Chapter One

INTRODUCTION



1.1 Extreme Environments

In general moderate environmental conditions dotsupport a wide range of living
organisms and usually have girbundneutraity, temperature betweé® and 40°C, air
pressuranot excedingl atmosphereadequat@amountf available waterand a source
of nutrients(Satyanarayanat d., 2009. In contrastextreme environmeat conditions
can be described as havingdeastically reduced biodiversity with most organisms
present beingmicroorganisms(Gomes and Steiner, 2004The range of extreme
environments include high temperature conditions betweerarts6121°C or low
temperature environmentsetweeni 2 and 10°C, high alkalinity environmentsthat
havepH values above 6r high acidityenvironmentghat havepH values lower than 4
and high salinityenvironmentscontaining2 i 5 M NaCl (Gomes and Steiner, 2004
Hough and Danson, 199%an Den Burg, 2008 There are also high pressure
environmentsthat have hydrosta&t pressuresreaching up to 1400 atmospheres
(Satyanarayanat al,, 2005 and environments with higlevels of ionizing radiation or
the presence of heavy metdlsvin, 2010. In addition there are manmadextreme
environments like cool houses, sam heated buildings and acid mine waters

(Satyanarayanet al., 2003.

The anthropocentric defimiin of an extreme environment is an environment that
deviates significantly from conditions suitable for human life in terms of temperature,
pH or osmotic balance. A more scientific definition is that any environment where
species diversity is very low andlmost all are microorganisms is an extreme
environment{Gilmour, 201Q. Extreme conditions are usually not transient but remain
constantin their physicochemical properties i.e. they are an inherent part of the
ecosystem. The microorganisms which show optimal growth and not just tolerate

extreme conditions are called extremoph{adigan and Orent, 1999

1.2 Extremophilic Microoganisms

Extremophile comefrom the Latin word "extremus" which means extreme and the

Greek word "philia” which mans love. Extremophiles can be defined in various ways

according to the point of approaciihe term extremophile, first used by MacEliay

1974 refers to an organism that can grow and thrive in extreme environmental
2



conditions, as reported dyendry (D06). Some researchers defined extremophiles as
those microbes that thrive in abnormal environments where higher organisms such as
mammals would be killegqMadigan and Orent, 1999rwin, 2010. The most wide
ranging definition states that any organism which can live in extreme conditions should
be considered to be ®&mophile (Rothschild and Mancinelli, 2002 However,

Wai nwright suggested the term fAextremodu
survive, but canot grow in extreme conditior(8Vainwright, 2003. Essentiallypne or

more stress factors isecessaryfor the viability of extremophilic microorganisms
(Satyanarayanat al, 2005. Most of the extremophiles that have been recently
identified belong to the domaiArchaea, however many bagte as well as some
eukaryotes can tolerate extreme environmental condif\es Den Burg, 2003

Studies on extreme envinorents focuson the diversity ofmicroorganismsand the
molecular and regulatory mechanisms invohredgrowing in extreme environments
Extremophiles are structurally prepared to adapt to extreme environmental conditions.
Extremophiles may adapt to oneesis(e.g. high temperature or alkalinitgas either
thermophiles or alkaliphiles. Furthermore, some extremophiles can adapt to more than
one stress, for example, those which can adapt to both high temperature and alkalinity
and hence called thermoalkalilgs (Gomes and Steiner, 2004 Thus, extremophiles

can be grouped depending on the sstreonditions they can tolerate asubsequently

thrive in (e.g. alkaliphiles, acidophiles, halophiles, thermophiles, psychrophiles and
osmophile}¥ (Gilmour, 199, Horikoshi, 1991 Gomes and Steiner, 2004endry, 2006

Oarga, 2009Irwin, 2010. Moreover, it is interesting to note that many extremophilic
bacteria are amongst the most primitive of bacteria, as suggested by their location close
to the root of the universal phylogenetic t{€&gure 1.1and Table 1.1



Phylogenetic Tree of Life

Bacteria Archaea Eucarya
Green
Filamentous Myxomycota
Entamoebae Animalia

Spirochetes bacteria
Fungi

G ram Methanosarcina
positives Methanobacterium

Halophiles
Plantae

Proteobacteria

Methanococcus

Cyanobacteria N
Ciliates

Planctomyces
Flagellates

Bacteroides

Cytophaga Trichomonads

Microsporidia

Thermotoga
Diplomonads

Aquifex

Figure 1.1. Universal phylogenetic tree as determined from comparatied! subunit
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(Madigan, 201p The bacterial phyla (e.g’hermotogaand Aquife¥ near the base of

thetree are all thermophilic.



Phenotype

Environment

Typical genus ( Bacteria and
Archaea)

Thermophilic

Hyperthermophilic

Psychrophilic

Halophilic

Acidophilic

Alkaliphilic

5571 80°C

8071113°C

T 2to10°C

2i5 M NaCl

pH<4

pH>9

Methanobacterium
ThermoplasmaThermug, some
Bacillus* species
Aquifex, Archaeoglobus
Hydrogenobacte,
MethanothermudPyrococcus
Pyrodictium Pyrolobus
Sulfolobus Thermococcus
ThermoproteusThermotoga

Alteromonas, Psychrobactey

Haloarcula, Halobacterium
Haloferax, Halorubrum

Acidianus Desulfurolobus
SulfolobusAcidithiobacillus®

Natronobacterium
Natronococcussome

Bacillus* species

Table 1.1 Extremophiles and their environments, gen marked* belongto the

domain Bacteria; all others are Archaeslodified from (Hough and Danson, 1999

Van Den Burg, 2008




1.2.1 Extremes of Temperature and Life
1.2.1.1 Thermophiles

Studying extreme environments has led to the discoveayafiety of microorganisms
that can thrive in extreme conditions. Ang these groups ithe thermophile group
where microorganisms cagrow at high temperature levels. Due tbe unusual
properties of thermophilic microorganisms, thehave become a key target of
exploitationfor biotechnology(lrwin, 2010. The term thermophilés used for those
microbes which camrow at temperatures between #580°C, while if theygrow in
environments with temperatures between 8@%@ 113°C then they can be called
hyperthermophileg¢Vieille and Zeikus, 2001Stetter, 2006 Proteins and nucleic acids
are normally denatured at temperatuescting 10°C and denaturation of lipideads
to an increase ifluidity of membranes t@ lethaldegree while 100°Cis optimal for
growth of somehyperthermophile$Madigan and Orent, 1999Both thermophiles and
hyperthermophiles have been assumedoe arich source of many extremozymes
(thermozymes or thermoenzymeshich are thermostable and can resistaicetiular
damage and disintegration when exposed to high temperdiieide and Zeikus,
2001, Hendry, 200%.

Many prokaryotic microorganisms can grows&PC (Satyanarayanat al, 2005, thus
thermophiles are much more common than hyperthermopliReghschild and
Mancinelli, 2002. Thermophiles and hyperthermophiles can be found in different parts
of the same areas where ttemperaturds high (e.g. hot springsand hydrothermal
ventg. Meanwhile thermophilesan be isolated from ordinary environments such as
sunheated soils, composts, oil wells and geothermally heated oil resefMaidsgan

and Orent, 199Rothschild and Mancinelli, 200&win, 2010.

A variety of species of Bacteria and Archaea have been classified as thermophiles.
These includdhernus aquaticusT. thermophilusThermodesulfobacterium commune
Sulfolobus acidocaldariysThermomicrobium roseunDictyoglomus thermophilum
Methanococcus vulcanicusSulfurococcus mirabilisand Thermotoga maritima
Hyperthermophilic microorganisms on thether hand include,Methanococcus
jannaschij Acidianus infernos Archaeoglobus profundusMethanopyrus kandleri
Pyrobaculum islandicum Pyrococcus furiosys Pyrodictium occultum Pyrolobus
fumarii, Thermococcus littoralis, Ignicoccuslandicumand Nannarchaeum equitans
(Ghoshet al, 2003 Satyanarayanet al., 2005.
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1.21.2. Psychrophiles

Psychrophiles are defined as those cold loving extremophilesréhaapable of growth

at temperatures ofl5°C or lower with maximum growth at temperatures of
approximately 28C and a minimal growth temperature 8€®r lower(Morita, 1975.

Low temperature environments can act as a stfastor and induce intracellular
changes. These changes include the dangerous formation of ice crystals which rip cell
membranes and cease solution chemistry due to the absence of liquid water.
Intracellular freezing of water is almost always letligeller and Gerday, 1997
Rothschild and Mancinelli, 2002Madigan, 2012 However cold adapted organisms

can protect themselves by producing cryoprotectants or antifreeze in which these
molecules are responsible for preventing the formation of ice crystals that destroy cell
membranegIrwin, 2010. Psychrophiles usually exist in cold environments such as
oceans where the average temperature is arolydahd deep oceans have a constant
temperature ofapproximately 24°C. Psychrophilic microorganisms can exist in
refrigerated environments and hence are potential contaminants of chilled food, so that
psychrophiles are significant as food spoilage ag@itsita, 1975. Psychrophiles are
widely used in industrial applications, at least partly because of ongoing efforts to
decrease energy consumption, as a result of their low temperature catalytic activity and
low thermal stability. Rgchrophiles tend to have molecules wititreasd flexibility
(Bentahiret al, 200Q Van Den Burg2003.

A number of generdhave been reported to contain psychrophilic microorganisms
including,AlcaligenesAlteromonasAquaspirillum Arthobacter Bacillus, Bacteroides
Brevibacterium Gelidibacter MethanococcoidesMethanogenium Methanosarcia,
Microbacterium  Micrococcus  Moritella,  Octandecabacter Phormidium
Photobacterium Polaribacter, Polaromonas PsychroserpensShewanellaand Vibrio
(Satyanarayanet al., 20085.



1.22. Extremes of pH and Life
1.22.1. Alkaliphiles (High pH)

Very high or very low concentrations of hydrogen ions (extremes of pH) will have a big
effect on microkal activity and the ability of microorganisms to live in an environment.

Al kaliphilic microorganisms require high
amounts of sodium ions normally in the form of NaCl and in the presence of glucose as

a carbon soue for their life style(Horikoshi, 1999 Le Romanceret al., 2007). A

minimum of 0.5 mMNa’ is essatial to maintain pH homeostasjSugiyamaet al,

1985. Alkaliphiles can be isolated from a wide range of environments including pH
neutral ones. The interegt alkaliphiles is due to their significance in industrial
applications and particularly the utilization of their enzyrfiéarikoshi, 1991 Peddieet

al., 1999. Further details of alkaliphiles will be discussed in section 1.3.
1.2.2.2 Acidophiles (Low pH)

Acidophilesare defined as those organisms which are largelkamyotes ad able to

grow down to pH 1lwith an optinal growth at pH of less than @lagan, 200Y.
Presence of hydrogen ions in specific amounts is of significant inmoert&o
microorganisms in order to enhance metabolism and hence affect their viability,
particularly in relation to energy (ATP) generati@othschild andviancinelli, 2002.

To grow at low pH, acidophiles must maintain their internal cytoplasmic pH close to
neutral (maintain a pH gradient of several pH units) across the cellular membrane while
producing ATP by the influx of protons through thgHr ATPase (BakerAustin and
Dopson, 200Y. There aremore thanone theoryof pH homeostasifor adaptationin

acidic environmentswhich involve restricting proton entry by the cytoplasmic
membrane and purging of protons from the cytoplaBnus movement of protons into

the cell isdecreasedy intracellular net posite charge,and hencehe cells have a
positive insidemembrane potentigBatyanarayanat al, 2005. Acidophiles contribute

to numerous biogeochemical cycles which include the iron amhsutycles. The
biodiversity of extreme acidophiles has recently attracted considerable attention with
regard to their physiology and phylogenetic affiliations. Hidity to use inorganic
chemicals as electron donors is common among extreme acidophiles, as ferrous iron and
elemental sulphur represent two major energy sources in many extremely acidic

environmentgDruschelet al.,2004 Johnson and Hallberg, 2008ohnson and



Hallberg stated that @dophiles display considerable diversity in how they assimilate
catbon; some are obligate autotrophs, others obligate heterotrophs, while rrulisniger

use either organic or inorganic carbon, depending on the availability of the former
(Barrie Johnson and Hallberg, 2008hnson and Hallberg, 2008

1.23. High Salinity and Life (Halophiles)

Halophiles are those microbes whilove salt and brine environmentshere these
microorganisms have the capacity to balance the osmotic pressure of the environment
and resisthe denaturing effect of salt. Halophilic microorganisomsild befound in all

three domains of life: ArchaeaaBteria, and Eukary@a et al, 201Q Prakash, 2012
Halophiles prevent loss of water and adjust turgor in a highly saline emardnby
accumulation of osmotically active compounds. These compounds are normally small,
neutral, highly soluble organic molecules that do not interfere with cellular metabolism,
and are accumulated by either sattucedde novosynthesis or saihduceduptake

from the medium, they are called compatible sol¢@®n, 2002Fringset al, 1993.

Halophiles & discussed in detail in section 1.4.

1.24. Other Environmental Extremes and Life

(Madigan, 2012 stated that studies obarotolerant andbarophilic (piezophilic)
microorganisms indeep sea showhe existence of both typesBaroblerant and
barophilic microarganisms can live & enormous hydrostatic presssrevhich are
associated with deptlug several kilometre_e Romanceet al, 2007.

Surface microorganisms have developed various mechanisms to protect themselves
from destructive radiations(e.g UV radiation. Microorganismsfound in the
atmospherareexposedand presumed to be resistaiat ambient radiationUV light is
damaging to DNA leading to the formation of dimers which may lead to lethal effects to
the organisms. Two of the most UWésistance baat@ are Deinococcus radiodurans

andthecyanobacteriunsynechococcusp. (Yanget al.,2008 Snideret al.,2012).



1.3. Alkaliphilic and Alkalitolerant Microorganisms

Alkaliphilic bacteria are considered as one of the extremophile groups and are
characterized by the ability of thriving in alkaline (pH 9 or more) environments, where
certain molecules, notabRNA, breakdownMadigan, 199Y. The microorganisms that
caninhabitandgrow in extremely alkaline environmertan be divided into two main
groups; alkaliphilic microorganisms and alkalitolerant microorgani@fmslwich and
Guffanti, 1989 Yumoto, 2002. Microorganisms that grow very well at pH values of 9

or 10- 12, but cannot grow or grow slowly at pH values below 9 are considered to be
alkaliphilic (Atanasova et al, 2008§. Haloalkaliphilic microorganisms grow in
environmentswhich contain alkaline pH of 9 and high salinity up to 5 M NaCl, which

Is 10 times the saline/salt content of mal ocean wategfHorikoshi, 1999. An example

of an alkaliphilic microorganism iBacillus alcalophiluswhich hasan intracellular pH
between 8.4 and 9(&roll, 1990 Horikoshi, 1999. Alkalitolerant microorganismsare

those microorganisms that grow at pH 10 or above, and at the same time show good
growth at or near neufrgH. These microorganisms are also known as facultative
alkaliphiles(Krulwich and Guffanti, 198p

Cultivation d alkaliphiles in the laboratory requires specially formulated media
containing sodium salts for growth and buffering to the optimum pH of 9 {(gurbno

and Horikoshi, 1978 The presence of sodium ions in the surrounding environment has
proved to be essential foeffective solute transport through the membranes of
alkaliphiles(Horikoshi, 1999 Horikoshi, 2008. Proton and or sodium electrochemical
gradients are critical to energy generation at the plasma membrane of all living cells and

in turn control pH homeostasis at the same {ikrelwich and Masahiro Ito, 2001L

1.3.1 Diversity of Alkaliphilic Mic roorganisms

The scientific studyof alkaliphiles started fairlyecently when Horikoshi begahis
experiments on alkaliphilic bacteria in 1968lowever, he use of alkaliphilic
microorganisms has a long lasting history in Jafdarikoshi, 1999. Alkaliphilic
microorganisms can be found in a wide ranfiemvironments includingieutral and
alkaline habitatsandin some instances can evenibelated fromacidc envronments
(Horikoshi, 1996 Horikoshi, 1999. Other environments include alkaline springs, and

unexpected environments like garden soil, which is sometimedrulgt alkaline.
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However it is found that soil samples and faeces are good sources of alkaliphilic
microorganismgGrant et al, 199Q Joneset al, 1994. Alkaliphilc microorganisms
have been isolated fmo a wide range of environmentsr industrial applications
(Yumotoet al, 200Q.

Haloalkaliphilic microorganismshave been found in extremely alkaline saline
environments includig soda lakes and soda deséstg. theWadi Natrunin Egypt the
Rift Valley lakes of East Africaud asLake Magadiand the western soda lakes of the
United States(Horikoshi, 1999Reeset al, 2004 Satyanarayanet al, 2009.

1.3.2 Alkaline Environments (Habitats)

Alkaliphiles can be found where stabhaturally occurring alkaline conditions are
maintained. A combination of geologicgeographical and climatic conditiontaps a
great role in this regardSoda lakes and soda deserts represent the major type of
naturally occurring highlyalkaline environment, and may exhibit pH values>&f..5
(Grant, 200%. Alkaline environments may also include $leocof industrial environments
atfood processing plan{&rantet al, 199Q Joneset d., 1999 and industriallyderived
waste watergve Habitatlar, 2002

Alkalinity of environments may alsbe chiefly attributed tdiological actvity, such as
sulphate reduction or ammonificatighlorikoshi, 199). (Grant, 200% observed that
two types of alkalineenvironments exisin Earth The first type ighat ofhigh calcium
(C&™) environmentavhich arechiefly represented bygroundwaterbearing high levels
of CaOH. Howeverhe second typés low C&* environmentsand is primedby the
presence of sodium carbonéie,COs) andwith low levels of magnesium (Mg ions,
such as soda lakes and deserts. Theseoemuents are the most stable, naturally
occurring highly alkaline environmentsund worldwide where pH values of 10 and
above are commofMa et al, 2004 Tiagoet al., 2009.
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1.3.3 Mechanism of Alkaliphilic Cytoplasmic pH Regulation

(Mitchell, 1961 described the chemiosmaotic theory. This theory illustréiteskey role
that membranes play in tif@mationof metabolic energy in the form of ATRIberset

al., 200). Electron transport in the cytoplasmic membrane attéria induces a
difference in electrochemical potential of Bcross the membrarferoton motive force,

P MF, ), whh is the sum of botmembrane potential (transmembrane electrical
potentia) andtransmembrane pH gradierndis required for production of ATP by
H*-ATPase.

The respiratory chain pumps ouf Ffom the inside to the@utside of the membrane
associated witlelectrochemical gradients due ttee flow of electrons from NADH to

O,. ATPase produces ATP by translocatingftdm the outside to the inside of the cell
membrane of bacteria. Moreover, the cell membrane of bagessesses a number of
transporter systems for obtaining substrates from the outside of the membrane, which
work using the electrochemical potential of &tross the celinembrang @9 their

driving force.

Protons areinvolved in almost everyphysiological and biochemical reaction.
Accordingly, it is necessary for every living cell to regulateaygoplasmic pH around
an optimal anccompatiblepH for cellular activities and ability of most proteins that
supportlife and growth(Padaret al, 200). Alkaliphilic bacteria should maintain their
intracellular pH near normalit§i.e. within a fairly narrow range around pH  grow

in extreme environments witk pH 9 (Booth, 1985 Yumoto, 2002. Alkaliphiles
require sodium (N3 for optimal growth and viabilitfKurono and Horikoshi, 1933
The surrounding environment should contain® Nens because their presence is
essential for drivingolute transport through the cell membrane in alkaliphiledaA /

H * antiporter system produces a sodium motive force that drives substrates
accompanied byNa * into the cell (Kitada and Horikoshi, 1977Horikoshi, 1999
(Figure 1.2).
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Figure 1.2 The movement of ions across the cell membrane of a @Gemative
alkaliphilic bacterium. 1. Rpiratory chain pumping Hinto the periplasmic space, 2.

FiFo7 ATPase, 3. NdH " ant i port er dr'iHVaemt ibp/o rgipeHr 4dr iNv
5. Amino acids/N& symporter, 6. Oligopeptides/Naymporter, 7. Flagellar motor.
(adapted from Horikoshi, 2008).
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1.4 Halophiles

Halophiles aresaltloving organisrs that flourish insaline environments; this reflects a
physiological need for salt above common values and is characterized byetineind

for high concentration of salts, especially Na€lalophilic microorganisms have the
capacity to balance the osmotic pressure of the environment andthesisnaturing

effect of salt. Halophilic microorganismuld be found in all three domains of life:
Archaea, Bacteria, and Eukaryda et al, 201Q Prakash, 20l12DasSarma and
DasSarma, 2012Arahal et al, 200§. Microorganisms show a wide range of salt
tolerance and some demonstrate a requirement for salt. Halophiles can be classified
according to their requirement for sodium chloride into slightly, maekgraor
extremely halophilic (Table 1.2) In addition lalotolerant bacteria which are
microorganisms that can grow over a large variety of salt concentratigare they can

adapt to salinities as high as 4 or 5 M Na@iweverthey can show optimum growth
ratein the absence of sglGilmour, 190, Oren, 2002 Halophiles have been isolated

from various saline environments, for example salt lakes such as the Dead Sea or the
Great Salt Lake; salterns, subsurface salts formation (brines, pontisplar salts and

soils which are a source of halophilic microorganisms in which the soil adds to the

water stress caused by salt concentratinsite et al, 2003.

NaCl % Molarity Survival Remarks
Requirements  Requirements  without NaCl
Slight Halophilic 1-6 % 0.2-1M -ve Wide range
Moderate Halophilic 61 15 % 0.5-25M -ve Mar in
Extreme Halophilic | 157 30 % 2-52M -ve Vlite
Halophiles

Table 1.2. The main categories of halophilic microorganisms. Halotolerant organisms

cansurvive in the absence of salt.
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1.4.1 Adaptation of Halophilic Microorganisms

Two mechanisms are used to allow growth of microorganisms in high salinities, the
high saltin mechanism that uses inorganic compounds and the lowngakchanism

that uses organic compound&ilmour, 1990. The aganic osmolyte mechanism
depends on special solutes called compatible solutes where their main function is to
maintain osmotic equilibrium across the cell membrane. In addition the lownsalt
cytoplasm strategy is more flexible than thigh salt in strategy that us@sorganic
compoundgKunte et al, 2003. Microorganisms that adapt to moderate and high salt
environments use a vaty of solutes, organic and inorgamiclutes to counter external
osmotic pressuréAccordinglycompatible solutes are dividéato zwitterionic solutes,
uncharged solutes, anionic solutes (carboxylates)caiohic solutes (phosphate and
sulphate) Organic compatible solutes arerglgesised by many microorganisma.

addition, organic compatible solutes can be accumulated from the environment.
1.4.1.1 Inorganic lons

Inorganic ions mainly K* and CI', are accumulated in the cytoplasm to a level that
reembles tie external salt concentration in the high -galimechanism When the
external NaClconcentration isncreased in the surrounding environmethie cells
accumulateKCl in the cytoplasm to counteract the external osmotic pressueé is
never acamulated in the cells above around 500 rf@fen, 2002Roberts, 200p Salt

in mechanism of high salt adaptation was first discovered in extremely halophilic
Archaea. The Archaea is the main group which uses thangaltoplasm mechanism.
Despite the fact that NaCl is the predominant salt in the mediunhei haloarchaeal
cytoplasm, it was found that Kions accumulated in the cell as provenHaloferax
volcani. This potassium surge will be followed by an intracellular sodium increase

when the bacteria enter the stationary phase of grguhte et al., 2003.
1.4.1.2 Organic Solutes

Organic solutes are osmolytes with low molecular weight called compabhlees
which do not interfere with thenain function of the cell or with its metabolism and
normal enzymatic activity. Halophilic microorganisms produce and/or accumulate
organic compatible solutes such as ectoine, glycinertgetand proline. Due tde novo
synthesis of compatible solutes beir presence in the environment, halophilic cells can

accumulate compatible solutes and preserve the same enzymatic machinery as non
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halophiles needing only minor adjustment of their ribosomal protgnste et al.,

2002. In addition to their function of maintaining an osmotic equilibrium across the
cell membrane, compatible solutes are effective stabilizers of proteins, membranes and
even the wholecell from denaturation, inactivation and inhibition by hyperosmotic
stress. This mechanism is widely spread among bacteria and eukaryotes and is found in
some methanogenic archagchubertet al, 2007 Oren, 2008 Konrad and Ba#Zvi,

2008 Falletet al, 201Q Kunteet al, 2003.

Main cytoplasmic Minimum
Organism soluté{; P water
activity(a,)
: . Amino acids (mainly glutamate
Non phototropic Bacterla_/ or proline)/sucrose, 0.98-0.90
Freshwater cyanobacteria
trehalose
Marine cyanobacteria Sucrose 0.92
Mannitol, various glycosides,
Marine algae . : . 0.92
dimethylsulfoniopropinate
Halophilic cyanobacteria Glycine betaine 0.92-0.75
Halophilic anoxygenic phototrophic purple CIREIT [EEE CoE, 0.90-0.75
Bacteria trehalose ' '
Extremely halophilic Archaea and some Bacte k| 0.75
Dunaliella (halophilic green alag) Glycerol 0.75
Xerophilic and osmophilic yeasts Glycerol 0.83-0.62
Xerophilic filamentous fungi Glycerol 0.72- 061

Table 1.3. Compatible solutes of microorganisnfReproduced and updated from
Madigan et al, 2012).
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1.5 Aquatic Microbial Ecology

Water is the solvent of [|ife. It covers
component of all cells. Water is a vifalctor affecting the growth of microorganisms

and required for life of cells. Water cycle on earth gives the opportunity for the
exchange of components of water and subsequently micrbbdsouredin it.
According to the type of water (salt and fresh waterganisms differ from one type to
another based on osmotic properties. Many microbes inhabit ocean waters, they are very
often small cells and this can be categorized as a typical characteristic of organisms that

adapt to the harsh life of nutriegptor environmentgLim, 1989 Madigan, 2012

1.5.1 Ecological Factors in Aquatic Environments

Aquatic environments are highly variable in the factors that control the life and growth
of microorganisms. In aquatic envimments, oxygeiproducing as well as oxygen
consuming organisms are present and the balance between photosynthesis and
respiration controls the natural life cycles of oxygen, carbon and elgmentsuch as
phosphorus, nitrogen and metals. The wide rangeaquatic bacterial diversity
communities are found to be in harmony with each other in the same environment in
terms of all being closely related and not competing for resources by a combination of
habitat, metabolic andbehaviouraldifferentiation (Hunt, 200§. A more favorable
environment for bacterial growth was found to be at interfaces due to hutrien

accumulation from the bulk aqueous phase at such(Kijeeberget al, 1982.

15.1.1 UV Light in Environmental Bacteriology

Life on earth is solely based on solar energy either directly or indirectly, and one of
these radiations is the ultraviolet light (UV). UV radiation strength in the environment
estimated by standard measuent must be taken into consideration and put as an
index to evaluate the conditions where humans and other living organisms exist. The
UV index varies from zero at night to extremely high at midday. UV index is between
0-8 in the UK(8 is rare; 7 may occwn exceptional days, mostly in the two weeks
around the summer solsti¢eveatheronline.co.gykwhile it is between 846 in Saudi
Arabia (uk.weather.coi UV irradiation can be classified as UVA, UVB and UVC
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radiation. UVA light predominates atthe edwtas sur face foll owed
UVB compared to UVA. UVC can be absorbed by the ozone layer where only 90% of
UVB radiation can be absorbed by this layer in addition to the aid of wapsur
oxygen and carbon dioxide in the atmospheéC is hamful to living beings(WHO,

2002. Surface ngroorganisms have developed a number of mechanisms to overcome
and protect themselves from the destructive effect of UV radiation. The most important
role of UV radiation is the damaging effect to DNA and thus the lethality to organisms
(Snideret al, 2013. UV radiation has cytotoxic and genotoxic effects. As a result of
UV radiation, a variety of DNA photolesions result including cyclobutane pyrimidine
dimers (CPDs), 8 photoproducts and pyrimidine photohydrates. These lesions lead to
mutageniceffects which will result in indogenic repair. These repair mechanisms
include nucleotide excision repair (NER) and base excision repair (BEdedet al.,

1996.

1.5.2Survival of Extremophile Microorganisms in Non-Extremophilic Freshwater
Habitats

It is not uncommon to find extremophilic microorganisms in -e&tremophilic
environmentsand this phenomenon is often associated with usimgecularmethods
to identify microorganisms withoutulturing d the micr@rganisms(Purdy et al,
2004. Many microbial strains have been found in environmevtisre they are not
expected to growAlkaliphilic bacteria have kn found in acidic soil samples with pH

4.0 as well as from neutral dmlkaline soil{Horikoshi, 1999.
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1.6 Molecular Approaches and Microbial Biodiversity

Traditionally the detection of microorganisms in water samples and other environmental
samples is restricted to the possibilitiycultivation of these microorganisms. Recently

due to the use of molecular techniques it is possible to find out the content of any
environment al sampl ebds biodiversity with
knowledge of biodiversity of miobes and their interaction in complex environments
(Gilbride et al, 2006. It has been thought that some organisms were limited to
environmental extremes. However the discovery of Archb@8IrRNA gene sequences

in sea water has changed many perceptiPuasdyet al, 2009. The use oimolecular
techniqueshas revealed tremendoubacterial diversitydue to its wide spectrum
compared to classical method of surygiunt, 200§. The main goal for molecular
approaches is to detect a broad range of prokaryotes in the environment and routinely
rely on finding and classifying 16S rRNA genes which are then amplified using
polymerase chain reactiqPCR) and primers with broad specificifipeSantiset al,

2007).

1.7 Aims of the Project

Water samples were obtained from Bradford and Lathkill rivers, Derbyshire UK; as
well as Alasfar Lake and Irrigation Canaldassa, Saudi Arabia.The aims of the

project are listed below.

1 To isolate extremophilic microorganisms from non extremophilic environments.
1 To examineand compare th biodiversity ofwater samplesrom the Lathkill

and Bradford riveren the UK andhe Aasfar Lake Saudi Arabia
1 To identify and fully characterize selected microorganisms isolated from the

water samples.
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CHAPTER 2

MATERIALS AND METHODS
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2.1Sampling Sites

2.1.1Al-Asfar Lake

Al-Asfar Lakeis situated 13 kilometre@.07 miles) to theeast ofthe centre of
the Al-Hassaregion andis one of the most important shallow wetland lakes in the
Eastern Province of Saudi Arataa well as the Gulf aredl-Hassa is the largest oasis
in the world, being approximately 20,000 heetin size, as well as being one of the
largest and oldest agricultural centresthie Arabian Peninsula An irrigation system
was put in place in 1971 and delivers 328,000,000 cubic metres of spring water to about
22,000 farms, with additional water suipp by treated wastewater from -Alofuf
sewage station. The excess drainage water is collected by a drainage network and
discharged into two evaporation lakes which are calledsfar and Al-Uyoun. The
lake has good wetlands, sabkhas and sand dunesllaaswiarge expanses of open
water. Salt tolerant vegetation is present in some of the sabkha areas and huge stands of
Phragmitesreeds occur around much of the lake. The habitat is very important for
wildlife and birds in particular and is not somethirauywould expect to find in a large

desert.

=\
Flamads
{

)|

" Al-Asfar Lake

Figure 2.1 Aerial image of the location of A\sfar lake in the Eastern Province
of Saudi Arabia
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Figure 2.2 Al Asfar lake, Eastern Province, Saudi Arabia

2.1.2 Bradford and Lathkill Rivers

2.1.2.1Lathkill River

The River Lathkill is in thd?eak District National Parik Derbyshire England
First recorded in 1280, the name "Lathkill" possibly Is&sndinaviarroots, theold
Norsehladakill translating as "narrow valley with a bain times of high rainfall the
source of the river is Lathkill Head Cave, but in normal conditions the river rises from
springs slightly further down & valley, close to the village dflonyash west of
Bakewell and flows generally eastward past the villageDeér Haddonand through
the village ofAlport (where it is joined by th&iver Bradford until it meets theRiver
Wye nearRowsley Roughly six and a half milesom source to outfall, it is the only

river in the district that flows ovdimestonefor its entire length.
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The river valley, known as Lathkill Dale, is popular with tourists who wisinjoy its
natural beauty and wildlife. The dale has a historieatimining, and among the trees

on the north side of the valleyrtdbe seen the remains of the 19th century Mandale
Mine, including an oldaqueductand the ruined pump house, used as one of the last

attempts to keethe mines drained and workable (Wikipedaveb site).

2.1.2.2Bradford River

The River Bradford is ithe Peak District National Paiik England Its sources
near Middleton-by-Youlgrave and after passing belowoulgreaveit joins the River
Lathkill at Alport. Less than 2 miles in length, its waters are very clear due to the
limestone rock over which it flowgnd its width has been enhanced by a number of
weirs which also encouragehite-throated dipperso breed in the pounds created. The
valley is known as Bradford Dal and the.imestone Wayasses through {Wikipedia
web site).

2.2 Collection of Water Samples

2.2.1Bradford and Lathkill Rivers

Various samples were collected from arolBrddord and Lathkill Riversnto
sterile 500mI Duranbottlesor sterile 50 ml Falcon tubeBach ample was labelled at
the timeand a photographaken at each sampling locatiofhe pH of samples was
measuredising a Mettler Toledo MP225 pH meter. Saraphere stored at 4°C until
required.The firstset of samples werenllecied in March 2009 and the secosdtin
June 2010.

2.2.2Al Asfar Lake

Eight water samples were aseptically collected from the Al Asfar lake region as

follows:
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1 Sample no.1: collecteffom treated water used for agriculture (Fudhol Station
point)

1 Sample no.2: collected from the pathway of treated water next to treatment
station (Alluwaimi point)

1 Sample no.3: taken from the canal of treated water for agriculture purposes
(Bani Moaebitgaoint) a d |

1 Sample no.4: Al Asfar drainage pathwayt &m prior to reaching the main lake
near Alomran Reservoir

1 Sample no.5: Al Asfar drainage pathway 2 km prior to reaching the main lake

1 Sample no.6: Al Asfar lake (western point)

1 Sample no.7: Al Asfardke (northern point)

1

Sample no.8: Al Asfar lake (eastern point)

All samples were collected aseptically into sterile medical tubes.

2.3.Growth Media

All media were prepared using distilled water and unless stated otherwise sterility was
achieved by autoaling for 20 min at 121 (15 Ibs iff).

Horikoshi mediumwas prepared using a slightly modified method as described by
Horikoshi (1999)and is showin Table2.1 below:

Ingredient g litre -1
Yeast extract 5
Tryptone 5
Glucose 10
KH.PO 1
MgSQ.7H,0 0.2
NaCQ 10

Table 2.1 Composition of normal Horikoshi medium for alkaliphilic microorganisms
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Two types of Horikoshi media, categorized aam&B media, were used where type A
uses sodium carbonate to generate high pH while type B contains #racobgffer
CAPS.

2.3.1. Horikoshi Medium Type A

This medium wagrepared bynitially dissolving 5 dgryptone, 5 g yeasixtract and 0.2

g Mg SQ. 7H,0 in 600 ml of distilled water in a 1000 ml Duran bottle. The volume
was then made up to 650 ml with died water. Three separate solutions were prepared
by adding 10.6 g N&Os; to 180 ml of distilled water and then adjusted to pH 10 using
either 1 M HSO, or 1 M NaOH. The solution then was made up to 200 ml with
distilled water. 10 g glucose was addedlL@® ml of distilled water. 1 g KH#PO, was
added to 50 ml of distilled water.

NaCOs; and the first three solutions (tryptone, yeast extract and M@seD) were
mixed together and adjusted to the pH 10 again. This solution and glucose #@,KH
were auto@dved at 120°C for 20 minutes. Glucose andR®, were then aseptically

added to the main solution to avoid glucose caramelisation and phosphate precipitation.

A small amount of medium was thesmovedasepticallyand checked tensure that the

pH wasstill 10.

For solid medium, 15 g bacteriological agar No.1 (Oxoi@ds added to the main
solution before making it up to 650 ml. After autoclaving, solutions were put in a water
bath at 50°C. Once cooled to 50°C,,N@%, glucose and KPP, solutions were added

to the main solution, mixed and immediately poured in plates.

2.3.2. Horikoshi Medium Type B

This medium was nqgpared by dissolving 5 gyptone, 5 g yeasxtract and 0.2 g Mg
SOy 7H0 in 700 ml of distilled water in a 1000 ml Durhottle 50 ml of IMCAPS
buffer was then added and tpél was adjusted ta0 using 1M HSO, and1M NaOH.
The volume was themade upto 850 ml with distilled water. Two separate solutions
were prepared by adding 10 g glucose to 100 ml of distilled water gri{HLPO, was
added to 50 ml of distilled water.
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All three solutions were then autoclaved and once cooled the three solutions were
combined aseptically and gently mixed to give 1 litre. A small sample of megasm
then removed aseptically and the pH checked to ensairé th pH 10.

For solid medium, 15 g bacteriological agar No.1 (Oxaidre added to the main
solution before making it up to 850 ml. After autoclaving, solutions were put in a water
bath at 50C. Once cooled to 5C, glucose and KHPO, solutions were atkd to the

main solution, mixed and immediately pouretbiplates.

2.3.3. LuriaBertani (LB) Medium

LB medium consisted of 5 g yeast extract, 10 g tryptone and 10 g NaCl in 1 litre of
distilled waterto produce liquid medium. Solid medium consisted of yeast extract,
10 g tryptone 10 g NaCl and and 15 g bacteriological agar No.1 (Oxoid) to form 1 litre.

Various NaCl concentrations were used to faiifferent molarities of LB medium

2.3.4. Minimal Medium M9

M9 minimal medium was prepared by dissolvihiy3 g M9 minimal salts (Sigma M
6030) in 980 ml distilled water and adjusting the salt concentration as required. The
following four solutions were autoclaved separately and added as follows; 1 ml;MgSO
(2 M), 9 ml NH,CI (5 g in 45 ml distilled water), nl glucose (15 g in 45 ml distilled
water) and 1 ml Cagl(100 mM). Solid M9 minimal medium was prepared by adding
15 g bacteriological agar No.1 (Oxoid).

2.4.Morphology of Bacterial Stains

2.4.1. Gram Stain

A Gram stain was used to determine thepshaf bacterial cells, the stain was carried

out on overnight bacterial culturéKirkpatrick et al, 1993. A droplet of water was
placed onto a slide, and an inoculating loop was used to transfer some bacterial cells
into the water droplefThe slide wasir-dried andthen heat fixed by passing through a

Bunsen flame. The cells were then washed in an excess of crystal violet solution and
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then treated with iodine solution as a mordant for approximately one minute. Ethanol
was adopted to decolourise the stain (for ab@itseconds). The cells were then
counterstained with safranin solution for 1 minute and the excess stain was removed by
washing andlotting dry. The slides were examined under a light microscope at 1000
times magification (oil immersion). Granpositive @lls appear purple, while Gram

negative cells appear pink in colour.

2.42. Motility of Bacteria

The motility of the bacteria was carried out using soft agar stabbing (tube method). LB
medium was prepared where it was modified by adding 5 g bacterialager no.1
(Oxoid) to make the medium soft to ease clarification of bacterial movement.

2 5. Purity and Maintenanceof the Strains

The purity of strains was monitored by streaking a loopfuhefdulture on agar plates
After incubation the plates wefiest examined for colonial morphology and then single
colonies were picked off and observed as a wet mount using a phase contrast

microscope.

All isolated strains were maintained by adding 2 ml of overnight culture (active @ocul

to 2 ml of sterile gicerol (50% v/v) and kept in a freezeriaR0°C ori 80°C. When
required, the frozen cells were thawed at room temperature and inoculated into 250 ml
conical flasks plugged with a piece of sponge containing 50 ml ofappeopriate
medium and incubated exnight ata suitabletemperature on a rotary shaker at 250
rpom. When pure colonies have developed on the plates a piece of parafilm was stretched
around each plateds edge and then one se
the other set in theifige until required. Subulturing of the strains was also performed
routinely once every two weeks to minimize contamination over time by adding 1 ml of
overnight culture into 250 ml conical flasks containing 50 ml of the medium incubated
at the appropatetemperature according to the type of bacteria and placed on a rotary
shaker at 250 rpm and then kept at room temperature until required.
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26. Effect of Medium pH on Growth of Bacteria and Growth Curve

Determination

The effect of pH on the growth of ti@ria was determined using overnight cultures in
Horikoshi medium. 1 ml of active inoculum from each strain was inoculated into
Horikoshi medium pH 8pH 9 and pH 10 and the optical density (OD) at 600 nm was
measured using the UnicartelisU spectrophotometeagainsta distilled water blank in

1 ml plastic cuvettes. To produce a growth curve, 4x 250 ml conical flasks containing
50 ml of each pH value Horikoshi medium were each inoculated with 1 ml of the same
pH adapted cells from an overhigculture. The Ok, was measured against a water
blank immediately after inoculation then every one hour over an incubation period at
25°C on a rotary shaker at 250 rpm. The growth curves were plotted against time of

incubation.

2.7 Effect of Salt Stess on Growth of Bacteria and Growth Curve Determination

The effect of salt stress was measured by adden@l to LB mediumto give0.5M, 1

M, 1.5M, 2 M, 25M, 3 M, 3.5M and 4M. In contrast for M9 minimal medium
different molaritiesvere usedo find outtheir effect on growth of halophilic as well as
haloalkaliphilic strains. 1 ml of active inoculum from each strain was inoculated into
LB mediumandthe optical density (OD) of 600 nm was measured using the Unicam
HelisU spectrophotometeagainsta distilled water blank in 1 ml plastic cuvettes. To
produce a growth curve, 4x 250 ml conical flasks containing 50 ml of each molarity
medium were inoculated with 1 ml of the same molarity adapted cells from an overnight
culture. The Oly was measured againa water blank initially after inoculation then
every hour overthe incubation periodat 37°C on a rotary shaker at 250 rpm. The
growth curves were plotted against time of incubation.

2.8.Measurement of Respiration Rate of Bacterial Cells (Oxygen Uake)

Respiration rate was measured using a modified Clarke oxygen electrode (Hansatech
Scientific Instruments, Kings Lynn, UK) with a Servoscribe 1S potentiometric chart
recorder as described Delieu and Walke(Delieu and Walker, 19732The electrode

consists of platinum wire sealed in plastic as the cathode and an anode of circular silver
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wire bathed in a saturated potassium chloride (KCI) solution which forms a bridge
between the electrodes. The electrodes were separated from the reaction mixture
(chamber) by an oxygerpermeable Teflon membrane. The reaction mixture in the

Perspex containavas stirred constantly with a small magnetic stirring rod.

When a voltage was applied across the two electrodes using the polarising meter the
platinum electrode became negative with respect to the reference electrode and the

oxygen in the solution is tlwght to undergo electrolytic reduction at the cathode.

AH + O, + 46 < » 2H0

The flow of current in the circuit when the polarising volts were set between 0.5 and 0.8
V varied in liner relationship to the partigdressure of oxygen in solution. The current
flowing was measured by connecting the electrode to a sensitive potentiometric chart
recorder.The reaction chamber of oxygen electrode waaintainedat a constant
temperaturesimilar to the culturetemperature(25°C), by circulating water from a

temperature controlled water bath

The calibration othe oxygen electrode washievedoy placing 2 ml of distilled water

in the reaction chamber for 15 minutes aadting thechart recordeto 100% oxygen
saturationpoint and then ansall amount ofsodium dithionitewas added to remove all
oxygen from the chamber to give the @¢gen concentration poinhfter washing, air
saturated water was added and this gave the 100% value. The difference @8tween
and 100% is kown as the range. Thedium dithionite reacts with dissolved oxygen

and removes it from the solution as shown below:

Nap S0+ O+ H,O <« > NaH&ONaHSQ

A

To calculate the respiration rate we need to know dneentration o, in air saturated
water at25°C and the protein content of the bacterial suspension. Then the following

equation isused:
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O, uptake or Respiration Rate (umoles @mg protein® h™%) =

standard  Numberof unitschange 60
X X
range Time mg proteinpresenin sample

1 Standard: Amount of oxygersolubility in 2 ml medium (sampley 0.660 pumoles
mi™* at 30°C or0.722umolesmli™ at25°C

1 Range Units taken from calibration (0100%)

1 Number of units: Number of units are readirectly from the chart ecorder, it is
normal todraw best fit straidit line over 5 min

1 Time: The length of timen minutes fowhich the sample was measured
60: This convertghe time from minutes to hours
Protein presentin sample (mg) this relates tahe amountof protein in a sample
of 2 ml of cells fromthe Bradfordassay.

To prepare cells for measurements in the oxygen electiw@ @@, of all cultures was
measured and 20 ml of cells from each sample (gmyennight atppH 8, pH 9, and pH

10 in Horikoshimedium and 0.51, 1 M, 1.5M, 2 M, 25M, 3M, 3.5M and 4M LB
medium)were transferred to a 50 ml Falcon tube and harvesteddoyrifugation at
3000g for 10 minutesand thereachbacterialpellet was resuspended in 10 ofilfresh
Horikoshi medium of the same pH and or the same molarityrieBlium The celé
were also normally concentrated two fold and the protein content was deternfieed. T
viability of the cultures grown overnight was measured by adding 0.5 ml of
concentrateaells to 1.5 ml of fresh medium of the same q@tkalinityin the chamber

of oxygen electrode (keépg the overall volume at 2 ml to allow standardisation of the
results) The plungemwasplaced on top and left for 5 minutes without illumination to
induce oxygen uptake. The plunger was removed and the sample unloaded using a
Pasteur ppette. Distilled water was used to clean both the chamber and the plunger.
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2.9.Determination of Protein Content

2.9.1. Determination of Standard Curve

A standard curve was produced usBayine serum albumin (BSAi the range 001
100 pg by dissoling 250 mg of BSA in 50 mlof distilled water. The final

concentration of protein in the stock solution was 5 mg (Bleg pl™). The stock

solution was used to make a range of protein concentrations by a series of dilutions as

shownbelowin Table 2.2

Tube number Volume of Volume of Total volume Amount of
BSA distilled water in each tube Proteir
() ()
Stock solution
()
1 0 100 100 0 (Blank)
5 2.5 97.5 100 125
3 5 95 100 25
4 7.5 925 100 375
5 10 90 100 50
6 15 85 100 75
7 20 80 100 100

Table 2.2.Components in test tubes which were needed to make a standard protein

curve
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Three replicates were made for each test tube. To each test tube, 3 ml of Bradford
Reagent (Sigma) e&re added then thoroughly mixed and left ¢ tbench for 5 min.
Optical density was measured for each sample at 595 nm using a 3 ml glass cuvette. The
blank was used to zero the Unicam HelgpectrophotometeiThe protein standard
curvewasplotted from which protein concentration for each sample can be determined.

Standard error for each sample were calculated and shown on the curve.

2.9.2. Determination ofSample Protein

Solubleproteinin bacterial cellsvas measured using the method describeBragford
(Bradford, 197%. Bovine serum albumin (BSA) was used as the stanasdeéscribed
previously.

Samplesvere preparetbr protein determination as follows:

1 0.1 ml from the same concentrated ce&sich were prepared for respiratioate
measurmentswas placed int@a cleantest tube and then 0.9 ml ofM. NaOH was
added. The samplgas then thoroughly mixed and heate@G@fC for 10 minutes.

1 The test tube was cooled on ice for 5 minutes and driesideuand then centrifuged
for 10 minutes irbenchcentrifuge at full speed (30Q).

1 0.3 ml ofthe resultingsupernatantvas added t@ ml of Br adnfaor d 0 s
fresh test tube and the contents were thoroughly mixed. After 5 minutes incubation
at room temperature the optical density was measured in the UnicamUHelis
spectrophotometer against 0.1 ml water @us m| of Br a dofakyatl 6 s r
595 nm.

The protein content of the samples was
standarccurve, divided by 0.3to get g p r o' taedithermuitiplied by 10 to take
into account the dilution by NaOH.

2.10. Determination of Intracellular Enzyme Activities of Bacterial Cell Free

Extracts

50 ml culture ofbacteria grown in normal medium were transferred into 50 ml Falcon

tubes and harvested by centrifugatagriull speed (3000 g) in a bench top centrifuge for
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15 minutesThe bacterial pellet was resuspended in 4 ml of fresh growth medium of the
same pH or salinity. Four x 1 ml aliquots of this 4 ml resuspension were placed into
Eppendorf tubes and then weldaged immediately on ice until required. Bacterial cells
were disrupted using an ultrasonic disintegrator (MSE Soniprep 150). The sonication
vessel was surroundéxy an icewater mixture and the cells disrupted by sonication for

2 x 20 seconds with 10 seuts breaks between each 20 seconds of sonication to allow
cooling. The probe (1 cm diameter) was used at a power setting of 7 microns and then
cells debris were removed by centrifugation at 13§0@r 60 seconds at 4°C. The
supernatant fluid obtained wasferred to as the crude cell free extract (CFE). It was
kept on ice until used for measurements. A Bradford assay was performed, as described
previously on CFE to determine the protein concentration for use in calculating the

specific activity of the engmes.

2.10.1. General AssayConditions

Continuous assay of enzyme activityas carried out using aUnicam Heli)
spectrophotometethe temperature of the cuvette was maira at room temperature

(207 25°C). Both glass and Quartz 4 ml cuvettes with 1 cm light path were used in all
cases. For all assays the reaction rate was initially linear and proportidhelamount

of extractpresent. Any activity measured before addition of the substrate was subtracted

from the reaction rate.

2.10.2. Determination oMalateDehydrogenasEnzymeActivity

Malate dehydrogenade an enzyme found in the TCA cycle (citric daycle) and it

catalyses the following reaction:

L-Malate+ NAD®* <+—>  Oxaloacetate + NADH +H"

The assay was based on the method describéfdmyvest al, 1977).
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The assay mixture contained:

2.0 ml Defined growth medium ( 50 mM Tri$iCl buffer pH 7, 8.5 and 10)
0.05 ml 1.5 mM NADH

0.2 ml 7.5 mM Oxaloacetate pH 7.5

100pl Cell-free extract

Distilled water to a final volume of 3.0 ml

All reagents, with the exception ofkaloacetate, were added to the 3 ml cuvette and
then background rate of reaction measured at 340 nm for 1 mirhdgereaction was
started by addition ofxaloacetate to the same 3 ml cuvette and represents the decrease
in absorbance at 340 nm rlinEnzyme activitywas expressed as pumoles NADH
oxidised mift. mg proteiff. The extinction coefficient of NADH at 340 nm is 6.22 x

10° litre mole*cm™.

2.10.3. Determination of Fumarase Enzyme Activity

Fumarate + O «—>» Lmalate

Themethod of(Hill and Bradshaw, 19§9vas usedo detect the formation of fumarate

from malate.

The reaction mixture caained:
1.5 mi Defined growth medium (50 mM Tr$ICI buffer pH 7, 8.5, 9, 9.5 and 10
0.1 ml 1 M LT malate (sodium salt)
0.025 ml  Cell- free extract

Distilled water to a final volume of 3.0 ml
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The reaction was started by addition of 0.1 nilihalate and the increase in absorbance
at 240 nm (with deuterium lamp and quartz cuvette) was followed against water blank.
Enzyme activity is expressed as pmole fumarate produced.mig protein. The

extinction coefficient of fumarate at 240 nm is 214gmol™ min™.

2.11 Sensitivity to Antibiotics

Estimation ofthe sensitivity of strainso antibioticswas carried out using standard

disk dispenser (Oxoid) metho@auer et al.,, 1966. A set of antimicrobial
susceptibility test discs were obtained from Oxoid: Penicilin G (P) 1is,un
Tetracycline (TE) 50 pg, Erythromycin (E) 15 pg, Amoxycillin (AML) 25 ug,
Ampicillin (AMP) 25 pg, Sulphoacethoxazole Trimethoprim (SXT) 25 pg, Vancomycin
(VA) 30 pg, Cefoxitn (FOX) 30 pg, Chloramphenic80 ug, Streptomycin (S) 10 pg,
Imipenem (IPM)10 pg, Gentamycin (CN) 30 pug and Lincomycine (MY) 15 pg. 0.1 ml

of the fresh culture was spread pHl 8, 9 &10 Horikoshi medium plates and LB
medium of 0.17, 1, 2, 2.5, 3 & 3.5 M LB plates were spread using sterile glass spreader
and then left for 10 minas to dry The antimicrobial disks were put on the bacterial
film. Three plate replicakewere used to perform the test and a plate without any
antibiotics was used as a control. The plates were incubated (uninvergsfCaand

37°C overnight dependinghahe strain. Inhibition zones were measured by ruler in cm
and then the mean and standard deviation of the inhibition zone for each antimicrobial

was calculated.

2.12 Anaerobic Growth

Anaerobic growthdeterminationwas carried out using fresh overnigtdltures in
normal Horikoshi medium pH 10 using Petri dishes containing solid medium. The

plates were inoculated and placed in an anaerobic jar and incubated overnight at 25°C.

2.13Utilisation of Carbon Sources Measured in Biolog 96 Well Plates

Bacteriawere grown in appropriate mediat an appropriate temperatuire 250 ml

flasksovernight. The bacteraerethen washed with M9 minimal mediugwithout any

carbon source) three times to avoid anterferenceby organic chemical sources. A

diluted preparéion (ODgoo = 0.2) for all strainswas madéyy addition of M9 minimal
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medum. The dilute bacterial suspensiorasused toinoculae 96 well plates (Biolog,
Hayward, USA) using multi channel pipette. Plate@gerethenread(1l secongerwell)

to evaluatelie amount of reaction between bacteria and chemical and or carbon sources.
Initial reading was taken directly after inoculation and the second reading was taken

afterovernightincubation

2.14Molecular Biology Techniques

2.14.1 Genomic DNA Extraction

QIAgen Genomie€Tip kit was used as first attempt to extract genomic DNA from all

four strains. The second method used was CTAB method as described bgtGthen
(Chenet al, 200)). PowerSoil DNA kit (MoBio Laboratories Inc, California) was used

as the third method of extractioANACHEM Key Prep kit waghe fourth method used

in this study to extract genomic DNA from all strains. For all,kith e manuf act (

instructions were followed.

2.14.2 Chemicals, Enzymes and General Reagents

All general molecular biology and biochemistry chemicals used in dtitidy were
obtained from Sigma Aldrich and Roche. All chemicals used were of molecular biology
grade. Standard molecular biology enzymes were supplied from New England Biolabs
(NEB), Bioline and Promega. @B was produced by a Millipore MilliQ system. dg(bi

was produced by autoclaving MilliQ dB for a period of 20 minutes at 1°Z1in acid

cleaned glass containers.

2.14.30ligonucleotides

All oligonucleotides were synthesized IBurofins MWG GmbH. Oligonucleotides
were stored as 0.1mM stock solutions mag in ddHO for use. Oligonucleotides were

stored at 2C for shoriterm use ane20°C for longterm storage.
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2.14.4 Polymerase Chain Reaction (PCR) Amplification of 16S rRNA

Following extraction of genomic DNA, polymerase chain reaction (PCR) wagdar

out in order to amplify the 16S rRNA gene, the primers used to amplify the 16S rRNA
gene were two universal bacteri al pri mer
ACA ACA GAG GAT CCT GG 36) and Reverse p
GCTTACGGCTACCTTIGT 36) designed to target t he
rRNA gene (Weisburget al, 199]). PCR mix was used either as a master mix
(Fermentas) othe reaction mixture contained the following reagents in a 0.2 ml thin
walled PCR tube: 39 pl Distilled Water, 5 pl 10x Buffer, 2.5 ul 50 mM MgQI5 pl

Forward Primer, 0.5 pl Reverse Primer, 1 pl 25 mM dNTPs, 1 pl genomic DNA and 0.5

pl Tag polymerase (Bioline).

Amplifications were carried out in a MyCycler thermocycler (BioRad) and began with
an initial denaturation step consisting of 94°C ®rmin followed by 30 cycles
consisting of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C followed by a final

extension at 72°C for 5 minutes.

2.14.5 Purification of PCR Products

PCR reactions were cleaned up using QIAgen PCR purification kit and ANMCH

Key Prep Purification kit as per the mar
remove any remaining pniers and dNTPs. After the cleap, the PCR product was

sent for sequencing.

2.14.6 Agarose Gel Electrophoresis

Following PCR and purificatio processes, gel electrophoresis was used to check and
confirm the correct gene had been amplified (16S rRNA is 1.5 kbp). The gel was made
by adding 2 ml of 50X TAENto a conical flask, add distilledater up to 100 ml and

add 1 g of agarose (ICN Biomedis Inc.) to produce a 1% gel, This mixture was then
heated in a microwave until the agarose had melted, after which it was allowed to cool
whilst being stirred, and 5 pl of ethidium bromide (Biorad #08B3) was added prior

to pouring into a Biorad Sublt GT electrophoretic tank with a 30 well comb. Once the
gel had set, it was covered with 1X TAE buffer and run al®®0 V using a Biorad
PowerPack 300. PCR products were loaded on the gel as follows, 2 pl of the PCR

reaction was added to 2 ul of loadidge and analysed on a 1% agarose gel against 1 pl
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of 1 kb GeneRuler | adder (Fermentas). Ge

mounted camera system.

2.14.7 TheUse of SYBR Green 1 Nucleic Acid Gel Stain

This stain was used due to its high stagnsensitivity and safety compared to ethidium
bromide. It is usually used in case of documenting damaged DNA to visualise tke strea

or stream of DNAonthegesf YBR Green stain was diluted
stain in 500 mbf 1 X TAE buffer. Theagarose gel electrophoresis was carried out as
usual and the dye put in a plastic container covered with aluminium foil for further

protection from light, then put on slow rotary shaker foi 2@ minutes.

2.14.8 Staphylococcus warnerCell Wall Disruption Prior to gDNA Extraction

A fast Prep machine was used for breakage of cell w&tagfhylococcus warnerfwo
sizes of tubes A & B were used, B size was the suitable one due to its genomic band on
gel. This band was confirmed by PCR amplificationtHa absence of the Fast Prep

machire, lysostaphin (SigmaAldrich) was used for cell wall lyses.

2.14.9TOPO Cloning Kit
2.14.9.1 Ligation

The ligation stage is used to ligate 16S rRNA gene into a vector or plasmid which is a
naturally occurring circulapiece of DNA which most bacteria possess. Bacteria use
them to spread antibiotic resistance genes between each other for example, which is

useful to use as a selective marker.

2.14.9.2 Trarsformation & Miniprep Procedure

After ligation of 16S rRNA genento the vector, competenE. coli cells were
transformed with the vector containing the 16S rRNA insert. Basically, transformation

is the process of forcing the colicells to take up the plasmid DNA. CompetEntoli
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cells are made especially coniam sticky ends so that they can take up plasmid.
Ligation reaction and transformation were carried out by using TOPO 10 cloning

reaction protocol.

2.14.9.3 Digestion

The dgeston step is usually used to confirm if the plasmid has the correct inseot.or

This involves cutting the DNA in a specific place using a restriction enzyme.
Restriction digests usually contain 1 pl of enzyme, 1 pl 10X buffer (appropriate to the
enzyme), 2 ul plasmid DNA and 6 ul MilliQ water, and then the mixture was incubated

at 37°C for 2 hours. The results are checked using gel electrophoresis and samples
containing the correct insert are sent to Medical School for sequencing. The sequences
were then compared to other sequences using the NCBI Blast web site. For high quality
plasmid DNA, the PureLinkTM HiPure Plasmid DNA MiniprepKit was used as

described in the manufacturerdés protocol

2.14.10 Competent Cell Preparation

Cells were streaked onto agar and incubated overnight at 37°C. A single colony was
inoculated into 25 ml of.B in a 250 ml flask and incubated at 37°C. Flasks were
monitored frequently using the spectrophotometer till cells reached the densitygf OD
0.4571 0.5. The cell culture was then transferred to 20 ml Falcon tubes and left on ice for
10-15 minutes. At 4C cells were pelleted by centrifugation3®00 g for 10 minutes.
Complete removal of supernatant was carefully performed; in addition the tube was

inverted to remove remaining liquid.

The cells were then resuspended in 1/3 of the initial volunnelX8f RF1 solution, and

left on ice for 15 minutes according to Hanahan (1985). The cells were pelleted again,
and the supernatant decanted. The cell pellet was then resuspended in 1/12.5 of the
original volume (2ml) of RF2 solution, and incubated on ice fdb minutes.
Resuspended cells were prepared as aliquots usinchiiled 1.5 ml Eppendorf tubes

in ice on 100¢| 78G.quots, and stored at

A plasmid (pUC19) was transformed into a competent @&IH@) th order to have
plasmid miniprep ready for th@ocess of cloning.
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2.14.11Plasmid Preparation

Small scalepreparationwas carried out using the QIAprep Spin Plasmid Miniprep
system. This system utilizes the principles of the alkaline lysis meth@inoboim and

Doly, 1979 followed by plasmid purification from a silica resin. The kit was purchased
from Qiagen and &=l as follows: 1.8ml of overnightE. coli cultures containing the
required plasmid were pelleted by centrifugation1d8000 g for 5 minutes. Each
supernatant was discarded and the cells resuspended in 250 pl of buffer P1 (50mM Tris
HCI, pH 80, 10mM EDTAand 100ug/ml of RNse A), 250pul of buffer P2 (200mM
NaOH and 1%SDS) was then added to lyse the cells, and the contents of the tube mixed
via inversion. 35Qul of buffer N3 (3M mtassium acetate pH 5.5) was then added to
neutralize the lysis reaction arftettube inverted several tisw® mix the contents.

The complete reaction was then centrifuged at 13pf20 minutes to form a compact
pellet consisting of genomic DNA and lysed cells.

The supernatant was recovewatt applied to a QIAprep spin columrgated in a 2ml
microcentrifuge tube. The spin columvas then centrifuged at 130@0for 1 minute
and the flow through discarded. 0hl of buffer PB (a proprietary buffer containing
guanidine thiocyanate and prop2wl) was then added to remove any rasid
endonucleases or contaminating proteins and the spin column was centrifugé@at 1

g for 1 minute.

The column was then washed by adding Qmb5of buffer PE (a proprietary buffer
containing 70% etheol) and centrifuged at 130@Xor 1 minute. Thelbw through was
discarded and aesond centrifugation at 1300§ was used to remove any residual
buffer PE. The QIAprep column was then transferred to a fresh microcentrifuge tube
and 50ul of buffer EB (10mM Tri$ICl pH 8.5) wasadded to the centie the column,
before centrifugation at 1300 for 1 minute. Using this system up to il of DNA

can be purified from Inl of culture depending on the copy number of the plasmid.
Plasmid DNA obtained from this method can then be used directly for DNA

manipulaion or sequencing.
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2.14.12 Plasmid Transformation

A15 el of pUC19i2wads cald doefd -ctDdFIe0d keptton icee | | s
for 30 minutes. Heat shock followed by putting the mixture at 42°C for 90 seconds

(sharp). The mixture was then tramséd immediately onto ice for 2 minutes.

400 ¢l LBemedaddaed to each 100 el °CGCfampet e
1 hour. In order to find very fine colonial growth, Eppendorf tubes were aegadffor

one minute at 10009, decanted partiglland half amount of the supernatant was left.
Pipetting of the pellet with the remaining supernatant up and down was adopted and
spread (50 100 €l ) on LB agar ( coingalp Plates wege A mp
incubated overnight at 3. On the secondlay the expected outcome were blue

colonies on the plate.

2.14.13 Miniprep Preparation of puUC19

One blue colony from plasmid transfor mat

ampicillin (selective media) and was incubated overnight a£37

The wholetube was centrifuged, supernatant decanted and then, Qiaprep (Qiagen)

protocol was followed.

2.14.14ligation of Plasmid and Insert

DNA fragments were ligated to plasmid vector (containing sticky ends) using the
enzyme T4 DNA ligase (Promega). Ligatiomactions were carried out in 2@

volumes using an approximate molar ratio between 1:1 and 3:1 (insert DNA: plasmid
DNA). A 10 x buffer T4 ligase was chosen according to manufacturer. The reaction was

incubated at room temperature for 2 hours or a€ldvernight.

Plasmid (pUC19) was used as a control (without ligation with insert) to find out if there
any growth in the process of blue white screening. The pUC19 should not give any
growth or very few white colonies in this case.

41



This equation was usedrfmsert vector calculations:

ng of vector X kb size of inseriX molar ratio of insert vector = ng of insert

kb size of vector

Transformation should follow I|Iigation pr
clones (castructs) were recovered usingriprep kit (Qiaprep spin Miniprep, Qiagen).
Confirmation of the ligation of plasmid and insert by restriction digestion again after
miniprep obtained wittHindlll and Bani1to make sure that the white colonies found

in blue white screening were really cloned. In addition the identificatesconfirmed

by restriction map. The erpted sized fragments weté and 2.68 kbp.

21415Removal of 56 Ter mi nal Phosphate Group

I n order to decrease vector religation di
phosphates were removed using calf intestinal phosphatase (CiphoBghorylation

reactions were carried out in BOvolumescontaining up to g DNA, 1/10 volume of

10XCIP buffer (supplied with the enzyme) and 1 unit of CIP per pmole of DNA ends

(e.g. 1ng of a 3000 bp fragment of DNA contains 1 pmole DNA ends). The reaction

mixture was incubated at 3Z for 60 minutes. The agtion was stopped by adding

EDTA to final concentration of 5 mM and incubation at@%or 10 minutes. The de
phosphorylated DNA samples were then purified by phehldroform extraction and

ethanol precipitation or the buffer was removed using Sepheayins (MoBiTec).

2.14.16 Purification of DNA Fragments from Agarose Gels

For the purification of DNA fragments from agarose gel slices, a MinElute Gel
Extraction kit was used. The DNA was excised from 1% agarose gels using a clean
scalpel blade andéansferred to a microfuge tube. The tube was then weighed and 3
volumes of buffer QG (a proprietary buffer containing guanidine thiocyanate) added to
1 volume of agarose (i.e. 3@0I t mg abado3e). The tube was then transferred to a
heat block at 58C for 10 minutes, with vortexing every two minutes. Once the agarose

had dissolved one gel volume of isopropanol was added to the microfuge tube and
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mixed before the contents wereysed into a MinElute spin damn and centrifuged at
130009 for 1 minute. After centrifugation the flothrough was discarded and 500 o f
buffer QG addedefore centrifuging at 13008 for 1 minute. Again the flovthrough

was discarded before the addith o f 750 ¢ | of buffer PE (a
ethanol) and centrifugation to remove salt and carbohydrates, thehilough was
again disposed of, and the spinuwon was centrifuged at 130@pfor 1 minute to
remove residual ethanol. The smiolumn was then transferred to a fresh microfuge
tube and 15 0 ¢ | o fmMHB Bs-HCI 1pBl 8.0) was added to the centre of the silica
matrix and incubated at room temperature for 1 minute before elution of the purified
DNA by centrifugation at 13000 for 1 minute. DNA purified in this manner can then

be used immediately in any downstream applications.

2.14.17 Restriction Digestion Analysis

The PCR product (insert) as well as the plaspidd 19 were digested witBamH1
andHin 11l accompanied with piper buffer selected according to the manufacturer

(Promega).

The Composition of a typical reaction mixture:

Component Quantity
DNA 10 ¢l
2x10 Buffer (E) 2 ¢l
BSA lel
EnzymeBam HL 0. 5¢l
EnzymeHind Il 0. 5¢l
ddH,O To 20¢l t

The mixture was incubated f@4 hours. Then it wakeat treated for inactivation at
75°C for 20 minutes. After this step both digests wesklgaded. The result was 1.5
kbp for the insert and 2.68 for the vector.

The DNA fragment bands for the plasmid and inserts were excised from the agarose gel
with clean sharp scalpel under UV transluminator. These DNA fragments were
subjected to gel extcdion technique using Mini Elute Gel protocol (Qiagen).
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2.14.18Primer Design and Cloning

Primer design was carried out in order to facilitate the process of ligation (cloning).
Universal primers (section 2.14.4) were modified by adding unique restrsities
Hindlll and BanHlenzymes were chosen according to the gene map and their proper

location at the start and end of the gene on vector (pUC19) (Fig)re 2.

BanH|

/
Amp \4OOOI
pUC19-16s rRNA

3000 4187 bps

2000
rep |

Figure 2.3. The location of the twesites for the restrictioenzymes(Hindlll and
BanH1) at the start and the end of the gengUC19 vector.

16 s

\

Hindlll
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Designed primers with forwarcdH(ndlll) and reverseBanH1) were synthesized by
EurofinsMWG synthesis GmbH.

Hindlll

For.: 5 6GCRAAGCTTCCGAATTCGTCGACAACAGAGGATCCTGS-3 6
BamH1

Rev.:5 €GCAGGATCCCCCGGGATCCAAGCTTACGGCTACCTTGT3 6

2.14.19Phylogenetic (DNA Sequence) Analysis

For the phylogenetic placement of strains, 16S rRNA gene sequences were processed by
The National Collectino of Industrial, Marine and Food Bacteria (NCIMB) using the

MicroSeq database and the EMBL public database.

2.14.20DNA Quantification

Where requiredPNA quantitationwas carried outto ensure thathe same amount of

DNA was loaded into gel wells.

Sampe (2 pl) was added 188 pl elution buffer (EB) added to 2 pul of the sample, mixed
and put in spectrophotometer using special UV cuvettes (UVette, eppendorf) and OD

was measured.
10006 2 = 50 (dilution factor).

OD3¢p + dilution factor = amount of DNA Jol.
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2.15Ultraviolet Light Effect on Bacteria

A serial dilution was set up using tubes filled with sterile distilled water (9 ml)
inoculated with 1 ml sample to form the first dilution™1@he second dilution formed
by addition of 1 ml of the fst one to the second tube@#nd so on.

2.15.1 Control Samples

A 100 pl from each dilution was taken and streaked on normal LB agar and incubated
overnight. On the following day plates were counted to find out the number of colonies

in each dilution.

2.15.2 UV Light Treated Samples

The same procedure was followed for control samples, but with the addition of ultra
violet light (UV) exposure of plates at various times and at a wavelength of 254 nm
(power = 40 Jouk). Barriers around the UV chamber must in place to avoid
infiltration of light that would weaken the intensity of UV light and for safety. Glass
Petri dishes (pyrex) were autoclaved and filled with 3 4@mple to a height of about

0.3 cm or 3 to 4 ml of liquid sample. Petri dishes welteopua shaker moved right and

left with vibratory movement to make sure all sample were exposed to UV light to the

same amount. The height of the lamgsbetween 25 and 30 cm.

A series of time exposures was tested until a total killing time was reatlhadaus
dilutions. Exposure time started with more than one minute where it was found that
short time exposures had no significant effect. The strain specific time exposures to UV
light were as followsExiguobacteriunwas exposed to UV for 5, 10, 20,345 and 60
minutes whileHalobacillus blutaparonensisvas exposed for 110, 115, 120, 125 and
130 secondsStaphylococcus warnewas prone to UV radiation at 60, 90, 105, 110,
120, 135 and 150 seconds. Pellets were harvested after exposure to avgéthiauto
repair followed by gDNA extraction.
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To look for the presencef DNA regenerationa period ofrecoverytime after UV

exposure was used either in tight or thedarkbefore gDNA extraction.

2.16Electron Microscopy

Electron microscopy was carried tousing scanning electron microscope (SEM) and
transmission electron microscope (TEM). Both types were used to examine
Exiguobacterium Halobacillus blutaparonensisand Staphylococcus warnegells to

find out cellular changes which might occur due to Wyht radiation(Section 2.15)

The analyses were performed in the Biomedical Sciences Department.

2.16.1 Scanning Electron Microscope (SEM)

To produce very higiesolution images of a sample surface, SEM was udweslirst

step was to prepare the samfdr examination by pelleting 1.5 ml of overnight culture
for 10 minutes at 3009 and discarding the supernatant. The cells were fixed in 3%
glutaraldehyde in 0.1 M phosphate buffer for 4 hours ¥E4€ells were washed then in
0.1 M phosphate bufferwice with 15minuteintervals at 40°C.

Secondary fixation was carried out in 2% aqueous osmium tetroxide for 1 hour at room
temperature. The wash step was repeated and dehydration was achieved through a
graded series of ethanol solutions as follows:

75%ethanol for 15 minutes

95% ethanol for 15 minutes

100% ethanol for 15 minutes

100% ethanol for 15 minutes

100% ethanol dried over anhydrous copper sulphate for 15 minutes.

All the above steps were carried out at room temperature.

The cells were theair dried from hexamethyldisilazane. Initially they were placed in a
50/50 mixture of 100% ethanol and hexamethyldisiazane for 30 minutes followed by 30
minutes in 100% hexamethyldisilazane. The cells were then allowed to air dry overnight

before mounting

Upon completion of drying, the cells were mounted on 12.5 mm diameter stubs,
attached with Sticky Tabs and then coated in an Edwards S150 B sputter coater with
approximately 25 nm of gold. The cells were examined in a PhilipXIScanning

Electron Mcroscope (SEMat an accelerating voltage of 20 Kv.
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2.16.2 Transmission Electron Microscope (TEM)

TEM has been used to obtain thin, minimally deformed cells that allow for the
observation of the internal structures of cells. After preparing cellsessrided in
section 216.1 in an Eppendorf tube, fresh 3% glutaradehyde in 0.1 M phosphate buffer
was added to the pellet {seispended to ensure optimal fixation) and left overnight at
40°C. The cells were then washidce in 0.1 M phosphate buffeat 40°C with a 30

minuteinterval.

Secondary fixation was carried out in 2% aqueous osmium tetroxide for 2 hours at room
temperature, washed in buffer as aboveis was bllowed by dehydration through a
graded series of ethanol solutions at room temperasir@escribed in sectionl1®.1,

except the last dehydration step which was repeated twice. The cells were then placed in
an intermediate solvent, propylene oxide, for two changes of 15 minutes duration.
Infiltration was accomplished by placing the celts @ 50/50 mixture of propylene
oxide/Araldite resin. The cells were left in this 50/50 mixture overnight at room

temperature.

The cells werghenleft in full strength Araldite resin for-8 hours at room temperature
(resin was changed after43hours) aker which they were embedded in fresh Araldite
resin for 4872 hours at 60°C.

Araldite resin contained:
CY212 resin 10 ml
DDSA hardener 10 ml

BDMA accelerator 1 drop per 1 ml of resin mixture

Semit hin sections approximately 0.5 em thi

stained with 1% Toluidine blue in 1% Borax.

Ultrathin sections, approximately -8D nm thick, were cut on a Leica ultramicrotome
and stained for 25 minutes with satuthgueous uranyl acetate followed by staining

with Reynoldbdés | ead citrate for 5 minut
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Tecnai TEM at an accelerating voltage of 80 Kv. Electron micrographs were taken

using a Gatan digital camera.

2.17 Determination of Compatible Solutes Using Nuclear Magnetic Resonance

Spectroscopy (NMR)

Samples (5ml) oExiguobacteriumstrains were put into 15 ml tubes, centrifuged at
30009 for 10 minutes then the supernatant was discarded. The pellets were &ept in

80°C freezeuntil the analysis was due.

The pellets were thawedesuspendedh 1 ml of distilled water and vortexed for 1
minute at room temperature. Then the samples were sonicated (2 x 20 seconds) and
centrifuged at full speed in the microfuge for 10 minuteke Bupernatants were
transferrednto two 1.5 ml Eppendorf tubes, transferredd0°C freezer for 2 hours and

then freeze dried for two days. Freeze dried samples were prepared for Nuclear
Magnetic Resonance ( NMR) anal ysi s by di
Eppendorf tube and thenesl of trimethyl syle propiona
dissolved sample was transferred into an NMR tube and run in the NMR as described
by (Fringset al, 1993.

2.18Statistics

Most of the experiments in this study were carried out in triplicate and error bars
represent standard errors of the means. If no error bars are shown, they were smaller
thanthe symbol used to represent theean. For experiments carried out in duplicate,
both values plus the average are shown.
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CHAPTER 3

MOLECULAR
IDENTIFICATION OF
BACTERIA ISOLATED FROM
UK AND HASSA SAMPLES
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3.1 Introduction

Since the discovery of bacteria by Antoni VMlaeeuwenhoek in 1684 many attempts at
isolating and identifying bacteria have taken pl@dadigan, 201 In recent years, the

rapid development of molecular techniques has highlighted this field of microbiology.
Bacteria used to be identified to the genus lexsehg classical microbiology tools of
identification with special reference to biochemical tests which may lead to species
identification. Such phenotypic microbial identification is of value in initial description

of unknown organisms. Therefore claskicaicrobiology identification techniques
depend on characteristic morphological features as well as physiological ones and are

now supplemented by genotypic analy§sow, 200)

Genotypic analysis depends on the polymerase chain re@etir)(Chenet al, 2009

which is used to amphf specific genes from whole genome DNA extracts. Microbial
biodiversity studies can be carried out using PCR directly on environmental water or
soil samples prior to cultivation and detection. Metagenomic studies of microorganisms
whether cultured or nonuttured ones can be achieved using direct amplification by
PCR. Uncultured species genomes are believed to form the major part of the genetic
data of the natural world and constitute a rich source of informggan novel
product$ (Singleton, 201D

Ribosomal (r) RNA is the main molecular marker widely used for the purpose of
detection and identification due to its presence in all organisms. rRNA has the same
structural skeleton in all organisms though it differs in length and this makes it easy to
identify by size alon€Olsenet al, 198§. The 16S rRNA gee is used for prokaryotic
species identification (Archaea and Bacteria) and the homologous 18S rRNA gene is
used for eukaryotic organisms. Molecular methods are much more reliable for
relatedness and classification of microorganisms than phenotypic atfonrbecause

they are informative with regard to evolutionary relationskigsese, 198y

Water samples were collected from the Bradford and Lathkill rivers in the Derbyshire
Peak District as well as from Alasfar Lake and Irrigation Camathe Hassa Region,
Saudi Arabia as described in section 2.1. Two strains (ABrl and AL2) were isolated
from Bradford and Lathkill rivers by selecting for cells that will grow at high pH. Four
strains (6aFLTR, 6aFLSK, 4CFLTR and 4M6) were isolated from fAlasake and
Irrigation canals, Saudi Arabia by subjecting them to high salinity conditions. All six
strains were identified to the genus level using 16S rRNA gene sequencing. This 16S
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rRNA gene was amplified using bacterial primers by the PCR techfihenet al,

200]). PCR productsvere ligated intglasmids in two ways, the classical one using the
pUC19 cloning vectoror by using the pCR2.1 cloning vector kit. Cloning vectors were
transferred intoE. coli (D H 5) dompetent cells. Plasmid was then isolated and 16S
rRNA gene sequenced as described @ations 2.14 and 2.15espectively. The
sequences from strains of UK and Saudi Arabia were compared to known 16S rRNA
gene sequences using NCBI Blast function. Phylogenetic information was retrieved
using the same programme allowing the construction glogknetic trees to show the

genetic relatedness to known strains in the data base.

3.2 Results and Discussion
3.2.1 Extraction of Genomic DNA

The gnomic DNA with high molecular weight and high quality was extracted from
unknown bacterial cultures as dabed in section 2.12.1. ABrl and AL2 organisms
were grown on Horikoshi medium while 4cFLTR, 6aFLTR, 6aFLSK and 4M6 cultures

were grown on LB medium to produce biomass required for DNA extraction.

Genomic DNA extraction proces®rmally involves breakingells by digesting the cell
wall, followed by removal of the cell fragmergad debris using centrifugation and then
nucleic acid pellet precipitation and the final step is the purification. Fig. 3.1 shows the
standard Hyperladder |, which was used iragtrose gels to allow the size of bands to
be estimated. Fig. 3.2 shows the successful genomic DNA extractiBrbfand AL2
organisms (lanes 1 and 4) and frdoFLTR, 6aFLTR, 6aFLSK and 4M@nes 5, 6, 8

and 9) using Anachem Key Prep genomic DNA ExtoacKit. This image shows the
proof of the purity of DNA and efficiency of Anachem Key Prep genomic DNA Kit in
removing polysaccharides, proteins and other contaminating molecules. Due to using
RNAase enzyme, the genomic DNA is of high molecular weightfeeel from RNA
contamination which is in turn ready for 16S rRNA gene amplification using PCR

technique.
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BAND SIZE (bp) ng/BAND
10,000 100
8,000 80
6,000 60
5,000 50
4,000 40
3,000 30
2,500 25
2,000 20
1,600 15
1,000 100
800 80
600 60
400 40
200 20

1% agarose gel

Figure 3.1 Standard Hyperladder | produces a pattern of ¥ regularly spacel
bands, 10,006L000bp and each lane (fl) provides 720ng of DNA.
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Figure 3.2 Agarose gel(1%) dectrophoresis with ethidium bromide showing 1kb
DNA ladder lanes (2, 3 & 7). Genomic DI extraction with a size over 10000 base
pairs from strains ABrl and AL2 (Lanes 1 and4) and from strains 4cFLTR,
6aFLTR, 6aFLSK and 4M6 (Lanes 5, 6, 8 and P Genomic DNA extracted using
Anachem Key Prep Genomic DNA Kit.
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3.2.2 PCR Amplification of 16S rRNA gene of Bacterial Strains

PCR amplification process was carried out to copy and amplify the 16S rRNA gene of
bacterial genomic DNA extracted from strains ABrl, AL2, 6aFLTR, 6aFLSK, 4cFLTR
and 4M6 as shown in section 2.12.4.

Two universal primers were cbken to amplify the 16S rRNA gene accordind@en
et al, 200). These primers are designed to target the conserved regions of the 16S
rRNA gene(Weisburget al, 199) (Table 3.1).

Table 3.1. Oligonucleoide primers obtained frofaurofins(mwg/operone) Germany

Primer SequemBme( 5n Reference

16SUN1.FOR CCGAATTCG TCG ACA ACA GAG GAT (Chenet al,

CCT GG 2001
16SUN1. REV  CCC GGG ATC CAA GCT TAC GGC (Chenet al,
TAC CTTGT 2000

Figure3.3shows the amplificatin product of 16S rRNA gene for ABrl and A{anes

1 and2) and6aFLTR, 6aFLSK, 4cFLTR and 4M@nes 4 7). The resultsevealedhe
succes of the amplification process of 16S rRNA gene from genomic DRNstrains
with correct fragment band size for 16S rRNA gene of approximéatélkh The PCR
product (16S rRNA gene) was cleaned up using Anachem KgyHZR Purification

Kit protocd. This step removes any possibility of the presence of compounds thdt coul
affect the purity of the 16S rRNA gelfe.g.proteins, &tra primers, salts and dNTPs

(see section 2.125
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Figure 3.3. Agarose gel lectrophoresis(1%) with ethidium bromi@ showing the
amplification product of 16S rRNA gemdgth a size of 1.5 kb from the PCR involving
the use of universal bacterial primers for the genomic DNAABfF1 and AlL2
organisms (lanes 1 & 2) and 6aFLTR, 6aFLSKFI4ER and 4M6 oganisms (lanes-4
7). Ladder is lane .3
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3.2.3 Cloning of PCR Products and Transformation oE.coli
3.2.3.1 Cloning using vector pUC19

Primer design was carried out in order to facilitate the process of ligation (cloning).
Universal primers were modified by adding uniquerretson sites Hindlll and Banid1
enzymes were chosen accordinghe gene map and théacation at the start and end

of thegene as revealed on the veqittC19 (Fig. 3.4).

The 16S rRNA gene sequences can be obtained directlytfipurified PCR produ.
However,the sequence returned from direct sequencing of PCR products is often only
800 - 1000 bp, which is significantly shorter than the full 1500 bp. Therefore, in this
study the amplified 18 rRNA gens of both strains ABt and AL2were ligated inb
pUC19 vector (2.68 kb) in order to obtain a longer read oindertsequences (1.5 kb)

for better comparison with other sequences in the genomic DNA databases.
Transformation (the process of tEe coli DH5U competent cells taking up the plasmid

by hea shock) with the vector pUC19 containing the 16S rRNA gene insert was
performed using ampicillin as the selectable marker with-iMoige screening using-X

gal and IPTG as described in section 2.15. Successful ligation of 16S rRNA gene into
the plasmid (PC19) is confirmed by the production of white colonies on the pl&igs (

3.5). Blue colonies confirm that there was no insertion, the lacZ gene was transcribed
and the Xgal substrate was used by tBecoli cells. DNA fragments were ligated to
plasmid vetor (containing sticky ends). Transformation should folltwe ligation
process usin@H5U competent cells. The new clones (constructs) were recovered using
a minipre kit. Confirmation of the ligation of plasmid and inseras confirmedby
restricton digestion again after miniprep usitndlll and Banid1to make sure that the
white colonies found in blue white screening were really cloned. In addition the
identification was confirmed by restriction méfig 3.6) The expeted sized fragments

werel.5 and2.68 kbpfor the insert and vectprespectively
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Figure 3.4pUC19 vector showing 16S rRNA gene and the locatiddindlll and BanH1
restriction sitesit the start and end of the gene.
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Figure35L B agar pl at e “taommptiaciinlilni giboroadd-dbldr-Omle |
3-indolyl-b-D-galactopyranoside (§al) showing the results of bhkyehite screening

for the detection of successful ligatidmglactosidase hydrolyses-gal andreleases a
relativey insoluble blue dye. Compete@H5U col oni es on this |
colour, indicating the presence of vector without cloned DNA. However, many of the
colonies are colourless, indicating that amplified 16S rRNA gene has been inserted into

the vectorand thdacZ gene has been disrupted.
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Figure 3.6. Agarose gel(1%) electrophoresis with ethidium bromide showing the
restriction endonuclease analysis of ve@C19 (lane 1)digested withHindlll and
BamH1for both strainsABrl (lane3) andAL2 (lane4). Lane2 shows the 10 kb DNA
ladder. The upper band indicates f¢C19 vectorwith asizeof 2.68kb and the lower
band indicates the 16S rRNA gene with 1.5kte
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3.2.3.2Cloning of PCR ProductssingTopo TA Cloningkit

Cloning canbe carried out using Topo TA Clonitit (Invitrogen) in whichamplified

16S rRNA gene of strairdaFLTR, 4M6 and 4€LTR wereligated into pCR2.1 vector

(3.9 kb) in order to obtain a longer read of the sequences (1.5 kb) for better comparison
with other squencesn the genomic DNA databas@3ansformation (the process of the

E. coli DH5U competent cells taking up the plasmid by heat shock) with the vector
containing the 16S rRNA gene insert was performed using ampicillin as the selectable
marker with bluewhite screening using-gal as describedbovein section3.2.31.

Plasmid DNA was cut usingcoR1 to confirm that the plasmid has the correct insert.
pCR2.1 is 3.9 kbp in length and hsdR1 sites where the 16S rRNA sequence (1.5

kbp) should have inseed. Each digest produced two products (vector pCR 2.1 and 16S
rRNA gene) at 3.9 kb and 1.5 kb bangkespectivelyfFig 3.7).

The full cloning process is summarized in Fig 3.8.
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Figure 3.7.Agarose ge(1%) electrophoresisontainingethidium bromide showing 10

kb DNA ladder(lane 1). Restriction endonuclease analysis of vector pCR2.1 digested
with EcaR1 for strains6aFLTR, 4M6 and 4€LTR (lanes 2, 3 and 4) respectiveljhe
upper band indicates the pCR2.1 veetid3.9 kbwhile the lower band indicates the 16S
rRNA gene with sizef 1.5 kb.
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Figure 3.8. Panoramic image for the process of clgnstarting from localization of
endocl ease enzymes, primer designing,

digestion till being ready for sequencing.
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3.2.4 Sequencing of 16S rRNA Gene of Bacterial Isolates

The vector containing the correct sized ingeas sento the Medical Schodlor strains
6aFLTR, 4M6, 4ELTR, ABrl1 and AL2, while 6aFLSK was sent to NCIMB at
Aberdeerfor sequencingThe sequences obtained are shown in Figures 3.9 to 3.14 and
vary in length from 368 to 760 bp. In the next sectibr,166S rRNA gnesequences
obtainedwere compared to other sequences usingumber of computer software
sequencing analysis program packageswhich are available to assist in sequence

searches

CACCGACTTCGGGTGTTACAAACTCTCGTGGTGTGACGGGCGGTGTGTACA
AGACCCGGGAACGTATTCACCGCAGTATGCTGACCTGCGATTACTAGCGAT
TCCGACTTCATGCAGGCGAGTTGCAGCCTGCAATCCGAACTGANAACGGCT
TTCTGGGATTGGCTCCACCTCGCGGCTTCGCTGCCCTTTGTACCGTCCATTGT
AGCACGTGTGTAGCCCAACTCATAAGGGGCATGATGATTTGACGTCATCCC
CACCTTCCTCCGGTTTGTCACCGGCAGTCTCCTTAGAGTGCCCAACTGAATG
GTGGCAACTAAGGACAAGGGTTGCGCTCGTTGGGGACTTAACCCAACATC
TCACGACACGA

Figure 3.916S rRNA genesequence for th&rampositive facultative anaerobic strain

AL2, length of sequence is 368 bp.
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AAGNNCCTCTAGAGGTACCGGGCCCCCCCTCGAGGTCTATGGCAGCTAACT
CTTCTTTATCCAATCCCACTGACTGACAICGTTGCCTCCAGCCTTCTCGATTG
CCTCCGCTACGCTCAAGCTCTGACCAGGCTGAATACCATAGCCGATGCGCA
GGCCATGCGGATTCGAGGGCGTCTTGCAGTCCATGGTGCACTCCTTGCGCAG
CACAGTGTCTACCTCCACGGACGAGAAGAAGGCAACCGACATGGGCAGATC
CTGCAGTCCGATGCGGGACACACAAAAGGAGCGCGTCATTAGGTTTGTGAT
GTGCATGGCCAGCGCCGCTTTGGGCATAGCTCTTCCTTGACCAAGTAGCGC
AATTCATCATGGAAGCTCAAGCAGAATCTAACATGGGATCCCATCAGCCAT
CGCATGCTCACCAGCATCAGATGAAGGAAGTCCACTGCACCGCTCTGTACC
ACCCAATTGATGCGCGTTGGCAGGAAACGTTGCTCCTGCTCCGGTCCAGTAT
CCGCCTCCAATGCTCGACTAAGACGTCCGCCCAGGAACGGCGTTCGTGGCT
GCGATCCCGTGGCAATCTCTTCCAGCGATTGAACATGGCGCTTTCCGTGCC
TCNNTGCCAGTTGGGACGATGAAATACCTCTGCNNGGGTGCGGTTGCGTTG
AGTGGCCAGTCGGGAAGCCTCGTANCTGCTGTANGNCCTGTCCTCCNNTTCG
TCATGAAACTCCTCTCGCAATCGATACACTCGCTTGCCCTTTGTGA

Figure 3.10 16S rRNA genesequence ofsrampositive facultative anaerobic sima

ABrl nucleotide sequence, length of sequence is 760 bp.

ACACGTGGGCAACCTGCCTGTAAGATCGGGATAACTCCGGGAAACCGGGGC
TAATACCGGGTAATACTTTCTTTCGCATGAAGGAAAGTTGAAAGATGGCTTC
TCGCTATCACTTACAGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTA
ACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGEIATCGGCCA
CACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGA
ATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAACGATGA
AGGTCTTCGGATCGTAAAGTTCTGTTGTTAGGGAAGAACAAGTACCGTGCG
AATAGAGCGGTACCTTGACGGTACCTAACGAGGAAGCCCCGGCTAACTACG
TGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGHWTATTG
GGCGTAAAGCGCGCGCAGGCGGTTCCTTAAGTCTGATGTGAAAGCCCACGG
CTCNACCGTGRAGGGTCATTGGAAACTGGGGAACTTGA

Figure 3.1116S rRNA gene sequence®fampositive, spore forming bacteriustrain
4M6, length of sequence is 548 bp.
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CCGCTCAGGATGAACGCTGGCGGCGTGCCTAATACATGRAGTCGAGCGAA
CAGATAAGGAGCTTGCTCCTTTGAGTTAGCGGCGGACGGGTGAGTAACAC
GTGGAAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATA
CCGGATAACATATTGAACCGCATGGTTCAATAGTGAAAGGCGGCTTTGCTG
TCACTTATAGATGGATCCGCGCCGTATTAGCTAGTTGGTAAGGTAACGGCTT
ACCAAGGCAACGATACGTAGCCGACCTGAGAGGGTGATGGCCACACTGGA
ACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCG
CAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTC
GGATCGTAAAACTCTGTTATCAGGGAAGAACAAATGTGTAAGTAACTGTGC
ACATCTTGACGGTACCTGATCAGAAAGCCACGGCTAACTACGTGCCAGCAG
CCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATGGGCGTAAAG
CGCGCGTAGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTG
GAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAAGAGGAAAGTGGAAT
TCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCCAGTGGCG
AAGGCGACTTTCTGGTCTGTAACTACCGCTATT

Figure 3.1216S rRNA gene sequence Gfampositive coccts strain 4cFLTR, length
of sequence is 747 bp.

ATTGAACGCTGGCGGCAGGCCRACACATGCAAGTCGAGCGGTAACAGGGG
TACTTGCTACCCGCTGACGAGCGGCGRACGGGTGAGTAATGCATAGGAATC
TGCCCGATAGTGGGGGATAACCTGGGGAAACCCAGGCTAATACCGCATACG
TCCTACGGGAGAAAGGGGGCTCCGGCTCCCGCTATTGGATGAGCCTATGTC
GGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCAACGATCCGTAGCT
GGTCTGAGAGGATGATCAGCCACATCGGGACTGAGACACGGCCCGAACTCC
TACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCC
AGCCATGCCGCGTGTGTGAAGAAGGCCCTCGGGTTGTAAAGCACTTTCAGC
GAGGAAGAACGCCTAGTGGTTAATACCCATTAGGAAAGACATCACTCGCAG
AAGAAGCACCGGCTAACTCC

Figure 3.1316S rRNA gene sequence wbnfermentative Grammegative rod strain

6aFLTR, length of sequence = 479 bp.
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GATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGTAACAGGG
GTAGCTTGCTACCCGCTGACGAGCGGCGRACGGGTGAGTAATGCATAGGAA
TCTGCCCGATAGTGGGGATAACCTGGGGAAACCCAGGCTAATACCGCATA
CGTCCTACGGGAGAAAGGGGGCTCCGGCTCCCGCTATTGGATGAGCCTATG
TCGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCAACGATCCGTAG
CTGGTCTGAGAGGATGATCAGCCACATCGGGACTGAGACACGGCCCGAACT
CCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATC
CAGCCATGCCGCGTGTGGAAGAAGGCCCTCGGGTTGTAAAGCACTTTCAG
CGAGGAAGAACGCCTAGTGGTTAATACCCATTAGGAAAGACATCACTCGCA
GAAGAAGCACCGGCTAACTCC

Figure 3.1416S rRNA gene sequence obnfermentative Grasmegative rod strain
6aFLSK, length of sequence = 480 bp.
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3.2.5 Phybgenetic Analysis

The 16S rRNA gene sequences of both bacterial isoteden the Lathkill and Bradford
rivers were compared with the highdimilar sequences available from NCBI GenBank
library usingthe BLAST progranme The other programme used wdke BVIBL
nucleotide sequence database which forms part dEtinepean Nucleotide Archivia
addition to the use of MicroSeq database programme. Sequence comparison results
using MicroSeq show that ABrl is most similar Eaiguobacterium acetylicunbut

only at91%identity (Table 3.2and Figure 3.1b This identity score is not sufficient to
confirm ABrl as a member of tHexiguobacteriungenus. However, using the NCBI
BLAST database, ABrl 16S rRNA gene sequence was shown to be 99.9% identical to
an Exiguobacerium species (Figure 3.16). Strain AL2 went through a similar process,
closest match was tB. acetylicumon Microseq, but the definitive match on BLAST
was toExiguobacteriunspecies with an identity of 98.7% (Table 3.3 and Figures 3.17
and 3.18).

The 16S rRNA gene of the 4M6 strain showed the closest match on the Microseq
database tovirgibacillus halodenitrificans at94.02% (Table 3.4 and Figure 3.19).
However, after searching the EMBL public database the closest match was to
Halobacillus blutaparonesisat 100% identity (Fig 3.20).

Sequencanalysisof the 6aFLTR strain revealed the closest match to this isolate on the
Microseq database was Kalomonas venustat 99.5% (Table 3.5 and Fig 3.21A
sequence comparison between 6aFLTR and 6aFLSK shdvetdthey were very
closely related (99.8% identity), so 6aFLSK was also identifietH.asenusta(Fig
3.22).

EMBL database sequence search for 4cFLTR strain reveals the closest match to be

Staphylococcus warnedt 99% identity (Table 3.6). On the NCBatabase, 4cFLTR
had a 100% identity match & warneri(Fig 3.23).
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Table3.2Top 10 hits for enilarity between 16S rRNA gene sequence of Haultative
anaerobic strain ABrand other related species/strains based iocro8eq

Representative Closest matches Matches
siuence Identii
Bacillus 84.4%
agaradhaerens

Kurthia zopfii 84.11%

Bacillus pumilus 8345%

Bacillus 83.15%
azotoformans

Kurthia gibsonii 82.89 %
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Eviguobiarterium sp. India.stream small subunit ribo:
Exiquobiacterium sp. B30 & 163 ibosomal RNA gene, partial sequence

Eviguabacteriom sp. R4kkH 165 ribosomal BNA gene, partial sequence

Unicultured batetium clone nburt 164b09¢1 165 rbosomal Ria gene, parial sequence
g Unculfured bateriom clone nbw1 16380421 165 Abasomal R4 gene, parfial sequence

Eviguobiacerim sp. bI5 165 ribosomal R4 gene, parfial sequence
# Exiquobacterium sp. 54 165 tRbA gene, sain N
] Unicultured b terium clone nbw 1 16331 1¢1 165 ibosomal R4 gene, partial sequence

Uncultured Exiguabactetiom 5p. clane 36b 165 ibosomal RNA gene, partial sequence

# Uncalfured bacteium clane nbw 1154h01¢1 165 fbosomal BNA gane, Dirtial sequence
:‘:’Uncultured biacterium clore nbw 1630121 165 ribosamal RNA gene, partial sequence

Eviguobiac feriim homiense sitein | 105 165 Abasomal R4 gene, parfisl sequence
] Eviguobarcteriom sp. EH32 165 ibosomal Rbid gene, parfial sequence
P Unculiured bacterinm clore nbw1155d10c1 185 bosomal R4 gene, parfil sequence
; Uncultured bacteriom clane nbw 16430201 165 basomal RNA 9ens, partial sequence
] Uncultured bacteriom clore nbw 1 192d0401 165 ibosomal RMA gene, parfiel sequence
1 biacturia) 2 leaves
3 Eviguabarteriom suran fiacum strein b+ 165 Abosomal Rhia qeng, parfisl sequence

Uncultured bacteriom clane nbwt 15101201 165 basomal RA 9ens, partial sequence

i Eviguobiactedim sp. PHSAD2 165 rbosomal R gene, parfial ssquence
Unculfured bactetium chane nbw i 188a01c1 165 ibosomal RhA gene, parfial sequ.
i Exiquobacterium sp. EPO3 parfial 165 rRMA gene, shain EPO3
Unculfured bacteriom clane nbw 15980301 165 ibosomal R4 gen, parfisl sequence

Lo =

bacteria 2 leaves
{3 Exiquabacterium sp. PR 10.6 parfial 165 FRNA gene, f0e stain PR 10,67
51 Unculfured bacteriom clore nbw1161b05c1 165 Abosomal R4 gene, parfiel sequence
§ Eviquobacterium sp. CO018{20100 165 ibosomal R4 gene, parfial sequence
* bacteda) 5 leaves
B Bictetia | 4 e
' Uncultured Exiguabartetium sp. clone ObedB- 1C 165 tibosamal R4 gene, partial sequence
b tetia | 9 leaares
b feria | € luaures
fitmicutes | 2 leaes
b fetia | 13 leames
e 35554
Unculhured bac berium clone HOO 5T 165 nbosomal R4 gene, parfil sequence
o bictetia | 4+ beares

9 3 Exiquobiacterium sp. G30 b .
Uncuttured bactesium clone nbw 13..
3 Unculhored bac beriom clone nbw1205c05¢1 165 ribosomal BA gene, partial sequence

| Bt | 2 leaies
4 Exiquobiacteium sp. L9 165 rbosomal R4 gene, parfial seq.
') Unicultured bacteiom clane nbwd 20500701 165 fbosomal B.
Unculhurid b berium clone nbw 1205/0501 165 ribosomal RMA gene, partial sequence
Uncultured bactetium clone nbw 1 155e07¢1 165 ribosomal RNA gens, partial sequence

L Unicuttured bac teriom clore kw1 19190501 165 ribosomal Rl gene, parfial saquence
t bactitia) 3 leaes
il bictetin | § leaes
i biacteria,| 2 leaues
3 Exiguobarteriom sp. MIPHLOS0304K2 165 rbosomal RiA gene, parfial sequence

Bictitia | 4 leaus

Bictitia | 3 leaus

Figure 3.15Neighbour joining phylogenetic tree for ABrl strain associated with other

members of the Firmicutes based on 16S rRNAegsequences. ABR1 strain is

marked in yellow.
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EM_PRO:GQ478263; GQ478263 Exiguobacterium sp. R4M-H 16 (1570 nt)
initn: 3467 initl: 3467 opt: 3467 2Z-score: 2794.2 bits: 528.7 E(): 3.2e-147
banded Smith-Waterman score: 3467; 99.9% identity (100.0% similar) in 694 nt overlap (1-694:24-71

10 20 30
ABR1 GACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCG
EM_PRO ATTAGAGTTTGATCCTGGCTCAGéACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCG
10 20 30 40 50 60

40 50 60 70 80 90

ABR1 AGCGCAGGAAATCGACGGAACCCTTCGGGGGGAAGTCGAYGGAATGAGCGGCGGACGGGT

EM_PRO AGCGCAGGAAATCGACGGAACCCTTCGGGGGGAAGTCGACGGAATGAGCGGCGGACGGGT
0 80 90 100 110 120

100 110 120 130 140 150
ABR1 GAGTAACACGTAAAGAACCTGCCCTCAGGTCTGGGATAACCACGAGABATCGGGGCTAAT

EM_PRO GAGTAACACGTAAAGAACCTGCCCTCAGGTCTGGGATAACCACGAGAAATCGGGGCTAAT
130 140 150 160 170 180

160 170 180 190 200 210
ABRL ACCGGATGGGTCATCGGACCGCATGGTCCGAGGATGARAGGCGCTTCGGCGTCGCCTGGGE

EM_PRO ACCGGATGGGTCATCGGACCGCATGGTCCGAGGATGARAGGCGCTTCGGCGTCGCCTGGG
190 200 210 220 230 240

220 230 240 250 260 270
ABR1 GATGGCTTTGCGGTGCATTAGCTAGTTGGTGGGGTAATGGCCCACCAARGGCGACGATGCA

EM_PRO GATGGCTTTGCGGTGCATTAGCTAGTTGGTGGGGTAATGGCCCACCAAGGCGACGATGCA
250 260 270 280 290 300

280 290 300 310 320 330
ABR1 TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG

EM_PRO TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG
310 320 330 340 350 360

340 350 360 370 380 390
ABR1 GGAGGCAGCAGTAGGGAATCTTCCACAATGGACGARAGTCTGATGGAGCARCGCCGCGTG

EM_PRO GGAGGCAGCAGTAGGGAATCTTCCACAATGGACGARAGTCTGATGGAGCAACGCCGCGTG
370 380 390 400 410 420

400 410 420 430 440 450
ABRL AACGATGAAGGCCTTCGGGTCGTAARAGTTCTGTTGTAAGGGAAGARCARGTGCCGCAGGC

EM_PRO AACGATGAAGGCCTTCGGGTCGTAARGTTCTGTTGTARGGGAAGAACAAGTGCCGCAGGC
30 440 450 460 470 480

460 470 480 490 500 510
ABR1 AATGGCGGCACCTTGACGGTACCTTGCGAGAAAGCCACGGCTAACTACGTGCCAGCAGCC

EM_PRO AATGGCGGCACCTTGACGGTACCTTGCGAGAAAGCCACGGCTAACTACGTGCCAGCAGCC
490 500 510 520 530 . 540

520 530 540 550 560 570
ABR1 GCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGC

EM_PRO GCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTARAGCGCGCGCAGGC
550 560 570 580 590 600

580 590 600 610 620 630
ABRL GGCCTCTTAAGTCTGATGTGARAGCCCCCGGCTCAACCGGGGAGGGCCATTGGARACTGG

EM_PRO GGCCTCTTAAGTCTGATGTGARAGCCCCCGGCTCAACCGGGGAGGGCCATTGGARACTGG
610 620 630 640 650 i 660

640 650 660 670 680 690
ABRL GAGGCTTGAGTATAGGAGAGAAGAGTGGAATTCCACGTGTAGCGGTGAARTGCGTAG

EM_PRO GAGGCTTGAGTATAGGAGAGAAGAGTGGAATTCCACGTGTAGCGGTGARATGCGTAGAGA
670 680 690 700 710 720

EM_PRO TGTGGAGGAACACCAGTGGCGAAGGCGACTCTTTGGCCTATAACTGACGCTGAAGCGCGA
730 740 750 760 770 780

Figure 3.16 The hidghest percentage identity matfdilowing BLASTN comparison of
ABrl 16S rRNA gene sequence wasbxiguobacterium sppal6S rRNA The identity

matchwas 99.9%.
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Table 3.3Top 10 his smilarity between 16S rRNA gene sequence of the facultative
anaerobic straiAL2 and other related species/strains based @no¥eq

Representative Closest matches Matches
sequence Identity

Bacillus 84.4 %
agaradhaerens

Kurthia zopfii 83.73%

Bacillus pumilus 83.36 %

Bacillus 8292 %
azotoformans

Kurthia gibsori 82.86%
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L=

@ llg5334

Exiguobiacterium sp. M 1635 FRMA gene, sirain G4
Eviguobiacferim sp. CO01E[2010) 165 bosomal Rhia qene, parfial sequence
g Uncutfured bacterium clone Y1 165 rbosomal Rbld gene, parial saquence
3 Exiguobacterium sp. EH32 165 ribosomal R gene, parfial sequence
¥ Unculiured Exiguabactetiom 5p. clane 36b 165 ibasomal RN gene, partial sequence
J Erliguobacterium 5. PHSAC- 2 165 rbosomal RNA gene, parfial sequence

Unculfured bacterium clone Y& 165 nbosomal RbA gene, parial sequence
Extiguabacterium sp. PR A0 parfial 165 FRbA 9ene, e sttein PR A10ET

Unculbured marine bacterium done & Ala37 165 ibosomal R gene, parfisl sequence

']

[}

Bt | 4 leaises
| bacturia 4 leaes
Bt | 4 leaises
0 bacteria | 7 lesues
’\jUncquured Bicterium clone nbar{ 16334 101 185 ribosomal R4 gene, parfil sequence
’ Unculiured Exiguobatetiom sp. clone Obed B 1C 165 Hbosomal RMA gens, partial sequence
b | 12 bsawes
9 Uncuttured bactetium clane nibw1164b09c1 165 ibasomal R4 gene, parfial sequence
i Uncuthured bactetium clane nibw1 1636011 165 ibosomal M4 gene, parfial sequence
Eviguabia feriim homiense sitein | 105 165 Abosomal R4 qeng, parfisl sequence
0 b tetin 2 leases
G Uncultured bactetiom clone ADE 33 165 ribosomal RHA gene, parfiel sequence
B Extiguabacterium sp. R4bkH 165 ribosomal RiA gene, parfial sequence
Unculfured bacterium clone nbwi074h11c1 185 ribasomal RMA gene, parfial sequence
Eenizene mineralizing consorfium clone SB-22 165 small subunit ribasomel RMA gene, complebs sequence
Ewiguobiacterium sp. EPO partial 165 FRAA gene, shtein EPO3
firmicutes | 2 leauses
# 3 Unculfured bacterium clone nbwi 1856071 165 ibosomal RiA gene, parfial sequence
o5 bi}c’rerial 1?Ileaues . .
+f Exiguobactetium s, MIPHLOG0904!KZ 165 tibosomal RN gene, parfial sequence
ol Bacterium st 61610 165 ibosomal RMA gene, parfial sequence

# Linculfured b tetium clane HOO 57 165 ibosomal RRA 9ene, parfial sequence
] 7 Uncuttured bacterium clone nby 20500501 165 ibasomal RA 9ene, partial sequence
E Eviguabacteriom sp. L9 165 ribasomal BNA gene, partial sequence
+ bacteria | 4 leaves

4 B i | 2 legises
i bracttia | 2 leates
Y ] 4 bactetia | € leaes
¥ ; bactetia) 2 liaves
i & Exiquabactetium homienss shain H1- R& 165 ribosomal RMA ene, parfial sequence
bactetia | 2 leates
Extiguabacterium aurarifiacum shrain b4 165 ribosomal R gene, parfial sequence
Exiguobiacterium sp. WIS 1635 ribosomal Rida gene, parial sequence
Eviquabacterium 5p. AC-C 502 165 tibosomal R4 gens, partial sequence
Extiguabacterium sp. RW44 165 ribosomal RMA gene, parfial sequence

Figure 3.17 Neighbour joining phylogenetic tree for AL2 strain associated with other
members of the Firmicutes based on 16S rRNA gene sequences. AL2 strain is marked

in yellow.
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EM_PRO:GQ478263; GQ478263 Exiguobacterium sp. R4AM-H 16 (1570 nt)
initn: 2956 initl: 2956 opt: 2956 2-score: 2254.6 bits: 428.6 E(): 3.6e-117
banded Smith-Waterman score: 2956; 98.7% identity (100.0% similar) in 596 nt overlap (1-596:23-618)

10 20 30
AL2 GGACGAACGCYGGCGGCGTGCCTAATACATGCAAGTCG
EM_PRO ATTAGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCG
10 20 30 40 50 60

40 50 60 70 80 90

AL2 AGCGCAGGAAATCGACGGAACCCTTCGGGGGGAAGT CGACGGAATGAGCGGCGGACGGGT

EM_PRO AGCGCAGGARAATCGACGGAACCCTTCGGGGGGAAGTCGACGGAATGAGCGGCGGACGGGT
70 80 90 100 110 120

100 110 120 130 140 150
AL2 GAGTAACACGTARAGAACCTGCCCTCAGGTCTGGGATAACCACGAGAAATCGGGGCTAAT

EM_PRO GAGTAACACGTAAAGAACCTGCCCTCAGGTCTGGGATAACCACGAGAAATCGGGGCTAAT
130 140 150 160 170 180

160 170 180 190 200 210
AL2 ACCGGATGGGTCATCGGACCGCATGGTCCGAGGATGAAAGGCGCTTCGGCGTCGCCTGGG

EM_PRO ACCGGATGGGTCATCGGACCGCATGGTCCGAGGATGAAAGGCGCTTCGGCGTCGCCTGGG
190 200 210 220 230 240

220 230 240 250 260 270
AL2 GATGGCTTTGCGGTGCATTAGCTAGTTGGTGGGGTAATGGCCCACCAAGGCGACGATGCA

EM_PRO GATGGCTTTGCGGTGCATTAGCTAGTTGGTGGGGTAATGGCCCACCAAGGCGACGATGCA
250 260 270 280 290 300

B 280 290 300 310 320 330
AL2 TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG

EM_PRO TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG
310 320 330 340 350 360

340 350 360 370 380 390
AL2 GGAGGCAGCAGTAGGGAATCTTCCACAATGGACGARAGTCTGATGGAGCAACGCCGCGTG

EM_PRO GGAGGCAGCAGTAGGGAATCTTCCACAATGGACGARAGTCTGATGGAGCAACGCCGCGTG
370 380 390 400 410 420

400 410 420 430 440 450
AL2 AACGATGAAGGCCTTCGGGTCGTAAAGTTCTGTTGTAAGGGAAGAACAAGTGCCGCAGGC

EM_PRO AACGATGAAGGCCTTCGGGTCGTARAGTTCTGTTGTAAGGGAAGAACAAGTGCCGCAGGC
430 440 . 450 460 470 480

460 470 480 490 500 510
AL2 AATGGCGGCACCTTGACGGTACCTTGCGAGAAAGCCACGGYTAAYTACGTGCCAGCAGCC

EM_PRO AATGGCGGCACCTTGACGGTACCTTGCGAGAAAGCCACGGCTAACTACGTGCCAGCAGCC
490 500 510 520 530 540

520 530 540 550 560 570
AL2 GCGGTAATACGTAGGTGGMARGCGTTGTCCGGAWTTATTGGGCGTAAAGCGCGCGCAGGC

EM_PRO GCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTABAGCGCGCGCAGGC
550 560 570 580 590 600

580 590
AL2 GGCCTYTTAAGTYTGATG

EM_PRO GGCCTCTTAAGTCTGATGTGAAAGCCCCCGGCTCAACCGGGGAGGGCCATTGGARACTGG
610 620 630 640 650 660

Figure 3.18The hidhest percentage edtity matchfollowing BLASTN comparison of
AL2 16S rRNA gene sequence wasHwriguobacterium sppl6S rRNA The identity

matchwas 98.7%.
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Table 3.4Top 10 hits for snilarity between 16S rRNA gene sequence of spere
forming straindM6 and other relted species/strains based oicidSeq

Representative Closest matches Matches
Sequence Identi

Bacillus 92.87%
halophilus

Vigibacillus 91.87%
pantothenticus

Alkalibacillus 89.8 %
haloalkaliphilus

Bacillus 89.64 %
sporothermodura
ns

Bacillus smithii 88.98 %
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Uncutfured Halobacils . ol
2 ol 5p. Y21 162 basomal RN gene prfil sequence
Helobicilus sp. Y53 165 tbosomal AbA gene, partial sequence
B fimiciutes | 63 beas
Y H Halabiaiilus sp. 527-1 163 rbasomal RNA gene, partial saquence
] birtaria | 2 leavis
¥ Halobcillus wecmjeani 165 bosomal R4 gene, narfal sequence
] firmicutes | 3 leaes
Hilobacilus sp. M1 1004 gene for 155 rR, maefil sequence
firmicutes | % leawes
Hlobacilus blufapatanensis sitain i3 163 nbosomal R gene, partil sequence
Bacillus 3p. B 15 165 basoma) R gene, paril sequence
of Bacillus 5p. B 1(2008) 165 bosomal RMA 9ene, partil sequence
2 Unzutfued bactetium clone & w2-sus- 1165 rbasomal RN, ane, parfil sequence
8 Helobiilus sp. Y- 15 16:5 basomal Rhia gene, partil sequence
§ Helobicilus sp. 553 165 tbosomal AbA gene, partial sequence
Halophilic bcterium Q1015 165 rbosomal R& gen partil sequence
| Mlobicils 5. 510%2 165 bosonal A& gen, parfl squence
J Uncutfured bacHerium chame & gw2- SL4- 5 165 bosoml Rl gene, parfial sequence
? Hialobaclus sp. 572 155 rhosomal RN gene, paril sequence
{4 Helophilc acterium 91012 165 ribosoma RA gene parfi sequence
o Haluphilic bactetium Qw109 165 ribosomal & gene, paral sequence
W Halubacillus 3p, BY-C31 qune for 165 PRNA, parfial sequence
 Halobicils . K1 C1-1 gene for 155 rANA, parfel squence
" bl . 1083 165 Hbasomal BN 94ie, il sequence
Helobiilus sp. MT- B 165 ibisomal R qune, parfial suquence
Halobacilus sp. B3 22 2003 patia 163 YRMA qene shain B3
| fimicutis | 3 leaes
& Halobarills sp. PRE2T 163 ribosomal KA gens, parfil sequence
§lduns23d
Y ! Halobails 5p. G5SP4 163 basomal RNA asne, parfial sequince
5 Unvatred achin core g5t 165 bsomal RHA gene, parfial sequence

Figure 3.19 Neighbour joining phylogenetitee for 4M6 strain associated with other
members of the Protobacteria based on 16S rRNA gene sequences. 4M6 strain is shown

in yellow.
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Appendix 3 Sequence alignment of Isolate 4M6

EM_PRO:DQ058358; DQ058358 Halobacillus blutaparonensis (1451 nt)

initn: 3485 initl: 3485 opt: 3485 Zz-score: 2870.2 bits: 542.6 E(): 2e-151

banded Smith-Waterman score: 3485; 100.0% identity (100.0% similar) in 697 nt overlap (11-707:1-697)
10 20 10 50 60

CGAACGCTGGCGGCGTGCCTAAPACATGCAAGTCGAGCGCGGGAAGCGAGCTGATCCCTT

4M6
EM_PRO CGGCGTGCCTAATACATGCAAGTCGAGCGCGGGAAGCGAGCTGATCCCTT
10 0 30 40 50
70 80 90 100 110 120
aM6 CGGGGTGACGCTCGTGGAACGAGCGGCGGACGGGTGAGTAACACGTGGGCAACCTGCCTG
EM_PRO CGGGGTGACGCTCGTGGAACGAGCGGCGGACGGGTGAGTAACACGTGGGCAACCTGCCTG
70 0 100 110
130 140 150 160 170 180
aM6 TAAGATCGGGATAACTCCGGGAAACCGGGGCTAATACCGGGTAATACTTTCTTTCGCATG
EM_PRO TAAGATéééGATAAéfééGGGAAACéGGGGCTAATACCGGGTAATA&&TT&%TTCGCATG
2 130 140 150 160 170
190 200 210 220 230 240
4M6 AAGGAAAGTTGAAAGATGGCTTCTCGCTATCACTTACAGATGGGCCCGCGGCGCATTAGC

EM_PRO AAGGAAAGTTGAAAGATGGCTTCTCGCTATCACTTALAGATGGGCCCGCGGCGCATTAGC

80 190 200 210 220 230

250 260 270 280 290 300

4aM6 TAGTTGGTGAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATC
EM_PRO TAGTTGGTGAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATC
250 260 270 280 290

310 320 330 340 350 : 360

aM6 GGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGBGGCHGCAGTAGGGAATCTT
EM_PRO GGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAG CAGC GTA GGAATCTT
00 310 320 330 340 350

370 380 390 400 420

aM6 CCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAACGATGAAGGTCTTCGGATCG
EM_PRO CCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAACGATGAAGGTCTTCGGATCG
360 370 380 390 400 410

430 440 450 460 470 480

4aM6 TAAAGTTCTGTTGTTAGGGAAGAACAAGTACCGTGCGAATAGAGCGGTACCTTGACGGTA
EM_PRO TAAAGTTCTGTTGTTAGGGAAGAACAAGTACCGTGCGAATAGAGCGGTACCTTGACGGTA
420 430 440 450 460 470

490 500 510 520 530 540

4M6 CCTAACGAGGAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAA
EM_PRO CCTAACGAGGAAGCCCCGGCTAACTACGTGCCAGCAGCC GGTAATACGTAGGGGGCAA
430 500 510 520 530

550 560 570 580 590 600

aM6 GCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTTCCTTAAGTCTGATGTGA

EM_PRO GCGTTFTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTTCCTTAAGTCTGATGTGA

550 560 570 580 590
610 620 630 640 650 660
4M6 AAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGGAACTTGAGGACAGAAGAGG

EM_PRO AAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGGAACTTGAGGACAGAAGAGG
3

610 640 650
670 680 690 700
4M6 AGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGATATGTGGAGG

EM_PRO AGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGATATG! GGAGGAACACCAGTGGCG
60 670 680 690 700 710

AAGGCGACTCTCTGGTCTGTTTCTGACGCTGAGGTGCGARAGCGTGGGTAGCAAACAGGA

EM_PRO
2y 740 750 760 770

Figure 3.20The highest percentage identity match following BLASTN comparison of
4M6 16S rRNA gene sequence was Halobacillus blutaporensisl6S rRNA. The

identity matchwas 100%.

77



Table 3.5 Top 10 hits snilarity between 16S rRNA gene sequence of tia
fermentativestrain6aFLTRand other related species/strains based mno8eq

Representative  Closest matches  MatchesIdentity
sequerte

Halomonas 96.77 %
aguamarina

Halomonas cupida 91.29%

Halomonas 90.96 %
halophila

Chromohalobacter 90.95 %
marismortui

Chromohalobacter 90.48 %
canadensis
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Halomonas sp. HED.1.1 165 ribosomal kA gens, partial sequence
Uncultured bacteium clone SINIG4E 163 ibosomal RMA 9ens, parfial sequence

Halamonias sp. V5542 clong 46 165 ibosomal RMA qene, parfial sequence
3 g profeobacterda| 2 leaes

Halomanas sp. LEKS200 solaed 165 rbasomal Rhid gens, partial sequance
@ F Uncultured magine bactedum clone &- SWF 165 rbosomal RRA gene, partial sequence

9 jHaJomonas sp. BH1 partial 165 FRAA gene, te strain BHIT
uncultured Halomanas sp. clane ¥ 5582 165 rbosomal kKA gene, partial sequence

Halomanias sp. AR K9 gene far 165 rRA, paril sequence

Helomarias sp. SHT L31 gene for 165 rRHA, parfial sequence
# Halomorias sp. E21 165 ibosomal RMA gens, parfisl sequence
4 arcic ssamater bachetiom R7102 155 rAN qene
O Helomonias sp. SMT L21 gene for 165 R, parfial sequence

Helamonas sp. AN K11 gene for 16 5 rRbla, parial sequence
g proteobactena | 6 leaves

Halamonas sp. B4 165 fbosomal RMA gune, parial sequence
biachuria | 2 leanes

i

Halomunas feeheungii gene for 165 bosomal Ra
j o priotenbacetia | 4 leames

] Unicubured bacterium clons nbte?io,
i

Unicuured bacterium clone ERR4055 W3 BoPS 165 Hbosomeal RHA gene, parfial sequence
Helomarias sp. 30624 165 ribosomal R4 gene, parfial sequence

§ profeobacteria) 3 leaves
. P Burkholderia.sp. 14 R1 165 fbosomal RMA gene, parfial sequence
"]

Unculfured bacterium clone EPR405% N3 Be25 165 tibosomal RHA 9ens, parfiel sequence

| 3 Uncultured bicteium clone BIkFLOCS_G05 165 rbosomal Rhla gene, partial sequance
a4 g profenbactria | § laves

bactetin 4 leaves
4 Halomonas sp. MH1E4 165 ibasomal RMA ene, parfial sequence
3 Halomanas wariabilis shain HTGT 165 rbasomal Rba gene, parfial sequance
Uncuttured biacherium gere for 165 ¥Rk, parial sequence, clone: AcOP-22

¢ proteabiacteria) 2 laes
o priotenbactetia | 14 laves

L

3 Unicubured bacterium clone FS142-47 602 165 fibasamal RidA gene, parfial sequence
] @ ¢ profeobachrial 7 leaves

O Uncuttured arganism clore cha_RISA124 165 ibosomal RHA gene, parfial 5.
[ Uncultured bicterium clone SINIES2 165 Abosomal RMA gene, parfiel sequence

4 Halomonas venuste strain b1H- 103 165 ribosomal RN, gene, partial sequence
']

baucteria] 2 leawes
Uniculfured bactaium, parfial 165 FRNA gene
@ Unculfured bacterium clane SINHEST 1635 ibosomal RA gene, parfial sequence
S Unculfured bactaium clane SINGT2 165 fbosomal RMA gene, parfial sequence
2 Halomonas sp. SV5 165 ribosomal RMA gens, partial sequence
'] lclsz4954
& profeobacttial 2 leaves
Uniculurad bacterium clone SIMH523 165 fbosomal Ria gene, parial sequence
& prodeobactnial 2 leaes
¢ proteobactenial 2 leaves
";; Helomanias wenuste stain f2-2 165 ribosomal Rka gene, parfial sequence
% Uncultured organism clone cha_NISasa1 165 fbosomal R4 gene, parfial sequence
Halomonzs sp. KJ7-2 2 gene for 1635 rRMA, parfial sequence
Halomonis sp. G5 SE-H246 165 fbosomal R4 gene, parial sequence
4 Helophilic bac terium QWA4021 165 fbosomal RMA gene, parfial sequence
I-J g proteobactera | 4 leanes
£ Halomonas 5p. IDE-48 165 tibosomal RhA gens, partial sequence
Halomonias sp. 0215 parfial 165 rRMA gune, stain 0215
Halomonzs alkaliphila parfial 165 rRAA gene, fpe strain 13basT

& 9
o

Figure 3.21 Neighbour joining phylogenetic tree for 6aFLTR strain associated with other

members of the Protobacteria based on 16S rRi¢Ae sequences. Strain 6aFLTR is
highlighted in yellow.
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> 6.aFLTR 479 nt vs.

> 6.aFLSK 480 nt
scoring matrix:; , gap penalties: -12/ -2
99.8% identity; Global al ignment score: 1902

10 20 30 40 50
261315 - ATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGTAACAGGGGTAGCTTGC

GATTGAACGCTGGCGGCAGGCCTACACATGCAAGTCGAGCGGTAACAGGGGTAGCTTGC
10 20 30 40 50 60

60 70 80 90 100 110
261315 TACCCGCTGACGAGCGGCGRACGGGTGAGTAATGCATAGGAATCTGCCCGATAGTGGGGG

TACCCGCTGACGAGCGGCGRACGGGTGAGTAATGCATAGGAATCTGCCCGATAGTGGGGG
70 80 90 100 110 120

120 130 140 150 160 170
261315 ATAACCTGGGGAAACCCAGGCTAATACCGCATACGTCCTACGGGAGAAAGGGGGCTCCGG

ATAACCTGGGGAAACCCAGGCTAATACCGCATACGTCCTACGGGAGAAAGGGGGCTCCGG
130 140 150 160 170 180

180 190 200 210 220 230
261315 CTCCCGCTATTGGATGAGCCTATGTCGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAA

CTCCCGCTATTGGATGAGCCTATGICGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAA
190 200 210 220 230 240

240 250 260 270 280 290
261315 GGCAACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCGGGACTGAGACACGGCC

GGCAACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACATCGGGACTGAGACACGGCC
250 260 270 280 290 300

300 310 320 330 340 350
261315 CGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAG

CGAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAG
310 320 330 340 350 360

360 370 380 390 400 410
261315 CCATGCCGCGTGTGTGAAGAAGGCCCTCGGGTTGTAAAGCACTTTCAGCGAGGAAGAACG

CCATGCCGCGTGTGTGAAGAAGGCCICGGGTTGTAAAGCACTTTCAGCGAGGAAGAACG
370 380 390 400 410 420

420 430 440 450 460 470
261315 CCTAGTGGTTAATACCCATTAGGAAAGACATCACTCGCAGAAGAAGCACCGGCTAACTCC

CCTAGTGGTTAATACCCATTAGGAAAGACATCACTCGCAGAAGAAGCACCGGCTAACTCC
430 440 450 460 470 480

Figure 3.22. Sequence comparisoof 6aFLTR and 6aFLSK showing th#tey are
virtually identical (99.8%).
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Table 3.6 Top 8 hits snilarity between 16S rRNA gene sequence of the facultative
anaerobic straim.c FLTR and other related species/strains basedthenEMBL

database

Representative Closest matches Matches
sequence Identity
4.cFLTR Staphylococcus 99.00 %

warneri L37603
Staphylococcus 99.00 %
warneri VCU121

Prevotella 99.00 %
dentalis DSM

3688

Staphylococcus 99.00 %
sp. esl

Staphylococcus 97.00 %
epidermidis

ATCC 12228

Staphylococcus 97.00 %
epidermidis

RP62A

Staphylococcus 98.00 %
sp. PB1

Staphylooccus 97.00 %
epidermidis

M23864:W2(grg
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ACPZ01000009

¥ Staphylococcus warneri L37603 contig00210, whole genome shotqun sequence.

Query Range :
Target Range
BLAST Raw Score
BLAST Bit Score
BLAST E-Value ;

|dentity(%) .

(Query
Sbjct
(Query
Sbjct
Query
Shict
Query
Shict
Query
Shijct
(Query
Sbjct
(Query
Sbjct
fuery
Shict
Query

Sbict

1

1566

6l

15046

12

144g

13

13

24

1324

30

1266

36

1204

42

1144

43

10

1

1

1

1

1

1

1

1-=497
1566=-1070
497

947

2E-271

100

GRATGRACGCTGRCGECGTGCCTARTACAT GCARGTCRRGCGARCAGATARGEAGCTIGE 40

CEPETECEEREEEEE TP e e e e e e e e e e e e e e e e e e
GEATGRACGCTIGGCGECGTGCCTARTACAT GCARGT CRRAGCGRARCAGATRAGEAGCTIGE 1507

TCCTTTGACGTTARCGECEEACGGET GAGTARCACATGEATAACCTACCTATRAGACTGS 120

FECEEEREEEEEEE TR e e e e e e e e e e e e e e e e e e e e et
TCCTITGACGTTAGCHECGEACGEETGACTARCACCTGEATARCCTACCTATARGACTGE 1447

GATARCTTCGEEARRCCGEAGCTAATACCGEATARCATATTGRACCGCATGGTTCAATAG 180

FECEEEREEEEEEE TR e e e e e e e e e e e e e e e e e e e e et
GRTARCTTCGEEARACCRERGCTARTACCRGATARCATATTGAACCECATRRTTCARTAG 1387

TRRARGGCGGCTTIGCTGTCACTTATAGAT GGATCOGCECCRTATTAGCTAGTITGRTARG 240

FECEEEREEEEEEE TR e e e e e e e e e e e e e e e e e e e e et
TGARAGECGECTTIGCTRTCACT TATAGATGEATCCRCGOCGTATTAGCTARTTARTRARG 1327

GTAACGGCTTACCRAGECARCRATACGTAGCCEACCTGAGAGGETGATCRGCCACACTRG 300

CEPETECEEREEEEE TP e e e e e e e e e e e e e e e e e e
GTARCGECTTACCAAGGCARCGATACGTAGCCGACCTGAGAGEETGATCGGCCACACTRE 1267

AACTRAGACACGRT CCAGACT CCTACGEGRGGEAGIAGTAGGGARTCTTCCGCARTGEEC 360

FECEEEREEEEEEE TR e e e e e e e e e e e e e e e e e e e e et
ARCTGRGACACGRTCCAGACTCCTACGGEAGECAGCAGTAGGEAATCTTCCGCRRTGRED 1207

GRRAGCCTGACGRAGCAACGCCGCET GAGT GATGAAGRT CTTCGRAT CATARRACTCIGT 420

FECEEEREEEEEEE TR e e e e e e e e e e e e e e e e e e e e et
GRARGCCTGACGRAGCARCGLCGCETGAGTGATGRAGGTICTICGGRTCGTARRACTCTAT 1147

TATCAGGGAAGARCARRTGTGTAAGTARCTRTGCACATCTTGACGGTACCTGATCAGRRA 480

FECEEEREEEEEEE TR e e e e e e e e e e e e e e e e e e e e et
TATCAGREALCARCARRTGTETARGTARCTGTRCRCATCTTGACGRTACCTGATCAGRAR 1087

GCCACGGCTAACTACGT 487

ARRRRRRRRRRAARRY
GCCACGGCTAACTACET 1070

Figure 3.23.The hidhest percentage identity matidr 4cFLTRon theNCBI (BLAST)
databasevasStaphylococcus warnefi00% dentity).
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3.3 Conclusions

Six bacterial strainfave been isolated froBradford and Lathkill Rrers, UK and Al -
Asfar Lake,Al-Hassaregion Saudi Arabia. Twastrains ABrl and AL2 were isolated
from the UK water sampleand four strains 6aFLTR, 6aESK, 4cFLTR and 4Mp
were isolated from the Saudi Arabian water sampiresddition to the usual classical
identification methoddhacterialstrainshave been identified in the lakatoryaccording

to molecular identification techniques, starting with #raction of genomic DNA,
followed by PCR amplification and purification of 16S rRNA gene, and the
transformation of competef.coli (D H 5) Bells. The sequences have been subjected to
computersoftwareanalyses in whiclthey were compared with other agences using
the NCBI GenBankibrary using BLAST programme, the MicroSeq database and the
EMBL public database.

StrainsABrl and AL2 were shown to be similar to unidentified strains of the genus
Exiguobacteriunwith sequence identity of 100%cFLTR stran was shown to match
Staphylococcus warneat 93100% identity.Strain 4M6 was identified adalobacillus
blutaparonensiswith 100% identity. The sequence results for 6aFLTR and 6aFLSK
strains showed them both to bBalomonas venustaith the highest idatity matchof
99.5%.

Exiguobacteriungenus wadirst described byCollins et al, 1983 who stated that this
genusbelongs tathe expanding group of coryneforpacteria and is closely retat to

the Bacillus genus within the order BacillalesExiguobacteriumstrainsare Gram i
positive rod shaped, alkaliphilichalotolerantfacultative anaerobic nespore forming
bacteria(Suzukiet al, 2005. Many strains oExiguobacteriuntan grow well in a pH
range of 710. They carbe solated from industrialvastewater as well as rivers and
lakes, and areapable of lowering thehp of highly alkaline wastewatgKulshreshtha

et al, 2010). Exiguobacteriunmspecieshave also been implicated uman infections
where it wabtained from patients with bacteraer(fatt et al, 2007). Some strainsf
Exiguobacteriumcan be used in bioremediatiqe.g. in the biological removabf
toxicants in the environment) dfiexavalent chromiunfCr VI), a harmful agent which
leads to morphological changes and growth reduction in plants and carcinogenic effects
in man and animal®keke, 2008

Halomonasspecies ardnalotolerant and (sometimes) alkaliphilic Graegative roe

shapedbacteria thagrow aerolrally at the optimum temperature of € and at pH
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7.5-10. Due to its halophilic naturelalomonasare usually found in water sources with
high salinity levels(Romanoet al, 200§. Halomonasspecies can be involved in
human health issues and some strains are assumed to be pathogenic bacteria causing

infections and contaminatiofStevenst al, 2009.

H. venustais a moderately halophilic, noriermentaive Gramnegative roeshaped
bacterum and it has beemreported as a human pathogen in a wooinal female patient.

The bacterium source originated from a fish fiten Graevenitzt al, 2000.

Staphylococcus warnelis Grampositive coccushaped bacterium, it isoagulase
negative and is a commaommensalorganism found as part of trekin flora on
humans and animals and commonly found in the flora of human epithelia and mucosa
membranegCampocciaet al, 201Q. Like other coagulaseegative staphylococcsg.
warneri rarely causes diseaskyt may occasionally cause infection in patients with
compromisedmmunity. HoweverS. warnerihas also been categorized as a pathogenic
bacteria that can cause seriousedses like endocarditi®an et al, 1984, and
ventricular and orthopaedic infectio@@ampocciaet al, 201Q. This bacterium is of
significant value in veterinary medicine due to its pathological effect in cattleigshwh

it causes abortion and it is also associated with meningoencephalitis i(ESpgsoet

al., 2006.
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Chapter Four

PHYSIOLOGICAL
CHARACTERISTICS OF
Exiguobacterium
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4.1 Introduction

In Chapter 3, the two isolates from the Bradford and Lathkill riveBr,1lAand ALZ2,
were identified as belonging to the genusxiguobacterium. The genus
Exiguobacteriumwas proposed in 1983 by Collirs al based on a chemotaxonomic
study of five strains of Graspositive bacteria isolated from potgtoocessing effluent
(Collins et al, 1983. Members of the new gendsxiguobacteriuncan beidentified
based on their cell wall composition, which is based onGlyspeptidoglycan type.
The type species IE. aurantiacumand the pH range for growth is 6i511.5, with

optimal growth between pH 8159.5.

Over the following 20 years, only two other isolates, one from a garden pond in
Germany E. undag and the other from a lake in Antarctida @ntarcticum) havebeen
added to theéexiguobacteriumgenus(Fruhling et al, 2003. However, between 2004
and 2008, a further nine species Bkiguobacteriumhave been identifiedE.
oxidotolerans- an alkaliphile showing high levels of catalase activity isolated from a
Japanese fish processiptant (Yumoto et al, 2009; E. aestuariiand E. marinumi
slightly halophilic species from a tidal flat in Kor@&im et al, 2009; E. mexicanum
and E. artemiaei slightly halophilic species isolated frotorine shrimp Artemia
franciscana cysts (LépezCortéset al, 2006; E. sibiricumi psychrotolerant strain
isolated from permafrostRodrigueset al, 2006; E. indicumi slightly halophilic,
psychrotolerant and alkalitolerant strain isolated from glacier melt watethe
Himalayas(Chaturvedi and Shivaji, 20p6E. profundumi moderately thermophilic
strain isolated from a deep sea hydrothermal vent in the Pacific QCegpartet al,
2007 andE. solii a psychrophilic strain isolated from the McMurdo dry valleys in
Antarctica(Chaturvediet al, 2008.

Recently, two further strains d@xiguobacteriumhave been isolateds. aquaticumi
from a lake in IndigRaichandet al, 2019 andE. himgiriensisi slightly alkaliphilic
and slightly halophilic strain again isolated from the Himalayan reffangh et al,
2013. The Exiguobacterium genus comprises psychrophilic, mesophilic and
thermophilic strains, some are alkaliphilic aai seem to show some tolerance to
increased salinity. The gen&xiguobacteriunis closely related to thBacillus genus
and is placed in the order Bacillales, within the phylum Firmic(N@éshnivetskayaet

al., 2009.
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Several strains dExiguobacteriunmshow properties that are of interest to industry and
agriculture. (Kulshreshtha et al, 2013 demonstrated the usefulness of an
Exiguobacteum strain DSM21148 in reducing the pH of alkaline wastewater from pH
12.0 to pH 7.5. The pH reduction was due to excretion of an organic acid (probably
formic acid) into the medium. Anoth&xiguobacteriunstrain (2Sz) was an efficient
remover of pestide (Vishnivetskayaet al, 2009. There are a few reports in the
literature(Pitt et al, 20079 which suggest thdExiguobacteriunspecies can be isolated

from humans suffering from a range of diseases such as periodontis and cellulitis.

In 2012, it was announced that the genome sequenEe arfitarcticumwas available
and can be accessed in the GenBank database@R86B063.1Carneiroet al, 2019.
This psychrophilic strain dExiguobacteriunwas chosen for sequencing because of its
potential roles in bioremediation and as a source of cold adapted enZyrmeesiore,
the genusExiguobacteriumhas enviramental as well as public health hazard

significance in addition to its industrial ug€ulshreshthaet al, 2013.

In this chapterthe two straingsolaed from theRiver Bradford and # River Lathkill
(ABrl1 and AL2), which were identified &xiguobacteriunstrains in Chapter 3, will be
further characterisedh terms of theirphysiologyand ability to grow well atvarious
pHSs.
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4.2 Results and Discussion

4.2.1 Isolation and Skection of Microorganisms

In order to isolate and grow alkaliphillzacteria,a highly alkaline (pH>9) medium
must be usedFor this purposeHorikoshi medium(Table 2.1) was selectecand
preparedfor the initial isolation of straindHorikoshi, 1999. Ten environmental
samples of watewith a variety oforiginal pH values were collected from different
places in both the Bradford and Lathkill rivers in the Derbyshire Peak DiGhtsaill,
2010 as shown inable 4.1.

Bradford Lathkill
River River
Sample No. 1 2 3 4 5 6 7 8 9 10

Original pH 7.8 83 83 82 83 8.0 82 75 79 8.1

Table 4.1.0riginal pHreadingsof river watersamples Samplesl to 5werecollected

from the edge of the River Bradford between the villages of Youlgreave and Alport.
Samples 6 to 10 were collected from the edge of the River Laihkile aredbetween

the village of Over Haddon and the Conksburidge.All pH readingsof samplesvere
carried outusing a Mettler Toledo MP225 pH meter.

To isolate alkaliphilic bacteria (i.e. bacteria with optimum growth at pH 9 or above),
from the river samples, serial saoblture and streak plating techniques wesedi
repeatedly with alkaline Horikoshi medium (liquid andolid plate media Single

colonies wereselectedaccording to the findings diest growth at pH 10Cells were
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checked in terms ahorphology and motilityandwere examined microscopically using
Gram stain reaction anaotility testrespectively to find out more informat about the
bacterial isolates

Using these techniquesyo strains of bacteria wergelectedand designated asBrl

(from River Bradford) and AL2 (from River Lathkill). €ls of these strains showed
most resistance to alkaline pH and subsequently were successfully grown at pH 10 in
Horikoshi medium at an early stage in the adaptatish processesAs described in
Chapter 3, both strains have been shown to belong tExigeiolacteriumgenus and

will henceforth be calle@&xiguobacteriumABrl1 andExiguobacteriunAL2.

4.2.2 Characteristic Features oExiguobacteriumABrl and ExiguobacteriumAL2

Table 4.2 presents thdasic characteristic feature$ ExiguobacteriumABrland AL2
strainsgrown in pH 10 liquid Horikoshi medium at 25°C overnight. It was found that
the two strainshad Grampositive cell wall morphology andhie cell shapdor both

strains igod-shaped.

On solid Horikoshi medium the colony morphologytleé two strainsvas observed to
be semttransicent, circular, regular and entire. ABrl has a dry texture appearance
while AL2 was mucoid in texturdzurthermore ABrl1 strain haddeeporangecoloured

colonies whereadAL2 strainhadfaint orange coloniesn plates.

Examiration of growth temperature rangé the two strainsshowedno changesn

morphology or colony characteristiagen plates or flasks were incubated at 37°C.
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Gram Stain Colony Type of

Name of Bacterium Motility Cell Shape

Reaction Colour Growth
deep aerobic
ExiguobacteriumABrl1 | positive Positive rod shape & non-
orange .
aerobic
faint aerobic
ExiguobacteriunAL2 positive Positive rod shape & non-
orange aerobic

Table 4.2 The basic characteristic featurelSExiguobacteriumABrlandAL2 strains.
Cells were grown in pH 10 liquid Horikoshi medium and weneubated in25°C

constant temperatukeith continuous shakingt 250 rpm overnight.

4.2.3 Growth Characteristics of Exiguobacterium Strains ABrland AL2 at
Different pH Values

Growth curves weresarried outfor ExiguobacteriumABrland AL2 to observe the
effect of external pH on growth rates at gHpH 9 and pH 10 in Horikoshi medium.
Bacterial growth was quantifie@hdmonitored using direct optical density (OD) at 600

nm measured with UnicarHelisU spectrophotomete(Fig. 4.1). It appears thaboth
strains grow well over the pH range 8 to 10, but there was a long lag phase before
growth commenced at pH 8 for strain AL2. This suggestsEkigiuobacteriumAL2 is

an alkaliphilic strain.
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Figure 4.1. Growth curves forExiguobacteriumABrland AL2 strains after repeated
sub-culture period (fully adapted period). Cells were grown in Horikoshi medium at pH
8, 9 and 10incubated in &5°C constant temperature room on an orbital shaker at 250
rpm overnight. The OD for each strain was measured at 60€acmhourData points

are the meagof three replicates plus or minus standard error.
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4.2.4 Effect of External pH on the RespiratiorRate

Respiration rate of bacteria, as a function of oxygen concentration, was measured using
a Clarketype oxygenelectrode. BothExiguobacteriumstrains ABrland AL2) were

tested forthe effect of external pH on the rate of uptake of oxygen over pH cinge

8 to 10 in Horikoshi mediunCellswere harvested by centrifugation then the pellets re
suspended irHorikoshi medium with different pH values Then oxygen uptake of
bacterial strains was determinbyg the oxygen electrodand the results are showm

Table 4.3.

Respiration Rate (Mean + D)
( molesO, mgprotein® h?)

Growth pH pH 8 pH 9 pH10
ABr1 50.4+2334 50.5+20.07 92.2+ 72547
AL2 527+16.23 385+1082 465+ 14.11

Table 4.3.Respiration rate foexiguobacteriumABrlandAL2 at pH8, 9 and 1020 ml

of cells from eals strain grown at pH, pH 9 and pH 10 in Horikoshi medium
overnight at 25°C on an orbital shaker at 250 rpm were harvested by centrifugation and
resuspended in 10 ml of fresh Horikoshi medium of the same pH. Thpt&ke was

measuredData points are hmeas of three replicates plus or minus standard error.
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The highest rate of respiration for strain ABrlwas at pH 10, while for AL2, the highest
rate of respiration was at pH 8. However, it should be noted that the error bars
associated with theespiration rates are large and there is probably little evidence to
support statistically significant trends in the results shown in Table 4.3. It is best to
conclude that good rates of respiration were found for both strains at all three pH values

tested

4.2.5 Antimicrobial susceptibility test

Antibiotic resistanceaests werecarried out usig the standard disk method as described
in Section 2.9. Bacterial cells were spread on agar plates of Horikoshi solichpldite

with pH 8, 9 and 10Antibiotic discs were placed on plates and inhibition zones were
calculated after overnight incubatidrigure 4.2 shows examples of plates used in the

antibiotic sensitivity tests.

In ExiguobacteriumABrl, it is found that the sensitivity to antibiotics may be cttfe

by the pH. The inhibition zone may differ either when pH was increased or decreased.
Most antibiotic inhibition zones were slightly affected or showed no changes when

exposed to pH 10 or lower. Ampicillin (AMP) ari@entamycin (CN) inhibitiorzones

were lower at pH 10 than the rest of the group. Some antibiotics were not affected by
increasing pH increasing such as cefoxitin (FOX) which showed increased zones of
inhibition from2.5+ 0.22 at pH 8 t@ + 0.11at pH 10 (Table 4.4).
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Antibiotic pH8 pH9 pH10

AMP 4.0+0.07 3.3+0.15 2.9+ 0.05
AML 3.3+0.14 3.1+0.05 2.8+ 0.16
VA 1.4+0.04 1.4+0.05 1.5+ 0.05
TE 2.3+0.11 2.1+0.05 2.4+ 0.10
E 2.2+0.0 2.2+0.11 2.4+ 0.17
P 3.20.11 3.2£0.05 2.8+ 0.20
FOX 2.5-0.22 2.8:0.25 3+0.11
MY 2.1+ 0.09 1.9+ 0.51 2.3+ 0.20
S 1.5:0.11 1.5:0.11 1.7+ 0.10
IPM 1.8+ 0.09 1.5+ 0.00 -ve
C 1.9+ 0.07 2.1+ 0.10 2.1+ 0.10
CN 2.1+ 0.04 2.1+ 0.05 1513
SXT 25+0.10 27+ 0.6 2.6 0.05

Table 4.4 Antibiotic sensitivity testdor ExiguobacteriumABrl. Data points are the

meansof three replicates plus or minusisdarddeviations for zones of inhibition.
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Antibiotic pH8 pH9 pH10

AMP 41+ 0.10 3.8+ 0.05 3.9+ 025
AML 3.7+ 0.26 3.2+ 020 3.4+ 0.15
VA 13+ 011 12+ 0.05 1.3+ 0.10
TE 1.4+ 0.00 13+ 0.10 1.1+ 0.20
E 1.3+ 0.6 1.3 0.6 1.4+ 0.10
P 3.06+ 0.23 31+ 011 3.03:0.28
FOX 3.2 0.2 3.3:0.10 3.3 0.10
MY 2.1+ 0.6 2.2+ 015 22+ 010
S 1.7+ 0.10 1.7+ 005 18+ 0.11
IPM 3.2+ 020 2.6+ 0.30 16+ 005
C 2.5 020 24+ 005 25+ 0.17
CN 2.1+ 0.6 22+ 0.00 2.1+ 0.05
SXT 23+ 032 206+ 0.6 2.1+ 0.15

Table 4.5. Antibiotic sensitivity testsfor ExiguobacteriumAL2. Data points are the

meansof three replicates plus or minusisdarddeviations for zones of inhibition.

Table 45 shows similar results were obtained fBxiguobacteriumAL2. Most
antibiotic inhibition zones were slightly affected or showed no changes when exposed
pH 10 or lower. It is noteworthy that all the antibiotics tested had an inhibitory effect
on the growh of ExiguobacteriumABrl1 or AL2.
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Figure 4.2.Examples of antibiotic inhibition zonésr ExiguobacteriumABrl andAL2

when exposetb Antimicrobial Succeptibility TedDiscs (Oxoid).
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4.2.6Biolog PlateResultsfor ExiguobacteriumABrl and AL2

To allow a wide range of carbon sources to be tested for their ability to support growth
of Exiguobacterium ABrl and AL2, Biolog GP2 (Gramositive) plates were
purchased. In the absence of the full Biolog identification system the GP2 plates were
measured in the lab plate read€Fhis technique relies on the irreversible reduction of a
tetrazolium redoxdye to the purple formazan as an indicator for organic substrate
oxidations.ABrl1 and AL2 were grown in normal Horikoshi medium (pH 10) in 250 ml
flasksovernight. The bacteriaerethen washed with M9 minimal medn (without any
carbon source) three times to avoid aayryover of carbon sources from the Horikoshi
medium Biolog GP2 plates were inoculated with washed bacterial cells to give an
ODgoo 0Of 0.2 and incubated overnight at 25°C. The results are shown in Table 4.6. Two
points should be kept in mind, firstly a number of unusual carbon sources are included
in the Biolog GP2 plate to help to identify a wide range of organisms and secondly the
tetrazolium reaction measures oxidation of the substrate, but not actual growth.
Therefore, it is not surprising that many of the carbon sources could not be used by the
Exiguobacteriunstrains. It is clear from Table 4.6 that the two strains differ iir the
cabon source utilization. The following compounds were utilized well by both strains:
b-hydr oxy b u t-ketovialeric acid, ipmpionidJacid, pyruvic acid;skrine, 23-

butanediol, glycerol and several phosphorylated sugars.

GP2 BIOLOG AL2 Exiguobactéum ABrl Exiguobacterium

Water 0.317 0.358
U cyclodextrin - -

b- cyclodextrin * -
Dextrin

glycogen

inulin

mannan

tween 40

tween 80
N-acetytD-Glucosamine
N-acetyt b-D-
Mannosamine
Amygdalin

L-Arabinose

D-Arabitol

Arbutin

D-cellobiose

D-fructose

L-fucose - -

+ o+ 0
1

1 |4+

97



D-galactose
D-galacturonic acid
Gentiobiose
D-Gluconic acid
UD-Glucose
m-Inositol
UD-Lactose
Lactulose

Maltose

Maltotriose
D-Mannitol
D-Mannose
D-Melezitose
D-Melibiose
U-Methyl-D-Galactoside
b-Methyl-D-Galactoside
3-Methyl Glucose
U-Methyl-D-Glucoside
b-Methyl-D-Glucoside
U-Methyl-D-Mannoside
Palatinose

D-Psicose
D-Raffinose
L-Rhamnose
D-Ribose

Salicin
Sedoheptulosan
D-Sorbitol

Stachyose

Sucrose

D-Tagatose
D-Trehalose
Turanose

Xylitol

D-Xylose

Acetic acid
U-Hydroxybutyric acid
b- Hydroxybutyric aid
2- Hydroxybutyric acid
p-Hydroxy-Phenylacetic
acid

UKetoglutaric acid
UKetovaleric acid
Lactamide

D-Lactic acid Methyl Ester

L-Lactic acid
D-Malic acid
L-Malic acid

Pyruvatic acid Methyl Este
Suweceinic acid Monemethyl

Ester
Propionic acid

(NG S

O O

+ + 4+ H o+ T

+ + + + + + + +

+ +

4+

Vo

(o]
oo



Pyruvic acid

Succinamic acid
Succinic acid
N-Acetyl-L-Glutamic acid
L-Alaninamide

D-Alanine

L-Alanine
L-Alanyl-Glycine
L-Asparagine

L-Glutamic acid
Glycyl-L-Glutamic acid
L-Pyroglutamic acid
L-Serine

Putrescine
2,3-Butanediol

Glycerol

Adenosine

2-Deoxy Adenosine
Inosine

Thymidine

Uridine

Adenosines-
Monophosphate
Thymidine5-
Monophosphate
Uridine-5-Monophosphate
D-Fructose6-Phosphate
UD-Glucosel-Phosphate
D-Glucose6-Phosphate
D-L-U-Glycerol Phosphate

+H o+ + +

+ + 4+ + +H+ +

H+ + + 1+

+
+

+
+

+ 4+ + + +
+ 4+ + + +

Table 4.6. Carbon utilization tests carried out on GP2 Biolog 96 well plates. The
reduction of the tetrazolium dywas measured at @§2 For AL2, values between 0.35

and 0.4 were rated weak growth () and values above 0.4 were rated as good growth
(+). For ABrl, values between 0.4 and 0.45 were rated as weak growth () and values
above 0.45 were rated as good gtoyt). This was based on the OD value in the

presence of water only.
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4.2.7 Determination of Compatible Solutes (Osmolytes) by Nuclear Magnetic

Resonance Spectroscopy (NMR)

Compatible solutes are normally synthesized or accumulated in response ity salin
increases (see section 1.4). In this experiment, the idea was to look for compatible
solute production in response an increase in pH. TheBwguobacteriumstrains
(ABrl and AL2) were grown in pH 7 and pH 10 Horikoshi medium and treated as
describé in section 2.17 to release the compatible solutes for identification NMRy

Figure 4.3 shows the compatible solutes accumulated ByiguobacteriumAL2 and

ABr1 when grown irHorikoshimedium at pH And10. From the spectra it idear that
glycine letaine was accumulated IxiguobacteriumAL2 at pH 10, but was absent
from pH 7 grown AL2 cells. No betaine was detected at either pH value for
ExiguobacteriumABrl, but a sugar similar to glucose was accumulated at pH 10 by
ABrl. It is interesting thah known compatible solute (betaine) was accumulated at
high pH by one strain and it is also interesting that the two strains behaved differently in

this NMR experiment.
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Figure 4.3. Onedimensional 1FNMR spectra of cell extracts derived from
ExiguobateriumAL2 and ABIl cells grown inHorikoshimediumwith adjusted pH of
7 and 10. Clear peaks associated with betaine are seen at pH 10 for AL2.
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4.3 Conclusions

As described in the introduction to this chapter, a growing number of isolates age bein
identified as members of th&xiguobacteriumgenus (section 4.1). The basic
characteristics of the two strains (AL2 and ABrl) isolated from the Lathkill and
Bradford rivers respectively agree well with the description forBkegyuobacterium
genus i.e. @m T positive rods, facultative anaerobes, with orange/red colonies that
grow well at pH values up to pH 10. The antibiotic tests and the Biolog GP2 plate tests
suggest that AL2 and ABrl are potentially new species withinEtkiguobacterium
genus(Vishnivetskayaet al, 2009. However, more information is required to validly
publish the strains as new speciesEafguobacteriumincluding details of the major
fatty acids found in AL2 and ABrl plus longer seques of the 16S rRNA genes from
both straingSinghet al., 2013.

The identification of the compatible solute betain&xiguobacteriumAL2 cells grown

at pH 10 is the first time that a compatible solute has been described in an
Exiguobacteim species. The results described in this chapter also make it clear that
the two strains are likely to be separate species within the gsmgisobacterium
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Chapter Five

PHYSIOLOGICAL
CHARACTERISTICS OF
Halobacillus blutaparonensisnd
Staplhylococcus warneri
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5.1. Introduction

Microbial life can be found in a wide range of fresh water and marine environments as
diverse fresh water pondsiers andhypersaline lakesMicroorganisms can thrive in
these environments including the saturatesalt hypesaline environments.
Microorganisms show a wide range of salt tolerance and some demonstrate a

requirement for saliGilmour, 1990.

Extremophilic microorganisms are those microbes which can be found in extreme
envionments, but extremophiles can also be isolated frorrertteme environments
such as soil and fresh watewhere they may not be expedt¢éo grow well(Echigoet

al., 2005. Halophilic and haitolerant bacteria are one typaf extremophilic
microorganisms. Halophilic microorganisms are able to grow and survive in hypersaline
environments by their ability to maintain osmotic balanceopfalic microorganisms
canadapt to saline environmentstwo ways. The first way if0 maintain cytoplasic
osmotic balance with the external environment by accumulating high concentrations of
various organic osmoticompatiblesolutes e.g. ectoine betaine The second way is to
maintain cytoplasime osmotic balance with the external hypersaline environment by
accumiating high concentrations of I (see section 1)4Osmotic regulatiorby the
second methodequires special adaptations of the intradatilenzymes that have to
function in the presence of sgMargesin and Schinne001). Therefore hlophilic
microbes can thrive in environments that contain a wide range of NaCl concentrations.
Slightly halophilic or halotolerant organisms requirés% (0.21M) NaCl, while
moderate halophiles requirel6% (0.52.5 M) NaCl. Extrera halophiles require 15

30% (25.2 M) NaCl,where it reaches saturation ley@&lilmour, 1990 Oren, 2008

In Chapter 3, threstrains of bacteria, which were isolated from theA&far fresh
water lake in Hassa Saullrabia, were identified using 16S rRNA gene sequencing as
Staphylococcus warneri(4cFLTR), Halobacillus blutaparonensis (4M6) and
Halomonas versta (6aFLTR). It was decided not to stuby venustan further detail,
because the genudalomonashas been very well studied and characterised in the
literature (Arahal et al, 20073. The two other strainsH. blutaparonensisand S.
warneriare the subject of further characterisation as described in this chapter.

H. blutaparonensiss aGrampositive rod spore forming bacteriummotile thatthrives
in moderately halophilic environmentH. blutaparonensiswas first isolated from

Blutaparon portulacoidgootsin Brazil, the plantB. portulacoidsis a succulent herb
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found on sand dunes and beaches of the Atlantic coast of EBariosaet al, 2006.

Apart from this publication, no other work has been published.dilutaparonensis.

S. warneri is a Grampositiveg coccusshaped bacterium, coagulasei negative,
considered one of the most dangerous nosocomial pathogenic agent in hospitals
(Kamathet al, 1999. Howeverit was believed for a long time th& warneri bacteria

are harmless common commensals inhabiting the skin and nasal cavities of humans and
animals (Kassem, 2000 High risk of S. warneri infection was found in
immunocompromised patient$ v etial) , 2013).S. warneri can be isolated from
many environmeng e.g.as ponds, rivers, food premises, computer surfaces and
hospitals. More than one route of transmissiorsofvarneribetween hostss known
(zoonoses/anthroponosis) and bemveests and their environment have contributed to
the spread of infection beyond the boundaries of health f&ilities and into the
community (Kassem, 2009 It has also been found that this microorganism is
industrially useful, because it can convaldic acid to 10ketostearicacid (Lanser and
Nakamura, 1996

5.2 Results and Discussion

5.2.1 Isolation and Selection of Microorganisms

The aim of this part of the work was to iselaand characterisexteemophilic
microorganisms froniresh water sampleltectedfrom HassaSaudi Arabia A total

of 24 flasks were filled with about 50 ml of LB medium containing different
concentrations of NaCl (0.5, 1 and 2 M) and inoculated witmlL@f water samples
which were collected from the Asfar lake and drainage canals, Saudi Arabia. All
flasks were incubated at 37°C with shaking. Table 5.1 shows the extent of bacterial

growth after 24 hours incubation.
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Sample no. 0.5 M 1M 2M

1 - - -
2 +++ ++ +
3 - - -
4 +++ +++ -
5 +++ +++ +++
6 +++ +++ +++
7 +++ ++ +++
8 +++ +++ -

Table 5.1. Growth of bacteria in LB medium containing 0.5, 1 or 2 M NaCl after
inoculation with water from the eight samples taken from thsshlaegion in Saudi
Arabia. Sample 1 was treated water used for irrigation, samples 2 and 3 were taken near
the treatment plant, samples 4 and 5 were taken from drainage canals and samples 6, 7
and 8 were taken from the lake itself. Full details of thepdi;g sites are given in

section 2.2.2.

To isolatehalophilic bacteridrom Saudisamples, serial sutulture and streak plating
techniques were usekpeatedly using Lurea Bertani LB medigliquid and solid
plateg. Single colonies werselectedaccading to the findings obest growthdifferent
molarities Cells were checked in terms wiorphology and motilitytandwere examined
microscopically using Gram stain reaction amatility test respectively to find out
more informatbn about the bacterialdktes The two strains studied further in this
chapter emerged from this procesdM6 strain came from sample Hglobacillus
blutaparonensisand4cFLTR came from sample &éphylococcus warnexi The basic

characteristics of both strains are listed able 5.2.
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Gram Stain

Name of Bacterium : Motility Cell Shape Colour
Reaction
. . - ” creamy to
Halobacillus blutaparonensis Positive positive rod shape -~ sl
Staphylococcus warneri Positive positive cocci turbid white

Table 5.2 The basic charactetic feature®f H. blutaparonensig4M6) andS.warneri
(4cFLTR) strains. Cells were grown ibB medium and weréncubated aB7°C with
continuous shakingt 250 rpm overnight.

5.2.2Growth of H. blutaparonensisat Different Salinities

Growth curves werearried out foH. blutaparonensiso observe the effect afifferent
salinities (0.17 M, 1 M, 2 M, 3 M and 4 M NaCl) on growth rate in tihmedium
Bacterial growth was quantifiednd monitored using direct optical density (OD)
measurements at 600 nmsing theUnicam HelisU spectrophotomete(Figure 5.3. It
appears thaitl. blutaparonensigrew very well up to 1 M NaCl and good growth was
also found at 2 and 3 M NacCl, but it was decreased compared to growth at 1 M NacCl.
No growth was found at 4 M NaCl (Figure 5.1).

5.2.3Growth of S. warneri at Different Salinities

Growth curves werearried outfor S. warneri to find out the effect ofmedia that
containdifferent molarities of NaCl (0.17 M, 1 M, 2 M, 2.5 M and 3 M) on growth rate
in rich LB medium Bacterial growth was @untified and monitored using direct optical
density (OD)measurements at 600 nm using thecamHelisU spectrophotometéFig
5.2). Unlike, H. blutaparonensigFig 5.1),S. warnerigrowth decreased at all salinities
above 0.17 M NaCl. However, good growth takes place up to 2.5 M NaCl, Bu at
NaCl there was only very weak growth (Fig 5.2).

107



4AM®6 in different NaCl concentrations of LB medium

2.5 1
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Figure 5.1. Growth curves foH. blutaparonensigells growing inLB medium with
different molarities of NaCl (0.17 M, 1 M, 2 M, 3 M and 4 M), incubated overnight at
37°C on an orltal shaker at 250 rpm. The Olas measureat 600 nmagainst a
medium blank Data points are the means tbfeereplicates plus or minus standard

deviation. The x axis shows time in hours.
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4.C FLTR at different NaCl concentrations of LB medium

2.5 7
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Figure 5.2. Growth curves forS. warnericells growing inLB medium atdifferent
molarities of NaCl (0.17 M, 1 M, 2 M, 25 M and 3 M) in LB mediumcubated
overnight at37°Con an orltal shaker at 250 rpm. The ORas measured at 600 nm
against a medium blaniData points are the means tbfeereplicates plus ominus

standard deviationThe x axis shows the time in hours.
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5.2.4 Antimicrobial susceptibility tess

Antibiotic resistancedests werecarried outon H. blutaparonensisising the gandard

disk method as describa&al Section 2.9. Bacterial cells veespread on agar plates of

LB solid medium containing different concentrations of Na@itibiotic discs were
placed on plates and inhibition zones were calculated after overnight incubation. It was
decided to perform antimicrobial susceptibility tests fé. blutaparonensisonly
because of the lack of information in this regard in the literature. In contrast the
antibiotic sensitivity ofS. warnerihas already been widely studi@@enteret al, 2003.

The results forH. blutaporensisare shown in Table 5.3.

Table 5.3. Antibiotic sensitivity testsfor Halobacillus blutaparonensiso antibiotics.

Data points are the meaofthree replicates plus or minussdarddeviations.

Antibiotic 0.17MLB 1IMLB 2MLB 2.5MLB 3MLB
AML 4.5+ 0.12 3.9+ 0.12 4.3+ 0.15 4.3+ 026 4.6:021
VA 2.1+ 0.11 1.9+ 0.05 2.1+ 0.05 2.2 0.10 2.4+ 0.05
TE 3.2+ 0.15 3.1+ 0.10 3.3+t 0.17 3.5+ 0.10 3.9+ 0.31
E 3.4+ 0.08 3.1+ 0.05 3.3+ 0.26 3.3+ 0.11 4.1+ 0.30
P 4.4+ 0.20 3.8 0.25 4.4+ 0.20 4.2+ 0.25 4.6+ 0.23
FOX 3.5 0.10 3.4+ 0.05 4.2+ 0.15 4.1+ 0.12 3.8+ 0.35
MY 2.2+ 0.12 2.4+ 0.05 2.7+ 0.10 2.8+ 0.05 3.4+ 0.05
S 1.7+ 0.05 -ve -ve -ve -ve
IPM 4.4+ 042 4.1+ 0.36 4.3t 0.05 4.2+ 0.09 4.5+ 0.20
C 2.7+ 0.10 2.8+ 0.05 2.9+ 0.05 3.3+ 0.10 3.7£ 042
CN 2.5+ 0.36 2.1+ 0.05 1.6+ 0.05 1.6+ 0.23 1.6+ 0.05
SXT 1.7+0.20 1.7+ 0.05 2.3+ 0.10 2.4+ 0.20 2.3t 0.10
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In 4M6 Halobacillus blutaparonensijst is found that the sensitivity to antibiotics may
be affected by the concentration of NaCl préas The inhibition zone may differ when
the salinity is increased as in lincomydY and erythromycirE or may be decreased

as in the case of gentamyci@®&l. However, most antibiotic inhibition zones were only
slightly affected or not affected at all @ exposed to higher or lower salinitigsg
penicillin P). However for streptomycine S increasing the salinity lead to the complete
absence of inhibition zose

5.2.5Biolog PlateResultsfor H. blutaparonensisAM6 and S. warneri4cFLTR

Cells ofH. blutaparonensisaandS. warneriweregrown inLB medium,in 250 ml flasks

and incubated aB7°C overnight. The bacteriavere then washed with M9 minimal
medium (without any carbon source) three times to avoid eagryover of carbon
sources from the LB mediurBiolog GP2 plates were inoculated with washed bacterial
cells to give arDDgoo Of 0.2 and incubated overnight2f°C. The results in Table 5.4
show that the carbon utilization patterns lfbrblutaparonensigndS. warneriare very
different as would beexpected since they are closely related organisms. Both
organisms are capable of utilizing a wide range of carbon sources, which helps them to

colonise a range of natural habitats.

GP2 BIOLOG H. blutaparonensisAM6 Staph. warneri4.C FLTR

Water 0.986 0.492
U cyclodextrin - -
b- cyclodextrin - i
Dextrin

glycogen

inulin

mannan

tween 40

tween 80
N-acetytD-Glucosamine
N-acety} b-D-
Mannosamine
Amygdalin

L-Arabinose - -
D-Arabitol -
Arbutin -
D-cellobiose * -

+ 4+ + 0+ o+
H+ + + + 0

+

I+

I+
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D-fructose

L-fucose

D-galactose
D-galacturonic acid
Gentiobiose
D-Gluconic acid
UD-Glucose

m-Inositol

UD-Lactose

Lactulose

Maltose

Maltotriose

D-Mannitol

D-Mannose
D-Melezitoe
D-Melibiose
U-Methyl-D-Galactoside
b-Methyl-D-Galactoside
3-Methyl Glucose
U-Methyl-D-Glucoside
b-Methyl-D-Glucoside
U-Methyl-D-Mannoside
Palatinose

D-Psicose

D-Raffinose
L-Rhamnose

D-Ribose

Salicin
Sedoheptulosan
D-Sorbitol

Stachyose

Sucrose

D-Tagatose
D-Trehalose

Turanose

Xylitol

D-Xylose

Acetic acid
U-Hydroxybutyric acid
b- Hydroxybutyric acid
2- Hydroxybutyric acid
p-Hydroxy-Phenylacetic
acid

UKetoglutaric acid
UKetovaleric acid
Lactamide

D-Lactic acid Methyl Ester
L-Lactic acid

D-Malic acid

L-Malic acid

Pyruvatic acid Methyl Este
Succinic acid Monanmethyl

O e e I S T & N & RIS S S S S S A e PR

+ 4+ 4+ o+

+ + +

+

+ +

4+

+

H+ W+ + 4+ +

+ 4+ + + + + + A+ F o+ A+ H

+ + 4+ + + + + + +
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Ester

Proponic acid

Pyruvic acid

Succinamic acid
Succinic acid
N-Acetyl-L-Glutamic acid
L-Alaninamide

D-Alanine

L-Alanine
L-Alanyl-Glycine
L-Asparagine
L-Glutamic acid
Glycyl-L-Glutamic acid
L-Pyroglutamicacid
L-Serine

Putrescine
2,3-Butanediol

Glycerol

Adenosine

2-Deoxy Adenosine -
Inosine -
Thymidine -
Uridine -
Adenosines-
Monophosphate
Thymidine5-
Monophosphate
Uridine-5-Monophosphate -
D-Fructose6-Phosphate -
UD-Glucosel-Phosphate
D-Glucose6-Phosphate
D-L-U-Glycerol Phosphate

+ o+ + o+

A S

+ + 4+ + + + + + A+ A+ A+ +

1
+

1
+

+ + + + +

+ o

Table 5.4. Carbon utilization tests carried out on GP2 Biolog 96 well plates. The
reduction of the tetrazolium dye was measureQ@dgs. For 4M6 {. blutaparonensiy

values between 1.0 and 1.25 were rated weak growth () and values above 1.25 were
rated as good growth (+). For 4cFLTR. wvarner), values between 0.5 and 0.75 were
rated as weak growth (x) and values above 0.75 were rated as good grpwirhis

was based on the OD value in the presence of water only.
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5.2.6 Determination of Compatible Solutes (Osmolytes) by Nuclear Magnetic

Resonancespectroscopy (NMR)

In order to identify the compatible solutes accumulated Hglobacillus
blutaparonasis and Staphylococcus warneritheir cells weregrown in different
salinities and the compatible solutes were extracted from the cells and detected by NMR

as described in section23.

The spectraf Halobacillus blutaparonensisells contain signalsrbm normal cellular
metabolites (g. signals in the rangef 0.57 3 ppm). Theravassome change in these
signals with NaCl concentration: signals between 2 and 2.5 ppm detgeadaally in
intensity from 2 to 3.5 MNaCl. Thesewere mainly from glutamat, showing that
glutamate is being used as an osmolyte at low salt concentrations. The most obvious
signals in the spectrumerefrom betaine, which is present at 2 M salt and increases up
to 3 M salt. Therefore, the glutamate is being replaced as anytsrhglbetaine as the

salt concentration increases. This is a common observation for madgrately

halophilicbacteria.

At 3.5 M NacCl the concentration of betaine decrehféigure 5.3) This is notwhat
one would expect if it ideing used as the osipte. However, it is a very common
observation that the smolyte concentration is unpredictabd very high salt

concentration, when the cglarestruggling to grow.

Figure 5.4 show$.warneri samples behadan a consistent mannefhere are sigis
from normal cell metabolite@.57 3 ppm) which @ not change much witiNaCl
concentration The only signals thathangd significantly are from the osmolyte
betaine, which increadesteadily as the salt concentration increakas.concluded that
betane is the only compatible solut®at increasedwith increasing salinity inS.

warneri cells.
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H. blutaparensis grown in LB

Figure 5.3. Onedimensional 1HFNMR spectra of cell extracts derived from
Halobacillus blutaparonensisells grown in LB medium with differertoncentrabns
of NaCl from 0.17 (normal LB medium) to 3.5 M NaCl
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Figure 5.4 Onedimensional

1-NMR spectra of cell extracts derived from
Staphylococcus warnegells grown in LB medium with differentoncentrations of
NaCl from0.17 M (normal LB medim) to 2.5 M NaCl
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5.3 Conclusions

The work described in this chapter shows that moderately halophiic (
blutaparonensis and halotolerantS. warnerj microorganisms can be isolated from
freshwater samples in this case from the AAsfar Lake and wrounding drainage

canals in Hassa, Saudi Arabia.

Figure 5.1 shows thad. blutaparonensiss moderately halophilic, because growth at 1

M NaCl is virtually identical to growth in normal LB medium i.e. 0.17 M Na@l.
blutaparonesiscould grow at 3 M N&l, but no growth was found at 4 M NaCl (Fig
5.1). This agrees well with the original descriptiorHoblutaparonensidy (Barbosaet

al., 200§ who found thatthe maximum salinity for growth was 20% NacCl, which
equals 3.4 M NaCl. The responseHbfblutaparonensigo salinity makes sense in the
context of the Brazilian shoreline where it was isolated by Barbbah (2006), since

this habitat is subject touttuating salinity as the tide ebbs and flows, but it is less
obvious why the organism is well suited to grow in the freshwateksfdr Lake. In

both the current study and the published work by Barbosa, LB medium was used to
isolate and groviH. blutapaionensign varying levels of NaCl. Interestingly, the current
work showed thaH. blutaparonensisvould not grow in high salinity M9 minimal
medium, it appears to require rich medium to grow at high salinity. This requirement
for high levels of nutrientalso fits well with its original isolation from the roots of the
Blutaparonplant, but not so well for its isolation from the lake. However, other work
from our laboratory plus the published work ¢Echigo et al, 2005 clearly
demonstrates that haloiic bacteria can be found in ordinary garden soils and
freshwater river samples. Interestingly, the opposite is also true i.e. bacteria isolated
from salt fields in Japan can also grow well at low salinif@sushimaet al., 2007%.
Therefore, the main conclusion from this part of the work is that salt tolerant or

moderatelyhalophilic bacteria can be found in freshwater environments.

The original work orH. blutaparonensidy (Barbosaet al, 200§ did not address how

the organisntopes with high salinities. In the current wokk, blutaparonensisvas
shown to accumulate the compatible solute betaine at high salinities using NMR
analysis (Fig 5.3). Betaine is a common compatible solute and is often used in rich LB
medium where chole can be transported into the cells at high salinities and converted
to betaine by a twenzyme pathwayCummings and Gilmour, 1995 This is a very

efficient way of accumulating compatible solute and allowing growth at high salinity.
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In M9 minimal medium, many moderate halophiles switch to ectoine as their
compatible solute and most organismsl @idcumulate some ectoine at high salinities
even when grown in LB mediufKunte, 200§. However,H. blutaparonensisioes not
accumulate @oine at high salinities in LB medium (Fig 5.3) and it does not grow in
minimal medium at high salinity. This suggests tliat blutaparonensiscannot
synthesise ectoine and is thus dependent on chaiinen betaine synthesis for growth

at high salinitis. It thus differs from another speciesH#dlobacillus H. halophilus

which is known to synthesise ectoifgaum and Muller, 2008

The further characterization carried out bin blutapaonensisin the current work
included antibiotic sensitivity assays (Table 5.3) and also carbon source utilization
(Table 5.4). This information shows tHdt blutaparonensiss sensitive to a range of
antibiotics and it utilizes a wide range of carbonrses. The information gathered for

H. blutaparonensisigrees well with the published description(Barbosaet al, 2009

and it seems highly likely based tve 16S rRNA gene sequencing (Chapter 3) and the
physiological characterization in this chapter that isolate 4M6 is a straiH. of
blutaparonensis

The other strain studied in this chapt8r, warneri,is of interest due to its potential
pathogenicity as ebcribed in section 5.1. It is halotolerant rather than moderately
halophilic, because the best growtlas at 0.17 M NaCl (Fig 5.2). Only very slow
growth was seen at 3 M NaCl. NMR analysis showedShatarnerialso accumulated
betaine as its compatédkolute at highainities (Fig 5.4). No data haween published
concerning compatible solute production ®ywarnerj but it is known that. aureus
accumulates betaine and proline as its main compatible s@Miles et al, 199). In

the current work, only betaine was found to be accumulat&] imarneri(Fig 5.4).

Table 5.4 shows th&®. warneriutilized a very wide range of carbon sources and the
organism is clearly well adapted to grow in environments with different mixtures of
carbon sources, which may help to explain the presence of this pathoggmsor in

the Al-Asfar Lake water.
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Chapter 6

EFFECT OF UV RADIATION ON
THE SURVIVAL OF
Exiguobacterium, Haldaallus
blutaparonensis and Staphylococcus
warner|
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6.1 Introduction

Solar radiation in the environment is potentially destructiveraUiolet (UV) light or
radiation is one type of solar radiation that can cause serious damage to a variety of
organisms from bacteria to humans due to its deleterious effect on (BMAa and
Hader, 2002Kumari et al, 200§. DNA is the storeof genetic information in living

cells, its integrityis essential to life. DNA, however, is not inert; rather, it is a chemical
entity subject to assllt from the environment. @y UV damage, if not repaired, will

lead toserious damagenutation ad possibly diseas@grodriguezRochaet al, 2017).

UV light is classifiedinto three typesUVA, UVB and UVC electromagnetic radiation
(Table 6.1) UV light haswavelengtls less than thiaof visible light (400 nm) and more

than that of Xray radiation (100 nm). UVA and UVB are naturally found in the
environment on Earth and cause many health hazards especially skin lesions and skin
cancer. UVC is almost all absorbed by the ozone laydrjtba commonly used in
laboratories and hospitals for the purpose of disinfection and decontamination due to its

germicidal action where it is produced using special laf@ascoret al, 1995.

Table 6.1.Different types of UV radiation.

Ultraviolet A UVA 3157400 nm long black light
wavelength

Ultraviolet B uUvB 2807315 nm medium
wavelength

Ultraviolet C uvC 100z 280 nm short germicidal
wavelength
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Figure 6.1. lllustrates the spectrum &fV light wavelength which is less than that of
visible light (400 nm) and me than that of Xay radiation(100 nm).UVA and UVB
are the natural source of UV radiation in the environment. UVC is the shortest

wavelength and can be produced synthetically.

Exposure of bacterial cells to UVC (245 nm) results in @etainof DNA lesions. UV

can cause two of the most abundant mutagenic and cytotoxic DNA photolesions i.e.
cyclobutanepyrimidine dimers (CPDs) and -4 photoproducts (@PPs). These
pyrimidine dimers can blocBONA replicationunless repaire@Kielbassaet al, 1997.
Pyrimidine dimers formwhen the carborcarbon double bonds with individual
pyrimidines break and become bonded with the carbons of the adjacent nucleotide. The
most frequent occurrence of this type of d&¥mageoccurs betweeadjacenthymines

(Fig 6.2)

Many ways ofmaking genetic repairs exisimong them the &ogenic DNA repair
mechanism in which accurate transmission of genetic information occurs from one cell
to its daughters and this is the key factor in survival of the organidmsstransmission
requires extreme accuracy in DNA replication and precisiazhromosome distribution
(Reedet al, 1996. Among the repair mechanisms that overcome the UV induced

damage are photoreactivation, nucleotide excision repair (NER) and base excision
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repair (BER)(Friedberget al, 1995. NER has a multienzyme repair complex which
can remoe a wide variety of types of base damage as oligonucleqtitkexdet al,
1996. While BER is more selective in combating UV damage and repair is by
recognition of the type of lesion or its chemicatgrpducts. The damage is removed in

the form of a single bag®oetsch and Cunningham, 1990

Before

Incoming
UV Phaton

http://en.wikipedia.org/wiki/Pyrimidine_dimers

Figure 6.2. The effect of UV radiation on thymine or cytocine causing molecular base

lesions and pyrimidine dimers via photochemical reactions.

Since microorganisms vary in their tolerance of UViatddn in terms of the time of
exposureit was decided to test the resistanc&¥oradiation of various strains &hed
some light on participation of environmental microbes in public hed@linee strains
were chosenparticularly relevant to those bada of medical or public health
significance;Staphylococcus warnem comparison to a non pathogenic environmental
strain; Halbacillus blutaparonensjsn addition toExiguobacteriunwhich represents a

genus of alkaliphilic bacteria that can sometimegathogenic.

Experimenal design was such that the bacterial samples were divided into liquid
cultures for the purpose of evaluating the effect of UV on DNA and agar plate cultures
to find out the effect of UV on colony formation. In both cases, thectetife UVC
exposuravas testedfter various times of exposure at a wiawneth of 254 nm (power =
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40 Joule). The UV lamp was set at a height of 25 to 30 cm above the bacterial cultures.
To look for the presence or absence of DNA regenerating agents subk as
photoproducts and cyclobutapgrimidine dimers that prove the preserareonset of

DNA regeneration, a period of light and dark treatment was applied post UV radiation
exposure. Finally the Electron Microscope facility was used to examine the éfté¢t o

light on the morphology of cells.
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6.2 Results and Discussion

The effects of exposure to Ultra Violet radiation were examined using cells incubated

on agar plates (solid medium) and in liquid cultures.

6.2.1Agar Plates

To studythe effects of UV light on bacterial cells incubated on agar plates, dilutions of
overnight cultures were made {(3010°, and 1¢) which were streaked dmB agar

plates and subjected to UV light for 90 seconds, 105 seconds, 120 seconds, 135
seconds, 150seconds and 165 seconds fBxiguobacterium(Fig 6.3). For H.
blutaparonensisthe same dilutions of overnight cultures were subjected to UV light for
110 seconds, 115 seconds, 120 seconds, 125 seanmhdS0 seconds (Fig 6.4). Finally
dilutions of (103, 10, and 1) for S. warneriwere exposed to UV radiation for 60
seconds, 90 seconds, 105 seconds, 110 seconds, 120 seconds, 135 seconds and 15(
seconds (Fig 6.5). The different times were based on preliminary experiments. In
addition, control platethat were not subjected to UV radiation for each dilution were
counted. The results in Figures 6.3 to 6.5 suggest that on agar plates, all three organisms
are susceptible to the killing effect of UV light. It appears that the pathogenic Strain,

warneri, is most sensitive, withl. blutaparonensibeing marginally the most resistant.

Figures 6.6 and 6.7 show examples of plates exposed to UV ligekiguobacterium

(Fig 6.6) andS. warneri(Fig 6.7). It is very clear th&. warneriis much less rediant

to UV exposure thamxiguobacterium. Figures 6.6 and 6.7 also show a flaw in the
experimental protocd(i.e. the control plates and plates exposed to UV for short time
periods had confluent growth and individual colonies could not be cqunfeat his
reason, it was decided to conduct all future experiments by exposing liquid cultures to
the UV light.
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Figure 6.3 Effect of UV exposure orExiguobacteriumcolony % Kkilling. Dilutions
(10%, 10° and 1) of overnight cultures were spread on plates and then exposed to UV
light. After overnight incubation, the numbers of colonies on each plate were counted.

Each point represents meastandard error. Note that the x axis does not start at zero.
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Figure 6.4. Effect of UV exposure omd. blutaparonensisolony % killing. Dilutions
(10%, 10° and 1) of overnight cultures were spread on plates and then exposed to UV
light. After overnight incubation, the nunmseof colonies on each plate were counted.

Each point represents meastandard error.
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Figure 6.5. Effect of UV exposure on pathogenBtaphylococcusvarneri, colony %
killing. Dilutions (10% 10* and 10°) of overnight cultures were spread on plates and
then exposed to UV light. After overnight incubation, the numbers of colonies on each

plate were counted. Each point represents mestandard error. Note the x axis does

not start at zero.
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Figure 6.6 Examples ofExiguobacterium plates where colonial growthas been
affected after differentimes of UV exposureThe top left plate is the contrgle no
exposure to UY and all other plates show the effect of increasiimges of UV

exposure.

128



Figure 6.7. Examples ofS. warneriplates after exposure to UV light. The top left plate
is the control (no exposure to UV), but the other plateswvthe cleareffect UV light
has on colony formatiorstarting from 30 second UV eagpure with increment in
radiation of 15 seconds per exposuEe/entually few or no colonies are visible.
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6.2.2 Liquid Samples

Liquid samples were put in glass Petri dishes and exposed to UVC light at a height of
25 - 30 cm. On the basis of preliminargxperiments, allExiguobacteriumliquid
samples were exposed to UV light for long time periods of 10, 20, 30, 45 and 60
minutes. H. blutaparonensigiquid samples were exposed to UVC light for 60 seconds,
75 seconds, 90 seconds, 105 seconds, 120 seanddk35 seconds. warneri liquid
samples were exposed to UVC radiation for 60 seconds, 90 seconds, 105 seconds, 120
seconds, 135 seconds and 150 seconds.UVheeated samples were divided into two
groups, one group was kept in the light for 1 hoghtlitreatment) and the other group
was kept in the dark for 1 hour (dark treatment). Then genomic DNA was extracted
from all liquid samples exposed to UVC light, plus controls that were not subjected to
UVC exposure.

Before loading on gels to see the effet UVC on the genomic DNA, the amount of
DNA in each sample was quantified using the spectrophotometer and the results are
shown in Tables 6.2 to 6.5. In all cases the concentration of genomic DNA in the UVC
exposed samples has been significantly redludegures 6.8 to 6.10 show the
degenerative changes to the genomic DNA extracted from the three organisms. The
degenerative effects are most clearly seen in FigureBxiguobacteriupand Figure

6.9 H. blutaparonensiswhere the degraded DNA is seensireaks down the lane of

the gel. Figure 6.10 does not show this effect as clearl@.ferarnerj because of the

low amounts of DNA loaded on to the gel (Table 6.4).

Figures 6.11 and 6.12 show the effect of light and dark treatment on the recovéfy of U
damaged DNA fromExiguobacteriumcells. In Figure 6.11, lanes 1 to 7 show DNA
exposed to increasing lengths of exposure to UV light and lanes 2 to 7 show DNA after
increasing exposure times. It seems clear that dark treatment is more effective at
allowing recovery of the DNA. A similar conclusion can be drawn from Figures 6.13
and 6.14 foiS. warneriDNA (i.e. that incubation in the dark significantly enhanced the

recovery of DNA from UV induced damage
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Table 6.2. DNA quantification of Exiguobactemum samplesafter light and dark
treatment before being loaded on to the gel. The control (not exposed to UVC)
Exigubacteriungenomic DNA concentration was 0.0@6/ml.

Duration of UVC Exposure (min. Da”{pg;?n"’};mem (Lighl'j;'/rrﬁi’:)ltment
10 0.016 0.010
20 0.014 0.015
30 0.023 0.029
45 0.025 0.016
60 0.015 0.015

Table 6.3 DNA quantification ofH. blutaparonensissamplesafter light and dark
treatment before being loaded on to the gel. The control (not exposed to HIVC)
blutaparonensigenomic DNA concentration was 0.244/ml.

Duration of UVC exposure (min. Darlgugfna;;ment Ligh('[ugr/erls:;ment
1:00 0.003 0.023
1:15 0.004 0.002
1:30 0.004 0.002
1:45 0.004 0.005
2:00 0.004 0.014
2:15 0.004 0.003
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Table 6.4. DNA quantification of S. warnerisamplesafter light and dark treatment
before being loaded on to the gel. The control (not exposed to WB/Gyarneri
genomic DNA concentration was 0.00@/ml.

Durationof UVC Exposure

(minutegseconds) Dark Treatment ughl  Light Treatment pgnl

1:00 0.007 0.003
1:30 0.002 0.001
1:45 0.003 0.003
2:00 0.002 0.002
2:15 0.005 0.004
2:30 0.009 0.001
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Figure 6.8. Effect of UVC radiation orExiguobacteriunstrain. Lanes3 to 7 show
degenerative changes tioe DNA due to UVC light exposure, lane 2 is the least UV
exposed lane while it increased till it reaches the maximum radiation on lane no. 7. Lane

no. 1 and 8 are ladders
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Figure 6.9.Effect of exposure to UV radiation ¢ blutaparonenis. Lanes 3 to 7

show degenerative changes to the DNA due to the effect of increasing exposure to
ultraviolet light. Time of UV exposure started at 1 minute 30 seconds in lane 3 and then
increased by 15 seconds for each lane until lane 7. Lane 2 is thal ¢oot exposed to

UV), while lane 1 is the ladder.
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Figure 6.10. Effect of UVC exposure ofs. warneri Lanes 2 to Bhow degenerative
changes of DNA due texposure to UV radiation. Time of UV exposure increased
gradually in lanes stang from lane 2 till it reaches its maximum at lane 7. Lanes 1 and
8 contain DNA ladder.
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Figure 6.11. The effect of light treatment (1 hour) daxiguobacteriumafter UV
exposure which starts in lane 1 and increased till it reaches iimomaxat lane 7. Lane

8 is a non UV treated control.

136



Figure 6.12. The effect of dark treatment (1 hour) @&xiguobacteriumafter UV
exposure which starts in laBeand increased till it reaches its maximum at lane 7. Lane
1 is a DNA ladder. Stw different degrees of degenerative changes beside autogenic
repair after prolonged period of dark treatment adopté&kiguobacterium
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Figure 6.13.The effect of light treatment (1 hour) & warneriafter UV exposure

which starts idane2 and increased till it reaches its maximum at lane 7. Lane 8 is a non
UV treated control. Lane 9 is a DNA ladder.
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Figure 6.14.The effect of dark treatment (1 hour) &1 warneriafter UV exposure

which starts in lane 3 and increagiidt reaches its maximum at lane 8. La2& a non

UV treated control.
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To attempt to further investigate the degenerative DNA effects seen in Figures 6.11 to
6.14, quantification of DNA was carried out and unified amounts of DNA (200 ng)
were loa@d in the wells. After running the gels, all lanes waamalysed using soft gel
analysis data base software (Quan®ne, Quantitation Software BioRad). To help see
the trends, all curves were normalized to the maximum value to account for any

remainingdifferences in DNA content between lanes.

Figures 6.15B and 6.16B show the normalized resultsEfaguobacteriumDNA
subjected to UV exposure and then allowed to recover in the dark or the light
respectively. The first peak corresponds to the DNA nearwéll and the second
double peak shows the main concentration of DNA in the lane. The tail beyond the
double peak shows the amount of DNA in the smear following the main bands of DNA.
For the dark treated samples, the largest smear is shown in Larmge@&1®B), which

would suggest the most DNA damage in the sample exposed for the longest time to UV
light. However, the opposite effect is seen after light treatment, where the largest smear

is seen in the control sample not exposed to UV light (Fig §.16B

Figures 6.17B and 6.18B show the normalized resultS favarneriDNA subjected to

UV exposure and then allowed to recover in the dark or the light respectively. The
DNA smear data after the major peak of DNA shows the largest amount of DNA (i.e.
the most obvious smear) in the control samples (not exposed to UV light) after both
light and dark treatment (Figs 6.17B and 6.18B). These results and the result for
ExiguobacteriunDNA after light treatment (Fig 6.16B) seem counterintuifive. more

DNA damage in the control than in the UV exposed sampl@se possible explanation

is that more of the UV exposed DNA has been completely degraded and is not seen on

the gel and cannot be detected by the soft gel analysis software.
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Figure 6.15A. Soft GelAnalysis ofdark treatecExiguobacteriumDNA samples. The
software scans the gel and produces a curve for each lane starting at the top of the gel
and working down.

1.2 : .
Normalised Maximum Data
1

0.8 Lanel
= ane2
e |_ane3

0.6 =| aned
—|_anedb

0.4 Lane6

0.2 -

0 100 200 300 400 500 600

Figure 6.15B.ExiguobacteriunDNA samples from Figure 6.15A, tldatahave been
normalsed tothe maximumvalue.
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Figure 6.16A. Soft Gel Analysis ofight treatedExiguobacteriunDNA samples The
software scans the gel and produces a curve for each lane starting at the top of the gel
and working downLane 1 is the control (no expoe to UV light) and Lanes 26 are
increasing times of UV exposure.
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Figure 6.16B.ExiguobacteriumDNA samplesirom Figure 6.18, the datahavebeen
normalised tdhe maximumvalue.
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Figure 6.17A.Soft Gel Analysis ofight treatedS. warneriDNA samples The software

scans the gel and produces a curve for each lane starting at the top of the gel and
working down Lane 1 is the control (no exposure to UV light) and Lané&s72are
increasing times of UV exposure.
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Figure 6.17B. S. warneri DNA sampes from Figure 6.1A, the data have been
normalised tadhe maximumvalue.
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Figure 6.18A.Soft Gel Analysis oflark treateds. warneriDNA samplesThe software

scans the gel and produces a curve for each lane starting at the top of the gel and
working down. Lane 1 is the control (no exposure to UV light) and Lané&s72are
increasing times of UV exposure.
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Figure 6.18B. S. warneri DNA samplesfrom Figure 6.18, the data have been
normalised tdhe maximumvalue.
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6.2.3 Electron Microscope Analysis ofExiguobacterium and S. warneri cells

exposed to UV light

Scanning and transmission electron microscope experiments were carried out to
examine the effect of UV radiation on internal structure and shaggigfiobacterium
andS. warnericells. The effect®f light and dark treatment post UV exposure on cell
structure and shape were also studidte analyse were carried out in the Biomedical

Science Department (The University of Sheffield) as described in se@@n 2.

Figures 6.19 and 6.20 show the SEMages ofExiguobacteriuncells exposed to UV

light for increasing time periods up to 60 minutes and then being allowed to recover in
the light (Fig 6.19) or the dark (Fig 6.20) for one hour. There are no obvious changes to
the cell morphology in response exposure to UV radiation. Figures 6.21 and 6.22
show TEM images forExiguobacteriumcells exposed to UV as described above.

Again, there are no obvious differences in the cell structure after UV exposure.

Figures 6.23 and 6.24 show the SEM imagesStavarneri cells exposed to UV light

for up to 150 seconds and then being allowed to recover in the light (Fig 6.23) or the
dark (Fig 6.24) for one hour. There are no obvious changes to the cell morphology in
response to exposure to UV radiation. Figur&s énd 6.26 show TEM images Bt
warneri cells exposed to UV as described above. Again there are no obvious
differences in cell structure after UV exposure and indeed many cells are in the process

of cell division indicating that they were actively giiog after the UV exposure.
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Figure 6.19.Scanning electron microscope image&riguobacteriuncells exposed to

UV light and then allowed to recover in the light. Top left is control (not exposed to
UV light) and then cells exposed to U\ttt for 10, 20, 30, 45 and 60 mins. All cells
were allowed to recover in the light for 1 hour.
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Figure 6.20.Scanning electron microscope image&wriguobacteriuncells exposed to

UV light and then allowed to recover in the dark. Top left istrbrfnot exposed to

UV light) and then cells exposed to UV light for 10, 20, 30, 45 and 60 mins. All cells
were allowed to recover in the dark for 1 hour.
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Figure 6.21. Transmission electron microscope images Eofiguobacteriumcells
exposed to W light and then allowed to recover in the light. Top left is control (not
exposed to UV light) and then cells exposed to UV light for 10, 20, 30,45 and 60 mins.

All cells were allowed to recover in the light for 1 hour.
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Figure 6.22. Transmissia electron microscope images @&xiguobacteriumcells
exposed to UV light and then allowed to recover in the dark. Top left is control (not
exposed to UV light) and then cells exposed to UV light for 10, 20, 30, 45 and 60 mins.

All cells were allowed toecover in the dark for 1 hour.
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Figure 6.23.Scanning electron microscope imagesSofwarnericells exposed to UV
light and then allowed to recover in the light. Top left is control (not exposed to UV
light) and then cells exposed to UV light 80, 90, 120, 135 and 150 seconds. All cells
were allowed to recover in the light for 1 hour.
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Figure 6.24.Scanning electron microscope imagesSofwarnericells exposed to UV

light and then allowed to recover in the dark. Top left is corftrol exposed to UV
light) and then cells exposed to UV light for 60, 90, 120, 135 and 150 seconds. All cells
were allowed to recover in the dark for 1 hour.
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