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ABSTRACT

Peatlands contaian accumulation of organic material over extended periods of time which
can provide biological and chemical proxies for determining psgagoonments. The organic
accumulation can & dated to provide a chronology of time that, integrated with various
proxies, can help understand, interpret and infer past environmental conditions which prevailed
at the time of deposition. One such proxy that has yet to be explored are aerobic endospor
forming bacterigd AEFB) which have the ability to form dormant endospasss survival
strategy to wercome unfavourable conditions. Dormant endospores may potentially serve as
0t icrme s uHicke ®uwd pmvide an insight into tkhanges in microbialiversityof AEFB,

from ecologicallysensitive environments, in relation to past physicemical conditions. Ti&
studysoughtto reviveanddetermine the genetic and physiological diversity amot@shant
AEFB sampled from an ancient sediment core ioleté fromthe Mfabeni Peatland, KwaZulu
Natal, South Africa. Samples were taken froadiccarbondatedsections of the corat ca.

589, 1964, 17568, 33328 and 3 P06 cal years BRnd subjected to a sequential extraction
protocol prior to dilution serieplating onto selected media. A total of 270 isolates were
selectedfor genetic fingerprinting and screened usiRgpetitive &tragenic @lindromic
Polymerase Chain Reaction (RBER) targeting tle BOX mosaic repetitive elemeid
evaluate genetic divetgi and Hgh Resolution Melt Analysis (HRMAWwhichwas evaluated

as a means to distinguish between fingerprint grou@ngdgo validate the genotyping results.
HRMA wascarried out usingrimer sets targeting ttepo0OAgeneand thev3 and V4 variable
regons of the 16S rRNA gene. Taxonomic ranking and phylogenB®frepresentative
genotypes werassessed through sequence analysis of amplified partial 16S rRNA gene
fragments.As part of physiological testingak (0.5% 15% NaCl) and pH rage (3 10)
tolerances were deatmined using microtiter plate assaydubstrate utilizatiorabilities of
selected representative isolatesr@determined through physiological profiling using Biolog
EcoPl at esE and s edalyimeans afaronical Carnespdngencknalysis
(CCA). Isolates were revived from all five depthsdtotal colonyforming units (CFU) per

gram were found to decreash increasinglepth and age of sampl&he rutritionally-rich
trypticasesoy agar (TSA) mediumproduced lower counts oévived AEFB compared to the
environmentallybasedMarine Agar and nutritionally-limited Re a s o 24 agé@rand 10%

TSA media. RegPCRallowed forstrainlevel discriminationof theisolates TheV3 and V4
regions provided théest HRMA resolution and allowedor closelyrelatedspeciesto be



matched Genotyping revealed that significant diversity was present amongst isolates from
different sample depthsNinety-four percent of operational taxonomic units (OTUS)
distinguished were unique to their sampling deBttylogenetic analysis revealed the presence
of several aerobic endospeiming generanamely Bacillus Brevibacillus Paenibacillus
Domibacillus Lysinibacillus Solibacillusand PaenisporosarcinaStrains ofLysinibacillus
andBrevibacilluswere umnque to sample depths corresponding to ca. 589 &l Tal years

BP, whereaomibacillussp. isolateswere revived from samples dated at ca5&8 and
33328 cal years BFEighteenpercent of isolates had 16S rRNA gene sequences displaying
<97% similaity to referencespecies currently listed in the NCBI database, suggesiaig
some ofthese isolates mayotentiallyrepresent novel species strains Substrate utilization
profiling revealed thatcollectively, isolates were able to utiliZ¥ of the31 substrates tested;

the most commonly utilized substratesngeTween 40, Tween 80 and pyruvic acid methyl
ester. Canonical correspondence analysis reveakdth significance, that the agef the
samples from which the isolates were obtained did hae#fact on the variations observed in

the patterns of substrate utilization. Tolerance ranges to salt and pH depicted less significant
variations between isolates from different depths. The highest percentages of isolates favoured
salt concentrations up 865%.Thirty-severpercenbf selected isolategere capable of growth

ata 15% NaCl concentrationThe majorityof isolates tested from eachpdle preferred a pH
range of 7.58.5, whilst asmaller percentage, namely.7% and 3%, were capable afrowth

atpH values of 3 and 1 0espectively. The resulssiggest thgteatlandslo serve as a reservoir

for dormantAEFB, some of which are potentially uncharacterized. This shiglylights the
changes in bacterial genetic and physiological diversity whiclr@ong an environmentally
variable sediment profileDormant endospores may serve as a proxy which can be used to

determine palaeenvironments.
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CHAPTER ONE

INTRODUCTION

Wetlandsare biologically diverse ecosystems that occupy approximately 6% tdtdiéand
surface on earth (Batzer &@Sharitz 2014). These systems can be-diided intoareas of
freshwater,estuarinefen, marsh or peatlan®f these, peatlands make up approximately 50%
of wetlands in the world (Grundlingt al, 2013a).

Within peatlands, the rate of biomass prdducexceeds that of decompositiGWhittle and
GallegoeSala, 2016)This causes an accumulation of organic matésiaiccur in layerspver
potentially thousands of yearsn which biologicalorganisms can become entrappBdth
anoxic and oxic conditiaoccur within these ecosystem@®odelier and Dedysh, 2013)
Aerobic endosporéorming bacteria (AEFB) are routinely found in the oxic zone of wetland
environments andontribute towards the productivignd turnover witim such environments
(Ding et al, 2005; Nieder and Benbi, 200&umar et al, 2013. When anoxic conditions
dominate AEFB have the ability to form dormant endosporessianvival

Endospore formation is a survival strategy which is triggered during adverse conditions and is
employed bycertain genera of Gram positive bactgfhlegel, 1993)The endogores are
dormant highly differentiatecindexceedingly resiliendtructures whiclareformed within the
bacterial cell angerve the function of providingesistance to the bacter@cHegel 1993

Hilbert and Piggot 2004. The structuralcomposition of the endospore ensures DNA
protection from the harmful effects efvironmental conditions which may include exposure

to chemicalsultraviolet (UV) radiationor fluctuations in temperate, pH, salinity, moisture

or oxygen levelgHilbert andPiggot 2004. This enables endospores to survive for extended
time periodsunderunfavourable and potentially diverse conditions.

Dormant endospores may become deposited and preserved duraggrtineulation of peat

material over time. As a result, they maynain trapped within layers over a significant time

period in an unaltered forrithe organic material forming the peatland can be dated to provide

a chronology of time and ag thisway,do mant endospor es smalye ss@,r v i
or environmental proxiedavingthe potential to provide information regardiogangesn

bacterial diversy and physiological activity arising frophysicechemicalchanges occurring

within a giverenvironment.By examining shifts in the presence, abundance and environmental

tolerances of proxies trapped within the organic material, inferences can be made regarding
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past environmental conditions, which is useful in the field of climate cHahegdows, 2014).

By developing new proxies, a greater insight into pal®aronments can be gained and could
contribute to the lisdf existing proxiesised which includepollen, diatomsnd macrefossils

to allow for a more accurate and precise reconstruction ogpastonments (Meadows, 2014).
Whilst dormant endospores have the potential to serve as fadalmical indicators, their
application intheexamination of past environmental conditions has not been examined in great
detail (Renberg and Nilsson1992. Therefore,  examining palaeeenvironments, the
physiological and taxonomic diversity, as well asrietabolic capabilities of AEFB, may be
studied Furthermorethe potential of AEFB to serve as proxies in palaeological research

can be examined.

Within theiSimangaliso World Heritage Sita site whit houses approximately2B0 kn? of
diverse ecosystemiges St. Luciathe largest estuaridenked lake systerm Africa (Grundling

et al, 2013h. Approximately 66% of recorded peatlands in Sd\itica are contained within

the greater St. Lucia Wetland Park, thereby making it one of the most significant peatland
ecoregions in the country (Grundliegyal, 2013a)Locatedwithin St. Luciais the sudy site,

the Mfabeni Peatland

The Mfabeni Pe#dndis a system that is receiving research attention due to its age, dating back
beyond the Holocene, which is exceptional in the region (Meadows, 28dWever, to date

this region has not been explored from a microbiological viewpoinhande thereis a lack

of information regarding thefunctional and genomidiversity andmicrobial communities
which resided in this aredhis is a region which is ideal for palaeovironmental research
(Finch and Hill, 2008) and due to the age of this peatlandiddmisuitable foexamining the
feasibility of reviving AEFB present in a sediment core extracted from the site.

The studywasundertaken with the aim of revivirprmantAEFB from sections of an ancient
sediment corebtained from the Mfabeni PeatlandwaZulu-Natal and determiningher

genetic and physiological diversit&s such, th@bjectivesof this study are as follows

)] Isolation and revival of dorma®EFB from sections of an ancient sedimente
that had been radiocarbadated to ages rangingoin ca. 589 to 37 906 cal years
BP.

i) Assessment of the genetic diversity of reviveaFB through utilization of two
technigues, namelydpetitiveextragenicpalindromicPolymerase Chain Reaction
(RepPCR) and High Resolution Melt Analysis (HRMA).



i) Determiration of taxonomic ranking and phylogeny of representative genotypes
through 16S rRNA gene amplification aselquence analysis

1Y) Assessment of the salt and pH tolerance ranges of selected representative isolates.

V) Determination othe metabolic diversityamongst isolateby examining substrate

utilization capabilities througtheu s e of Bi ol og EcoPl at esE.

This studyfocussedn characterizing the diversity AEFB at varying radiocarbedated ages
down a sediment core, namely 589, 1 964, 17 568, 331828 A906 cal years BP. This will

be the first report providinghformation regarding the bacterial diversity in an ecosystem
within the Mfabeni Peatlandn addition the changing climatic conditions of this peatland
through time make it the ideal studyesfor examining thehanges in bacterial genetic and
physiological diversity which occur along an environmentadlyiable sediment profilélhis

study fits into a multidisciplinary approach based on pat®aeronmental research for a
fragile and impodnt ecosystem in southern Africa and provides the potential to examine a new

proxy which could contribute towards future studies of pakr@oronments.



CHAPTER TWO

LITERATURE REVIEW

2.1. INTRODUCTION

Wetlandsare areashat are saturated witlvateron atemporary or permanemiasis and are
considered to be distinct ecosystefRamsar Convention Secretariat, 2QIR)ese regions
contain water which is eiér flowing or in a static sta@ndsupport a diverse range of plant
and animal life(Batze and Sharitz 2014). Wetlandsplay important roles in a number of
ecological processes such as biogeochenugaling, water purification,greenhouse gas
emissionsshoreline stabilizatiomnd floodmitigation (Bodelier and Dedysh, 2013yhese
regions ae extremelysusceptible to climatic changes. Coastal wetlandgbecome flooded
through sea level rise and are prone to erosion, runoff and depreciation in waten(djnadity
al., 2009).These changes have an impacthe biota and microorganisms whieside there,
consequently affecting the diversity, abundance and distribution of species iadbsgstems
(Jinet al, 2009).Microbial communities play a significant role in biogeochemical cycling and
the overall maintenance of wetland processeseler, the study of microbial diversity in

wetland environments is often overlook@bdelier and Dedysh, 2013)

Peatlands make up approximathbif of all wetlandsin the world(Grundlinget al, 2013a).
Theyare characterized by a builgh of organicmaterial consisting of partialjdecomposed
plant matterwhich occursover extended periods of tingsa result of anaerobic conditions
which predominatéroetschet al, 201). These regions are suitable for pale@eironmental
research, which is céed on the reconstruction of past environme@srfiamet al, 2007)).
Biological and chemical proxiesontained within the organic material can be u$ad
determining palaeenvironments(Gorhamet al, 2001). These proxies generally exist in
unaltered érms over long time periods and can be usedinterpret and infer past
environmental conditions which prevailed at the time of deposiBooxies currently used
include pollenjchnofossils, diatoms andacraefossils (Meadows, 2014Pne such proxy that
has yet to be explored are aerobic endosfmraing bacterig AEFB) which have the abiy

to form dormant endosporeshich arehighly differentiated structures formed within the
bacterial celto provideprotection againsinfavourable conditionduringmetabolic dormancy
(Hilbert andPiggot 2004.



The occurrenceof anoxic and oxic zonesithin peatlands suppothe presence ainaerobic

and aerobic microbial communiti@Bodelier and Dedysh, 2013\ EFB are heterotrophs that

would be expected to bmetabolically activewithin the aerobic zones/Nhen anaerobic
conditions prevail, AEFB form dormant endospores for survival. As peat layers are deposited
over time, endospores would consequently remain trapped and preserved over long periods.
Endospores arable to remain in sediment once deposited (Wundetlai, 2014) andiiable
endospors havebeensuccessfullyisolated from ancient sediments dated to0Q8 years
(Rothfusset al, 1997) 9 000 years (Renberg and Nilssb®92 and 5800 yeargBarthobmew

and Paik1966. Sediments maytherefore serve as a suitabbrchival material whickcould

provide stable conditionthat allow for endospore survivaSince endospores are able to
remaindeposited andhactive, theycould provide reflections oAEFB species diversity and
abundance present at the time of deposiiithin ecologicallysensitive environmenti this

way, dor mant 6anci ent bacteri ad, i . e.-datdedact er i
environmental samplesjay serve abioindicatorsof prevailing conditions for a givgralaee

ecologicalera

The study of bacterial diversity across environmentadigiable profiles has been made
possible through a wide range of molecular fingerprinting techniques which allow for microbial
diversityto be differentiated at the species or stiawvel (Mandic-Mulec and Prosser, 2011
Through the combination of sequencing technologiad phylogenetics, the taxonomic
ranking and evolutionary relationships amongst isolated bacteria can be detelmadedion

to genetic diversity, physiological dynamics may also provide insight into the changes in
bacterial diversity occurring in pala@mvironmentsBy examiningthe physiological diversity

of endospordorming bacteria at different time scales, t@lece ranges to various
environmental parameters can be ascerta{dedeset al, 1993) In addition, metabolic
profiles can be established, thereby providing information on the potential functions specific

bacterianay haveplayedor the niches which thayay have occupied within these ecosystems

This review shalltherefore address the following topics:

) Wetland microbiology.

i) Examination of AEFB as suitable candiddimspalaesecological studies.

iii) The diversity of AEFB.

iv) An evaluation of endosporgbeir structure, the mechanisms behind their resistance
and their viability.

V) The revival of oO0ancientd endospores and



Vi) Techniques used for the evaluation of bacterial genetic and physiological diversity.

2.2. WETLAND MICROBIOLO GY
2.2.1. What are wetlands and why are they important?

Severaldefinitions existwhich explainwhat wetlands ardjowever from an ecological point

of view, wetlands can be described as ecosyswenich are characterized Hgnd saturation

with water(Bergh et al, 2004). TheRamsar Convention on Wetlandsscribes wetlands as

areas of water, fen, marsh or peatland, which may be temporary or pernaaakenbntain

water which is either flowing or in a static state (Ramsar Convention Secretariat, 2013). The
water may either be galater, brackish or freshwatén these areas, shallow water may cover

the land or the water table may be present at the land surface. Due to the significant animal and
plant life supported by wetlands, they are considered toéefthe most biologically diverse

types of ecosystems

Approximatdy 6% of the land surface on earth is occupied by wetlands (Batzer and Sharitz,
2014). Due to the significant effect that wetlands have on nutrient cycles, greenhouse gas
emissions, hydraolgical processes, biogeochemical transformations and vegetation; wetland
systems are considered to be of high ecological and economical value (Bodelier and Dedysh,
2013). Wetlands serve as buffers to-anfhfrom terrestrial regionghereby protectingnland

and coastal waters from eophication. They alsoontribute toerosioncontrol stabilization

of shorelineswater storage and the mitigation of floods (Ramsar Convention Secretariat,
2013). In addition they play a pivotal role in water purification nutrient retention,
sequestration of carbon dioxide and groundwater coritickobial communitiesare able to

thrive in these systems due to the presence of oxic as well as anoxic conditions. The presence
of these microbial communities boosts the proditgtof wetland systems as they contribute
significantly towardsthe biogeochemical cyclingf nutrientsand a global cycling of elements
(Richardson, 199Bodelier and Dedysh, 2013). Ecologically, wetlands support a great range
of aquatic and terresttiniota and economically, they contribute towards fisheaggculture,

food production, tourism and the assimilation of wastewater (Richardson, 1994).

2.2 2. Environmental characteristics of wetlands

Topography, geology and climate have an influenrcehe distribution and type of wetland.

Wetlands are present in temperate lowlan@sertstropical, subtropicalalpine regionsand



even the Arctic (Scotet al, 2014). The driving factor which dictates the characteristics,
composition, productivityrad biology of wetlands is hydrology (Mitsch and Gosselink, 1993).
Wetlands experience saturation of water at the surface of the sextérdederiods of time
annually. The hydrology includes many factors such as the level of groundwater, drainage
charateristicsthedegree of saturation of the soil and surface water outflow. The second major
feature is the occurrence of hydric soil i.e. soil which is saturated with water (Mitsch and
Gosselink, 1993). These soils generally have low oxygen contentsthirdedefining
characteristic is the aquatic and plant life which is present (Mitsch and Gosselink, 1993). This

generally includes plants such as hydrophytes which have adaptations to wet conditions.

2.2.3 The effects of climate changes on wetlands

The greatest effect that climate changes have on wetlanii® alteratiorof hydrological
systemssince wetlands rely on the availability, supply and flow of water (Erwin, 20@8hd
wetlands may experiencealights when water inputs through groundwatscharge and
surface runoff are outweighed by outptiteoughseepage and evaporati@oastal wetlands
canexperience an increase in seawater due to the rise in sea levelsalJi2009). Extreme
climate events can result in soil erosion, floodingoff and mudslides. These effects have a
direct impact upon the recharging of floodplain aqgsifesrganic sediment oxidaticend

damage todcal vegetation (Erwin, 2009).

Water quality is affecteds a consequensence water temperatures in wetlands as a result

of higher atmospheric temperatures. Cerfalent species thrive with higher tempeueds,
resulting in algal blooms araldecrease afissolved oxygenwhich thenpromotesanaerobic
decomposition (Jiret al, 2009). Additionally, the pH a@hsalinity levels of wetlandmay
becomesignificantly altered, thereby impacting upon the biota and microorganisms which
reside thereconsequently affecting traiversity and distribution of species in these regions
(Jin et al, 2009). With the continuemnpact of climate changes, the functional capacity of
wetlandscan declineand the number of wetlands with high productivity may decrease (Erwin,
2009).



2.2.4 Microbial activity in wetland environments

Plant roots are largely responsible for the pneseof anoxic and oxic conditions in wetlands,
which generally occur in close proximity to each otfi@wdelier and Dedysh, 2013pue to

the presence of these conditions, bataeaobicandaerobic microbial communitiese active

in these ecosystemBlutrient recycling by these microbial communities contributes towards
the productivity in wetlands(Bodelier and Dedysh, 2013)This occurs through the
biogeochemical conversion efutrientsincluding carbon,nitrogen andsulfur, which are

primarily derivedfrom plant biomasgBodelier and Dedysh, 2013)

Wetland microbiota comprise of microbial communities wHiethong to various functional
guilds (Bodelier and Dedysh, 2013)eterotrophic rhizosphere and plogphere microbial
communities in wetland ecgstems may be involved interactions with living plants and may
contribute towards plant growth and productivigumar et al, 2012) When plants die,
heterotrophi@erobic and anaerobic microbial communities are responsible for the degradation
of organc carbonthrough the production of extracellular enzym@arbon is one of the most
predominant nutrients in wetlandmd arises from plant breakdown into organic matter
(Bodelier and Dedysh, 2013Jhe aganic mattetthengets broken down to release aamb
dioxide (CQ) and methane (CHi Methanogenic Archaeare responsible fomethane
production in these ecosystemg)ereasaerobicmethanotrophs play an important rolettie
oxidation of methane (Kolb and Horn, 2012). These commurnities contributelargely
towards the atmospheric methane f\kthin the anoxic zones, denitrifiers are responsible for
the conversion afitratesto nitrous oxide (MO) and nitrogen gas gN(Kolb and Horn, 2012).
Nitrifiers are also present in the oxic zones and playesin the conversion of ammor(idHs)

to nitrate (NOs"), whilst diazotrophscarry out nitrogen fixatior{Lovell and Davis, 2012)
Peatlands are generally characterized by a low availability of nitrogen, thereby resulting in high
C: N ratios,which contrilutesto the slow degradation process encountered under anaerobic
conditions (Sheppardt al., 2013).Sulfatereducing microorganismalso make up a part of
wetland microbiotaand are foundo closely interactvith microbes involved in carboand

nitrogencycling (Pesteret al, 2012)

Various peciesof AEFB have been isolated from wetland and peatland environiffdhest

et al, 2005; Baeet al, 2010; Baiket al, 2011a; Bailet al, 2011b; Liuet al, 2015), thereby
providing evidence for the occurrenof AEFB in these ecosystents.addition to theirole

in degrading and metabaliiy variousforms oforganic carboras primary sources of carbon

and energyAEFB alsocontribute towardshe solubilisation of phosphatesfrogen fixation
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andammonificaion in sediment region®ren, 2002Kumaret al, 2012) Endospordormers
are commonly associated with the plant rhizospheresante specieare responsible for the
promotion of plant growth (Kumaat al, 2012).This generally occurs through theodudion
of plant hormones anithe solubili@tionof elements such as phosphatel phosphoroudian
et al, 2006;Kumaret al, 2012). These elements are then releastams which are available
to surrounding plantsEEndospordorming bacteria may thereferalso potentially contribute

towards these functions within wetland environments.

2.3 USING AEFB IN CLIMATE CHANGE STUDIES

2.3.1.The effects of climate changes on the ecology of bacteria

Due to the role that microbial communitiesplay in biogeochemidaprocesses andh
maintainingecosystem stability, it isnportantto examine the effectbatclimatechangesnay
have onbacterial community structur@nd functionality While manyof the climate change
effects might be indirect, such imspactson sedmentquality andonthe abundance and types
of plantspresentthe most common direct effedtelude fluctuations imoisture content and
temperature (Singlet al, 2010). These factors can result in changes in micrcbeties
richness andbundance

The noisturecontentof peatlandsmpacs on the availability of oxygen and the rates of gas
diffusion, thereby influencing thehysiological activity ofthe extant microbial community
For instanceperiodicreductions irsedimenmoisture may increase thagailability of oxygen,
thereby enhancing nutrient cycling, whereas an opposite effect is obseneadmoisture
levels are hig{Singhet al, 2010).The carbon: nitrogen ratiof a peatland environment can
also be affected by climate changes, which diaectly influence the rates of decomposition

and microbial biomass in soils.

Temperaturéas an effect otihe rate of growth, which has an impactloarate and occurrence
of microbial processes such as respiraf®inghet al, 201Q. Temperature flutiations within

peatlands may thysotentiallyimpactcertain activities for some microbial species.

2.3.2 The use of endosporéorming bacteria in palaec-ecological studies

Pabeo-ecology involves the reconstruction of previous environmental conditindsiding

the nature of past communitjesing proxiegGorhamet al, 2001).The reconstruction of past
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environments providean insight into past climates as weltlzes effects of climate changes in
specific regions and¢an be used to assedge impats of future environmental changes
(Meadows, 2014)A primary requirementor a biological indicatoto serve as a proxg that

the organism, or associated structures, should exist préiserving materiaver a significant
period of time in an unalted form(Gorhamet al,, 2001). Indicators which fit this requirement

and are commonly usenhclude siliceous microfossils and pollen graiRast environmental
conditions which prevailed at the time of deposittam be inferred using these proxikgs
necessary to explore and establish new proxies to add to the current list of proxies to aid in
improving resolution and detail when reconstructing past environments (Meadows, 2014).
Reconstructing past histories can enable various aspectsstadied such as the eféd of
disturbances on ecosystem structure or the effect of climatic changesntémdp@enic
activities on microbial diversitfWunderlinet al, 2014).0One such proxy which has not been

examined in great detail is dormant bacterial epdies.

Wunderlinet al. (2014)usedendospordorming bacteriafrom a sedimentary recoras an
indicator to assedhe impact of eutrophication on bacterial diversity and compositiathdRg
and Nilsson (1992) concluded thehilst endospordorming baceria couldserveaspotentially
useful contributors towards palaeoological studies, their application is relatively
unexploredThe isolation and identification @hdspores combined with molecular genetics
and biochemical techniques could allow fasp environmentatonditions to be deduced
(Renbeg and Nilsson, 1992).

2.4. AEROBIC ENDOSPOREFORMING BACTERIA (AEFB)
2.4.1 Taxonomic diversity of AEFB

The first genus of AEFB describe@®acillus, was proposedn 1872 by Ferdinand Cohn, a
German biologst (Wipat and Hardwood, 1999)Bacillus is classified under thghylum
Firmicutesand thefamily Bacillaceag(Wipat andHardwood, 1999)This genus comprises of
members which are facultatively anaerobic or aerobicshagped, Gram positive, capable of
endosporeformation, with lowguanine and cytosings+C) contentslinitially, variationin

G+C contentamongst different specieanged fronB83i 67 mol% demonstratindpigherlevels

of genomic heterogeneity within tBacillusgenughan expecte(Priest, 199). Subsequently,

this genus underwent further taxonomic revision following 16S rRNA gene sequence analysis

and phylogenetic evaluation (Askt al, 1991).Since 1990, certain species which were
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previously assigned tBacilluswere reclassified into 16 atidnal genera. Over 220 species

are incorporated into these genera, with greater than 150 assigBedillas (Logan and

Halket, 2011)In addition to this, 38 new genera of AEFB have also been proposed since 1990.
Collectively, there are currently 5éted genera of AEFB_pgan and Halket, 2011J ogether,

these genera contain greater than 460 new species which have been proposed since the 1986
edition of Ber gey 6 s Manual of D dLliogam and rHalket, 2081) Bact e
Paenibacillusis the secod largest genus of AEFB aft®acillus containing110 species

(Logan and Halket, 2011)

2.4.2. Physiological diversity of AEFB

Physiological diversity amongst AEFB is extensiv&xamples include aerobic
chemoheterotrophs such Bacillus Sporolactdacillus and Paenibacillus sulfate reducers,
such asDesulfotomaculunspp.; acidophiles, such aalicyclobacillus alkaliphiles, such as
Halalkalibacillus microaerophilic lactate fermenting bacteria, suclspsrolactobacillusas

well as coccoid represtatives with morphological characteristics similar to actinomycetes e.g.
Thermoactinomyceteand Sporosarcina(Nicholson et al, 2000; Slepecky and Hemphill,
2006; Ammanret al, 2011; Logan and Halket, 2011).

Endospordormershave adapted to a widenge of environmental conditions and aepable
of inhabiting diverse habitats (Nichols@t al, 2000).Endospore formation also provides
bacteria with the abilityto successfully colonize specific regions and-aunhpete other
bacteria(Wipat andHardwoal, 1999) Representatives of thdalobacillus Thermobacillus
andPsychrobacillugenerahave been isolated frohalophilic, thermophilic and psychrophilic
regions respectivelyAmmannet al, 2011). AEFB havealso been isolated fronmdiverse
environments ncluding marine sedimentsalt marshesthermal acid watersdesert soils,
volcanic soil, glacierssubantarctic soilmarine spongesvetlands, peat bogsd geothermal
vents (oganetal., 2000;Loganet al, 2004;Albert et al.,, 2005;Slepecky and Hemjh 2006;
Margesin andMiteva, 2011 Phelanet al, 2011;Cappaet al, 2014 Sonalkaret al, 2014;
Aannizet al, 2015 Liu et al, 2015. Many of these strains possess useful abilities, such as

proteolytic, amylolytic and antimicrobial activities (Péwekt al, 2011; Aannizt al, 2015).

Members of thdacillusgenus areapable of the production gariouscompounds including

antibiotics enzymes such as cellulases, proteasdamylasesand lipopeptidesvhich have
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anti-fungal and antbacteral activities(Wipat andHardwood, 1999 They may therefore be

usefulcandidatesn thebiotechnologicahnd medical sectors

2.5 ENDOSPORES
2.5.1. Functions of @dospores

Endospores are dormant, exceedingly resistaighly differentiated structurew/hich are
formed within the bacterial cglHilbert andPiggot 2004. These specialized structures serve
the function of providing resistance to the akifing periods of unfavourable environmental
conditions(Schlegel, 1993). The sporulation process len described asspecialization of
morphological characteristi@svhich is inifated in direct response to adverse conditions
(Hilbert and Piggot 2004) Unfavourable environmental conditions may inclea@osure to

high temperatureslack of moistue or nutrients and high concentrations of disinfectants.
Protection needs to be present against factors which may reduéictdamage to DNA, which
couldincludeUV or gamma radiation (Setlo®995. The resistance ahdaspores to heat is

10° times geater than that of getative cells and is a hundréald more resistant towards
radiation (Robert&nd Hitchins, 1969). Once favourable conditions arise, a vegetative state
may once again resume. This nagooccur through the relocation of teadspore to new
environments through various agents of dispgisaition 2.5.%. Environmental samples are
often abundant with bacteriabndspores,which demonstrateshe ability of endospore
formation to serve as a successful meaindispersal and survivgNicholsonet al, 2000).
Endospore formation is one of the primary reasons behind the effective establishment and
colonization ofendospordorming bacterian various niches, thereby allowing for vital roles

in various ecosystem processes to be fulfilled.

2.5.2. Life ¢ycle

2.5.2.1. Sporulation

Sporulation is described as the transitioning stage between a cell in the vegetative state and the
completedendospore (Roszak ar@olwell, 1987). Approximately 4% of the genomef

Bacillus subtilis(ca. 4.2 Mbp) s linked toprocesses involvedn endspore formatior{Kunst

et al, 1997).In the presence of abundant nutrients, there is a repression of the sporulation

process (Trachkt al, 1985). However, when conditions chantpe,sensing proteinSfrA and
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NtrC are able to transmit a signal regarding the environmental conditions, in turn directly
impactingupon theguanosines-triphosphatdevels within theendspore (Tractet al.,, 1985).

Due to numerous similarities between sporulation and division in vegetatisgit is believed

that the process aéndcspore formation is a modified form of cell division found within

prokaryotes $lepecky andHemphill, 2006.

A range of environmental and internal signals act as triggers for systems which are involved in
regulation. The mosimportanttranscriptional regulator involved in these systems is known as
Spo0A which is responsible for the control of greater than 10%@fenes present in the
Bacillus genome (Errington, 2003). Approximately 200 genes are involvetthanentire
sporulationprocess and the first stage in the developmergnaispores is referred to as
endosporulation§lepecky andHemphill, 200§. This process takes approxinmgteight hours

to reach completion. This step commences wBpoOAundergoegphosphorylation through

the action of numerous kinases, each of which resptmdch range of stimuli from the
environment [Errington, 2003; Piggot and Hilbert, 2004). Once SpoOA has been
phosphorylated, it serves to activate the transcription of genlesssmolIEandspollA which

have key roles in the sporulation process. Remaining genes which are vital in the sporulation
process are transcribed by the RNA polymerase enzyme, which is regulated by a sigma factor
k n o w n" (Earimgtot, 2003). Initially, the cell undergoes DNéplication. A protein known

as FtsZ forms two distinct rings, one at each pole. The cell then divides through the formation
of a membrane referred to as a septum, which occurs as a result of one-Bhtse(Errington,

2003). This results in the proction of a distinct prespore and a mother cell and is termed
septation, also known as an asymmetric sporulation div{§l@ygot andHilbert, 2004). The
pre-spore and the mother cell follow independent developmental patlirigyse 2.).

Approximatelyonethird of the chromatimaterial is captured in the pspore during septum
formation. The remainder of the chromatmaterial is translocated by means of a protein
known as SpolllE (Errington, 2003). Calbecific gene expression is-oodinated by mazs

of intercellular communication systems through the activation dfiaizeed sigma factors
(Piggot andHilbert, 2004). These sigma factors are responsible for the initiation of gene
expression by directing RNA polymeraseo t he r e q u i Frisethk sipdAacte i t e s .
present in the Ffsadtiveérthe prapbré. The mdthercall shen pioduces
proteins which result in the degradation of the septum, with one of these proteins being SpoliB,
which isresponsible for catalysis of the process. Once the developing spore obtains a double

membrane, it is also sometimes rede to as a forespore (Piggot aHdbert, 2004). The
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double membrane occurs as a result of the cell plasma membrane surroundingitheasept
pinching off. This process is termed engulfment and follows the degradation afquiytan

in the septum (Roszak am@blwell, 1987). At the completion of engulfment, different sigma
factors become “aatithnet ¢ od'fiethepmpihde gely fespectively.
These sigma factors are responsible for the activation of gene transcription, which function
towards building theendspore gstuctural components (Piggot ardilbert, 2004). The
forespore is protectduly the presence of a combination of calcium and dipicolinic @A),

also referred tosacalcium dipicolinate (Piggot ardilbert, 2004). At this stge, the forespore

is still present in the cytoplasm of the mother cell as a protoplast. The forespore consequently
becomes thendspore core and the outendspore layers are produced by the mother cell.
The cortex, which consists primarily of peptidggan, is then added between the two
membranes (Roszand Colwell, 1987). At endspore coat then develops around the entire
structure, after which an optional exosporium majaimedownin certain bacteria. One of the
concluding stages involves the delstilsn of the endospore, a stage which is vital for its
resistance. Theendspore now also contains pyrimidine nucleotides and nucleoside
triphosphatesn low concentrations (Roszak ar@blwell, 1987). Upon maturation of the
endapore, lysis of the motheelt occurs (Errington, 2003). This transpires through a process
known as apoptosis, after which the release oétitespore into the surrounding environment
takes place. The differences in resistance between species may be attributed to the variation in
the structure of the polypeptides incorporated into the coat. The average time for sporulation

to occur inBacillus subtilisis 6 8 h(Errington, 2003).

Endospores may be produced in different regions of the cell, which may also aid in
distinguishing beterial species. The three locations include the end of the cells, referred to as
terminalendaspores, the middle of the cell, known as cergralspores and lastly, the region
between these two locations which is referred to as theesotinal endspores (Errington,
2003).

2.5.2.2. Germination

Once favourable environmental conditions arise,ethéspore then undergoes germination.
This ariseghroughthe activation of specific receptors present within the inner membrane of
theendaspore (Hudsort al, 2001). These are known as germinant or nutrient receptors and

are protein in nature. They act as sensors and are therefore able to detect the occurrence of
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changes in the surrounding environment, for instatheepresence of nutrients or germinants
sud as amino acids (Hudsenal.,2001). Germinant receptors suctgasA only identify one

type of germinant, whereas other receptors sucheas and gerB are able to distinguish
multiple typesof germinang (Moir et al, 2002).0Otherstudies have foundvieence for the
formation of complexes through the interaction of varigeeminantreceptors (lgarashi and
Setlow, 2005). The conditionsaderwhich activationoccursdeterming the rate at which the
germinationprocessakes placeThe transmission ofsignal occurs when the germinant binds

to the specific receptor (Setlow, 2003). Followthtp, a partial loss of resistance occurs as the
core becomes hydrated. The fluidity of tlendspore membrane increases due to
conformational changes in receptor t@ins located witin the inner membrane (Foster and
Johnstone, 1989). The amounts of zinc ions@RA within theendspore core decreasee

to the release of thBPA and cations. It is also believed that a proton gradient may be
established due to therfoation of a proton motive force (Setlow, 2003). The removal of the
endcaspore coat also occurs. The subsequent stage entails the hydrolysenofdipere cortex
region which allows for a greater degree of hydration and expansion to take place within the
core (Setlow, 2003). Thendspore now loses a greater degree of dormancy and becomes less
resistant to factors such as radiation, chemicals and heat. The succeeding stage in the
germination process involves the commencement of metabolic activitiegghhrbtlization of
high-energy reserves present in #redspore. Since amino acids are not synthesized in the
early stages of germination, the degradatiosnadll acid solublenoteins (SASPs) takes place
through utilization of specific enzymes which tketwn these proteins (Setlow, 2003). These
are therusedfor the biosynthesis of macromolecular compounds and new proteins. GPR, an
endoprotease which is sequerspecific, is responsible for the cleavage which initiates the
degradation of the SASPs (Smtl, 2003). The two major genes involved in this process are the

gerandspogenes, for germination and sporulation respectively (ltoal.,2002).

DNA replication and division occurs during the outgrowth stage, which is controlled bytthe
genes. Qtgrowth is described as the phase in which eéhdspore transitions into the
characteristics of a vegetative cell. If conditions remain favourable, biochemical and
morphological transformations occur, resulting in symmetric cell divigilepecky and
Hemphill, 2006). A variety of proteasésalso present, such as esterase A and B (Mat,

2002). These enzymes perform numerous vital functions such as the degradation of
intracellular proteins and the inactivation of sporulaspecific enzymesSlepecky and

Hemphill, 200¢§. ATP synthesis also commenadsing the primary period of germination,
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prior to the produgon of macromolecules (Roszak a@dlwell, 1987). The primary molecules
involved in ATP synthesis are basic protiand phosphoglycerat®gszak andColwell,
1987).
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Figure 2.1. Cycle of sporulation and germination in AEFBAdapted from McKennegt al,
2013)

2.5.3. Structure of endospores

The endospore is a multlyered structure which comprises of six basic components. The
innermost rempn of an endaspore is referred to as the core (Setlow, 1988). The core consists
of the cytoplasm as well as various components including RNA, DNA, ribosomes, enzymes
and proteins. The cytoplasm of the core contains proteins in an immobile form anducas red
guantities of higkenergy yielding compounds which are present in the vegetative cell
cytoplasm. One of the significant differences between the composition of the core and that of
the vegetative cell is the total water content (Potts, 1994). Thelastopf the vegetative cell

is largely hydrated, with a total wateomposition of approximately 788% (Potts, 1994).
However, the water content of teedspore core is a much reduced 28% (Leggetet al,

2012). This change plays a substantial rokésurvival of thendspore. Durability, as well
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as resistance, are factors which are considerably increased due to the dehydrated nature. Wet
heat resistance is also increased with reduced hydration (Setlow, 2006). This resistance is
brought about thnagh the high quantity obPA complexed with divalent cations, such as
calcium, which are in abundance in tedspore core. Approximatelyi 35% of the total

weight of theendspore is made up by DPA (Murrell and Warth, 1965). Excretion of the
calcium catbons and DPA occurs at the onset of germination. Another aspect which differs
between the vegative cell state and the casepH, which is lower in the core, usuakta.6.3i

6.5 Setlow andSetlow, 1980). A large amount of SASRsalso presentwithin the core

(Setlow, 1988). These proteins contribute towards the protection of DNA, most especially by
DNA-degrading chemicals andV light, by complexing with the DNA, thus decreasing the

surface area of exposure (Dowkial, 2005).

The next layer whichwsrounds the core is referred to as the inner membka&fiitein the
endaspore, this layer occurs in a compressed foormparedo the vegetative cednd,thus
swells when actiation and germination commen(teggettet al,, 2012).The inner membrane
is cansidered tglay a verysignificant role as a permeability barrier (Leggstal, 2012). In
the dormant state, lipigsresent in the membrane are highly immobile comptodte fluid
natureaftergerminationthis is attributed tonembrane compressiond@reduced water content
(Cowanet al, 2004; Leggetet al, 2012).This membrane exhibits vetgw permeabilityas
demonstrated by studiegich reveal that water and lipophilic, uncharged moleculesraye
taken up at an extremely slow rate (Setlow Setlow, 1980). This membrane alglays an
important role igermination due to thergsence of germination receptor proteinthin this
layer. The composition dhe membrangroteirs alsadiffers to that of the vegetative cellth
additional proteinsuch as SpoVA, whicmediateDPA uptake beingpresent (Leggett al,
2012). Furthermore, this layealso serves as protective barriertowards unfavourable

chemicals andJV light.

The layersurrounding the inner membrais&known as the corteeandcomprises of anodified
peptidoglycan layer (Warth and Strominger, 1972). The diokimg of the peptidoglycan
polymervaries at different areasf the cortexand this directly affects the degree of pressure
exerted on the core (Popham, 200®pproximdely fifty percent of N-acetylmuramic acid
(NAM) moleculesn the cortexpeptidoglycan form cyclic muramig-lactam residues due to
the absence of peptide side chajbsggettet al, 2012) This differs tovegetative cellsin
which NAM moleculedorm crosslinks form with other glycan strand¥he cortex is thought

to promotecore dehydration. &t this reason, the cortexdsnsidered to bkargely responsible
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for the temperature resistance of ér&lspore (Gould, 1983). Lytic enzymes are responsible
for the degradation of peptidoglycan upon germination. The germ cell waligoned in the
inner region of the cortex and has a differing peptidoglycan strutidhe remainder of the
cortex, thus shielding from selective degradatiarpongermination. This structure therefore

remains and serves to function as the cell inatewly vegetative cells (Popham, 2002).

The layer surrounding the cortex is referred to as the outer membrane and possesses a polarity
which is opposite to that of the inner membrane (Giafibty and Ellar, 1980). This layer has

its underlying rolein permeability by preventing larger ions from diffusing across the
membrane(CraftsLighty and Ellar, 1980; Kozuka andochikubo, 1991). Germinanis
however areable to diffuse througthe outer membrane aneiach the receptors located within

the inner nembrane. It has been reported that this layer does not contribute towards a high
degree resistance in tlendspore (Nicholsoret al, 2000). Proteins associated witthe
electrontransport chain and cytochrome systdmase been identified in the outer memane

structure (Craftd.ighty and Ellar, 1980).

Theendapore coat, which covers the outer membrane, is mostly protein in rcatmes;ising

of approximately 5080% of the total protein content of teadspore (Leggetet al, 2012).

Two fractions makeup the protein content, namely the insoluble and soluble fractions. Coat
proteins involved in the germination process, such as CotD, are present in the soluble fraction.
The insoluble fraction of thendspore coat contains high concentrationof cysteine
(Behravaret al, 2000).Consequentlya high percentage of sulfur crelgskages occurs this

layer; tis results in endospores having approximately five times greater sulfur content than
that of vegetative cells (Behravahal, 2000).Crosslinking is thought to contributeowards
chemicaland mechanicatesistance. When these crdistkages arereduced the tertiary
structureof the coat proteinshanges, thereby altering the protein conformation., Tinisirn,
exposes enzyme sites which are esakfar activation for endospore germination to ocdir.
thesecrosslinkages are disruptedthe endspore becomessusceptible toagents such as
hydrogen peroxidandlysozyme The coaprotectsheendsporefrom heat,UV radiation ad
oxidizing agentsRiesenman anbllicholson, 2000). lytic enzymes present in the coat aid in

the degradation of the corte¥hen germination is initiatedProteins present in the cadso

play a role irfacilitating the movement of germinants through the coat to the innebnaem.

The outermost layer of trendosporés known ashe exosporiunand is only found in certain

bacterialspeciesProteins make up the most significant portion of the exospovitnch also
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comprisescarbohydratessuch as glucose and glucosamiam lipids which include neutral
lipids and fatty acids (Leggett al, 2012). Due to the homologyf proteinsassociated with
the coat and the exosporium, it is believed that tles@orium may be a specialized extension
of the preceding coat layer (Redndoet al, 2004). The exosporiuraxhibits hydrophobic
properties and plays an important ralghering endosporde various surfaces (Failket al,
2002). Superoxide dismutalsas been founith association with thexosporium and is thought
to play a rolein detoxifying chemicalsat the surface of thendsporebefore entry (Nicholson
et al, 2000).

2.5.4. Molecular mechanisms behind endospore resistance

Dipicolinic acid(DPA), otherwiseknown as Pyridine,6-dicarboxylic acid, igpresentin large
amourts and constitutes between il6% of the total dry weight of thendspore (Schlegel,
1993).DPA is present in the cotegether with divalent calcium cations in a 1:1 ratio (Setlow,
2007). This CaDPA chelate is unique to endospores mmesponsible fothe reduction of the
water content of the core to low levelhere are several mechanisms by which a decreased
water content aids in protection agaiBA damage. Firstly, the rate at which depurination
of DNA occurs is decreased, since this is a p®a@sich occurs in conjunction witlne
catalysis of water (Lindahl andyberg, 1972). Secondly, the frequency of thyrrtimgmine
dimers is reducedi 3 fold when partially hydrated DNA is exposed to UV (Nicholsdral,
1991). Thirdly, the interaction prest between DNA an8ASPss enhanced by lowering the
water content within the cor@dhe CaDPA chelatealsoaids in providing resistance against

oxidizing chemicalsdesccation and dry and wet he&&chlegel, 1993Setlowet al., 2008.

Damage to DNAs reducedria two mechanismshamely DNA repair, which can occuat the
commencement of germinatioand protectiorarizing during dormant periods (Nicholsat
al., 2002; Setlow, 2007)he repair process dadsowever havetwo problems. Firstly, the
repair process delayed since it only occsiat the completion oéndspore germination and
outgrowth.Secondly DNA repairmaybe susceptible to mutations.

Anot her form of DNA protect i ontype SASBstwhighg ht
are praluced in the late stages of sporulation. These prdtawvesbeen shown fwotect against
desiccationtoxic chemicalsas well as dry and wet he@tanget al, 2011) These proteins
are coded bgsp which are monocistronic genes belonging to a mulegamily present in

endospordorming bacteria (Setlow, 2007) and comp&$&0% of the total protein content of
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the core (Driks, 2002)hese proteins bind to DN# afford protection. fis binding causes
the UV photochemistry of the DN#fo bealtered thereby bringingabouta greater degree of
resistance against UV radiatigNicholsonet al, 2005) Anothertype of SASP present in
aerobic endospotwrmersis theo-type SASP These proteinplay a role during outgrowth of
theendasporeby providing amino acidfor biosynthesis of proteingpon degradation (Setlow,
1995).

Two repair systems are present to remove spore photoproduct (SP), a thymine dimer generated
as a result of exposure to UV radiation, at the onset of germin@ieandNicholson,1996.

The first system involves a nucleotide excision repair pathway, which works by excising the
SP from DNA and thereafter filling the singderanded gap which relési after excision
(Moeller et al, 2007). The second system involveisdspore photoproduct lyase which
functions by reversing thendspore photoproduct (Yareg al, 2011).

Unfavourable conditions or specific treatments may albeersely affecprotans. For this
reason, repair of proteirsich asheat shock proteins and aspar@tenethyltransferase may

alsobe activated upon germinati¢Nicholsonet al, 2000).

A lack of metabolic activity lead® a state of dormancy which alls endospores to suve
over longperiods of time (Setlow]994). Under dormant conditions, no ATP is produced
within the endospore and enzymatic systems remain inattogever, once germination is

initiated, mechanisms behind dormancy and resistance are removed.

2.5.5. Endospore dispersal

An importantaspect of the ecology of endospore formers is thepersal over large distances
across differing geographical locations (Yamaguehial, 2012). The proliferation of
endospordorming bacteria ina new habitat is depeatant on theprevailing environmental
conditions.Mechanisms which influence the dispersal of endospooésde water, winddust
particlesand animal hostéNicholsonet al, 200Q Yamaguchiet al, 2012. Endospores have
also beersolatedfrom frozen enironments; dispersal of endosponeshese regionsas been
attributed to snowflakes and wave acti@hristneret al, 2000).As a result of their widespread
dispersal, endporeshave been isolated from masfpes of environmental samples from

diverselocations (Nicholsort al, 2000).
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2.5.6. Mechanisms of destruction of endospores

One of the first methods developéal eliminate endgpores is Tyndallizationvhich was
developed in the 19century (Parija, 2009) This methodwas used befor¢he adventof
autoclaveslt is an indirect procedure whidhvolves providing favourable conditioribat
favour endospore germinatidBubsequentlyegetative cells are destroyeddhghtheuse of
free-flowing steam; th@rocess ishenrepeatedo ensure that elospores undergo germination
(Parija, 2009).

Boiling at 100C with the addition of 2% sodium carbonate duringhibéing process$as been
shown to have aporicidal effect (Parija, 2009). Currently, autoclafEa1°C at 105 kPaare

the preferred methofbr theinactivationof endspores Autoclaves create steam through the
heating of water within a higpressure environment (Parija, 2009). The use of pressure allows
for a greater temperature to be achieved with a lower degree of energy and providg®oa sup
sterilizing ability over fredlowing steam. A holding time of 120 minutesat 122C is
sufficient to kill allknown organismgParija, 2009) Endospores are destroyad a result of
proteindenaturation andoagulation, which occurs due to the hpgmetration ability of moist

heat.

Alkylating agents, such as ethylene oxide, are more effectidgestroying endosporekan
detergentsSterilantscontaining sodium hypochloritee.g. bleach, exhibgporicidal activity
(Parija, 2009)Exposure to d:10 dilution of bleach for a period of five minutessigficient

to kill endospores arising fromBacillus anthracis(Heningeret al, 2009). Theduration of
exposuretemperature and concentratiohthe sterilizing agerdére importantparameterso
take into consideration(Parija, 2009). Alkylating agentsypically cause oxidation and
hydrolysis of proteins within thendspore, thereby leading to its destruction. They may also
negativelyaffect the permeability of the inner membrarkereby influencingts ability to
function as an effective barrier (Parija, 2009). This results in an inability to germinate and
outgrow when favourable conditions ariJédne permeability of the inner membrane of the
endspore maylsobe increasethroughthe use of oxidimg agentsuch asydrogen peroxide
and chlorine dioxide, whicleads to a lossof DPA and simultaneously allovisr the entry of
potentially damaging chemica(€ortezzoet al., 2004;Leggettet al, 2012) Rogerset al
(2007) had found that formaldehydeposure over a ten hour period maintained Hddppm

was able to significantly reduce the number of sporeBaaillus anthracis, B. subtilisand
Geobacillus stearothermophilusMethyl bromide is capable of disinfecting Anthrax

endaspores due to its diby to react with carboxyl, hydroxyl and protein groups present within
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theendosporéHugo, 2012). Nitrous acicinbe usedo destroy endsporesdy damaginddNA
through mutagenesis (Tennenal, 2000).Glutaraldehyde is commonly used a sporicidal
agentsinceit functions by inactivatinggndospore germinatiomodinebased treatments may
also be effective by inactivating enzymes present iefigiespore cortex (Tennest al, 2000).

Radiationmay also be used ttestroy endgpores (Parija, 2009).h& most common forms of
radiation used include gamma rays aderays. Gamma rays exert their sporicidal action
through damage of trendspore DNA. Noronizing forms of radiation are less effective due

to their reduced penetration abilities (Parija, 2009)

In hospitals, the concentrated vapour of hydrogen peroxide at low temperatures is used to
achieve the destruction of endospores on medical instrunfientsy et al, 2012) This

functions as a notoxic and norcorrosive treatment.

2.5.7. Viability of endosporeforming bacteria

Viability can bedescribed as the ability of bacterial populations to multiply when presented

with conditions which areuitablefor growth Roszak andolwell, 1987). Linked to viability

is the concept of survival, which réd¢s toanor gani smés ability to per
even under stressful conditions. One of the main attriboftesndospordorming bacteria

which allows them to remaiviable under adverse circumstances is the ability to decrease the
endogenous ratof metabolism of thendosporeSome of the methods utilized for tthetection

of viability include fluorescence microscopy (Laflamree al, 2004) and hyperspectral
reflectance microscopy (Andersenal, 2008).

There is growing interest iastablishmg how long endospore formers may remain viable.
Determination of viability and longevity in bacteria is essential in studies involving
pathogenicity, evolutio, ecology and physiology (Remgeand Nilsson, 1992). Currently, the
oldestendsporeghat havebeen claimed to have been successfalyvedwere isolated from
250 million yearold salt crystals(Vreelandet al, 2000) Due to th& resistant nature
endssporeshavealsobecome the focusf studies investigatintipe response of microorganisms
to extra-terrestrialenvironments (Nicholsoet al, 2000).Buckeret al (1974)analyzd the
viability of B. subtilisendosporesiboard Apollo 16in response t@pace environmentnd
found that endospores were able to survive under space vacuum condiieseresults were

confirmed by experiments conducted byprnecket al. (1994)whenB. subtilisendspores
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were exposedo conditions mimicking thoseund in space,specifically vacuum pressure,
solar electromagneticadiation and cosmic radiatioover a #&-year study period and
discovered that even in unprotected samples, a significant numdret@pores had survived.
The possibility ofendosporeurvival inspace has been proposed and examined by Nicholson
et al (2000).

26. REVIVAL OF BACTERIAL EN DOSPORES TO A VEGETATIVE STATE

2.6.1. Isolation and revival of endospores from diverdecations

Ancientendsporeshave been revivefifom varioussample typescludingfossilizedamber,
salt crystals, ice and sediment. Currently, the oldest bacteravéddeen revivedere isolated
from salt crystals thadre thought to be 250 million years old (Vreelatdl, 2000). These
bacteria represent a formetnwpidentified endsporeforming Bacillussp, designated straig-
9-3, and were found to beclosely elatedto Virgibacillus pantothenticusand Bacillus

marismortui

In another study, endpores were isolated from the abdominal tissua bketrapped in
fossilized Dominicaramber that was dated 26 40 million years old (Cano arBorucki,
1995). Morphdtogical and biochemical characterization techniques were useerntfy the

isolate as strain oBacillus sphaericus.

Dormant edosporeshave been isolated from range of diverséocations includingdeep
subsurface sediment cores extracted from Hekes located in the Mediterranean Sea (Sass

et al, 2008) from Atlantic coastal [ains (Fredricksoret al, 1991),from 40 million year old
biosphere sediments below the sea floor in the Peru Margin and Equatorial Pacific Ocean
(Batzkeet al, 2007)and from 35 000 year old crystallized halite (Schubettal, 2009)
Endospores have also been isolated frake Isediments which have accumulated over years
and have been dated %0800 yeas old (Bartholomew and Paikl966), 9000 years old
(Renberg and N8son 1992) and 1300 yeas old (Rothfust al, 1997).

Studies havalsobeen conductedhereby endsporesvere isolated fronce deposit{Shivaji
et al, 2011 Antony et al, 2013. Ice aids in preserving trapped microbial céhristneret
al., 2000 Antony et al, 2013. Using advanced drillinggquipment, ice coresan nowbe
obtained with minimuntisk of contamination as opposedttaditional drilling and handling
procedures (Christnet al, 2000).
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The entrapment of ancient endospores irheelead scientists to investigate the possibility of
microorganisms existing on Mars. This is due to the postulatioratireispheric conditions
on Mars were similar to that of Eartia. four billion years agapughly the same time when
life began to deelop on Earth (Christnet al, 2000).The possibility ointerplanetary transfer
has been reviewed by Horneck (1998icholsonet al. (2000)and Horneclet al (2002).

2.6.2. Applications of endospore revival

The study of ancienéndosporedas poertial in several applications. Revival of dormant
endospores from ancient environmental samples may lead to the isolation of novel endospore
forming bacterial species or strains. Molecular fingerprintaggnbined with bioinformatics

and geneticszould albw for the evolutionary history and phylogenetic relationships between
ancient bacteriégo be established'he study ofancientbacteria coulgrovide aninsight into
evolutiorary processesnd the change in genomic bacterial DNA over generatidhs.
mappng of mutation ratesan alsde conductedsing ancient bacter{&hristneret al, 2000).
Studies evaluating bacterial resistance can also benefitififormation derived fronancient
bacteria.For exampleD 6 C o &t &la(2011) isolatd bacterial DNAfrom ancient frozen
sediment samples and detected the presence of antibiotic resistance genesstadrkying

that resistance to antibiotiogcursnaturally in environmentand predates the antibiotic era

Aerobic endospore formetsave contributel significantly towards tle pharmaceutical and
medical sectors through the productiorerfracellular enaypes and antimicrobial compounds
(Raaijmakerset al, 2010. Lipopeptidegproducedoy AEFB have been applied in agriculture
and biotechnology as pestontrol agentsfor plant protection andsurfactartenhanced
bioremediation (SEB) due to themetatchelating and aromatic compouddgrading
capabilitieqRaaijmaker®t al, 2010) Biomining could be used to examine if antidacteria

may be a potentiaource of novel compounds enzymes.

Bacteria from polar regions possess modified protein and lipid structures which allow for
adaptatiorto cold environmentsPsychrophilianicroorganisms display substantial functional
diversityand the commercial patéal of proteins and bioactive compoung®duced by these
organismgs being examine@de Pascalest al, 2012).The application of endospeferming
bacteriafrom ancient ice samples for bioprospectingy provide a novel and untapped source

of usefulcompounds.

24



Dormant endospores may also haveagplication inpalaec-ecological research, which is
centered on theuse of proxies from prehistoric palaeenvironmental sampledor the
reconstruction of past environmental conditiontuQderlinet al, 2014). Due to the lack of
focus placed on using ancient bacteria ira@@akcological resarch, other indicators are used
however the dormant nature of endospores could make them suftabilieese studieslhe
revival ofancient bacteria along a geogragihdistribution could allow fomicrobialdiversity
changes and variations in community structures over time to be mapp®dumdaerlinet al,
2014). This could be usedis a bioindication ofthe effects ofclimatic changes and

anthropogenic activities amicrobial diversity

The exploration of diverse ancient environments ntlagrefore provide reservoirs of

endospordorming bacteria that may contribute towards various fields of research.

2.6.3. Challenges behind the analysis of ancient bacteria

Appropriateenvironmental and nutrient conditiomsedo beestablishedo successfully revive
endospores which have been dormant for hundreds or thousands of years. The sampling and
screening procedures have to be conduasegticallywith the utmost aation in order to avoid
modern contaminatiorRrecautionsncludeextensive decontamination of all equipment and
reagents. Controls for PCR and DNA extraction should always be included for detection of
possible contaminatigmowever independent validatioprovides the greatest authentication
(Willerslev and Cooper, 2005)n some cases, ancient endospore DNA may be partially
degraded or fragmentedue to possible damage over tirfRawlenceet al, 2014). The
sampling site itself should be a factor of adesation before initiation of the studgtable,
low-energy ecosystems in which DNA remains in an intracellular fepneferred Rawlence

et al, 2014).

2.7. TECHNIQUES FOR DETERMINING THE AGE OF ENVIRONMENTAL
MATERIALS

2.7.1. Radiocarbon dating

Radocarbon dating is one of the most popular radiometric techniques which is used to
determine the ages of materials and objects. Cacboprises of three isotopaamely G2,
CBand G4 the third of which is known as radiocarb(Walker, 2005). Radiocarbds not a
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stable isotope and decays over time, resulting in radioactivity. Plants obtamti@ form of

14CO, from the surrounding atmosphere. Animals subsequently obtain this carbon through the
consumption of plants. The constant decay Hfi€balanced by replenishment, allowing for
anequilibriumto be established. However, when living organisms die, their radiocarbon levels
decrease and hence, the ratio of radiocarbon to stable carbon declines due to decay of the
radiocarbon. An age can then beeimined by comparing the residual*@ontent to that of
modern radiocarbon material from a standard. Radioactive decay occurs at a rate of 1% every
83 years (Walker, 2005). The spectrum of materials which can be dated using this technique
includes lake £diments, peat, plant remains and wood, amongst others. Radiocarbon dating is
most advantageous for providing the ages of material from the |&&®0G@ears with relative
accuracy (Blaauw, 2010). This technique can be performed wosiagof two techniques
namely Beta Counting, which is further divided into Liquid Scintillation Counting and Gas
Proportional Countingor Accelerator Mass Spectrometry dating (Walker, 2005).

Accelerator mass spectrometry dating (AMS) is one of the more extensively usadueshn

and works by using particle accelerators to discriminate betwtemother isotopes present

(Walker, 2005) The ratio between ¢ and other carbon isotopes such aéafd G2 is then

determined and serves as the basis for determining the tigeesaimple by comparison of this

ratio with a known standard (Walker, 2005). AMS is considered superior to Beta Counting,
which works by detecting and c oc4atorhsiovegasét e mi s
time period. AMS is a faster and moreegffive process with a higher throughput and has a
greater degree of convenience due to the smaller sample size requirements for measurements
to occur. The precision of AMS in recent years is approximately on the same level as that
achieved by beta countirfgvalker, 2005).

2.7.2. Agedepth modelling

Cores which have been processed using radiocarbon dating can be used for the generation of
agedepth models. These models rely on depths which have been dated and work to estimate
the deposition between thodepths (Blaauw, 2010). However, radiocarbon dates cannot be
plotted directly onto a calendar year timescale and have to undergo calibration first. This is
essential since calibration accounts for past variations in the radiocarbon. Modelling is
necessaryn order to produce these calendar years for the depths of a core (Blaauw, 2010).

Age-depth models usually incorporate either polynomial regression, spline regression or linear
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interpolation, each carrying their own advantages and drawbacks (Blaauw, RE@).
interpolation is the most utilized technique and works on the basis of plotting radiocarbon ages
against the depth of a sample (Bennet, 1994). Gradients between adjacent points are used for
the estimation of deposition timend the interpolated agere calculated for intermediate
depths (Bennet, 1994). Age modelling software can be used to generdieptyenodels and

takes into account age variation, extrapolation and outliers (Blaauw, 2010). These software
allow for exponential, polynomial orrsight curves to be constructed using the dgjgth data.

Clamis an example of softwaresed for the construction of classical atgpth models by
calibrating the calendar*ates (Blaauw, 2010&lamhas the advantage of providing outputs

which are simple, organized and reliable.

2.8 ANALYSIS OF BACTERIAL DIVERSITY
2.8.1. The study of bacteriadiversity from the environment

It is important to studythe physiological and taxonomic diversity of bactepi@sent in
sediment due to thessential role they playin mediating variougprocesses and functions
within thesesystens (MandicMulec and Prosser, 2011Jhese processes includeneral
solubilisationthe production of plant growgtromotersandthe decomposition of organic and
inorganic mattersuch as humic material and cellulo¢€haudhryet al, 2005). AEFB
contribute towardvarious elementatyclesnamey the carbon, nitrogen and suifcycles.
Within the nitrogen cycleAEFB play importantroles in the degradation of organic nitrogen,
denitification and nitrogen fixation (Chaudhmgt al, 2005). SeveraREFB speciesalso
participate in sulir oxidation, a process vital to the success of soil environments (Chatdhry
al., 2005).Some species dhermophiles are able to break down BTEX (b&wezdoluene,
ethylbenzene and xylene) and herstew potentialor bioremediatiorapplicationgPichinoty
andAsselineau, 1984)

The ability of AEFB to form extremely resistamndaspores, in addition ttheir synthesis of
structurallydiverse antibiotis and enzymes, allows these bacteria to establish communities
and thrive succasully in various habitats (Wipat ardarwood, 1999)Bacillusstrains insoil
ecosystems generally display a large degree of phenotypic and genotypic variation. Plants
benefit considerablyfrom the presence oBacillus for several reasons. For instandz,
thuringiensisis used as an insecticide in agriculture (Bsttal, 2000). Furthermore, certain
Bacillus species are able tetimulate the uptake of nutrients in plants aitllerough
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solubilization of minerals or throughe promotion of symbiotic relationships between plants
and mycorrhizgGardener, 2004). Also beneficial to plants are ti@eseillus species which
produce surfactants exhibiting a range of antibacteriabatitingal activities, thereby aiding
in suppressinglant pathogens (Akt al, 2010).

The general methods of isolatiAgEFB from soil/'sedimentinvolve thecollection of a sample
followed by a pasteurization stég0°C for 10 30 min)to destroy all veetative cell{Slepecky
and Hemphill, 2006) A dilution series may be carried out, followed by platmogio a
favourable medium to obtain distinct coloniésalysisof 16S rRNA sequencdsasgreatly
contributed towards studies of microbsgecies diversy in environmental samplégduyzer

et al, 1993). Throughtilization of universal primergene clone libraries may be constructed.
Use of these libraries all@for AEFB sequences to be tentatively identified, thereby allowing
for the diversity of endoporeformersto be established (Garbeed al, 2003. Bacterial
diversity has been studied alongside factors relatingpéziation, evolution, environmental

changesand biogeography. In this regard, diversityving mechanisms may be established.

Exparsion of the current knowledge base regarding bacterial diversity is essential since
bacteriarepresentan enormous untapped resource of metabolic and physiological diversity
(HornerDevineet al, 2004). There are various factors which have influentiace$fupon
bacterial diversityin environmental sampleand these include, amongst others, nutrient
availability, moisture and oxygen levelssalinity, plant species present arithbitat
heterogeneity (Hornebevine et al, 2004 Fierer and Jackson, 2006)iefer and Jackson
(2006) investigated variables that influentacterial diversity in samples obtained from
different geographic locationand found that pH wasa major factor influencing species
richness and diversitwithin these habitatsThis may be atibuted to pH being a strong
diversity driverdue toits association with factors such adNratio and organic carbon content.

The influence opH was also studied by Matthiesal (1997), who found thatH affected the

type of mcroorganisms presemt soils. Microbial turnover and activityare influenced by
tempeature. Microbial community structumaay even shift towards representatives of the
community better adapted to the temperatures presemtparticular regior(Castroet al,
2010).By studyng the changes in bacterial diversity alongside physiemical changes of

the surrounding environment, the effects of these factors on the richness and abundance of

bacterial species can be established.
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2.8.2. Molecular fingerprinting techniques for the analysis of bacterialgeneticdiversity

A major challenge faced whestudyingenvironmentamicrobial diversity is thagenerallya
significant proportion of the populatiois non-culturable (HorneDevine et al, 2004);
consequentlythere is an impaant requirement for culturendependent techniques to be

employed

Molecular fingerprintinggncompasses numerous nucleic dmaded techniques which are used
to describe and characterize microbial genetic diverstigsi{ogi and Sani, 2011YThese
techniqugesmake it possible to obtainformationaboutorganisms which cannot be cultivated
andtherebyeliminatethe need fophenotypic testswhich can often become quite tedious
(MandicMulec and Prosser, 201 Diversity amongst AEFB speciesay be @aminedusing
specific markers or housekeeping ge(@arbeveet al, 2003). Comparison between various
strains is achieved through use of techniques including Random Amplified Polymorphic DNA
(RAPD), Repetitiveextragenic palindromipolymerase chain reacti¢Rep-PCR), Amplified
Ribosomal DNA Restriton Analysis (ARDRA), TerminaRestriction Fragment Length
Polymorphism (¥RFLP), Denaturinfemperature Gradient Gel Electrophoresis
(DGGHTGGE), Single Strand Conformation Polymorphism (SSCP), Ribosomal Intergenic
Spacer Analysis (RISA) and Multilocus Sequence Typing (M&Edryset al, 1992 Smitet

al., 1997 Fisher and Triplett1999 Kirk et al, 2004 Martenset al,, 2008 Ishii and Sadowsky,
2009;Rastogi and Sani, 2011), all of which will be discussedvirelo

RAPD involves the amplification aandomDNA fragments through PCR with the use of an
ca.10bp synthetic sequence primer (Hadeysl, 1992). This technique is advantageous due
to its eas®f useand the fact that no prior knowledge of the sequecequiredRAPD daees
however have its limitations; dr instance,an absence in banding patterns cannot be
differentiated as being a lack of amplification due to poor quality DNA or through the absenc
of a target sequenc&ymari and Thakur, 2014). Tis technique therefore has a lower

reproducibility than competing fingerprinting techniques.

In RepPCR DNA fingerprints are generated through the PCR amplification of repetitive
sequence elements which are present in multiple regions of bacteriahegeritshii and
Sadowsky, 2009). ReBCR allows foridentification and distinction of microorganisms at a
subspecies or siralevel (Versalovicet al, 1998).These repetitive sequences are classified as

REP if they are palindromiecnake up geater than % of the total extrgenic space of the
genome and are between 21 to 65 bases in length (Tobes and Ramos, 2005). These elements
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may play a role irgene expression and the stabilization of mMRNA (Khemici @agpousis
2004; Tobes and Pareja, 2006jurthernore, the Intergration Host Factor (IHF), which is
necessary for DNA transcription and replication, SIBREP sequences as a binding §ltebes
and Ramos, 2005REP sequences also provide afsiteecombination and provide protection
against exonucleasxctivity (Tobes and Ramos, 2005everal studies have found that this
technique hasa higher discriminatory powercomparedto alternative methods such as
multiplex-PCR and plasmid profiling (Hahset al, 2003; Foleyet al, 2006).

ARDRA is a technique whbh involves thePCR amplification and restriction digestion
regions in the 16S rRNA gen®&mit et al, 1997) Variations in sequencesn be used to
compare diversitpr to detecthanges in the structure of microbial communitieinAtation
of this procedure is that complex banding patterns do not resolve well on gelse{Sahit
1997).

T-RFLPworks on a similar basis to that oRBRA, except that fluorescentlgbelled terminal
restriction fragments ar e g ermerr(RastagicandtSanr, ou g h
2011). This procedure has high reproducibility and banding patterns are more simplified.
However, restriction enzymes have an impact on the community fingerprint and the same
terminal restriction fragment length may be sharedéen differing bacterial species (Rastogi

and Sani, 2011).

DGGE andTGGEare techniques whidltilize gradients on acrylamide gels for the separation

of DNA fragments. The gradients used for DGGE and TGGElenical andemperature
based respectivelyBoth techniques are reproducible and reliabi®wever they have
limitations If co-migration occurs, then multiple species may be represented by one band (Kirk
et al, 2004) A single bacterium which displays sequence heterogemmiongst several rRNA
operonswould increase the number of bands predéetebyresuling in an overestimation of

the diversity present (Rastogi and Sani, 2011).

SSCPis a technique which involved3CR amplification, followed by the separation of DNA
into singlestrands(Schweger and Tebhel998). Differences in the singlstranded DNA
causes conformational differences after folding, resulting in differences in migration, which
can be visualized using a ndenaturing gelThis technique is howeveestrictedto small
fragmentsizes andimited by ahigh rate of DNA reannealing. On the other hand, SSCP is
less complex compared to DGGE in that no gradients or GC clamps are réRaiséni and
Sani, 2011)
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The Intergenic Spacer Region (ISR) located between the 16S anth@8&wal subunits are
amplified as the basis f&®RISA (Fisher and Tripleft1999). ARISA, the automated version,
employs a forward primewhich is fluorescently labelledbllowed by the automatic detection

of ISR fragments using laser detectors (RastadiSani, 2011). These techniques are sensitive
and highy reproducible Limitations include thelarge quantity of DNA required andhe
overestimation of microbial diversitfmultiple sampés are simultaneously anagg(Fisher

and Tripletf 1999).

Another usefultechnique is the employment of MSTrhis technique is capable of
characterizing isolates of various species through measurement of variations in DNA sequences
of numerous housekeeping genes (Martdrad, 2008).MST serves as a reliable apdactical
alternative to DNADNA hybridization and 16S rRNA gene sequence analysis. Sequence data
from housekeeping genean be applied tmtraspeciedevel discrimination and evaluation of
genetic relatedness (Martesitsal, 2008).

Information may b@btained with molecular techniques even using preserved samples, thereby
eliminating thenecessity for cultivating organisngpolfing et al, 2004). This could have
numerous applications such as examining the effects of environmental and climatic changes o

microbialdiversityand studying changen diversityover time Egertet al, 2004).

2.8.3.Use of High Resolution Melt AnalysifHRM A) for genotyping

HRMA is a fast and simple peBICR technique that is used for ttietection of sequence
variation tlrough thegeneration of melting curve profiles of PCR products (Reed, 2007).
This tedinique makes use offlaorescent dye whichindsto doublestranded DNA (Boruet
al., 2015).The PCRproduct isexposed to increasing temperatussulting in dsésociation of
thedoublestranded DNANto single DNA strandsyhich releas¢hedye (Borunet al,, 2015).
Fluorescencemitted bythedyeis correlated to the amount of doulsiganded DNA present.
The emission of fluorescencesults in a ampliconspecfic melting curve profile being
producedThelength,sequence an@+C contentof the DNA fragmenhave an effect on the

characteristicef the resulting curve (Reest al, 2007).

The HRM technique is sensitive to factors such as the quality of @NWJiconlengthand
concentration of the dyased Optimizationof factors such as the annealing temperature
template DNA, primers and magnesium chlogdacentrations angtal for successfuHRMA
(Reedet al,, 2007)
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HRMA hasvariousapplicationsncluding allele discrimiation, mutationand single nucleotide
polymorphism (SNIPdetection, heterozygote identiftc@n andgenotyping (Reedt al,, 2007;
Smithet al, 2009. This technique is advantageous due to its accuracy, high throughput, speed
and smplicity. It is also a more cogdffective approach in relation to alternative methods

commonlyemployed in studying genetitiversity (Reedet al, 2007).

2.8.4. Characterization of microbial metabolic diversity
2.8.41. Communitylevel physiologicaprofiling (CLPP)

Through assessment of functional and metabolic diversity, facttusmeingthe distribution

of microbial communities and the specific roles which these communities play in their
environments can be determineda(brix et al, 2005). Thecarbon sources present in an
environment have an effect on the metabolic diversity amongst microbial communities.
Therefore, by studying substrate utilization profiles, differences in microbial communit
diversity can be establishe@LPPis a technique hich allows for the characterization of
microbial communitiesbased on substrate utilization testing. The procedure involves
inoculation of environmental samples, usually suspended in saline or distilled wat&g-into
well microtiterBiolog EcoPlate’s cortaining 31 environmentalyelevant substrat¢&arland,
1997). Differences in bacteriebmmunitiexan be distinguished based on the variatiorisen
carbon source utilizatioprofiles (Garland, 1997)Tetrazolium violet a colourless, redox
sensitive ge, is present in each well (Garland, 199IMis compound acts as an electron
acceptor when substrate oxidation occurs and is reduced to produce formazan, a purple
coloured productThis colour change is quantifiablsing spectrophotometry and can beduse

to determindghe diversityand relative rates of substrate utilizat{@warland, 1997).

An important consideratiofor CLPPis that theinoculumrequiresstandardizationsince this
factorwill impact the rate of colour development (Hll al., 2000).Anothersignificantfactor
is that certain strains may predominate, thereby resulting in a more efficient iotilinat
substrates by the fastgrowingbacteria A third consideration is that the substrateduded
in the BioIogEcoPIate% are not necesarily representative all thepotentialsubstratepresent
in the targetedenvironment (Hillet al, 2000).Hence, only theorganisms which havehé

capability of utilizing the availablsubstrates would be represented.

Advantage®f CLPPinclude itshigh reproducibility,ease of use and cost effectiven@gsk

et al, 2004).Significant amourg of valuable dat@an begeneratedeadily for a large number
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of samples to allow for differentiation @hicrobial communities. mformationrelating to
overall community functionsand adaptation to environmental changas be established
(Weber and Legge, 2009). Substrate patterns from soil samples obtained from different
locations or timeframes could allow for a comparisginphysiological functions an
detemination ofthe factors driving these variations (Hi al, 2000). When this technique is
used in conjunction with molecular, culttirelependent based approaches, a guaw

combination is possible.

Biolog EcoPlate§ have been used far range ofappications including studying metabolic
diversity in contaminated sites (Konop&ial,, 1998), assessing functional diversity in Arctic
soils (Derryet al, 1999 Tamet al, 2003, determiningphysiologicaldifferences imrmicrobial
communities in plat rhizospheres (Garland, 1996), assessing the eftdcimllution on
community structure (Rolingt al, 2000;Dobleret al, 2001)anddeterminingthe effects of
organic amendments on microbial activity in softsr( Btal, 2012).

2.8.4.2.Satistical anaysis of CLPP data

Average well colour development (AWCRZRan be used for the analysis of CLPP data
(Garland, 1997). AWCD is calculated as the mean value of the absorbance readings from the
Biolog Ecoplaté ( F reNat, 2012). The formula is as followsk 6 'O B 6 'Y Fhin

which C and R represent optical densities in each experim@and control well(R)
respectively and n represents the total number of substrates (Choi and Dobbs, 1999). AWCD

serves as a way to remove variataisingfrom differing initial cell densities.

Colour developmenarising fromsubstrate utilization generalfpllows a sigmoidalgraph

which can be used fddinetic analysis (Stefanowicz, 200&inetic analysis is based on the
Gompertz equatiary=0 QA @B— _ o p , wherey and trepresentibsorbance

and time respectivelgnda- ,t andArepresenthelag time,slope and asymptote of the curve

respectively (Stefanowicz, 2006).

To obtain insight into substrate richness (amount of safiestutilization) and substrate
evenness (extent of substrate utilization), the Shatieaver index (H) mawlsobe used
(Stefanowicz, 2006). This index ¢alculatedusing the formula’o B QO K ietat,

2012). In this equatiom; represerd the ratio of utilization of individual substrates to the sum
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of utilization of all substrates. This index helps to provide insight into the physiological

diversity of microbial communities.

For a comprehensive assessment of CLPP, daiHivariate stastical techniqueshouldbe
applied(Garland, 1996)A commonly used technique Principal Component Analysis (PCA)
(Stefanowicz, 2006). PCA is employed to decrease thiemtaber of variables obtained (i.e.
absorbanes readings for all substratas) a smaller group of variables, termed principal
components (Stefanowicz, 2006). These principal comporsatsised to account fahe

variability which is present in the data

Canonical Correspondencendlysis(CCA) is amultivariate statisticamethod tlat has been
used to determindné effect that environmental variables have on substrate utilization patterns
(Bossio and Scow, 1995). It typically paired with the Monte Carlo permutation test to
evaluate the statistical validity of the relationship lesw substrate data and environmental

parameters.

Another multivariate techniguesed to interpret CLPP dai cluster analysig§Stefanowicz,
2006). This techniquelassifies units (e.gsubstratesjnto different groups, such that units
with similarity are grouped together (Prestblafhamet al, 2002). The functional diversity

for each grouping can then be determined.

Analysis of varianceANOVA) is anotherstatistical methodvhich can be usetb calculate
differences in functional diversity betweemnms r o b i al ¢ o etalpy2012)t ANOMA ( Fr Nc
allows fordifferences between group means to be compared and anahaetby providing

a meangor comparing factors such amctional diversityrichness, AWCD and the Shannon
Weaver i metde3012) Fr Nc

2.9. PHYLOGENETIC EVALUATION OF ENDOSPORE -FORMING BACTERIA

2.9.1.16S rRNA gene sequencing and applications

Insight into the microbial diversity within environmental samples can be gained through
phylogenetic and taxonomic classificationté sgcies presenPoretskyet al, 2014). The
16S rRNA gene isonsidered to be one of the most usefehetic markex for bacterial
taxonomy and phylogeny studigkanda and Abbott, 2007). Primers chosen are complementary

to regions of the sequence which aomserved, whilst the variable sequence regions which
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occur inbetween are used for taxonomic comparisons (Clarridge, 2004). The identification
criteria for percentage identity scores whichcigrently acepted by most taxonomists is

0O 9 8 classificatio when sequence comparisons are being maeKebrandt and Ebers,
2006.

In addition to identification and classification, the 16S rRNA gene aids in determining the
relatedness between organisthgrate of species divergence as well as evolutionataices
(Clarridge, 2004). It has broadened understanding in the studies of microbial taxa diversity and
allowed for novel and clinically important pathogenic bactevisich cannot be cultivatetb

be identified(Petti, 2007). This gendisplays broadpplicability across all taxonomic groups
(Clarridge, 2004). 16S rRNA gene sequendimaggained ppularity due to it being a cost
effective, rapid andonlabour intensive procedure (Janda and Abbott, 2007).

One of therestrictionsof 16S rRNA gene sequeng is its limited taxonomicresolutionfor
closelyrelated specie$-orexample Bacillus psychrophiluandB. globisporusshare 99.5%

16S rRNA gene sequence similarity tmurtly exhibit23i 50% relatednesahen DNADNA
hybridization is performe@Janda ad Abbott, 2007). Tavercomethis problem, alternative

gene targets can be used to separate species which are closely related. Examples of genes which
achieve this function are tmpoBg e n e, wh i c h -sgbond iea BNAfpaymerasére D

gyr Aandgyr B, for gyrase A and Brespectively (Petti, 2007L6S rRNAbased analysis

cannot provide information pertaining to function, as compared to metagenomic data which is

superior (Poretskgt al, 2014).

One of the major applications of 16S rRNA gene sege&nalysis is thdeterminationof
phylogenetic relationships amongst bacteria. It is a popular and reliable method since
phylogenetic trees produced using the 16S rRNA gene and trees produced through whole

genome analysis weshownto be similar(Claridge, 2004).

2.9.2.Gene mapping for the comparison of ancient and modern bacterial genes

Studies involvingthe isolation and revivalof endospordormers from ancient sources
generallyrequiresome form okubstantiation taddresscepticism about th&ue ages of the
bacteria found. To determine if the ages of two isolates are the same, a comparison of
evolutionary rates using 16SNR sequence data and proteioding genesan be conducted

by performingthe relative rate test (Maughanal, 2002). This test is used for the comparison

of evolutionaryand mutationrates by using closelyelated species as well as a reference
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species.Ochmanet al (1999) proposedthat conserved gene sequences amongst pairs of
bacterial spcies which are closely relatedn be used for estimation of molecular evolution
rates.In a study conducted by Maughanal. (2002), thesplB gene, a gene unique to Gram
positive endosporrming bacteriavhich codes fosporephotoproduct lyaseand therecA
gene, a gene involved DNA repair and homologous recombination, were able to serve this

purpose.

To calculatethe evolutionary history of bacteria, a molecular clock technique which bases its
calculations on homologous gene substin ratesnay beapplied This techniquesi used for

the estimation of bacterial divergence times through the assumption that amino acid and
nucleotide substitution accumulation occurs at a constant rate (Kuo and Ochman, 2009). The
rate of mutation accumulatianay also be used as an additionahteque for the estimation

of bacterial lineage agékuo and Ochman, 2009).

2.10 CONCLUSION

The bacteriakndospore contains numerous mechanisms of resistance which allow it to survive
harsh conditions and remain viable oeatended periods dime. The ability ofendospore
forming bacteria tanaintain adormanf unaltered statéor survival may allow them to be
promising candidates as proxies in pateeological studiesThe preservation oflormant
endospores in palaamvironmentxouldbe used to etermine the changes AEFB diversity
across timeStudies of microbial diversity in wetland environments and the application of
dormant endospores in palaecological studies are relatively unexplored. The use of
molecular fingerprinting and phylogeneti could be used to examine changes in genetic
diversity, whilst physiological testing could provide information regardiegnetabolic and
functional diversity of AEFB over tim&herefore, the revival and characterization of dormant
AEFB from palaeeenvironmentsmay allow for the opportunity to explore diversity changes
over time as well asexaminetheir potential asindicators for changing environmental

conditions.
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CHAPTER THREE

ISOLATION AND ASSESSMENT OF THE PHYLOGENETIC
DIVERSITY OF AEROBIC EN DOSPOREFORMING BACTERIA
REVIVED FROM AN ANCIENT PEATLAND SEDIMENT CORE

3.1. INTRODUCTION

AEFB form dormant endosporeghen unfavourable conditiorfe.g. anoxic conditionsjrise
within peatlandsEndospores arigequently recovered fromediment layer@/Nunderlinet al,
2014)andit is thereforefeasible thad o r ma n t endospores become tr
within the successive layers of orgamaterial deposits associated with peatlaidthis way,
endosporesnay be ablgo provide insight into theliversity of AEFB from ecologically
sensitiveenvironmentsuch as peatlandgmdallow their potentiato serve apalaeeproxies

to beinvestigated

To examine thehanges IMAEFB diversity over timeacross varied environmentatofiles,
successful idation of dormant endosporarust first be carried outsolationand revivalof
endosporefrom environmental sourcesquires the development and utilization of selective
cultivation techniques combined with suitable media and culture conditions fothgrow
promotion (Gontangt al, 2007).

Following isolationmolecular fingerprinting techniques whichn differentiatésolates at the
species andr strainlevel may be employed (Rastogi and Sani, 20RBpetitive extragenic
palindromicPolymerase ChaiRReaction(RepPCR) is a DNA fingerprintingmethodwhich
targets repetitive, palindromic sequences present in microbial genomes tanigae®NA
fingerprints for microbial strainsTbbes and Pareja, 2008hii and Sadowsky, 2009). Rep
PCR has gainedtour as déingerprinting technique due to its simplicity, speed, reproducibility
and resolution ability (Versaloviet al, 1998). A greater degree of variability is present
between repetitive regions, in comparison to other genomic regions, therebggaablysis

of strainlevel genetic relationships to be possible (Chetril, 2003).RepPCR, utilizing the
BOX-A1R primer which targets the BOMKosaic repetitive elemenhas been successfully
applied for straiflevel differentiation of endospofflerming bacteria (Cheriket al, 2002;
Cherif et al, 2003; Ishii and Sadowsky, 2009). For these reasonsPR&was selecteid
provide straidevel discriminationamongt the aerobic endospeferming bacterial isolates

in the current study
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To facilitate identification and characterization of unknowacterial isolates, sequence
analysis of the 16S rRNA gene is generally condugiadda and Abbott, 20Q7)his gends

widely used for taxonomy and phylogeny studies due to its universal distributiorgstmon
bacteria, its core function which has not changed over time and its convenient length (1 500
bp), which incorporates both conserved and variable sequence rehiainallows taxonomic

and phylogenetic relationships to be inferred (Janda and Abb®6fT). Zthis technique was
therefore selected for identification of the revived AEFB.

TheMfabeni Peatland, located within the St. Lucia Wetland Park, is one of the most significant
peatland ecoregions in South Afrigadis considered ideal for pala@mvironmental research

due to its age and pristine nature (Finch and Hill, 2@8ndlinget al, 201334 The present
study was undertaken to assess the feasibildi
sections of a sediment core dating back to 44000 cal years BP. Several extraction methods
were first assessed to determine endospore extraction efficiencies. The abundance of viable
AEFB at selected points along the cavas determined The points chosen correlated
radiocarbon ages ranging frora. 589 to 37 906 cal years BBenomic diversity amongst
revived AEFB isolates was established using a-R€R fingerprinting approach. The
taxonomic ranking and phylogeny of representative genotypeesthen established bi6S

rRNA gene sequence analysi

3.2. MATERIALS AND METHODS
3.2.1 Site description
3.2.1.1. Introductionio the Maputaland region

The Maputaland coastalgin is located on the eastern seaboard of South Africa and runs
parallel to the north coast of the KwaZwiatal province, satching into Mozambique (Finch

and Hill, 2008). This coastal plaigovers an area approximately 943 000 ha in size and is
boarded by the Indian Ocean in the east and the Lebombo Mountain range along its western
boundary (Grundlinget al, 2013b). Twatypesof coastal lake systems occur in this region,
namely freshwater lakes and estuafinked lakes. Lake St. Lucia forms part of the largest
estuarindinked lake system in Africa and is located within the Greater St. Lucia Wetland Park
(Grundlinget al, 2013b). Approximately 66% of recorded peatlands in South Africa are found

here, making it one of the most significant peatland ecoregions in the country (Grwetdling
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al., 2013a). On the eastern shore of St. Lucia lies the Mfabeni Peatland, which is ahengst
largest and deepest peatlands in Africa (Grundding., 1998).

3.21.2. Location, climate and hyalogy of the Mfabeni Peatland

The Mfabeni Peatland (28°8.92'S, 32°31.12'E) is situated on the eastern shore of St. Lucia in
KwaZulu-Natal (Grundlig et al, 2013a) (Figure 3.1). The peatland occurs 11 m above sea
level, with an approximate length of 10 km, extending to a width of 3G&mndlinget al,

2000; Grundling et al, 2013a). The Indian Ocean is located to the east of this peatland
(Grundling et al, 2013a). Beach ridges separate the Mfabeni Peatland from Lake Bhangazi and
Lake St. Lucia in the north and south respectively (Grundéingl, 2013a). Sedge/reed
vegetation dominates the east and north regions, whilst a swamp forest is préisenwest

and south regions of the peatland (Grundénhgl., 2013a). The peatland is surrounded by The
Eastern Shores Nature Reserve, which comprises of a wide variety of habitats including
grasslands, a dunerésst and a swamp forest (Finch &fitl, 2008). The region is characterized

by subtropical climatic conditions with 60% of the mean annual precipitation falling between
the months of November and March (Grundligigal, 2013a). Climatic conditions in this
region are characterized by wet and hwhmerswith dry, mild winters (Finch anHill, 2008).

The mean annual temperature recorded for this area ranges betweé@ @and223C (Turner

and Plater, 2004). The Mfabeni Peatland is positioned in alyavg region and obtains an

input of water prinarily from groundwater, precipitation and surface infl@rygndlinget al.,

20133. Perched aquifers from sand dunes surrounding the peatland are the primary sources of
groundwater that flow into the peatland (Grundlieg al, 2000). Detailed hydrological
characteristics have been reported by Grunddirey. (2015).

3.2.1.3. Age of the Mfabeni Peatland

The Mfabeni Peatland is one of the oldest and deepeshj8®own active peatlands in Africa
and has a base age of ca. 44 000 cal years BP (Gruatlihg1998;Grundlinget al, 2013a).

This timeframe covers the Late Pleistocene and Holocene periods (Finch and Hill, 2008).
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3.2.2. Sample collection

A continuous sediment core sample was obtained from the Mfabeni Peatland using a vibracorer

for a pdaececological study (Figure 3.2) (Personal communication: Prof. Trevor Hill,

hillt@ukzn.ac.zaDiscipline of Geography, School of Agriculture, Earth and Environmental
Sciences, University of KwaZulNatal, Privatdbag X01, Scotsville 3209, South Africa). The
determination of a suitable coring location was conducted usingdeggh transects.
Aluminum irrigation tubes were used for enclosure of the sediment core. The core was
transported back to the laboratory anawneduty aluminum foil was used to wrap the core,
after which it was stored at2C. Due to compaction, the sediment percentage recovery was
79.5%. A saw and moulded jig was utilized to split the core longitudinally.

3.2.3. Radiocarbon dating

Accelerabr mass spectrometry (AMS) dating was used to radiocarbon date subsamples of the

core (Personal communication: Dr. Jemma Finghmma.finch@gmail.comDiscipline of

Geography, School of Agriculture, Earth and/Eonmental Sciences, University of KwaZulu

Natal, Private bag X01, Scotsville 3209, South Africihese radiocarbon dates were
calibrated using classical ageodelling software (CLAM, v 2.2) andveeighted mean for each

of the sampl e 6 tencaculaed (Bmauw, 201@ igurea38ased on this

data, subsamples that represented time periods of varying environmental conditions were
selected for analysis in this study (Figure 3.3). The interpolated radiocarbon data for each of

these samples presented in Table 3.1.
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South Africa

Study site:
Mfabeni Peatland

P wetland
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Figure 3.1. Location of the Mfabeni Peatland, the site used in the current study, on the
eastern shore of Lake St. Lucia, northern KwaZuluNatal, South Africa (adapted from
Grundlinget al (2013a))

Figure 3.2. Core extaction using a vibracorer, Mfabeni Peatland

41



.‘:, —
i l
8 -
/‘Pleistocene/HoIocene
transition (ca. 1500
S | 11000 cal yrs BP)
o
=8 - l Late glacial (ca. 3800
I3 17500 cal yrs BP)
=
g
o8
-
/Preglacial (cad4 000
33000 cal yrs BP)
[l
o =
uwy
=
D —_
@
=
s |
I~
T T T T T T
60000 50000 40000 30000 20000 10000 0
cal BP

Figure 3.3. Age depth model based on linear interpolation depicting the calibratetfC
dates for the Mfabeni Peatland region generated using the classical ag®delling
software, CLAM (Finch and Hill, 2008. Arrows indicate whersubsampling was conducted
for the current study.

Table 3.1. Interpolated ages for each of the five sufamples taken from an Mfabeni
Peatland sediment core

SAMPLE DEPTH (cm) MIN AGE MAX AGE MEDIAN WMEAN
(cal yrs *BP) (cal yrs BP) (cal yrs BP) (cal yrs BP)

A 12 482.9 671.5 589.2 570.9

B 21 1849.6 2061.8 1963.7 1965.9
C 89 17280.4 179415 17567.9 17579.4
D 237 32604.6 33867.2 33328.2 33311.9
E 344 37079.5 38622.4 37905.7 37901.7

*BP= before 1950 ®
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Physicachemical characteristics of the sediment core, naragrage particle size, the size
fraction of sand, silt and clay, total nitrogen, total organic carbon and pH, are provided in

Appendix A (Personal communication: Dr. Jemma Fingemma.finch@gmail.com

Discipline of Geography, School of Agriculture, Earth and Environmental Sciences, University
of KwaZulu-Natal, Private bag X01, Scotsville 3209, South Africa)

3.2.4. Subsampling from the sedimen core

Five points along the core whichpresented time periods of varying environmental conditions
were chosen for sampling for the current study. The depths and radiocarbon dates for these
samples are provided in Table 3.1. During subsampling, theceudger was scraped away

using sterile scalpelbefore the samples were extractBdiplicate samples (ca. 2 g) were
aseptically dissected out from the interior of the sediment core using sterile scalpels and
tweezers. Samples were transferred to stedledn tubes and kept on ice until they could be
stored at20°C.

3.2.5. Evaluation of extraction methods to recover endospores from peat sediment

Three extraction procedures were tested to determine which method was the most efficient for
recoverirg endospores from the peat sediment. All experiments were cauatiéa a laminar

flow hood with all surfaceslisinfected (10% Y/v bleach solution)and all materials and
equipment double autoclaved (20 min holding time °C2100 kPa). Agar plates iipticase

Soy Agar (TSA),10% TSA, Marine 4 ar and Reasoner6s 2A agar)
duration of all experiments to validate the absence of contamination from within the working

environment (Cano and Borucki, 1995).

The first extraction procedure inglved a mechanical treatment incorporating a vortexing
agitation step. The second treatment tested the use of calcium chloride) (Gadisperse
particulate matter and stabilize peat material in sol{f@ment and Tremblay, 2003). The third
extractionmethod involved a TE buffenediated extraction, accompanied by bead beating.
This method was modified from a procedure used for indirect DNA extraction from sediment
(de Bruijn, 2011). Two random samples. 2 gwere tken from the sediment casethel10

cm and 173 cnfor the initial evaluation of each extraction procedure.
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3.2.5.1. Mechanical treatment via agitation

One hundred milligrams of sediment from the two sample depths were added in duplicate to
900 pl sterile saline solution (0.85%) in 1.5 ml microfuge tubes (Whitehead Scientific (Pty)

Ltd., RSA). Each suspended sample was heated®@tf80 15 min to kill all vegetative cells
(Scheldemaret al, 2006).To dislodge sedimeriiound endospores, samples were vigorously
agitated using a vortefMaxi-Mix 1, Thermolyne Corporation, USA) for 30 min at room
temperature. Samples wemntrifuged at 850 rpm for 5 miiNeofuge 13, Heal Force, China)

to remove debris and particulate matter. A dilution series was conducted by sequentially
transferring D0 pl of supernatant from each tube to 900 pl of saline unti*adilQtion factor

was achieved. One hundredicrolitres of agueous samg@lfrom each dilution was spread
plated onto four media types to assess endospore receffieigncies Spread platig was

carried out using separate sterile glass hockey sticks to minimize chances of cross
contamination. The four media types used WEBA (Biolab, Merck, RSA), 10%TSA
(supplemented with L7 g/l bacteriological agar), Marinegar (19.4 g/l NaCl, & g/l
magnesium chloride, 5 g/l bacteriological peptone, 1.8 g/l calcium chloride, 1 g/l yeast extract,
0.16 g/l sodium bicarbonate, 3.24 g/l sodium sulphate, 0.1 g/l ferric citrate, 0.55 g/l potassium
chloride, 0.08 g/l potassium bromide, 0.022 g/l boric axid04 g/l sodium silicate, 0.0024 g/l
sodium fluorate, 0.0016 g/l ammonium nitrate, 0.016 g/I disodium phosphate, 15 g/l
bacteriological agar) (Zobel I, 1941) and Re
protease peptone, 0.5 g/l enzymatic digéstasein, 0.5 g/l glucose, 0.5 g/l soluble starch, 0.3

g/l sodium pyruvate, 0.3 g/l dipotassium phosphate, 0.05 g/l magnesium sulfate heptahydrate,
15 g/l bacteriological agar) (Reasoner and Geldreich, 1985). All media were made up in
distilled water andwutoclaved at 12C for 15 min prior to usédnce spreaglated, d media

plates were incubated at%@Dfor a minimum of six days and viewed daily for evidence of
microbial growth. For control purposes, an identical dilution series was conducted u3ing 10
pl of saline solution instead of sediment sample and plated onto each agar medium evaluated.
The use of a contrdilution series was used to verify the absence of contamination from

reagents, equipment or aerosols.

3.2.5.2.Calcium chloride treatment

The second treatment involved the use of calcium chloride gCa€la dispersant, tested at
two different concentrations, to release endospores bound to sediment particles. One hundred

milligrams of sediment from two selected depths was added in duplicaterofuge tubes
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(Whitehead Scientific (Pty) Ltyicontaining either 900 pl 0.5 M or 1 M CaCEach sample

was then heated at @for 15 min to Kill all vegetative cells. Samples weigorouslyagitated

for 15 min using a vortex (MaxMix 1) before leing centrifuged at 850 rpm for 5 min to
remove particulate matter and debris. A dilution series for experimental and control samples
was conducted by sequentially transferring 100 pl of supernatant from each tube to 900 pl of
each CaClsolution until a D2 dilution factor was achieved. Control dilution series were
conducted using 100 pl of each Castilution instead of sediment sample and plated onto each
agar medium evaluated. One hundnedrolitres of aqueous samglfrom each dilution was
spreadplated onto the four medigpes described previouslydction 3.2.5.1). All media plates

were incubated at 3G for a minimum of six days.

3.2.5.3 Buffermediated extraction accompanied by béaeting

The third procedure, which was modified frahe Brujn (2011),combined a rachanical
approach, namely bedmkating, with a chemical approach using TE (E3TA) buffer to aid

in extraction. One gram of sediment sample was added in duplicate to 1.5 ml of TE buffer (10
mM Tris-Cl, 1 mM EDTA, pH 8.0). A contl tube which lacked sediment sample was
processed in the same manner as the experimental samples. Experimental and control tubes
were subjected to bead beating (Minibeadbeater, Biospelti€s Inc., USA) for 35 gsing

six tanzanite bead® mm diametey per tube (Biospec Products, Inc.). The tubes were
incubated at % for 10 min, followed by centrifugation at 800 rpm for 10 min to remove debris

and particulate matter. The supernatant was pooled for later use and the pellet was resuspended
in 1 ml of TEbuffer and vortexed (10 s). Samples were incubated®°@t f8r 5 min before the
extraction proceswas repeatedlhe supernatant fractions were pooled into new microfuge
tubes and centrifuged at 1 000 rpm for 10 min to remove the residual sedimenegarticl
Samples were then incubated &€ 4or 2 min; this was followed by centrifugation of the
supernatant (10 000 rpm for 8 min) for final recovery of the bacterial endospores. Pellets were
resuspended in 1 ml of sterile 0.85% saline solution and heasedater bath at 8C for 15

min before performing dilution series plating {0onto selected medigOne hundred
microlitres of sample was spreguated onto the four differérmedia types as described

(section 3.2.5.1). All media plates were incubate®0&€ for a minimum of six days.

Dilution series were performed in duplicate and the results from each extraction procedure

were compared in terms of average colony forming units (CFU) per gram of sediment (wet
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weight). The procedure which exhibited theaest efficacyn extraction of viable AEFB was

chosento evaluate each of tHave selected sampling depthSample depths were processed

from the oldest (i.ethe samfe radiocarbordated to 37 90@al years BP) to the youngest

sample (i.e.the sampk radiocarbordated to 58%al years BP). This was done to avoid the
possibility of sample carryoverand cras® nt ami nati on of bacteria f
samples. Surface sterilization was carried out between sample processing. Materials used for
each sample d¢paction were prepared indepentlg to minimize the risk of cross

contamination and sample carryover.

Endospore extraction and dilution series platwvege undertaken for duplicate samples from
five depths, viz.12 cm, 21 cm, 89 cm, 237 ¢rand 344 cm, which correlated to median
radiocarbon dats of 589, 1 964, 17 568, 33 328, 37 @@byears BPrespectively. For each
sample seta maximum of 30 morphologically distinct colonies were selected from each
medium type for further characterimn. Colonies were picked off from media plates at the
highest dilutions from which single colonies were readily distinguisimedases where low
numbers of colonies were obtainedl, colonies from each media type at the highest dilution
were taken. Calnies were inoculated into 800 pl of 10% TSB in microfuge t{Wéstehead
Scientific (Pty) Ltd). Tubes were incubated at°80for 48 hafter which 200ul of sterile
glycerol was addedlhese served dke master stock culturesll masterstocks were sted
at-20°C.

3.2.6. Genomic fingerprinting and phylogenetic analysis of reviveAEFB

To confirm the suitability of obtaining template DNA for RBER directly froma colony
(ick-offd procedurethis approach was compared to a fR&R protocol that &l template

DNA derived from a commercial DNA extraction kit method. Eight AEFB isolates were
randomly selected from cultures obtained from the plating out of sediment core samples.
Bacillus amyloliquefacienssubsp.amyloliquefacienddSM 7 andBacillus subilis subsp.
spizizeniDSM 347 (ATCC 6633) were included as positive controls.

Isolates obtained from dilution series plating (total: 270) were then subjected ®0®ep
Fingerprint patterns were compared by measurement and visual comparison of fiéesl pro
between isolates. Isolates were assigned to operational taxonomic units (OTUs) on the basis of
fingerprint profiles. Representatives of each OTU were then selected for 16S rRNA gene

sequencing and phylogenetic analysis.
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All molecular work was condued in an enclosed PCR workstation (PCR cabinet, Esco, RSA)
equipped with a HEPA atilter, to minimize potential sources of contaminati@amd an

ultraviolet(UV) light for surface sterilization.

3.2.6.1. DNA extraction using a kit protocol

Isolates vere cultured overnight in 20 ml Luria Bertani broth @0 Tryptone, 5g/l yeast

extract, 10g/l NaCl) at 30C at 120 rpm in a rotary shaker (Orbital shaker incubator, MRC
Laboratory Equipment, Israelellswere pelleted by centrifugan at5 000 rpm br 10 min

(Neofuge 13in 1.5 ml microfuge tubes. DNA extraction of selected isolates was conducted
using a GeneJET Genomic DNA kit (ThermoScien
protocol for extracting genomic DNA from Gram positive bactdr@aconfirm the success of
extraction DNA products werelectrophoresedsing a 1.5%'/y agarose gel. The gel was run

in 1 x Tris-BorateEthylenediaminetetraacetic acid (TBE) buffer (89 mM Tris base, 89 mM

Boric acid and 2 mM EDTA, pH 8.3) at 80for 65 min A 1 kbp DNA ladder Eermentas

USA) was included as a reference standard for estimaiggient sizes. Five microlitseof

DNA were mixed with 3 ul of & loading dye (Promega) prior to loading into wells. Gels were

stained with (X ) SY B R E e (8natrogen, OSA) and visualed undetJV light. Images

were taken using GeneSnapE soft wazxls)@a®lyngene
concentrations (ng/ul) of the extracted DNA were analyzed using a NandDrop

spectrophotometer (ThermoScientifié)l DNA products were stored a20°C.

3.2.6.2. DNA extraction using a colo@jck-offéapproach

A colony gick-offéprocedure was used titaingenomic DNA for PCR purposes according

to a procedureadaptedrom Nilssonet al (1998). Selected itates were susultured onto

10% TSA plates and incubated for 72 h QA single distinct colony from each isolate was
aspetically transferred to 50 pl of TE buffer using a sterile 200 pl pipette tip. The tubes were
vortexed for 5 s and heated at@5or 15 min in a dry heating block (Accublcﬁ:kLabnet
International, Inc., USA). All tubes were then centrifuged at 10 000 rpm for 1 min (Neofuge

13). The supernatant was stored24PC for future use.
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3.2.6.3. Repetitive extragenic palindrorflolymease Chain Reaction (R€pCR)

Genomic fingerprinting of selected isolates was undertaken following aPR&omethod
described by Urzet al (2001), using a BaA1R primer (Versaloviet al, 1994) (Table 3.2).
Reactions were carried out in 200 pl stetiiim-walled PCR tube8Nhitehead Scientific (Pty)
Ltd.) and consisted of £ GoTa§ Flexi Buffer (Promega), 2.5 mM Mggl0.1 mM of each
dNTP, 0.5 uM of primer and 0.07 U GoTaQNA polymerase (Promega). Each tube contained
1 pl of template DNA (from eithethe kit extraction or the colonpick-offémethod) and the
final reaction volume was made up to 25 ul using nucké@sewater (Promega). Reaction
mixtures which lacked template DNA and contained 1 pl nucl&éagsewater (Promega) were
included as combls. The amplification reactions were carried out in a Bioer thermal cycler
(XP Cycler Model TCGXP-G, Bioer Technology Co. Ltd., China). The temperature profile
consisted of an initial denaturation at’@5for 5 min, followed by 35 cycles comprising of
denaturation of 98C for 1 min, annealing at 46 for 1 min and extension at @ for 2 min.

A final extension of 72 for 10 min was used. All samples were stored°at grior to
electrophoresis. PCR products were analyzgelectrophoresis using 1.5% agarose gels

as described in section 3.2.6.1.

Table 3.2. Nucleotide sequences for primers used for RE&CR and 16S rRNA gene
sequence amplification

“Primer Sequence Length  Tm (°C) Reference
( 5306) (bp)  (min/max)
Rep-PCR
Box-AlR CTACGGCAAGGCGACGCTGACG 22 70.13/70.13 Versalovicet al
(1994)
16S rRNA-PCR

16S rRNAF AGAGTTTGATCCTGGCTC 18 57.62/57.62  Strémet al.
16S rRNAR CGGGAACGTATTCACCG 17 59.61/59.61 (2002)

"All primers obtained from Ingaba BioTéeck{Hatfield, Pretoria, South Africa)
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3.26.4. 16S rRNA gene amplification

The amplification of partial 16S rRNA gene fragments from selected isolates was carried out
according to the method described by Tetal. (2014) and Strorat al. (2002). PCR reactions
were performed in a Bioer thermajcler (XP Cycler Model TEXP-G) using 25 pl reaction
volumes consisting of £ GoTad§ Flexi Buffer (Promega), 1.5 mM Mggl0.2 mM of each
dNTP, 0.4 uMeachof 16S rRNA forward and reverse primer (Table 3.2) and 0.04 U GoTaq
DNA polymerase (Promega). Twuicrolitres of template DNA were added to each reaction
and the final volume was made up to 25 pl with nucldeesewater (Promega). Template DNA
from B. amyloliquefaciensubspamyloliquefacien®SM 7 was included as a positive control.
Reaction mixtues whichlackedtemplate DNA were also included as controls. The cycling
conditions used involved an initial denaturation &t®for 5 min; this was followed by 30
cycles which comprised of a denaturation step &€ 9dr 30 s, annealing at 82 for 30 sand

an extension step at %2 for 80 s. The final extension was carried out &C7fr 5 min.
Confirmation of the PCR amplification of the targeted gene fragment (~1400 bp) was

performedusing ayarose gel electrophoresgeftion 3.2.6.1).

3.2.6.5. 16 rRNA gene sequencing and phylogenetic analysis

Amplified 16S rRNA gene fragments were sequenced at Ingaba Bi%‘l(btahfield, Pretoria,

South Africa). Amplicons were first purified using Wizard PCR Prep Kits (Promega), before
sequencing using a ABI PRISBlye Terminator Cycle Sequencing Kit (Applied Biosystems,
USA). Both 16S rRNA forward and reverse primers were used. Analysis of reaction sequences

were conducted with an ABI 313Q sequence analyzer (Applied Biosystems).

Editing of sequence chromatograror all the isolates was performed with Chromas [EITE

software (v 2.01, Technelysium (Pty) Ltd., Australia). BioEdit softwai®e@8.0) (Hall, 1999)

was used to align the sequence data and generate contiguous sequences. Consensus sequences
were then cmpared to 16S rRNA gene sequences deposited in Genbank

(http://www.ncbi.nlm.nih.goy using the Megablast algorithm. The Genbank search was

limited to sequences from type and reference material within the 16S geN& sequence

database.

Evolutionary relationships were represented by creating phylogenetic trees using the 16S rRNA
gene sequence data. Phylogenetic trees were constructed through use of the Néaghiogur
(Saitou and Nei, 1987) and Maximuokelihood (Fisher, 1922; Huelsenbeck and Crandall,
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1997) method. All phylogenetic analyses wemnducted using Mega software (v 6.06)
(Tamuraet al, 2013). For the Neighbouloining analysis, genetic distances were computed
using the Jukesantor model (Tamurat al, 2007) by means of bootstrap values based on 1
000 replicates (Felsenstein, 1985). For the Maxinukelihood analysis, evolutionary
distances were estimated using the TanNegasubstitution model by means of bootstrap

values based on 1 000 replies.

All sequences were aligned with Clustal and trimmed to the same base pair |e2fephbfd).

Manual gap evaluation was carried out on the sequences and all gaps were removed for
pairwise sequence comparisons. 16S rRNA gene sequences of phylaljgneliated taxa

were included for compariso.rees were rooted using the 16S rRNA gene sequence of
Clostridia beijerinckiiJCM 1390 as an outgroup.

3.3. RESULTS
3.3.1. Evaluation of extraction methods to recover endospores from peat sediment

The efficiency of recovering viable endospdoeming bacteria from sediment core samples
varied between the three extraction methods (Figure 3.4). The results obtained exhibited a
similar trend for all media types tested. The results obtained using 10% TSAware(stigure

3.4).
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Figure 3.4. The recovery of viable endosporéorming bacteria from a peatland sediment
core using three different extraction proceduresError bars indicate the standard deviation
between replicates (n=2).

A similar trendwas obsergd for both sampleghat wereevaluated. The vortex treatment
yielded the lowest CFU/g values in both instances. The calcium chloridez]@x€hction
method proved to be more effective than the mechanical (vortex) treatment. In both instances,
the 1 M oncentration of CaGlproved to be twice as effective as compared to the lower
concentration (0.5 M) of Ca@lised. These trends were observed across the four media tested.
The beaebeating buffermediated extraction procedure yielded CFU/g values whick te

and 9x greater than that of the vortex treatment for sample 1 aedpctively. This procedure

was also more effective than the 1 M Caf&atment (1.5% and 1.6« more effective for sample

1 and 2respectively). The bedoeating buffermediaed extraction procedure was therefore
chosen for isolating endospeli@ming bacteria from sediment samples from the five depths

under examination
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3.3.2. Endospore revival from sediment core samples

Colony counts (CFU/qg) for AEFB revived from sectiaisa sediment core from the Mfabeni
Peatlandare presented in Table 3.3 and Figure 3.5.

Table 3.3. Colonyforming units per gram of sediment CFU/g (x18) showing revival
efficiency across depths on four media types

Sample Depth CFU/g x 10
(cm)
10% Trypticase TrypticaseSoy Marine Agar Reasoner's 2A

Soy Agar Agar Agar

A 12 478 + 0.9 * 8.143 + 6.108 +
SD 0.049 SD 0.057 SD 0.424 SD 0.247

B 21 0.28 + 0.055 + 0.028 + 0.53 +
SD 0.028 SD 0.007 SD 0.014 SD 0.037

C 89 0.2 * 0.003 = 0.0 0.08
SD 0.0B SD 0.004 SD 0.021 SD 0.011

D 237 1.825+ 0.08 = 0.145 + 0.043 +
SD 0.071 SD 0.011 SD 0.035 SD 0.010

E 344 0.003 + 0 0 0.025 +
SD 0.004 SD 0.007

AEFB isolates were obtained froeach of the sediment core gales assayedrhe highest
numbers of endosporesvived were from sample A. A significant decrease in CFU counts was
evident for samples taken from deeper sections of the Eoresample A, the AEFB revival
efficiency ranged from 0.93 x $GFU/g to 8.18 x 10° CFU/g, whereas for sgute B, revival
ranged from 0.2& 10 CFU/g to 0.53 x 10° CFU/g, representing an 1300 fold decrease in
overall AEFB numbers depending on medium type. The lowestdotaldt (3.0CFU/g) was
observed for sample 844 cm)on 10% TSA. With the exception of sample E, AEFB isolates
were revived from all samples on each medium type evaluated. ForesanEFB were only
revived on10% TSA and R2A media. The proportionssiflates revivedariedbetween the
media. Using sample Asaan example, the highest propomtiof isolates were revived on
Marine Agar, followed by R2A, 10% TSA and lastly, TSA. However, the abundafiselates
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cultured on eachediatype differed across sample depther example, th£0% TSA medium
accountedor 23.9%, 31.3%, 67.6%, 87.1% and 9.09% of the total CFU/g at sample A, B, C,
D and E respectively. For samples A and B, the highmshber of AEFB were revived on
Marine Agar (40.8%) and R2A (59.5%despectively whereas, for samples C and D, the
highest CFU counts were obtained using the 10% TSA medkiigu(e 3.5).
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Figure 3.5. Total AEFB colonyforming units (CFU) per gram of sediment for each media

type across five sampling depths examined along a sediment core from the Mfabeni
Peatland. Error bars are used to indicate the standard deviation between replicates (n=2).
Samples A, B, C, D amd E correspond to depths of 12 cm, 21 cm, 89 cm, 237 cm and 344 cm
respectively.

A total of 270 isolates were selected for genomic fingerprinting usingH#p For sample
A, 30 morphologically distinct isolates from the highest dilution of each medium type were

selected, giving a total of 120 isolates. For the remaining sample depths, due to the low CFU/g
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counts obtained, all isolates at the highest dilutiomfeach medium type weselectedor

RepPCR fingerprinting.

3.3.3. RepPCR fingerprinting

A preliminary experiment was undertaken to determine the suitability of using template DNA
derived from colonypick-offéfor RepPCR. Eight isolates were randiynchosen from the
endospordorming bacteria collected and their RBER fingerprints, derived from kit
extracted DNA and colongpick-off§ were compared (Figure 3.@acillus subtilis subsp.
spizizeniiDSM 347 (ATCC 6633andB. amyloliquefaciensubsp amyloliquefacien®SM 7

were included as positive controls.

M Isolates M Isolates No M

Figure 3.6. Agarose gel electrophoresis comparing RCR fingerprints of selected
isolates using template DNA from GeneJET Genomic DNA extraction kits (K) and colony
pick-offs (C). Lane: M, 1 kbp DNA ladder; isolate B. subtilissubsp.spizizeniiDSM 347;
isolate 2B.amyloliquefaciensubspamyloliquefacien®SM 7; isolates 810, AEFB obtained
from sediment core samplesg,Megative control.
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The concentration of teplate DNA obtained using kit extraction ranged from 1.@0ng to
6.9532 ng in 25 pl. DNA purity (AecA2s0) Of kit extractel template DNA ranged from 1.i78
2.09.

RepPCR fingerprint profiles for each template DNA source produced comparable banding
patternsIn some instances, the intensitytloé band demonstrated some variability however,
this was attributed to differences in template DNA concentration. Overall, eplokyff was
confirmed to produce distinct, comparable and reproducible banding pattarsistent with
kit-extracted DNA in all case3his procedure was simple, rapid and esféective. On the
basis of these findings, this method of DNA extraction was used to obtain template DNA for
subsequent RePCR fingerprinting studies.

A total of 270 isolates, which had been stidtured on 10% TSA, were screened using-Rep
PCR. Profiling was done for each depth separately. Banding patterns between all isolates were
compared visually. On the basis of the visual comparisons of @splatthin and aoss
samplesOTUswere assigned (Table 3.4). Examples of the fingerprint patterns obtained for

selected isolates from eachpdh are shown in Figure 3.71(B).
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Sample A (12 cm ca. 58%l years BP)
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Sample D (23¢m ca. 33 328al years BP)

Isolates

N M < 10 ©
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O o0 o oon

No
M

Sample E (344m ca. 37 90@al years BP)

Isolates

Figure 3.7. Examples of RefPCR fingerprint profiles of selected AEFB isolatesrom
each sediment core sample visualized using 1.5% agarose gel electrophorésise: M, 1
kbp DNA ladder; PoBacillus amyloliquefacienssubsp.amyloliquefaciensdDSM 7; No,
negative control.
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The number of bands in the fingerprinting patterns foiisallates screened with RELCR
(inclusive of those not included in the example figures above) ranged from 1 to 15.
Approximate molecular weights of bands varied from 200 bp up to 3 000 bp in total. The Rep
PCR fingerprinting was repeated for selectedated and in all cases, banding profiles were

found to be reproducible.

RepPCR is a fingerprinting technique which is able to distinguish isolates at a strain level
(Cherifet al,, 2002) Banding profiles for each isolate were compared visually acrosanagile

sets. Isolates exhibiting identical banding profiles were regarded as being the same strain and
were grouped together as the same ORach isolate which displayed a distinct banding
profile was considered to be a unique strain and was assigepdrate OTU designation. On

this basis, all of the isolates from each depth were assigned to an OTU (Table 3.4).
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Table 3.4. Assignment of Operational Taxonomic Units (OTUs) to AEFB isolates from
sections of a sediment core based on R&TCR fingerprinting profiles and their
distribution across sample depths and cultivation media

DEPTH TYPES OF MEDIA
(cm)
Marine Agar  "RA R2A agar RA TSA RA 10% TSA RA

12 OoTuU 1 1/30 OoTuU 4 1/30 OTU 15 11/30 OTU 15 10/30
OTU 2 4/30 OTU 13 2/30 OTU 20 2/30 OTuU 22 2/30
OTU 3 3/30 OTU 14 1/30 OoTU 21 2/30 OTU 25 3/30
OoTU 4 4/30 OTU 15 17/30 OTU 22 3/30 OTU 29 1/30
OTU 5 3/30 OTU 16 1/30 OTU 23 1/30 OTU 30 2/30
OTU 6 2/30 OTU 17 1/30 OTU 24 5/30 OTU 31 3/30
oTu 7 1/30 OTU 18 1/30 OTU 25 1/30 OTU 32 4/30
OTU 8 1/30 OTU 19 2/30 OTU 26 1/30 OTU 33 5/30
OTuU 9 4/30 OTU 20 2/30 OTU 27 3/30

OTU 10 3/30 OoTU 21 1/30 OTU 28 1/30
OoTuU 11 2/30 OTU 22 1/30
OTU 12 2/30

21 OTU 28 19 OoTu 7 1/29 OTU 34 1/5 OTU 19 2/21
OTU 34 2/9 OTU 15 16/29 OTU 35 1/5 OTU 40 7/21
OTU 35 1/9 OTU 40 1/29 OTU 37 1/5 OTU 47 3/21
OTU 36 2/9 OTU 41 5/29 OTU 45 1/5 OTU 48 2/21
OTU 37 1/9 OTU 42 2/29 OTU 46 1/5 OTU 49 4/21
OTU 38 1/9 OTU 43 2/29 OTU 50 3/21
OTU 39 1/9 OTU 44 2/29
89 OTU 51 1/3 OTU 51 2/6 OTU 51 1/1 OTU 51 5/18
OTU 52 1/3 OTU 54 1/6 OTU 58 2/18
OTU 53 1/3 OTU 55 1/6 OTU 59 1/18
OTU 56 1/6 OTU 60 1/18
OTU 57 1/6 OTU 61 3/18

OTU 62 4/18
OTU 63 2/18

237 OTU 53 1/13 OTU 64 3/8 OTU 64 1/5 OTU 73 7/30
OTU 64 2/13 OTU 67 2/8 OTU 70 1/5 OTU 74 6/30
OTU 65 3/13 OTU 68 2/8 OoTuU 71 1/5 OTU 75 3/30
OTU 66 7/13 OTU 69 1/8 OTU 72 2/5 OTU 76 2/30

OTuU 77 4/30
OTU 78 4/30
OTU 79 3/30
OTU 80 1/30

344 oTu 81 11 OTU 81 1/1

*Relative abundance expressed as the number of isolates belonging to the respective OTU over the total number
of isolates selected from the respective media at the specific depth
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Of the 270 isolates screened, 81 OTUsendistinguished. At each depth, with the exception

of the 344 cm sample, isolates were recovered from each of the media evaluated. The richness
and relative abundance of OTUs associated with each medium type varied between sampling
deptls (Table 3.5).

Table 3.5. OTU richness and relative abundance for the four media at each depth

Depth Medium
(cm)

MA R2A TSA 10% TSA

*Richness *Abundance "Richness *Abundance "Richness ¥Abundance "Richness *Abundance

12 12 0.40 11 0.367 10 0.33 8 0.267
21 7 0.778 7 0.241 5 1 6 0.286
89 3 1 5 0.83 1 1 7 0.388
237 4 0.308 4 0.90 4 0.80 8 0.267
344 0 0 1 1 0 0 1 1
TOTAL 26 2.486 28 2.94 20 3.13 30 2.208

"Richness reflected as number of OTUs present on the respective media at eactbeptlance reflected as

the number of OTUs divided by total number of isolates selected from the respective media type at the specific
depth. This proportion was used to account for the differences in the number of selletésdrom each media

type at each depth.

Based on @U numbers across all depths, the 10% TSA medium displayed the highest level
of OTU richness, closely followed B2A andMarine Agar medium. Collectively, the lowest

OTU richness was associated with TSA. OTU richness and abundance varied between depths.
For example, at the 12 cm depth (sample A), a total of 33 OTUs were distinguished, with the
highest nmber of OTUs being isolated on Maring#. For sample B (21 cm), the highest
numbes of OTUs were associated with Maringak and R2A media. At the 89 camd 237

cm sample depths, 10% TSA displayed the highest levels of OTU ricAieskgh relative
abundanceseflectedfor TSA needdo be viewed with caution due to the low CFU/g values

obtained at certain depths.
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The majority of the OTUs distinguishecere specific to one medium type. Of the 81 OTUs
differentiated, only19.8% were isolated from more than one type of medium (Figure 3.8).

10%
TSA

R2A

Figure 3.8. Venn diagram illustrating the distribution of Operational Taxonomic Units
representing AEFB isolates revived on different agar media

OTU 51, which was unique to sample C (89 cm), was the only OTU which comprised of
isolates which grew on each medium type evaluated. Isolates assigned to OTU 15 were the
most abundant representatives in thees@mple with examples cultured from both the 12 cm
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and 21 cm depths. The high number of isolates which made up this OTU were isolated from
three of the four media types tested, namely R2A, TSA and 10% TSA. OTU 22, comprising of
isolates exclusively fromhe 12 cm depth, were also cultured on the same three media types.
OTU 64, which was unique to the 237 cm depth, was the only other OTU which occurred
acrosghree media types, namely TSA, Maringak and R2A agar.

Of the 81 OTUs differentiated, 93.8% wedmnd at only one depth. Only 5 OTUs were
isolated frommore than one depth (Figure 3.9).

Figure 3.9. Venn diagram illustrating the distribution of Operational Taxonomic Units
which were present at more than onesampledepth examined
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3.3.4. 16S RNA gene sequencing and phylogenetic analysis

A representative isolatef each distinct OTUwas selected for 16S rRNA gene sequence
analysis. In additionboth isolatesbelonging to OTU 43vhich possessed identical banding
patternsverechosen for sequemy to validate the accuracy of the RBER techniqueBoth
isolates belonging to OTU 53 (the OTU present at sample depths C and Dpleere
sequenced. Itotal, 83isolates weraselected for sequencingCR amplicons of approximately
1400 bp in length wre generated from the amplification of partial 16S rRNA gene fragments,
which was consistent with results obtained by Stedrml (2002) (Figure 3.10).

Isolates
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Figure 3.10. Agarose gel (1.5%) electrophoresis image displaying 16S PCR amplification
products of selected AEFB isolates using 16S rRNA forward and reverse primetsane:

M, 1 kbp DNA ladder; lanes-22: isolates selected from sample A (12 cm); Po, positive control
(Bacillus amyloliquefaciensubspamyloliquefacien®SM 7); N,, negative comol.
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Phylogenetic trees constructed using the Neighfoining and Maximuniikelihood
methods both displayed similar topologies. Only the Maxinrhikalihood tree is displayetd

show the genera prese(figure 3.11).Selectedsubclades of the pflogenetic tree are
provided in Figure 3.12 for focus specific generand ease of visualizatioA.total of81.7%

of the isolate sequences matched currdidtgd sequences frotgpe and reference material

in the Genbank databasetiva percentage siinia r i 97¢6. Toe rem@ining isolates (B86)

aligned with lower percentage similarities which ranged from 84% to 96%, which is below the
accepted threshold of 98.7% for species identification (Stackebrandt and Ebers, 2006). The top
sequence similarity nbiehesand OTU designationfer isolates are provided ifables AT A5

(Appendix A.

In addition to 16S rRNA gene sequencing of representative OTUs, two isolates with identical
banding profiles (hamely B23 and B24, Figure 3.7) were subjected to 16S rRiNA ge
sequencing to confirm their taxonomic/phylogenetic relatedness. This was done to validate the
accuracy of Ref?CR for isolates exhibitingdentical fingerprint profilesl6S rRNA gene
sequencing revealed that both isolates heakidentical sequences99.5% similarity) and
identical hits on a BLAST database search for secgiesimilarity matches (Table A2
Appendix A).
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MBacill:

B oomi bacil

BMLysinib

Msolibaci
Psychroba

BMPraeni Ssporos

MPaeni baci
Brevi bac

D47

Figure 3.11. Maximum-Likelihood phylogenetic tree based on partial 16S rRNA gene sequences inferring the evolutionary relationshi
between selected AEFB isolates and reference sequendde tree was constructeding theTamuraNei substitutiormodel by means of bootstra
values based on@DO replications. The tree was rooted usbhgstridia beijerinckiiJCM 1390. The scale bar represents 2.0 substitutions per nucl
position. Black dots represent bootstrav al ues O50%. The key Froenpnggesezant s t he aerobi c





























































































































































































































































































































































































