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CHAPTER |

ABSTRACT

The Great Salt Plains (GSP) is an ecologically divelsgmer-saline environment. Many
differences in overall phenotypic characters were observed aR@ogionasspp. isolates from
the GSP that had >97% 16S rDNA sequence similarity. We betlesse Halomonasspp.
isolates have evolved over a long period of time by meansewélaping certain genetic
mechanisms. Multi Locus Sequence Typing (MLST) was used to dtedyapulation structure
of these isolates. Housekeeping geeet3, gyrB, and recAlong with 16S rDNA and the ITS
region were assayed in B&lomonasspp. isolates. MLST analysis identified 28 unique sequence
types indicating a high level of genetic diversity. Among timise keeping genesecA
demonstrated increased resolution indicating tHatomonas spp. isolates contain several
genetically distinct phylotypes most likely due to environmehbtdtienecks and recombination
events. These results support the hypothesis that high legeheftransfer events have occurred
amongHalomonasspp. isolates at the GSP site even though 16S rDNA sequentzitirhas
been conserved. Phylogenetic relationship of very closely dettddomonasspp. isolates was
resolved by MLST. These result prompted us to study and comntpareinfluence of
recombination in an organism from an environment with more modetseacteristics. |
analyzed and compared sequence information fro8h@wvanellasolates from both fresh and
marine water bodies. The isolates tested showed comparable [Eveenetic variations
indicating genomic adaptation of thghewanellastrains to their environmental conditions,

mediated by lateral gene transfer events. Next | studiedgsuhavability of Halomonasspp.



isolates exhibited increased level of resistance to DNA damaigeJV radiation on par witk. coli.
This study helped us to understand how environmental factors irtipaaenetic diversity and

stability of microorganisms.



CHAPTER Il

REVIEW OF LITERATURE

Halophilic Microorganisms- History:

“An embankment is made and ditches to draw clear sea watzieft for a long time until the
color becomes red. If the south wind blows with force during the suranm autumn the salt

may grain overnight. If the south wind does not come all the profits afe lost

This is the translation from a work by Peng-Tzao-Kan-Mu th&tsiback to about 2700 B.C. that
describes the salt production from seawater in the Chinesenpeoof Yai-cheau (7). This is one
of the earliest reports of the red brines known to be causetddogbial communities adapted to
life at high salt concentrations or near saturated salt wonsli Many such water bodies were
reported in ancient times in Egypt. In modern times, blooms ofakaphilic archaea have been

reported in the Dead Sea (12).

Pierce in 1914 made a study showing that the red growth in brines isdfactaria (88). Klebahn
in 1919 was able to isolateBacillus halobius rubér from red discolorations on fish and
described what is now known bBkalobacterium(59). Similar details were provided by Browne,
and Harrison and Kennedy in 1922 (14, 49). During the late 1920’'s intp #3B0’'s, a
substantial amount of work was reported on halophilic bacteridhat Deft School of
Microbiology. Baumgartner (9) made the first isolation of afigabory anaerobic halophilic

bacterium in 1937 and described it 8atteroides halosmophilus



Since then many attempts have been made to understand the midiedisity in different

saltern environments. Claude ZoBell and his student Whitney Simitvesl the presence of a
rich autochthonous bacterial community at the Great Salt (@) (109). They estimated that
50% of the bacteria from the GSL require at least 70fgdati to grow and 96% of the total
bacterial community could not grow without salt. Wilkansky in 1936 (Ex&mined the water
and sediment samples from the Dead Sea and was able to Vel saerobic and anaerobic

bacterial species.

Much of the current understanding of biology of halophilic micraorgms is due to the work of
Norman Gibbons and his student Donn Kushner in Canada, and Helge Larbénstandent lan
Dundas from Norway during the 1960’s (31). They opened a new direction into understanding the
diversity and unique adaptation strategies of these salatdlenicroorganisms from near

saturated, hypersaline environments.

Ecology:

lan Dundas (31) suggested that life might have originated frohgpersaline environment. This
was further supported by reports indicating that life originateBasth from a “primordial soup”

of abiotically formed organic molecules that accumulated in the puddssdtpseawater (32

Oceans are by far the largest saline bodies of water. ghlp@ environments can be defined as
those with salt concentrations in excess of seawater. Tltalaager bodies are those that are
derived from the evaporation of seawater. Athalassic waterthase where the salts are lower
than sea water (81). The two most studied hypersaline water ladiegbe Great Salt Lake in
North America and the Dead Sea in the Middle East. Manyl @waporation ponds exist near
coastal areas fed by seawater. Hypersaline ponds are alsoiffioAnthartica that are stratified
with respect to salinity. Alkaline hypersaline soda brines medect examples of dynamic

environments. They vary significantly in size, salinity andgerature according to seasons.



Subterranean evaporate deposits and deep-sea basins alsohlgpdiealine environments. A
general characteristic of hypersaline environments is that #hveager is evaporated and a salinity
gradient is created. This results in diverse microbiams adapted to varied salinity levels

(81).

Since the terrestrial environments are considered more hatemge it is safe to assume that a
wide range of salinities exists in any soil. Saline soilddramore halotolerant rather than
halophilic microorganisms (120). This is due to periodical chamgesalinities according to
changes in climate. The microbial species composition vamesiderably from aquatic
environments. While members belonging Salinivibrio dominate saline lakes and salterns
bacteria belonging t®acillus, Pseudomonaand Halomonadacaealominate the saline soils.
Gram-negative bacteria are more dominant than the gram-positive ondsatkecanaerobes are
rare. Most of these bacteria require relatively high saficentration (5 to 10%) for optimum
growth but they can also grow at low salinities (0.1 to 2%). Mes# attention has been devoted
to studying saline soils than the hypersaline aquatic envinmismelalotolerant bacteria were

isolated from the Salty soils in Death Valley(CA), the Great Salh§{|OK), and Iraq (16, 120).

Physiology of Halophiles:

Even though salts are essential for survival of living orgasishalophilic microorganisms are
dependent on saline to hypersaline conditions for growth. These sigaan be classified
according to their salt needs: slight halophiles grow be8t2a®.85 M (2-5%) NaCl, moderate
halophiles grow best at 0.85-3.4 M (5-20%) NaCl and extreme h#demow best at 3.4-5.1 M
(20-30%) NaCl. Many of these halotolerant and halophilic migamisms have a wide range of
salt tolerance for growth and sometimes this range dependsviorgnental and nutritional

factors (80).



It is well known that the exclusion of salt and the mai@tace of a steep ionic gradient by
halotolerant microorganisms is achieved by the constant punapirans by an active, energy
dependent mechanism or by tightening the membrane permeabilitgrbdwo mechanisms
have been suggested to support this hypothesist Naantiport and the presence of a primary
respiration driven Napump (80) High osmolarity in hypersaline conditions is harmful to most
cells as a lot of water is lost to the environment (or tktereal medium) in order to reach
osmotic equilibrium. Halophiles have developed a strategy to avoid thisflosBular water, and
they accumulate high concentrations of solute within the cytop{ag). These solutes are called
compatible solutes and are usually amino acids, sugars ayolspaduch as glycine betaine,
ectoine, sucrose, trehalos and glycerol, which do not interfere l@timetabolic processes and
have no net charge at a physiologically neutral pH. In somerbhbma and extremely halophilic

bacteria, an exception is seen. They accumulate KCI equal to the egtmroahtration of NaCl.

Halophilic Archaea: These organisms grow best at higher salinities (3.4-5 M Nd@im
blooms, and are the cause of red coloration of many brines (22)arelahea species are rod,
cocci or disc shaped and many are pleomorphic especialgn vhe salt concentrations are
altered in the media. Haloarchaea belong to the faHdlpbacteriacaeaMore than 20 genera
have been reported. The first haloarchaea genome sequencéthlabacteriumspp. NRC-1
(23). Many more have been sequenced recently or are close to completi@anchteda have very
high intercellular salt concentration with Kons accumulated internally up to 5M along with'Na
ions. The K gradient is maintained by a Na/H antiporter and uiporters. Genomic and
proteomic analysis have shown that haloarcheal proteins magecass proportion of acidic to
basic amino acids which is crucial for protein activity at righ conditions (23). These proteins
are resistant to high salt concentrations and need salt foraitteiity. Bacteriorhodopsin and

carotenoids are the two most studied proteins of haloarchaea (63).



The Halotolerant and Halophilic Bacteria:

Halophiles can be defined as salt loving organisms. They assifaéd as slightly, moderately or
extremely halophilic depending on their need for NaCl (81). Halaplate found in all three
kingdoms: Archaea, Bacteria and Eukarya. They are found thrdugipthtyla and orders of the
bacterial domain. Bacteria with varying physiological propediash as aerobic and anaerobic,
chemoheterotrophs, photoautotrophs, photoheterotrophs as well as cheroplighdall within

this group. Recently, 16S rRNA sequence information has been usddtbeajter idea about the
phylogenetic relationship within this halophilic bacterial commuriitglophiles are known to
exist within the phylaCyanobacteria, Proteobacteria, Firmicutes, Actinobacteria, Spirochaetes
and Bacteroideteg81). Cyanobacterial mats are found in the hypersaline lakes alt@ins
evaporation ponds. A good description of the cyanobacteria belonging tayethera:
Halospirulina, Cyanothece, Aphanothece, ChroococcidiogstsMyxobactroncan be found in

the literature. The halophilic anoxygenic photosynthetic sulfur baadé theHalorhodospira —
Ectothiorhodospiragroup have been extensively studied (54). Fatty acid compositioysenaf

the cellular lipids and the 16S rRNA sequence analysis havéoléhe identification of more
extreme halophiles within this group. Based on the analysismall SRNA subunits, the
fermentative obligatory anaerobic halophilic bacteriactassified in the domaiBacteriawithin

the phylumFirmicutes(84). Many other branches within the domBicteriacontain halophilic
microorganisms. Considering the scope of this dissertation, fogills on the bacteria belonging

to the family HalomonadaceaeFigure 2.1 shows a universal phylogenetic tree. Branches
including halophilic microorganisms have been highlighted. Representgénera are also

indicated.
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Figure 2.1: Universal phylogenetic tree based on small sutitiA sequence comparisons.

From Oren A., 2002 (80)

Halomonadaceae:

The family Halomonadaceaeincludes a large group of metabolically versatile, aerobic,
moderately halophilic bacteria within the cl@&ammaproteobacteriéOrder Oceanospirillales)

Since its creation in 1988 (40), exhaustive taxanomic rearrangermamwe been made in this

group.
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Figure 2.2: Number of different genera and species wiitieifiamilyHalomonadaceaehose

names have been validly published. From Oren. A.,2008. (81)

Only a few non-halophiles are included in this group. The halophiéniners have been
discussed extensively in reviews by Ventosa et al. (1998) ameland (1992) (120, 122). Most
of these species are gram-positive or gram-negativbiaer facultatively anaerobic moderately
halophilic bacteria. Even though some of the gram-negative spamegrouped in several
different genera, phenotypic and phylogenetic studies support thee ctlationship to family
HalomonadaceaeArahal et al. and de la Haba et al. (4, 25) reported a detaléelw of the
phylogeny of the familjHalomonadaceadased on 16S and 23S rRNA sequence analysis. The
family Halomonadaceaes comprised of nine generélalomonasandChromohalobacteare the
prominent genera with 55 and 9 species respectively. Six gerer@u@mently comprised of a
single species. Very recently a new geKushneriawas described by Sanchez-Porro et al. (99)
with four species. Within the gentitalomonasthe average similarity scores between different
16S rRNA sequences was one unit higher than that of the 23S rB@jiferees suggesting a
slower evolutionary rate. This study clearly indicated that gétalsmonasis not monopyletic
and is comprised of two well separated phylogenetic groups. TheI68amRNA and 23S rRNA
sequence similarities within each of this two groups were%,7387.0% and 97.4%, 97.5%
respectively. The sequence similarity values betweenténairss included in each of these two
groups ranged 96.1-93.2% for 16S rRNA and 95.3-93.5% for 23S rRNA. This sutigggthese

9



two groups can constitute two different genera. However dicapto theAd HocCommittee for
the Re-evaluation of Species Definition in Bacteriology (112)differentiation of taxa should
be based on a polyphasic approach including the phenotypic featones.pBenotypic features
that differentiate these two groups are: species belongingraup 1 have a higher G+C content
of 57-70 mol% than species from th¥ group, 51.4-62 mol%. Group 1 is comprised of more
halophiles than group 2 and all species from group 2 are motile wyhoup 1 is either motile or
non-motile (3). The other remaining species that are currasligned to genusalomonasdo

not fall into either of these two phylogenetic groups.

There were considerable differences in the topologies obghgktic trees from 16S rRNA and
23S rRNA sequences. One possible explanation for this is théh&aatecombinational events
might have happened in these genes. The authors concluded by bayibgth 23S rRNA and
16S rRNA genes still does not resolve the phylogenetic oakdtip between these very closely
related species belonging to the gefladomonas To overcome this limitation and to further
clarify the phylogenetic relationship between the memberkisfgenus, authors suggested the
use of housekeeping genes resulting in a Multi Locus Sequemagsis (MLSA) (25). Until
now only one study has been reported that attempted to carry oMLiBA of the species
Halomonas variabilig79). The authors used sequenceg\yB, ectBandectC along with the
16S rRNA gene from ten strains Ildfvariabilis and found that phylogenetic trees basedynB
andectBgenes were very similar to that based on 16S rRNA gene \akdbeectC based tree
was incongruent with other tree topologies. These interestingvalisas led me to investigate
the fine genetic structure (phylogenetic relationships) oftebac belonging to the genus

Halomonasobtained from the hyper saline Great Salt Plains soils using MLST.

10



Great Salt Plains:

The Great Salt Plains (GSP) is located in North Ce@idéhoma near the town of Cherokee
(Figure 2.3). These plains are part of the Salt Plait®hd Wildlife Refuge (SPNWR) with an
ecologically diverse, extreme, hyper saline environment. Zaisdeposited by continuous
percolation of underlying brine to the upper surface. Sodium chlaitleeimain constituent of
the brine. The salt concentration varies considerably achesplains. These salt formations
dissolve completely during rainy seasons forming many small pamdistreams with varying
salt concentrations. The GSP is an extreme environment amdonganisms living there are
continuously exposed to harsh environmental conditions such as mglersdure, freezing
winters, high salinity and direct Ultraviolet (UV) radmii Survival under these conditions has

led to stringent genetic selection among these microbial communities (16).

KANSAS

Salt Plains "
Lake | 4t

0 50 100 miles
0 50 100 km

Figure 2.3: Maps showing the location of GSP and common sampling sites wikhin GS

The microbial community of these hyper saline terrestrial ystesis may be completely
different from the hyper saline aquatic marine ecosystem. Thmissalt tolerant relatives of

common soil bacteria are usually found in these hyper saline soils.

11



Previous studies at GSP:

Litzner et al. (2006) (69) phenotypically characterized teslabtained from soil samples at the
GSP using carbon substrate and nitrogen utilization patterns ih batwres. This study
extended the initial phenotypic characterization of 105 isolaje<aton et al. (16) to 60
additional isolates by measuring the utilization pattern ofatban substrates. Based on these
data the isolates were assigned to seven different pherants with several singletons. These
isolates exhibited different patterns of amino acids, carborglids, carbohydrates and alcohol
utilization. Most of these isolates were able to utiimaost all of the nitrogen sources tested.
Antibiotic sensitivity was also tested where in litthetibiotic resistance was observed. About
one third of the isolates were resistant to penicillin anepbsimycin. Partha Dutta ,2006 (33)
studied the microbial community from the GSP using polymerasen ¢kaction (PCR) and
denaturing gradient gel electrophoresis (DGGE). Salt gradiehtore samples were collected in
different years. Based on DGGE analysis, low and high salsaniples showed greater band
richness than medium salt samples. Core samples from the Isaatiens exhibited similar
microbial communities and samples collected from the sameidosain different years were
comprised of different microbial communities. This study showmat tonstantly varying
environmental factors select for different microbial commasitfrom samples collected in

different years and different locations at the GSP.

Ultraviolet (UV) radiation sensitivity was tested alomonasspp. isolates by Wilson et al.
(125). Halomonasspp. isolates were examined for their survivability when exposedwto
radiation in laboratory settings. The UV resistancédafomonasvinustalike isolates was not
significantly different thanEscherichia colibut was significantly more UV resistant than
Pseudomonas aeruginasidalomonassalina like isolates showed significant variation in their
resistance to UV irradiation (125). Biswas Reema (11) stutiee@ffect of UV radiation on the

photosynthetic cyanobacteri@phanotheceand examined the role of thghrA gene in DNA

12



damage repaitAphanotheceaurvived higher doses of UV only when incubated in light after UV
exposure, indicating the importance of light-requiring DNA repairthis organism when

compared to cyanobacteria from regular non-extreme environment.

Five different bacteriophages specific to the gemieomonas have been isolated and
characterized in regard to their propagation and adsorption evatitHalomonasspp. isolates
(78). All phages showed relatively broad host range and the phagame highly activated at
higher salinities. Beside salinity, the phages showed highisledf tolerance towards variable
temperatures and alkaline pH. Restriction digestion using #mwdenuclease€¢aRl, Hind Il

andBanHl) suggested a small (46 kb) phage size.

Initially halotolerant culturable heterotrophic bactesiare isolated from GSP soils on the basis
of morphological differences, size and shape of colonies, pigtieentand time required for
growth (16). Colonies were isolated on different types oflimeOne hundred five isolates
belonging to different phylotypes were identified using heteratoognrichments and 16S rDNA
sequence (phylogenetic) analysiBacillus and Halomonas sppwere the dominant Gram +ve
and Gram -ve bacteria phylotypes respectivieiglomonasspp. isolates were closely related to
bacteria isolated from aquatic systems. Many differences imalbyghenotypic characteristics
were observed when compared with isolates obtained from abandaltexd soils (95). Very
few GSP isolates were motile, oxidase positive, did nmdyce HS, grow at temperature >45°C
and were less halophilic (0.1 to 30%) (16). These observatiomgesuthatHalomonasspp.
isolates from the GSP have developed certain genetic megisattsprotect themselves against
varying salt concentrations and constant desiccating conditions. Cumethéyough information

is available to characterize thimlomonasspp. population structure in hyper saline environments.
In order to understand and resolve this inconsistency, | performe8TMinalysis on the

Halomonasspp.bacteria from the GSP.
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Molecular microbial ecology:

Steady advances in recent years have improved our understandnegbodgeochemical cycles
and ecosystems. Since many crucial processes are driverictyorganisms in nature, it is
essential for us to understand and appreciate how microbial woities function. Theories
developed to understand microbial ecological patterns focus onsthidution and the structure

of diversity within a microbial population (94).

Speciation in bacterial communities:

Most of these theories depend on the understanding of the concepecadss Population
ecology counts individuals within a species and community ecology sdabat number of
species. A common definition of species using a genetic consgiraup of interbreeding
individuals that is isolated from other such groups by barrierecafmbination (94). However,
prokaryotes are asexual and this definition doesn’t hold truthéon. An alternative ecological
species concept defines a species as set of individualgahabe considered identical in all
relevant ecological traits. Cohan (18) postulated that “bactetupy discrete niches and that
periodic selection will purge genetic variation within eacthaiavithout preventing divergence
between the inhabitants of different niches”. This assumes thatutasléiversity relates directly
to ecological diversity. When the environmental variables @rntinuous this might not be
relevant for bacteria and might not lead to simple mappingdegtwnolecular markers and an
ecological niche. This implies that speciation and ecologigeties definitions should consider
gene transfer events in bacteria, which are capable ofdrangfonly a small part of the genome

and serve as a mechanism for maintaining the biological species.

The importance of gene exchange mechanisms in bacteria inseshe fact that bacterial
genomes are divided into two distinct parts, the core genomdarattessory genome (18). The

core genome consists of genes that are crucial for thaidnmg of an organisms and the
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accessory genome consists of genes that are capable ¢oh@dapthe changing ecosystem
through gain and loss of function. Strains that belong to the samesmpan differ in the
composition of accessory genes and therefore their capabilitgtaot to changing ecosystems.
Several studies have been devoted to identify core and agcegsws for certain bacterial
species using complete genomic sequence information and genome Zayiondusing DNA
microarray (44, 87, 117). Most of these studies are biased towaritslcigolates, and fewer
studies are focused on environmental isolates. Extensive swié@S rRNA sequences have
resulted in better understanding of microbial diversity. Additi@malogical diversity exists in
plasmids, transposons and pathogenisity islands as they can beslea®ly between bacteria in a
favorable environment but still be absent in the same bacsp#alies found elsewhere. This
poses a major challenge to those studying bacterial populatimtuser and community ecology.
We are still a long way from finding a fitting theory thamnaoects the fluid nature of bacterial
communities to their ecology (123). Since bacteria arebtapd withstanding rapid changes in
environmental conditions, high rates of speciation could plagrugial role in influencing

temporal diversity patterns within a community (19)

Understanding the nature and contribution of different processes that detemrfireg|tiencies of
genes in any population is the biggest concern in populationvahatienary genetics. The main
focus is to explain these processes upon which selection operatasbgting genetic variation.
Eukaryotes differ from prokaryotes in how they exchange gemdétiomation among themselves.
In eukaryotes, recombination is constantly involved in the shufifrgenes. Bacteria reproduce
by binary fission, and it is thought that recombination is a raemtesven though Tatum and
Lederberg (1947) (116) discovered laterally transferred gengésoli. However sequencing of
the genomes of two isolatestdélicobacter pylorirevealed that >6% of the genes are unique (2).
When recombination is rare and limited to few genes, almostradl genes will be transmitted

through vertical inheritance. Mutations will accumulate sloawgr the period and will result in
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irreversible divergence of lineages. In contrast, when recontriahevents are common, genes
will release themselves from the rest of the genome amsity in genes linked to adaptive
alleles will be purged through selection (89). This type of pafgrmpopulation structure has been
reported inNeisseria gonorrhoeagndRhizobium melilotiineages (108). The diversity observed
in bacterial sequences of environmental isolates revealsotistraints placed by forces such as
population bottlenecks, barriers to gene exchange or simple ch&hea these factors strike a
balance it will lead to speciation and stable structure within &@taccommunity (2% Thus the
species can be defined simply as a cluster of strainsrthatarkedly similar to each other, often
with reference to the type strain of that cluster (78). Baw similar these strains need to be
(DNA-DNA similarity) in order for them to be classifieds belonging to same species is
constantly changing. The ad hoc committee for the reevaluatithve dfacterial species definition
(112) maintains that the 70% DNA-DNA similarity antGor lessA T, criteria should continue
to define a bacterial species. Thus, both phenotypic charatteriznd use of phylogenetic
marker such as 16S rRNA continue to play a prominent role in Oegra species. Looking at
the vast amount of diversity, emphasis should be on understandingribcgpotential and

different mechanisms that helped bacteria to survive and evolve ahibdisa (78).
Methods for evaluating population structure of Bacteria:

During the last decade, several methods have been developed whicis e understand inter-

and intra-species relationships: DNA typing methods using &lelieuse keeping genes, DNA
arrays and other sequence based techniques (69). DNA arrayisacalygpares gene content
relative to a reference strain and is cost effective peged to whole genome sequencing.
However the hybridization technique lacks some of the impodeaolutionary clues stored in

DNA sequences. One major drawback of these techniques is tigahdkie been previously

applied to clinical isolates and little attention has been devimt environmental isolatedMulti

Locus Enzyme Electrophoresis (MLEE) is a typing method borrowed from piiqulgenetic
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studies of higher organisms. MLEE assesses geneticioariat the resolution of electrophoretic
variants of metabolic enzymes by means of starch electrophoviesiant alleles at each locus
infer an electromorph and thus a genotype. Initially MLEE studies involvingrizgepulations
appeared to be in agreement with the common notion that bacterial timukare in linkage
disequilibrium (i.e. accumulation of rare mutational events scosunonrandom combinations)
(104) and have clonal structures where all loci share a sipfildogenetic history (congruence).
The clonal population structure of bacterial species was thendommodel until population
studies began to explore nucleotide sequences to study gemitiorma in bacterial populations
in the late 1980's and early 1990’s (69). A major drawback obserged MLEE studies is the

relatively low resolution of the genotypes obtained from the electromaitah d

As nucleotide sequencing became more popular, evidence for morenfrggmetic exchange
events in these asexual bacterial populations of bacteria bestamnger. Evidence of so called
mosaic genes (sequences which are obtained by recombination ewarmdsnbevo divergent
organisms) was first observed in genes under strong positeetioal that coded for antibiotic
resistance and surface-exposed antigens (111). However tle @nomenon was soon
observed in house keeping genes (which are under stabilizirgi@el®r conservation of vital
metabolic functions). This led to a reassessment of the raexofl processes in the structuring
of bacterial populations. Since then several studies have demedstratwide spread occurrence
of horizontal gene exchange in bacterial populations mediatddabgformation, transduction
and conjugation, thus involving only small segments of the chromos@me. interesting
observation made from these studies was that many badtetiadsshow extensive evidence for
horizontal gene exchange but are also comprised of clonally rgjaegs. In these populations,
genetic exchange is sufficient to erase clonality ovemng fmeriod of time but the frequency is
not enough to completely erase the clonal signals over evolutidmaeypoints. These data

suggest that typing methods employed should be able to accommodate a wide range arpopulat
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structures. Any typing scheme employed should be able to gemletatehat will help us to
understand the population structure and resolve the biologicabnslaips among the isolates in
guestion. Advances in sequencing, PCR techniques and informatiamoltaph have made

choosing of targets for typing schemes more rational than conditional.

MLST was first introduced as an improvement over MLEE and other typatbods for studying
the epidemiology of bacterial pathogens (70). This method has tsted beainly for pathogenic
bacterial populations (28, 70). In recent years this method hais &eccessfully used to
understand population structure of environmental isolates (52MRFT databases can be easily
used to compare bacterial isolates from different sourcdsowtitthe need for exchange of
isolates. This method provides the basis for a universal language tendlagping. Seven house
keeping genes used in a typical MLST scheme provide muficiscrimination for bacterial
typing without being subjected to diversifying selection thaihinresult in vague relationships
among isolates. MLST works on a principle similar to MLEEhat variation at house keeping
loci serves as basis for assigning allele numbers andcafiatifiles. Point mutation events
detected within these house keeping gene sequences indicat®naréta specific locus, and
each different sequence is assigned a different allele nuffiteicombination of allele numbers
of each of the house keeping loci gives the allele profila particular bacterial isolate. This is
also known as a sequence type (ST). The resulting phylogemditonship among STs
(bacterial isolates) can be displayed as a dendrogram ostarcbased analysis called eBURST.
Developing a MLST scheme involves three crucial steps; 1. Choice oEstdabe tested; 2. The
choice of loci to be characterized; and 3. Design of primersniipfification of those loci. There
are a few criteria for the selection of loci as wile genes should be in a region of the genome
devoid of recombination hot spots or genes under diversifying seldcation of the genes on
the genome should be uniformly scattered in order to increase thendisitory power of MLST

and present in single copy in the genome (20, 110, 119).
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The first MLST scheme was reported fdr meningitidesn 1998and was based on a previous
MLEE study (70). Since then MLST schemes have been developedafty pathogenic and a
few environmental isolates with varying applications (Tahly. Some of the applications of
MLST include, epidemiological studies, population and evolutionary studapecies
identification, isolate characterization and anthropologtadies (69). The size of each database
is dependent upon the typing and submission of the findings byabkeeathroughout the world.
Isolate collections from wide geographical regions is advaotagyin global epidemiology or
population biology studies. Table 2.1 summarizes the current BLST schemes for different
bacterial isolates. More than half of these schemes arechasthe University of Oxford, UK
(http://[pubmist.org) while the rest of the schemes are hostedimperial college, UK
(http://www.mist.net), the Max-Planck Institute for infectioBiology, Berlin, Germany
(http://web.mpiib-berlin.mpg.de/mist/) and the Pasteur Institute, ris,Pa France

(http://www.pasteur.fr/mist/) (1, 56).

Table 2.1: Complete list of MLST schemes published onMp&3 website
(http://pubmist.org).
Organism Applications to date

Acinetobacter baumannii#l  Isolate characterisation and population structure analysis

Acinetobacter baumannii#2 -

Arcobacter spp. Isolate characterisation and population structure
Aspergillus fumigatus Isolate characterisation
Bacillus cereus Population and evolutionary analyses.

Batrachochytrium
dendrobatidis Population and evolutionary analyses.

Bordetella spp. -
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Borrelia burgdorferi

Brachyspira hyodysenteriae

Brachyspira intermedia

Brachyspira spp.

Burkholderia cepacia complex

Burkholderia pseudomallei
Campylobacter fetus

Campylobacter helveticus

Campylobacter insulaenigrae

Campylobacter jejuni
Campylobacter lari

Campylobacter upsaliensis

Candida albicans
Candida glabrata
Candida krusei

Candida tropicalis
Chlamydiales spp.
Clostridium difficile
Clostridium septicum
Cronobacter spp.
Cryptococcus neoformans
Enterococcus faecalis

Enterococcus faecium

Isolate characterisation and epidemiological analyses
Molecular epidemiology and population structure analyses.
Molecular epidemiology and population structure analyses.
Isolate characterisation and population structure analysis
Isolate characterisation and population structure analyses
Isolate characterisation and species identification.

Isolate characterisation and population structure analyses

Isolate characterisation and population structure analysis

Epidemiological surveillance of food-borne infections,

population structure analyses.

Isolate characterisation and identification of nosocomial
outbreaks.

Isolate characterisation and population structure analyses
Isolate characterisation and population structure analyses
Isolate characterisation and epidemiological analyses
Isolate characterisation and population structure analysis
Isolate characterisation and population structure analysis

Isolate characterisation and evolutionary analyses

Isolate characterisation and population structure analysis

Isolate characterisation and epidemiological analyses.
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Escherichia coli#l
Escherichia coli#2
Haemophilus influenzae
Helicobacter pylori
Klebsiella pneumoniae
Lactobacillus casei
Laribacter hongkongensis
Leptospira spp.

Listeria monocytogenes
Mannheimia haemolytica

Moraxella catarrhalis

Neisseria spp.

Pasteurella multocida#1

Pasteurella multocida#2
Pencillium marneffei
Plesiomonas shigelloides
Porphyromonas gingivalis
Pseudomonas aeruginosa
Salmonella enterica
Salmonella typhi

Sinorhizobium spp

Staphylococcus aureus

Examination of the evolution of virulence.

Epidemiological surveillance.
Tracking the patterns of human migration.
Isolate characterisation and epidemiological analyses

Isolate characterisation and population structure analysis

Isolate characterisation and epidemiological analyses

Isolate characterisation

Epidemiological  surveillance, post-vaccine  studies,
population and evolutionary analyses.

Isolate characterisation and population structure analysis
Evolutionary analyses between isolates from different host

species

Isolate characterisation and population structure analysis

Isolate characterisation and population structure analyses

Population and evolutionary analyses.

Estimation of age and time of emergenc& ofyphi

Identification of predominant epidemic MRSA isolates,

species evolution, population analyses.
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Staphylococcus epidermidis -
Stenotrophomonas maltophilia -
Streptococcus agalactiae Identification of clones associated with neonatal infections.
Streptococcus oralis Isolate characterisation and population structure analyses
Identification of antibiotic resistant clones, epidemiolobica
Streptococcus pneumoniae  surveillance, population analyses.
Identification of relationships between emm-type and clonal
Streptococcus pyogenes complex.
Streptococcus suis -
Streptococcus uberis -
Streptococcus zooepidemicus Isolate characterisation and population structure analysis
Streptomyces spp Species identification

Vibrio parahaemolyticus -

Vibrio vulnificus Isolate characterisation and epidemiological analyses.
Wolbachia Isolate characterisation and population structure analyses
Xylella fastidiosa Isolate characterisation and population structure.

Yersinia pseudotuberculosis  Population and evolutionary analyses.
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MLST protocol:

MLST indexes the neutral variations in sequences of housénkgegene fragments. Since this
involves use of multiple loci, MLST provides a robust platfoln tiyping organisms that are
subjected to frequent recombination instead of relying on phylogeamdiysis using a single

locus. A more general protocol for MLST is shown in figure 2.4.

Multi Locus Sequence Typing
i

Amplify 300-700 bp fragments of
selected seven house keeping
genes

Chromosomal DNA

Sequence the house keeping gene fragment

Each different sequence at a locus is assigned a different allele number

The allele number at each MLST loci fwes the allelic profile of the isolate

Compare the allelic profile of isolates to those of all isolates
within a central database on the web via internet

Figure 2.4:  Schematic diagram of steps involved in MLST analysis

MLST requires purification of chromosomal DNA from pure cudguand amplification of 300-
700 bp internal fragments of selected house keeping loci. Tipscatts for use of specific
primers to ensure that a single PCR product is achieved &br leaus. The resulting PCR
fragments are purified and sequenced using the dideoxy-chaimagion (Sanger) method in
both forward and reverse directions. Using the sequence aligsoiénare ClustalX or MEGA
(64, 62) sequences are assembled and aligned with a referateeSdlquences are trimmed to
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the desired length for comparison and examined for miscalled,basertions, gaps and any
other sequence differences. Careful attention needs to be paid to as a sengkErasange from

a previously reported allele sequence will result in newealteimber designation for the locus.
Once allele numbers have been assigned to the sequenced haqisg ke@ for an isolate,
combination of all the allele numbers will result in a ST tfait isolate. Each ST represents a
unique sequence of nucleotides and summarizes a large amount ofidedeqtience data (69).
Once the allele numbers and the corresponding STs have beanimetefor a collection of

isolates, the resulting data can be analyzed using various softwaranpsogr

Data Analysis:

A large amount of data is generated by MLST and therefore making catefitiseof a suitable
method for data organization and interpretation is necessaryrdtasonships based on STs and
nucleotide sequences are determined. An appropriate method is theniled by the structure
of bacterial population under investigation. In populations where gaominant mechanism for
intrastrain variation is recombination, analysis based orallee assignment data (ST) can be
employed by using various clustering algorithms like UPGMA (ugkted pair group method
with arithmetic mean) (90), split decomposition (53) and eBURSiEed upon related sequence
types) (39). UPGMA algorithms are useful for examining a smathber of isolates since they
identify isolates that are closely related. Often it ididift to resolve the deeper genetic
relationship within a bacterial population with these methods. REBU was developed to
improve upon UPGMA for interpreting larger data sets by Feil et al (37)iréégly/ available as a
java application on the MLST website (http://eburst.misf.nehe eBURST algorithm provides
interpretation of the origin and pattern of descent among baldsmiates in a population without
relying on constructing phylogenetic trees. This algorithm wasifsgaly designed for MLST
analysis. eBURST works on a model of recent bacteriaigwal where it assumes that due to

selection pressure some genotypes will occasionally increafsequency within a population
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and diversify by accumulating mutations or by horizontal gene traresfalting in variants of the
ancestor. It allows us to select two or more possible foundetdV¥igw the evolution of that
bacterial species. A clonal complex within a bacterial populat&sembles a phylogenetic
network of linked STs with continued genetic extension resultirgpopulation snapshot of that

bacterial population (39).

In clonal organisms where recombination is rare, an allele @rofised analysis will likely be
misleading. For these organisms it is advisable to use nuclesgtipleence analysis either based
on individual loci or a concatenated data set. Thus an important question to Issedidvigh any
MLST data set is whether it is in agreement withanal model of population structure. If the
organism is clonal, then the analysis becomes simple, and antiona¢ phylogenetic tree
approach can be used. Clonality is tested by the congruend@3gswhere the phylogenetic
signals observed at different loci are similar or congruklotvever, most bacterial data sets
analyzed by MLST are nonclonal according to the congruence test.suedr bacterial
populations, the clonal complex is an ideal concept that groups gdgettated organisms. A
clonal complex is a group of related but not identical isoldu®isare likely to have been derived
from a common ancestor. The MLST website has access toiarsdftsvare within the START2
package (http://pubmist.org/software/analysis/) (55). Reegidl developments in mathematical
genetics have resulted in development of various tools andthigsrfor analysis of MLST data
to accommodate variable amounts of recombination events (MEGA, DnaSP, Gloma|Edhat,
SplitTree) (62, 68, 27, 71, 53). Within these algorithms, various meta@acorporated to
identify recombination events and identify the rate of recombimatSawyer's Runs Test
examines nucleotide sequence data to determine whether moreutivesieentical polymorphic
sites occur than would be expected by chance (30, 100). The maxihitBo@red Test is used
to identify potential recombination events between sequences by oggdze distribution of

polymorphic sites with those expected to occur by chance (73).rntex bf Associationlg)
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method measures the extent of linkage equilibrium within a population byifgingnthe amount
of recombination between a set of sequences and detecting association betleeat allfferent

loci (53).

Influence of recombination on adaptive evolution of bacterial popution:

Genetic recombination between different strains and speciesctdria plays a crucial role as a
source of variation. Increasing rates of adaptive evolutitimtve help of recombinational events
can provide a selective advantage over identical and fit atipos that are unable to engage in
horizontal gene transfer. Recombination estimation using MLST aslys been done E.coli,
Streptococcus pneumoniae, Haemophilus influertzakgobacter pylori, Streptomycepp.(29,
35, 36, 39, 121). These studies suggest that rates of homologous retiomlinfome bacteria

(e.g.:S. pneumoniae, H. pyldréxceed that of mutation by a factor of 10 or more.

Bacterial population structure has a strong influence on procddssesnvironmental bottlenecks
as well as periodic selection of adaptive clones. Populatiatehetks and selection reduce
diversity and in the presence of recombination, increase linkageudiibrium. This makes
estimation of the rate of recombination difficult, as the estimated napesiato be lower than the
real recombination rates. As natural populations of many laciee composed of multiple
lineages and are genetically variable at many loci, higésraf recombination will certainly
influence the pace of adaptive evolution. Table 2.2 lists tiferred mean values of
recombination over mutatiorr/in) estimated for different bacteria and archaea (121). These
authors noticed that a high variation in recombination ratestsexi pathogenic bacteria. Among
the truly free-living, non-animal associated bacteria maaimé aquatic species have very high
recombination rates in contrast to terrestrial bacteria evih@wv to intermediate rates were
observed. Currently most available data is for pathogeragculturally important bacteria. As

MLST is gaining popularity among microbial ecologists, moagadcan be expected on the
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population structure of free-living, non-pathogenic bacteria. Sstentiill be able to test how
some ecological variables correlate with high rates of rbowtion. The current study was
performed in order to answer these questions relating to the popusatiicture oHalomonas

spp. from an extremeand variable environment.

Table 2.2 The ratio of nucleotide changes as the result of recombinatativeeto point
mutation(r/m) for different bacteria and archaea estimated from MLST aisitey ClonalFrame.

Adapted from Vos and Didelot, 2009 (121).

Species Ecology STs loci r/m
Flavobacterium psychrophilum  Obligate pathogen 33 7 63.6
Pelagibacterubique(SAR 11) Free-living, marine 9 8 63.1
Vibrio parahaemolyticus Free-living, marine (OP) 20 7 39.8
Salmonella enterica Commensal (OP) 50 7 30.2
Vibrio vulnificus Free-living, marine (OP) 41 5 26.7
Streptococcus pneumoniae Commensal (OP) 52 6 23.1
Microcystis aeruginosa Free-living, aquatic 79 7 18.3
Streptococcus pyogenes Commensal (OP) 50 7 17.2
Helicobacter pylori Commensal (OP) 117 8 13.6
Moraxella catarrhalis Commensal (OP) 50 8 10.1
Neisseria meningitidis Commensal (OP) 83 7 7.1
Plesiomonas shigelloides Free-living, aquatic 58 5 7.1
Neisseria lactamica Commensal 180 7 6.2
Myxococcus xanthus Free-living, terrestrial 57 5 5.5
Haemophilus influenzae Commensal (OP) 50 7 3.7
Wolbachiab complex Endosymbiont 16 5 3.5
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Campylobacter insulaenigrae
Mycoplasma hyopneumoniae
Haemophilus parasuis
Campylobacter jejuni
Halorubrumsp.
Pseudomonas viridiflava
Bacillus weihenstephanensis
Pseudomonas syringae
Sulfolobus islandicus
Ralstonia solanacearum
Enterococcus faecium
Mastigocladus laminosus
Legionella pneumophila
Microcoleus chthonoplastes
Bacillus thuringiensis
Bacillus cereus

Oenococcus oeni
Escherichia colET-1 group
Listeria monocytogenes
Enterococcus faecalis
Porphyromonas gingivalis
Yersinia pseudotuberculosis
Chlamydia trachomatis
Klebsiella pneumoniae

Bordetella pertussis

Commensal (OP) 59
Commensal (OP) 33
Commensal (OP) 79
Commensal (OP) 110
Halophile 28

Free-living, plant pathogen 92
Free-living, terrestrial 36

Free-living, plant pathogen 95

Thermoacidophile 17
Plant pathogen 58
Commensal (OP) 15
Thermophile 34
Protozoa pathogen 30
Free-living, marine 22
Insect pathogen 22

Free-living, terrestrial (OP) 13
Free-living, terrestrial 17
Commensal (free-living?) 44

Free-living, terrestrial (OP) 34

Commensal (OP) 37
Obligate pathogen 99
Obligate pathogen 43
Obligate pathogen 14

Free-living, terrestrial (OP) 45

Obligate pathogen 32

28

3.2

2.7

2.2

2.1

15

1.2

11

11

0.9

0.9

0.8

0.8

0.7

0.7

0.7

0.7

0.6

0.4

0.3

0.3

0.3

0.2



Brachyspirasp. Commensal (OP) 36 7 0.2

Clostridium difficile Commensal (OP) 34 6 0.2
Bartonella henselae Obligate pathogen 14 7 0.1
Lactobacillus casei Commensal 32 7 0.1
Staphylococcus aureus Commensal (OP) 53 7 0.1
Rhizobium gallicum Free-living, terrestrial 33 3 0.1
Leptospira interrogans Commensal (OP) 61 7 0.02

Abbreviations: STs, sequence types; OP, opportunistic pathogen.

DNA Repair Potential of theHalomonas spp. from the GSP:

Microorganisms living in the GSP are continuously exposed to aggig conditions, high
surface temperatures, freezing winters, high salinity arattdyV radiation (16). Survival under
these conditions may lead to selection for unique survivalegies. DNA repair mechanisms
associated with UV light or chemically induced DNA damage Heean shown to be important
in protecting the microorganisms from desiccation (8). Becaesg little is known about the
DNA repair capacity of the microorganisms from hyper satmneestrial environments, | decided
to study the DNA repair potential of thdalomonas spisolates, which are the dominant gram
negative bacterial group from the GSP. Survival after expdsudV light was used as a tool to

assess the DNA repair capacity.
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SPECIFIC AIMS
The Great Salt Plains (GSP) located in North Central Ikl is an ecologically diverse,
extreme, hyper saline environment. Thus microorganisms living isetlealt plains are
continuously exposed to harsh environmental conditions such as iglersdure, freezing
winters, high salinity, high desiccating conditions and direct dysr Initially 16 isolates of
culturable heterotrophic bacteria belongingHalomonasspp. were identified from GSP soils
using phenotypic characterization and phylogenetic analysis usingRIMS sequences (16).
Later 16 additional isolates were added to this stddjomonasspp. isolates were the dominant
group among the gram-negative bacteria identified from GShy Mi#fferences in overall
phenotypic characteristics were observed when comparedaittimonasspp. isolates obtained
from abandoned saltern soils (16, this study). 16S rRNA sequence sndisiified these
isolates as closely related to several different speaiebacteria within the genudalomonas
even though the isolates had around 97% 16S rRNA sequenceigimiitaan earlier evaluation
of phylogenetic status of familldalomonadaceaethe authors found that most of the species
belonging to the genudalomonashad around 97% 16S/23S rDNA sequence similarity and very
few of them had lesser percentage of sequence similaritthdronore the bacteria belonging to
Halomonashave a range of G+C content (52-68 mol%) which is consider® wide as it is
accepted that members of same genus should not have Gtgdta@amge >10 mol% (4). These
observations led us to hypothesize that sincédtlemonasspp. at GSP are constantly subjected
to extreme environmental conditions, this has led to the developheataptive mechanisms
over a long period of time that elevate genetic diversitlin the phylotype and hence increased

speciationIn order to study the fine genetic structure of this bactpdpllation from GSP sails,
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| decided to use Multi Locus Sequence Typing (MLST) approachS™Mkchemes have been
extensively used to study many bacterial species, espegéilipgenic bacteria. Only a handful
of MLST studies have been reported for environmental isotdtéacteria. In order to test our
hypothesis, the following aims were developed:

1. To develop a MLST scheme felalomonasspp. isolates from GSP.

2. To provide insight into the genetic separation of isolatesngelg to the genus

Halomonadrom GSP soils

3. To test whether this population structure is unique to the GSP envinanme

In addition we believe that thelalomonasspp. may have developed certain mechanisms to
protect themselves from constantly exposure to harsh, rapidly ingaggvironment at GSP. It
has been reported that desiccation produces the same kintllafr @amage on microorganisms
as exposure to high UV irradiation (8). Therefore UV radiation eamsed as an effective tool to
study the effect of desiccation on these microorganisms. Mostedfldlomonasspp. isolates
from GSP showed greater levels of resistance to the DNAagamaused by the UV irradiation
(125). This was greater than the UV resistance observed faolhges from hyper saline aquatic
environments. Also, these isolates reported a higher spontaneattomtates following UV-C
exposure. Thus, we hypothesize thdalomonas spp. bacteria surviving under extreme
desiccating conditions at GSP might have developed an effidestitutively expressed DNA
repair mechanisnThe gene product RecA positively controls the regulation eftyimie of DNA
repair system. In order to understand the molecular mechanism BiNAerepair system, the

following aim was developed:

To evaluate thdHalomonasspp. isolates from GSP for their survival abilities agalngt
radiation and phylogenetic evaluation of tezA gene sequences frofalomonasspp.

isolates
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Dissertation Organization:

This dissertation consists of six chapters: Review efdture, specific aims and abstract, three
different chapters focusing on the research findings of this aadkan overall conclusion. Each
of the three research chapters are written in a formatstimgsof introduction, methods, results

and discussion.
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CHAPTER Il

DEVELOPMENT OF MLST SCHEME AND RECOMBINATION ANALYSIS

ABSTARCT

The Great Salt Plains (GSP) is an ecologically divelsgmer-saline environment. Many
differences in overall phenotypic characters were observed aR@ogionasspp. isolates from
the GSP that had >97% 16S rDNA sequence similarity. We betlegsse Halomonasspp.
isolates have evolved over a long period of time by meansewélaping certain genetic
mechanisms. Multi Locus Sequence Typing (MLST) was used to dtedyadpulation structure
of these isolates. Housekeeping geeet, gyrB,andrecA along with 16S rDNA and the ITS
region were assayed in 32 Halomonas spp. isolates.MLST andbsigied 28 unique sequence
types indicating a high level of genetic diversity. Among tlmise keeping genesecA
demonstrated increased resolution indicating tHatomonas spp. isolates contain several
genetically distinct phylotypes most likely due to environmebtdilenecks and recombination
events. Evidence for frequent LGT and recombination among thesdessolas detected.
Recombination rates were on par with other sexual bacteriaaldsof recombination observed
are high enough to overcome the effects of population bottleneckpegindlic selection that
would otherwise purge the genetic variation generated. Thesksrsupport the hypothesis that a
high level of speciation has occurred amétajomonasspp. isolates at the GSP site even though
16S rDNA sequence similarity has been conserved. Phylogenettomship of very closely

relatedHalomonasspp. isolates was resolved by MLST.
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INTRODUCTION

Lateral gene transfer (LGT) plays a crucial role in ewofuaind creating genetic diversity (5).
Theories developed to understand the ecological patterns ebarganisms focus on the
distribution and structure of diversity within microbial populaiq94). Although it is believed
that LGT is rare in bacteria, it is frequent enough to allapid acquisition of novel functions

needed to promote adaptation and speciation.

Establishment of genetic barriers between closely relaseteria is a necessary condition for
speciation to occur. Bacteria are promiscuous and homologoosligation occurs even

between bacteria that have as much as 25% sequence divegf@@nBecombinational events in

bacteria are capable of relaxing the diversity purging effects midieselection and preserve the
genetic diversity (41). By providing entirely new functions, tategjous gene transfer places the
emerging ecotype out of reach of any periodic selection to whielparental ecotype may be
susceptible (65). Since bacteria are capable of withstandipig changes in environmental
conditions, high rates of speciation would play a crucial rolmfinencing temporal diversity

patterns within a community (19). The diversity observed in bats=quences of environmental
isolates reveals the constraints placed by forces sugomdation bottlenecks and barriers to
gene exchange. When these two factors maintain equilibriunads ® speciation and structure
within a bacterial community (24). It ikely that the number of loci actively involved in

differentiating ecological adaptation is small and thus, recombmdarriers depend on the
accumulation of variations at neutral loci rather than adapdee It has been suggested that
strains within an ecotype have just enough time between iselesiveeps to accumulate

differences at one or two loci due to mutation or recombination (18)

An important criterion for identifying species clusters oblationary significance is to find

characteristic features (ecological or genetic) that ndjeish one phylotype from its close
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relatives. One way to do this is to place them onto an environnr@s@alirces map to show
divergent but closely related groups of bacteria (41). For pbeanfine scale resource
partitioning has been observed between co&4baio isolates obtained from ecologically distinct
samples. These data suggest a recent divergence from thatsgnancestral population (41).
However it is still unclear whether the differentiationbafcterial populations based on genetic-
ecological patterns is maintained by LGT-recombination eventseladtion. The rates of LGT
can vary greatly among populations of bacteria. The majorityhefdata available is for

pathogens (121).

Sequence based population structure analysis methods aireggampularity among microbial
ecologists. This has resulted in large datasets that Wplluseto better understand evolutionary
adaptations of free-living, non-pathogenic bacterial populations. Maletyping is one such
approach that includes techniques such as pulsed field gel elecasiph@®FGE), Restriction
Fragment Length Polymorphism (RFLP), Randomly Amplified PolymorpiNé& (RAPD) and
Repetitive Element PCR (69). However, these techniques Ieas discriminatory power when it

comes to defining underlying phylogenetic relationships.

Multi Locus Sequence Typing (MLST) (70) that involves the Usseweral housekeeping genes
was developed to study the population and evolutionary genetiduseuaf bacteria and to
explore the contribution of recombination in creating variationfidusekeeping genes under

study (36, 38). This helps to eliminate the focus on using a single gene inwlieh. st

Halomonas belongs to the familyHalomonadaceae(class: Gammaproteobacterjaand is
currently comprised of more than fifty speci@s)( Members of this genus are Gram-negative,
rod-shaped, non-sporulating chemoorganotrophs with mostly respirataigbotiem. Most
Halomonasspecies are moderate halophiles with a few halotolerantsieSpmacro restriction

fingerprinting (PFGE) has been successfully used tofglére taxonomic position of isolates
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within the genuddalomonas.The genome size of elevétalomonasstrains tested ranged from

1.45 to 2.83 Mbp (33).

Very little work has been done on the genetic aspedttaltfmonasspecies isolates due to lack
of suitable genetic tools (80). Natural transformation hasbeen reported and transduction
methods have not yet been developed even though bacteriophages $pekifilomonasspp.
that are capable of interspecies gene transfer have beemecdk (102, 120). Conjugation is the
only mechanisms available for genetic manipulationHalomonasbacteria (80). Although
members of the genus share a high 16S rRNA sequence syn{H&7%), the genublalomonas
is not monophyletic and is comprised of two clearly separated phlaggnetps The sequence
similarity values between the strains included in group 1 ane thogroup 2 ranged from 96.1-
93.2% for 16S rRNA and 95.3-93.5% for 23S rRNA (25). The remaining spasigned to
genusHalomonagdo not fall into either of these two phylogenetic groups. Thezeconsiderable
differences in the topologies of phylogenetic treesHalomonasspp. based on 16SrRNA and
23SrRNA sequences. The difference in topologies suggests thatbirational events have

occured in the rRNA genes.

Analysis using both 16S rRNA and 23S rRNA does not help to redblephylogenetic
relationship between very closely relatedlomonasspecies (25). In order to overcome this
limitation and to provide novel insights into the evolutigneglationship between the members

of genusHalomonas recommendations have been made to include studies involving sequencing
of house keeping genes or other protein-coding genes (MLST) (R&nddo et al. (79) reported

an attempt at phylogenetic analysisHzflomonas variabilis andelated organisms based on 16S
rRNA, ectBC,andgyrB sequences. Isolates tested shared similar physiological and pisticge

characteristics among all the genes exeefi
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The Great Salt Plains (GSP) located in north-central lokie is an ecologically diverse,
extreme, hypersaline environment (16). The salt concentration \@iesderably across the
plains and during different seasons. Microorganisms living iseth@ains are continuously
exposed to harsh environmental conditions such as high temperat@zandr winters, high
salinity, desiccation and direct UV radiation (125). ParthateDu(33) studied the microbial
population at GSP using polymerase chain reaction (PCR) and degagnadient gel
electrophoresis (DGGE). Results from his study suggest that donstantly varying
environmental factors at the GSP select for differentabiat communities in different years and
at different salt gradient sites. Sevefalomonasspp. isolates have been identified from the GSP
using heterotrophic enrichments and 16S rRNA sequence analysisMa®y differences in
overall phenotypic characteristics were observed when compadtkedsalates obtained from
abandoned saltern soils (95). Very few GSP isolates areemaxidase positive, do not produce
H,S, and grow at temperature >45°C, few are capable of anagrohith and are less halophilic
(0.1 to 30%)Halomonasspp. isolates group into several phylotypes on the basis of 16S rRNA

sequence analysis indicating high speciation within this group of baat&siaP (16).

These observations led to the hypothesis lHadmonasspp. in the GSP have developed certain
mechanisms allowing them to adapt to the extreme conditiotieeaBGSP. We proposed that
widespread gene loss and acquisitions has occurred during theavoluthe Halomonasspp.
most likely through recombination following LGT mediated transductioroajugation. Seaman
and Day(102) studied two novel bacteriophages isolated from GSfe@orted that one of these
phages has an unusually large genome (~340 kb) with the capabititgr-species gene transfer
amongHalomonasspp. Conjugation has been successfully used to transfer plasnvddderi

vectors and broad host range plasmiddatomonasspp.

In order to test our hypothesis and to estimate the rateofkanation among closely related

Halomonasspp. at the GSP, we employed MLST. The main objective of ody stas to better
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understand the mechanism of evolutionary adaptatiorHalbmonasspp. to the extreme
environmental conditions at GSP. A collection oftElomonagsolates from GSP were used to
() develop a MLST scheme fadalomonasisolates; (ii) provide insight into the genetic
separation of these isolates; and (iii) identify niche speplienotypic and genotypic characters.
To our knowledge, this is the first MLST based approach to examieespecies relationships

among bacteria belonging to the gerladomonas

METHODS

Site description and Isolate selection:

Bacterial strains used in this study are listed in Table 8dlatks in Table 3.1(GSP 1- GSP 58)
were obtained in 2001-2002 from two different dry, salt-crusted 8ite3 (N 36° 42.856’ and W

98° 15.725) and WP8 (N 36° 42.750’ and W 98° 15.584) (Figure 3.1).

Salt Flats

Salt Plains r
Lake /

Figure 3.1: Map showing the GSP area and sampling sites at the GSP.
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Strains from Table 3.1(GSP 1001 — GSP 1018) were obtained in 2005 frallngaagient site
WP68 (N 36° 42.856' and W 98° 15.7250hromohalobacter salexigen&SM 3043 was also
included in the study since this is the only close relatiidadémonasspp. for which a complete
genome sequence is availableolates were obtained using enrichment cultures and weraagrow
and maintained on SP-1 medium (16). Isolates were streaked|dgwesaon fresh SP-1 agar
plates to ensure purity. They were identifiedHsomonasbased on phenotypic (microscopic,
gram characteristics and biochemical tests) and phylogeté&rRNA gene sequence analysis)
characterization (16 and this study). Based on this informatioHaB#&nonas spp. isolates from

GSP were included in this study (Table 3.1).

MLST of Halomonas species:

Genomic DNA was extracted following the method of in Caton et 3l.@®&nomic DNA was the
target for PCR amplification of selected house keeping gerwsine synthases¢tB, DNA
gyrase subunit BglyrB) and recombinase AdcA) along with 16S rRNA gene and the 16S-23S
internal transcriber spacer (ITS) region. Primer sequencesfasPCR amplification are listed
under Table 3.2. Primers for tlggy/rB and recA genes were designed based on the genome
sequence information available f@r salexigenesising OligoPerfect™ Designer (Invitrogen)
Primers for 16SrRNA, the ITS region andtBwere selected from previous publications (Table

3.2).

Amplification and Sequencing:

Each primer set had different reaction conditions. BrieflyRG#&R parameters were as follows-
For 16S rRNA: DNA was denatured at°dr 2 min, followed by 40 cycles of 96 for 1 min,
50°C for 1 min, and 72ZC for 1 min, with a final extension period of 5 min (16). EotB,initial
denaturation of 94 for 4 min, followed by 35 cycles of 9@ for 20 s, 58C for 40 s, 72C for

40s, and final extension of 8 min. FgyrB andrecA initial denaturation
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Table 3.2: Primers used for MLST oHhmlmonasspecies

Locus Gene product Pimer (5'>3') Primer Source
16S rRNA  16S ribosomal RNA AGAGTTTGATCCTGGCTCAG Caton et al(2004)
AAGGAGGTGATCCAGCCGCA
ectB Ectoine synthesis ACGGCACGTTCCGTGGTTT Okamoto et al(2009)
GTCTTCACGGTGTACTTCGTTACC
gyrB DNA binding protein  GAC GGA AGA AGA ACGTCA GC This study
CGAAGTTTITCTTCGCAGA CC

Internal transcribed
ITS . TTGTACACACCGCCCGTC Su et al (2009)
spacer region

TTCGCCTTTCCCTCACGGTA
DNA repairand .
recA o . AGGCGTACGCTGGAGTAGAA This study
recombination protein

GGT GAA CAG GCA CTG GAA AT

of 5 min at 94C followed by 35 cycles of 9€ for 2 min, 57+3C for 1 min, 72C for 2 min, and
final extension of 10 min at 7Z (this study). For ITS: Initial denaturation of°@for 5 min, 8
cycles of 94C for 2 min, 53C for 1 min, 72°C for 1 min followed by 30 additional cycles of
94°C for 1 min, 60C for 1 min, and 72 for 1 min. PCR was carried out in a plOreaction
mixture containing: 2il of genomic DNA, 1X PCR buffer (Promega), 2.5 mM MgS@2 mM
deoxynucleside triphosphate mixture, 2.5 U of GoTaq Flexi DNA polyseei@romega,
Madison,WI) and 1QuM of each of the forward and reverse primers. PCR productseof th
appropriate sizes were purified using PureLink™ PCR Purificalit (Invitrogen) and DNA
sequences of the PCR amplified gene fragments were gehamat®th directions on an ABI
Model 3730 DNA Analyzer (Applied Biosystems) using BigDye™"-timated reactions at the

Oklahoma State University DNA sequencing core facility.
Sequence data analysis:
Both forward and reverse raw sequence files were manualhedted and assembled using

MEGA 4.0 (62). All the sequences were confirmed through BLASArchkes to determine
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whether the resultant data matched with the correct gene idatiaase. Multiple sequence
alignments were obtained using CLUSTALX (64) for all sequenéedatabase fddalomonas
spp. sequences (http://pubmist.org/halomonas/) was created by Jodily (University of
Oxford, UK). Alleles and sequence types (STs) generatetthisnstudy are deposited in the
database. Each different allele within a locus was @ediga different number and the
combination of all the numbers resulted in a ST for a strain €Taf). These data were used for

subsequent analysis.

Pairwise distances between individual and concatenated nuclsetidences were determined
using PAUP* 4.0 (113). Estimations for parameters of the number lpinpmphic sites, the
average pair-wise nucleotide differences per s)eGC content and Tajima’s D, a test for alleles
departing from neutral evolution were calculated using DnaSRB)p (6tandardized index of
association {), a measure of linkage disequilibrium and ratios of non-synonymous t
synonymous substitutions \fds), a measure of purifying selection were estimated using
START2 (55). The Index of Association (IA) is calculated asofed: 1A =VO/VE -1. If VO is

the observed variance of K and VE is the expected variang€ewliere K is the number of loci

at which two individuals differ.
Measure of recombination rate and detection of recombination:

Rate of recombination relative to point mutation (r/m) wasutated using ClonalFrame (27).
ClonalFrame was run with 100,000 burn-ins followed by 100000 more desatPopulation
scale rates of recombinatiop/,) were estimated with LDhat 2.1 (71 is the average
mutation rate while is the rate of gene conversign: 2Nr/2. Calculations were performed for
individual isolates and for the concatenated data set. Individoaimbination events within the
concatenated data set were detected using the recombinataticseprogram (RDP) 3.0 (51)

with all the methods at default settingsvalues were calculated using the Bonferroni correction
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implemented within the program. Pair-wise homeoplasy indgy) (phi test for recombination)
values and Neighbornet phylogenetic network trees for dheatenated data set were estimated

using Splitstree v4.10 (53).

Phylogenetic analysis:

Using the hierarchical ratio test within the MODELTESTsien 3.7 (91), the most appropriate
model of DNA substitution for each locus was determined. Neighbonirdo{NJ) trees were
constructed using the program PAUP* 4.0 (113) with Jukes-Cantor d¢omedflaximum
likelihood (ML) trees were inferred for each individueti and the concatenated data set using

PhyML v3.0 (46) with DNA substitution model as suggested by MODELTEST

Population structure analysis:

Allelic profile data was used to generate groups, clonal comi@€X of each group and to
understand the allelic profile diversity between the isolatsing eBURST (39). eBURST
classifies the sequence types as groups of single-locusitga(tsLVs), double locus variants
(DLVs) or singletons (STs differing at three or more loci). Bxéernal/internal branch length
ratio test within the Clonal Frame GUI (27) was used to understand the papsiadpshot of the
Halomonasspp. isolates. This test calculates the ratio of the sutheoéxternal branches (that
connect a leaf of the tree) to the sum of the internal brarfifesconnects two internal nodes of
a tree). This program also computes the expected distributidre gixternal to internal branch
length ratio under a coalescent model. If the observed value is sigtyfisanatler than expected,
it suggests that the genealogy under test is “star Mdeich is in agreement with either a recent

expansion of population size due to a population bottleneck or a selective sweep.
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RESULTS

Identification of Halomonas spp. isolates:

Isolates were confirmed d&$alomonasspp.based on physiological characterization and 16S
rRNA sequence analysis. Caton et al. (16), previously identifieddl&tes listed in Table 3.1
(GSP-1 to GSP-58). Among those isolates, GSP-58 belongs to @dmomohalobacter.
Sixteen additional isolates (tables 3.1 and 3.3) were charactenzhis study (GSP 1001- GSP
1018). After this study was initiated{.indialinina, H. marisflavi and H. avicenniawere
reclassified into genukushneriaby Sanchez-Porro et al (99). Thus, GSP 1015 and GSP 1016
belong to the genuKushneria.Ribosomal RNA sequence data obtained in this study were
compared to that of several type strains within the geHatamonas, Chromohalobacter and
Kushneriaobtained from Genbank. A neighbor-joining dendrogram was generatecBagillus
haloalkaliphilus and Pseudomonas halophilas outgroups (figure 3.2). Within the genus
Halomonasjsolates group into two clearly separated phylogenetic cluatessiggested by de la
Haba et al.(25). GSP isolates are distributed in secérsders throughout the tree indicating

higher speciation.
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Table 3.1:

Halomonasspecies isolates used in the study and the distribution of STs and adféésp

SsTs and Allele profiles

Isolate Country Region Year Source Species — P — —— —— — —
>515 10D TRINA ECiLD qyro 1> recA
GSP1001 USA Okiahoma 2005 terrestrial Halomonas spp. i 1 1 1 1 1
G5P 1002 USA Oklahoma 2005 terrestrial Halomonas spp. 2 2 1 1 2 2
GSP1003 UsA Oklahoma 2005 terrestrial Halomonas spp. 3 1 1 2 1 3
GSP1004 USA Oklahoma 2005 terrestrial  Halomonas spp. 4 1 1 3 1 4
GSP1005 UsA Oklahoma 2005 terrestrial Halomonas spp. 5 3 1 4 3 =]
GSP1006 UsA Oklahoma 2005 terrestrial Halomonas spp. 6 3 1 4 3 6
GSP1007 USA Oklahoma 2005 terrestrial Halomonas spp. 7 3 1 4 3 7
GSP1008 UsSA Oklahoma 2005 terrestrial Halomonas spp. 8 4 1 4 3 8
GSP1009 USA Oklahoma 2005 terrestrial Halomonas spp. 5 3 1 4 3 5
GSP1010 UsA Oklahoma 2005 terrestrial Halomonas spp. 9 3 1 4 3 9
GSP1011 UsA Oklahoma 2005 terrestrial Halomonas spp. 10 5 1 4 4 10
G5P10izZ USA Gkiahoma 2005  terresirial  Halomionas spp. ii 5 i 5 5 it
GSP1013 USA Oklahoma 2005 terrestrial Halomonas spp. 5 3 1 4 3 5
GSP1016 UsA Oklahoma 2005 terrestrial Halomonas spp. 12 7 i 5 5] iz
GSP1017 USA Oklahoma 2005 terrestrial Halomonas spp. 13 8 1 5 6 13
GSP1018 UsA Oklahoma 2005 terrestrial Halomonas spp. 14 8 1 5 7 14
GSP1 Lsa Oklahoma 2002  terrestrial  Holomonas spo. 16 10 3 5 9 16
GsP2 USA Oklahoma 2002 terrestrial Halomonas spp. 17 10 3 5 9 17
GSP3 USA Cklahoma 2002 terrestrial  Halomonas spp. 18 11 1 5 10 18
GSP4 USA Oklahoma 2002 terrestrial Halomonas spp. 18 11 1 5 10 18
GSP5 usA Okiahoma 2002 terrestrial Halomonas spp. 18 ii i 5 i0 i8
GSP19 USA Oklahoma 2002 terrestrial Halomonas spp. 19 12 4 6 10 19
GSP21 USA Oklahoma 2002 terrestrial Halomonas spp. 20 12 1 =) 10 20
GSP23 USA Oklahoma 2002 terrestrial Halomonas spp. 21 12 4 7 11 19
GSP24 USA Oklahoma 2002 terrestrial Halomonas spp. 22 11 1 8 10 21
GSP25 USA Oklahoma 2002 terrestrial Halomonas spp. 23 10 1 5 9 22
GSP26 usA Oklahoma 2002 terrestrial Halomonas spp. 24 10 1 9 9 23
GSP27 USA Oklahoma 2002 terrestrial Halomonas spp. 25 10 1 5 9 24
GSP28 USA Oklahoma 2002 terrestrial Halomonas spp. 26 11 1 9 12 25
GSP33 USA Oklahoma 2002 terrestrial Halomonas spp. 27 13 1 2 13 26
GSP45 USA Oklahoma 2002 terrestrial Halomonas spp. 28 11 1 2 14 27
GSP53 USA Oklahoma 2002 terrestrial Halomonas spp. 15 9 2 > 8 15
DSM3043 Netherlands Bonaire Island 1974 terrestrial Chromohalobacter 15 9 2 5 8 15

salexigenes
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Table 3.3: Results of phenotypic assays performed oddlmonasspecies isolates from GSP

Gram Sulfide Indole Test for Glucose Starch Oxidase Catalase

Isolate . . . . . .
reaction reduction production motility Fermentation Hydrolysis test test

GSP1001 - - - R
GSP1002 - - - -
GSP1003 - - - -
GSP1004 - - - -
GSP1005 - - - -
GSP1006 - - - - ] )
GSP1007 - - - - ; ;
GSP1008 - - . + + ] i
GSP1009 - - - - _ ] .
GSP1010 - - - + + )
GSP1011 - - - - ] )
GSP1012 - - - - ] )
GSP1013 - - - - ; ; -
GSP1014 - - - - ] )
GSP1015 - - - - ] )
GSP1016 - - - - ; ; -
GSP1017 - - - - ] )
GSP1018 - - - - ; ] .
GSP 1 - - - - ] _
GSP 2 - - - - ] _
GSP 3 - - - - ; ] .
GSP 4 - - - + + - -
GSP5 - - - - ; ] .
GSP19 - - - - ] _
GSP21 - - _ - + _
GSP23 - - - - ] _
GSP24 - - - - + ] .
GSP25 - - - - ] _
GSP26 - - - - ] _
GSP27 - - - - ] _
GSP28 - - - - ] _
GSP33 - - - - ] _
GSP45 - - - - ] _
GSP58 - - - - ; ] .

+ + + + +
| I |

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

Do+ + o+ + 4+ o+

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

+ + +
+

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

+ indicates a positive reaction and — indicates a negative reaction.
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Figure 3.2: NJ phylogenetic tree ofl32lomonasspecies from GSP (shown in red) based on
the 16S rRNA sequence analysis. The chart shows the results of physidiesfis comparing
previously identified isolates (16) to the ones identified in this study.
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MLST fragments and allelic profiles:

The fragment lengths (obtained from sequencing PCR amplified prddudfS rRNA, ITS and
three housekeeping genes are listed in TableAldle numbers (each sequence variant of a
given gene) and the corresponding profiles (STs) were assigoeddepositing the sequences at
the pubMLST website (http://pubmist.org/halomonas/). Since thigeisirst MLST database for
Halomonasspecies bacteria, all the profiles obtained are new and do mespond to any other
database. A total of 28 STs were detected for the 33 isotatbe collection. Thirteen, 4, 9, 14
and 27 alleles were identified for 16S rRN&&tB, gurBITS andrecAgenes, respectively (Table
3.1). Both ITS andecA genes were highly polymorphic (64.44% and 57.33% respectively) i.e.,
they had increased levels of allelic variations amondhallaci tested. Identical alleles for each
of the genes were recognized in some isolates (GSP 1005, 1009, BRA 3, @, 5; and GSP58,
DSM 3043) that are grouped close to each other on the 16S rRNA basesk Nflgure 3.2)
Except for GSP-58 and DSM 3043, isolates that share idealletit profiles were obtained

from a same sampling site.

Table 3.4: Sequence characteristics of the loci used in MLS@lamonasspp.
. Numberof Average Polymorphic Nucleotide L

Loci Length alleles  distance(%) sites(%) diversity (1) dv/ds  Tajima'sD r/m  p/Ow
16SrRNA 711 13 0.041(95.9) 217(30.5) 0.08013 NA  -1.59241NS 159 0.173
ectB 399 4 0.065(93.5) 55(13.78) 0.0919 1.023 -1.72648 NSt 1.61 0.178
gyrB 495 9 0.046(95.4) 138(27.88) 0.11616 0.3424 -1.27434NS’ 4.27 0.249
ITS 270 14 0.134(86.6) 174(64.44) 0.21474 NA -1.14077 NSt 8.39 1.106
recA 300 27 0.149(85.1) 172(57.33) 0.14025 0.193 -1.27476NS 14.41 2.37
Concat 2175 28 0.109(89.1) 757(34.80) 0.08437 NA -1.04198 NS' 18.5 1.53

NA- not applicable, NS- values for Tajima’s D were nagnfficant,n- Nucleotide diversity/site,
dN/dS- Ratio of Non-synonymous substitutions Vs Synonymous substitutions; Rate of
recombination relative to point mutationp/6,, — Ratio of rates at which recombination and

mutation occur.
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Sequence characteristics:

Detailed characteristics of nucleotide sequences for eatte ddd¢i tested are presented in Table
3.4. The average interspecies (GSP isolates) sequenceigymiues for each of the gene were:
16S rRNA (95.9%),ectB (93.5%), gyrB (95.4%), ITS (86.6%)recA (85.1%). For the
concatenated gene sequences (2175 bp), the average similaréywas 89.1%. ITS region
sequences are known to be highly variable and hence the low sesimriarity value between
isolates is not surprising. However, the value obtained faiett®gene is unusual since this gene
is thought to be highly conserved among different genédathe loci tested varied greatly in
their nucleotide sequence variations. More polymorphic siteg wetected in ITS antecA
genes (64.4% and 57.3% of total length) than in the other gested.t&he nucleotide diversity
(w), the average number of nucleotide differences per siteebatiwo randomly selected
sequences values were high (0.08013 -0.21474) indicating the diverseafidh#dTS andecA
loci. TherecA gene had the lowesi/ds ratio (<0.5) of 0.1932ndicating the presence of a
selective pressure restricting amino acid changes. Tajilh&alues were not significant for any

of the loci tested-(.27476 to —1.72648) suggesting neutral selection of these loci.

Population structure of Halomonas spp.:

A population snapshot and pattern of evolutionary relationships betdsemonasspp. isolates
from the GSP were prepared and analyzed using the eBURSTthaly@B9). This program
generates clonal complexes (CC) by linking single/double locuams based on a recent
ancestor model. It assumes that, due to selection pressttan genotypes will increase in
frequency in a population and diversify by accumulating mutatiolsy @ene exchange events
(37). This test revealed the presence of seven unlinked indivsggalence types (ST) and six
CC'’s (linked ST's) with varying numbers of single (8) and dob® locus variants (figure3.3)

suggesting that thdalomonasspp. have evolved as result of genetic recombination rather than
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Figure 3.3:  eBURST generated figure showing associatiorebat®&Ts. Purple lines connect
STs which are similar in 4 or more alleles. Blue lines con8&st with double (DLV) or triple

(TLV) locus variants. All the STs which are not grouped are singletons (fohimgalleles).
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by accumulating point mutations as they are distantly reltddhe population does not appear

to be structured into highly dominant clonal complexes. The intesha@xternal-branch-length-
ratio test showed thadalomonasspp. exhibit a significantly lower ratio (0.B,= 0.00199) than
expected under the coalescent model (figure 3.4). This suggesthithpbpulation has gone
through a recent expansion in size that is consistant witbeatrpopulation bottleneck. The high
level of genetic diversity observedthin the gene sequences, even in the absence of selection

could be explained by LGT that results in rapid diversification of thieal(26).

Recombination amongHalomonas spp. isolates:

In order to estimate the comparative impacts of recombinabiegr mutation on the

diversification of the alleles, we estimated the frequency of rbation by looking at the

49



Figure 3.4: Distribution of the Interior/exterior branchdth ratio of trees resulting from
ClonalFrame analysis of concatenated data as compared toitneéstexd under the coalescent
model. Halomonasspecies exhibit a significantly lower ratio (0B,= 0.00199) than expected
under the coalescent model indicating that this population has gonglha recent expansion of

population size.
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n
umber of nucleotide polymorphisms among all the alleles in higlitgilar isolates or
single/double locus variants. All 44 locus variants had an exeassmber of single-nucleotide
polymorphisms (SNPs). Since the chance of more than 3 mutatiomsing in a single locus is
extremely small, these variant loci could only result fresombination. An LGT event followed
by homologous recombination leads to multiple-nucleotide changes ifekwvatereas mutation

leads to a single nucleotide change.
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To quantify the rate of recombination among Halomasakates from the GSP, ClonalFrame
analysis was carried out on individual gene sequences and theeratedtdata set. The rate of
recombination relative to point mutation (r/m), which is a measfihow important the effect of
recombination is in the diversification of the sequence reldtvpoint mutation, was high (18.5
for concatenated data and 1.59-14.41 for each of the loci tested)@.&p/€hese numbers
exceed the values determined for other groups of bacteriarahdea (29). Vos and Didelot
(121) found that r/m values reflected the greater importanaeasimbination over mutation
when the value exceeds 10 for a given species. Doroghazi and B(2810D) (29) reported an

r/m value of 19.5 fo6treptomyceisolates obtained from different geographical locations.

An estimate of the relative contribution of mutation and recomibman generating diversity
within the Halomonaspopulation was calculated using the LDhat 2.1 (71) program for the
concatenated data set. The ratio of recombination to mutationpgi{géa measure of how often
recombination events occur relative to mutation) was estintg be 1.53:1 (Table 3.6). To
examine the effect of recombination étalomonasspp. isolates from the GSP, we analyzed
DNA sequences from all loci tested for mosaic patterns suggestrecombination using RDP
3.0 software package. Sixteen recombination events were deteb&¥ iof theHalomonasSTs.
These events were detected as having a portion of the genaecegimilar to parental genotype
genotype and the remaining sequence similar to a differenttpagEmotype. For each of the
detected events, the number of recombinant ST with the evidenttee advent, breakpoint
positions corresponding to the ends of the recombined fragmentsyeptatent STs (donor and
recipient), and value for all the seven detection methods used (Tabjew&ie recorded. All
events were detected by at least four of the seven methaddatiimg confidence in the detection
methods rather than statistical overcalling. These recombmatients were distributed in all the

five loci tested (Table 3)5with 50% of the events occurring withiecA gene All the events
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detected were predicted to have both breakpoints beyond the endg@f¢hizagment. This data

indicates that LGT events occur often enough at GSP to transfer entxe ge

Table 3.5: Recombination events detected using RDP 3.0. Gene boundaries atecthow

711 1110 1605 1875 2175
711 399 495 270
16SrRNA ectB gyrB ITS recA

ST2 ST9 1-1109 4.24E-16 3.31E-13 1.00E-16 2.22E-16 3.17E-14 1.73E-25 6.06E-16
ST14 Unkenewn (5T12) 1-1163 1.18E-29 1.31E-21 1.39E-30 161E-21 5.05E-21 NS 7.47E-40
Sl 518 300-940 NS 10103 5.h1k-04 1.01k-02 NS B.30E-0f NS

GT15 5711 6<3-1103 1.68E-32 4.11E-23 6.€7E-40 3.80E-12 1.8<E-06 7.8B7E-26 1.15E-06
ST29 §7i2 620-1616 4.56E-53 7.7RE-42 2.57E-38 2.48E-27 3.59E-20 4.73E-25 2.08E-40
S/ 5 Zb b¥e-11:9 2.39E-10 d.oM¥E-12 /. J0E-14 J./2E-12 Ms 0.0/E-11 £42E-25
oT21 5712 7<1-1507 7.59E-31 1.43E-29 1.90E-32 2.44E-14 147E-14 4.33E-08 2.60E-20
ST15 Unlencwn (ST21) 1110-1384 13334 1.56E-33 2 7AE-D6 123E-12 1ACE-13 1 91E-07 2.45E-23
511 5 12 loBo-188Y /.6/E-14 1.41E-12 1.92E-10 /. U4E-13 2.30E-12 NS 1.64E-23
oT12 520 1873-2167 2.65E-02 NG NG 1.54E-C4 MG 2.20E-0% 5.07E-03
<T1 ST3 1827-2079 1.58E-05 1.87E-05 9.35E-04 5.0eE-07 1.97E-06 NS 9.90E-09
Sliu Unkncwn (51.28) 1888-2151 4.£1E-12 4.04E-10 3.90E-10 2.63E-09 9.89E-10L 1.53E-11 1.92E-15
5129 =11 1888-214/ 4.59E-02 hs 0.01921544/ 2.00E-U2 Ms NS 1.59tE-02
ST18 57Z6 1836 2085 0 015737805 1.37E 02 NS 8.37E 05 NS NS 4.52E 04
ST8 Unknewn (ST24) 1900-2156 1.25E-11 7.61E-11 1.52E-12 1.26E-13 9.86E-12 1.85E-20 2.02E-21
sT2 ST> 1900-2167 6.57E-05 hS NS 4,97E-06 3.06E-0¢€ NS 7.79E-08

It is difficult to precisely determine the evolutionary bist of the Halomonasspecies isolates
using a vertical model of inheritance. Even though recombinatiem&were detected in most of
the isolates, significant linkage disequilibrium was als@adet indicating the conservation of
clonal population structure among these isolates. The starethritidex of (£y = 0.1006)
significantly differed from zero in all isolates (TabE6) indicating significant linkage
disequilibrium among the alleles. The pairwise homoplasy indek D\, test) rejected the
hypothesis of no recombinatio®, = 0.0). That is no case of expected homoplasies higher than

the true homoplasies were detected out of 1000 trials (Table 3.6).
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Table 3.6: Population parameters for the concatenated data set

Length =« Sites Dw IS, r/m  p/8y

Concaten

ated data 2175 0.09522 757 0.00(P-sig) 0.1006 18.5 1.53

n — Nucleotide diversity/site, Sites — Number of polymorphic sitgs— Pairwise homoplasy
index, r/m — Rate of recombination relative to point mutatipf), — Ratio of rates at which

recombination and mutation occur.

The phylogenies for all loci tested were incongruent as inferred frotogbéogy of the ML trees
generated using the PhyML program (Figure.3herecAgene again showed higher resolution

within the isolates grouped in different clusters from those obdémviEsS rRNA tree.

Figure 3.5: Maximum Likelihood (ML) trees for each Itested for all 33 isolates. ML trees
were created using the substitution model as suggested by M3 . The scales of branch

length vary for different loci.
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To better define the evolutionary history of isolates,gRborNet analysis implemented within
Splitstree v4.10 was used (53). This program scans the entireondel sequence for
inconsistencies and connects the STs through a reticulatengreatietwork diagram (Figure

3.6). Reticulation is prevalent iRlalomonasspp.in the GSP resulting in the rise of new lineages.

Figure 3.6: NeighborNet analysis of the MLST data supporting the regievtalution within

Halomonasspecies at the GSP.
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DISCUSSION

It is known that bacterial populations consist of distinct gepotyclusters. Homologous
recombination among these clusters disturbs the linkage assoaeatating greater genotypic
diversity. High genetic diversity is unusual in clonal orgars such as bacteria because diversity
is purged across loci by recurring selective sweeps (persatiéction) (115). To reconcile this
apparent contradiction, Cohan (18) suggested that each ecotyps deai®n sequence-based
cluster through time as a result of high genetic diversifith a better knowledge of niche-
adaptive genes and phenotypes, we will be able to connect thevezbggenetic/phenotypic
diversity to the above mentioned model (18). Our data producestdisclusters with diverse,
incongruent topologies. This lack of congruence between each MLiB& loci trees suggests
the presence of high rates of recombination at the GSP. ®hidusion is supported by the
statistical tests and analyses used. In spite of signiflcdatge disequilibrium between alleles,
the rate of recombination is on par with some of the bacteriarahdesa that exhibit high rates of
recombination (121, 83) suggesting that recombination has not com@edebd the patterns of
vertical inheritance thus maintaining clonality within tHelomonassolates. However, we have
to be careful in drawing conclusions here as the constant poputste used to calculatein

LDhat is yet to be validated for microbial data (29).

Our data support a biological species model, where frequent recoimb@havents maintain a
single unified species cluster within an ecosystem. Theeexistof high genotypic diversity
could be due to weak selection or to LGT events that detawsdeom selection at the genome
level (89). Since our data show that diversity is maintaineall dhe loci tested including core
house keeping genes used commonly for phylogenetic analyses, witribaieathe presence of
high nucleotide diversity to frequent recombinational events @veahe presence of selection.
Recombination results in shuffling of variations between gesacausing an unexpectedly high

level of homoplasy (convergent evolution) (39) as evident fromdata where the pairwise
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homoplasy index test rejected the hypothesis of no recombination. Qualdatsupports the
presence of widespread reticulation within tHalomonas phylogeny, a characteristic of

recombination.

Fuzzy species formed due to reticulate evolutionary procdsaes been shown in other
microbial groups (29, 83). Sometimes fuzzy species are idehtfiea result of sequencing of
amplified fragments from mixed non-viable cultures. In our study all the segsi@vere obtained
from single colonies of viable, pure cultures. Under these tonsglionly a small number of

isolates from the population are required for meaningful phylogenetigsangs9).

Fuzzy species boundaries created by LGT events could occuansidrmation, conjugation or
transduction (74). At present very little information is ikalde on the relative importance of
these LGT mechanisms kalomonasThis group of bacteria has not been shown to be naturally
competent for transformation (120). Conjugation has been used edfectior genetic
manipulation ofHalomonag(120). Although transduction has not been very well characterized in
Halomonaspacteriophages specific fétalomonasspp. have been isolated from the GSP (102,
78). Seaman and Day (102) demonstrated that one of the phages with wallyifargie genome
(=340 kb) is capable of mediating transduction. Thus it is ®apredict that transduction is a
factor in producing this high level of genetic diversity and rdaioation detected within the

Halomonagopulation at the GSP.

Our data suggest thatalomonasspp. at the GSP have been subjected to a recent expansion in
population size. This could have resulted from two separate geeptpulation bottleneck or a
selective sweep. It is very difficult to differentiatetlveen these two as they leave a similar
genetic hint within a population. It is clear from our study thetHalomonasspp. isolates from

the GSPare not structured into major clonal complexes andatewveelated individual isolates

were identified from eBURST analysis. This may be due éguent recombinational events
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among these closely related isolates. Using ClonalFramenalieternal branch length ratios
were calculated that showed significant support for a populatidietetk due to environmental
changes. It is speculated that the GSP area was coveredeaitlater and the briny remains of
this ancient sea rise to the surface and leave crusts of sdiiten the surface. During rainy
season, rainfall dissolves the salt creating temporargrsreind ponds across the salt flat with
varying salt concentrations (16). We speculate that these iomsdiéd to the recent evolutionary
bottleneck. We speculate that the population that survived tttier®rk has developed genetic

mechanisms to adapt and grow in this constantly changing, hypersaline enaironme

Interestingly theHalomonasspp. recA gene showed high levels of nucleotide diversity and
recombination rates than did the other loci tested. Close to 508ie afecombination events
identified by RDP 3.0 had breakpoint positions within teeA gene. TherecA gene may
correspond to a hotspot of recombination or it may be under a stromgjveelgressure that
provides a selective benefit to new variants emerging duectont@nation. Wilson et al.(16)
showed thaHalomonasspp. isolates from the GSP may have developed constituéxphgssed
SOS DNA repair system. The RecA protein regulates the 8@#on as well as being actively
involved in homologous recombination (76). Since the closely reldtédaimonasisolates from
the GSP live in a rapidly changing saline environmentreébAgene and its protein product may
act as a valuable repository and resource for reconstruatishyisualizing processes of natural
selection and adaptive evolution within the GSP. The constanudltimn in salinity and other
environmental conditions at the GSP provide a driving forcevotutionary changes. Thus our
data show that gene transfer amdtajomonasisolates not only involves assimilation of novel
sequences, but also gene replacement by LGT events asstilates are constantly exposed to
donors of genetic material in this plastic environment. Thishaweism is expected to occur if the

acquired genes/sequences have adaptive significance in thgieedédrther characterization of
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therecAgene and its protein product will shed more light on the molecidahamisms leading

to heightened levels of genetic diversity amétejomonasspp.isolates at the GSP.

CONCLUSION

An MLST scheme foHalomonasspecies at the GSP was developed. Application of this scheme
demonstrated high rates of genetic diversity through recomtinatithough clonality was
preserved. Our data provide clear insights into the phylogensticetkness and evolutionary
origins of Halomonasspp. at the GSP. These results may provide clues towandfyinly the
phylogenetic inconsistencies observed within the gétalemonas. Our findings support the
crucial role played by recombination in evolution and buildingcstire of bacterial populations
from diverse environments. However, some may argue that thidy grovides only a limited
snapshot of overall genetic diversity and population structune. ithportant to note that the
isolates in this study belong to different species. We do nat hacess to complete genome
sequence information for any isolate within the gedakbmonadimiting our understanding of
arrangements of these loci on the chromosohmes study significantly contributes to a more
detailed understanding of importance of gene flow, selection andhkénation in the adaptation
and survival strategies of microorganisms in extreme enveatsn Understanding of these
concepts has important consequences in studying the evolution efgitees of bacteria under

extreme conditions along with their usefulness in several biotechralagiplications (25, 16).
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GLOSSARY

Pulsed-field gel electrophoresis (PFGENariation between strains is detected using rare-
cutting restriction enzymes and the resulting genomic fragments@aeased on an agarose gel.

Multilocus enzyme electrophoresis (MLEE) Enzyme polymorphisms between strains are
detected on the basis of differing electrophoretic mobility of the encodesinsrohn a starch gel.

Multilocus Sequence Typing (MLST):Allelic variation at multiple housekeeping loci is
indexed directly by nucleotide sequencing of internal fragments of around 450 asé&pai
resulting data is stored on a central online database.

PubMLST : An international network of publicly available MLST databases.
Allelic profile : The alleles at each of the housekeeping genes used for MLST thatalsfrain.

Sequence Type (ST)Defined by the allelic profile. It is a unique combination of allele
designations used in an MLST scheme.

Clonal complex A group of related sequence types.

Clonal population structure: A feature of asexual populations in which a all members are
related by a consistent tree-like phylogeny.

Housekeeping genesrhese genes are ubiquitous within a population, encoding proteins
essential for central metabolism. These genes evolve at a neodgeatompared with
informational genes.

Synonymous substitution:A mutation which does not result in a change in the amino acid
sequence of the protein.

Positive selectionGenes under strong selective pressure for rapid evolution, suctothat
synonymous changes are common than synonymous changes.

Homologous recombination Replacement of alleles by DNA sequences with localized regions
of high homology and involving RecA protein.

Population bottleneck An evolutionary event resulting in a loss of a large proportion of the
population. The surviving members of the population will only contain &draof the original
genetic diversity.

Congruence Agreement between the topologies (shape) of phylogenetic treesdisdm
different gene loci.
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Terms used in statistical analysis
S Polymorphic sites

n- Nucleotide diversity/site: Average number of nucleotide differ®pee site between two
sequences

dn/ds- Ratio of Non-synonymous substitutions Vs Synonymous substitutions

Tajima’s D- Indicator of population growth or selection pressure. It is based on theddésr
between the no. of segregating sites and the avg. no. of nucleotide diffefdnsésbased on
the hypothesis that all mutations are selectively neutral.

®d,- Pair wise homoplasy index: It is the phi test for recombination. P-valuerdli@ates
statistically significant evidence for recombination. This éestmines incompatibility in
phylogenetic signals. Incompatible sites could have two possible historewjtbrthe mutation
and one where recombination was present in different lineages.

|, — Standardized index of association (test for recombination).

r/m- Rate of recombination relative to point mutation: Ratio of probalsilitiat a given site is
altered through recombination and mutation. A measure of how important the &ffect o
recombination is in the diversification of the sequence relativautatian.

p/6y —Ratio of rates at which recombination and mutation occur: It is a measure ofteow of
recombination events occur relative to mutation.
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CHAPTER IV

PHYLOGENETIC ANALYSIS OFSHEWANELLASPECIES

ABSTRACT

Multi Locus Sequence Typing (MLST), a typing tool developed faracterization of
bacterial isolates based on the sequence information fronrmahtieagments of several
house keeping genes has provided a valuable platform for estimattithe role of
recombination and point mutation in shaping bacterial communities.Great Salt
Plains (GSP) located in north-central Oklahoma is an ecalibgidiverse, extreme,
hyper-saline environment. Results from MLST analysisialomonasspecies (Chapter
3) adds to the reports supporting the crucial role played by teoation in evolution of
bacterial populations from diverse environments like GSP. Inr dodebtain an idea of
the relative influence of recombination to the evolution of b&ctén extreme
environments such as the GSP, genetic diversity observetidi@monasspp. was
comparedo an organism from an environment with more moderate chasdcigiNine
species belonging to the gerfolsewanelldhat are commonly found in marine and fresh
water environments from different geographic locations westedefor sequence level
comparison. Comparable levels of genetic diversity and recotiinaates were
observed among the loci testedlhe data from this study support our hypothesis that,
higher rates of recombination observed witHalomonasspp. isolates acts as a genetic

mechanism that has led to increased genetic diversity among thesgalfaom the GSP.
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INTRODUCTION

The influence of recombination in understanding the structuraatéhal species is very unclear
at this time. Multi Locus Sequence Typing (MLST), a typing toaketigped for characterization
of bacterial isolates based on the sequence information fromahfeagments of several house
keeping genes has provided a valuable platform for estimatitme role of recombination and
point mutation in clonal diversity (69). This approach uses theesees to gain an estimate of
the recombination rates and point mutations that have occurrétg dbe initial stages of
diversification of bacterial clones thus avoiding the problemid&ntifying the ancient

recombinational events within the sequences of distantly relatedesol

The Great Salt Plains (GSP) located in north-central lokie is an ecologically diverse,
extreme, hyper-saline environment. The microorganisms livingerndSP are exposed to harsh
environmental conditions including high temperature, freezingergnhigh salinity, desiccation
and direct ultra-violet radiatiorBacillus and Halomonasare the dominant Gram-positive and
Gram-negative culturable heterotrophic bacteria identifiechfGSP soils (16). MLST analysis
(Chapter 3) has shown thigalomonasspp. isolates from GSP soils contain several genetically
distinct groups most likely due to the effects of environmenttlenecks and recombination
events. These results support the presence of high spe@atmmmyHalomonasspp. isolates at

the GSP site even though there is high 16S rDNA sequence similaraptet 3).

Results from MLST analysis ¢falomonasspecies (Chapter 3) adds to the reports supporting the
crucial role played by recombination in evolution of bacterial pdjuis from diverse
environments. Results from our study demonstrated the importance of populagimegas such

as lateral gene transfer and recombination in shaping bacemanunities. The adaptation and
survival strategies of microorganisms in extreme environmggnie important consequences in

understanding their evolution and their usefulness in several biotecluabkgplications.
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In order to obtain an idea of the relative influence of reconibmé#o the evolution of bacteria in
extreme environments such as the GSP, we wished to comparesylts ferHalomonasto an
organism from an environment with more moderate characterisihewanellds a genus that
contains gram-negative, facultatively anaerobic, metal-redulcameria commonly found in
marine and fresh water environments (96). These organises pfedominate in chemically
stratified (with high inputs of organic matter and fluctuatindgpseconditions) water bodies (96).
The ability of these bacteria to utilize a diverse raofgénal electron acceptors (nitrite, nitrate,
thiosulfate, iron, manganese, uranium) in the absence of oxygen habutedtto their survival
in diverse environments and mak&hewanellapotentially important in bioremediation of
contaminated areas. They are easy to culture in the laboratbrgasnmonly used growth media
(50). SinceShewanellds closely related td&.coli, genetic tools designed f&t.coli can also be
used withShewanellaspp. isolates. Currently there are approximately 48 recogisiedes
within the genusShewanellabased primarily on DNA-DNA hybridization and 16SrRNA
sequences. The distribution 8hewanellan many parts of the world is primarily based on two
important physiological parameters: (96) their capacity tolabmize diverse group of

compounds found in the environment and their ability to survive at low tempeer §50).

A total of 23 Shewanellaisolates have been completely sequenced (42). The sequence
information has provided us with the tool to investigateirtigenomic diversity from an
evolutionary viewpoint. Caro-Quintero et al.(15)reported the¢rstShewanella balticésolates
obtained from the Baltic Sea had exchanged as much as 20% ofeth@mng based on complete
genome sequence and transcriptome analysis (15). Thereforendung$i and the results of
Quintero et al (15) suggests that genetic exchange in resfmeavironmental settings may be
enhanced. This observation has implications in better understandbagtefial speciation and

evolution.
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To identify to what extent the similarities in sequencesoafse keeping genes among a group of
isolates is determined by the genetic relatedness and eabladaptation of the microorganism
in question, we have analyzed and compared the partial sequenceatidorof several house
keeping genes of Shewanellasolates (Table 4.1) from diverse geographic locations and habitats
including both fresh and marine water bodies. SiHamonassolates used in our study were
isolated from the terrestrial environment which was oncieve to be submerged in sea water,
we believed it would be ideal to compare them with isolatgained from aquatic environment.
Results from this study will signify the sequence-level compar of environmental
representatives frorRroteobacteria,an important and diverse group of organisms. This study
identified several trends from the comparison of available sequencaation that may apply to
other environmentally adaptable bacteria beskd@smonasand Shewanelldor which genome

sequences of closely related species are available.

METHODS

Bacterial strains:

Table 4.1 List @hewanellasolates used in this study

Genome Name Source Location
Shewanella amazonensis SB2B Marine deposits River,Brazil
Shewanella baltica OS155 Marine Baltic sea
Shewanella baltica 0S185 Marine Baltic sea
Shewanella baltica 0S195 Marine Baltic sea
Shewanella baltica 0S223 Marine Baltic sea
Shewanella denitrificans 0S217 Marine Baltic sea
Shewanella frigidimarina NCIMB400 Marine North sea,UK
Shewanella sp. MR-4 Sea-water, oxic zone Black sea
Shewanella sp. W3-18-1 Marine sediment Wash,USA

The list ofHalomonagsolates used is provided in Chapter 3. The Sihewanellasolates used

in this study along with the location and source of isolationpao®ided in Table 4.1. The
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sequence information for the selected house keeping genes feoBhelwanellaisolates was

obtained from GeneBank.
House-Keeping gene selection and sequence data analysis:

In theHalomonasVILST study (Chapter 3), we used 16S rRN#rB, ectB Internal Transcribed
Spacer (ITS) region angkcA genes to understand the population structure of the isolates. We
decided to use the same genes in this comparison studySremginellasolates. TheectBgene
which codes for ectoine synthase was not detected in any &hheanelldasolates within the
GeneBank database. Instead, theB gene that codes for beta subunit of RNA polymerase was
used. All the sequences were confirmed through BLAST searche=ritp the resultant data
matches with the right gene in the database. Multiple sequalignments were obtained using
CLUSTALX (64). Each different allele within a locus svassigned a different number and the
combination of all the numbers resulted in a ST for a strain €14B). These data were used for

subsequent analysis.

Pair-wise distances between individual and concatenatedotidelesequences were determined
using PAUP* 4.0 (113). Estimations for parameters of the number lpipphic sites, the
average pair-wise nucleotide differences per sjteGC content and Tajima’s D, a test for alleles
departing from neutral evolution were calculated using DnaSRB)p (6tandardized index of
association {), a measure of linkage disequilibrium and ratios of non-synonymous t
synonymous substitutions \fds), a measure of purifying selection were estimated using
START2 (55). The Index of Association (IA) is calculated asofed: IA =VO/VE -1. If VO is

the observed variance of K and VE is the expected variance of K wherd& number of loci at

which two individuals differ.
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Measure of Recombination rate and detection of recombination:

Rate of recombination relative to point mutation (r/m) valuegwaltculated using ClonalFrame
(27). ClonalFrame was run with 100000 burn-ins followed by 100000 revedions. Population
scale rates of recombinatiop/,) were estimated with LDhat 2.1 (71 is the average
mutation rate while the is the rate of gene conversign= 2N./2. All the calculations were
performed for the concatenated data set only. Pair wise homsgadplZex @) (phi test for
recombination) values and Neighbornet phylogenetic network toedbd concatenated data set

were estimated using Splitstree v4.10 (53).

Phylogenetic analysis:

Using the hierarchical ratio test within the MODELTESTswen 3.7 (91), the most appropriate
model of DNA substitution for each locus was determined. NeighbonirdofNJ) trees were
constructed using the program PAUP* 4.0 (113) with Jukes-Cantor comedflaximum
likelihood (ML) trees were inferred for each individueti and the concatenated data set using

PhyML v3.0 (46) with DNA substitution model as suggested by MODELTEST

RESULTS

Sequences oBhewandla isolates:

Currently 23 isolates belonging to gerfalsewanellghave been completely sequenced and the
sequence data is publicly available at GeneBank (httpw/webi.nlm.nih.gov/genbank).
Sequence information from 9 of the isolates for all the locevebtained from GeneBank. These
sequences were made into equal length by eliminating poorly dligositions and highly
divergent regions of an alignment using a computer program Gb(@&Kk3. Highly divergent
regions may not be homologous or may have been saturated by mulbptéusions and it is

convenient to eliminate them prior to analysis. All the isolate®wnrelated by the criterion that
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they resulted in 9 ST's and 8, 9, 6, 9, 9 alleles were detectd®®rRNA,gyrB, ITS, recAand
rpoB genes respectively (Table 4.2). This level of divergencausual for clonal organisms like
bacteria as the diversity is purged across all loci by recuretattive sweeps (periodic selection)

(115).

Table 4.2 Sequence types (ST) and the allele profiles gedarsing the sequences obtained

from GeneBank

ST 16SrRNA gyrB ITS recA rpoB
1 1 1 1 1 1
2 2 2 2 2 2
3 1 3 2 3 3
4 3 4 2 4 4
5 4 5 2 5 5
6 5 6 3 6 6
7 6 7 4 7 7
8 7 8 5 8 8
9 8 9 6 9 9

Sequence characteristics:

Detailed characteristics of nucleotide sequences for eatte ddd¢i tested are presented in Table
4.3. Among all the loci tested, threcAgene had the highest number of polymorphic sites (72.1%
of the total length) indicating that tmecA genehas an increased level of allelic variation. None

of the isolates had similar allelic profiles.

Table 4.3  Sequence characteristics of the loci used in this analysis

loci Length  Number of alleles Average Distance (%) Polymorphic  Nucleotide diversity dN/dS Tajima's D
sites (%)

16SrRNA 1521 8 0.0394 (96.06) 129 (8.48) 0.02836 NA  NS-1.10497
gyrB 2417 9 0.078 (92.2) 701 (29.00) 0.14503 0.107 NS-0.97764
ITS 230 6 0.093 (90.7) 52 (22.61) 0.10383 NA  NS0.33285
recA 956 9 0.134 (86.6) 689 (72.1) 0.37878 0.801 NSO0.42810
rpoB 3964 9 0.0404 (95.96) 1124 (28.35) 0.10839 0.12 NS-0.84514
concat 9012 9 0.0955 (90.45) 2854 (31.67) 0.13161 NA NS-0.58574

NA- not applicable, NS- values for Tajima’s D were non-gigant, dN/dS- Ratio of Non-

synonymous substitutions Vs Synonymous substitutions.
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The average interspecies sequence similarity valuesaitn ef the gene were: 16S rRNA
(96.06%),gyrB (92.2%), ITS (90.7%).ecA (86.6%) andpoB (95.96%). For concatenated gene
sequences (9012 bp), the average similarity value was 90.45%b%®eved a similar sequence
divergence value (85.1%) for tmecA gene from ouHalomonasMLST study (Chapter 3). The
recAgene is considered to be highly conserved among different generadamndual species of
bacteria. The average number of nucleotide differences pebetiiveen two randomly selected
sequences measured as nucleotide diversjtywés high in theecAgene (0.379) indicating the
diverse nature of this locus. All the housekeeping genes shonadtbis (>1, Table 4.2) ratio of
non-synonymous to synonymous substitutions (dN/dS) indicating the presergestobng
purifying selection limiting amino acid changes. Tajima’s Duga were non-significant for all
the loci tested (-1.10497 to 0.42810) verifying the presence of neategttion on the alleles of
these loci. The sequence characteristics observed fdnealbti tested irShewanellasolates
were similar toHalomonasspecies isolates suggesting that genetic diversity oltbexxe be
related to the ecological adaptation of microorganisms livingjvarse, extreme environments.
Figure 4.2a and 4.2b compare the sequence similarity values and the o@pddgmorphic sites
(% of total) for all the loci tested except fectB and rpoB in Halomonasand Shewanella

respectively.
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Figure 4.2 All the loci tested iHlalomonasisolates are compared with their orthologs from
Shewanellasolates. (a) Chart comparing the sequence similarity sdbredifferent loci tested

(b) Chart comparing the polymorphic sites observed (% of total length).
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Recombination amongShewanella isolates:

To further examine the rate of recombination am@&igwanellastrains used in this study,
ClonalFrame (27analysis was performed on the concatenated data set. The rate of recombinati
relative to point mutation (r/m) value of 9.6 (Table 4.4) wamsilar to the values observed for
several other groups of bacteria and archaea (121). Anagstioh the relative contribution of
mutation and recombination in generating diversity withinShewanelldasolates was obtained
using LDhat 2.1 (71) program for the concatenated data set. Tibeofatecombination to
mutation rates p/6y ) was estimated to be 0.32:1 (Table 4.4), suggesting that recaimbina

loses strength as sequence divergence increases betweess gifetiacteria. The pairwise

homoplasy index testly test) rejected the hypothesis of no recombinatibg £ 1.316x 1010)
i.e., assumption that expected homoplasy is higher than the true homopkaswnvsignificant

out of 1000 trials (Table4.4).

Table 4.4 Population parameters for the concatenated data set

Length T Sites Ty I, r/m plBw

Concatenation 9012 0.13161 2854 1.316x 10°19(P-sig) 0.1445(NS) 2.5 0.32

n — Nucleotide diversity/site, Sites — Number of polymorphic sitgs— Pairwise homoplasy
index, r/m — Rate of recombination relative to point mutatipf), — Ratio of rates at which

recombination and mutation occur.

The phylogenies for all the loci tested were incongruent as infeoedtfre topology of ML trees
generated using PhyML program (Figure 4.3). Again,rdtd gene showed higher resolution
i.e., the isolates were clustered in different groups than what was obsart&&fRNA tree. It is
challenging to precisely show the evolutionary histonysbéwanellausing a vertical mode of

inheritance following observations of the wide spread occurresfchsrizontal gene exchange.
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NeighborNet analysis (53) implemented within Splitstree v4.1Mhss¢he entire nucleotide
sequence length for inconsistencies and connects the STs throeghbu&ate thus creating a
network graph (Figure 4.4). The concatenated sequence dath tfue shewanellastrains tested
in this study suggests that reticulation is prevalent gnibase isolates resulting in rise of new

lineages as a result of recombination between species clusters.

Figure 4.3 Maximum Likelihood (ML) trees of each of the loci tested from allShewanella
isolates used in this study. ML trees were created usinguibstitution model as suggested by

MODELTEST. The scales of branch length vary for different loci.
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Figure 4.4 NeighborNet analysis of the concatenated data suppdrérrgticulate evolution

betweerShewanellastrains.
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DISCUSSION

Caro-Quintero et al (15) tested seveBiewanellaisolates obtained from Baltic Sea for the
evidence of horizontal gene transfer. Although these isotdtesed comparable evolutionary
divergence, strains obtained from more similar depth shared geares compared with strains
from different depths. This cannot be attributed just to tighen evolutionary relatedness
between these genomes. Instead, these findings are most likédyted to recent events of
horizontal exchange between these isolates or their immedie¢stars. Further, based on the
examination of the nucleotide identity patterns of the receaxthanged core genes (95-98%
range) suggested that these genes were brought into the getimmmegh homologous
recombination mechanisms (15). These patterns could be best explaimegh the mechanisms
of transformation, transduction and conjugation for genetic exchamgk homologous
recombination as the process through which the exchanged DNA couldepdnmto the
genome. The genomes $hewanellasolates encode several genes with amino acid similarities
to conjugative transfer genes and a completd-dependent homologous recombination protein

complex.

One interesting observation made during this study supports nidegs of our report on
Halomonasspecies divergence at GSP (Chapter 3). Caro-Quintero(20H0) (15) report that
more anaerobic metabolism genes were exchanged between &wainsore similar water
depths indicating genomic adaptation of 8feewanellastrains to their environmental conditions,
mediated by horizontal gene exchange leading to species divergapicespeciation). To the
best of our knowledge, such rapid, genome wide adaptation mediated bic géange
between species of bacteria in response to environmental selftasgrarely been reported.
Widespread genetic exchange between co-existing strains hasshe@sn by metagenomic

studies of natural bacterial populations (96).
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The sequence information obtained from sele&ieelwanellggenomes during this study suggests
that genetic exchange through homologous recombination events cmslitute an important
apparatus for population structure among spatially co existingericsimilar to the role of
sexual reproduction in higher organisms. Thus, this study of comphengopulation structure
and adaptation of two different bacterial genera helps in uadeliag of the rapidity and mode
of adaptation and highlighting the relationship between ecologicdingseand genetic

mechanisms that form and endure microbial population structure.

In conclusion, it appears from our study that bacterial genomgs #u@ugh continuous
genome wide genetic exchange events in a highly dynamic, rutiodnenvironment. This
differs from what was observed previously in other marineebiac{45, 19) living in a rather
constant, nutrient poor environments, with a streamlined genome.patfteens observed in our

study may be applicable to other bacteria that experience frequent eresitahfluctuations.
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CHAPTER V

DNA REPAIR POTENTIAL OFHALOMONASSPP. FROM THE GREAT SALT PLAINS

ABSTRACT

Great Salt Plains (GSP) National wildlife reserve fedain North Central Oklahoma is the
ecologically diverse, extreme, hypersaline environment. Evapongiteeral salt crusts form the
surface layer of these plains. Microorganisms living in thd® G continuously exposed to
desiccating conditions, high surface temperatures, freezingnajritigh salinity and direct Ultra
Violet (UV) radiation. Survival under these conditions has tedhe development of unique
survival strategies. DNA repair mechanisms associated Wthlight or chemically induced
DNA damage have been shown to be important in protecting tleeoorganisms from
desiccation. DNA repair potential of tialomonasspp. isolates, which are the dominant Gram
Negative bacterial group from the GSP was studied. Surafted exposure to UV light was used
as a tool to assess the DNA repair capacity. Set#al@monasspp isolated from the GSP were
tested and compared withcoli andP. aeruginosaor DNA repair capacity. Tolerance to UV
induced DNA damage of few of thdalomonasspp isolates was on par with.coli but was
greater than thE. aeruginosWilson et al (125) have suggested that these GSP isolatdsanvey
developed constitutively expressed inducible DNA repair mecharpgsisively regulated by
recA gene Partial sequence information for thecA gene was obtained from all the isolates
tested for phylogenetic comparison with 16S rRNA sequeneeAgene based phylogenetic tree
provided a a greater degree of resolution of the relationship &etelesely relate¢Halomonas

spp. isolates obtained from a diverse and extreme environment like GSP.
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INTRODUCTION

Extreme environment at GSP and DNA repair:

Great Salt Plains (GSP) is part of the Salt PlaingoNat Wildlife Refuge (SPNWR) with
ecologically diverse, extreme, hyper saline environment. Satisdeposited by continuous
percolation of underlying brine to the upper surface, sodium chlbgaey the main constituent
of the brine. The salt concentration varies considerably atnesglains. These salt formations
dissolve completely during rainy seasons forming many small pamdisstreams with varying
salt concentrations across them. GSP is an extreme enviroam@mhicroorganisms living in
these plains are continuously exposed to harsh environmental comdgimh as high
temperature, freezing winters, high salinity, high desiccatongditions and direct exposure to
Ultraviolet (UV) rays. Survival under these extreme coodsi calls for selection among the
microbial communities (16). The microbial community of these hypdinesaerrestrial
ecosystems is different from the hyper saline aquatisystem, thus the salt tolerant relatives of

the common soil bacteria are usually found in these hyper saline soils.

Culturable heterotrophic bacteria were identified from G8#%s using enrichment cultures and
phylogenetic analysis. Different clades of GSP isolates warihed for Gram-positive and
Gram-negative bacteria. Bacillus akthlomonasspp. were the dominant ones among these
bacteria respectively. These isolates were closelyerkltt the bacteria isolated from aquatic
systems. Many differences in overall phenotypic charadteristere observed when compared
with isolates obtained from the abandoned saltern soils (@8y. ’éw GSP isolates were motile,
oxidase positive, did not produce3] grow at temperature >45°C and were less halophilic (0.1
to 30%)(16). Survival under extreme environmental conditions has léelvelopment of certain
genetic mechanisms to protect these bacteria againshgasglt concentrations and constant

desiccating conditions (Chapter 3). Studies have shown thatatésic produces the same kind
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of cellular damage on microorganisms as high UV irradiation (B) radiation imparts a
significant amount of DNA damage in majority of organismd this is dependent on the source
and intensity of the radiation and duration of exposure. Microorgarfianes developed unique
survival strategies against UV radiation by producing chemimapigments to shield themselves
against the UV damage and in addition to this they may have opedkelefficient repair
mechanisms to restore the damage caused by the UV radiatioefofbere believe that UV
radiation can be used as an effective tool to study the effeadesiccation on these

microorganisms.

Ultraviolet Radiation:

UV radiation is a short wavelength electromagnetic raahiatiat falls between the visible region
and the x-ray region. UV radiation is known to cause deleteedfests in almost all living
organisms ranging from prokaryotes, eukaryotes including higheitspland animals. UV
radiation can be grouped into three major classes, UV-A (315-40W@whB (280-315nm) and
UV-C (<280nm). Each of these radiations causes different types of dauteeD&A. Because of
its short wavelength, UV-C is the most detrimental tolitheg cells as it is absorbed directly by
the DNA and, cyclobutane dimers and single stranded breaksrared. But most of the UV-C
is screened out by the stratospheric ozone layer befoeadhes the earth’s surface. UV-B is
absorbed in a small amount and it causes both direct and indireageldby forming reactive
oxygen species) to the DNA. UV-A wavelengths impart least amofimdlamage and are
responsible for indirect damage to the DNA by producing secondary phctions of existing

DNA photoproducts (86).

DNA damage:

Mutagenic DNA lesions induced by UV radiation are usually ad tands: 1) Cyclobutane-

pyrimidine dimers ( CPDs)- A cyclobutane dimer is a four-imerad ring structure formed
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between adjacent pyrimidines (thymine or cytosine) resultimg the saturation of their 5 and 6
carbon double bonds. 2) 6-4 photoproducts (6-4 PPs)- These photoproducts aredproduce
specifically at 313 nm at a dose between 100-506. Jhese 6-4 PPs are linkages between the 6
carbon of 3’ cytosine or thymine and the 4 carbon of a 5’ cytosingndpthis process, in
addition to the C4-C6 bond formation between the adjacent pyrimsjdv of one migrates to

the C6 of other pyrimidine.

CPDs are the most abundant and most cytotoxic lesions but4heP& have more lethal and
mutagenic effects. The major portion of solar UV radiation bsretween UV-A and UV-B
and produces a higher proportion of photoproducts since the photoisdimerizaefficient
around 320nm (107). In both microorganisms and mammals, the effec@®Ps on key
biological functions have been extensively studied. It has begorted that CPDs stall the
progress of DNA polymerases and if unprepaired, it can coehplstop the expression of a
transcriptional unit. Therefore, if these CPDs are left unrepdhreg,can block both transcription

and replication (107).
DNA repair:

For all organisms the key to survival is the efficier@nsfer of genetic material from one
daughter cell to another. This requires efficient and accurdi Bplication machinery and the

ability to withstand continuous DNA damage with less heritablgations. In order to achieve

this goal, organisms have developed efficient DNA repair nmesims so that they can survive
the lethal effects of DNA damage. These repair mechargsmtguously scan the genome of the
organism for the DNA damage and when necessary, trigger [@air and restore genetic
information (107). UV radiation imparts significant amount of DN&mage in organisms and
this is dependent on the source and intensity of the radiation andoducdt exposure.

Microorganisms have developed unique survival strategiessighiV radiation. Organisms
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produce chemicals or pigments to shield themselves from UV i@adiahd have developed
efficient repair mechanisms to restore the damage causdu hyM radiation. In bacteria there

are two major types of DNA repair system: 1) light repair and 2) dpgirrél3).

Light Repair: This mechanism involves light and an enzyme kn@yphatolyase. This enzyme
binds to CPD’s or 6-4 PP’s and reverses the damage usingdigintergy source. This process is
known as photo reactivation. This was first observed in Strepesnydseus (13). Photolyases
have been reported in bacteria, fungi, plants, invertebeatéd some vertebrates. But this enzyme
seems to be absent or silent in humans. Photolyases are monfiavaricontaining enzymes
with molecular weight of around 50-65 K Da. These enzymes workweltywhen there is light
present in the range of 300-450 nm. Photo reactivation is extrerfielgregfwhen the photolyase
is bound to CPD’s. In bacteria,the phr gene encodes photolyasédt (983 been reported that
photolyase enzymes also carry out an alternate function. Tigigestion resulted from the
observation that in the absence of light the enzyme binds tmigite dimers and stimulates the

nucleotide excision repair system (48).

Dark Repair The DNA damage left unrepaired by the photo reactivatiorkéntap by the dark

repair system. There are three major types of dark repair megfsani

Excision repair In contrast to photo reactivation, dark repair system repldmedamaged DNA
with new undamaged nucleotides. There are two different regsta excision repair. Base
Excision Repair (BER): BER protects the cell from DNA damages causedibylysis, reactive

oxygen species and ionizing radiations (118). The key enzymevad/dh BER is DNA

glycosylases. There are different types of DNA glycosglamad the specificity of the repair
pathway depends on the kind of glycosylase present. Glycosyasgoh by cleaving the N-
glycosidic bonds between the bases and 2-deoxyribose moietiesmfctbetide residues (103).

Once the bases are removed, AP endonucleases and phosphodiestdraeesemove the
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remaining residues. DNA polymerase fills the gap and DNAskgseals the strand. Enzymatic
base excision was first identified for Uracil. The lesions predwat uracil are highly mutagenic
and hence uracil glycosylases are well conserved amortgealbrganisms. In addition to a
number of other DNA glycosylases, many organisms have UVendoreickrayme. This
enzyme acts at the site of the pyrimidine dimers. UV endonedease usually found in
organisms that are resistant to UV radiation (77). Nuclediixidsion Repair (NER): NER is
involved in repairing different kinds of DNA damages including CPD’s and 6-4. RRS present
in most of the organisms and highly conserved in eukaryotes. NERysmpbroduct of around
30 genes to repair a lesion from the DNA. In humans where thardefective NER, it may lead
to cancer prone genetic disorders such as xeroderma pigmentoskaynede syndrome and
trichothiodystrophy (107). NER can be divided in two sub categonié&aascription Coupled
Repair (TC-NER): Repair of transcribed strands in active gdreGlobal Genome Repair (GG-
NER): Repair of non-transcribed parts of the genome. In prokaryptetein products UvrA,
Uvrb and UvrC perform the damage recognition and repair. The WwmRlease recognizes the
dimer and makes a break on either side of the lesion. Helietssses the complex, DNA

polymerase I fills the gap and ligase seals the ends.

Recombinational RepailRecombination is an important process in DNA repair. fEloé gene
plays an important role in this process through DNA repbocatind strand exchange. Double
strand breaks and single strand gaps are repaired by this process (105).Haypirg} teplication
recombinational repair daughter strand gaps are filled by &@imgf a complimentary strand
from the homologous region of DNA to the site opposite the danTdgelesion is unrepaired
and the damaged base is still available for the excisioirr@p@ complimentary strand obtained
during this process is error free. The RecA protein perfolmashbmology search function

followed by the strand exchange (60).
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SOS Repair: RecA is a key regulatory protein involved in $@&genic repair (105). RecA
activates the SOS network by cleaving repressor LexA amailating the activity of series of
gene products. Inducing the SOS leads to expression of UmuC and UmsB.proeins inhibit

the cell cycle so that DNA repair can occur before celbitia (75, 13). Mutaions occurring as
a result of damage by UV radiation and various chemicals usuaives polymerases and
when it comes across a noncoding or miscoding lesion, inserte@meict nucleotide opposite
the lesion (57). In bacteria, the umuCD gene products binds to DNAneaise and alters its

proof reading fidelity thus allowing it to move past the DNA lesion.

recA gene product:

The recA gene and its protein product RecA are key elements in thesgraéehomologous
recombination in bacteria. Bacterial recA mutants are coripletevoid of recombinational
activity. The first evidence to this process came from enpris inE.coli where RecA protein
promotes the annealing of single-stranded DNA and double-stranéd rolecules with
complementary sequences is an ATP dependent reaction. Thuscihepiéein favors pairing
and strand exchange between homologous DNA molecules. RecA plagdetiod synaptase in
this strand exchange reaction (66). TieeA gene product alo plays an important role in the
bacterial cell's response to several environmental staessrs that cause damages to the DNA.
The DNA repair process is part of a regulon known a SOS regédris induced by various
stress factors. This regulon is comprised of more than 20 geredimgcrecA, lexA, umuCp
recN, uvrB and uvrD These genes are under the controlesf repressor that binds to sites
called as SOS boxes in the promoter region. When a bacteriali©NADby stress factors such
as UV radiation, chemicals etc, a signal is generated whathdes the RecA protein and this
acts as a coprotease i.e., it speeds up the auto catalysgAtépressor protein. This results in
decrease in the concentration of LexA protein and induction ofr8@8on. This induction takes

place when the replication fork passes the lesion on the DRN#s, this regulon acts as a last
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ditch effort to save the DNA from damaging lesions (76, 13, 43). Apart inducing the SOS
regulon, RecA protein is directly involved in repair of baeleDNA damages after exposure to
UV radiation. This process is called post-replication recomioinalt repair. Here two types of
lesions are processed: a) Daughter strand gaps formed duppioglof a lesion in the template
during the DNA replication. b) Double strand breaks formed dueutong of a DNA strand

opposite a gap.

RecA protein regulates the mutagenesis in bacteria by tweretitf mechanisms: a) By cleaving
LexA and allowing the derepression of umuDC operon which is respensisl SOS
mutagenesis. b) By post-translational activation of UmuD pratsiing proteolytic cleaving. In
E.coli it has been shown that double mutants of lexA and rec¢Acdmeefficiently express UmuC
and UmuD were unable to produce any UV-induced mutation. This indit@atteRecA is more
directly involved in the SOS mutagenesis than just being a egm®i76). Several studies have
showed that recA mutants are highly sensitive solar UV tiadidt is reported that recA mutants
of marine isolates of p.aeruginosa are significantly moreitsento UV-A and UV-B than the
wild type isolates. These isolates were able to restweg UV resistance capacity when a
functional recA gene was introduced into their cells. RecAdtss been shown to be important
for survival of many terrestrial bacterial and archealkbi®s (10, 101, 58, 6, 61). RecA is highly
conserved among many prokaryotes. These findings suggest thatorRgmated very early
during the evolution of prokaryotes. Thus recA gene can be usegoasl andicator for bacterial

response to UV radiation induced DNA damage.

Why Halomonas?

Several studies of the DNA repair capacity have beeredawut on bacterial isolates from saline
aquatic environment. Similar studies not been carried out oroanganisms from hyper saline

terrestrial environment. Few studies have been reported on thet effdJV radiation in
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Halomonas spp. isolates from the hyper saline aquatic environfdgitdVilson et al. analyzed
the UV survivability of a group of Halomonas spp. isolates fromGB&. These bacteria were
chosen because they were the dominant Gram —ve isolates atnG8Pearlier evaluation of
phylogenetic status of family Halomonadaceae, the authors found alk@anéhas spp. isolates
shared around 97% 16S/23S rDNA sequence similarity. Theseesbkave a wide range of G+C
content (52-68 mol%). It is accepted that members of same ghou&l not have G+C content
range >10 mol%(3, 4). Sinddéalomonasexceed this range, it would appear that these groups of
organisms are evolutionarily plastic with a potential of hig¥els of horizontal gene transfer.
Most of the Halomonas spp. isolates from the GSP showed gleatds of resistance to the
DNA damage caused by the UV irradiation. This was grehger the resistance observed for the
hyper saline aquatic isolates. The UV survivability for th@éS® isolates was also compared to
those oft. coliandP. aeruginosaThe UV resistance of Halomonas vinusta like isolates wias no
significantly different thanE.coli but was significantly more resistant th&haeruginosa
Halomonas salina like isolates showed significant variatidiheir resistance to UV irradiation
(125). Thus we hypothesize these bacteria surviving under extresmeadag conditions at GSP
might have developed an efficient constitutively expressed Dipair mechanisms that
increases genetic variations. This is supported by the observatamiesby (125) where the GSP
isolates reported a higher spontaneous mutation rates followinG €Xposure. The regulation
of DNA repair system is positively controlled by the gene pro&ecA, which is thought to be
highly conserved among all the bacterial species (76). Ewaiuat these Halomonas isolates
from GSP for their survival abilities against UV radiatiaill help us to understand the

molecular mechanism of DNA repair in these hyper saline, terrestgahiems.
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METHODS

Bacterial Strains used in this study:Bacterial strains used in this study are listed in Table 5.1.
Halomonasspp. isolates listed in Table 5.1(GSP 1- GSP 58) were obtain2@0il-2002 from
two different dry, salt-crusted sites WP3 (N 36° 42.856’ and W 98° 15.328)WP8 (N 36°
42.750" and W 98° 15.584) at the GSP (Figure 1). Strains GSP 1001 — GSRetr@l@btained

in 2005 from a salt gradient site WP68 (N 36° 42.856" and W 98° 15.786lates were
obtained using enrichment cultures and were grown and maintained dnrmgdium (16).
Colonies were streaked several times on fresh SP-1 ages ptaensure purity. These isolates
were identified as belonging tddalomonas based on phenotypic (microscopic, gram
characteristics and biochemical tests) and phylogenetic (162 e sequence analysis)
characterization (16 and this study). Based on this informatioHaB#nonasspp. isolates from
GSP were included in this study (Table 5Ghromohalobacter salexigenBsSM 3043 was also
included in the study since this is the only close relativdaddmonasspp. for which a complete
genome sequence is availalite.coliandP. aeruginosastrains were used as controls and grown
on LB medium. Subgroups of isolates listed in Table 5.1 were usedisinstudy for UV

sensitivity testing and phylogenetic analysis.
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Table 5.1 Bacterial strains used in this study

Isolate Species
GSP1 Halomonasspp.
GSP2 Halomonasspp.
GSP3 Halomonasspp.
GSP4 Halomonasspp.
GSP5 Halomonasspp.

GSP19 Halomonasspp.

GSP21 Halomonasspp.

GSP23 Halomonasspp.

GSP24 Halomonasspp.

GSP25 Halomonasspp.

GSP26 Halomonasspp.

GSP27 Halomonasspp.

GSP28 Halomonasspp.

GSP33 Halomonasspp.

GSP45 Halomonasspp.

GSP58 Halomonasspp.

GSP1001 Halomonasspp.
GSP1002 Halomonasspp.
GSP1003 Halomonasspp.
GSP1004 Halomonasspp.
GSP1005 Halomonasspp.
GSP1006 Halomonasspp.
GSP1007 Halomonasspp.
GSP1008 Halomonasspp.
GSP1009 Halomonasspp.
GSP1010 Halomonasspp.
GSP1011 Halomonasspp.
GSP1012 Halomonasspp.
GSP1013 Halomonasspp.
GSP1016 Halomonasspp.
GSP1017 Halomonasspp.
GSP1018 Halomonasspp.
DSM3043 Chromohalobacter salexigenes

JC158 Escherichia coli

PAO1 Pseudomonas aeruginosa
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UV Sensitivity: GSP lIsolates were grown in 10 ml of SP-1 medium. SP-1dw anlagnesium
medium containing (per liter): NaCl (98 g), KCI (2.0 g), MgS®i20 (1.0 g), CaGI2H20 (360
mg), NaHCQ (60 mg), NaBr (230 mg), Fes<pH20 (1 mg), Bacto tryptone (5.0 g), yeast extract
(10.0 g), and glucose (1.0 g), final pH 6(8.salexigenes, E.caindP. aeruginosastrains were
grown in LB medium. After 16-18 hours, 1 ml of this overnight celtwas transferred to a 125
ml side arm flask containing 20 ml of medium (SP-1/LB). Allteres were grown to mid
exponential phase. Ten milliliters of this culture was ceiged at 4960g for 10 minutes. The
pellet was suspended in an equal volume of sterile 10% salthéransferred to a sterile empty
petri dish for exposure to various doses of UV-C radiatioroa@and UVR was generated by
ultraviolet bench lamps (Spectronics corp., Westbury, NY). Modell3K that produces a peak
at 254 nm of approximately 1.1 Jat 15 cm distance was used to generate UV-C. Measurement
of irradiation was performed with a UVX Digital Radiometeithana probe suitable for UV-C

(Ultra-Violet Inc., San Gabriel, CA).

All experiments were conducted in the dark under amber lightrtionize photoreactivation. For
each exposure time, appropriate dilutions were made and platedupiicate plates (SP-1/LB).
Plates were incubated 24-48 hours and the colonies were countecetmidetCFU. Each
experiment was conducted three times to quantify surviving CFU. Perceinbsuras calculated

using the following equation,
Percent Survival = CFU of post treatment growth / CFU of contrdihgrow

Survival curves for each isolate were generated separdfielans and standard errors of the
mean were calculated (Table 5.2). UV sensitivity coigffits ($v) were determined for selected

isolates at LIy using the formula,

Swv=In { (CFU}/ (CFUY /D
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Where, (CFU) is the concentration of CFU in the unexposed sample and {CiEU)he

recoverable concentration after exposure to dose D of UV radiation (106).

Primer design, PCR amplification and sequencingDNA extraction and PCR amplifications
were carried out as previously mentioned (Chapter 3). Genoiik Was the target for PCR
amplification of partial fragments of 16S rRNA and tleeA gene. For 16S rRNA: DNA was
denatured at 95for 2 min, followed by 40 cycles of 96 for 1 min, 50C for 1 min, and 72

for 1 min, with a final extension period of 5 min (16). Since, prior to thidys norecAsequence
has been determined for amalomonasspecies, primers for PCR amplification of interior
fragment ofrecA geneof GSP-5 were designed using a highly conserved region from the
alignment of previously characterizeelcA gene sequences includit@salexigenes~200 bp
product was successfully amplified, gel purified, cloned into thévplzloning vector (QIAGEN
PCR Cloning Kit) and sequenced. The sequence information obtainedisedsto design
primers for amplification of a larger region @A for phylogenetic studies. Using these primers,
a~500 bp product was successfully amplified from seviElielbmonasspp. isolates from GSP.
PCR parameters used for amplification of tleeA gene fragment were as follows, initial
denaturation of 5M in at 9€ followed by 35 cycles of 9€ for 2 min, 57+3C for 1 min, 72C

for 2 min, and final extension of 10 min at Q.

Phylogenetic analysisSequences obtained for 16S rRNA aedAgene fragments were aligned
using CLUSTALX (64), trimmed to equal lengths and 711 and 300 basesused respectively
for phylogenetic analysis. Neighbor —Joining (NJ) trees veewrsstructed using the program
PAUP* 4.0 (113) with Jukes-Cantor correctionP.aeruginosal6S rRNA andrecA gene

sequences were used as out group.
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RESULTS AND DISCUSSION

Caton et al. (16) have described in detail the isolation procednde physiological
characterization of isolates GSP 1- GSP 58. In this studyuhbjected the isolates GSP 1001-
GSP1018 to a series of biochemical and physiological tests im wrddentify them. This
analysis confirmed then &talomonasspp. (Figure 5.1). Only few isolates were motile and able
to metabolize sugar and amylase. More than 50% of th@asdkested positive for oxidase and
catalse tests. Most of these isolates were thermotokenantvere able to grow at a wide range of
temperatures from 4°C to 45°C with an optimum at 37°C. Most of the isolatesble to grow

at salt concentration from 1%-15%. They did not require hypersatinditoons for growth.
Optimum growth rates were observed at 10% NaCl. These raseltst surprising considering

the rapid fluctuations in temperature and salt concentrations &3P site during different times

of the year.
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Figure 5.1: Biochemical and phenotypic characterization of G@Rtés. A) Chart comparing
biochemical test results of isolates obtained at differelhtgsadient sites§) Chart showing
temperature tolerance of isolates GSP 1001-GSP1Q})8Chart showing Salt tolerance of

isolates GSP 1001-GSP1018.
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UV Sensitivity:

Wilson et al. (2004) (125) reported the DNA repair potentidaibmonasspp. Isolates exposed

to different wavelengths of UV radiation. In this report, | studied the D&pair potential of nine
Halomonasspp. isolates (GSP- 1001, 1002, 1003, 1004, 1005, 1007, 1008, 1010, 1016), as well
asC. salixegensind well characterized strainsiicoli andP.aeruginosavhen exposed to UV-C
radiation (Figure 5.2). UV sensitivity coefficientsy($ were calculated and compared with

previously studiedHalomonasspp. Isolates (Table 5.2).
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Figure 5.2 UV sensitivity curves fétfalomonasspp. Isolates. (A) GSP-1001, 1002, 1003, 1004.
(B) GSP-1005, 1007, 1008, 1010, 1016. JCHE5S®{l), PAO1f.aeruginosy
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All the GSP isolates tested in this study were quite esdidb UV-C.GSP-1003, and GSP-
1005showed increased level of resistance at levels that me¢rsignificantly different from
E.coli. GSP-1001, 1004 and 1010 were less resistant at higher doses of UV-@Gereut

significantly more resistant thdhaeruginosgFigure 5.2 and Table 5.2).

Martin. et al.( 95) studied UV resistance of several issl@f Halomonas elongatabtained
from hypersaline aquatic environmentdalomonasisolates from GSP appear to be more
resistant to UV radiation than their counterparts from aquatvironments (& of -92 x10%in

H.elongatd. This suggests thaHalomonas isolates from terrestrial environment have
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acquired/retained DNA repair mechanism with elevated ctigathan the isolates from aquatic

environments.

Table 5.2 UV Sensitivity coefficients Bfalomonasspp. isolates

uvC
LD90?
Strains  (J/m2) B CFUD/CFUO In(CFUD/CFU0) D SUVC (D/B) SUVC(x10-2)
PAO1 8 0.1 -2.302585093 -0.287823 -28.8
GSP1010 16 0.1 -2.302585093 -0.143912 -14.4
GSP1004 18 0.1 -2.302585093 -0.127921 -12.8
GSP1002 22 0.1 -2.302585093 -0.104663 -10.5
GSP1001 25 0.1 -2.302585093 -0.092103 9.2
GSP1007 28 0.1 -2.302585093 -0.082235 8.2
DSM3043 34 0.1 -2.302585093 -0.067723 -6.8
GSP1008 38 0.1 -2.302585093 -0.060594 6.1
GSP1016 42 0.1 -2.302585093 -0.054824 5.5
GSP1005 50 0.1 -2.302585093 -0.046052 4.6
JC158 60 0.1 -2.302585093 -0.038376 -3.8
GSP1003 62 0.1 -2.302585093 -0.037139 -3.7

UV dose producing a 90% reduction in viabiliff,he more negative the value, the more

sensitive the organism.

Wilson et al. (125) reported a high frequency of spontaneous mutatitie Hatomonasspp.
Isolates from GSP. These observations suggestHammonasspp. Isolates from GSP have
adapted to the constantly fluctuating, extreme desiccating corel#ibGSP and this has led to
the development of constitutively expressed error prone DNArrephanisms. Regulation of
this mechanism is positively controlled by the gene product R@6A Detailed analysis of the
recAgene from thesklalomonasgsolates will answer questions about the molecular mechanisms

of DNA repair in this and other hypersaline, terrestrial environments.
Sequencing of 16SrRNA andaecA genes fromHalomonas spp. isolates:

Since the Halomonas spp. isolates from the GSP site demonstrated elevated lebels
constitutively expressed error prone DNA repair strategiesiyalgicontrolled byrecA(76), we

decided to study the sequencesaxfA gene and compare it with the sequences from 16SrRNA
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gene to understand the role of leeAgene in shaping the population structure of these isolates
at this hypersaline, extreme environment. Sinca¢bé gene sequences showed increased level
of variations in our study (Chapter 3), they can provide bettelutesn to differentiate the
Halomonasspp. isolates at species level along with the 16SrRNA babadification. The
16SrRNA andrecA gene sequences were determined for 32 terrebtal@imonasspp. isolates
from GSP (Table 5.1). The 16SrRNA aretA gene sequences were trimmed to equal lengths
and 711 and 300 bases were used respectively for phylogenetic arfgdysigs of the same
sequences of the 16S rRNA aretA genes were observed in some isolates (GSP 1005, 1009,
1013; GSP 3, 4, 5) that are grouped closely together on the 16S rRidANAsree (figure 5.3)
Isolates that shared identical pairs of gene sequencesobaieed from a same sampling site.
The average interspeciddglomonassolates) sequence similarity values for each of thesesgene
were 95.9% for the 16S gene and 85.1% forrded gene. Even though some of the isolates
shared similar sequences for these genes, they are not idestidatermined by the colony
morphology and phenotypic characters mentioned earlier. The majontyclefotide differences

in therecAsequences amondglomonasspp. isolates were synonymous substitutions. réba
gene had a lowdds ratio (<0.5) of 0.193ZChapter 3) indicating the presence of a selective

pressure restricting amino acid changes.

Phylogenetic analysis:

Phylogenetic trees based on 16SrRNA amciA gene sequences were generated by neighbor-
joining method implemented within the program PAUP 4.0 (Figure 5.3 ahdBadtstrap values

of 50% or greater are shown at the nodes of each tree. Tpeldi®s were significantly
different. TherecA gene tree was not in general agreement with the tree tghdram 16S
rRNA analysis. There were more variations in theA gene sequenceban in the 16S rRNA
gene sequences. It appears that there has been so much ch#mgecA gene sequences

amongisolates that the phylogenetic relationship betweerHtdemonasspp. isolates has been
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obscured by lateral gene transfer events that may have ta@niplthis plastic environment like
GSP. TheecAgene phylogenetic analysis provides a greater degree of resolwioh6s/rRNA
gene analysis among closely related isolates in the dgtslosmonasobtained from a diverse and

extreme environment like GSP.
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Figure 5.3 Phylogenetic tree based on the neighbor joining analys&SrRNA gene sequences

of Halomonasspp. Isolates from GSP
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In conclusion, our study has shown thilomonasspp. isolates from GSP exhibit an increased
level of resistance to damage from UV radiation preswriagtause expression of trecAgene
allows for constitutive expression of mechanisms for DNAaie Based on the sequence
information of recA gene obtained during this study, we can draw conclusions reldting t
environment in which these bacteria thrive and the microbial pipubaithin that environment.
This approach will help develop molecular tools required to chaiaetmicrobial populations

which are of ecological, pathogenic and biotechnological interest.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

Despite extensive study of the behavior and biotechnologicakatiplis ofHalomonasspp., the
ecology of this bacterium remains poorly understood. Even though theoggeasked and
answered in this dissertation are diverse in nature, the oongaal has been to understand the
population structure of closely relatethlomonasspp. from the hypersaline environment of the
GSP. This knowledge will help us to understand the genetiabitiy and the adaptive evolution
of this group of bacteria. We achieved this by estimatingdtes of recombination among this
group. This proved to be more complex than originally conceived. This study has tpededr
for understanding the genetic diversity and evolutionary strategfichypersaline terrestrial
bacterial populations. To our knowledge this is the first reploaracterizingHalomonasspp.
isolates using a sequence-based typing method (MLST). We foudehegi for frequent LGT
and recombination among these isolates. Recombination rates weee @nth other sexual
bacteria. The rates of recombination observed are high enough tomroeetbe effects of
population bottlenecks and periodic selection that would otherwigge fbe genetic variation
generated. However, recombination was not frequent enough to completaipt linkage

disequilibrium.
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According to our findings, the mechanisms of recombination and gehargge inHalomonas
spp. are likely to have developed in response to selective mefsupreserving variations
allowing for rapid evolution. Under this condition, recombining populationg ha slight
advantage over non recombining population when they are competimgtagath other (115).
This type of plastic and dispensable genome provides chanceacteril lineages to adapt to

specific native, drastically fluctuating environmental conditions.

The extensive genetic variability observed in chapter 3 encalitegyo ask if the same patterns
are observed in a bacterium living in a different ecotype.analyzed and compared the partial
sequence information of several house keeping genes ofShim@anelldasolates from diverse
geographic locations and habitats including both fresh and masdter Wwodies. The sequence
information analyzed from selectefihewanellagenomes suggested that genetic exchange
through homologous recombination events could constitute an importanatasgar population
structure among spatially co-existing bacteria. This studyshes to understand the rapidity and
mode of adaptation of bacterial species highlighting the raktip between ecological setting

and genetic mechanisms.

While Chapters 3 and 4 focused on understanding the genetic divergitglomonasand

Shewanellajn Chapter 5 we enquired whether the mechanidalemonasspp. isolates might
have developed in order to overcome the DNA damages sustairmhdtgnt exposure to high
desiccating and fluctuating extreme conditions. We used UV-C raditgitest the survivability
of these bacteria when exposed to different doses under lalgosattings. Halomonasspp.

isolates exhibited increased level of resistance to DNA danfram UV radiation on par with
E. coli, presumably usingecAgene dependent constitutively expressed error prone reptemnsy

as suggested by Wilson et al. (125).
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The results of the studies carried out during my PhD haveedpeew roads for the research
topics that range from the molecular evolution of environmentéhtess to the significance of
recombination in evolution of bacteria. The ability to understand hwoviramental factors
impact the diversity and stability of microorganisms will serve tebettderstand the population
genetics and evolution of bacteria. However, the fithess aalyamrovided by variations in gene
content under environmentally significant conditions has not beautastl is an exciting future

research area to put these results in perspective.

Future directions:

The work described in this dissertation used several molecaotarbainformatics tools to
examine patterns of genetic diversity among a collectioHaddémonasspp. isolates from the
Great Salt Plains of Oklahoma. However, the population steictascribed is only based on
culturable isolates. We cannot definitely say how well thedteired isolate represent the total
population ofHalomonasspp. at the GSP. So, more work is needed to verify the resudisiedbt
in this study using culture independent studies. It is also tapioto note that targeting core
housekeeping genes will allow quantification of most of th&aiese, but designing primers for
niche-adaptive or variable genes may permit tracking subgroigolates within this group. In
addition to measuring the degree to whitdlomonasspp. isolates vary in their genetic content,
guantitative measure of their abundance would provide understandihgwofthese bacteria

barriers itself during periods of fluctuations in environmental ciordit
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