within the range of 

the members of genus Mierovirga (Ardley et aI., 2012; Weon et aI. , 2010). 

Chemotaxonomic analyses 

The cellular fatty acid profile of strain NCCP-1258T comprised predominantly 

of C18: 1 ro7e (54.0 %), C19:0 cyclo ro8e (21.4 %) and C16:0 (14.5 %), was similar to the 

profiles obtained for the reference strains, although significant variation in the values 

of these components clearly differentiates our strain from the closely related reference 

strains (Table 13). 

Table 13. Cellular fatty acid profile (%) of strain NCCP-1258T in comparison to closely 
related type strains of the genus Microvirga. 

Characteristics NCCP- M. iotononidis M. iupini M. zambiensis M. jloccuians 
1258T WSM3557T L ut6T WSM3693T ATCC BAA-817T 

C! 2:0 0.9 0.6 1.9 1.8 0.7 

C!4:0 1.l 2.8 0.9 3.1 3.2 

C!4:0 3-0H 6.6 22.4 28.8 22.3 11.0 

C !6:0 14.5 10.6 10.4 9.0 13.2 

Cl7:! ffi8c 0.7 0.6 1.7 1.8 0.8 

C17 :o 2.3 0.9 0.5 1.7 1.2 

C17:o cyclo 6.4 1.2 2 .6 2.3 1.4 

C! 8:0 3.3 2.0 1.0 1.l -

C! 8: ! ffi9c - 2.1 2.5 3.3 7.3 

C! 8:! ffi7c 54.0 60.0 55.4 55.1 53.1 

C! 9:0 cyclo ffi8c 21.4 27.6 7.6 22.4 22.8 

Summed features 2 10.2 12.3 14.8 14.4 12.0 

Sununed features 3 2.8 2.8 6.1 7.8 3.6 

Sununed feature 2 comprise of one or both of C14:0 20H/iso-CI 6: 1 I and Sununed feature 3 comprise of 
one or both of C16:1 ffi6c I C 16: 1 ffi7c, which cannot be separated by MIDI system. 
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It was noted that CI7:o cyclo and CIS:I ro7c were present in higher amounts, while 

CI S:I ro9c is absent in the profile of strai n NCCP-125ST
. Strain NCCP-125ST contained 

Q- IO as a sole menaqllinone system. The closely related type strains were also reported 

to have Q-IO as the major menaqllinone, Q-S and Q-9 were present as minor 

components in these closely related reference strains but absent in strain NCCP-1258T
. 

The polar lipids profile comprised of diphosphatidyl glycerol (OPG), phosphatidyl 

choline (PC), phosphatidyl dimethyl ethanol amine (PDE) and phosphatidyl 

ethanolamine (PE) (F igure 2 1). 

DPG 

PE 

PDE 

PC 

Figure 21 Two dimensional TLC of polar lipid profile of strain NCCP-1258T . DPG, 

diphosphatidyl glycero l; PC, phosphatidyl choline; POE, phosphatidyl dimethyl 

ethanolamine and PE, phosphatidyl ethanolamine. 

Polar lipid profiles of the closely related strains M lotononidis WSM3557T
, M 

lupini Lllt6T and M zambiensis WSM3693T were also reported to contain these four 

components (Ardley et al. , 20 12). However, phosphatidyl glycero l (PG) is absent in 

strain NCCP-125ST which differentiated this isolate fro m the closely related taxa. On 

the basis of physiological, chemotaxonomic, phylogenetic and genomic data, strain 

NCCP-125ST is considered to be a new member of the genus Microvirga. 
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4.2.5 Description of Microvirga pakistanensis sp. nov. 

Microvirga pahstanensis (pa.kis.tan.en'sis. N.L. fem. adj. pakistanensis IS 

pertaining to Pakistan, where the type strain was isolated). 

Cells are Gram-negative, aerobic, non-motile and non-spore forming short rods 

(~2 !lm in length). Colonies are small, round with entire margins, shiny surface, 

concave and pink in colour. The optimum temperature, pH and NaCI concentration for 

growth are 40 DC, 7.5-8.5 and 0.5% (w/v) , respectively. Positive for tryptophan 

deamination, nitrate reduction, oxidase and hydrolysis of esculin, urea and gelatine 

(weak), and fem1entation of glucose but negative for Voges-Proskauer test. Acid was 

produced from arbutin, D-melibiose, salicin (weak), but not fi:om D-cellobiose. Positive 

for assimilation of D-mannose, D-arabinose but negative for assimilation of L

arabinose and D-mannitol. Strong enzyme activity for esterase (C 4), esterase lipase (C 

8) and lipase (C 14) but negative for leucine arylamidase, a-chymotrypsin and napthol

As-BI- phosphohydrolase. D-fiuctose, L-fucose and L-glutamic acid were utilized as 

carbon sources but negative for utilization of acetic acid. The major cellular fatty acids 

are C!6:0, C!8! m7c, CI9:ocyc10 m8c and summed feature 2 (C!4:0 2-0H / iso-C!6:! I). The 

predominant menaquinone system is Q-I0. The polar lipid profile comprises of 

diphosphatidylglycerol (DPG), phosphatidylcholine (PC), phosphatidyl dimethyl 

ethanolamine (PDE) and phosphatidyl ethanolamine (PE), The DNA G+C content is 

64.3 mol%. 

The type strain NCCP-1258T (= CGMCC 1.15074T = KCTC 42496T
) was 

isolated from deseli soil of Cholistan, Bahawalpur, Pakistan. GenBank accession 

numbers for type strain NCCP-1258T are LC065285 (16S rRNA gene); LC085517 

(rpoB gene), LC085516 (gyrE gene), LC085515 (recA gene) and LC085514 (dnaK 

gene). 
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4.3 Streptomyces caldifontis sp. nov., isolated from a hot water 

springe of Tatta Pani, Kotli, Pakistan 

4.3.1. Abstract 

A Gram-staining positive, non-motile, rod-shaped, catalase-positive and 

oxidase-negative bacterium, designated NCCP-1331 T, was isolated from a hot water 

spring soil collected from Tatta Pani, Kotli, Azad Jammu & Kashmir, Pakistan. The 

isolate grew at a temperature range of 18-40 °C (optimum 30°C), pH 6.0-9.0 (optimum 

7.0) and with 0-6 % NaCl (optimum 2 % NaCl (w/v)). The phylogenetic analysis based 

on 16S rRNA gene sequence comparison with MP, ML and NJ algorithms shown that 

strain NCCP-1331 T belongs to the genus Streptomyces and was closely related to 

Streptomyces brevispora BK160T with 97.9 % nucleotide similarity, followed by 

Streptomyces drosdowiczii NRRL B-24297Twith 97.88% nucleotide similarity. The 

DNA-DNA relatedness values of strain NCCP-1331 T with S. brevisporaKACC 

21093Tand S. drosdowicziiCBMAI 0498Twere 42.7 % and 34.7 %, respectively.LL

DAP was detected as diagnostic amino acid along with, alanine, glycine, leucine and 

glutamic acid. The isolate contained MK-9(Hg) as the predominant menaquinone. 

Major polar lipids detected in NCCP-1331 T were phosphatidylethanolamine, 

phosphatidylinositol and unknown phospholipids.Major fatty acids were iso-CI6: oand 

anteiso-CI5: 0, CI6:0. The genomic DNA G+C content was 69.8 mol%. On the basis of 

phylogenetic, phenotypic and chemotaxonomic analysis, it is indicated that strain 

NCCP-1331 T represents a novel species of the genus Streptomyces, for which we 

propose the name Streptomyces caldifontis sp. nov .. The type strain is NCCP-1331T(= 

KCTC 39537T = CPCC204147T). 

4.3.2. Introduction 

The genus Streptomyces was proposed by Waksman and Henrici (Williams, 1989), 

which belongs to phylum Actinobacteria, one of the major taxonomic units amongst 

the 18 major lineages presently documented within the domain Bacteria(Gao & Gupta, 

2012). According to latest updates, the phylum comprises of6 classes (Addimicrobiia, 

Actinobacteria, Coriobacteriia, Nitriliruptoria, Rubrobacteria and Then11.ophilia) , 50 

families and 221 genera. Recently more than 30 new genera have been added 

and787 species as well as 38 sub-species have been cited in Streptomyces files 

(http://www.bacterio.net/sh·eptomycesa.html) .The members of this phylum are well 
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known for their high DNA G+C content and secondary metabolites(Gao & Gupta, 

2012; Verma et aI., 2013). The DNA G+C content ranges from 42% (Gardnerella 

vaginalis,(Greenwood & Pickett, 1980) to 74.4% (Kineococcus radiotolerans,(R. W . 

Phillips et aI., 2002).Type species Streptomyces albus also possess high DNA G+C 

content, i.e. 73.3 mol% (Zaburannyi, Rabyk, Ostash, Fedorenko, & Luzhetskyy, 2014). 

The technical hitches related to classification of the genus Streptomyces at sub-generic 

level have been resolved by the solicitation of progressive genotypic and phenotypic 

methods(Goodfellow, Kumar, Labeda, & Sembiring, 2007; Rong & Huang, 

2010),which resulted in reassignment of misclassified species of the genus 

Streptomyces i.e.Streptomyces hygroscopicus strains as Streptomyces aldersoniae sp. 

nov., Streptomyces angustmyceticus sp. nov., comb. nov. , Streptomyces ascomycinicus 

sp. nov. , Streptomyces decoyicus sp. nov., comb. nov. , Streptomyces milbemycinicus 

sp. nov.,Streptomyces wellingtoniae sp. nov.(Y. Kumar & Goodfellow, 2010). 

Recently, there are few other species of the genus Streptomyceswhich are published, 

i.e.; Streptomyces indoligenes(X. Luo, Sun, Xie, Wan, & Zhang, 2016), Streptomyces 

andamanensis (Slipreechasak, Tamura, Shibata, SuwanbOlirux, & Tanasupawat, 

2016), Streptomycesrhizosphaerihabitans, Streptomyces adustus(H.-J. Lee & Whang, 

2016)and Streptomycesverrucosisporus(Phongsopitanun et aI., 2016), Streptomyces 

scabiei(Labeda, 2016), Streptomycesbryophytorum (C. Li et aI., 2016)andStreptomyces 

xinjiangensis(Cheng et aI., 2016),but these are still not validated names. During the 

course of a study on microbial diversity of Tatta Pani hot water spring, Kotli , Azad 

Jammu & Kashmir, Pakistan, a strain, designated NCCP-1331 T
, was isolated. The 

results of polyphasic taxonomic studies indicated that strain NCCP-1331 T is a novel 

species of genus Streptomyces, for which we propose the name Streptomyces caldifontis 

sp. nov. 

4.3.3. Materials and Methods 

4.3.3.1. Isolation, morphology and phenotypic Characterization 

Strain NCCP-1331 T was isolated from soil sample collected from hot water 

spnng of Tatta Pani, Kotli (Azad Jammu & Kashn1ir) , Pakistan 

(74°32'46.10"E, 35°28 '30AO"N, ASL 3841 ft). About 2 g of soil sample, pre-heated at 

55 DC for 20 min, was incubated at 28 DC for 21 days and then diluted with distilled 

water to 10-3 and 10-4 dilution. The supernatant was spread on starch casem agar 
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medium supplemented with 25 ).lg mL-1 nystatin. The agar plates were checked after 

two weeks at 28 DC (Williams & Davies, 1965). Colonies were picked and further 

purified by subcultural several times on same medium. The purified strain was 

preserved in glycerol suspensions (25 % (w/v) at -80 DC and was also maintained on 

oatmeal agar slopes (International Streptomyces Project - ISP medium 3; (Shirling & 

Gottlieb, 1966)at 4 DC and as mixtures of mycelial fragments and spores in 20 % (w/v) 

glycerol at -80 DC. Closely related strainsStreptomyces brevisporaKACC 21093 T and 

Streptomyces drosdowiczii CBMAI 0498Twere used as reference strains. 

For optimization of growth on various media, cells were streaked on different such 

as XYL, CMC, MSC, T5, R2A, ISP2, Starch/casein(Table 14). 

Table 14 Growth optimization of strain NCCP-1331 T using different media. 

Medium Composition (gL·I) Growth after 7 days 

XYL Xylan-lO g ; tryptone-O.S ; trace salt- Moderate 

1m1 ; CaC03 -O .S ; agar- l.S~ l.8% 

CMC CMC-Na-l ; yeast extract-O.O 1 g; Excellent 

Na2N0 3-0 .S g ; KH2P04 - l g ; 
MgS04'7H20-0.S gtrace salt-lml ; 
CaC03-0.S g; agar- 1.5- l.8% 

MSC MSC -l g ; yeast extract-0.01 g; Good 

Na2N03-0.S g; KH2P04-l g; 
MgS04.7H20-0.S ; trace salt-lml ; 
CaC03-0.S g; agar- l.S-1.8% 

T5 Glucose-1 g ; lotus root starch-1 g ; yeast Moderate 

extract-2 g; tryptone-O .S g ; trace 
salt-l ml ; CaC03-0.S g ; argar-
1.5- 1.8% 

R2A Glucose-0.6 ; soluble starch-0.6 ; yeast Moderate 

extract-0.6 g ; caseinoacids-0.6 
gSodium pyruvate -0.3 g; K2HP04-
0.3 g; MgS04'7H20 -O.OS ; agar-
1.5~1.8% 

ISP2 Malt extract, 10.Og; yeast extract, 4.0g; Good 
glucose, 4.0g and agar, lS g 

Starch/casein Starch-lOg, casein-0.3g, KN03-2g, NaCl- Excellent 
agar 2g, K2HP04-2g, MgS04.7H20-0.0Sg, 

CaC03-0.2g, FeS04. 7H20-0.0 19, agar-
l Sg, pH 7.S 

Note: CMC (Sodium carboxymethyl cellulose) and MSC (Microcrystalline cellulose) were added to 
check enzyme production and ability to degrade cellulose. 

77 



CHAPTER 4.3 Streptomyces caldifontis sp. nov., 

Sodium carboxymethyl cellulose(CMC) and microcrystalline cellulose(MSC) were 

added to checkcellulase activity. Cell morphology of strain NCCP-1331 T was observed 

under a light microscopy (model BH2; Olympus, Japan) and fmiher detailed with 

scanning electron microscopy (ESEM -TMP, Philips) using cells grown at 37 °Cfor 3 

days on ISP2 medium.Gram staining was performed according to standard Gram 

staining procedure and was confirmed by KOH lysis test (Gregersen, 1978). Cell 

motility was studied using hanging-drop technique(Bemardet, Nakagawa, & Holmes, 

2002). The temperature range for growth was investigated on ISP2 agar at different 

temperatures (4,10,15,18,20,28,30,37,40,45,50,55 and 60°C). NaCI tolerance at 

vmious concentrations (0-10% (w/v) at intervals of 1 %) were tested on ISP2 agar at 

pH 7.5 at optimum growth temperature 30°C for NCCP-1331T. Growth at pH 4.0-10.0 

(in 0.5 pH unit intervals) was examined in ISP2 agar medium with pH adjusted as 

described by P. Xu et aI. (2005). Spores were exmnined under scanning electron 

microscope according to procedure described byO'Donnell, Falconer, Goodfellow, 

Ward, and Williams (1993). Cellulolytic activity was detem1ined according to protocol 

explained by(L. Semedo et aI., 2004; L. T. A. S. Semedo et aI., 2000).Growth under 

anaerobic conditions was determined on ISP2 agar supplemented with or without 0.1 

% nitrate by using the GasPak Anaerobic Systems (BBL) according to the 

manufacturer's instructions. 

Utilization of different carbon sources were examined by usmg GNIII 

MicroPlates (Biolog, USA). Catalase activity was detected by production of bubbles on 

addition of 3% (v/v) H202, whereas oxidase activity was tested using 1 % N,N,N' ,N'

tetramethyl-p-phenylenediamine. Hydrolysis of starch, gelatin, casein, urea and 

Tweens (20, 40, 60, 80) were detennined as described byCowan and Steel (1974). 

Nitrite reduction and H2S production were perfonned as recommended byTindall, 

Sikorski, Simbert, and Krieg (2007) . Other physiological and biochemical propeliies 

were analysed using API 50CH/B, API 20E, API ZYM, API-ATB Vetsttips 

(bioMerieux, France) and Biolog GN III microplates ™ according to the 

manufacturers' instructions. 

4.3.3.2. 16S rRNA gene amplification, sequencing and pbylogenetic analysis 

Almost complete sequence of 16S rRNA gene was detennined using 

commercial service of Sangon Biotech (Shanghai, China). The sequences of closely 

related validly published species were rettieved from on EzTaxon-e server (0. S. Kim 
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et al., 2012b). Multiple alignment of 16S rRNA gene sequences were carried out using 

the CLUSTALX program (Thompson et al., 1997) and evolutionary distances were 

calculated using Kimura' s two-parameter model (M. Kimura, 1980). Phylogenetic 

analyses were performed using neighbour-joining (Saitou & Nei, 1987),maximum

likelihood(J .Felsenstein, 1981) and maximum-parsimony (Fitch, 1971) methods with 

MEGA version 6.0 (Tamura et al., 2013) software. Bootstrap analysis with (Joseph 

Felsenstein, 1985) was performed using 1000 replications to assess topology of 

phylogenetic h·ees. 

4.3.3.3. DNA-DNA hybridizations and DNA base composition 

For DNA-DNA relatedness of strain NCCP-1331 Twas perfonned with the 

reference sh"ains, S. brevispora KACC 21093Tand S. drosdowiczii CBMAI 0498T with 

biotin-labelled probes in 96-micro-well plate (NUNC) and fluorescence measurements 

were carried out using an HTS7000 Bio Assay Reader (Perkin Elmer) according to 

Ezaki et al. (1989) and Christensen et al. (2000a) with some modifications by GOlis et 

al. (1998). Marmur (1963), Pitcher et al. (1989) , (Goris et al. , 1998). Recipes and details 

of these procedures are already published as references have been mentioned earlier. 

The G+C content was determined by following same procedure for purification of 

DNA as explained in DDH experiment and OD was checked to ensure the quality of 

DNA, lateron reversed phase HPLC using DNA of Escherichia coli DH5a as the 

reference was performed (M. Mesbah et al. , 1989). 

4.3.3.4. Chemotaxonomy characterization 

For chemotaxonomic analyses, freeze-dried cells of strain NCCP-1331 T and the 

reference strains were prepared by growing biomass in tryptoneyeast extract broth (ISP 

medium 1,(Shirling & Gottlieb, 1966) for 7 days at 37°e. Polar lipids were extracted 

and seperated by two-dimensional thin layer chromatography using standard 

procedures by Minnikin et al. (1979); (M. Collins & Jones, 1980). Menaquinones were 

extracted by following protol described by (M. D. Collins et al. , 1977)and analyzed 

using HPLC(Kroppenstedt, 1982). Fatty acid methyl esters were analysed by following 

steps: harvesting biomass for fatty acid analysis from cells grown on tryptic soy agar 

(Difco) at 37°C for 2 days fi"om 4th quadrant, saponification by using methanolic base 

and heat, methylation and finally extraction. and estimation by using the Microbial 

Identification System (Sherlock Version 6.1; MIDI database: TSBA6; (Sasser, 1990). 
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4.3.4. Results and discussion 

4.3.4.1. Morphology and phenotypic characte"ization 

Strain NCCP- 133 1 T was aerobic, Gram-sta in pos it ive, cata lase-pos itive and 

oxidase-negative. Cell s were non-motil e, fo rmed a branched substrate mycelium 

andrecti flexib ili s aeri a l hyphae, white co loured smooth -surfaced spores appear on 

oatmea l agar (F igure 22). 

Figure 22 Scanning electron micrograph of strain NCCP-1 33 1 T grown 
on rSP2 medium fo r 7 days at 30°C 
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Table 15 Differential physiological charactelistics of strain NCCP-1331 T and its 
closest phylogenetic neighbours in the genus Streptomyces. 

All strains are positive for hydrolysis of glycerol and esculin, acid production ji-om:D-ribose, 
methyl-aD-glucopyranoside, D-arabinose, D-sorbitol, D-jilcose, D-arabitol, potassium 5-
ketogluconate, N-acetyl glucosamine, D-cellobiose, potassium 2-ketogluconate, glycogen and 
negative for eTythritol, gentibiose, dulcitol, methyl-aD-mannopyranoside, methyl-fJD
:>.ylopyranoside, D-adonitol,L-:>.ylose, L-sOl-bose, amygdalin, arbutin, D-Iactose, D-trehalose, 
xylitol, D-melezitose, D-raffinose, D-turanose, D-lyxose, and potassium gluconate(API 50CH 
bioMerieux, France) 

All strains were positive for arginine dihydrolase, citrate utilization, tTyptophane 
deamination and acetoin production and fermentation of amygdalin but negative for 
fermentation ofL-rhamnose (API 20E bioMerieux, France) 

All strains were resistant to (Jig mt ') penicillin G(J 0), cefoperazon (4), lincomycin (2), 
pristinamycin (2), tylosin (2), metronidazol (4), streptomycin su({ate(8)" nalidixic acid, 
vancomycin (40),oxacillin (2),nitrofitrantoin (25) and filSidic acid (2) but sensitive to 
spectinomycin (64), gentamicin (4), apramycin (J 6), cephalothin (8), doxycyc!in (4), colistin 
(4), cotrimoxazol (2), jlumequin (4), oxolinic acid (2), enrojloxacin (0.5),chloramphenicol 
(8), tetracycline (4),niaproof 4 (API-ATB Vet) . 

Enzyme activity was positive fo r alkaline phosphatase, a- glucosidase,N-acetyl- fJ
glucosaminidase, leucine, mylamidase and a - chymotlypsin but negative for valine 
my lamidase, L-histidine,cystein my lamidase, fJ-galactosidase, a- galactosidase, a-filcosidase 
and a-mannosidase(API ZYM, bioMerieux, France) 

All strains were positive for utilization of p ectin, Tween 40, L-lactic acid, fJ-hydroxy-D, L
butyric acid, a-hydro:>.y-butyric acid, citric acid, D-gluconic acid, D-glucose-6-phosphate L
glutamic acid, acetoacetic acid, acetic acid, D-ji-uctose-6-phosphate, propionic acid, quinic 
acid, D-galacturonic acid, 3-methyl glucose, L-aspartic acid, L-galactonic acid, lactone, D
lactic acid, methyl ester, a-keto-butyric acid, a-keto-glutaric acid as carbon source but do not 
utilize D-sorbitol, N-acetyl-fJ-D-mannosamine, D-salicin, gelatin, dextrin, methyl pyruvate, 
myoinositol, N-acetyl-D-glucosamine, stachyose, D-serine, N-acetyl neuraminic acid and D
melibiose. All strains were resistant to sodium bromate, sodium butyrate, potassium 
tellurite, l % sodium lactatebut sensitive to filsidic acid, tetrazolium blue,D-serine, tetrazoliwn 
violet, guanidine HCI, minocycline,troleandomycin andr~ramycin SV(Biolog GN III 
microplates™). 

Cha.-acteristics NCCP-1331T 

Temperature range DC 18-40 
(Optimum) (30) 
pH range 6.0-9.0 
(Optimum) (7.0) 

NaCI tolerance (%) 0-8 
(Optimum) (0-2) 

Spore mass colour wh ite 

Melanin production -

Ni trate reduction -

H20 2 production + 

Hydrolysis of gelati n, glycerol and urea + 

Indo le production + 
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s. brevispora 
KACC 21093T 

4 -37 
(28) 
5.0-9.0 
(7.0) 

0-7 
(0-2) 

colourless 

-

+ 

+ 

+ 

+ 

,v 
,]I . , 

S. drosdoJlliczii 
CBMAJ 049ST 

4 -37 
(28) 
5.0-9.0 
(7 .0) 

0-6 
(0-2) 

grey 

+ 

+ 

-

-

-
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Fermentation ofD-glucose + + -

Acid production from: 

Starch, inulin, D-tagatose - + -

D-galactose w + -

D-fructose,L-arabitol, D-saccharose (sucrose), salici n + + -

Oxidation of: 

D-mannose w - + 

D-maltose, D-melibiose, inositol - + -

D-mann i tol + - -

D-sorbitol - + -

Enzyme activity: 

Lysine- andornithine- decarboxylases + + -

Acid phosphatase, f-i-gl ucosidase + w + 
Napthol-As-BI - phosphohydrolase + + -

f-i-glucoronidase + + -

Trypsin + + -

Utilize n.itrogen source: 

Hydroxy-L-proline, L-histidine + - + 
Utilize carbon source: 
p-Hydroxy-phenylacetic acid, L-alanine, glycyl-L- + - + 

pro line and y-amino-butryric acid 
L-Malic acid + - w 
f-i-Methyl-D-glucoside - w -

N-acetyl-D-galactosamine, D-aspartic acid, L-serine, + - -
D- and glucuronic acid 

L-Arginine - w + 
L-fucose + w -

Glucuronamide, mucic acid, L-pyroglutam ic acid, D- + + -
saccharic acid and fonnic acid 

Bromo-succinic acid - + + 

Antibiotic aud chemical resistan.ce / susceptibility (ug mtl): 

Amoxycili n (4) , Rifamcin (4) S R S 

Amox-clav. acid ((4/2) S w S 

Erythromycin (1) w S R 
Sulphametbizole (100) S S w 
Kanamyci n sulphate ( 10) R R S 

Aztreonam S S R 
Lithium Chloride S R R 

Strain NCCP-1331 T efficiently degraded cellulose at 45 DC and was observed to 

show cellulolytic activity at high temperature condition (upto 60DC). The organism 

grew well on ISP 7, but did not grow on GYM agar and grew poorly on all other 

tested media. Growth occUlTed at temperatures ranging from 18 to 40°C (optimum 

30°C). The pH range for growth was observed to be 6.0-9.0 (optimum pH 7.0). 

Strain NCCP-1331 T was able to grow in presence of 0-8% (optimum 0-2%) (w/v) 
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NaCI. Strain NCCP-1331 T could be distinguished from closely related reference 

species, Streptomyces brevisporaKACC 21093Tand S. drosdowiczii CBMAI 

0498Tby having negative reaction for nitrate reduction, melanin production, and 

positive for H202 production. In contrast to reference species, strain NCCP-1331 T 

can utilize p-hydroxy-phenylacetic acid, L-alanine, glycyl-L-proline and y-amino

butryIic acid as carbon source and hydroxy-L-proline andL-histidine as nitrogen 

source. The detailed differentiating charactelistics are listed in Table 15 and fllliher 

descIibed in species descIiption. 

4.3.4.2 Phylogenetic analysis, DNA-DNA hybridization and DNA base 
composition 

The DDBJ/EMBLIGenBank acceSSIOn number for NCCP-1331 Tis 

LC065358. Nearly complete 16S rRNA gene sequence showed that strain NCCP-

1331T (1541bp) belonged to genus Streptomyces and shared 97.94 and 97.88 % 

sequence similaIities with S. brevispora BIZ160T and S. drosdowiczii NRRL B-

24297T, respectively. Neighbour-joining phylogenetic tree (Figure 23) delineated 

that strain NCCP-1331 T clustered with S. brevispora BK160T and S. 

drosdowiczii NRRL B-24297T at high bootstrap value (87 % and 72 %, 

respectively). This phylogenetic relationship was also confinned in phylogenetic 

trees generated with maximum-parsimony and maximum-likelihood algoIithms 

(Figure 31), suggesting that strain NCCP-1331 T is a member of genus Streptomyces. 

To confirm a separate taxonomic position of strain NCCP-1331 T, DNA-DNA 

hybIidization (DDH) was perfOlmed with closely related reference species. The 

results showed thatstrain NCCP-1331 Thad 42.7 ± 1.6 % DDH value with S. 

brevisporaKACC 21093Tand 34.7 ±2.3% with S. drosdowiczii CBMAI 0498T. 

These values are less than the threshold of 70 % to describe the strain as a member 

of new species (E. Stackebrandt & Goebel, 1994). DNA base composition is an 

impOliantindicator at the species leveI.The results showed that strain NCCP-1331 T 

was found to have 69.8 mol%of genomic DNA G+C content, which was within the 

range reported for members of the genus Streptomyces (69-78 mol%) (Kiimpfer, 

2012; Ludwig et aI., 2012). 

4.3.4.3. Chemotaxonomic analyses 

Strain NCCP-1331 Thad cellular fatty acids profile predominantly comprised of 

iSO-CI6:0 (19.5 %), anteiso-CI5 : 0 (12.7 %) and CI6:o(10.8 %) followed by iso-Cl 5 
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0, anteiso-C17 : 0, iso-CI4: ° and some other minor components including summed 

features 3 and 8 (Table 16). This profile is similar to other members of the genus 

Streptomyces, especially with closely related reference strains having all the 

components which are slight different in amounts, except summed feature 3 and 8 

(CI 8:1 ill7c IC18:1 (j)6c) , which were exclusively present in strain NCCP-1331 T. 

Members of the genus Streptomyces have straight chain, iso- and anteiso-branched 

chain fatty acids (Kiimpfer, 2012). 

Table 16 Cellular fatty acid profile (%) of strain NCCP-1331 T in compmison to type 
strains of closely related species of genus Streptomyces 

Characteristics NCCP-1331T S.brevisporaKACC S. drosdowiczii 

21093T CBMAI 049ST 

iSO-C I4 : 0 4.7 4.9 6.0 

iSO-CI5: 0 6.3 5.9 19.0 

anteiso-C 15 : 0 12.7 36.4 18.0 

iSO-CI 6: 1 H 1.8 1.3 1.6 

iSO-CI 6:0 19.6 19.9 22.0 

C16: 0 10.8 8.5 6.0 

anteiso-CI7:0 CD 9c 2.5 2.6 2.3 

iso-C J7 : 0 2. 1 3.2 10.0 

anteiso-C 17 : 0 5.6 12.6 7.0 

CJ7 :1 (j) 8c 2.2 2.6 2.3 

Summed Feature 3* 4.1 - -

Summed Feature 8* 2. - -

*Summed feature3 and summed feature 8 were either C!6:1 (j) 7c or C!6:1 ill 6cand C1 8:1 

(j) 7c or CI 8: ! (j)6c, respectively that could not have been separated by MIDI system. 
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The phylogenetic position of strain NCCP-1331 T together with similarity of cellular 

fatty acids profile clearly indicated that the isolate belonged to genus 

Streptomyces(Kiimpfer, 2012; Ludwig et aI., 2012; L. Semedo et aI., 2004; Zucchi et 

aI., 2012). 

MK-9(Hs)(84%) was detelmined to be the predominantrespiratory quinone 

system in the novel strain; however, MK-9(H6) (15%); was also detected as minor 

component. The presence of MK-9(Hs)is common to the members ofthe genus 

Streptomyces. Strain NCCP-1331 T contained LL-diaminopimelic acid (DAP),along 

with, alanine, glycine,leucine and glutamic acid as the diagnosticamino acids, 

representing peptidoglycan type LL-DAP-Gly (which seems very likely to be cross

linkage of LL-DAP by glycine residues at position 3(Schleifer & Kandler, 1972). Our 

results also showed that whole cell sugars were absent in whole-organism hydrolysate 

of strain NCCP-1331 T (wall chemotype I sensu (Lechevalier & Lechevalier, 1970). 

Presence of LL- diaminopimelic acid, glycine, lack of distinguishing sugars are 

characteristic of this cell wall type(Willianls, 1989). Major polar lipids profile ofstrain 

NCCP-1331 Tcomprised of phosphatidylethanolamine, phosphatidylinositol and 

unknown phospholipids. The presence ofphosphatidylethanolamine is repOlied to be the 

major polar lipid in all the members of Streptomyces (Kampfer, 2012). On the basis of 

phylogenetic, phenotypic and chemotaxonomic analysis, theisolated strain is distinct 

from other related species within the genusStreptomyces. It is suggested that strain J"',;JI:X~;1~~i}'i;:!, 

NCCP-1331 T represents a novel species of the genus Streptomyces, for which the.:Ri 1ue ,,:;,\~; 
LfffJ ':.~. 

Streptomyces caldifontis sp. nov. is proposed. ·h w;:~.~c. . .I.,:::~;~,:;.~"':1 C·: 'k:, 
\ c'r'F~~:"'~ , ( .. " f .. ) 

4.3.5. Description of Streptomyces caldifontis sp. nov. ~) . ..., ':/' 

"~~Zh~'~'~ 
Streptomyces caldifontis (caI.di.fon'tis. L. adj . caldus, hot; L. masc. n.fons,fontis'?"'",,~~9lY!.~·· 

a spring; N.L. gen. n. caldifontis, of a hot spling). 

Cells are Gram-staining-positive, aerobic, non-motile and exhibits branched 

substrate mycelium that bears aelial hyphae. Colonies on T5 agar are pointed, white

coloured. Growth OCCUlTed at 18-40°C (optimum30°C), at pH 6.0-9.0 (optimum 7.0) 

and in presence of 0-8 %( w/v) NaCl (optimum 0-2%). Does not produce any diffusible 

pignlent (melanine) and fomls white colored spore mass. Negative for nitrate reduction. 

Positive for lysine-and omithine-decarboxylases, hydrolysis of gelatin, glycerol and 

urea, indole production, H202 production and felmentation of D-glucose. Positive for 
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acid production with D-fructose,L-arabitol, D-saccharose (sucrose), salicin, D

galactose (weak) ,but negative fromL-arabinose,starch, inulin, D-tagatose, Positive for 

oxidation of D-mannitol and D-mannose (weak) but negative for D-maltose, D

melibiose, inositol and D-sorbitol (API 50CH, and API20E bioM6rieux, France). 

Strong Enzyme activity for, acid phosphatase, p-glucosidase, napthol-As-BI

phosphohydrolase, p-glucoronidase and trypsin (API ZYM, bioMelieux, France).Can 

utilize hydroxY-L-proline and L-histidine as nitrogen source. Positive for utilization of 

p-hydroxy-phenylacetic acid, L-alanine, glycyl-L-proline and y-amino-butyric acid L

malic acid N-acetyl-D-galactosamine, D-aspaliic acid, L-seline, D- glucuronic 

acid,glucuronamide, mucic acid, L-pyroglutamic acid, D-saccharic acid, fonnic acidand 

L-fucose as carbon source but donot utilize p-methyl-D-glucoside L-arginine bromo

succinic acid as carbon source (Biolog GN III microplates™, API-ATB Vet). The 

major menaquinone is MK-9(Hs) with minor amount of MK-9 (H6). Main fatty acids 

were iso-CI6:o and anteiso-CI5: 0 and CI6:0. Peptidoglycan was LL-diaminopimelic acid. 

The peptidoglycan type contained glycine, alanine, leucine and glutamic acid. Major 

polar lipids detected III NCCP-1331 T were phosphatidylethanolamine, 

phosphatidylinositol and unknown phospholipids. The genomic DNA G+C content is 

69.8 mol%. 

The type strain NCCP-1331 T (=KCTC 39537T = CPCC204147T) was isolated from 

soil sample collected fromhot water spring, located at Tatta Pani, Kotli Azad Jan1mu & 

Kashmir, Pakistan. 
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Streptomyces graminifolii JL_22
T 

(I-IQ267984) 
Streptomyces prllnic%r NBRC 13075

1 
(BARE,o 1 000082) 

Streptomyces phaeoplllpl/rel/s N~ B-2260 (DQ026666) 
Streptomyces chartrel/sis NBRC 127?3 (AB 184839) 
Streptomyces alldamallensis KC-11 2 (.~C008305) 
;;;- Streptomyces galilael/s JCM 4757 (AB045878) ,. 

L-__ ~. Streptomyces angllstmyceticlls NRRL B;.2347 (NRI16220) 
Streptomyces b,yophytorllm NEAE-HP 0 (KF923804) 
Streptomyces cock/ensis ~SM 42063 (FR692 1 07) 

69 Streptomyces xinjiangensis LPA 192 (AY533137) 

Slreplomyces celloslaliclIs NBRC I 2849
T 

(AB 184192) 

Streptomyces yokosukanensif NRRL B-3353
T 

(DQ026652) 
Streptomyces g"o,.,""ensis 701 (AY876942) 

L------------Streptomycesalbl/sNBRCpOI4T (BBQGOI000088) 
Streptomyces /acu/atispora BK 196 (FR692 106) 
Streptomyces brevispora BKI60 (FR692104) 72 

Streptomyces ca/difolltis NCCP-1331 T (LC06535~) 
L--------=~Slreptofllyces dro:;dowiczii NBRC 101007 (AB249957) 

StreptomYces exfoliatlls NRRL B-2924 T (JNZPO 1 00008 1) 
- T 

Streptomyces omiyaensis NBRC 1344~ (AB 1844 11 ) 
§.treptolllyces corchorllsii NBRC 13032 \AB 184267) 
~ Streptomyces bungoensis NBRC 15.711 (AB 184696) 

Streptomyces capoamlls J~M 4734 (AB045877) 
Streptomyces regensis NRRL B-11479 (DQ02664~) 

Streptomyces p/llmbiresistens CCNWHX q -1 60 (EU526954) 
Streptomyces rectivio/aceus NRRL ~-16374 (DQ026660) 

Streptomyces IIIllbrilllls NBRC 13091 (Afl I84305) 
Streptomyces ederellsis N BRC 15410 (AB 1 8~658) 

Streptomyces phaeochromog~}les NBRC 3180 (AB 184738) 
Streptomyces bottropellsis ATCC 25435 (KB911581) 
Streptomyces aura/ltiaclls NBRC 13017 T (AB 184259) 

L-__________ -.::.S:::tl:..:·e:!::.p.::to::.II~/):..:'c=es glomeroal/rallliacus NBRC 15418
1 
(4B249983) 

Streptomycesjlareus.l'RRL B-16074 (DQ026643) 
Streptomyces tal/ricl's JCM 4837 (AB045879) 

Streptomyces stelliscabiei CFBP.~52 1 (AJ007429) 
L------<;.Streptomyces cinerells NBRC 12247 (A~ 184072) 

Slrp.nlnmllr.p.s vprpl'nlumsis NRRC' 17.") 17 (AR 1 R40QC)) 
Kitasatospora setae DSM 43861 T (U93332) 

Figure 23 Neighbour-joining ITee for slrain NCCP-133 IT 
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4.4 Description of Nocardioides pakistal1ensis sp. nov., 
4.4.1 Abstract 

A Gram-staining positive, non-spore fonning, non-pigmented and non-motile 

bacterium, designated as NCCP-1340T, was isolated from hot water spring, Tatta Pani 

Pakistan. Cells of strain NCCP-1340T were observed to be aerobic, rod shaped, catalase 

and urease positive but H2S production and oxidase negative. The growth was observed 

at pH 6.0-8.0 (optimum pH 7.0) and at 20-40DC (optimum 37DC). The strain could 

tolerate 0-8 % NaCl (optimum 2 %, v/v). Phylogenetic analysis based on 16S rRNA 

gene sequence compmisons revealed that strain NCCP-1340T belongs to the genus 

Nocardioides and was most closely related to Nocardioides iriomotensis IR27-S3 T 

(96.8%), Nocardioides daedukensis MDN22T (96.6%), Nocardioides jensenii DSM 

20641 T (96.1 %) and Nocardioides daejeonensis MJ31 T (96.1 %). The DNA-DNA 

relatedness values of strain NCCP-1340T with Nocardioides iriomotensis IR27-S3T 

(=JCM 17985T), Nocardioides daedukensis MDN22T (=KCTC 19601 T) and 

Nocardioides jensenii DSM 20641 T (=KCTC 9134T ) were found to be less than 53 %. 

The DNA G+C content of strain NCCP-1340T was detennined to be 71.8 mol%. The 

affiliation of strain NCCP-1340T to the genus Nocardioides was further supported by 

chemotaxonomic data which showed presence of MK-8(H4) as major menaquinone 

system; iSO-CI6:0, C17:o, C16:0 10-methyl, iSO-CI5:0 and C 15:0 as major cellular fatty acids; 

and diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol and 

unidentified glycolipids (GLs) and polar lipids (PLs) in polar lipids profile. Cell wall 

peptidoglycan contained LL-diaIllinopimelic acid as the diagnostic amino acid. On the 

basis of physiological and biochemical charactelistics and the phylogenetic analyses, . 

strain NCCP-1340T can be distinguished from the closely related taxa and thus, it 

represents a novel species of genus Nocardioides, for which the name Nocardioides 

pakistanensis sp. nov. is proposed with the type strain NCCP-1340T (= DSM 29942T = 

JCM 30630T). 

Keywords: Nocardioides paldstanensis sp. nov., Hot water spring, Tatta Pani Pakistan 
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4.4.2 Introduction 

The generic name Nocardioides was first introduced by Prauser (1976) with the 

type species Nocardioides albus fom1ing its phylogenetically evolutionary lineage 

within the family Nocardioidaceae . Soon after the genus published, another two species 

Pimelobacter j ensenii and Arthrobacter simplex were reclassified to the genus 

Nocardioides as Nocardioides jensenii and Nocardioides simplex, respectively (M. 

Collins, Dorsch, & Stackebrandt, 1989 ; O'Donnell, Goodfellow, & Minnikin, 

1982). At the time of writing this manusclipt, the genus Nocardioides is complised of 

over 79 specIes with validly published names 

(http://www.bacterio .net/nocardioides.html). Members of this genus are Gram

staining positive, non-acid-fast, aerobic and motile or non motile actinomycetes 

(Evtushenko, Krausova, & Yo on, 2015). The genus Nocardioides is versatile, being 

isolated not only from soil (Ahn et aI., 2014; Prauser, 1976), but also from sea water 

(H. M. Kim, Choi, Hwang, & Cho, 2008), volcanic ash (S. D. Lee & Lee, 2014) , sea 

food samples (Lin et aI., 2015), deseli (Tuo et aI., 2015), ground water (J. H. Yoon, 

Kim, Kang, Oh, & Park, 2004), beach sand (D. W. Lee, Hyun, & Lee, 2007) and 

sediment sample (Dastager, Lee, Ju, Park, & Kim, 2009). Different species ofthe genus 

Nocardioides have the ability to grow from psychrophilic (D. C. Zhang et aI., 2012) to 

mesophilic (Dastager, Lee, Pandey, & Kim, 2010) and thennophilic. These can also be 

halophilic and alkaliphilic in nature (Dastager, Lee, Ju, Park, & Kim, 2008b; P. Xu et 

aI.,2005). Some strains of this genus were also isolated from the medicinal plants (Qin 

et aI., 2012). Members of Nocardioides genus are considered to be biotechnologically 

important because of their ability to degrade phenol, p-nitrophenol (J. H. Y oon et aI., 

1999), dibenzofuran (Kubota et aI. , 2005), N-acylhomoseline lactone (J. H. Y oon et aI., 

2006), crude-oil (Schippers, Schumann, & Sproer, 2005) and agar (Dastager, Lee, Ju, 

Park, & Kim, 2008a). In view of above biotechnological applications of various 

members of the genus Nocardioides, a novel strain belonging to the genus Nocardioides 

that was isolated from hot water spling located at Tatta Pani, Kotli, Pakistan, was 

characterized in the present study. The polyphasic taxonomic results delineated that 

strain NCCP-1340T belongs to a new species of genus Nocardioides, for which the 

name N pakistanensis sp. nov. is proposed. 
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4.4.3 Materials and methods 

Isolation, morphology and phenotypic characterization 

Water samples were collected in sterilized NUNC 50 ml tubes from the hot 

water spring located at Tatta Pani, Kotli, Pakistan (35°47'N, 74°54'E ) and kept at 4°C 

before usage. The samples were serially diluted to isolate bacterial strains. Among 

vmious colonies, a strain, designated as NCCP-1340T, was recovered on International 

Streptomyces Project (ISP) 2 agar medium (Shirling & Gottlieb, 1966) at 37°C after 

48 h. The strain was streaked repeatedly on ISP 2 medium until pure colonies were 

obtained. Purified strain was stored in glycerol at -80 °C for further work. N 

daedukensis MDN22T (=KCTC 19601T), N jensenii DSM 20641T (=KCTC 9134T) 

and N mesophilus MSL-22T (=KCTC 19310T) were obtained from Korean Collection 

for Type Cultures (KCTC, Republic of Korea), Nocardioides iriomotensis IR27-S3T 

(=JCM 1798ST) was obtained from Japan Collection of Microorganisms (JCM, Japan), 

and they were used as reference strains in these studies. 

To optimize the growth on various media, strain NCCP-1340T was grown on 

ISP 2, oatmeal agar (ISP 3), tryptic soy agar (TSA, Becton Dickinson), R2A (Becton 

Dickinson) and nutrient agar (Becton Dickinson). The colony morphology of strain 

NCCP-1340T was observed on ISP 2 medium at 37°C after 3 days. The cells were 

observed using phase-contrast microscopy (BH-2; Olympus) and further detailed 

morphology under scanning electron microscopy (QUANTA 200; FEr). Granl staining 

was carried out using the standard Gram reaction. Growth at various temperatures (4, 

10,15,20,28,30,33,37,40,45,50,55 and 60°C) was observed on ISP 2 medium for 

2 weeks. The pH range for growth was tested at pH 4.0-11.0 (in 1.0 pH unit intervals) 

using the buffer system described by P. Xu et al. (2005) at 37 °C for 4 days in tryptic 

soy broth (TSB; Becton Dickinson). Tolerance to NaCl (0 to 20 %, w/v, with 1 % 

increment) was investigated on ISP 2 medium by incubating at 37 °C for 10 days. 

Catalase and oxidase activities were determined as described by Kovacs (1956). 

Growth under anaerobic conditions was detennined on nutrient agar supplemented with 

or without 0.1 % nitrate by using the GasPak Anaerobic Systems (BBL) according to 

the manufacturer ' s instructions. 

The biochemical, enzymatic activities and utilization of sole carbon and 

nitrogen source were detennined according to the manufacturer ' s instruction by using 
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API ZYM, API 20E, API 50CH, API 20NE strip (bioMerieux, France), and also Biolog 

GEN III microplates TM, at 37 DC according to the manufacturer ' s instructions. 

16S rRNA gene sequencing and phylogenetic analyses 

The preliminary identification of strain NCCP-1340T was done based on 16S 

rRNA gene sequencing. Extraction of genomic DNA and PCR amplification of the 16S 

rRNA gene of strain NCCP-1340T was performed using protocol described previously 

(W. J. Li et al., 2007). The sequence obtained was compared with the sequences of 

cultured species from the EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/) (0. s. 
Kim et al., 2012a) . Phylogenetic analysis was performed using the MEGA version 6 

software package (Tamura et al. , 2013) after multiple alignment ofthe sequences using 

CLUSTAL X program (Thompson et al., 1997). Neighbour-joining (Saitou & Nei, 

1987) tree was constructed using Kimura-2 parameter model for evolutionary distance 

matrices (M. Kimura, 1980). To detennine the suppOli for each clade, bootstrap 

analysis was performed with 1000 replications (Joseph Felsenstein, 1985). The validity 

of the neighbour-joining tree was evaluated using other algorithms: maXlmum

likelihood (1. Felsenstein, 1981) and maximum parsimony (Fitch, 1971). 

DNA-DNA hybridizations and DNA base composition 

DNA-DNA relatedness of strain NCCP-1340T with the reference strains 

Nocardioides iriomotensis IR27-S3T, N. daedukensis MDN22T and N. jensenii DSM 

20641 T was determined. Total genomic DNA was prepared using the protocols of 

Mannur (1963) and Pitcher et al. (1989) as described previously (Goris et al., 1998). 

DNA-DNA hybridization was perfonned with biotin-labelled probes in 96-micro-well 

plate (NUNC) and fluorescence measurements were carried out using an HTS7000 Bio 

Assay Reader (Perkin Elmer) according to Ezaki et al. (1989) and Clllistensen, Angen, 

Mutters, Olsen, and Bisgaard (2000b) with modifications by Goris et al. (1998). The 

hybridization temperature was 40 DC and the hybridizations were perfOlmed with eight 

replications. 

The G+C content of the genomic DNA was determined using reversed phase 

HPLC and DNA of Escherichia coli DH5a was used as the reference (M. Mesbah et 

al., 1989). 

Chemotaxonomy characterization 

Chemotaxonomic charactelistics of strain NCCP-1340T and the reference 

strains were detennined using standard methods under the same conditions. The whole-

91 



CHAPTER 4.4 Nocaraioides pakistanensis sp. nov. , 

cell hydrolysate was analysed for sugars and diagnostic ammo acids in cell wall 

peptidoglycans according to the procedures described by Hasegawa, Takizawa, and 

Tanida (1983); Lechevalier and Lechevalier (1970) and S. K. Tang et al. (2009) . Polar 

lipids were extracted as described by Minnikin et al. (1979) and identified by two

dimensional thin layer chromatography (M. Collins & Jones, 1980). Menaquinones 

were extracted and analyzed using HPLC (M. D. Collins et aI., 1977; Kroppenstedt, 

1982). Cellular fatty acid analysis was performed by using the Microbial Identification 

System (MIDI) Sherlock software version 6.1 (method TSBA6 database, (Sasser, 

1990). Biomass for cellular fatty acid analysis was obtained from cells grown on tryptic 

soy agar (BD) at 37 °C for 2 days 

4.4.4 Results and discussion 

Morphology and phenotypic characterization 

Cells of strain NCCP-1340T were observed to be Gram-staining positive, strictly 

aerobic, nori-motile and non-spore forming rods (Figure 24). 

1218/2014 mag 0 
9 .00.35 AM 17 500 x 

Figure 24. Scanning electron micrograph of cells of strain NCCP-1340T 

grown on TSA agar medium at 37°C for 48 hours. 

Colonies of strain NCCP-1340T on ISP 2 medium grew round in shape and off 

white in colour. Growth of strain NCCP-1340T occulTed at a temperature range of 20-

40 °C with an optimum at 37 dc. No growth was observed at 45 °C or less than 20 dc. 
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Strain NCCP-1340T could grow at a pH range of 6.0-8.0 with an optimum pH of 7.0, 

but no growth was observed at pH 5 or 9. Cells could tolerate 0-8% NaCl concentrations 

(w/v) with optimum growth at 2 % NaCI. Strain NCCP-1340T was observed to be 

negative for arginine dihydrolase, acid production with D-lactose, utilization of mono

methyl-succinate, methyl pyruvate, succinamic acid, L-alaninamide and L

glutamicacid substrates as carbon source whereas all the reference strains were found 

to be positive under same growth conditions for these characteristics except N. Jensenii 

DSM 20641T and N. daedukensis MDN22T which were weakly positive for utilization 

of mono methyl-succinate, succinamic acid, L- alaninamide and methyl pyruvate 

respectively. In contrast to the reference strains, NCCP-1340T was observed to be 

positive for u- glucosidase and ,8-glucosidase. It was also positive for assimilation of 

mannitol, inositol, sorbitol and showed positive enzyme activity for lipase (C 14), ,8-

galactosidase and N-acetyl- fi-glucosaminidase but all the reference strains (except N. 

irimotensis IR27-S3T) were found negative(Dastager et aI., 2010; Yamamura et aI., 

2011; J. H. Yo on et aI., 2010). Strain NCCP-1340T also distinguished for positive 

enzyme activity of alkaline phosphatase, acid phosphatase and trypsin, which were 

negative in N. irimotensis IR27-S3T. Our isolate showed negative results for indole 

production and acid production with glycerol in contrast to N. daedukensis MDN22T 

and N. irimotensis IR27-S3T, which produced positive results for indole production and 

acid production with glycerol (weak). Several other charactelistics which distinguished 

strain NCCP-1340T from the reference strains have been enlisted in table 17, while 

other phenotypic results are mentioned in species description. 
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Table 17 Differentiating phenotypic and biochemical characteristics of strain NCCP-1340 T in comparison with the type strains of closely related 
Nocardioides species 

Characteristics NCCP-1340T N. iriomotensis N. daedukellsis N. jensenii N. mesophilus 

NaCI range 0-8 0-7 0-1 0-5 0-20 
optimum (w/v) (2) (2) (0) (2) (2) 

Temperature range 20- 40 12-37 4-37 18-37 20-37 

(optimumrC (37) (30) (30) (30) (28) 

Motility Non-motile Non-motile Non-motile Non-motile Motile, without flagella 

Arginine dihydrolase - + + + + 

Nitrate reduction - + + + -

Indole production - + + - -

Hydrolysis of 
Urea, esculin + + + + -

Gelatin + + w+ + -

Assimilation of 
N-acetyl glucosamine w+ + + + + 

Mannitol, inositol, sorbitol + + - - -

Amygdalin + - w+ - + 

Acid production: 

Glycerol - w+ w+ - -

Methyl-a-D-glucopyranoside, w+ - - - -

Arbutin 
D-Iactose - + + + + 

Fennentation of D-glucose - + + - + 

94 

i 



CHAPTER 4.4 Nocardioides pakistanensis sp. nov. , 

Enzyme activity: 

Alkaline phosphatase, acid + - + + + 
phosphatase, trypsin 
Esterase (C 4) + + + - -

Lipase (C 14) + + - - -

Leucine arylamidase + + - + + 

Napthol-As-BI + - - + + 
phosphohydrolase 
,8-galactosidase, N-acetyl- ,8- + + - - -

glucosaminidase 
u- glucosidase, ,8-glucosidase + - - - -

Substrates utilized as C source: 

Tween 80 + + + - -

Maltose + + + + -

D-mannitol + + - + -

D-mannose - + - + -

Methyl pyruvate - + w+ + + 
Mono-methyl-succinate, - + + w+ + 
Succinamic acid, L-
alaninamide 
L-glutamic acid - + + + -

Glycyl-L-aspatiic acid w+ + + + + 
+, Positive; w+, weakly positive; - , negative .. All data was collected from this study 
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Phylogenetic analysis, DNA base composition and DNA-DNA hybridization 

The compalison of 16S rRNA gene sequence (1498 nucleotides; 

DDBJ/EMBLIGenBank accession number LC065367) of strain NCCP-1340T with 

sequences of the type strains of closely related species of genus Nocardioides showed 

the highest similarity to Nocardioides iriomotensis IR27-S3T (96.8%) followed by N 

daedukensis MDN22T (96.6%), N jensenii DSM 20641 T (96.1 %) and N daejeonensis 

MDN22T (96.1 %), and less than 95% with the other species of genus Nocardioides and 

other taxa of the related genera. A maximum-likelihood phylogenetic tree (Figure 25) 

showed that sh'ain NCCP-1340T was closely related to the cluster complised of N 

iriomotensis IR27-S3T, N daedukensis MDN22T, N jensenii DSM 20641 T, and N 

daejeonensis MDN22T with a high bootstrap value (78 %) . 

Although 16S rRNA gene sequence similarity ofNCCP-1340T was less than 97 %, 

however, to confim1 that strain NCCP-1340T belongs to a novel species, DNA-DNA 

hyblidizations (DDH) were carried out with type strains of three closely related species. 

DDH values were 53.2±3.1 % with N irimotensis IR27-S3T, 46.3±2.2% with N 

daedukensis MDN22T and 33.1±2.1 % with Njensenii DSM 20641T, which were found 

to be less than 70 % to suppOli the conclusion that it represents a separate species from 

the recognized species of genus Nocardioides (E. Stackebrandt & Goebel, 1994; 

Wayne et aI. , 1987). The DNA G+C content of strain NCCP-1340T was detennined to 

be 71.8 mol%, which was within the range of other members of the genus (M. Collins 

et aI., 1989; Dastager et aI. , 2010; Yal11alnura et aI. , 2011 ; J. H. Yoon et aI. , 2010)). 
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Figure 25. Maximum-

likelihood phylogenetic 

tree showing the inter

re lationships of strain 

NCCP-1340T with the 

closely related type strains 

of the genus Nocardioides 

and the other related 

genera, inferred from the 

16S rRNA gene sequences. 

Data with gaps and 

ambiguous nuc1eotides 

were removed from the 

alignment for construction 

of the tree, which is rooted 
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Chemotaxonomic analyses 

The major cellular fatty acids of strain NCCP-1340T were detemlined to be iso

C16:0 (23.2%), CI7:o (18.3 %), C16:0 10-methyl (10.7 %), iSO-CI5:0 (9 .7 %) and C 15:0 (9.6 

%), which are typical cellular fatty acids profile for the members of genus 

Nocardioides. 

Table 18 Cellular fatty acid profile (%) of strain NCCP-1340T in comparison to the 

type strains of closely related species of the genus Nocardioides. 

Characteristics NCCP-1340T N. iriomotellsis N. daedukensis N. jellsellii N. mesophilus 

C15:0 9.6 9.4 6.4 8.5 8.6 
iSO-CI5:0 9.7 13.2 8.4 15.3 9.7 
CIS:] 0)6c 1.7 1.2 2.6 1.1 1.7 
anteiso-C-Is:o 1.7 2.5 3.8 3.1 2.7 

iSO-CI6:0 23.2 17.1 20.4 10.6 21.2 
C 16:0 lO-methyl 10.7 4.2 14.7 10.8 16.6 
C I7:] cis-9 6.4 14.0 13.2 12.2 10.7 
anteiso-C17:1 0)9c 3.2 2.9 1.7 1.7 1.2 
iSO-CI7:0 5.7 3.8 4.6 5.3 3.8 
C17:0 18 .3 10.2 10.1 8.3 7.4 
CI8:] 0)9c 3.9 2.6 4.7 3.5 5.5 
Summed Feature 3 t 1.2 1.4 1.7 1.6 1.9 

All data are obtained in this study. Values are percentages of total fatty acid detected t Summed 
feature 3 contains one or more of C!6:! 0) 7c / C!4:0 that cannot be separated by GLC with the 
MIDI system. 

Strain NCCP-1340T was found to possess a higher amount ofCI7:o (18 .3%) as 

compared to the reference strains (Table 18). It was also noted that CI7:1 cis-9 (6.4 %) 

was detected less in the profile of strain NCCP-1340T, compared to the closely related 

reference strains (Table 18). Neveliheless, the cellular fatty acids profile obtained for 

strain NCCP-1340T is similar to those of other members of the genus Nocardioides 

(Dastager et aI., 2010; Yamamura et aI., 2011; J. H. Yoon et aI., 2010), except some 

difference of values, which establishes that the strain NCCP-1340T belongs to a novel 

species. Major menaquinone system of strain NCCP-1340T was found to be MK-8(H4) 

(98.4 %), whereas minor amount (1.6 %) of MK-9 (H2) was also observed The presence 

of MK-8(H4) as the major isoprenoid quinone, is the charactelistic chemotaxonomic 

feature described for the genus Nocardioides (Evtushenko et aI., 2015). 

The polar lipids were diphosphatidylglycerol (DPO), phosphatidylethanolamine 

(PE), phosphatidylinositol (PI) and unidentified glycolipids (OL) and polar lipids (PL) 
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(Fig. S3). Overall, the polar lipids, whole cell sugar content, fatty acid and respiratory 

quinones of strain NCCP-1340T are consistent with those of the other members of the 

genus Nocardioides (Dastager et aI., 2010; Yamamura et aI. , 2011; J. H. Yoon et aI. , 

2010). On the basis of physiological, phylogenetic, chemotaxonomic and genomic 

characteristics, strain NCCP-1340T is considered to be a new member of the genus 

Nocardioides. 

4.4.5 Description of Nocardioides pakistanensis sp. nov. 

Nocardioides pakistanensis (pa.kis.tan.en' sis. N.L. fem. Adj. pakistanensis 

peliaining to Pakistan, where the type strain of this organism was isolated). 

Cells are Gram-staining positive, aerobic, non-motile, non-spore fOlming short 

rods. Colonies are round and off-white in colour. The optimum temperature, pH and 

NaCl concentration for growth is 37 DC, 7.0 and 2 % (w/v), respectively. Positive for 

hydrolysis of urea, esculin and gelatine and also assimilation of mannitol, sorbitol, 

inositol amygdalin and N-acetyl glucosamine (weak). Negative for arginine 

dihydrolase, nitrate reduction, indole production and felmentation of D-glucose. High 

enzyme activity is observed for alkaline phosphatase, acid phosphatase, esterase (C 4) , 

lipase (C 14), leucine arylamidase, trypsin, napthol-As-BI phosphohydrolase, fJ

galactosidase, N-acetyl- ,B-glucosaminidase, a- glucosidase andfJ-glucosidase. Weakly 

positive for acid production with methyl-a-D-glucopyranoside and arbutin but negative 

for D- lactose and glycerol. Positive for utilization of Tween 80, maltose, D-mannitol 

and glycyl-L-aspartic acid (weak) as carbon source and negative for mono-methyl

succinate, D-mannose, succinamic acid, L-alaninamide, L-glutamic acid and methyl 

pyruvate. The cell wall peptidoglycans contain LL-diaminopimelic as the diagnostic 

amino acid. The predominant menaquinone is MK-8(H4). The major cellular fatty acids 

are iSO-CI 6:0, C17:o, C1 6:0 10-methyl, C15:0 and iSO-CI 5:0. Major polar lipids are 

diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE) phosphatidylinositol 

(PI) and unidentified glycolipids (GL) and polar lipids (PL). The DNA G+C content is 

71.8 mol%. 

The type strain is NCCP-1340T (= DSM 29942T = JCM 30630T
) which was 

isolated from soil sample collected from Tatta Pani hot water spring, Kotli, Azad 

Jammu & Kashmir, Pakistan. GenBank accession number for 16S rRNA gene sequence 

of strain NCCP-1340T is LC065367. 
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CHAPTERS 

Bacterial Contntunity Structure in the Cholistan 
Desert, Pakistan: Comparative Analysis between 

Rhizospheric and Non-Rhizospheric Soil Samples 

5.1. Abstract 

Life is scarce m arid regions and hot deselis due to harsh environmental 

conditions such as large fluctuations in temperature, high UV ilTadiation and low 

precipitation. These extreme enviromnents can influence the microbial community 

structure in desert ecosystems. In this study, we attempt to study and compare the 

distribution of bacteria between the rhizosphelic and non-rhizospheric soils of the 

Cholistan deseli located in Pakistan. The study involved seven different samples 

collected from depth of 50 cm and lOO cm from the rhizosphere of pioneer plants and 

surface sand. Pyrosequencing based on Vl-V3 regions of l6S rRNA gene was 

employed to reveal the bacterial diversity of the samples. The results showed a total of 

4,698 OTUs in the seven samples, calculated using ~ 97% sequence similarity levels. 

The distribution of OTUs ranged from 437 in NCCP-D2-b to 11 24 in NCCP-D1-a. 

Species lichness as indicated by Chao 1 indices ranged from 976 (NCCP-D2-a) to 2,483 

(NCCP-D1-a). Besides OTUs belonging to phyla Proteobacteria and Chloroflexi, the 

rhizospheric soil samples containing root-remains (NCCP-D1-a/b) were dominated by 

Firmicutes, Deinococcus-Thennus Actinobacetria and Acidobacteria, while the 

phylum Thermotogae was present in significant quantity in samples without root

remains (NCCP-D2-a/b). In non-rhizospheric samples (NCCP-D3-a/b), OTUs 

belonging to phyla Proteobacteria, Chloroflexi. Bacteroidetes and Acidobacteria were 

present in considerable number. Our study shows that the Cholistan desert area of 

Pakistan contained a diverse bacterial community, but its distribution is controlled by 

several edaphic environmental factors. 

Keywords: Bacterial community, deseli sand, pyrosequencing, rhizosphere, 16S rRNA. 
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5.2. Introduction 

Diverse populations of mThaea and bacteria form an integral component of 

microbial communities in any envirom11ent on emih, particularly soils (Fierer & 

Lennon, 2011 ; Kuske et aI., 2002; Roesch et aI., 2007). Their diversity and distributions 

are dependent upon various factors constituting the enviromnent (Kuske et aI. , 2002). 

Edaphic factors such as moisture content and pH of the soil can be correlated with the 

richness of the environment (Reth, Reichstein, & Falge, 2005). On the other hand, plant 

communities influence the spatial structure of soil by the growth of their roots and shape 

the chemical composition of the rhizosphere (Angers & Caron, 1998; Philippot, 

Raaijmakers, Lemanceau, & van der Putt en, 2013). These interactions subsequently 

enhance the rhizophere mineral flows, thereby linking it to microbial community 

dynmnics (Lu, Murase, Watanabe, Sugimoto, & Kimura, 2004; R. Zhang & Wienhold, 

2002). Despite our understanding on plant and soil interactions, it is difficult to interpret 

and exactly classify all soil microbial communities (Berg & Smalla, 2009; Buee, De 

Boer, Maliin, van Overbeek, & Jurkevitch, 2009). One reason for this is majOlity of 

soil microbes are intractable to conventional isolation and culturing methods. The 

development of next-generation, multiplexed pyrosequencing techniques (Micah 

Hamady, Walker, Harris, Gold, & Knight, 2008) has partly enable charactelizations and 

compmisons of microbial communities in diverse ecosystems (Lauber, Hamady, 

Knight, & Fierer, 2009; Roesch et aI. , 2007), and thereby provide a means for 

understanding the microbial community structures of complex and underexplored 

enviromnent such as deserts. 

When surface m·ea is concerned than deselis comprises of principal terrestrial 

ecosystem which are characterized by several environmental extremes such as high 

aridity, elevated UV radiations and low moistures (Pointing and Belnap, 2012) . In 

desert ecology, enviromnental stresses limit life to typically the poikilohydric life forms 

(Angel, Soares, Ungar, & Gillor, 2010; Bates et aI. , 2011; Fierer & Jackson, 2006; 

Marschner, Yang, Lieberei, & Crowley, 2001; Neilson et aI. , 2012; Osman et aI. , 2016; 

Salmna, EL-Ghani, & EI-Tayeh, 2013). The survival ofthese communities is, therefore, 

highly depended on the interactions between various biotic and abiotic factors (Cary, 

McDonald, Barrett, & Cowan, 2010; Jones & Lennon, 2010). Numerous hypotheses 

suggested rich microbial communities near water and nutrient limited enviromnents 

because of gathered nutrients between root and soil (Herman, Provencio, Herrera-
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Matos, & Torrez, 1995; Schles inger, Raikes, Hartl ey, & Cross, 1996) . Desert plants 

may also exert direct influence on microbial communiti es by providing va luab le 

nutriti ve resources. These effects, however, tend to be either species-spec ific 

(Marschner et a I. , 200 I ) or culti var-specifi c (van E lsas et a I. , 201 2). 

In this study, we employed a multiplexed second generation pyrosequencing 

technique to estimate th e bacterial community structure in the Cholistan desert, 

Pakistan. Compari son was made between the microbi a l community in sandy desert so il 

and rhizosphere assoc iated with desert pl ants. We further anal yzed the influence of 

phys icochemica l parameters of so il on di stributi on of di fferent bacteria at all taxonomic 

levels. In addition , a brief ana lys is fo r the di stribution of the phylum Actinobacteria 

among the Cholistan Desert samples is g iven. 

5.3. Materials and Methods 

5.3.1. Study Site and Sample Collection 

The sampling s ite for the present study is located on Choli stan desert, 

Bahawalpur, Pakistan (29.395556 N 71 .750278 E; Figure 26). 

(CHOLISTAN DESE,n] 

A 
...... - I N 0 I 

.., ..... ... ''''' " ... 

Figure 26 Map indicating Choli stan desert, Bahawalpur, Pakistan 

So il and rhi zosphere samples were co llected asept icall y in tripl icates fro m a 

randomly chosen 100 m2 fo llow ing standard protoco ls (S . Wang et a I. , 20 13). T he 

samples co ll ected were transported to laboratory in liquid nitrogen and stored at -80 DC 

until further processing. A description of the samples is given in Tabl e 19 
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Table 19 Description of the samples 
Sample Sample type Sequence Accession 

Read number 
Archives 

NCCP-D-O Wet soil around desert area SRS822652 SAMN03284242 
NCCP-Dl-a Rhizosphere sample (with remains SRS825421 SAMN03284243 

of roots) at depth of 100 cm 
NCCP-Dl-b Rhizosphere sample (with remains SRS825422 SAMN03284244 

of roots) at depth of 50 cm 
NCCP-D2-a Rhizosphere sample (without SRS825423 SAMN03284245 

plant roots) at depth of 100 cm 
NCCP-D2-b Rhizosphere sample (without SRS825424 SAMN03284246 

plant roots) at depth of 50 cm 
NCCP-D3-b Dry soil from vegetation free SRS825425 SAMN03284247 

desert area at depth of 100 cm 
NCCP-D3-b Dry soil from vegetation free SRS825426 SAMN03284248 

deseli area at depth of 50 cm 

Wet soil from 3 different locations around the vicinity of the desert area was collected, mixed and treated 

as the control sample (NCCP-D-O) for comparative purpose. 

5.3.2. Physicochemical Analysis 

The soil-pH values and electrical conductivity were calculated by diluting the 

soil sample with water at a 1: 1 (w/v) ratio . pH was confinned by using a 1: 1 (w/v) 

mixture with 0.01 M CaCh soln. The use of 0.01 M CaCh tend to mask small 

differences in salt contents accumulated under limited rainfall in arid regions and under 

restricted drainage (McLean, 1982). Other physical parameters calculated were carbon 

and nitrogen percentage, which were done by estimating amount of released C02, and 

N02 at 900°C. The cation exchange capacity (CEC) was calculated according to 

protocols described by (Andrew et aI., 2012; Rhoades, 1982a, 1982b). which involved 

estimation of decrease in Mg +2 conc. of a soln. of MgS04 when it got equilibration 

with the soil after exchange with Ba+2. 

5.3.3. DNA extraction, Amplification and Pyrosequencing 

DNAs were extracted using PowerSoil® DNA extraction kit (MO BIO 

Laboratories, Carlsbad, CA, USA) according to the manufacturer's instruction. 

Desclibed procedures of Hur et a1. (2011) were adopted for pyrosequencing analyses 

of the genomic DNA extracts. Amplifications of the Vl-V3 region of the bactelial 16S 

rRNA gene were done using a CIOOO Touch Thermal Cycler (Bio-Rad, CA, USA) and 

bar-coded fusion primers (8 nucleotide long barcodes) (Table S 1). Th;e-.... PCR-·mix 
.0 ' ,-:/ . 
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contained 100 ng template DNA, 5 f-lL lOx ExTaq buffer, 0.2 mM of each dNTPs, 0.5 

f-lM of each plimer, and 2 units ExTaq DNA Polym,erase (Takara, Otsu, Japan) in a 50 

f-ll reaction. Denaturation was done at 94°C for 5 min, the amplification reaction was 

carried out using a Touch-down program for 10 cycles of denaturation (94°C, 30 s), 

annealing (60°C, 45 s) and extension (72 °C, 90 s) with subsequent decrease in 

annealing temperature by 0.5 °C, followed by an additional 20 cycles of denaturation 

(94°C, 30 s), annealing (55°C, 45 s), extension (72 °C, 90 s). The amplified products 

were checked on 2 % agarose gel electrophoresis and visualized using the Gel Doc 

system (Bio-Rad, USA) . Amplicons were purified using a QIAquick PCR pmification 

kit (Qiagen, CA, USA) and quantified using a PicoGreen dsDNA Assay kit (Invitrogen, 

CA, USA). Equimolar concentrations of each amplicon from different samples were 

pooled, pmified using AMPure bead kit (Agencomi Bioscience, MA, USA) and 

amplified on sequencing beads by emulsion PCR. Pyrosequencing reactions were 

perfonned using a Roche GS FLX Titanium system at ChunLab, Inc (Seoul, Korea) 

according to the manufacturer's instructions. 

5.3.4. Statistical Analysis 

All reads shOlier than 300 bp or those containing any ambiguous base or 

incolTect plimer sequences were excluded £l'om the dataset. Operational taxonomic 

units (OTUs) were defined by using the CD-HIT program (W. Li & Godzik, 2006) at a 

similmity cut-offlevel of2:97 %. Two-way analysis ofvmiance (ANOVA) on microbial 

diversity indices and relative sequence abundances of impOliant phyla against 

physicochemical properties was perfOlmed. For significant difference among the 

different sites, pairwise test was perf01111ed using SPSS statistics (IBM SPSS version 

20.0 software, IBM Corp). 

Species Iichness was estimated by employing Chao 1 and ACE methods, while 

quantitative species Iichness/evenness by nonparametlic Shannon and Simpson's 

indices in Mothur package v.1 .8.0 (Schloss et aI., 2009). Each pyrosequencing read was 

taxonomically assigned by using a combination ofBLASTN-based searches (Altschul, 

Gish, Miller, Myers, & Lipman, 1990) and pairwise similm1ty comparisons in EzTaxon 

database (0. S. Kim et aI. , 2012b). Relative abundance of each taxon was clustered by 

using Bionume11cs version 6.0 software (Applied Maths, Sint Mmiens Latem, Belgium) 

while unweighted UniFrac Matlix (M. Hamady, Lozupone, & Knight, 2010) was used 
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to visualize bacterial cOlmnunity in a Plincipal Coordinates Analysis (PCoA) plot. An 

Unweighted Pair Group Method with Alithmetic Mean (UPGMA) dendrogram was 

generated using Fast UniFrac analysis (M. Hamady et aI., 2010). Canonical 

correspondence analysis (CCA) was used to visualize the pattern of soil bactelial 

community variation and distribution along the measured environmental variables. 

5.4. Results 

5.4.1. Physicochemical Characteristics of the Samples 

Detailed descliption of the physicochemical parameters of the san1ples is 

provided in Table 20. All the samples showed a low concentration of C, Nand K. 

Carbon level within similar samples were same (NCCP-D1-a/b and NCCP-D3-alb), 

except for rhizospheric samples without root remains (NCCP-D2-a and NCCP-D2-b). 

Alnmonia concentration is lowest in control (O.1/lg/L) and highest in NCCP-D1-a/b. 

Nitrite concentration is highest in NCCP-D1-a/b and lowest in control. Potassium and 

Magnesium concentration are highest in NCCP-D3-a/b and NCCP-D2-b respectively. 

The pH values for all the samples are slightly alkaline and ranged from 7.1 in NCCP

D3-b to 7.7 in NCCP-D2-b. 

Table 20 Physicochemical parameters of the sampling sites 
Sample C NH4 N0 2- Mg K pH 

mg L-1 J.lg g-1 dry soil J.lg g-1 dry soil mgL-1 mg L-1 

NCCP-D-O 10 0.1 0.4 2.1 33 7.1 

NCCP-D1-a 15 2.3 2.6 2 44 7.5 

NCCP-D1-b 15 2.3 2.6 2 44 7.4 

NCCP-D2-a 15 1.3 1.6 2 44 7.5 

NCCP-D2-b 12 1.1 2.5 3 50 7.7 

NCCP-D3-a 14 1.1 1.4 1.7 52 7.4 

NCCP-D3-b 14 1.2 1.6 1.5 52 7.1 

5.4.2. Pyrosequencing Data and Rarefaction Analysis 

The pyrosequencing data was based on the amplifications of V1-V3 region of 

16S rRNA genes from the total DNA extracted from deseli samples. After excluding 

20,952 low quality reads and 8,092 dropped reads, total number of sequences obtained 
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from the seven samples were 20,952 (Table 21) with an average length ranging from 

470 to 560 bases after trimming. 

Table 21 Metadata for total number of reads and dropped reads of all samples 

Samples* Quality Reads Dropped Reads Chimeric score of 
dropped reads 

NCCP-D-O 4190 851 2918 

NCCP-D1-a 2912 1095 2223 

NCCP-D1-b 2911 1197 2506 

NCCP-D2-a 2677 1243 3098 

NCCP-D2-b 2784 1313 3708 

NCCP-D3-a 2683 1158 2479 

NCCP-D3-b 2795 1235 3741 

*NCCP = National culture collection of Pakistan 
Amplification of the V1- V3 region of the 16S rRNA genes were done using the primer pairs: 
GAGTTTGATCMTGGCTCAG (forward) and WTTACCGCGGCTGCTGG (reverse) 

If the conti"ol is excluded, the highest number of sequences was obtained in 

NCCP-D1-a (2,912 sequences) and the least in NCCP-D2-a (2,677). Rarefaction curves 

for all the samples fail to reach an asymptote and therefore more samples will be 

necessary to detemline complete microbial diversity of the samples. 

5.4.3 Bacterial Diversity and Species Richness 

Measurement of sample richness was based on OTUs (sequences with similarity 

cut-off level of 2: 97%) that represent the potential number of species present in a 

community. The OTUs, ranging from 437 (NCCP-D2-b) to 1124 (NCCP-D1-a), were 

discerned in the six samples, while average number of OTUs for control sample was 

385 (Table 22). The alpha diversity indices of the deseli samples were calculated using 

the Chao 1 estimator, Jackknife, ACE, Simpson and the Shannon diversity indices 

(Table 22). 
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Table 22 Alpha diversity indices of the Cholistan desert samples 

Samples Valid reads lOTUs Chao 1 Jackknife ACE 

NCCP-D-O 4190 

NCCP-DI-a 2912 

NCCP-Dl-b 2911 

NCCP-D2-a 2678 

NCCP-D2-b 2784 

NCCP-D3-a 2685 

NCCP-D3-b 2795 
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Figure 27 Rarefaction curve determined by CD-HIT method showing sampling 
accuracy. Pooled samples showed relatively even sampling of rhizospheric soils 
(NCCP-D I-alb; NCCP-D2-a/b) and desert soil samples (NCCP-D3-a/b). ( ) 
denote NCCP-D 1-0, (.- ............. ) NCCP-D I-a, ( ------. )NCCP-D I-b, ( ) NCCP-
D2-a, ( - - -- ) NCCP-D2-b, ( - .- .-._. ) NCCP-D3-a and ( ) NCCP-03-b. 

The richness, assessed with the Chao I estimator among the sequences, showed 

that the diversity can vary significantly among rhizospheric and non-rhizospheric soil 

samp les in the same desert. The richness, estimated by Chao I, ranged from 976 .234 
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(NCCP-D2-a) to 2,482 .953 (NCCP-D I-a). The highest diversity level according to 

Shannon indices is observed in NCCP-D I-a (6 .1 4) fo llowed by NCCP-D I-b (5 .93) 

indicating max imum di versity in rhi zospheri c sampl es with roo t-remains. Most 

dominant phyla among all the rhi zospheri c and non-rhizospheric samples were 

Proteobacteria and Ch10 rojlexi. Besides these two phyla, the pro minent phyla present 

in samples NCCP-Dl-a and NCCP-D I-b were Firl11 icutes, Deinococcus-therl11us, 

Actinobacteria and Acidobacteria (F igure 27). 
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Figure 28 Taxonomic classification of different sites at phylum level. (-) 
Proteobacteria, ( - ) Firl11 icu tes , ( = ) ChLorojlexi, ( ) Therl11otogae, ( - ) 
Acidobacteria, ( ) Bacteroidetes, (= ) Chlorobi, ( = ) Planctol11ycetes, ( - ) 
Deinococcus-Therl11us, (= ) Actinobacteria and (- ) remaining phyla « 1%) . 

5.4.4. Beta Diversity Analysis for Bacterial Community 

Pairwise comparison between di ffe rent samples showed significant di fference among 

di versity of different sites (Table 23). 
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Table 23 Pair wise comparison between studied sites at phylum level 

Sampling sites* Mean Significance 95% Confidence Interval for 

Difference Difference 

(I) (J) (I-J) Lower Bound Upper Bound 

NCCP-D1-aIb NCCP-D2-aIb -0.1 25 0.027 -0.655 0.425 

NCCP-D3-aIb -0.171 0.010 -0.822 0.251 

NCCP-D2-aIb NCCP-D1-aIb -0.155 0.024 -0.821 0.351 

NCCP-D3-aIb 0.205 0.027 -0.446 0.644 

NCCP-D3-aIb NCCP-D1-alb 0.241 0.010 -0.310 0.621 

NCCP-D2-aIb 0.154 0.024 -0.358 0.706 

* Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments) . 

The difference in diversity of 11 dominant microbial phyla is represented in a 

heat map (Figure 29a). In samples NCCP-D1-a and NCCP-D1-b, the most dominant 

phyla were Acidobacteria, Actinobacteria, Deinococcus- thermus and Planctomycetes. 

In NCCP-D2-a and NCCP-D2-b, phyla Thermotogae, Chlorobi, Deinococcus-thermus, 

Spirochaetes, Proteobacteria and Chloroflexi represented the dominant groups. For the 

vegetation, fiee deseli soils, the distribution of dominant phyla except Spirochaetes, 

Chlorobi and Deinococcus-thermus were not the same. 

At NCCP-D3-a, phyla Proteobacteria, Bacteroidetes and Planctomycetes were 

present in considerable number, while Chlorojlexi and Thermotogae were present 

abundantly in NCCP-D3-b. Heat maps generated at species level for most dominant 

species at all sites showed that for samples NCCP-D1-a and NCCP-D1-b, the dominant 

OTUs belonged to Deinococcus_uc, Novoherbaspirillim suwonense and 

Anaeroliaceae_uc_s (Figure 29b). While NCCP-D3-a possessed the unclassified 

species HQ902253_s as the most dominant OTUs, NCCP-D3 -b was represented by 

Anaerolinea therm.ophila, Arenimonas malthae and Rhizobium daejeonensis. The 

species Meiothermus hypogaeus, Thiobacillus _ uc and an unclassified species 

GQ50071_g_uc were common between NCCP-D3-a and NCCP-D3-b. Unlike the other 

two sites, samples NCCP-D2-a and NCCP-D2-b possessed vmious common dominant 

species including Anaerolinea thermophile, Arenimonas malt/we, Arthrobacter dejluvi 

group, Fervidobacterium gondwanense, Fervidobacterium roparium, Halothiobacillus 
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neapolitanus, Hydrogenophaga electricul11 , Meiothermus hypogaeus , Microvirga 

lupine and Thiobacilfus _uc (Figure 29b). 

(29a) 

NCCP-01-a 

NCCP-01-b 

NCCP-O-O - NCCP-03-3 

NCCP-03-b 

NCCP-02-a 

NCCP-02-b 

Min. 

(29b) 

Figure 29 (a) Heat Map Analysis at phylum leve l. (b) Heat Map Ana lys is at spec ies 

level 
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5.4.5. Distribution of phylum Actinobacteria in Cholistan desert samples 

The phylum Actinobacteria was considered for distribution analys is as there is 

much fluctuati on 111 its di stribution among the di ffe rent desert samples whil e 

representing a dominant soil bacteri a l 

HCCP·03·a, 1.49% 

NCCP·02·b, 0.50% 

NCCP·03·b, 1.36% 

NCCP·02·a, 0.50% 

NCCP·01·b, 13.26% 

group (Figure 30). 

HCCP·D·O, 0.50% 

Figure 30 Percent di stribution of OTUs belonging to phylum Actinobacteria 111 

Choli stan desert samples 

H ighest number of OTUs for phylum Actinobacteria was observed in the 

rhizospheric samples NCCP-H l-a and NCCP-Hl-b, representing 14.73 % and 13.26 % 

of total OTUs respecti ve ly. The di stribution was however negligible in the remai ni ng 

samples, i. e. 1.4% in NCCP-D3 -a, 1.3% in NCCP-D3 -b and 0.5% each in NCCP-D2-

a, NCCP-D2-b. A rev iew of the actinobacteri a l taxonomic groups distributed in sample 

N CCP-D I-a (with highest number of OTUs fo r actinobacteria) indicated that the maj or 

groups representing phylum Actinobacteria were from the class Rubrobacteria (183 

OTUs) fo llowed by class Actinobacteria (149) . Among the class Rubrobacteria, the 

highest number of OTUs was represented by genus Rubrobacter (94 OTUs) which are 

a ll unclass ified at species level. The remaining OTUs of class Rubrobacteria are 

unclass ified at various leve ls of bacteria l hierarchy (unclass ifi ed order, famil y, genus 

or species). Among the class Actinobacteria, majori ty of the OTUs belonged to the 

order MicrococcaLes (6 1 OTUs) fo llowed close ly by PropionibacteriaLes (57). Unlike 

the class Rubrobacter, less number of OTUs in class Actinobacteria was unclassified. 

However, considering the overall distribution, the unclass ified actinobacteria 

constituted a great bulk of the total OTUs (> 50%) (Tab le 24). 
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Table 24 List of the Actinobacterial taxonomic groups (out of 429 OTUs) classified to 

the species level, identified according to the results if the 16S rRNA pyrosequencing, 

in the rhizosphaelic deseli s02l dqil of Cholistan, Pakistan. Numbers within the 

parentheses indicate the number ofOTUs obtained. Difference in total sum ofOTUs is 

due to the omission of few OTUs which belonged to unclassified taxonomic group and 

therefore have not been mentioned in the list. 

Class Order Family Genus Species 

Actillobacter Propionibact 
ia,-c (149) eriales (57) 

Micrococcale Micrococcace Arthrobacter Arthrobacter 
s (61) ae (54) (49) globiformis (16) 

Arthrobacter 
humicola (10) 

Arthrobacter 
defluvii group (4) 

Arthrobacter 
pascens (2) 

Arthrobacter OlJ1zae 
(5) 

Arthrobacter_uc (6) 

Arthrobacter flavus 
(2) 

Arthrobacter equi 
(1) 

Arthrobacter 
phenanthrenivorans 
(1) 

Arthrobacter 
o).)ldans group (1) 

Arthrobacter 
siccitolerans (1) 

Sinomonas (1) Sinomonas albida 
(1) 

Micrococcace 
ae uc (2) 
Unclassified 
genus (2) 

Microbacteria Naasia (3) Naasia _uc (2) 
ceae (4) Naasia aerilata (1) 

Microbacteria Cellulomonad 
ceae LlC (1) aceae (2) 

Cellulomonad Cellulomonas 
aceae_uc (1) (1) 

Cellulomonas 
LlC (1) 

intrasporangia Phycicoccus Phycicoccus_uc (1) 
ceae (1) (1) 

Streptospora Nocardiopsace Nocardiopsis Nocardiopsis terrae 
ngiales (7) ae (4) (4) (4) 
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Streptosporan Planobispora Planobispora rasea 
giaceae (2) (1) (1) 

Streptosporan 
giaceae ue (1) 

Thermomonos Thel7110mOnOs 
poraeeae (1) poraceae ue (1) 

Frankia les Geodermatoph Blastocoecus Blastocoeeus 
(30) ilaceae (29) (16) saxobsidens (3) 

Blastocoeeus 
massiliensis (3) 

Unclassified specie 
(4) 

Blastococeus 
jejuensis (4) 

Blastococeus_Lle (2) 

Geodermatoph Geodermatophilus 
ilus (12) obscurus (8) 

Geodermatophilus_ 
uc (2) 

Geodermatophilus 
ruber (J) 

Geodermatophilus 
tzadiensis (1) 

Modestobaeter Modestobaeter 
(1) marin us (1) 

Frankiaceae Frankiaceae u 
(1) c (1) 

Streptomycet Streptomyeeta Streptomyces Streptomyces 
ales (7) ceae (6) (6) spinoverrucosus (2) 

Streptomyces 
macros porus (2) 

Streptomyces 
(radiae (1) 

Streptomyces 
cellulosae aroup (1) 

Streptomycetal 
es ue (1) 

COIJlnebacter Nocardiaceae Rhodococcus Rhodococcus 
iales (15) (13) (13) aloberulus (10) 

Rhodococcus 
baikonurensis group 
(3) 

Mycobacteriac Myeobacteriu Mycobacterium 
eae (2) m (2) moriokaense (1) 

Mycobacterium 
tusciae (J) 

Micromonosp Mieromonospo Microl11onospo 
orales (J) raceae (1) raeeae uc (1) 

Kineosporial Kineosporiaee Kineosporia Kineosporia_ue (1) 
es (J) ae (1) (J) 

Pseudonoear Pseudonoeardi Pseudonocardi 
diales (4) aceae (4) aceae uc (3) 

Lechevalieria Lechevalieria 
(1) deserti group (1) 

Unclassified 
order (J) 

Rubrobacter Rubrobactera Rubrobacterac Rubrobacter Unclassified species 
ia (183) les (102) eae (102) (94) (94) 
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Rubrobaeterae 
eae ue (8) 

Gaiellales Gaiellaeeae Gaiellaeeae u 
(12) (11) e (J) 

Gaiella (10) Unclassified species 
(10) 

Gaiellales ue 
(1) 

Unclassified 
order (31) 

Thermoleop Solirubrobaet Un class ified 
hilia (26) aedes (22) family (8) 

Conexibaetera Conexibaeter Conexibaeter ue 
eeae (4) (3) (3) 

Conexibaetera 
eeae ue (1) 

Unclassified 
family (4) 

Solirubrobaete Solirubrobaete Solirubrobaeter ue 
raeeae (3) r (2) (1) 

Solirubrobaete 
raeeae ue (1) 

Acidimierob Aeidimierobi A eidimicrobia Unclassified 
iia (39) ales (31) eeae (25) genus (25) 

Iamiaeeae (3) Unclassified 
genus (3) 

Ilumatobaeter Unclassified 
f (2) genus (2) 

Nitriliruptor Euzebyales Euzebyaeeae Unclassified 
ia (2) (2) (2) genus (2) 

FJ4 78799 e 
(2 7) 

Aetiltobaeteria 
lie (1) 

EU3 74107 e 
(1) 

OPB41 (2) 

Coriobaeteriia 
(1) 

5.5. Discussion 

Previous studies on deselis have underestimated the taxonomic diversity of 

microorganisms in desert soils (Connon, Lester, Shafaat, Obenhuber, & Ponce, 2007; 

Garcia-Pichel, Jolmson, Youngkin, & Belnap, 2003; Nagy, Perez, & Garcia-Pichel, 

2005; NavalTa-Gonzalez et aI. , 2003; Plice, Dehal, & Arkin, 2010). The main reason 

behind this underestimation was the dependence of diversity studies on standard 

cloning methods, thereby giving unasseliive results (Garcia-Pichel et aI. , 2003; 

Navarro-Gonzalez et aI. , 2003; Price et aI. , 2010). DUling our study on Cholistan 

Deseli, both alpha and beta diversity indices were much higher than previous 

evaluations for deseli soil. Few recent studies also repOlied similar findings, and like 
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other extreme enviromnents, deserts were found to possess both abundant and diverse 

bacterial diversity (An, Couteau, Luo, Neveu, & DuBow, 2013; Andrew et aI., 2012; Prashar, 

Kapoor, & Sachdeva, 2014). Analysis of the rarefaction curve (Figure 27), however, 

indicated our speculated results comprised of less than half of the actual speCIes 

diversity. These varied bacterial communities have possibly vital claims for the 

comucopia of bacterial pathogens in desert soils (van Elsas et aI. , 2012) and are 

expected to play an imp011ant role in all biological mechanisms undergoing within 

dese11 soils e.g., soil formation, nutrient cycling, plant diversity, and primary 

productivity of dese11 environments (Puente, Li, & Bashan, 2009). Our strategy to study 

the samples at different depth proved to be very supp011ive and verified that the main 

dliver for existence of a specific microbial diversity depended upon the physiological 

condition of the local environments (Figures 31). 

Heat maps generated by unweighted-pair group method using arithmetic means 

(UPGMA) showed that OTUs were significantly associated with the principal location 

of samples e.g., the OTUs for species Hydrogenophaga electricum and Anaerolinae 

thermophila were abundantly present in NCCP-D1-b as compared to NCCP-D1-a. 

Similarly, OTUs belonging to Arenimonas malthae, Rhizobium daejeonensis and 

Anaerolinae thermophile were significant in number in NCCP-D3-b as compared to 

NCCP-D3-a. Similar observation was recorded by Andrew et al. (2012) where local 

soil characteristics shaped microbial communities in the bulk soil and rhizosphere. At 

phylum level, Proteobacteria was found to be most dominant group in all studied 

samples of Cholistan Desert. This observation was in contrast from the studies on 

Canadian, Alaskan and Sibelian Arctic soils where Acidobacteria was most dominant 

phylum (Campbell, Polson, Hanson, Mack, & Schuur, 2010; Chu et aI., 2010; 

Mannisto, Kurhela, Tiirola, & Haggblom, 2013; Neufeld & Mohn, 2005; Wallenstein, 

McMahon, & Schimel, 2009). The difference in the distribution might be related with 

the soil pH as our samples were neutral to slightly alkaline as compared to the acidic 

pH of the Canadian, Alaskan and Siberian soil. On the other hand, the dominance of 

phylum Proteobacteria over Acidobacteria was rep011ed in the polar Arctic deserts (S. 

H. Lee, Jang, Chae, Choi, & Kang, 2013; McCann et aI., 2016). 

Copious of physical and chemical soil properties were associated with the 

vaIiances between different bacterial communities as measured by CCA analysis 

(Figure 32). 
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Figure 31 Three dimensional PCoA analysis (PC l 148.653%, PC2 18.99 1% and PC3 

16.063%) showing clustering of sampling sites according to OTUs present at species 

leve l. Samples co llected fro m rhizospheric soil w ith root-remains (NCCP-D I-a/b) do 

not share same cluster w ith rhi zospheri c so il w ithout root-remains (NCCP-D2-a/b) or 

with nati ve so il of desert (NCCP-D3 -a/b). Control doesn ' t fa ll near any sampl es in the 

three-dimens ional space. 

Positive corre lation of pH and bacteri al di versity has been previous ly 

deliberated by Rao et at. (2016) and Chu et a l. (2010). In ollr study, the most signifi cant 

impact fo r the rhi zospheri c so ils (NCCP-D1-a/b, NCCP-D2-a/b) was inserted by N 0 2 

and NH4. Bacteri al di vers ity at non-rhi zospheri c desert so il s (NCCP-D3-a/b) was 

influenced by K+ and Mg++ (F igure 32) . Unlike the above parameters, percent carbon 

did not influence the selection of microbial populati on on either of the rhi zospheri c o r 

non-rhizospheric samples. Ln other words, nitrogen didn ' t have any sign ificant 

influence in des igning bacteri al community of nati ve so il of desert (NCCP-D3-a/b) 

whil e K+ and Mg++ didn ' t have signifi cant impact on so il communities of rhi zospheri c 

soil s (NCCP-Dl -a/b or NCCP-D2-a/b). 
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Figure 32 CCA plot showing effect of physicochemical parameters (pH, Mg, K, NH4, 

N02 and C on distribution of different bacterial genera's . 

In our study, the diversity of bacteri a especially the phylum Actinobacteria was 

not significantly different at the different depth levels of the so il indicating that diversity 

in arid environments is not temperature-dependent. Bouizgarne and Aouamar (20 14) 

reported that almost 30 % of rhi zospheric microbial community comprises of phylum 

Actinobacteria. Similarly several strains of phylum Actinobacteria were isolated from 

Algerian Sahara desert (Goudjal et al. (2013). Trujillo, Riesco, Benito, and Carro (2015) 

also cited a li st ofrhizospheric, endophytic and plant associated Actinobacterial isolates 

and at the same time, W. D. Orsi et al. (2016) reported that pyrosequencing technique 

and omics should be utilized for easy understanding of actinobacterial di versity from 

habitats like deselis and others, which were also endorsed and reviewed by Qin, Li, 

Dastager, and Hozzein (2016). The study showed that available carbon and nitrogen are 

limiting factor in driving local microbial diversity in rhizospheric so il s where as local 

so il flora is more influenced by other minerals . 
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CHAPTER 6 

6.1. Abstract 

Bacterial diversity o/hot water spring soils 

CHAPTER 6 

Diversity and distribution of 
therntophilic bacteria in 
Hot Springs of Pakistan 

Chilas and Hunza areas, located in the Main Mantle Thrust and Main 

Karakoram Thrust of the Himalayas, host a range of geochemically diverse hot springs. 

This Himalayan geothennal region encompassed sites ranging in temperature from 60 

to 95°C, in pH from 6.2 to 9.4, and in mineralogy fi·om bicarbonates in Tato Field, 

sulfates in Tatta Pani to mixed type in Mmiazaabad. Microbial diversity remained 

largely unexplored in these geothermal springs. In this study, we report a 

comprehensive, culture-independent survey of microbial communities in nine samples 

from these geothelmal fields by employing a bar-coded pyrosequencing technique. The 

dominant taxa in these geothennal fields were depended on temperature, pH and 

physicochemical parameters of the geothennal sites. Mmiazaabad hot springs with 

relatively higher temperature (90-95 °C) favored the growth of phylum Thermotogae, 

whereas Tatta Pani thennal spring site TP-H3-b (60°C) favored the phylum 

Proteobacteria. At sites with low silica and high temperature, OTUs belonging to 

phylum Chloroflexi were dominant. Deep water areas of the Murtazaabad hot water 

spring favored the sulfur-reducing bactelia. Of the total OTUs obtained from these 

samples, 40.1 % was unclassified or uncharacterized suggesting the presence of many 

undiscovered and unexplored microbiota . This study has, therefore, provided novel 

insights into the nature of the ecological interactions among important taxa in these 

communities, which in turn will help in detelmining the future course of studies of these 

sites. 

Key words: Main Karakoram Thmst, Hot springs, Pyrosequencing, 16S rRNA gene, 

Them10philic bactelial diversity 
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6.2. Introduction 

Bacteria inhabiting extreme enviromnents play an important role in energy 

metabolism and matter cycling (L. Cai, Ye, Tong, Lok, & Zhang, 2013). Consistent 

efforts are still on to decipher the ecological role of microbial community in thennal 

springs(Carrine E Blank et al., 2002) (L. Liu et al., 2016). These include the community 

structure detem1ination on Tibetan and Tengchong thelmal splings (China), Nakabusa 

hot splings (Japan) (Kubo, Knittel, Amann, Fukui, & Matsuura, 2011), Siloam hot 

water splings (South Africa) Andean Mountain hot water springs (Colombia), 

Solfatmic Fields (Iceland) (Skimisdottir et al., 2000) Great Basin Hot springs and 

Yellowstone National Park, (United States) (L. Liu et al., 2016) (Leis et al., 2015). 

While some of these studies were perfonned to understand the geochemistry, 

geomicrobiology and bioenergetics of biogeo thermal system (Spear, Walker, & Pace, 

2005b), others were to detennine its biotechnological potential (L. Liu et al. , 2016). 

Interestingly, it was found that chemical type of hot springs influence the organization 

of microbial community (Berelson et al. , 2011). In sulfur-rich environments with an 

anaerobic zones, sulfur bacteria were responsible for energy production which in tum 

help in maintenance of community structure (Zaigham et al., 2009). 

Hot springs harbor abundant microbial temperature-tolerant enzymes that have 

many industrial implications (Mirete, Morgante, & Gonzalez-Pastor, 2016; Unsworth, 

van der Oost, & Koutsopoulos, 2007). With advancing technology, more insight on 

thennostable enzymes have been provided with generation of metage nomic libraries of 

high temperature enviromnent (Mirete et al. , 2016; Unsworth et al. , 2007). Studies of 

such extreme environments are necessary because different parameters (e.g. 

physiochemical and geological properties) affect microbial diversity in a specific 

enviromnent (Lau, Aitchison, & Pointing, 2009; Mohanrao & Singh, 2016). Great plate 

count anomaly illustrates that less than 1 % of existing microorganisms are culturable. 

Under such conditions, culture-independent approaches facilitate the exploration of 

microbial diversity from diverse habitats (Hou et al. , 2013). Most of the microbial 

diversity studies revealed that temperature, pH and biogeography are important factors 

which design microbial dishibution (Huang et al. , 2011). 

The Main Mantle Thrust and the Main Karakoram Thrust (MKT) in Chilas and 

Hunza areas of north em Pakistan are host to many hydrothennal activity with numerous 
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thermal springs di stri buted between latitude 30° - 37° N and longitude 73° - 77° E (M.S. 

Bakht, 2000). Whil e limited culti vat ion-based study of the geothe1111al springs in thi s 

region has been reported (Javed et a I. , 20 12a), a cul tivation-independent study w hich 

prov ide a more comprehensive assessment of microbia l di versity was still lacking . The 

primary obj ecti ve of thi s study was to census the hot springs in Tato Field, Tatta Pani 

and Murtazaabad and in vestigate the relationship between microbial communities and 

physicochemical parameters. The resul ts of thi s study gives an ins ight about the 

microbiology of geothermal systems in the Himalayan region. 

6.3. Material and Methods 
6.3.1. Description of the Sampling Sites 

The nine hot springs selected for the current study were di stributed over three 

geothermal fi elds located along the MKT namely, Tato Field (also ca lled Tatta Pani 

Chil as in local language), Tatta Pani and Murtazaabad (F igures 33 and 34). 

73 · 0'O" E 74· 0 'O"E 7S· 0'O"E 76· 0'O"E 77· 0'O" E 7S· 0'O"E ... 
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Figure 33 Geographic location of the sampling sites of Tato F ie ld (also ca lled as Tatta Pani 
Chil ast Tatta Pani and Murtazaahad in Paki stan. 
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a) Tato Field hot springs 

b) Tatta pani hot spring 

c) Murtazaabad hot springs 

Figure 34 Illustration of the sampling site 
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These geothermal fields encompassed sites ranging in temperature from 60 to 

98 °C and in pH from 6.2 to 9.4. The heat in these systems were said to be generated 

from the abrasions between the Indian and Eurasian plates (M. Ahmad, Akram, 

Hussain, Sajjad, & Zafar, 2001). The Tato Field springs are located at 1,200 m above 

Tatta Pani and are surrounded by Nanga Parbat Gneisses. Tatta Pani hot springs are 

reported to record a maximum temperature of98 °C while Mmiazaabad has a maximum 

recorded temperature of90 °C (Dwivedi et aI., 2012; Virk, Sha1111a, & Shanna, 2002). 

Mmiazaabad and Tato Field hot springs flow fi-om fluvial deposits or talus (M. Ahmad 

et aI., 2001; Javed, Zahoor, Sabar, Haq, & Babar, 2012b). Mmiazaabad springs stream 

from a sharp precipice and hard rocks, which are assigned to the lower Paleozoic to 

Precambrian age (Malik Sikander Bakht, 2000). 

6.3.2. Sample Collection and Physicochemical Analysis 

Soil samples were collected aseptically in sterilized 50 ml Falcon tubes 

following standard protocols (S. Wang et aI. , 2013). Care was taken during san1pling to 

avoid exposure of the samples to enviromnent. Additionally, one soil sample from 

vicinity of each spring was collected as control. The control sites have temperature 

ranging from 30 to 40 0c. Temperature, electlical conductivity and pH were measured 

at the sampling sites by a handheld pH meter (Whatlnan PHA 260) after calibrating 

with wanned buffer. Sample tubes were immediately transferred in to liquid nitrogen 

for transportation and fmiher analysis in laboratory. UNEP analytical methods 2014 

(protocol code 14031) using colorimetric Wagtech photometer was followed for 

measurement of silicates. Measurement of sulfates (S04-2) concentration was done 

without filtrating the samples and that of sodium (Na+), potassium (K+) and calcium 

(Ca+2) after filtration and acidification with HN03, N2 and NH4 and CO concentrations 

were also detennined by standard procedures detennined by APHA 1985 (APHA, 

1985; Nickson, McArthur, Shrestha, Kyaw-Myint, & Lowry, 2005). Bicarbonates and 

silica contents were determined following the methods of Stumm et al. (Stumm, 

Morgan, & Drever, 1996) and White, Brannock, and Murata (1956) respectively. 

6.3.3. DNA extraction, Amplification and Pyrosequencing 

DNAs were exh-acted using PowerSoil® DNA exh-action kit (MO BIO 

Laboratories, Carlsbad, CA, USA) according to the manufacturer ' s instruction, quality 

assessed and subsequently stored at -80°C for fmiher analysis. Desclibed procedures 
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ofHur et al. Hur et al. (2011) were adopted for pyrosequencing analyses of the genomic 

DNA extracts. Amplifications of the Vl~V3 region of the bacterial l6S rRNA gene 

(http://www.ezbiocloud.netlresource/M 10011 were done using a C 1 000 Touch Thermal 

Cycler (Bio-Rad, CA, USA) and bar-coded fusion plimers (8 nucleotide long barcodes) 

(Table 1). The PCR mix contained 100 ng template DNA, 5 ilL lOx ExTaq buffer, 0.2 

mM of each dNTPs, 0.5 IlM of each plimer, and 2 units ExTaq DNA Polymerase 

(Takara, Otsu, Japan) in a 50 III reaction. After initial denaturation at 94°C for 5 min, 

the PCR was canied out using a Touch-down program for 10 cycles of denaturation (94 

°c, 30 s) , annealing (60°C, 45 s) and extension (72 °c, 90 s) with subsequent decrease 

in annealing temperature by 0.5 °c, followed by an additional 20 cycles of denaturation 

(94°C, 30 s), annealing (55°C, 45 s), extension (72°C, 90 s). The amplified products 

were checked on 2 % agarose gel electrophoresis and visualized using the Gel Doc 

system (Bio-Rad, USA) . Amplicons were purified using a QIAquick PCR purification 

kit (Qiagen, CA, USA) and quantified using a PicoGreen dsDNA Assay kit (Invih"ogen, 

CA, USA). Equimolar concentrations of each amplicon from different samples were 

pooled, purified using AMPure bead kit (Agencourt Bioscience, MA, USA) and 

amplified on sequencing beads by emulsion PCR. Sequencing reactions were 

perfonned using a Roche GS FLX Titanium system at ChunLab Inc (Seoul, Korea) 

according to the manufacturer ' s instructions. Raw pyrosequencing reads were 

submitted to Sequence Read Archive (SRA), NCBI under accession numbers 

SAMN03284249-SAMN03284258 (SRA: SRS825427-SRS825436 BioProject 

PRJNA271634). 

6.3.4. Statistical Analysis of Microbial and Physicochemical Data 

All reads shorter than 300 bp or those containing any ambiguous base or 

incorrect primer sequences were excluded from the dataset (Data not shown). 

Operational taxonomic units (OTUs) were defined by using the CD-HIT program (W. 

Li & Godzik, 2006) at a similarity cut-offlevel of;::97 %. Two-way analysis of variance 

(ANOVA) on microbial diversity indices and relative sequence abundances of 

important phyla against physiochemical propeliies was perfonned. Tukey's HSD 

(honest significant difference), Tamhane 's and LSD (Fisher'S Least Significance 

Difference) pairwise tests were perfonned to find significant difference within san1ples 
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of same sites. For significant difference among the different sites, pairwise test was 

perfonned using SPSS statistics (IBM SPSS version 20.0 software, IBM Corp). 

Species richness was estimated by employing Chao 1 and ACE methods, while 

quantitative species richness/evenness by nonparametric Shannon and Simpson's 

indices in Mothur package v.1.8.0 (Schloss et aI., 2009). Each pyrosequencing read was 

taxonomically assigned by using a combination ofBLASTN-based searches (Altschul 

et aI., 1990) and pairwise similarity comparisons in EzTaxon database (0. S. Kim et 

aI., 2012a). Relative abundance of each taxon was clustered by using Bionumerics 

version 6.0 software (Applied Maths, Sint Mmiens Latem, Belgium) while unweighted 

UniFrac Matlix (M. Hmnady et aI., 2010) was used to visualize bactelial community in 

an Plincipal Coordinates Analysis (PCoA) plot. An Unweighted Pair Group Method 

with Alithmetic Mean (UPGMA) dendrogram was generated using Fast UniFrac 

analysis (M. Hamady et aI. , 2010). Canonical cOlTespondence analysis (CCA) was used 

to visualize the pattern of soil bacterial community variation and distribution along the 

measured environmental variables. 

6.4. Results 

6.4.1. Physicochemical Characteristics of the Sampling Sites 

Physicochemical parameters of the samples used in the study have been 

desclibed in Table 25. While Tato Field thermal splings were bicarbonated in nature 

and have a higher bicarbonates (525-610 mg.L-1) than sulfates (410-460 mg.L-1), Tatta 

Pani hot splings were sulfate type considering bicarbonate level (133-159 mg.L-1
) was 

significantly lower than sulfates (545-684 mg.L-1
). Mmiazaabad thern1al springs were 

mixed type with high level of both sulfates and bicarbonates (710 - 940 mg.L-1
). The 

levels of sulfates and bicm-bonates in Mmiazaabad splings were also significantly 

higher than the other two sites. 
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Table 25 Physical and chemical parameters of sampling sites 
Sample Coordinates Elevation Cft pH EC Temp Ca2 Na K + HC03- Si0 2 S04-2 NH4 CO 

above Sea IlS + + N2 (p.p.m.) . 
level em-I eC) Mg/L 

TF-H2-a 74°32'49.10"E, 35°2 3861 7.9 1119 85 2.5 200 25 540 91 425 200 8.4 20.3 
8'30.40"N 

TF-H2-b 74°32'46.10"E,35°2 3841 8.2 1160 70 2.9 210 26 525 10 460 210 9.7 23.4 
8'30.40"N 

TF-H2-c 74°32'48.10"E,35°2 3851 8.8 1569 90 3.5 300 20 610 14 410 300 9.6 25.3 
8'30.40"N 

TP-H3-a 33°36'42.90"N 2715 6.2 1060 75 0.1 150 4. 145 45 690 250 13 .8 42.3 
73°56'48 .34'E 9 

TP-H3-b 33°36'43.12"N 2200 8.4 1032 60 0.1 165 2. 133 58 684 265 13 .2 40.0 
73°S6'49.10'E 5 

TP-H3-c 33°36' 42.12"N 2400 9.4 1550 90 0.2 170 4. 159 56 545 270 11.3 42.4 
73°S6'49 .34'E 6 

MA-H4-a 74°36'19.76"E,36°1 6968 7.5 1730 90 9 400 56 940 10 940 300 3.7 30.4 
6'35.16"N 

MA-H4-b 74°36'20.77"E,36°1 6709 9.2 1742 95 5.3 420 60 710 6 910 420 2.3 29.8 
6'30.34"N 

MA-H4-c 74°36'19.77"E,36°1 6809 6.7 1742 90 2.6 500 35 780 5 710 400 3.1 32.6 
6'30.34"N 

* EC, Electrical conductivity; Temp., Temperature 
* Sample ID' s were given according to location of hot water springs. 3 samples were collected for each site which were designated as site 
abbreviation followed by a, band c for three sites respectively; TF-Tato Fields (This site also called as Tatta Pani Chilas in local language); 
TP = Tatta Pani (Kashmir); MA=Mmiazaabad 
Values are given as means ofthree readings 
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6.4.2. Microbial Diversity 

A total of 70,836 quality-reads were observed for 10 samples after removal of low

quality and chimelic sequences (Table 26). 

Table 26 Metadata for total number of reads and dropped reads of all samples 

Samples* Total Reads Dropped Reads 

NCCP-Hl 8273 3431 

TF-H2-a 7428 3068 

TF-H2-b 6485 2823 

TF-H2-c 5869 2919 

TP-H3-a 7947 3393 

TP-H3-b 6819 2847 

TP-H3-c 7510 3268 

MA-H4-a 7161 3154 

MA-H4-b 6674 2665 

MA-H4-c 6670 2857 

Forward Primer: GAGTTTGATCMTGGCTCAG 
Reverse Primer: WTTACCGCGGCTGCTGG 

Chimeric Reads 

1191 

1405 

1049 

808 

1165 

1415 

1222 

1152 

1238 

1148 

*NCCP: National Culture Collection Pakistan; TF: Tato field; TP; Tatta pani; 
MA; Murtazaabad; H; Hot spring 

At 97 % OTU level, the quality reads can be distributed into 5,535 OTUs 

consisting of972 microbial genera in 53 phyla (Figs. 35 and 36). Figure 37 is showing 

exclusive species present in a specific site and absent in control as well as in other 

sites. 
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CHAPTER 6 Bacterial diversity of hot water spring soils 

Figure 38 Heat map indicating the clustering of OTUs retrieved £i'om the hot spring 

samples. The heat map was constructed on the basis of Uni£i'ac phylogenetic 

clusteling indices. The color indicates the relative abundance of OTUs in the 

samples. The taxonomy of each OTU is provided at a) Phylum level and b) Species 

level. 

Heat maps generated based on the composition of taxa at phylum level by 

using UniFrac beta-diversity phylogenetic clustering indices divided the samples 

into four major clusters (Fig. 38a). 

Phylum Proteobacteria was most abundantly present in control sample NCCP

HI. Among the hot spring samples, the highest number of OTUs for phylum 

Proteobacteria was observed in TP-H3-b and the least in TP-H3-c. The sample TP-H3-

b along with control NCCP-Hl fonned a separate cluster far from samples TP-H3-a 

and TP-H3-c. This feature may be attlibuted to the fact that sample TP-H3-b has the 

lowest temperature (60 DC), among all other sampling sites, which might be a feasible 

temperature for growth of bacteria belonging to phylum Pro teo bacteria (Fig. 38a). 

Major species present among phylum Proteobacteria were found to be RhizobiUl1'l etli 

and Rhizobium daejeonense (Fig. 38b). 

OTUs for phylum Chloroflexi were most dominant in TP-H3-c, MA-H4-a, MA

H4-b and TF-H2-b and lowest in control (Fig. 38a). At species level, OTUs for 

Anaerolinaceae_uc_s were present in TP-H3-c and TF-H2-b, and taxonomically 

unclassified species in MA-H4-a and MA-H4-b (Fig. 38b). For the sample TF-H2-b, 

29 % of bacteria (759 species) were constituted by phylum Chloroflexi, of which 89 % 

belonged to class Anaerolineae. Remaining 11 % was comprised of un classified OTUs. 

Among Tatta Pani hot spling sites, TP-H3-a at 75 DC yielded 538 OTUs for phylum 

Chloroflexi, of which 443 belonged to class Anaerolineae. Sample TP-H3-b at 60 DC 

with 259 Chloroflexi OTUs was the least among other sites. Sample TP-H3-c at 90 DC 

had 1062 OTUs for phylum Chloroflexi. The majority of these OTUs were comprised 

of class Anaerolineae with 934 species. 

OTUs for phylum Thermotogae were most abundant in TF-H2-a and MA-H4-a 

and the least in TP-H3-a and TP-H3-b (Fig. 38a). In control, the proportion of phylum 

Thermotogae was low as compared to Tato Field and Mmiazaabad but was higher than 

Tatta Pani (Fig. 38a). Phylum Firmicutes had least number of OTUs in MA-H4-c and 

most in TP-H3-b. Though it was present in very low propOliion in control, the an10unt 
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CHAPTER 6 Bacterial diversity of hot water spring soils 

was higher than in MA-H4-c and TF-H2-b. OTUs for phylum Actinobacteria were most 

abundant in TP-H3-b, but is comparatively lesser than the OTUs detected in NCCP-Hl 

(Fig. 38a). The phyla Spirochaetes and Nitrospirae were more abundant in TP-H3-c, 

while phylum Aquificae was predominantly detected in TF-H2-a. Mmiazaabad hot 

springs had a minimum number of OTUs and diversity of the phylum Deinococcus

thermus as compared to Tato Field and Tatta Pani hot springs. Greater diversity of 

phylum Deinococus-thennus was observed in TF-H2-b with detection of OTUs 

belonging to Meiothermus cerbereus, Thermus scotoductus, Thermus _ uc, Thermus 

antranikianii and Deinococcus uc while least in TF-H2-a. OTUs for families 

Thermaceae and Deinococcaceae in MA-H4-c were significantly higher and more 

diverse than other sites of Murtazaabad and Tato fields. Meiothermus granaticius and 

Thermus scotoductus were unique to MA-H4-c among all the sites. 

At species level, OTUs for 53 major species including 28 classified and 25 

taxonomically unclassified species were shared among the different sites (Fig. 38b). 

OTUs of Anaerolinaceae_uc_s were shared by TF-H2-a, TF-H2-b, TP-H3-a, TP-H3-b, 

MA-H4-a and MA-H4-b. OTUs of Thiobacillus thioparus were present in TF-H2-b 

while those of Thiobacillus_uc were found abundantly in TF-H2-a. Fervidobacterium 

riparium' s OTUs were shaTed by MA-H4-a, MA-H4-b and the tmee samples of Tato 

Field springs. While OTUs belonging to Arenimonas malt/we was present in only TF

H2-c and TF-H2-a, those of Rheinheilnera soli and Hydrogenophaga electricum were 

found in TF-H2-b and TF-H2-c respectively. OTUs of Halothiobacillus neapolitanus 

were present in TF-H2-a and TF-H2-b. Anaerolinea thermophila, Novihebaspirillum 

suwonense and Rhizobium daejeonense were detected only in Mmiazaabad springs 

while Rhizobium etli was restlicted to Tatta Pani Springs. OTUs for Halothiobacillus 

neapolitanus was present in TF-H2-a and TF-H2-b. 
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CHAPTER 6 Bacterial diversity of hot water spring soils 

6.4.3. Statistical Analysis of M icrobia l and Physicochemical Data 

Since rarefacti on curves of the tota l number of sequence reads aga inst numbers 

of OTUs fo r all samples did not appear to reach an asymptote, more sampling wo uld 

be necessary to cover an extens ive taxonomic diversity (F ig. 39). Inter-var iability 

among the samples from each site as determined by rarefacti on curves between the 

average rarefaction values fo r each site y ie lded s imilar results. At phylum level, the 

s ignificant di fferences within samples of the same sampling s ite as determined by the 

T ukey's HSD, LSD and Tamhane pairw ise tests were relati vely low. While Tato Fie ld 

had signifi cant values ranging from 0.35 to 0.98, these values ranged from 0.83 to 1.0 

for Tatta Pani and Murtazaabad sp rings (Tabl es 27, 28 and 29) . 
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Table 27 Statistical analysis for significant difference within samples ofTato Field-TF-H2 with Tukey HSD, LSD and Tamhane 
Analysis (I) coding (J) coding Mean Difference Significance 95% Confidence Interval 

(I-J) Lower Bound Upper Bound 

Tukey HSD TF-H2-a TF-H2-b 0.222 0.919 -1.10 1.55 

TF-H2-c 0.527 0.620 -0.80 1.85 

TF-H2-b TF-H2-a -0.222 0.919 -1.55 1.10 

TF-H2-c 0.305 0.852 -1.02 1.63 

TF-H2-c TF-H2-a -0.527 0.620 -1.85 0.80 

TF-H2-b -0.305 0.852 -1.63 1.02 

LSD TF-H2-a TF-H2-b 0.222 0.695 -0.89 1.33 

TF-H2-c 0.527 0.3 52 -0.58 1.63 

TF-H2-b TF-H2-a -0.222 0.695 -1.33 0.89 

TF-H2-c 0.305 0.589 -0.80 1.41 
TF-H2-c TF-H2-a -0.527 0.352 -1.63 0.58 

TF-H2-b -0.305 0.589 -1.41 0.80 
Tamhane TF-H2-a TF-H2-b 0.222 0.982 -1.35 1.79 

TF-H2-c 0.527 0.704 -0.77 1.83 
TF-H2-b TF-H2-a -0.222 0.982 -1.79 1.35 

TF-H2-c 0.305 0.894 -0.84 1.46 
TF-H2-c TF-H2-a -0.527 0.704 -1.83 0.77 

TF-H2-b -0.305 0.894 -1.46 0.84 
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Table 28. Statistical analysis for significant difference within samples of Tatta Pani-TP-H3 sites with Tukey HSD, LSD and Tamhane 

Analysis (I) coding (J) coding Mean Difference Significance 95% Confidence Interval 
(I-J) 

Lower Bound Upper Bound 

Tukey HSD TP-H3-a TP-H3-b 2.038 0.999 -99.25 103.33 

TP-H3 -c -6.698 0.987 -107.99 94.59 

TP-H3-b TP-H3-a -2.038 0.999 -103.33 99.25 

TP-H3-c -8.736 0.977 -110.03 92.55 

TP-H3-c TP-H3-a 6.698 0.987 -94.59 107.99 

TP-H3-b 8.736 0.977 -92.55 110.03 

LSD TP-H3-a TP-H3 -b 2.038 0.962 -82.51 86.59 

TP-H3-c -6.698 0.876 -91.25 77.85 

TP-H3-b TP-H3-a -2.038 0.962 -86.59 82.51 

TP-H3-c -8.736 0.839 -93 .29 75 .82 

TP-H3-c TP-H3-a 6.698 0.876 -77.85 91 .25 

TP-H3 -b 8.736 0.839 -75 .82 93 .29 

Tamhane TP-H3 -a TP-H3-b 2.038 1.000 -103.20 107.28 

TP-H3 -c -6.698 0.998 -108.57 95.18 

TP-H3-b TP-H3-a -2.038 1.000 -107.28 103 .20 

TP-H3-c -8.736 0.996 -113 .24 95.77 

TP-H3-c TP-H3 -a 6.698 0.998 -95. 18 108.57 
TP-H3-b 8.736 0.996 -95.77 113.24 

140 



CHAPTER 6 Bacterial diversity of hot water spring soils 

Table 29. Statistical analysis for significant difference within samples of Murtazaabad MA-H4 with Tukey HSD, LSD and Tamhane 
-

Analysis (I) coding (J) coding Mean Difference Significance 95% Confidence Interval 

(I-J) 
Lower Bound Upper Bound 

TukeyHSD MA-H4-a MA-H4-b 1.642 0.999 -114.83 118.11 

MA-H4-c -10.038 0.977 -126.51 106.43 

MA-H4-b MA-H4-a -1.642 0.999 -118.11 114.83 

MA-H4-c -11.679 0.969 -128.15 104.79 

MA-H4-c MA-H4-a 10.038 0.977 -106.43 126.51 

MA-H4-b 11 .679 0.969 -104.79 128.15 

LSD MA-H4-a MA-H4-b 1.642 0.973 -95.58 98.87 

MA-H4-c -10.038 0.839 -107.26 87.19 

MA-H4-b MA-H4-a -1.642 0.973 -98 .87 95 .58 

MA-H4-c -11.679 0.8l3 -108.90 85.55 

MA-H4-c MA-H4-a 10.038 0.839 -87.19 107.26 

MA-H4-b 11 .679 0.8l3 -85 .55 108.90 

Tamhane MA-H4-a MA-H4-b 1.642 1.000 -102.71 105.99 

MA-H4-c -10.038 0.996 -136.23 116.15 

MA-H4-b MA-H4-a -1.642 1.000 -105.99 102.7l I 

MA-H4-c -11.679 0.994 -l38.55 115.19 

MA-H4-c MA-H4-a 10.038 0.996 -116.15 136.23 

MA-H4-b 11.679 0.994 -115.19 l38 .55 
- -- - ----
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Table 30 Pair wise comparison between studied sites at phylum level 

(I) Tato Field, Tatta pani, (J) Tato Field, Tatta Mean Difference Significance 95% Confidence Interval for Differencea 

Murtazaabad pani, Murtazaabad (I-J) Lower Bound Up~er Bound 
Tato Field Tatta pani -0.115 0.027 -0.755 0.525 

Murtazaabad -0.281 0.010 -0.921 0.360 

Tatta pani Mmiazaabad -0.166 0.024 -0.806 0.474 

Tato Field 0.115 0.027 -0.525 0.755 

Murtazaabad Tato Field 0.281 0.010 -0.360 0.921 i 

--
Ta!~a pani 0.166 0.024 -0.474 0.806 

------

*Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments) . 
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CD·HIT Rank abundance 

~ ~ ~ ~ ~ D ~ ~ ~ ~ ~ ~ ~ ~ 

Abundance Ranl~ 

- NCCP-Hl - TF-H2-a MA-H4-a TF-H2-b MA-H4-b 

TP-H3-a ~ TP-H3-b - MA-H4-c - TF-H2-c - TP-H3-c 

Figu re 40. Relationship between Relati ve abundance and abundance rank between the 

contro l and hot water spring sites ofTP-H3 , TF-H2 and Ma-H4 by CD-HIT analys is 

Among the Tatta Pani samples, both ri chness and abundance were highest in 

TP-H3-c_ For the Murtazaabad hot spring samples, ri chness was highest in MA-H4-c 

but re lati ve abundance was highest in MA-H4-b (F ig. 40\ If samples between di fferent 

sites are compared at 95 % confidence level, the signifi cance values were ranging 

between 0.010 and 0.027 (Table 30). Among samples fro m Tato Field, TF-H2-a showed 

highest re lati ve abundance while ri chness was highest in sample TF-H2-c (F ig_ . 40)_ 
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Figure 41. UPGMA 

dendrogram based on 

UniFrac distance matrix 

for companson of 

microbial-community 

structures in the hot splings 

of Tato Field (TF-H2), 

Bacterial diversity of hot water spring soils 

TF-H2-b 

~=-----

~ ......... =::::::::;::::-------------_ TP-H3-b 

........-t 
0.005 

Tatta Pani (TP-H3) and Murtazaabad (MA-H4). 

UPGMA dendrogram generated based on UniFrac distance matrix (Fig. 41, 

Table 31) showed four major clades. In two of the clades, the three samples of Tato 

Field and MUliazaabad hot springs fonned single closed independent clusters. However 

samples of Tatta Pani fonned two clades relatively independent of each other, where 

TP-H3-c and TP-H3-a shared a branch while TP-H3-b clustered with NCCP-H1. 

The PCoA plot based on the UniFrac distance matrix (Fig. 42) showed three 

non-overlapped clusters separating the tlu'ee sites from each other with PC1 at 36.4 %, 

PC2 31.9 % and PC3 25.5 %. Slight rotation of axis did not have any effect on the 

cluster. Control NCCP-Hl fonned a separate cluster and did not coincide with any of 

the three clusters. 
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Figure 42 . Principal coordinate analysis (PCoA) plot fo r the hot spring samples using 

UniFrac di stance matri x. All OTUs were clustered into three clusters at the species 

level. 

Two-way ANOYA was used to analyze the signi ficance of physicochemical 

parameters on di versity of important taxa (Table 32), which showed signi ficant values 

for seven phyla between diffe rent samp ling sites (P values ranges fro m 0.00 1 fo r 

phylum Deinococcus-Thermus between TF-H2 and MA-H4 to 0.093 fo r phylum 

Bacteroidetes between TP-H3 and MA-H4). 
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Table 31 Values for Unifrac distance matrix 

NCCP-Hl 0 

TF-H2-a 0.082 0 

TF-H2-b 0.094 0.063 0 

TF-H2-c 0.077 0.054 0.060 0 

TP-H3-a 0.060 0.079 0.081 0.061 0 

TP-H3-b 0.070 0.0746 0.077 0.062 0.070 0 

TP-H3-c 0.084 0.083 0.065 0.072 0.074 0.081 0 

MA-H4-a 0.070 0.074 0.070 0.065 0.051 0.073 0.061 0 

MA-H4-b 0.065 0.075 0.072 0.066 0.054 0.077 0.062 0.033 0 

MA-H4-c 0.070 0.075 0.068 0.061 0.068 0.060 0.058 0.064 0.058 

Sample NCC TF- TF- TF- TP- TP- TP- MA- MA-
P-HI H2-a H2-b H2-c H3-a H3-b H3-c H4-a H4-b 

Table 32 Two-way ANOV A for relative sequence abundances in comparison with 

temperature 

Taxa TP-H3*TF-H2 TP-H3*MA-H4 TF-H2*MA-H4 
Proteobacteria 0.003 0.006 0.005 

Chloroflexi 0.043 0.015 0.042 

Nitrospirae 0.054 0.03 0.03 

Aquificeae 0.004 0.070 0.029 

Bacteroidetes 0.03 0.092 0.030 

Thermotogae 0.049 0.042 0.006 

Deillococcus-therm.us 0.008 0.005 0.001 

Actinobacteria 0.004 0.050 0.037 
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Figure 43. Canonical con'espondence analys is (CCA) plot eva luating the effect of 
physicochemical parameters on bacterial community structures. Phys icochemical 
facto rs inc luded electrical conductivity, pH, temperature, and concentration ofN2, CO, 
HC03-, NH/, Si02, S04-2, Ca+2, K+ and Na+. Red dots represent the OTUs at phylum 
level, whil e the black dots represent the samples TF-H2-a, TF-H2-b, TF-H2-c, TP-H3-
a, TP-H3 -b, TP-H3 -c, MA-H4-a, MA-H4-b and MA-H4-c. 

Environmental data as shown in Tab le 25 were used to determine influence of 

physico-chemical parameters on bacterial diversity by Canoni cal Corresponding 

A nalys is (CCA; Fig. 43). CCA I showed 40.5 % vari ation along X- ax is while CCA2 

showed 28.0 % variation along Y-axis. Factors like temperature, pH, si li ca and sul fate 

contents were the dri ving factors dete rmining bacterial di stribution in specific sites 
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6.5. Discussion 
6.5.1. Correlation between Microbial Diversity and Physicochemical Parameters 

Higher species Iichness and abundance in sediments of Tatta Pani than in 

sediments of Tato Field and Mmiazaabad (Figs 43, 44) may be due to the moderate 

temperature, high silicates and high sulfate contents of Tatta Pani SPlingS (Table 25). 

The dominant OTUs in moderately them10philic environment compIised of phyla 

Chloroflexi, Proteobacteria and Cyanobacteria (Cox, Shock, & Havig, 2011; Otaki, 

EvelToad, Matsuura, & Haruta, 2012). Along the Tatta Pani hot water spring situated in 

India, phylum Proteobacteria was repOlied as the dominant microorganisms 

(Mohanrao & Singh et aI., 2016) . (Lau et aI. , 2009) and (Yim, Hongmei, Aitchison, & 

Pointing, 2006) also repOlied the influence of temperature «70°C) for the presence of 

Cyanobacteria and Chloroflexi in hot sPlings. In the present study, OTUs of the phyla 

Proteobacteria and Chloroflexi were found to be dominantly present in all the sampling 

sites, but not phylum Cyanobacteria. The reason may be attributed toward metabolic 

advantages of Chrolojlexi over Cyanobacteria in hot spIing sediments(Liu et aI., 2011) 

(S. R. Miller, Strong, Jones, & Ungerer, 2009). 

Thermophilic and hyperthermophilic bactelia had been predominantly isolated 

from streamers with temperature above 75°C and mainly complised of the phyla 

Aquijiceae, Deinococcus-Thermus. Thermodesulfobacteria and Thermotogae and some 

members of the phyla Proteobacteria and Firmicutes (S. R. Miller et aI., 2009) (Shang 

Wang et aI., 2013). Mmiazaabad hot splings with relatively higher temperature (90-

95°C) favored the growth of thennophilic bactelial phylum Thermotogae. These 

domains were also detected in higher proportion in sites of Tata Field and Tatta Pani 

where average temperature is above 85°C and least at TP-H3-b where temperature is 

found to be 60°C. However OTUs of phyla Aquijiceae and Deinococcus-Thermus were 

more dominant in sites ranging in temperature from 70 to 85°C. At sites with low silica 

and high temperature, OTUs belonging to phylum Chlorojlexi were dominant. 

Kambura et aI. , (2016) believed that existence of phyla 

Actinobacteria and Firmicutes was an adaptation in low-nutlient conditions of the hot 

spIings. In the present study, the maximum OTUs of both the phyla in TP-H3-b may be 

attIibuted to slightly alkaline pH (PH 8.4) and lowest temperature (60°C). A much 

higher OTUs for most abundantly present order Rhizobiales in stagnant water of TP

H3-a (75°C) and less in MA-H4-a (90°C) may be related with long water residence 
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time (Dodsworth, Hungate, & Hedlund, 2011) . Deep water areas of the Murtazaabad 

hot water spring favored the sulfur-reducing bacteria. 

6.5.2 Comparison with Previous Studies of Hot springs along the MKT 

Previous studies of thelmophilic bactelia in hot springs along the Main 

Karakoram Thrust have mostly focused on microbial cultivation studies (M. Kumar, 

Yadav, Tiwari, Prasanna, & Saxena, 2014) (Javed et aI., 2012a) (Shanl1a, Vyas, & 

Pathania, 2013) . The bacterial phylum Firmicutes have been detected as the dominant 

taxa in cultures, along with a small propOliion of Proteobacteria and Actinobacteria. 

Our studies revealed the presence of Firmicutes and Actinobacteria in low temperature 

thenl1al springs and Chloroflexi and Thermotogae in high temperature springs. A 

comparison between the previous metagenomics-based study (Mohamao & Singh et 

aI., 2016) and this study revealed consistency in the identification of the dominant 

phylum Proteobacteria (Fig. 35). There is however discrepancy with regards to the 

propOliion of other thenl10philic taxa, especially phylum Chloroflexi. 

6.5.3. Microbial Community Composition 

The composition of microbial communities in thenl1al splings of Tato Field, 

Tatta Pani and Mmiazaabad were largely dependent on the temperature, pH, residence 

time and physicochemical parameters. The correlation of the microbial community 

composition with the geochemistry of the thelmal springs in the MKT can be better 

understood by a comparison of the dominant bacterial groups with relation to other 

geothelmal systems around the world. 

Proteobacteria: Phylum Proteobacteria has been previously observed to be 

dominant in many geothelmal enviroml1ents (Mohamao & Singh et aI.,20 16) (Deng, 

Cui, Hernandez, & Dumont, 2014) (Lau et aI., 2009) (Tekere, Lotter, Olivier, Jonker, 

& Venter, 2011) but this observation is not consistent with hot splings in Yellowstone 

National Park and Tengchong (Canine E Blank et aI., 2002) (Hou et aI. , 2013) (Hedlund 

et aI., 2015) . In our study Proteobacteria was detected as the dominant bactelia and it 

constituted 54.6 % of the total OTUs. Among them, many genera in class 

Gammaprotobacteria and Alphaproteobacteria of types I and II methanotrophs (C. E. 

Sharp, Martinez-Lorenzo, Brady, Grasby, & Dunfield, 2014) (Dedysh et aI. , 2002) are 

common in this study. In Tato Field springs, type II methanotrophs belonging to genera 

Hyphomicrobium, Methyloligella and Methylobacterium were detected. Methane

oxidizing Betaproteobacteria of the genus Methylopila were present in TF-H2-a while 
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in TF-H2-b and TF-H2-c, genus M ethy loversatilis was dominant. The detection of type 

I methane oxidizers belonging to genus Methy lothermus of the family 

Methylothermaceae at all sites in our study were in congruence with the findings of 

thermotolerant methanotrophic bacteria Methylothermus thermalis and M 

subterraneus from a hot spring and hot subsurface thennal aquifers in Japan (Tsubota, 

Eshinimaev, Khmelenina, & Trotsenko, 2005). The dominant methanotrophs identified 

in TP-H3-a were Methylothermaceae_ uc and Methylobacterium rhodesianum, and in 

TP-H3-b was unclassified species belonging to genus Methyligella of type II 

methanotrophs. However, no classified methanotroph of the class Betaproteobacteria 

was detected in the Tatta Pani springs. Unclassified OTU s of order Methylococcales _uc 

were found in majOlity of the thennal splings of this study except in TP-H3-a and TP

H3-b. In Murtazaabad thennal splings MA-H4-a and MA-H4-b, type II methanotrophs 

belonging to genera Methylobacteriaceae _ uc, Methyloversatilis _ uc and vmious 

unclassified species were detected, but not type I methanoh·ophs. In MA-H4-c, fmnily 

Methylococcaceae, which is usually present in effluent of thennal springs (Merkel, 

Podosokorskaya, Sokolova, & Bonch-Osmolovskaya, 2016) was detected 

Sulfate-reducing bactelia (SRB) of the class Deltaproteobacteria are a major 

constituents in geothennal related enviromllents such as the alkaline and saline oxbow 

lake which serve as short term reservoir for geothermal water (Borsodi et a1. , 2016) . 

This group is commonly found in the present study, and constituted 12.2 %, 10.1 % and 

7.3 % of phylum Proteobacteria in three sites of Tato Field splings. Despite low OTUs 

among the Tato Field sites, the diversity of SRB was more in TF-H2-c . Among Tatta 

Pani sites, 140, 79 and 217 OTUs in TP-H3-a, TP-H3-b and TP-H3-c respectively, were 

affiliated with SRB species of Deltaproteobacteria. The distributions of these OTUs 

may be attributed to temperature and oxygen content of the sites. The samples in TP

H3-b were collected from surface water and therefore had low temperature and higher 

oxygen content than the relatively deeper TP-H3-c. pH was another factor that had an 

effect on the activity and thereby the distribution of SRB. TP-H3-a was slightly acidic 

and other 2 sites alkaline. Among the Tatta Pani sites, the genera Desulfatirhabdium 

and Desulfomicrobium apsheronum sp. were unique to TP-H3-a. In Mmiazaabad 

thermal splings, SRB of the class Deltaproteobacteria were evenly distlibuted anlong 

the three sites. 
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Chloroflexi: OTUs for Anaerolinea thermophila was the most dominant group 

among phylum Chloroflexi in our study. Other prominent OTUs of classified species 

belonged to class Anaerolineae which included Bellilinea caldifistulae, 

Thermanaerothrix daxensis, Chloroflexus aurantiacus and Chloroflexus aggregans. 

The species Chloroflexus aurantiacus has also been repOlied in Zodletone them1al 

spring (M. S. Elshahed et al. , 2003). Castenholz (Alexander & Imhoff, 2006) repOlied 

hidden mats of photoheterotrophic Chloroflexi with cyanobacterial mats in Hunter 's 

hot water spring. OTUs for an unclassified family in halotolerant class 

Dehalococcoidetes of group II Chloroflexi were present in the them1al springs of Tatta 

Pani and Murtazaabad. The diversity of phylum Chloroflexi was found to be directly 

influenced by temperature. This is exemplified by the presence of highest OTUs for 

phylum Chloroflexi in Mmiazaabad hot springs which had the highest temperature 

among the study sites. Chloroflexus relatives of neuh'al to alkaline hot springs viz. 

Chloroflexus aurantiacus and Chloroflexus aggregans as repOlied by (Niibel, Bateson, 

Madigan, Kiihl, & Ward, 2001), were also detected in all sites ofthe present study. Our 

study also detected members of Chloroflexi in shared habitats with unclassified OTU s 

of Cytophaga, Veruuco711,icrobia, Chlorobium, Firmicutes and Planctomycetes, which 

is in congruence with the fmdings of Elshahed et al. (M. S. Elshahed et al. , 2003). In 

another study, dual mode of life present in thennal springs was revealed with both 

aerobic and anaerobic lifestyle of the community members in a single hot water spring 

(Tripathy, Padhi, Mohanty, Samanta, & Maiti, 2016)]. It can be confirmed by the 

presence of most prominent phylum Proteobacteria and significant number of 

phylum Choroflexi in the current study. 

Thermotogae: In the present study, Thermotogae was the third most dominant 

phylum after Proteobacteria and Chloroflexi. The detection of phylum Thermotogae 

may be attributed to the high temperature of hot springs (>85 °C) in TF-H2-a and 

Murtazaabad. Similar, cultures of genus Fervidobacterium of the order Thermotogales 

have been isolated from Mae Fang National Park, Thailand (Podosokorskaya et al. , 

2011) and Changbai Mountain, China (1. Cai et al. , 2007) where the average 

temperature of the sampling sites is above 80°C. 

A quificae: OTUs belonging to the phylum Aquifaceae were predominantly 

detected in TF-H2-a (91 OTUs), with the most dominant species being 

Sulfurihydrogenibium_uc (59 OTUs). S. Wang et al. (2013) repOlied that Aquificae 
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OCCUlTed at high temperature springs and their distribution was directly proportional to 

temperature and silica contents. In the cunent study, no clear relationship could be 

established between the distribution of Aquificae and temperature. For instance, OTUs 

of phylum Aquificae in Murtazaabad hot springs (>90 0c) were significantly less than 

Tato Field thennal springs (70-90 0c), while no Aquificae was being detected in Tatta 

Pani springs (60-90 °C). Rather than temperature, the higher level of Aquificales in Tato 

Fields could be attributed to the level of silica. Similar findings had been reported for 

the distribution of Aquificales in Yellowstone National Parks (c. E. Blank, S. L. Cady, 

& N. R. Pace, 2002; Spear et aI. , 2005b). 

6.5.4. Physiological Functions 

It will be difficult to infer physiological functions from the sequence data. 

However ceriain tentative physiological roles can be determined based on the 

taxonomic affiliations ofthe metagenome. Studies from sulfur-rich geothennal springs 

revealed that methane produced in anoxic water bodies are oxidized by a consOliium of 

methanotrophs and SRB (Mostafa S Elshahed et aI. , 2003) (Tripathy et aI. , 2016) 

(Delgado-SelTano et aI., 2014) . As expected, Proteobacteria of the type I and II 

methanotrophs and SRB are a major constituent in the study sites, and likely involved 

in the mineral recycling under the low oxygen conditions of hot springs, which in tum 

help in energy production. In acidic hot springs, this metabolism of energy recycling 

may be initiated by methane oxidizing phylum Verrucomicrobia (Islam, Jensen, 

Reigstad, Larsen, & Birkeland, 2008) (c. Sharp, Stott, & Dunfield, 2012), as indicated 

by its presence in slightly acidic sites TP-H3-a (PH 6.2) and MA-H4-c (PH 6.7). 

Phylum Clostridia which are known to be obligatory dependent on 

methanogens or on the presence of an extemal electron acceptor (J. Hugenholtz & 

Ljungdahl, 1990) was observed in TF-H2-a. Few OTUs of the thennophilic, anaerobic, 

Mn(IV)- and Fe(III)-reducing Carboxydocella of the species Carbm"ydocella_uc and 

Carbo:>.,ydocella manganica were detected in MA-H4-a and MA-H4-b. These strains 

can assimilate CO chemolithoautotrophically under aerobic conditions and used CO 

dehydrogenases under anaerobic conditions (Sokolova et aI., 2002) . Few OTUs of 

genus Ammoniphilus were present in the three sites of Tatta Pani. They were obligatory 

oxalotrophic and haloalkalitolerant bacteria and required a high concentration of 

ammonium ions and pH of 6.8-9.5 (Tables 25). In MA-H4-a, unclassified species 

belonged to genera Anaerosporobacter and Nitratireductor were detected. This finding 
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could be in lineal with oxidation of N02 to nitrate by Nitrospira at high temperature 

(Erko Stackebrandt, 2014) and subsequent reduction of nitrate to nitrous oxide or 

complete oxidation to N2 by members of the order Thermales, Aquificales and 

Bacillales (Nakagawa & Fukui, 2002) (Mishima et aI., 2009). 

6.6. Conclusion 

The geothermal fields in Tato Field, Tatta Pani and Murtazaabad were highly 

diverse in their environmental conditions and encompassed sites ranging in temperature 

from 60 to 95 DC and in pH from 6.2 to 9.4. Distinct bacterial lineages and unclassified 

bacteria were observed at all taxonomic levels in the hot springs of MKT located in 

Pakistan. These phyla include Proteobacteria, Ch10 roflexi, Thermotogae, 

Bacteriodetes, Actinobacteria, Deinococcus-thermus, Nitrospirae, Acidobacteria and 

others well reported unclassified them1al spring phyla such as UT06, OPll, BRCl, 

OD1, OP8, OP1, OP3, OP9, OMAN and NKB19. The composition of the microbial 

communities in these geothennal sites were however dependent on the enviroll11ental 

parameters such as temperature, pH and physicochemical conditions. ApaIi from the 

dominant group, the presence of many unclassified bacteria gives an implication of a 

complex physiological process in nature (Kamruzzaman et aI., 2010) (Sogin et aI., 

2006) , but could not detennine from the metagenomics data of the present study. This 

infonnation could however be supplemented if comparative studies were done along 

with cultivable bactelia associated with these thennal springs (Selim et aI. , 20 16) 

(Sahoo et aI., 2016) . 
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CHAPTER 7 

Conclusion 

Of vanous extreme environments for the growth of microorganisms, high 

temperature tolerant organisms have been presented as biotechnologically important 

extremophiles. It is obvious that we have only scratched the surface in revealing a new 

vista this regime. Several species of bactelia were examined from these special sites 

and high temperature tolerant species were identified and charactelized in systematic 

taxonomy. Based upon our taxonomic data, three novel temperature tolerant species; 

Nocardioides paldstanensis sp. nov., Microvirga pakistanensis sp. nov. (Amin et aI. , 

2016 and b) and Streptomyces caldifontis sp. nov., (Amin et al 2017). Three 

Actinobacterial strains have been isolated fi:om hot water spring soils from Tatta Pani 

hot water spring, Kotli Kashmir and Bactelial strain was isolated from Cholistan deseli 

soil, Bahawalpur Pakistan. These novel species were not as such thennophilic but high 

temperature tolerant because they survived in hot water splings where temperature 

remained above 65°C whole year and also reaches up to 900°C. One salt tolerant strain, 

ZaJaria solitudinis gen. nov. sp. nov. that was isolated from Tatta pani hot water spring 

soil from Kotli Kashmir has been proposed in a novel genus NCCP-1664T gen. nov. 

(Amin et aI. 2016) . This novel strain was high salt tolerant and can grow efficiently up 

to 16% (w/v) NaCI concentration. It was initially proosed to be new species of 

Arthrobacter genus but lateron Busse et al 2016 desclibed whole new classification 

between Alihrobacter genus according to peptidoglycan type, quinone type and polar 

lipids profile. NCCP-1664T contained polar lipids, which was different from already 

desclibed groups and new genera between Alihrobacter genus, Phylogenetic position 

by using all algoritluns and these chemotaxonomic features became the basis for 

proposal of new genus. 

In addition to diversity studies in lab 454 pyrosequencing approach was used to get 

complete diagram of our selected sites for presence of bacteria. Various distinct 

lineages and unclassified bacteria were observed at all taxonomic levels. Distinct phyla 

which seemed to outcompete were Proteobacteria, Ch10 roflexi, Thermo toga, 

Bacteriodetes, Deinococcus thermus, Nitrospirae, Acidobacteria and others well 

repOlied them1al spring phyla were UT06, OP11 , BRC1 , OD1 , OP8, OP1 , OP3 , OP9, 



CHAPTER 7 Conclusion 

OMAN, NKB19. Environmental properties like pH, temperature and sulfur influenced 

the community structure at most that was depicted by presence of sulfur and nitrate 

reducing bacteria, but the influence of other factors on microbial community 

assemblage like anaerobic stress in deep water; methane, ammonia and presence of 

planktonic material were supported by presence of Chloroflexi, Anaerobiales. 

Dominance of Chloroflexus and low number of order Aquificales were also studied by 

Skimisdottir, et al. at upper temperature of 88 to 90°C that matched our results. High 

temperature and low oxygen site of Tatta pani spring (TP-H3-c) had largest OTUs for 

sulfur bacteria. Deltaproteobacteria purple sulfur bacteria were most dominant in sulfur 

rich (Tatta pani hot water spring) TP-H3 sites. 

Presence of Cyanob acteli a at (Tato Field hot water spring) TF-H2-a and (Tato Field 

hot water spring) TF-H2-b effected number and diversity of purple sulfur bacteria even 

at high temperature. Highest numbers of OTUs for purple sulfur bactelia 217 were 

present in (Tatta Pani hot water spring samples) TP-H3-c which was sulfur rich site and 

second highest number was observed in (Tato Field hot water spling) TF-H2 where 

sulfur level was much lower but phylum Cyanobacteria population was present to 

suppOli their growth. Another unique phylum UT06 was present with rich diversity in 

(Tata Pani hot water spring) TP-H3 and (MUliazaabad hot water spring) MA-H4 and 

low in Tato fi eld san1ples. Its diversity and number were evenly high in all samples of 

MA-H4 but in TP-H3 its distlibution was not even. 

Similar physiochemical propeliies of hot water splings located at far distances and 

varying geographical locations were responsible for linked microbial community. 

Presence of closely related microbial species in neighboUling hot water springs 

indicated that movement of water and soil was also responsible for designing microbial 

community structure in adjacent environments. These geothennal sites should be 

considered to explore natural biogeochemical cycles and role of specific 

microorganisms in energizing these cycles to exploit these potentials in near future. In 

these hot water springs enhanced conditions of high temperature, alkaline pH, 

methanogenesis all met automatically and genes for methanogenesis were switched in 

methanogens. Study suggested that methanotrophy in these thermal sites was not 

restlicted to only one type of methanotroph, members of type I methanotroph, aerobic 

methanotroph, beta proteobacteria methanoh·oph and type II methanotroph all 

collectively were responsible for methane cycle in thermal systems. 
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CHAPTER 7 Conclusion 

For Cholistan deseli pyrosequencing study we found that both alpha and beta 

diversity measures are much higher than previous evaluations for desert soil. Presence 

of specific OTUs were linked with the location of samples e.g. , Hydrogenophaga 

electricum and Anaerolinae thermophil a were profusely present in NCCP-Dl-b as 

compared to NCCP-Dl-a, and Arenimonas malthae, Rhizobium daejeonensis and 

Anaerolinae thennophile were substantial in number in NCCP-D3-b as compared to 

NCCP-D3-a. Phylu Proteobacteria was most dominant in all samples by overall 

bactelial diversity and specially Actinobacterial diversity in rhizospheric samples was 

significantly higher as compared to non rhizospheric samples. 

Mutualistic and symbiotic relationships between different culturable bacteria 

were already being studied between many bacteria but how nonculturable bacteria 

detennines the presence and dominance of classified and culturable bacteria has not 

been studied yet and various unexplored metabolic aspects of microbiota of these hot 

water springs are to be studied yet. 
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PROPOSED FUTURE STUDIES 

Future studies should be focused to unravel all ignored geochemically important 

sites specially to fill gap of limited culturing techniques and substrates so far known to 

study these non-cultured bacteria. The taxonomic results obtained in this study provide 

infonnation to the ecological studies for exploration in this regime and thus discovers 

new whole area for further research in the subject of 'Extremophiles'. Although we 

have tried our best to give a clear picture of bacterial distribution of two sites but we 

would like to propose few future studies as extension of present study 

1. Controlled experiments would help identify which factors influencing species 

distribution at most. 

2. Similarly rhizosphere versus non rhizospahelic soil organisms can be observed 

in relation to rhizospere specific carbon compounds. 

3. Metabolic and genome wide studies can help researchers to extend this research 

for narrowing down habitat in genomically interconnected populations. 

4. Discrete, plliiicular bacterial lineages can be found in contrasting soil types . 

5. In case if genomic interconnections are low, variations in the core and accessory 

genomes can be found to solve distribution of distinct biogeographical pattems. 

For example, (N. Kumar et aI. , 2015) (Boucher et aI., 2011) (Porter, Chang, 

Conow, Dunham, & Fliesen, 2017)repOlied that core genomes of Rhizobium 

leguminosarum and Vibrio cholerae have high similarity but the accessory 

genome is much vlliied. The accessory genome is principal pool of microbial 

adaptive variation because it can be vanished or gained via horizontal transfer 

(Polz, AIm, & Hanage, 2013) (Porter et aI. , 2017) . 

6. Specific classes of bacteria can be studied along with their biogeochemical 

cycles i;e; methane cycle related microorganisms, anaerobes, nitrogen cycle 

related bactelia, sulfate reducing bacteria and arch ea. 

7. Novel enzymes can be extracted from novel genomes by metagenomics studies 

and whole genome analysis. (Pastemak et aI., 2013) stated that that impact of 

bacterial diversity and their abundance on nature can be explained only by using 

full-genome proteomic comparisons .. 
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Microvirga pakistanensis sp. nov., a novel bacterium isolated 
from desert soil of Cholistan, Pakistan 
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Abstract A Gram-negative, non-spare-farming, non
pigmented, strictly aerobic and non-motile short rod 
bacterium, designated NCCP-1258T

, was isolated from 
Cholistan desert soil , Bahawalpur, PalO stan. Growth of 
strain NCCP-1258T was observed at pH range 6.5-9.5 
(optimum 7.5- 8.5) and temperature range 2~5 °C (opti
mum 40 °C), and it tolerated 0-2 % NaCl (optimum 0.5 %, 
w/v) . Phylogenetic analysis based on 16S rRNA gene 
sequence comparison revealed that strain NCCP-1 258T 

belongs to genus Microvirga and is most closely related 
to Microvirga lotononidis (98 .0 %), Microvirga vignae 
(97.4 %), Microvirga lupilLi (97.2 %), Microvirga zalllbi
ensis (97.2 %) and Microvirga jf.occulans (97.1 %). Anal
ysis of the concatenated sequences of four housekeepi ng 
gene loci (dnaK, gyrB, recA and rpoB) also confirmed the 
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placement of strain NCCP-1 258T within the genus Micro
vi/gao DNA-DNA relatedness values of NCCP-1258T with 
above-mentioned type strains were less than 42 %. The 
DNA G+C content of strain NCCP-1 258T was 64.3 mol%. 
Chemotaxonomic data (predominant menaquinone system 
was Q-lO; major fatty acids were C I6:0• C IS:I w7c and C19:0 

cyclo w8c; the polar lipid profile contai ned diphosphatidyl
glycerol , phosphatidyIcholine, phosphatidyl dimethyl etha
nolamine and phosphatidyl ethanolamine) also supported 
the affiliation of strain NCCP-1258T to the genus Micro
virga. On the basis of physiological and biochemical char
acteristics, phylogenetic analyses and DNA-DNA related
ness, strain NCCP-1258T can be distinguished from the 
closely related taxa and thus represents a novel species of 
the genus Microvi/ga , for which the name Microvirga paki
stanensis sp. nov. is proposed with the type strain NCCP-
1258T (=CGMCC 1.15074T = KCTC 42496T

). 
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Abstract A Gram-staining positive, non-motile, 
rod-shaped, catalase positive and oxidase negative 
bacterium, designated NCCP-1331 T, was isolated 
from a hot water spring soil collected from Tatta 
Pani, Kotli , Azad Jammu and Kashmir, Pakistan. The 
isolate grew at a temperature range of 18-40 QC 
(optimum 30 Qq, pH 6.0-9.0 (optimum 7.0) and with 
0-6 % NaCl (optimum 2 % NaCI (w/v». The phylo
genetic analysis based on 16S rRNA gene sequence 
revealed that strain NCCP-1331 T belonged to the 
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genus Streptomyces and is closely related to Strepto
myces brevispora BK160T with 97 .9 % nucleotide 
similarity, followed by Streptomyces drosdow
iczii NRRL B-24297T with 97.8 % nucleotide simi
larity. The DNA-DNA relatedness values of strain 
NCCP-1331 T with S. brevispora KACC 21093T and S. 
drosdowiczii CBMAI 0498T were 42.7 and 34.7 %, 
respectively. LL-DAP was detected as diagnostic 
amino acid along with alanine, glycine, leucine and 
glutamic acid. The isolate contained MK-9(H~) as the 
predominant menaquinone. Major polar lipids 
detected in NCCP-1331 T were phos-
phatidylethanolamine, phosphatidylinositol and 
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Abstract Chilas and Hunza areas , located in the Main Mantle 
Thrust and Main Karakoram Thrust of the Himalayas, host a 
range of geochemically diverse hot springs. This Hinlalayan 
geothennal region encompassed hot springs ranging in tem
perature from 60 to 95 °C, in pH from 6.2 to 9.4, and in 
mineralogy from bicarbonates (Tato Field), sulfates (Tatta 
Pani) to mixed type (Murtazaabad). Microbial community 
structures in these geothennal springs remained largely unex
plored to date. In this study, we report a comprehensive, 
culture-independent survey of microbial commuillties in nine 
samples from these geothermal fields by employing a bar
coded pyrosequencing technique . The bacterial phyla 
Proteobacteria and Chloroflexi were dominant in all samples 
from Tato Field, Tatta Pani, and MUltazaabad. The community 
structures however depended on temperature, pH, and physi
cochemical parameters of the geothermal sites. The 
Murtazaabad hot springs with relatively higher temperature 
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(90-95 °C) favored the growth of phylum Thermotogae, 
whereas the Talta Pani thelmal spring site TP-H3-b (60 0c) 
favored the phylum Proleobacleria. At sites with low silica 
and high temperature, OTUs belonging to phylum Chloroflexi 
were dominant. Deep water areas of the Mmtazaabad hot 
springs favored the sulfur-reducing bacteria. About 40% of 
the total OTUs obtained from these samples were unclassified 
or uncharacterized, suggesting the presence of many undis
covered and unexplored microbiota. This stlldy has provided 
novel insights into the nature of ecological interactions among 
important taxa in these conU11Unities, which in turn will help in 
detennining future study courses in these sites. 

Keywords Main Karakoram Thrust· Hot springs · 
Pyrosequencing . 16S rRNA gene · Themlophilic bacterial 
diversity 
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Abstract A Gram-staining posItive, non-spore 
forming , non-pigmented and non-motile bacterium, 
designated as NCCP-1340T

, was isolated from a hot 
water spring, Tatta Pani , Pakistan. Cells of strain 
NCCP- j 340 T were observed to be aerobic, rod shaped, 
catalase and urease positive but H2S production and 
oxidase negative. Growth was observed at pH 6.0-8 .0 
(optimum pH 7.0) and at 20-40 QC (optimum 37 QC). 
The strain could tolerate 0-8 % NaCI (optimum 2 %, 
w/v). Phylogenetic analysis based on 16S rRNA gene 
sequence comparisons revealed that strain NCCP-
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1340T belongs to the genus Nocardioides and is 
closely related to Nocardioides iriomotensis JCM 
17985T (96.8 %), Nocardioides daedukensis KCTC 
19601 T (96.6 %), Nocardioides jensenii KCTC 9134 T 

(96.1 %) and Nocardioides daejeonensis KCTC 
19772T (96.1 %). The DNA-DNA relatedness values 
of strain NCCP-1340T with N. iriomotellsis JCM 
17985T

, N. daedukellsis KCTC 19601 T and N. j ellsellii 
KCTC 9134T were found to be less than 53 %. The 
DNA G+C content of strain NCCP-1340T was 
determined to be 71.8 mol %. The affiliation of strain 
NCCP-1340T to the genus Nocardioides was further 
supported by chemotaxonomic data which showed the 
presence ofMK-8(H4 ) as major menaquinone system ; 
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5. This strain is available in the public accessible section of the CGMCC. It will be included 

in the published and online catalogue after publication of this number by the authors. 

Date March 12.2015 



Korean Collection for Type Cultures (KCTC), Microbial Resource Center 

Korea Research Institute of Bioscience and Biotechnology (KRIBB) 

125 Gwahak-ro, Yuseong-gu, Daejeon, 305-806, Korea 

Tel: +82-42-860-4602, FAX: +82-42-860-4625 

Certificate of Deposit 

Date: February 11,2015 

The following information is confidential and acts only to confiml that a strain has been deposited to 

the KCTC. 

Microvirgae sp. NCCP-1258 has been deposited in the general collection of microorganisms in the 

KCTC under the number KCTC 42496. 

This strain is now readily available to the intemational scientific research community. Access to the 

strain is not restricted and it shall be supplied to anyone upon request. 

:;~J-r4C-(1 ~hY) 
Song-Gun Kim, Ph.D. 

Curator responsible for the strain 

Korean Collection for Type Cultures (KCTC) 

Microbial Resource Center 

Korea Research Institute of Bioscience and Biotechnology (KRIBB) 

125 Gwahak-ro, Yuseong-gu, Daejeon, 305-806, Korea 



Ref.: 

Korean Collection for Type Cultures (KCTC) 
Korea Research Institute of Bioscience & Biotechnology (KRIBB) 
125 Gwahak-ro, Yuseong-gu , Daejeon, 305-806, Korea 
Tel: +82 42860-4602, FA X: +82 42 860-4625 

Certificate of Deposit 

Date of issue: MAR 12,2015 

Taxonomic designation Streptomyces sp. 

Accession number KCTC 39537 

Depositor(s) Wenjun Li 

strain code by the depositor(s) NCCP1331 

The above culture has been successfully deposited to KCTC, and is now available to 
the scientific research community, domestic or international. 
KCTC is a member of the World Data Center for Microorganisms (WDCM), and 
maintains collections of microorganisms for research purposes. Our main functions 
include preservation and distribution of microbial resources for the academic research 
communities, domestic or international. 
The distribution of any KCTC culture is subjected to the terms of KCTC regulations for the 
furnishing of biological resources. 

J S .~ 
Curator of the Actinobacterial collection 

Kyung Sook Bae Ph.D. 

Telephone: +82-42-860-4610 
Fax: +82-42-860-4625 

E-mail: ksbae @kribb.re.kr 
Web : http://www.kctc .re.kr 



e. OO*1Wi~~m~)~if!.~ e pce i:j:J~~~M~~iif!P{~itm!:p/l) China Pharmaceutical Culture Collection 

N 11\/1 R National Infrastructure of Microbial Resources 

Certificate of Deposit 

Date of issue: April 25,2015 

The following infonnation is confidential and serves only to confinn that a strain has been 

deposited in the CPCe. 

Strain Streptomyces sp. NCCP-1331 T 

has been deposited in the CPCC under the number 

CPCC 204147 

This strain has been checked for viability and is stored using one of the standard methods 

used in the CPCe. It is now available to the international scientific community without any 

restriction upon request. 

China Phamaceutical Culture Collection 

Institute of Medicinal Biotechnology 

Chinese Academy of Medical Sciences 

Peking Union Medical College 

No.1, Beijing Tiantan Xili , Dongcheng District 

100050 Beijing P. R. China. 

Tel: +86-10-63187118, FAX: +86-10-63187118 

Center Website: http://www.cpcc.ac.cn 
Services for culture ordering and preservation 
Email: cpcc@cpcc.ac.cn Tel: 86-10-63 161934 
Service for culture Identification 
Email: taxonomy@cpcc.ac.cn Tel: 86-10-83167110 

Address: No.1, Beijing Tiantan XiIi, Chinese Academy of Medical 

Sciences Institute of Medicinal Bioteclmology 

Zip Code: 100050 Tel: 86-010-63187 11 8 Fax: 86-010-63187 11 8 
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Leibniz- Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH 

InhoffenstrafSe 7B, 38124 Braunschweig, Germany 

Confirmation of the availability of a strain for the purpose of valid publication of a new name according to 

the Bacteriological Code 

The following information is confidential and serves only to allow the International Journal of Systematic and 

Evolutionary Microbiology to confirm that a strain has been deposited and will be available from the DSMZ in 

accordance with the Rules of the Bacteriological Code (1990 revision) as revised by the ICSP at the plenary 

sessions in Sydney and Paris. 

Strain Nocardioides sp. NCCP-1340 has been deposited in the DSMZ under the number 

DSM 29942 

This strain is available in the publicly accessible section of the DSMZ and restrictions have not been placed on 

access to information concerning the presence of this strain in the DSMZ. It will be included in published and 

online catalogues after publication of this number by the authors. 

This strain has been checked for viability in the DSMZ and is stored using one of the standard methods used in 

the DSMZ. The depositor of this strain has also carried out a "depositor's check" and confirmed the identity of 

the strain held under this DSM number. 

GeschaftsfUhrer/ 
Managing Di rector: 

!! The DSMZ is not responsible for differences between the properties of the 

strain deposited in the DSMZ and properties given in the literature/databases!! 

It is the sole responsibility of the depositor to ensure that type strains 

deposited in the DSMZ conform to the requirements of the appropriate 

Rules governing prokaryotes nomenclature and the deposition of type 

strains (Rules 18a, 27, & 30 of the ICNB/ICNP, including changes made at 

plenary sessions of the JC/ICSP). 

Dr. R. Pukall, Curator Gram-positive Bacteria 

Handelsregister/ 
Commercial Register: 

Prof. Dr. Jorg Overmann 
Aufsichtsratsvorsitzender/Head of 
Supervisory Board: MR Dr. Axel Kol latschny 

Braunschweigische l andessparkasse 
Kto.-Nr'/AcCQunt: 2039220 
BLl/Bank Code: 250 500 00 
IBAN OE 22 250500000002039220 
5WIFT (BIC) NOLADE 2 H 

Amtsgericht Braunschweig 
HRB 2570 
Steuer-Nr.13/200/24030 
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JAPAN COLLECTION OF MICROORGANISMS 
Microbe Division, RIKEN BioResource Center 
3-1-1 Koyadai, Tsukuba, Ibaraki, 305-0074, Japan 

No. 150203 
28 Oct 2015 

Phone : +81 29 8369556 
Fax : +81 29836 9561 
E-mail: inquiry@jcm.r iken.jp 

CERTIFICATE OF DEPOSITION AND AVAILABILITY OF 
A MICROORGANISM 

This is to certify that the following microorganism has been deposited into the Japan Collection 
of Microorganisms (JCM) and will be available to the public after publication by the author(s) of 
the scientific paper that describes this taxon, subject to the agreement by the user(s) to the 
terms and conditions of use of the strain: 

JCM 30630 Nocardioides sp. 
<- W.-J. Li; Yunnan Inst. of Microbio!., Yunnan Univ., China; NCCP-1340 

Terms and conditions: 

• In publishing the research results to be obtained by use of the BIOLOGICAL RESOURCE, 
an acknowledgment to the DEPOSITOR is requested. 

Moriya Ohkuma, PhD. 
Head of the Microbe Division (JCM) 
The RIKEN BioResource Center 

NOTICE: This document is valid only for the proposal of a new scientific name with the above-mentioned strain in 
the International Journal of Systematic and Evolutionary Microbiology (/JSEM) . The scientific name is based on the 
registered one as of the issue date, and any later update of the name, does not invalidate this document. JCM does 
not reissue this certificate in principle, unless the MTA (for deposition) in connection with the strain is renewed. 
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