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ABSTRACT 

The processes key to the generation of new species in eukaryotes is well understood but 

the same is not true for the prokaryotic world. Allopatric speciation is widely accepted as the 

driving force in eukaryotic species genesis. However, little is known about prokaryotic speciation 

primarily due to the abundance of prokaryotes in this world. They inhabit every fathomable niche, 

present high cell densities, complex community structures, and are easily dispersed between large 

distances. For example, a gram of soil or a milliliter of seawater house millions and millions of a 

vast variety of microorganisms. This complexity in the prokaryotic world makes inferring an 

overall evolutionary processes extremely difficult. 

  To reduce the complexity, the system studied needs to be narrowed down. This thesis 

focusses on one environment that is so extreme that it is conducive for the growth of only certain 

groups of organisms. The system is characterized by high salinity, much greater than that of 

seawater, which is a prerequisite for the survival of an entire class of Archaea call the Halobacteria 

(Haloarchaea). Studying these environments reduces the microbial complexity in comparison to 

some of the more easily habitable areas like soil or water. Haloarchaea are the dominant group of 
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organisms in hypersaline environments. The dissertation describes a multiscale approach studying 

haloarchaeal communities to determine the evolutionary forces influencing species genesis in the 

haloarchaea. 

First, a spatial distribution analysis of the haloarchaeal communities using both PCR 

amplified environmental gene marker as well as metagenomic comparisons reveal unique 

haloarchaeal communities in geographically distant hypersaline environments. Similar to 

eukaryotes, endemism is apparent in haloarchaea. However, unlike the eukaryotes, there is neither 

a distance-decay relationship nor is there a similarity in haloarchaeal communities based on 

whether they are from lakes or salterns. Second, temporal analysis on one haloarchaeal community 

reveals stability in the community at the genus level. Stable environmental conditions provided by 

the hypersaline environments ensure stability in the community with only fluctuations in the 

relative abundances with respect to salinity. Third, comparing individuals within a community 

showed widespread genomic variations between isolates. Comparing a multi gene concatenated 

phylogeny and whole genome fingerprinting exposed that even isolates that were identical at each 

locus tested had varying genome patterns. This happens at a rate much greater than the 

accumulation of third codon substitutions. Finally, assaying two highly conserved genes from 109 

haloarchaeal genomes evidenced the existence of extensive recombination at predicted rates far 

greater than the rate of mutation in haloarchaea.  

This dissertation discusses a working model for species genesis in haloarchaea based on 

the obtained evidence. It involves frequent recombination within the community members at each 

geographically distant site, homogenizing them, and maintaining endemic populations while often 

forming stable chimaeras that could become new species. These findings in haloarchaea offer a 

peek into the mysteries of the prokaryotic world.  
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Chapter 1 : Introduction 

 

1.1 Modes of Speciation 

 

Mechanisms of species genesis are well described for macro-organisms. Speciation is 

typically driven by the formation of reproductive barriers within populations in one of four 

different ways. These include sympatric, peripatric, parapatric, and allopatric means of species 

genesis. Sympatric speciation involves the rise of new species within a co-existing ancestral 

population. A typical example of this mode are the apple maggot flies that developed variation by 

broadening their host range of apples [3]. Greatest evidence for speciation in the macro world is 

through the rise of geographic isolation of populations [1]. This is defined as allopatric speciation. 

The two other modes of speciation – peri and parapatric are similar to allopatric speciation in many 

ways. In peripatric speciation, new species rise in the periphery of a population since the members 

in the periphery are isolated from the rest of the population. Parapatric speciation, on the other 

hand, occurs in a continuous population due to selective mating only with immediate neighbors.  

In allopatric speciation, the two basic models describing the rise of geographic separation 

are further defined as vicariance and dispersal [4] (figure 1-1).  Environmental or geological events 

like the rise of mountain ranges, changes in river direction, or continental breakup drive vicariance, 

whereas active and passive movements from centers of origin designate dispersal.   In either case, 

barriers to homogenizing forces (e.g., random mating) arise thereby resulting in subpopulations 

through isolation, eventually inducing divergence leading to speciation.   
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Studying the evolutionary processes leading up to the formation new species is often 

facilitated by focusing on islands. This field, broadly coined Island Biogeography, has evolved 

through the centuries owing to the work of giants concentrating on different island and archipelago 

systems like the Galapagos island by Darwin [5] and Malay Archipelago by Wallace [6] that 

stemmed from the writings of Buffon (1761) and Linnaeus (1781). The modern take on the 

concepts of island biogeography is based on the isolation of the islands in question that act as a 

barrier of dispersal of species thereby diverging the species on different islands through natural 

drift thereby giving rise to allopatric speciation. This is particularly important since the classical 

interpretation of the model of island biogeography put forth by McArthur and Wilson (1963) did 

Figure 1-1. Rise of geographic isolation and 

hence speciation due to vicariance and dispersal 

as described by Avise [1]. 
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not account for speciation. Combining phylogenies to infer species history along with the earth’s 

geological history aided the discrimination between the effect of vicariance or dispersal in the 

observed pattern. Adopting the models of island biogeography and hence inferring allopatric 

speciation, caused by leaky barriers to dispersal and invasiveness is a well understood process in 

plants and animals [7], but its role in microbial evolutionary theory has had restricted impact due 

to complexities in deriving overarching conclusions for the vast microbial world.    

 

1.2 Challenges in the Prokaryotic World 

 

A few prokaryote biogeographic studies have ventured to tackle placing the microbial 

world on the map [8-25]. One of the biggest challenges posed to understanding microbial 

biogeography is that microorganisms have historically been thought as unconstrained by dispersal 

limitations because of their small size, the formation of resistant stages and their ubiquitous 

distributions. In fact, a large number of viable microbial cells are transferred annually between 

continents through the atmosphere, estimated in the order of 1018 [26] suggesting that dispersal 

may in fact homogenize populations distributed globally. Any new species thus evolved must be 

a result of adaptation to a new niche in the same location and sympatric speciation would be the 

driving force if geographic isolation is rare [27, 28]. Comparative genome analysis of Vibrio [29] 

and Sulfolobus [30] populations corroborate this.  However, with the increase in biogeographic 

analyses of microbial communities from different niches, a mixed bag of patterns is observed. 

Currently, there is evidence for the existence of pandemic populations completely negating the 

effect of geographic isolation; unique community assemblages from geographic isolation; and a 

combination of the two where the dominant members are widespread whereas the low abundant 
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rare members are site specific (e.g., [12, 17, 31-36]) suggesting that different microorganisms have 

varying capacities for dispersal and invasion.  

Fate of a dispersing microbial species is reliant upon its ability to invade and colonize its 

destination. This, however, is extremely difficult since the stability of a community inhabiting a 

niche enforces resistance to the invasion and colonization of the dispersed microbial species [37-

39]. The ability of an entering species to survive in a new community is negatively correlated to 

the species richness of the existing community [40, 41]. Mature and stable communities can 

facilitate a collective territorial defense against invaders with the help of a suite of antimicrobial 

agents [42], and an organized and sophisticated colonization resistance pathway has been 

identified within a host-associated microbial community [43]. Defense against invasion involves 

segregating species into unique social structures, each group playing a different role in the 

resistance to colonization. In certain cases, maintenance of high diversity establishes stability in 

the genetic heterogeneity. The ‘kill-the-winner’ hypothesis, which describes phage predation of 

the fittest, most numerous cells indicates single clones or possibly species cannot rise to dominate 

within populations or communities, and diversity is maintained. In effect, these mechanisms keep 

the community stable against environmental volatility with respect to invading species [44-46]. 

Taxonomic stability in microbial communities is also impacted by environmental 

influences and various patterns are seen in different niches. For instance, microbial communities 

inhabiting pineland soils exhibited changes in diversity on a seasonal basis, but exhibit no 

differences in the microbial biomass [47]. Environmental factors have been shown to shape the 

microbial communities inhabiting different river ecosystems [48-51]. Changes in water 

temperature and conductivity, for example, were identified to influence temporal partitioning in 

bacterial communities of a subtropical river.  Similar studies on prokaryotic communities from 
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different lakes revealed seasonal variation in species abundances and functional capacity of the 

communities [52, 53]. The bacterioplankton community within the Salton Sea was shown to 

undergo seasonal variations with minimal overlap in the detected community composition between 

the sampled seasons presumably in response to environmental instability [54]. In contrast to these 

studies, community stability was observed throughout the seasons for cyanobacterial populations 

defined by temperature that inhabit a microbial mat from Octopus Spring in Yellowstone National 

Park, most likely due to a constant abiotic environment not prone to disturbances [55]. While it is 

clear that the environment has a huge impact on communities, changes in structure due to 

perturbations however may result only in abundance fluctuations of indigenous populations, rather 

than opening new niches for the invasion of non-native species, as seen in Florida beach sands 

before, during and after oil contamination due to the Deep Water Horizon spill [56]. Therefore 

each environment, species or community requires a case-by-case examination to understand how 

microorganisms inhabiting different niches and locations are distributed and evolving.   

 

1.3 Hypersaline environments – the ideal ‘Island’ for Prokaryotic Biogeography 

 

Hypersaline environments are characterized by salt concentrations higher than seawater. 

These are divided into two major categories based on the ionic composition: thalassohaline and 

athalassohaline environments [57]. Thalassohaline environments typically result from the 

evaporation of seawater, which concentrates salts and ion ratios similar to that of its origins, until 

specific salts (e.g., calcium sulfate) reach saturation and precipitate [57]. Sabkhas, salt marshes, 

and sea salt production facilities are examples of thalassohaline environments. Many hypersaline 

lakes are examples of athalassohaline environments, and can be formed when a water body is 

landlocked and terminal (e.g., Dead Sea). Salinity increases as minerals are transported into the 
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lake from the surroundings and evaporation occurs. This process dictates that the ionic 

composition is unique in each athalassohaline environment. However, some inland lakes are 

thalassohaline, e.g., Tuz Lake, Turkey [58] and Lake Tyrrell, Australia [59].  

Physicochemical studies on hypersaline environments, both thalassohaline and 

athalassohaline, have shown that owing to the high salinity, these environments are subject to low 

solubility of gases, diffusion rates and very low water activity [60]. These hypersaline 

environments also vary in pH [61] making them too extreme for most organisms. Given that 

saturated brines require of microorganisms specific adaptive characteristics to survive in this 

unique habitat, and that these habitats typically exist in hot, dry climates where environmental 

conditions are generally stable, it is predicted that many of them will maintain a steady taxon 

community structure like that seen in some hot springs [55]. Global distribution, geographic 

isolation, and stringent physicochemical properties supporting the growth of very few organisms, 

of hypersaline environments make them ideal ‘island’ like entities to study the biogeography and 

stability of the inhabitants providing an insight into the prokaryotic spatio-temporal distribution.   

 

1.4 The Haloarchaea 

 

Members of the class Halobacteria (Domain: Archaea; Phylum: Euryarchaeota), usually 

called haloarchaea to distinguish them from halophilic bacteria, typically thrive in the hypersaline 

environments, in moderate (15% - 20% NaCl) and saturated brines (~35% NaCl). Crystallizer 

ponds are a typical example of saturated brines, where NaCl precipitates at ~32-37% and is then 

harvested for commercial purposes, and is dominated by the haloarchaea [62-73]. To overcome 

many obstacles posed by hypersaline environments, Haloarchaea can generate ATP from light 

energy [74] and have gas vesicles to buoyantly lift themselves to the surface [75].  Osmotic 
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survival in these brines is managed by maintaining a cytosolic salinity in equilibrium with that of 

the environment, a feat that requires solubilized proteins under those conditions, and solved with 

a proteome enriched in acidic and depleted of basic amino acids [61]. Several cultivation and 

molecular based studies on crystallizer ponds have led to some general conclusions about 

haloarchaeal communities. Individual communities tend to be comprised by a small number of 

dominating genera, with the square archaeon, Haloquadratum walsbyi, often reported as having 

the largest population sizes [14, 62, 65-67, 76, 77] sometimes comprising >60% of all the archaea 

[62]. Dominance by the genus Haloquadratum is observed in some hypersaline lakes also [58, 63]. 

This however, does not appear to be the case in every hypersaline environment. Snapshot analyses 

identified Halorubrum related phylotypes as the most frequently retrieved genus from a saltern in 

Slovenia [78] and Haloquadratum 16S rRNA gene sequences were not recovered from a saltern 

in San Diego [79]. Additionally, in some of these studies, frequently observed halobacterial clones 

retrieved did not cluster with any cultivated and described halobacterial species. 

 

1.4.1 Frequent gene transfer and recombination in Haloarchaea 

 

Haloarchaea have a well-documented capacity for generating enormous amounts of genetic 

variation through horizontal gene transfer (HGT) [80-86].  From the very first genome sequence 

analysis of Halobacterium strain NRC-1, evidence was provided for the acquisition of aerobic 

respiration genes via HGT from Bacteria [87].  Since then, several studies on specific genes of 

interest [e.g., rhodopsins [88], ribosomal RNAs [89] and tRNA synthetases [90]] have further 

demonstrated gene transfer into and among the Haloarchaea.  A recent report suggested that this 

process of generating diversity has been ongoing since before the group’s last universal common 

ancestor and that HGT played a huge role in changing their physiology from an autotrophic 
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anaerobe to a heterotrophic aerobe [91].  Population genetics analysis on strains from the genus 

Halorubrum using multilocus sequence analysis (MLSA) demonstrated that alleles at different loci 

are unlinked indicating that homologous recombination (HR) is frequent enough within 

phylogenetically defined groups to randomize traits among individuals [83, 84], an observation 

once considered unique to sexually reproducing eukaryotes. Analysis of 20 haloarchaeal genomes 

showed that there are no absolute barriers to HR, which occurs regularly and proportionally to 

genetic distance throughout the Haloarchaea [85].  Community analyses using metagenomics 

revealed that genes are coming and going quickly within Haloquadratum walsbyi populations, 

suggesting there may be very few identical genomes within the species [77, 80].  Perhaps most 

striking is their ability to exchange large swaths of genetic information.  Also, genomes of highly 

divergent strains (e.g., <75% average nucleotide identity) isolated from Deep Lake, Antarctica 

were shown to share many ~100% identical DNA sequences in fragments up to 35Kb in length 

[81]. 

The haloarchaea are recognized to undergo a fourth mode of gene transfer called mating, 

apart from the three well described modes in prokaryotes namely transformation, conjugation, and 

transduction [92]. This process is different from conjugation in that unlike conjugation, gene 

exchange occurs in a bidirectional manner. Though the exact mechanism involved in mating is 

unknown, a model proposed is described in figure 1-2 [2]. Briefly, when two haloarchaeal cells of 

the same or related species are in close proximity, they form intercellular cytosolic bridges that 

expand and eventually the two cells fuse forming a heterodiploid cell (see figure 1-2 A, B, C, D, 

and E). From here, the genetic material could either segregate to regain the original state (figure 

1-2 F) or recombination could occur there by forming new hybrid cells (figure 1-2 G). Mating 

experiments between Haloferax volcanii and Haloferax mediterranei demonstrated between ~10 
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and 18% (~300-500kb) of their chromosome could be transferred in a single fragment and the 

frequency of recombination in Haloferax volcanii is limited by the frequency of mating. [82]. 

 

 

 

MLSA has often been used as a technique for classifying microorganisms [93], including 

halophiles [31, 94], but it is also used to estimate population variation and gene flow [95]. 

Assumptions using MLSA regarding how representative multiple genes are for capturing 

individual variation, and thus the appearance of clonality, can lead to erroneous conclusions.  For 

instance, two strains may have identical sequences across multiple loci, but unexamined genomic 

variation might be high and belie the interpretation of little or no recombination.  Indeed, studies 

are demonstrating that there are vast amounts of variation within bacterial species/populations.  

Environmental isolates with identical HSP-60 genes from a natural coastal Vibrio sp. population 

demonstrated that the overwhelming majority of individual strains were unique as determined by 

Figure 1-2. Proposed model for haloarchaeal mating [2]. 
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chromosome pulse field gel electrophoresis, with some strains differing by up to a megabase in 

genome size [96]. This variation in genome size and the existence of “open” (i.e., infinite) pan-

genomes like that of Prochlorococcus marinus and others [97, 98] suggest that HGT is so frequent 

that for at least some species every cell may be genetically distinct. Given that the haloarchaea are 

highly recombinogenic, it brings to question whether these salt loving members of the archaeal 

domain are in fact individuals in a population rather than clonal masses.  

To summarize, recombination through horizontal gene transfer (HGT) is rampant in the 

entire class of Halobacteria [80-86, 99-101]. There is evidence for recombination occurring often, 

even between distantly related taxa [81], transferring not only small but large fragments of DNA 

[81, 82] at great rates [83, 84], faster even than the rate of accumulation of third codon substitutions 

[100]. This homogenizing force is unhindered by the presence of the CRISPR-Cas system [101] 

and is mired only by sequence divergence [82, 85], yet there is recombination between lineages 

that are ~50% divergent from one another [85]. 

 

1.5 Choice of molecular marker 

 

1.5.1 16S rRNA and rpoB genes 

Molecular markers have been extensively used in the past couple of decades to study the 

diversity and phylogeny of microorganisms in their natural environment. Two of the most 

commonly adopted markers for this purpose are the 16S rRNA and ß subunit of the RNA 

polymerase (rpoB) genes both of which are ubiquitous in the prokaryotes. They also have 

conserved regions constrained by slow rates of evolution [102, 103] making it easy to design 

primers to amplify a wide range of taxa from an environmental sample. These advantageous 
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characteristics of the 16S rRNA go hand in hand with the gene being present in multiple copies in 

the genome. In comparison, rpoB is a single-copy gene. A survey of 111 bacterial genomes resulted 

in the identification of four hundred and sixty copies of the 16S rRNA and 111 copies of rpoB. 

Each genome, on average, had 4.2 copies of the 16S rRNA [103]. In a more recent study covering 

a larger number of available prokaryotic genomes, 425 species of prokaryotes were estimated to 

have anywhere between 2 and 15 copies of the 16S rRNA in the genome [104]. In a different study 

looking at 1690 bacterial genomes [105], 7,081 16S rRNA copies were identified with the same 

average copy number per genome as reported earlier [103]. Only ~15% of the 1690 genomes 

analyzed had a single copy of the 16S rRNA. Most genomes had between 2 and 7 copies and a few 

rare genomes had greater copy numbers [105]. The multiple copies within a genome are seldom 

identical. In most genomes, including Pseudomonas [106], at least two copies of the 16S rRNA 

differ from each other [103, 107]. In certain cases in genomes with multiple copies, each copy is 

different from the other. Bacillus subtilis and Clostridium perfringens are examples, each with ten 

copies of the 16S rRNA and heterogeneity in each copy [108]. In general, increase in copy number 

of the gene correlates with the heterogeneity. Any genome with six or more copies has at least two 

variants of the 16S rRNA [105]. The diversity between the heterogeneous copies of the 16S rRNA 

ranges between 0.06% and 20.38%, with many of the species having ~1.3% divergence while 

Thermoanaerobacter tengcongensis has copies that are ~6.7% divergent and Borrelia afzelii has a 

pseudogene that is ~20.38% divergent [104]. 

The presence of multiple divergent copies of the 16S rRNA in the genome is not unique to 

bacteria. There are many examples of Halobacteria that have multiple copies of the 16S rRNA. 

The archaea of the class Halobacteria have an obligate requirement for high salinity for their 

survival and are the dominant organisms in hypersaline environments [62, 63]. The Halobacteria 
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have considerable variation in the 16S rRNA copy numbers [109]. Three copies were identified in 

Halobacterium halobium NCMB 777, and two possible copies in Haloferax volcanii. In fact, it 

was identified that the 16S rRNA from Halobacterium salinarium CCM 2148 [109] was the same 

as  that from Halobacterium halobium strain R1 [110] and Halobacterium cultirubrum [111]. 

Sequence heterogeneity in duplicate copies of the 16S rRNA were also observed in Haloarcula 

marismortui as well [112, 113] and the second copy is more divergent from Hfx. volcanii, Hbt. 

cultirubrum, and Halococcus morrhuae than the first copy and the two copies are 5% divergent 

[112]. A third copy, almost identical to the first one, was found when the genome was sequenced 

[114].  This phenomenon is pervasive in the Halobacteria with instances in other genera/species 

as well – Halosimplex carlsbadense was identified to have three gene copies, one of which is ~7% 

divergent from the other two [115], but was later determined that only two copies existed and the 

third was a PCR induced chimaera [89]; Natrinema sp. strain XA3-1 has four copies where one is 

5% divergent from the others [89]; Halomicrobium mukohataei JCM 9738 has gene copies that 

are 9% divergent [116]. 

The heterogeneity in the copies of 16S rRNA of Natrinema sp. strain XA3-1 was 

determined to be localized at hotspots that resulted from recombination events across large 

taxonomic distances [89]. Despite the extensive proof for HGT and recombination in the 

Haloarchaea, its effect on the widely assumed ‘gold standard’ molecular markers is poorly 

understood. 

       Many studies in the past on various systems have surveyed the 16S rRNA and rpoB genes 

alongside to compare their efficacies in determining microbial diversity [103, 117-120], and 

identifying and grouping isolates with better phylogenetic resolution [121-128]. In the 

Haloarchaea, rpoB was used to refine the 16S rRNA gene phylogeny and was deemed to be 
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successful as a supplementary tool in the taxonomic classification of new isolates [129]. Given 

that the Haloarchaea have multiple copies of the 16S rRNA while maintaining rpoB as a single 

copy gene and factoring in the frequent gene transfer, it is important to decipher the rate and effect 

of recombination on the evolutionary histories of these to widely used genes. 

1.5.2. The bacteriorhodopsin gene 

Bacteriorhodopsin (bop), a member of the rhodopsin protein family, is a seven pass 

transmembrane protein that acts as a light-driven proton-pump (figure 1-2) and generates an 

electrochemical gradient for the production of ATP [130-132]. Bacteriorhodopsins are present in 

significant quantities in solar salterns [133, 134]. It is also Halobacteria specific and circumvents 

the issues of small evolutionary distance resolution of 16S rRNA genes, and the observation that 

several halobacterial genera have multiple divergent rRNA operons [89, 112, 115]. PCR 

amplification of the bop gene as previously used [13, 135, 136]. bop is shown to recover the 

Figure 1-3. Schematic of the bacteriorhodopsin protein Modified from Marti, 1998 by Jani. 

The region highlighted in yellow represents the area amplified by the PCR primers in the 

studies listed. 
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familiar genera and diversity in halophilic environments when compared to the 16S rRNA gene 

[13, 78] and provides excellent support for binning haplotypes [13]. Given these advantages of 

bop over the 16S rRNA gene, it was adopted as the molecular marker of choice for most analyses 

described in this thesis. 

1.6 Overarching goals of this thesis. 

 

This thesis aims to identify the processes involved in the formation on new haloarchaeal 

species in the face of frequent recombination acting as a homogenizing force thereby giving an 

insight into the enigmatic prokaryotic speciation. This is achieved by applying the concepts of 

biogeography into the world of the haloarchaea and teasing apart the effect of geographic 

separation of hypersaline environments, impact on the community of inhabitants due to relative 

stability in these environments in comparison to other complex niches like soil or water, and 

understanding the dynamics between individuals in nature. In order to do this, this thesis is divided 

into the following overarching goals and the chapters that follow discuss the methodologies 

adopted, results obtained and their interpretations.  

 

1.6.1 Biogeography of the Haloarchaea 

 

Aim to place the haloarchaea on the world map and infer the effect of geographic separation 

on the community composition and structure in various distant hypersaline environments, both 

manmade salterns and naturally occurring lakes. Based on what is known in the eukaryotes and on 

previous prokaryotic biogeographic studies (discussed in sections 1.1 and 1.2), predictions can be 

made as to what patterns might be observed, be it endemism, cosmopolitan distribution, or a 
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combination of both (see figure 1-3). Allopatric speciation can be inferred if the haloarchaeal 

communities are endemic and the effect of geographic separation can be negated if the 

communities exhibit cosmopolitan distribution. If niche isolation does in fact play a prominent 

role in the observed patterns, the question arises to whether an increase in the distance between 

two niches impacts the dispersal of haloarchaea from one to another inversely. Or if the similarity 

in ecotype, whether saltern or lake, plays a role. Here we examine the biogeographic distribution 

and diversity of haloarchaea from multiple saturated brines located around the world. Findings for 

these questions are described in chapters 2 and 3. 

 

1.6.2 Temporal analysis of one Haloarchaeal community 

 

Aim to determine if hypersaline environments house communities that are stable through 

time. Stability in prokaryotic communities is known to resist invasion and yet not all prokaryotic 

Figure 1-4. Predictions of observed patterns in haloarchaeal communities. Comparing 

communities from USA, Iran, Spain, and Israel, the three predicted patterns based on 

phylogenetic clustering are depicted. 
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communities are stable through time (as discussed in section 1.2). Studying a community through 

time will provide insight into its stability. This aim focuses on the structure of the halobacterial 

community inhabiting the sea salt crystallizer ponds in Eilat, Israel through time. The Israel Salt 

Industries Ltd. in Eilat, operational since 1977, produces about 170,000 tons of salt a year and, 

harvesting is year round. Ponds 301 – 304 [137] and, more recently, ponds 305 – 307 are the salt 

crystallizing ponds with salt concentrations of 300 gL-1 and above. Findings for this aim are 

described in chapter 4. 

 

1.6.3 Dynamics of Individual Haloarchaea in a population 

 

Aim to determine if the haloarchaea are clonal in nature and if not, what could possibly be 

causing the observed variation. Though clonality is assumed in the haloarchaea just like in all 

prokaryotes, some studies on other prokaryotes have shown that closely related species vary in 

their genome content (discussed in section 1.4.1). To get a better understanding for the genomic 

variation within closely related haloarchaeal strains, naturally co-occurring environmental strains 

from the genera Halorubrum and Haloarcula isolated from the Aran-Bidgol salt lake in Iran were 

examined. MLSA was used to identify closely related strains, and a PCR genome fingerprinting 

technique that randomly primed amplification sites along the chromosome to generate a gel 

electrophoresis pattern to compare genomic variation of the isolates. Chapter 5 lists and discusses 

findings for this aim. 
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1.6.4 Assay the extent of recombination in the Haloarchaea 

 

Aim to estimate the extent of recombination in the haloarchaeal 16S rRNA and rpoB genes. 

Recombination is rampant in the haloarchaea and there is previous evidence for recombination in 

the 16S rRNA gene (discussed in section 1.4.1). Yet, the effect of such recombination on the 

phylogeny of haloarchaea derived by both the genes is poorly documented (discussed in section 

1.5). The genes were compared to determine the extent of recombination in each of these across 

109 available Haloarchaeal genomes and its role in distorting the true taxonomic delineation in 

this entire class. Chapter 6 discusses the results from this aim. 
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Chapter 2 : Cell sorting analysis of geographically separated hypersaline environments [12] 

 

In an effort to analyze the spatial distribution of Haloarchaea, a paper with the above title 

was published in Extremophiles in 2013 studying three hypersaline environments using cell sorting 

and single cell amplification of genomic content. This work was in collaboration with Drs. 

Zhaxybayeva and Stepanauskas. My contribution to this work was the direct comparison of 

communities to estimate overlapping based on Operational Taxonomic Units (OTUs) defined at 

99%, 97%, and 95% sequence similarity of the 16S rRNA gene. 
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Chapter 3 : Analysis of geographically separated hypersaline environments reveals uniquely 

constituted haloarchaeal communities. 

 

3.1 Abstract 

Allopatric speciation is caused by geographic isolation, and is a dominant force in 

multicellular eukaryotes.  To what extent this mechanism governs microbial speciation is less 

clear. Here we study halobacterial community diversity from geographically distant island-like 

saturated brine (~35% NaCl) environments and estimate levels of endemism and dispersal.  We 

used PCR amplification of the bacteriorhodopsin from environmental DNA as a molecular marker 

since it is almost uniquely expressed in Halobacteria, it usually occurs as a single copy in genomes, 

and it is not as conserved as the 16S rRNA gene. We also compared metagenomes using the 16S 

rRNA gene, RNA polymerase B subunit, and bacteriorhodopsin as well. Alpha and beta diversity 

analysis within and between the sampling sites revealed that the vast majority of sequences were 

endemic, and that more rarely dispersal occurs between sites. Community composition is unique 

and this uniqueness is not credited to geographic proximity nor ecological similarity.  Together, 

these observations suggest that dispersal occurs regularly, but that its rate is slow compared to the 

pace of evolution.  Therefore, dispersal followed by endemism may be a major mechanism for 

escaping homogenization forces that maintain species cohesion for all members of the class 

Halobacteria. 
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3.2 Materials and Methods 

3.2.1 Sequence acquisition from environmental DNA 

3.2.1.1 DNA isolation and PCR amplification of bop gene 

Saturated brine samples (~34%NaCl) were collected from five geographically distant 

hypersaline sites listed in Figure 3-1 and table 3-1. Environmental DNA from each site was isolated 

using the following protocol published in the Halohandbook [142]. Briefly, the saturated brine 

samples were spun at 15,000rpm for 10 minutes to pellet cells. 400μl of distilled and deionized 

water was added to the pellet to lyse cells by osmotic shock. Lysates were then placed in a heating 

block maintained at 70oC for 10 minutes to inactivate proteins. A working solution of the template 

DNA for PCR amplification was prepared by making a 1:200 dilution of the crude environmental 

DNA stock. 

The bacteriorhodopsin gene was amplified from the working template DNA solutions for 

each of the environmental sites. The primers bop401F and bop795R were adapted from [135] and 

modified to carry the M13 forward and reverse sequences respectively to give bopF_poly and 

bopR_poly. The polymerase Phusion (New England BioLabs) was used to produce high fidelity 

copies of template.  The following PCR cycle protocol was used: One minute initial denaturation 

at 94°C, followed by 30 cycles of 30 seconds at 94°C, 30 seconds at 53°C and 45 seconds at 68°C. 

Final elongation occurred at 68°C for 5 minutes. PCR reactions contained Phusion polymerase [2 

units/µl], 0.25 µl; 5x GC buffer, 5 µl; DMSO [100%], 2.5 µl; dNTPs [100 mM], 1 µl; forward and 

reverse primers [10 µM], 0.5 µl each; genomic DNA [20ng/µl], 1.0 µl; and 1.0 µl of dH2O. 

Acetamide [25% w/v], 13.25 µl was added to the reaction to improve specificity of primer binding 

and DMSO was used in order to facilitate denaturation of the high G+C template. 



32 
 

3.2.1.2 Cloning, Plasmid Isolation and Sequence acquisition  

PCR products of the desired length were isolated from a 1% (w/v) agarose gel using the 

SV Gel & PCR Clean-Up System (Promega) and then cloned using the Zero Blunt TOPO Cloning 

Kit (Invitrogen) according to the manufacturer’s directions. The recombinant plasmid was isolated 

from the clones for each sample using the Wizard Plus SV Minipreps DNA Purification System 

(Promega) according to manufacturer’s instructions. Plasmids were tested for presence of an insert 

by restriction digestion with EcoRI.  The purified plasmids with cloned inserts were sent to 

GENEWIZ Inc. for sequencing. Sequences from earlier studies on hypersaline sites using 

bacteriorhodopsin were also included: Santa Pola, Spain [135, 143]; Secovlje solar salterns in 

Secovlje, Slovenia [136]; Exportadora de Sal (ESSA) evaporative saltern in Guerrero Negro, Baja 

CA S., Mexico [13], a saltern from Chiku, Taiwan, Eilat solar saltern (described in Chapter 4) and 

Chinese salt lakes.  Accession numbers for this study are:  Accession numbers from sequences 

obtained from NCBI are: The sequences will be submitted soon. . 

3.2.2 Sequence acquisition from available metagenomes 

3.2.2.1 Extraction of bop, 16S rRNA, and rpoB genes from metagenomes 

 The bop, 16S rRNA, and rpoB gene sequences from the following metagenomic sequence 

read archive (SRA) datasets: Isla Cristina Saltern (IC21) [144]; Santa Pola Salterns (SS33 and 

SS37) [63, 145]; Lake Tyrrell [86]; Cahuil Lagoon, Chile [146]; and Chula Vista Salterns [147] 

were extracted by performing stand-alone BLAST runs. Sequence data for each gene from the 

haloarchaeal genomes were used as inputs. BLASTN was used for extracting the 16S rRNA gene 

while TBLASTX was employed for bop and rpoB. Obtained rhodopsin sequences were aligned 

and everything except bop was filtered out.  
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3.2.3 Sequence analysis 

The PCR amplified bop sequences (PCR-bop), 380bp in length, were edited using the 

commercial software Geneious 4.8.3 Sequences for each gene, both PCR amplified and 

metagenome derived, were aligned using MUSCLE [148] and alignments were edited using 

MACCLADE 4.08 [149].  

3.2.4 Halobacterial diversity analysis 

MOTHUR v.1.20.0 [138] was used to cluster the sequences into operational taxonomic 

units (OTUs) using the average neighbor method of clustering at 99 and 95% similarities for PCR 

amplified bop, and metagenome extracted bop, and rpoB, while 99 and 97% were used as cutoffs 

for metagenomic 16S rRNA sequences (met-bop, met-rpoB, and met-16S respectively). Sampling 

efficiency for each gene at both OTU definitions was determined by rarefying the data.  R packages 

phyloseq [150] and phylogeo [151] were used for further analyses on the OTUs clustered by 

Mothur. Various alpha diversity indices were calculated within phyloseq including Chao, ACE, 

Shannon, and Simpson indices. Species richness estimators Chao [152] is nonparametric and bases 

richness on the number of singletons and doubletons, and ACE [153] is based on the number of 

rare groups of observed species (Sobs). The Shannon index (H) is a commonly used diversity index 

that takes into account both abundance and evenness of species observed in the community. H 

usually ranges between 1.5 and 3.5 and the higher value suggests a diverse and evenly distributed 

community. The closer H is to 0, the less diverse the community is and when H=0, there is a single 

species represented in the community. Simpson’s index of diversity (1-D) ranges between 0 and 

1, and describes the sample diversity: the closer D is to 1, the more diverse the sample is, and the 

closer it is to 0, the less diverse and more even the community is. This index is a measure of the 

probability that two randomly chosen individuals from the sample belong to different species.  
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3.2.5 Comparison of communities from distant sites 

Representative sequences for each OTU at the different definitions of sequence similarity 

defined by MOTHUR were assembled and aligned. These were used to extract top BLAST hits 

from the 109 halobacterial genomes available on GenBank using a tBLASTx search [154]. The 

top BLAST hits of the representative sequences was used to determine the composition of each 

community at the genus level. BLAST hits with <50% nucleotide sequence identity were classified 

as unknown Haloarchaea. Communities were compared qualitatively based on the presence or 

absence of different genera and their relative abundance in the composition. 

The LIBSHUFF command within Mothur was employed to determine statistical similarity 

between each pairwise comparison of communities. The command within Mothur implemented 

the original LIBSHUFF program [155]. It tested for similarity in structure between two or more 

communities by incorporating the Cramer-von Mises test statistic [156] and returning a 

significance value for the difference between each pair in consideration. 

Pairwise community distances were measured employing 44 different methodologies 

within the phyloseq package and the Jaccard and Canberra distance methods were selected for 

further community comparisons and visualization of data. The Jaccard index of dissimilarity [157] 

measures the extent of overlap of species between two different communities by taking into 

consideration the total number of species present in both communities and the number of species 

that are exclusive to each community. The closer the value is to 1, the more dissimilar the 

communities are. The Canberra distance [158], similar to the Manhattan distance measure, 

determines the sum of a series of fraction of differences between two vectors. Two communities 

are distant if the value is close to 1. Phylogeo was used to estimate the effect of geographic distance 

on the genetic divergence between the communities.  
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3.2.6 Dispersal between sites 

The list of OTUs was analyzed to identify clustering of sequences from different sites to 

estimate the extent of sharing. OTUs with sequences from different sampling sites were collected 

and the direction of dispersal was estimated using the software package Migrate-n [159]. Migrate-

n predicts the immigration and emigration to and from a site using both gene frequencies and 

sequence data by assuming a migration matrix model with asymmetric migration rates to estimate 

the maximum likelihood of the occurrence of the event.    

 

3.3 Results  

3.3.1 Sampling efficiency and halobacterial diversity  

Evidence from previous analysis of cultivated strains from the genus Halorubrum 

demonstrated that clusters with intra-cluster nucleotide similarity ≥99% contained only 

synonymous changes in protein coding loci, including the bacteriorhodopsin gene [84]. Therefore, 

we assumed any nonsynonymous nucleotide changes detected in OTUs with ≥99% similarity 

would be candidates for laboratory-induced mutations. Cutoffs of 99% and 95% sequence 

similarity were chosen to represent a stringent and liberal estimate, respectively. 

Rarefaction curves were generated for PCR-bop at 99% and 95% as well as for the 

metagenome extracted gene sequences (figures 3-2 through 3-5). For PCR-bop, sampling for most 

communities seems to be sufficient since the rarefaction curves at both 99% and 95% either plateau 

or begin to plateau, which suggests our technique captured a very large fraction of the existing 

bacteriorhodopsin diversity. The exception to this are the SPS-I, SPS-II, CTS, SS communities 

that were not as deeply sampled.  This, however, is not the case with the metagenomes. All the 

genes extracted from the metagenomes concur with the need for further sampling. The rarefaction 
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curves for meta-16S, meta-rpoB, and meta-bop do not plateau at the more stringent OTU 

definitions but start to plateau in certain cases with the liberal estimations. 

3.3.2 Community comparisons  

3.3.2.1 Phylogenetic Distribution Pattern 

 

From each of the five sites sampled in this study, 100 putative bop containing plasmid 

clones were sequenced. However, not all plasmids inserts were successfully sequenced, leaving a 

total of 359 new sequences.  Inclusion of bacteriorhodopsin sequence data from seven additional 

studies raised the total number of sites and sequences analyzed to twelve and 973 respectively. 

(Table 3-1). A ML tree was constructed with these sequences to see if there was site specific 

clustering within the tree. Figure 3-6 is the ML tree showing site specific clustering as depicted by 

the red colored collapsed branches. Many sequences cluster in a site specific manner while many 

others cluster with sequences from other sites. 

3.3.2.2 Taxonomic Richness Estimation 

Richness estimations Chao1 [152], and ACE [153], as well as the number of observed 

species (Sobs) for each site studied with PCR-bop, suggest that salterns are more species rich than 

hypersaline lakes. Apart from the Secovlje saltern in Slovenia and one study on Santa Pola saltern 

in Spain (SPS-I), all other salterns studied exhibit greater Sobs as well as Chao1 and ACE estimates 

(Figure 3-7). Both the Shannon and Simpson diversity indices corroborate the results from the 

species richness estimators. Chao1 estimates for the metagenomes analyzed, however, provide 

variable states. Estimates for 95% meta-rpoB and meta-bop shows that Lake Tyrrell is more 

species rich than the salterns. This is contradictory to the 97% meta-16S where the Chao1 estimate 

is lower than that for the salterns. Apart from the Chao1, the other indices of diversity and species 
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richness estimates agree when comparing the three genes used for metagenome analyses. Both 

methodologies of comparing hypersaline environments suggest that the man-made salterns are 

more rich and diverse in species than natural lakes. 

 

3.3.2.3 Community fingerprints 

Community fingerprints demonstrating the normalized composition as determined from 

the top BLAST hits from PCR-bop for each site were constructed.  Figure 3-8 shows that each 

community is structured differently, even at the genus level, with different genera being present 

and in varying degrees of relative abundance.  Halorubrum seems to be the dominant genus in 

ABL, CSL, CVS, ES, and SS while it is second in dominance in GSL and HS. GSL and HS are 

both dominated by Haloarcula.  Haloquadratum, on the other hand is found to dominate in fewer 

sites including BSS, and SPS-I and II. Halobacterium, Halobiforma, Haloferax, Halomicrobium, 

Haloplanus, Halorhabdus, Haloterrigena, Natrinema, Natronomonas, and Natronorubrum are the 

other sparsely represented genera in varying abundances. Unknown members of haloarchaea are 

sporadically distributed between the sites. Apart from the community compositions, community 

fingerprints based on presence and absence of OTUs (Figure 3-9) supports the finding that the 

twelve sites studied using PCR-bop have unique community compositions. Similar analyses on 

the meta-genes from the 6 available metagenomes reveal unique OTU patterns (see figures 3-10, 

3-11, and 3-12) further corroborating findings from PCR-bop, negating possible methodological 

biases. 

3.3.2.4 LIBSHUFF analyses show statistical dissimilarity in OTUs from different sites. 

LIBSHUFF carries out pairwise comparisons to determine if one data set is a subset of the 

other. Allowing for a 5% false detection rate before applying the Bonferroni correction for multiple 
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library comparisons, only p values less than 0.0025 are considered statistically significant for 

inferring that two samples are different. Bonferroni corrections were computed for each dataset 

and results from LIBSHUFF analyses are presented in table 3-2 for the 12 PCR-bop sites, tables 

3-3 through 3-5 for the meta-genes compared. Most pairwise comparisons, be it PCR-bop or meta-

genes, return significant p-values after applying the appropriate Bonferroni corrections suggesting 

that the communities are distinct from one another. 

 

3.3.3 Genetic distance vs geographic distance 

To test the hypotheses that geographically closer sites, or ecologically similar 

environments (e.g., industrial salterns vs. natural salt lakes) might produce comparable 

communities, we estimated the genetic distances among the twelve sites using the Jaccard and 

Canberra distances measured for PCR-bop.  By and large evidence supporting either hypothesis is 

scarce: neither geographically closer sites nor ecologically similar ones appear to have similar 

communities (see figure 3-13). There is no distinct clustering of sites based on ecological 

conditions.  Indeed, in figure 3-13, each community is about as dissimilar as possible, with the 

most similar two sites being Chula Vista, USA and Huelva, Spain. Comparable results were 

obtained from analyses on the metagenomic data (figure 3-14). We might not expect that natural 

salt lakes should contain similar communities with each other, or with salterns, as their 

environmental conditions dictated by ionic composition alone are often wildly different [160].  

This is due to their salts being derived from their surroundings, which are composed of highly 

variable inorganic material.  However, we might expect salterns to be more similar in community 

composition, because their ionic composition is derived from the same starting point; seawater.  

Our analyses, however, indicate no such bias in similarity. The Great Salt Lake community 
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resembles more the ones from the Eilat crystallizer and the Aran-Bidgol Lake, rather than the ones 

from other lakes or from the Chula Vista saltern in USA.  Another example is the saltern 

community from Huelva, Spain that is more like the one in Chula Vista, USA rather than the ones 

in Santa Pola or Chiprana in Spain.   

3.3.4 Dispersal between sites 

Even though the communities are dissimilar and have unique compositions, they do share 

many genera and possibly species, indicating strong evidence for dispersal between them. Further, 

the sum of OTUs defined for individual sample sites is greater than the total number of OTUs for 

all twelve sites collectively (see Table 3-6), indicating OTUs are shared between sites. Our analysis 

demonstrates that in some cases sequences with 100% similarity were shared between sites.  As 

expected, as the OTU definition is relaxed, the number of OTUs shared between sites increases. 

In order to discover patterns of dispersal between sites we analyzed the 95% PCR-bop OTUs using 

the software package Migrate-n [159], and summarize the results in figure 3-15. The arrows depict 

the direction of dispersal and the width of each sector represents the fraction of the likelihood 

estimate for each site. There is evidence for widespread dispersal events in the past irrespective of 

the geographic distance or the ecological type. CVS and HS have the largest dispersal events the 

past, with more OTUs leaving CVS than coming in, and vice versa for HS.  There are 40 OTUs 

out of a total of 271 (~15%) OTUs defined at 99% that are shared between at least two sites, and 

39 that were shared at 95% (out of 162 OTUs, ~24%). At 99%, 1 OTU is shared between 5 sites; 

1 shared OTU between 4 sites; 9 OTUs shared between three sites; 29 OTUs shared between two 

sites. At 95%, there is 1 OTU shared between 6 sites; 2 OTUs shared between 5 sites; 3 OTUs 

shared between 4; 10 OTUs shared between 3 sites; 23 OTUs shared between 2 sites. These 

observations suggest that some organisms (the vast minority) may be particularly well adapted to 
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surviving dispersal and invading habitats. CVS and HS shared the most OTUs with 13 at 99% and 

95% cutoff values, which explains why they resembled each other in our community similarity 

analyses, but does not offer an explanation for why they are shared: saltern crystallizer ponds 

located in SPS-I and II, SS, and ES are all much closer. There did not seem to be any patterns in 

terms of direction of dispersal, however CVS and ES, appeared to share more OTUs with more 

locations than any other single sample site.  

Endemism is apparent as though there are shared OTUs between the sites, a total of 123 

out of the 162 OTUs observed at 95% sequence similarity still remain unique to the respective 

sites (see table 3-7). Not all sites displayed evidence for dispersal between them as only half of the 

analyzed samples shared an OTU and there is a mixed pattern of dispersal to and from the six sites. 

CVS near San Diego in the United States of America and the crystallizer saltern in Huelva half 

way across the world in Spain share the most OTUs suggesting great dispersal between the two. 

Also, there is sharing between the naturally occurring salt lake, GSL, and the crystallizer pond ES, 

Israel. With apparent differences in the type of habitat, dispersal seems to be occurring on the 

global scale refuting the notion that dispersal is greater between two close niches especially since 

no shared OTUs between HS and SPS-I and II or CSL and SPS-I and II were recovered. However 

the extent of dispersal does not imply that the Halobacteriales are all the same in the hypersaline 

waters.  

The metagenomes depict a similar scenario where endemism is true for haloarchaeal 

communities (see tables 3-8 and 3-9). No OTU is shared between all 6 sites analyzed. At 97%, the 

meta-16S OTUs show sharing only between 3 out of the 6 metagenomes analyzed. There are 3 

OTUs shared among 3 sites, 2 of which are shared among the 21%, 33%, and 37% salinity salterns 

in Spain. The other OTU is shared among the 21%, 33%, Spain, and the saltern in the Cahuil 
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lagoon in Chile. There are 41 OTUs shared between two sites – 9 shared between 21% Spain and 

Chile; 8 shared between 21% and 33% salterns in Spain; 8 shared between 33% and 37% salterns 

in Spain; 6 between 21% Spain and CVS; 5 between 21% and 37% Spain; 3 between 33% Spain 

and CVS; 1 between 33% Spain and Chile; and 1 between 33% Spain and Lake Tyrrell in Australia. 

These 44 shared OTUs represent ~1.38% of the total OTUs obtained combining the 6 

metagenomes. Interestingly, there are no shared OTUs at 99% meta-16S. Similarly with the 95% 

meta-rpoB, sharing is observed only between 3 of the 6 sites and a total of 66 (~3.17%) OTUs are 

shared between at least 2 sites – 7 shared among 3 sites; and 59 among 2 sites. Just like with the 

meta-16S, no shared OTUs are observed with the 99% meta-rpoB. The findings from the 95% 

meta-bop further confirms the results from meta-16S and meta-rpoB, most number of sites that 

share an OTU is 3. There are 33 (~4.01%) OTUs shared at least between 2 sites – 3 among 3 sites 

and 30 among 2 sites. All three genes used as markers to compare the six metagenomes corroborate 

the findings from PCR-bop, there is sharing of haloarchaea between sites but each site promoted 

endemism. 

3.4 Discussion 

Biogeographic patterns of Archaea can be studied on hypersaline environments such as the 

Dead Sea or the Great Salt Lake as these are geographically distant and impose very specific 

restrictions upon organisms that thrive within them. Compared to soil or other complex niches, 

these extreme environments house fewer species and can be studied relatively easily. Earlier 

diversity analyses on these environments have primarily been driven by the 16S rRNA [14, 63, 64, 

67, 68, 76, 79, 161-163]. Here we used PCR amplification of the bop gene as previously used [13, 

135, 136] as well as metagenomics comparisons of multiple geographically distant hypersaline 

environments to determine biogeographic patterning and the forces driving it. Frequent dispersal 
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events can act as a homogenizing force while adaptive mutations, community resistance to 

invasion, and differences in the ability to disperse can lead to endemism at different locations. Our 

analyses show that the bacteriorhodopsin gene shows results similar to the 16S rRNA and rpoB 

genes, and it gives better species richness estimation to observed species ratio (Figure 3-7b) as 

well as recovers similar dominant genera as some earlier studies on these environments using 16S 

rRNA [16, 79, 164]. Though some of the rarefaction curves do not plateau, most of the curves 

suggest sufficient sampling (Figure 3-2) and can therefore justify our finding that each community 

analyzed has a unique fingerprint (figures 3-8 and 3-9). Each of the twelve sites assayed using 

PCR-bop as well as the six metagenomes (figures 3-10 through 3-12) displayed the existence of 

unique communities, both based on community composition at the genus level as well as the 

presence/absence of OTUs. This suggests that the biogeographic patterning resulting in the global 

distribution of the haloarchaea is similar to earlier findings in other systems [8-25].   

Comparing the species richness of the salterns to the lakes is particularly interesting. An 

earlier study described the difference in species richness between natural hypersaline lakes and 

man-made crystallizer ponds [16] and determined that hypersaline lakes were more species rich 

than the salterns. This, however, is not what is observed here. Every measure of species richness 

and diversity estimated for the PCR-bop as well as for meta-16S, meta-rpoB, and meta-bop 

suggests that the salt crystallizers are more species rich and diverse than natural lakes (figures 3-

7a and b). This could be attributed to the relative stability of the lakes in comparison to salterns 

with respect to disturbance, the salterns are disturbed more frequently and derives greater species 

diversity. This must be the reason since though salterns are derived from sea water in contrast to 

lakes, both show stable communities maintained though time. In fact, a recent study on the saltern 

in Eilat, Israel showed the maintenance of diverse community through time with variations in 
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relative abundances of its members (described in Chapter 4) similar to Lake Tyrrell, Australia 

where there were seasonal fluctuations in the abundance of the members [59]. Another possible 

explanation would be that the hypersaline lakes are older in comparison to the salterns. With age, 

the hypersaline lake niche could have been saturated with the inhabitants making it difficult for 

newer species to successfully invade and survive here. 

If ecological differentiation affected the haloarchaeal communities, we would expect to see 

saltern communities that are more similar to one another and distant from the lake communities. 

Interestingly, this expectation is not met. There is no clustering of sites in the MDS plots based on 

whether the sites were salterns or lakes as seen in figures 3-13 (PCR-bop on 12 sites) and 3-14 

(meta-genes on 6 sites) using the Jaccard and Canberra distances. Figures 3-13 and 3-14 also show 

a lack of clustering on the NMDS plots based on geographic distance. Estimating the increase in 

genetic distance with increase in geographic distance, there are no real patterns observed. Unlike 

with eukaryotes, the prokaryotic genus Roseiflexus [21], and the archaeal and bacterial inhabitants 

of the Pantanal sediment [25], with the haloarchaea the distance between the sites doesn’t seem to 

play a role in diverging them. In fact, the communities are all as different as can be except for CVS 

and HS communities, and GSL and ES communities that have Jaccard distances of less the 0.85 at 

95%. CVS in USA and HS, half way across the world, in Spain are less distant than HS and the 

other sites in Spain. GSL, a naturally hypersaline lake is more similar to ES, a saltern in Eilat than 

the other lakes studied. The metagenomes second the findings from PCR-bop, however, while 

meta-16S shows that each community is completely different from the other, meta-bop and meta-

rpoB identify less distant pairs of communities (Jaccard index is still greater than 0.9) and not 

completely dissimilar ones. This leads us to believe that neither the geographic isolation nor the 

ecological conditions with respect to whether saltern or lake play a role in overall communities. 
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Identification of distinct haloarchaeal communities, as also seen in earlier studies [12, 13, 

66, 136, 165-167], raises the question whether geographical separation acts as a barrier to dispersal 

of haloarchaea, preventing the homogenization of the communities. This does seem to be an 

important factor, though geographic isolation does not completely inhibit dispersal, dispersal in 

limited by the separation. There is evidence for dispersal between sites as many sites share OTUs 

at 99% and 95% PCR-bop and yet most OTUs are unique. The discrepancy in the sum of all the 

individual OTUs and the number of OTUs with all 12 sites collectively (Table 2) was the first 

evidence for shared OTUs among sites. Though there is not one OTU shared by all 12 sites studied 

with PCR-bop or the 6 metagenomes, sharing between fewer sites is widespread. Estimates on the 

likelihood of dispersal between sites also suggests the haloarchaea are swept far and wide. The 

network of dispersal events in figure 3-6 at 95% PCR-bop shows that irrespective of geographic 

separation or ecological type, immigration and emigration to and from a site occurs. Though there 

is not a lot known about how the haloarchaea are dispersed, the identification of Halococcus spp. 

in the nostrils salt gland of Calonectris diomedea [168] illustrates a possible mode of dispersal 

from one site to the next aside from simply being blown about by the wind. Though geographic 

separation does not act as a barrier to any dispersal, the fraction of shared OTUs is much lower 

than the ones that are unique. The shared OTUs defined at 95% PCR-bop only account for ~24% 

of the overall OTUs, 75% are endemic (Table 3-7). With the metagenomes, this fraction of shared 

OTUs is even smaller (~1.38% meta-16S (see table 3-8), ~3.17% meta-rpoB, and ~4.01% meta-

bop (see table 3-9)) suggesting that the haloarchaeal communities are still mostly endemic. Similar 

to most of the eukaryotes, the haloarchaea do in fact maintain unique communities at each 

hypersaline environment. 
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Table 3-1: Total number of sequences obtained from each sampling site - 

 

Site Country Abbreviation 
Number of 

sequences 
Source 

Aran-Bidgol Lake Iran ABL 58 This study 

Guerrero Negro 

Saltern 
Mexico BSS 161 [13] 

Chinese Salt Lakes China CHL 19 unpublished 

Chiprana Salt Lake Spain CSL 74 This study 

Chiku Saltern Taiwan CTS 23 Lin et al., unpublished 

Chula Vista Saltern USA CVS 95 This study 

Eilat Saltern Israel ES 349 
Ram-Mohan et al., 

2016 

Great Salt Lake USA GSL 72 This study 

Huelva Saltern Spain HS 60 This study 

Santa Pola Saltern Spain SPS-I 23 [135] 

Santa Pola Saltern Spain SPS-II 29 [143] 

Secovlje Saltern Slovenia SS 10 [136] 

Total   973  

 

 

  



46 
 

Table 3-2. LIBSHUFF pairwise comparison of the 12 sampling sites assayed with the PCR-bop. 

For 12 sites, applying the Bonferroni correction, p-values <0.0004 are statistically significant. 

 

COMPARISON DCXYSCORE SIGNIFICANCE 

ABL-SPS-II 0.126529 0.0001 

SPS-II-ABL 0.080003 0.0001 

ABL-BSS 0.139154 0.0001 

BSS-ABL 0.263005 0.0001 

ABL-CTS 0.196386 0.0001 

CTS-ABL 0.099908 0.0001 

ABL-CHL 0.123929 0.0001 

CHL-ABL 0.151595 0.0001 

ABL-CSL 0.039841 0.0001 

CSL-ABL 0.106122 0.0001 

ABL-CVS 0.021019 0.0001 

CVS-ABL 0.03255 0.0001 

ABL-ES 0.054293 0.0001 

ES-ABL 0.120627 0.0001 

ABL-GSL 0.051071 0.0001 

GSL-ABL 0.00396 0.0358 

ABL-HS 0.074221 0.0001 

HS-ABL 0.114317 0.0001 

ABL-SPS-I 0.22278 0.0001 

SPS-I-ABL 0.244221 0.0001 

ABL-SS 0.168294 0.0001 

SS-ABL 0.077117 0.1137 

SPS-II-BSS 0.001126 0.885 

BSS-SPS-II 0.050318 0.0001 

SPS-II-CTS 0.142427 0.0001 

CTS-SPS-II 0.13463 0.0001 

SPS-II-CHL 0.160591 0.0001 

CHL-SPS-II 0.25011 0.0001 

SPS-II-CSL 0.13631 0.0001 

CSL-SPS-II 0.153366 0.0001 

SPS-II-CVS 0.055476 0.0001 

CVS-SPS-II 0.129656 0.0001 

SPS-II-ES 0.025493 0.0258 

ES-SPS-II 0.123393 0.0001 

SPS-II-GSL 0.070015 0.0001 

GSL-SPS-II 0.037124 0.0001 

SPS-II-HS 0.103137 0.0001 

HS-SPS-II 0.182865 0.0001 
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SPS-II-SPS-I 0.064163 0.0001 

SPS-I-SPS-II 0.031762 0.0005 

SPS-II-SS 0.091163 0.007 

SS-SPS-II 0.047178 0.3202 

BSS-CTS 0.301047 0.0001 

CTS-BSS 0.118665 0.0001 

BSS-CHL 0.313974 0.0001 

CHL-BSS 0.229303 0.0001 

BSS-CSL 0.316357 0.0001 

CSL-BSS 0.141589 0.0001 

BSS-CVS 0.201825 0.0001 

CVS-BSS 0.128556 0.0001 

BSS-ES 0.035979 0.0001 

ES-BSS 0.056973 0.0001 

BSS-GSL 0.245515 0.0001 

GSL-BSS 0.042072 0.0001 

BSS-HS 0.228557 0.0001 

HS-BSS 0.11666 0.0001 

BSS-SPS-I 0.10453 0.0001 

SPS-I-BSS 0.013833 0.0028 

BSS-SS 0.243747 0.0001 

SS-BSS 0.042377 0.1211 

CTS-CHL 0.065702 0.0001 

CHL-CTS 0.061328 0.0001 

CTS-CSL 0.064034 0.0001 

CSL-CTS 0.283996 0.0001 

CTS-CVS 0.036178 0.0621 

CVS-CTS 0.201888 0.0001 

CTS-ES 0.03788 0.0353 

ES-CTS 0.269303 0.0001 

CTS-GSL 0.049056 0.0001 

GSL-CTS 0.26489 0.0001 

CTS-HS 0.047718 0.0001 

HS-CTS 0.203452 0.0001 

CTS-SPS-I 0.107863 0.0001 

SPS-I-CTS 0.159145 0.0001 

CTS-SS 0.09744 0.0024 

SS-CTS 0.104026 0.0086 

CHL-CSL 0.184321 0.0001 

CSL-CHL 0.144166 0.0001 

CHL-CVS 0.154555 0.0001 

CVS-CHL 0.154038 0.0001 

CHL-ES 0.18329 0.0001 
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ES-CHL 0.20696 0.0001 

CHL-GSL 0.197376 0.0001 

GSL-CHL 0.197661 0.0001 

CHL-HS 0.162868 0.0001 

HS-CHL 0.179869 0.0001 

CHL-SPS-I 0.28144 0.0001 

SPS-I-CHL 0.306418 0.0001 

CHL-SS 0.32031 0.0001 

SS-CHL 0.100052 0.0001 

CSL-CVS 0.04241 0.0001 

CVS-CSL 0.034676 0.0001 

CSL-ES 0.033685 0.0001 

ES-CSL 0.147686 0.0001 

CSL-GSL 0.109339 0.0001 

GSL-CSL 0.135089 0.0001 

CSL-HS 0.021562 0.0001 

HS-CSL 0.062534 0.0001 

CSL-SPS-I 0.313925 0.0001 

SPS-I-CSL 0.291671 0.0001 

CSL-SS 0.147567 0.0001 

SS-CSL 0.042354 0.2952 

CVS-ES 0.06005 0.0001 

ES-CVS 0.02981 0.0001 

CVS-GSL 0.100578 0.0001 

GSL-CVS 0.009879 0.0001 

CVS-HS 0.01443 0.0007 

HS-CVS 0.001942 0.3223 

CVS-SPS-I 0.219136 0.0001 

SPS-I-CVS 0.128809 0.0001 

CVS-SS 0.15593 0.0001 

SS-CVS 0.031455 0.7156 

ES-GSL 0.092233 0.0001 

GSL-ES 0.011109 0.0001 

ES-HS 0.157989 0.0001 

HS-ES 0.082756 0.0001 

ES-SPS-I 0.25967 0.0001 

SPS-I-ES 0.095608 0.0001 

ES-SS 0.204577 0.0001 

SS-ES 0.037976 0.6455 

GSL-HS 0.156068 0.0001 

HS-GSL 0.127554 0.0001 

GSL-SPS-I 0.264302 0.0001 

SPS-I-GSL 0.222573 0.0001 
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GSL-SS 0.190568 0.0001 

SS-GSL 0.068719 0.001 

HS-SPS-I 0.220926 0.0001 

SPS-I-HS 0.199501 0.0001 

HS-SS 0.161018 0.0001 

SS-HS 0.04155 0.5715 

SPS-I-SS 0.111388 0.0019 

SS-SPS-I 0.081083 0.0001 
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Table 3-3. LIBSHUFF pairwise comparison of the 6 metagenomes assayed with the meta-16S. 

For 6 samples, applying the Bonferroni correction, p-values <0.0016 are statistically significant. 

 

COMPARISON DCXYSCORE SIGNIFICANCE 

21S-33S 0.01964 <0.0001 

33S-21S 0.02713 <0.0001 

21S-37S 0.075957 <0.0001 

37S-21S 0.021056 <0.0001 

21S-CV 0.06564 <0.0001 

CV-21S 0.060397 <0.0001 

21S-CHILE 0.019661 <0.0001 

CHILE-21S 0.000508 1 

21S-TYRRELL 0.210566 0.004 

TYRRELL-21S 0.042704 1 

33S-37S 0.040874 <0.0001 

37S-33S 0.002478 0.0445 

33S-CV 0.071858 <0.0001 

CV-33S 0.042749 <0.0001 

33S-CHILE 0.07934 <0.0001 

CHILE-33S 0.005586 0.9752 

33S-TYRRELL 0.245779 0.0028 

TYRRELL-33S 0.046474 0.9999 

37S-CV 0.067811 <0.0001 

CV-37S 0.093066 <0.0001 

37S-CHILE 0.101102 <0.0001 

CHILE-37S 0.040537 <0.0001 

37S-TYRRELL 0.210865 0.0001 

TYRRELL-37S 0.034647 0.9972 

CV-CHILE 0.103455 <0.0001 

CHILE-CV 0.025998 <0.0001 

CV-TYRRELL 0.248725 <0.0001 

TYRRELL-CV 0.026785 0.9977 

CHILE-TYRRELL 0.156288 0.0084 

TYRRELL-CHILE 0.031329 0.996 
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Table 3-4. LIBSHUFF pairwise comparison of the 6 metagenomes assayed with the meta-bop. 

For 6 samples, applying the Bonferroni correction, p-values <0.0016 are statistically significant. 

 

COMPARISON DCXYSCORE SIGNIFICANCE 

21S-33S 0.069827 <0.0001 

33S-21S 0.062926 <0.0001 

21S-37S 0.150437 <0.0001 

37S-21S 0.08928 <0.0001 

21S-CV 0.182829 <0.0001 

CV-21S 0.02035 0.997 

21S-CHILE 0.044833 0.0002 

CHILE-21S 0.003256 0.9995 

21S-TYRRELL 0.304989 <0.0001 

TYRRELL-21S 0.002106 1 

33S-37S 0.032748 <0.0001 

37S-33S 0.003845 <0.0001 

33S-CV 0.288904 <0.0001 

CV-33S 0.053048 0.9046 

33S-CHILE 0.227129 <0.0001 

CHILE-33S 0.042161 0.0036 

33S-TYRRELL 0.311317 <0.0001 

TYRRELL-33S 0.009251 0.9993 

37S-CV 0.298574 <0.0001 

CV-37S 0.057086 0.2339 

37S-CHILE 0.350845 <0.0001 

CHILE-37S 0.087111 <0.0001 

37S-TYRRELL 0.322567 <0.0001 

TYRRELL-37S 0.009493 0.9795 

CV-CHILE 0.040765 0.2852 

CHILE-CV 0.124988 <0.0001 

CV-TYRRELL 0.122777 <0.0001 

TYRRELL-CV 0.024478 0.0197 

CHILE-TYRRELL 0.18491 <0.0001 

TYRRELL-CHILE 0.010514 0.4607 
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Table 3-5. LIBSHUFF pairwise comparison of the 6 metagenomes assayed with the meta-rpoB. 

For 6 samples, applying the Bonferroni correction, p-values <0.0016 are statistically significant. 

 

COMPARISON DCXYSCORE SIGNIFICANCE 

21S-33S 0.045737 <0.0001 

33S-21S 0.04145 <0.0001 

21S-37S 0.067058 <0.0001 

37S-21S 0.036447 <0.0001 

21S-CV 0.076615 <0.0001 

CV-21S 0.042992 <0.0001 

21S-CHILE 0.027024 <0.0001 

CHILE-21S 0.003542 0.994 

21S-TYRRELL 0.279563 <0.0001 

TYRRELL-21S 0.000649 1 

33S-37S 0.02492 <0.0001 

37S-33S 0.006458 <0.0001 

33S-CV 0.146475 <0.0001 

CV-33S 0.09665 <0.0001 

33S-CHILE 0.162688 <0.0001 

CHILE-33S 0.03705 <0.0001 

33S-TYRRELL 0.363345 <0.0001 

TYRRELL-33S 0.006899 0.9988 

37S-CV 0.175443 <0.0001 

CV-37S 0.103398 <0.0001 

37S-CHILE 0.178567 <0.0001 

CHILE-37S 0.045224 <0.0001 

37S-TYRRELL 0.339474 <0.0001 

TYRRELL-37S 0.006515 0.9829 

CV-CHILE 0.101383 <0.0001 

CHILE-CV 0.066288 <0.0001 

CV-TYRRELL 0.32023 <0.0001 

TYRRELL-CV 0.030446 <0.0001 

CHILE-TYRRELL 0.152888 <0.0001 

TYRRELL-CHILE 0.002568 0.9965 
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Table 3-6: Comparison between sum of OTUs from individual sampling sites and collective 

testing. 

 

 99% 97% 95% 

Sum of OTUs from individual sampling sites 325 245 227 

OTUs from nine sites collectively 271 203 162 
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Table 3-7: OTUs – total and unique at 95% 

 

Site No. of OTUs at 95% Unique OTUs at 95% 

Baja-Sur 20 9 

Eilat 39 21 

Great Salt Lake 13 5 

Aran-Bidgol Lake 20 14 

Chiprana salt Lake 20 12 

Chiku  20 18 

Chula Vista 37 16 

Huelva 20 3 

Chinese Salt Lakes 7 6 

Secovlje 7 5 

Santa Pola-I 6 2 

Santa Pola -II 18 12 

Total 227 123 

Total no. of OTUs between 

all 9 sites 

162  
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Table 3-8: OTUs – total and unique at 97% meta-16S 

 

Site No. of OTUs at 97% Unique OTUs at 97% 

21s 1350 1319 

33s 739 715 

37s 552 537 

Chile 201 192 

CV 326 315 

Tyrrell  22 21 

Total 3190 3099 
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Table 3-9: OTUs – total and unique at 95% meta-bop 

 

Site No. of OTUs at 95% Unique OTUs at 95% 

21s 282 270 

33s 195 169 

37s 213 187 

Chile 26 25 

CV 76 72 

Tyrrell  43 42 

Total 835 765 

 

 

  



57 
 

 

Figure 3-1 Sampling sites from where PCR-bop was amplified. Red arrows point to sites 

sampled in this study. 

  



58 
 

 

Figure 3-2. Rarefaction curves estimating the sampling efficiency. Top. Curves for amplified 

PCR-bop at 99% and 95% sequence similarity for 10 sites. Bottom. Curves for BSS and ES at 

99% and 95%.  
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Figure 3-3. Sampling efficiency of the metagenomes analyzed as determined by the meta-16S at 

99% and 97%. 
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Figure 3-4. Sampling efficiency of the metagenomes analyzed as determined by the meta-bop at 

99% and 95%.  
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Figure 3-5. Sampling efficiency of the metagenomes analyzed as determined by the meta-rpoB at 

99% and 95%. 
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Figure 3-6. ML tree of 973 PCR-bop sequences. Clades of endemic sequences were collapsed and 

colored red. Indication of a combination of distribution and endemism.  
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Figure 3-7. Observed species, species richness, and diversity estimators. Circles represent natural 

hypersaline lakes and triangles represent salterns. A) PCR-bop on 12 sites. B) From the 6 

metagenomes. 
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Figure 3-8 Community fingerprint. Composition as determined from the top BLAST hits derived 

from the 109 available Haloarchaeal genomes. <50% sequence identity is classified as unknown. 



65 
 

 

Figure 3-9. Heatmap of the presence/absence of PCR-bop OTUs at 95% sequence similarity. Each 

column represents a sampling site and every row in an OTU. OTUs are colored based on relative 

abundances. 
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Figure 3-10. Heatmap of the presence/absence of meta-16S OTUs at 97% sequence similarity in 

the analyzed metagenomes. Each column represents sampling site, from left – OTU number, 21s, 

33s, 37s, Chile, CV, and Tyrrell. Owing to the large number of OTUs, the finer details are missed 

in the figure but overall, the presence/absence of OTUs at each site is different.  
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Figure 3-11. Heatmap of the presence/absence of meta-bop OTUs at 95% sequence similarity 

in the analyzed metagenomes. Each column represents sampling site, from left – OTU number, 

21s, 33s, 37s, Chile, CV, and Tyrrell.  
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Figure 3-12. Heatmap of the presence/absence of meta-rpoB OTUs at 95% sequence 

similarity in the analyzed metagenomes. Each column represents sampling site, 

from left – OTU number, 21s, 33s, 37s, Chile, CV, and Tyrrell.  
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Figure 3-13. Clustering of sampling sites based on geographic proximity and ecological similarity. 

Distance-decay relationships. Canberra and Jaccard distance calculated between the communities 

at both 99% and 95%. For the 12 PCR-bop sites. 
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Figure 3-14. Clustering of sampling sites based on geographic proximity and ecological similarity. 

Distance-decay relationships. Canberra and Jaccard distance calculated between the communities 

at both 99% and 95% in the 6 metagenomes.  
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Figure 3-15. Dispersal patterns in the OTUs shared between different PCR-bop sites. Width of the 

section for each sampling site is a sum of the maximum likelihood estimates for all the immigration 

or emigration from that site. Dashed lines between sites represent the sharing of OTUs and the 

arrowhead depicts the predicted direction of dispersal. Going clockwise starting from CVS 

represents the placement on a map, closest geographic sites are next to each other. 
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Chapter 4 : Analysis of the bacteriorhodopsin-producing haloarchaea reveals a core 

community that is stable over time in the salt crystallizers of Eilat, Israel. 

 

4.1 Abstract 

Stability of microbial communities can impact the ability of dispersed cells to colonize a 

new habitat. Saturated brines and their halophile communities are presumed to be steady state 

systems due to limited environmental perturbations. In this study, the bacteriorhodopsin-

containing fraction of the haloarchaeal community from Eilat salt crystallizer ponds was sampled 

five times over three years. Analyses revealed the existence of a constant core as several OTUs 

were found repeatedly over the length of the study: OTUs comprising 52% of the total cloned and 

sequenced PCR amplicons were found in every sample, and OTUs comprising 89% of the total 

sequences were found in more than one, and often more than two samples. LIBSHUFF and 

UNIFRAC analyses showed statistical similarity between samples and Spearman’s coefficient 

denoted significant correlations between OTU pairs, indicating non-random patterns in abundance 

and co-occurrence of detected OTUs.  Further, changes in the detected OTUs were statistically 

linked to deviations in salinity.  We interpret these results as indicating the existence of an ever-

present core bacteriorhodopsin-containing Eilat crystallizer community that fluctuates in 

population densities, which are controlled by salinity rather than the extinction of some OTUs and 

their replacement through immigration and colonization.   
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4.2 Materials and Methods 

4.2.1 DNA isolation and PCR amplification 

Brine samples were collected from the reddest pond among the salt crystallizers (301 – 

304) at the salt works in Eilat over a period of three years at five time points (see table 1). Four 

liters of the water collected from the salt crystallizer pond was centrifuged at 6,500 rpm for 30 

minutes in a large Sorvall rotor and the cell pellet was collected. DNA from these pellets was 

isolated using the protocol published in the Halohandbook [142]. Briefly, 400 μl of distilled and 

deionized water was added to the pellet to lyse cells by osmotic shock. Lysates were then placed 

in a heating block maintained at 70oC for 10 minutes to inactivate proteins. A working solution of 

the template DNA for PCR amplification was prepared by making a 1:200 dilution of the crude 

environmental DNA stock. 

 

The bop gene was amplified using primers bop401F and bop795R adapted from [169] and 

modified to carry the M13 forward and reverse sequences and renamed respectively to bopF_poly 

(5’-GTA AAA CGA CGG CCA GTG ACT GGT TGT TYA CVA CGC C-3’) and bopR_poly (5’-

AAC AGC TAT GAC CAT GAA GCC GAA GCC GAY CTT BGC-3’). Using bop as the 

molecular marker circumvents issues of low taxonomic resolution and multiple divergent copies 

of the 16S rRNA gene observed in many genera of halobacteria [89, 112]. Bacteriorhodopsins are 

present in significant quantities in solar salterns [134, 167] and are widely expressed among 

halobacteria living in light-filled environments. The advantages of the bacteriorhodopsin gene as 

a molecular marker for halobacterial communities has led to several publications [13, 136, 143, 

169] and was applied here to each of our sampling time points using the primers to amplify 

bacteriorhodopsin directly from the community DNA. 
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The DNA polymerase Phusion (New England BioLabs) was used to produce high fidelity 

copies of the template.  The following PCR cycle protocol was used: One minute initial 

denaturation at 94°C, followed by 30 cycles of 30 seconds at 94°C, 30 seconds at 53°C and 45 

seconds at 68°C. Final elongation occurred at 68°C for 5 minutes. PCR reactions contained 

Phusion polymerase [2 units/µl], 0.25 µl; 5x GC buffer, 5 µl; DMSO [100%], 2.5 µl; dNTPs [100 

mM], 1 µl; forward and reverse primers [10 µM], 0.5 µl each; genomic DNA [20ng/µl], 1.0 µl; 

and 1.0 µl of dH2O. Acetamide [25% w/v], 13.25 µl was added to the reaction to improve 

specificity of primer binding and DMSO was used in order to facilitate denaturation of the high 

G+C template. 

 

4.2.2 Cloning, plasmid isolation and sequence acquisition  

PCR products of the expected length were isolated from a 1% (w/v) agarose gel using the 

SV Gel & PCR Clean-Up System (Promega) and then cloned using the Zero Blunt TOPO Cloning 

Kit (Invitrogen) according to the manufacturer’s directions. The recombinant plasmid was isolated 

from the clones for each sample using the Wizard Plus SV Minipreps DNA Purification System 

(Promega) according to manufacturer’s instructions. Plasmids were tested for presence of an insert 

by restriction digestion with EcoRI.  The purified plasmids with cloned inserts were sent to 

GENEWIZ Inc. for sequencing. The sequences obtained in this study were submitted on GenBank 

under the following accession numbers: KT028773 - KT029121. 
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4.2.3 Sequence analysis 

The obtained raw sequences were manually curated using the commercial software 

Geneious 4.8.3. Relevant phylogenetic context to be included in community composition detection 

was extracted from GenBank using TBLASTX [154] (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

against all of the currently available, 109 draft and closed halobacterial genomes and the non-

redundant nucleotide database. BLAST hits with the lowest e-value and the highest query coverage 

were added to our analyses. All bacteriorhodopsin sequences were aligned using MUSCLE [148]. 

Multitaxa alignments were edited using MacClade 4.08 [149].  

 

4.2.4 Bacteriorhodopsin producing Halobacterial community analysis 

The aligned bacteriorhodopsin sequences were analyzed using Mothur v.1.20.0 [138] to 

estimate the species richness, community diversity indices and the similarity between the 

bacteriorhodopsin producing halobacterial communities, referred to simply as haloarchaeal 

communities, recovered from each sampling time point. Operational Taxonomic Units (OTUs) 

were determined at 100, 99, 97 and 95% sequence similarities using the average neighbor 

clustering, and the different OTUs were used for further analyses. 99% sequence similarity was 

designated as a stringent estimate for OTU clustering. A previous study showed that bop gene 

sequences with less than 1% variation formed species-like clusters [84]. 95% was chosen as a 

liberal estimate for the OTU definition. Presence of outliers in the observed number of OTUs over 

time was tested three ways – the extreme Studentized deviation (ESD identifier) [170]; Hampel 

identifier [171]; and the standard boxplot rule [172]. Species richness estimators Chao1 [152], 

which is nonparametric and bases values on the number of singletons and doubletons, and Ace 

[153], which is based on the number of rare groups of observed OTUs (OTUobs), were calculated 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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for each time point. Shannon index (H) and Simpson index of diversity (1-D) were also estimated 

as a measure of the species diversity and evenness at each time point. Rarefaction curves were 

generated within Mothur to estimate the sampling completeness and efficiency for each time point.  

 

4.2.5 Phylogenetic reconstruction 

All 349 sequences were used to construct a maximum likelihood tree from distances 

calculated under the Generalized Time-Reversible model [173] within the PHYML 3.0 [174] 

phylogenetic program. Any OTU at 99% that contained sequences from at least two time points 

was termed a ‘shared OTU’. An OTU was defined as a ‘cumulative shared OTU’ when it contained 

two or more 99% shared OTUs that combined into a single OTU at 95%. The shared OTUs at 99% 

and the cumulative shared OTUs at 95% were labeled ‘sOTU number’ and ‘csOTU number’ 

respectively. The tree was viewed, edited and midpoint rooted using FigTree 

(http://tree.bio.ed.ac.uk/software/figtree/), a tree editing software.  

 

4.2.6 Community comparisons 

The halobacterial communities recovered from the sampling time points were compared 

three ways. First, an online tool – UNIFRAC [140] was employed.  The mid-point rooted 

maximum likelihood tree (not shown) of all the sequences and an environmental file listing the 

sequences from each sampling time point were uploaded onto the UNIFRAC tool to perform the 

JackKnife Environmental Clustering Analysis. Based on the clustering of the sequences observed 

on the maximum likelihood tree, UNIFRAC estimated a community level pairwise distance 

matrix. This was used to develop a UPGMA dendrogram of the communities and the JackKnifing 

http://tree.bio.ed.ac.uk/software/figtree/
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provided support for the clustering of the sample sites. Second, the LIBSHUFF command within 

Mothur was employed. The command within Mothur implemented the original LIBSHUFF 

program [155]. It tested for similarity in structure between two or more communities by 

incorporating the Cramer-von Mises test statistic [156] and returning a significance value for the 

difference between each pair in consideration. Finally, the OTUs defined at 99, 97, and 95% 

sequence similarity were manually curated to determine the OTUs with sequences from different 

time points clustering together. Pairwise OTU correlations were estimated by determining the 

Spearman’s rank correlation coefficient [175] within Mothur. The correlation coefficient estimated 

the relatedness between the relative abundances of each pair of OTUs. 

 

4.3 Results 

4.3.1 Sample compositions and abundance of genera through time 

The top BLAST hit for the representative sequence of each OTU at 95% was used to 

determine the taxonomic affiliations of the community members. Normalized bar plots (Figure 4-

1) were constructed with these top BLAST hits from the non-redundant database (Figure 4-1a) and 

then only from available genomes (Figure 4-1b) with >50% identity to pictorially represent the 

observed community structure through time. While each time point retrieves top BLAST hits from 

the genus Halorubrum, the non-redundant database has many sequences from environmental 

studies and therefore the top BLAST hit for over 60% of each community is of unknown taxonomic 

affiliation (Figure 4-1a). Other recovered top BLAST hits from this database of known affiliation 

were Haloarcula, Halomicrobium and Halosimplex and each of these was recovered only once. 

To more accurately assign sequences to taxa, we retrieved the top BLAST hits querying only the 

sequenced haloarchaeal genomes, which revealed additional details regarding taxonomic 
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affiliations. Figure 4-1b shows that 11 groups were identified with two genera (Halomicrobium 

and Halosimplex) recovered only once, four genera were recovered twice (Haloquadratum, 

Natronorubrum, Haloplanus and Halobiforma), one genus was recovered thrice (Haloferax), one 

group was recovered four times (Haloterrigena) and three genera were recovered in every sample 

(Halorubrum, Haloarcula, and a taxonomically unclassified group with sequence identity <50% 

of the bacteriorhodopsin genes in the genomes). With the exception of Halomicrobium and 

Halosimplex, each genus was detected from more than one sample period, varying in their relative 

sequence abundances by our methods, which suggests that every genus detected is a long term 

member of the existing community, but below our ability to detect them in some samples. 

 

4.3.2 OTUs are shared between samples  

A five-way Venn diagram was constructed to demonstrate community overlap using 

different OTU definitions at 99, 97 and 95% (Figure 4-2). Identified in this analysis is the existence 

of a set of OTUs at the 95% definition that are found in all five samples through time. These four 

OTUs called the ‘core’ encompass 179 of the 349 overall sequences (~52%) obtained in this study 

and based on top BLAST hits belong to Halorubrum (cs03 and s01), Haloarcula (cs01), and one 

unknown (cs06). Many of the other 95% OTUs were detected at more than one time point.  These 

mercurial OTUs represents ~37% of the overall sequence data. Within this 37%, ~3% cluster into 

1 OTU (s08), belonging to Haloterrigena, that occurs in four out of five time points. 

Approximately 19% is shared between three time points and form five OTUs (s21, cs02, s30, s04, 

and cs07).  ~15% cluster into 13 OTUs (s06, s07, s09, s10, s03, s31, s27, s22, s23, cs05, cs04, s19, 

and s20) and are found at two time points.  A fraction (~11%) of the total sequences formed 15 

95% OTUs that were only retrieved at one time point in our study (Aug’11: 9; May’12: 1; Apr’13: 
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4; Jan’10: 1). All sampling time points had unique OTUs detected, except in the June ‘10 sample.  

With one exception, all OTUs unique to a sample are represented by a single sequence (singleton) 

(12), two sequences (doubleton) (1) or three sequences (tripleton) (1): The exception being from 

the August ‘11 sample which had a unique 95% OTU (Aug’11-02) that was comprised of 22 

sequences.  The rarely retrieved OTUs, including Halomicrobium, Halosimplex, Haloquadratum, 

Natronorubrum, Haloplanus, Halobiforma, and Haloferax and unknown genera, are likely due to 

sampling limitations.  

To determine if there was a dependent, non-random abundance relationship between 

members of core OTUs the Spearman’s rank correlation coefficient () was estimated for each 

pair compared.  was determined for 100% identical sequences (100% OTUs) found within the 

core 95% OTUs and only p values < 0.05 were considered significant. The values range from -1 

to 1, indicating a negative and positive correlation respectively between the relative abundances 

of the two 100% OTUs compared. Figure 4-4 is a plot of the statistically significant correlation 

coefficients, which shows most 100% OTU pairs have a strong positive correlation ( = 0.88 – 

1.00). Three 100% OTU pair comparisons, which belong to the core 95% OTUs cs01 and cs03, 

returned a strong negative correlation (ranging from = -0.89 to -0.91), while the remaining 

significant interactions of those two core OTUs showed a positive correlation. Comparison 

between other core OTUs resulted in negative correlation coefficients but were not statistically 

significant.  The high numbers of shared OTUs and the strong correlation between them indicate 

that though PCR and cloning is not a quantitative technique, the sequence data retrieved were not 

random with respect to the abundances detected, and therefore dynamics seen in sequence 

abundance probably reflect real fluctuations in natural population sizes and not an indication of 

newly colonized cells invading the habitat. 
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4.3.3 Sampling efficiency and richness estimations  

To estimate sampling efficiency, rarefaction curves were generated for each sampling time 

point for OTU definitions of 99% and 95% sequence similarity (figure 4-5). Though the curves 

never flatten for the August ‘11, May ‘12, and the April ‘13 samples at 99% suggesting further 

sampling is required, they do begin to level, and at 95% OTU definition, the plots plateau 

suggesting reasonable sampling at 95% sequence similarity. The January ‘10 and June ‘10 curves 

at both 99 and 95% sequence similarity indicates abundant sampling from these time points, 

suggesting that all time points are well sampled, but not completely, at 95% OTU definitions.  

 

Species richness estimators for each sampling time point were calculated and plotted 

(figure 4-6). At the 95% sequence similarity definition, the observed number of OTUs is similar 

to the estimations of species richness for both Chao and Ace, whereas at the 99% and 97%, the 

observed number of OTUs was lower than the richness estimates. Though variation in richness 

estimations exists, the observed OTUs through time do not drastically change. There are no outliers 

in the data range as measured by the ESD identifier, Hampel identifier, and the standard boxplot 

rule, which together indicates that community diversity is statistically equivalent through time. 

The communities at each time point appear rich and diverse in OTUs (Table 2). The Shannon index 

(H) is a commonly used diversity index that ranges between 1.5 and 3.5 and takes into account 

both abundance and evenness of species observed in the community. H estimations suggest a 

diverse community at each time point, similar to the findings from the rarefaction curves.    

Simpson’s index of diversity (1-D) ranges between 0 and 1, and describes the sample diversity. 

The estimated 1-D values corroborate the findings from the rarefaction curves. Since sampling 
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efficiency is good but not complete, the absence of an OTU in some samples while present in 

others is not evidence for the absence of the sequence from the community. To test this, we 

performed a correlation test between the species richness estimations and salinity and showed that 

the Chao (correlation coefficient = 0.72) and Ace (correlation coefficient = 0.85) estimations of 

the low abundance members changed with respect to the salinity: therefore, increases in salinity 

possibly due to higher temperatures likely facilitated changes in population sizes as seen in other 

studies [59, 165, 176, 177] and had an effect on our ability to detect members of the community.   

 

4.3.4 UNIFRAC and LIBSHUFF analyses show statistical similarity in OTUs through time 

We statistically evaluated the observed between sample similarities at different times using 

UNIFRAC, which analyzed a maximum likelihood tree containing all 349 bop sequences and an 

environmental file listing the sampling time point each sequence. The pairwise UNIFRAC 

distances calculated are listed in table 4-3. The UNIFRAC distances between each sampled 

bacteriorhodopsin-containing community pair at different times ranged from 0.36 to 0.62, which 

statistically confirms the qualitative observation for the existence of core OTUs, and that a large 

number of non-core OTUs are shared between samples. Jackknifing analysis was performed and 

the UPGMA dendrogram that was derived from the UNIFRAC output data is shown in Figure 4-

3. The small UNIFRAC distances, and the Jackknifing statistic for samples indicates that the 

January ’10 and May ‘12 samples, as well as the April ’13 and June ’10 samples are robustly and 

statistically similar.  These analyses indicate the presence of similar bacteriorhodopsin-containing 

communities through the years, since the highly supported clustering seen between the January 

‘10 and May ’12 samples, and the June ‘10 and April ‘13 samples is a function of detecting many 

of the same OTUs between those time points. 
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LIBSHUFF carries out pairwise comparisons to determine if one data set is a subset of the 

other. Allowing for a 5% false detection rate and applying the Bonferroni correction for multiple 

library comparisons, only p values less than 0.0025 are considered statistically significant for 

inferring that two samples are different. Results from LIBSHUFF analyses are presented in table 

4-4 and are mapped onto the UNIFRAC derived similarity data in Figure 4-3. The January ‘10 and 

May ‘12, and August ’11 and May ‘12 data sets are subsets of each other. Each sample except for 

August ‘11 is a statistically robust subset of April ’13.  These results indicate that the 

bacteriorhodopsin-containing haloarchaeal community composition is statistically similar through 

time and that differences seen in OTU absence/presence likely reflect the natural rise and fall in 

taxon abundances above and below our detection limits, rather than the colonization of new taxa.  

 

4.4 Discussion 

 

Bacteriorhodopsin, a member of the halobacterial rhodopsin protein family, is a light-

driven proton-pump that generates an electrochemical gradient for the production of ATP [178], 

and it is present in significant quantities in hypersaline environments [133, 134, 179]. In this study, 

and others, it is shown to recover the familiar genera and diversity in halophilic environments 

when compared to the 16S rRNA gene [13, 78] and provides excellent support for binning 

haplotypes [13]. Similar to the studies using 16S rRNA genes to survey Haloarchaea in hypersaline 

environments (e.g., [12-14, 58, 63, 64, 76, 81, 166], we did find unknown diversity: ~85% of the 

sequences returned an uncultured haloarchaeon from the non-redundant database and ~24% were 

considered unknown from comparing against the 109 sequenced genomes. Haloarchaea have 
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multiple, often highly divergent 16S rRNA gene copies, that greatly biases the interpretation of 

data in environmental analyses [89, 180]. Further, because the 16S rRNA gene is highly conserved, 

and recombines easily between haloarchaeal species [84, 89] diversity is hidden, as two species 

could easily share the same sequence. By using the bacteriorhodopsin gene, we circumvented 

many of those complications.   

 

 Haloquadratum was previously suggested to be a dominant organism in this salt 

crystallizer pond using morphological criteria [181] and polar lipid composition profiling [182]. 

However, in this study, it was recovered from only two samples: August ’11 and May ’12. There 

seems to have been a possible bloom of Haloquadratum in the August ’11, correlating positively 

to the increase in salinity (Table 1). These data are in agreement with other studies showing that 

ion concentrations are correlated with Haloquadratum abundance [59]. Other ecological 

conditions like, rain, wind, and temperature remained stable for weeks prior to each sampling time 

point. One month prior to each sampling, there is no record of rain, wind speeds fluctuated from 

6.4-19 kmh-1 and the difference in temperature between the coolest and warmest day was 19o C. 

(see http://www.weatherundergound.com).  PCR biases that cause differences in the ability to 

amplify DNA are known to exist [183]. However, the primers used have recovered Haloquadratum 

sequences in previous studies [13, 78, 169] with Haloquadratum-related sequences being the most 

abundant in [13]. In total, these results suggest that Haloquadratum is a member of this 

community, often below our detection limits, but that sometimes it dominates when the salinity 

conditions are favorable.    
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Many studies on soils, rivers, lakes or other aquatic microbial communities indicate a lack 

of temporal stability [47, 48, 50-54, 184, 185].  However, those communities also experienced 

large fluctuations in environmental conditions.  Further, dramatic community shifts in response to 

perturbations may only cause the natural abundances of native taxa to rise and fall without the gain 

or loss of taxa (e.g., [56]).  The seasonal environmental changes in southern Israel are markedly 

less fluctuating, and our results indicate the existence of a core set of bacteriorhodopsin OTUs in 

the Eilat salt crystallizer pond that experiences some abundance fluctuations in reaction to salinity 

changes. In a previous study surveying the impact of salinity and seasonal changes on microbial 

diversity in the Israel Salt Industries Ltd. in Eilat, similar findings were reported: two 16S rRNA 

gene OTUs were identified as present in every sample regardless of the salinity or season with 

varying relative ratios between the two [137]. In this study, four OTUs were retrieved from all five 

sampling time points over three years and comprised ~52% of the overall sequences obtained.  

Further, OTUs covering 89% of the total sequences were found in more than one time point and, 

the June ’10 sample shared every one of its OTUs with another sample suggesting the OTUs were 

present throughout, sometimes escaping detection. Statistical analyses support this interpretation. 

The Spearman’s correlation shows that the individuals detected are not present by chance; the 

detected number of OTUs at each sampling time is statistically neither over nor under abundant 

regardless of OTU definition; OTUs abundances are significantly negatively and positively 

correlated indicating detected sequences likely capture natural fluctuations of the 

bacteriorhodopsin-containing populations; both LIBSHUFF and UNIFRAC analyses determine 

that the datasets are highly similar and each is typically a subcomponent of the other. An alternative 

explanation for the data is that the differences seen in composition between sample times are due 

to the colonization of dispersed cells from other environments that then outcompete the established 
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Eilat Saltern cells for niche space and rise in population frequency to above our detection limits. 

This alternative explanation with frequent colonization events is non-parsimonious, and is not 

supported by the statistical analyses  

 

Our interpretations above are further corroborated by other studies on hypersaline 

environments and indicate haloarchaeal communities are likely to be globally stable with minor 

oscillations in population abundances that are correlated with environmental factors. Temporal 

studies on the thalassohaline Lake Tyrrell in Australia [59]; the saturated brines from Sfax solar 

saltern in Tunisia [165]; the Bras del Port solar saltern in Santa Pola, Spain [143, 176, 186]; and 

the South Bay Salt Works in Chula Vista, USA [177], all showed that the detected haloarchaeal 

community membership at the sequence, OTU, and/or genus level was largely constant across 

sampled time points. Fluctuation in taxon relative abundances was observed in Lake Tyrrell, and 

there was an ion concentration-dependent negative correlation in the abundances of some genera 

(e.g., Halorubrum and Haloquadratum), while other community members like the 

Nanohaloarchaea [12, 63, 187] and Halorhabdus showed no correlation [59]. Similar results were 

observed in Sfax solar saltern where 95% of the OTU and sequence fluctuations correlated with 

ecological parameters [165]. This is consistent with what is observed in our study where 

abundances within core OTUs varied with salinity, and most non-core OTUs were found in 

multiple samples. Bacterial components of hypersaline communities also appear to have similar 

outcomes [143, 186], indicating a general phenomenon of extreme hypersaline environments. By 

and large, hypersaline environments appear to provide constant ecological conditions, probably 

because they are typically found in hot dry climates, and appear to promote locally stable microbial 

communities across the globe.  
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4.5 Conclusions  

This study recovered the presence of a stable OTU core representing the bacteriorhodopsin-

producing haloarchaeal community inhabiting the salt crystallizing ponds in Eilat, Israel. These 

four core OTUs comprised ~52% of overall sequences with only ~11% of the sequencings being 

unique to any one time point, and contained the following genera - Halorubrum, Haloarcula, 

Haloterrigena, Halomicrobium, Halosimplex, Haloquadratum, Natronorubrum, Haloplanus, 

Halobiforma, and Haloferax.  Fluctuations in relative OTU abundances corresponded to natural 

variations of salinity. Because evidence from many temporal studies on hypersaline habitats, 

especially saturated brines, also demonstrate the existence of stable haloarchaeal and bacterial 

communities worldwide, we hypothesize that communities are resistant to dispersed invading 

species, at least temporarily, and might lead to the formation of endemic hypersaline adapted 

communities and populations.  
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Table 4-1: Sample information 

Date Year Sample name % Salinity 

No. of clones 

sequenced 

3rd January 2010 Winter ‘10 31.2 73 

20th June 2010 Summer ‘10 32 70 

25th August 2011 Fall ‘11 35.2 74 

15th May 2012 Spring ’12 34.4 67 

22nd of April 2013 Spring ‘13 33.4 65 
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Table 4-2: Species diversity and evenness estimations at the different sampling time points. 

 99% 97% 95% 

OTUobs Shannon Simpson OTUobs Shannon Simpson OTUobs Shannon Simpson 

January 

‘10 

16 2.17 0.18 9 1.50 0.35 9 1.50 0.35 

June ‘10 14 2.20 0.12 12 1.99 0.17 11 1.97 0.17 

August 

‘11 

28 2.69 0.11 24 2.51 0.12 22 2.45 0.12 

May ‘12 28 2.59 0.14 18 2.11 0.19 17 2.06 0.20 

April 

‘13 

33 3.23 0.03 24 2.90 0.05 21 2.77 0.06 

Mean  

  

s.d 

23.8   

8.32 

 17.4   

6.81 

 16   

5.83 
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 Table 4-3. Pairwise UNIFRAC distances between communities at different sampling time points.  

January ‘10 

April ‘13 0.554425 

August ‘11 0.598268 0.574907 

June ‘10 0.379003 0.360183 0.621469 

May ‘12 0.386263 0.549493 0.533978 0.489596 
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Table 4-4. LIBSHUFF pairwise comparisons of community structures. Only significance values 

less than 0.0025 were considered statistically significant and denoting different communities. 

Community comparisons that do not fall within this threshold are listed. 

 

Comparison dCXYScore Significance 

Jan’10 – Apr’13 0.002789024 0.90257 

Jan’10 – Jun’10 0.00351532 0.0633 

Jan’10 – May’12 0.00462918 0.4743 

May’12 – Jan’10 0.00850827 0.3013 

Jun’10 – Apr’13 0.00073510 0.7540 

May’12 – Apr’13 0.00375615 0.9122 

Aug’11 – May’12 0.02594856 0.0306 

May’12 – Aug’11 0.00754265 0.4193 

May’12 – Jun’10 0.00408351 0.4289 
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Figure 4-1. Community composition over time.  Normalized bar plots were constructed at each 

time point based on the top BLAST hits for representative sequences of each OTU at 95%. A. Top 

BLAST hits from tBLASTx against entire non-redundant nucleotide database. B. Top BLAST hits 

from the 109 available genomes by performing a stand along tBLASTx. 
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Figure 4-2. Sharing of OTUs between time points. Number of shared OTUs represented vertically 

at 99%, 97%, 95% sequence similarities respectively. (x)a – total number of sequences obtained at 

that time point: (x,y,z)b – number of OTUs unique to the sampling time point represented for 99%, 

97%, 95% sequence similarities respectively. 
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Figure 4-3. Community dynamics. UPGMA dendrogram of the environments based on the 

clustering of the sequences from each time point on the maximum likelihood tree (all 349 

sequences). Jackknifing provided the branch support. Statistically insignificant values (>0.025) 

from LIBSHUFF pairwise analysis are plotted. Unidirectional dashed arrows indicate that one 

community is a subset of the other (brown: May ‘12; blue: January ‘10; red: June ‘10) and 

bidirectional solid arrows indicate two communities are subsets of each other.  
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Figure 4-4. Plot of the Spearman correlation coefficients determined for the relative abundances 

of each pair OTUs within the core OTUs at 100% sequence similarity. Only correlation coefficient 

values with significance (p < 0.05) were considered statistically significant and plotted. 
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Figure 4-5.  Rarefaction curves generated for each sampling time point at 99% and 95% sequence 

similarity. 
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Figure 4-6. Species richness estimations. Plot of the observed OTUs, Chao and ace species richness 

estimators for each sampling time point at 99, 97, and 95% sequence similarity.  
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Chapter 5 : Evidence from phylogenetic and genome fingerprinting analyses suggests 

rapidly changing variation in Halorubrum and Haloarcula populations [100] 

 

5.1 Abstract 

 

Halobacteria require high NaCl concentrations for growth and are the dominant inhabitants 

of hypersaline environments above 15% NaCl. They are well documented to be highly 

recombinogenic, both in frequency and in the range of exchange partners.  In this study, we 

examine the genetic and genomic variation of cultured, naturally co-occurring environmental 

populations of Halobacteria.  Sequence data from multiple loci (~2500bp) identified many closely 

and more distantly related strains belonging to the genera Halorubrum and Haloarcula. Genome 

fingerprinting using a random priming PCR amplification method to analyze these isolates 

revealed diverse banding patterns across each of the genera and surprisingly even for isolates that 

are identical at the nucleotide level for five protein coding sequenced loci. This variance in genome 

structure even between identical multilocus sequence analysis (MLSA) haplotypes indicates that 

accumulation of genomic variation is rapid: faster than the rate of third codon substitutions. 
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5.2 Materials and Methods 

 

5.2.1 Growth conditions and DNA extraction 

Aran-Bidgol Halorubrum and Haloarcula spp. cultures were grown in Hv-YPC medium 

[188] at 37°C with agitation.  DNA from Haloarchaea was isolated as described in the 

Halohandbook (http://www.haloarchaea.com/resources/halohandbook/). Briefly, stationary-phase 

cells were pelleted at 10000xg, supernatant was removed and the cells were lysed in distilled water.  

An equal volume of phenol was added, and the mixture was incubated at 65°C for one hour prior 

to centrifugation to separate the phases.  The aqueous phase was reserved and phenol extraction 

was repeated without incubation, and followed with a phenol/chloroform/iso-amyl alcohol 

(25:24:1) extraction.  The DNA was precipitated with ethanol, washed, and resuspended in TE 

(10mM tris, pH 8.0, 1mM EDTA).  Type strains were grown, and DNA was purified as described 

by [31]. 

 

5.2.2 Sequence acquisition for MLSA  

Five housekeeping genes were amplified using PCR. The loci were atpB, ef-2, glnA, ppsA 

and rpoB and the primers used for each locus are listed in Table 5-1. To more efficiently sequence 

PCR products, an 18bp M13 sequencing primer was added to the 5’ end of each degenerate primer 

(Table 5-1).  Each PCR reaction was 20μl in volume. Phire Hot Start II DNA polymerase (Thermo 

Scientific) was used in the amplification reactions. The PCR reaction was run on a Mastercycler 

Ep Thermocycler (Eppendorf) using the following PCR cycle protocol: 30 second initial 

denaturation at 98°C, followed by 40 cycles of 30 seconds at 98°C, 5 seconds at the annealing 

temperature for each set of primers and 15 seconds at 72°C. Final elongation occurred at 72°C for 
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1 minute. Table 5-2 provides a detailed list of reagents and the PCR mixtures for each amplified 

locus.  The PCR products were separated by gel electrophoresis with agarose (1%).  Gels were 

stained with ethidium bromide. An exACTGene mid-range plus DNA ladder (Fisher Scientific 

International Inc.) was used to estimate the size of the amplicons, which were purified using 

Wizard SV gel and PCR cleanup system (Promega). The purified amplicons sequenced by 

Genewiz Inc. The sequences obtained for the five genes in this study were submitted on Genbank 

under the following accession numbers: KJ152221 - KJ152260, KJ152261 - KJ152298, KJ152362 

- KJ152397, KJ152398 - KJ152433, and KJ152323 - KJ152361. 

 

5.2.3 Phylogenetic Analysis  

  Type strain genomes were obtained from the NCBI ftp repository. Blast searches identified 

DNA top hits for each MLSA target gene (atpB, ef-2, glnA, ppsA and rpoB) in each genome. 

Multiple-sequence alignments (MSAs) were created from the DNA genome hits as well as the 

PCR amplicons using MUSCLE [148] (alignments available upon request) with its refine function. 

The MSA length was manually trimmed down to the lengths of the PCR amplicons. In-house 

scripts created a concatenated alignment of all five genes. A model of evolution was determined 

using the Akaike Information Criterion with correction for small sample size (AICc). The 

jModelTest 2.1.4 [189] program was used to compute likelihoods from the nucleotide alignment 

and to perform the AICc test [190]. The AICc reported the best-fitting model to be GTR + Gamma 

estimation + Invariable site estimation. A maximum likelihood (ML) phylogeny was generated 

from the concatenated MSA using the PhyML v3.0_360-500 [174]. The model used in PhyML 

corresponded to the one favored by jModelTest: GTR model, estimated p-invar, 4 substitution rate 
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categories, estimated gamma distribution with 100 bootstrap replicates. The number of nucleotide 

differences in pairwise comparisons were determined using MEGA 5 [191].   

 

5.2.4 Genomic Fingerprinting  

In total, DNA from 81 haloarchaeal type strains and 43 isolates from the Aran-Bidgol Lake 

were tested.  Each primer selected has successfully been used in genome fingerprinting in previous 

studies. Primers P1 and P2 were used to fingerprint Vibrio harveyi bacteriophages [192], primers 

OPA-9 and OPA-13 were used to asses marine viral richness [193]. The last primer, FALL-A was 

adapted from the primer used [193, 194] to study bacteriophages isolated from an industrial 

sauerkraut fermentation.  Amplification conditions for each strain were equal to enable accurate 

comparison between banding patterns obtained.  Each sample was diluted to 20ng µl-1   and 

amplified within the following reaction mixture: 12.5µl SYBR Universal Faststart Mastermix 

(Roche), 4.5µl dH20, 1.5µl for each of five primers at 10ng µl-1 (see Table 5-3), and 0.5µl of 

template DNA.  Two thermocycler programs were used in succession.  The first included an initial 

10 minute denaturation at 94ºC, followed by 4 cycles of a 45 second denaturation also at 94ºC, 

annealing at 30ºC for 2 minutes and extension at 72ºC for 50 seconds.  This was followed by 

another 35 cycle program: 94ºC for 17 seconds, 36ºC for 30 seconds, and 72ºC for 45 seconds, 

and a final extension for 10 minutes at 72ºC.  The aim of these repeated programs with low 

annealing temperatures and long annealing times is to produce as many nonspecific bands as 

possible for each sample, increasing the resolving power of the method.  Strains were amplified in 

triplicate to ensure that a repeatable banding pattern could be obtained.   
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5.2.5 Gel electrophoresis  

Reactions mixtures from PCR experiments were held at 4ºC prior to electrophoresis.  

Standard DNA electrophoresis was carried out with replicates from each strain.  Gels were 1.5% 

agarose and run at 12v for 16 hours at 4ºC with the goal of producing crisp bands easily 

distinguishable by the analysis software.  Gels were stained with ethidium bromide prior to 

imaging. 

 

5.2.6 Imaging and Analysis  

A digital image of each gel was created using a GelDoc (UVP).  Images were then analyzed 

using the Phoretix 1D Pro program from the TotalLab Inc. (www.totallab.com). Banding patterns 

were standardized for cross gel comparisons by calibrating Rf lines on each individual gels. 

Phoretix 1D Pro converts banding patterns into a format that can be used to produce a dendrogram 

comparing the differences and similarities between the patterns of amplicons.  The final 

dendrogram was created within Phoretix 1D Pro using UPGMA statistical analysis on Dice 

coefficients [195] for each of the lanes. A measure of the correlation between the matrix 

similarities and the dendrogram derived similarities, the cophenetic correlation coefficients [196] 

were determined for each sub-cluster of the dendrogram and displayed on the nodes of the 

constructed dendrograms to estimate the robustness of each cluster.   

 

5.3 Results 
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5.3.1 Genomic Fingerprinting  

The repeatability of banding patterns, and thus the success of the fingerprinting technique 

was tested on 81 haloarchaeal type strains. The PCR on each of the 81 was run in triplicate and the 

products were run on adjacent wells. Figure 5-1 demonstrates results of the banding pattern for 18 

out of the 81 type strains, 15 from the genus Halorubrum, and one each from the genus 

Halosarcina, Halosimplex, and Halostagnicola.  Repeatability for the other 63 was examined and 

they were consistent, as in Figure 1 (data are not shown).   Repeatability of the technique indicated 

robustness of the conditions and primers used and provide confidence for estimating variation 

between strains.  

We were interested to know if the random primers can be used as a screening technique.  

If banding patterns could reliably demonstrate similarity within genera for instance, newly cultured 

yet unidentified strains could be easily screened and a general taxonomic decision could be made.  

Therefore, the banding patterns for the 81 total haloarchaeal type strains were assessed using 

software that produced a dendrogram of the genomic fingerprints. Figure 5-2 is the UPGMA 

dendrogram determined for the above type strains. Compared to other studies [192, 193], our 

genome fingerprinting technique offers very little banding pattern complexity. There are two 

possible reasons - the primers were designed for systems other than the Haloarchaea and adopted 

for our purposes, and PCR bias, though if it occurs is reproducible (see figure 5-1). Yet, species 

specific banding patterns observed earlier in Haloarchaea [197] are also observed here; each 

species appears to have a unique banding pattern.  However, there is very little clustering at the 

genus level.  For instance, some species within the same genus have similar banding patterns 

according to the dendrogram analysis (e.g., Natrinema ejinorense and Natrinema altunense) but 

other species from the same genus are found elsewhere (e.g., Natrinema pellirubrum and 
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Natrinema versiforme).  This pattern is observed for all the genera for which several species were 

analyzed (e.g., Halorubrum, Haloferax).  Thus, this DNA fingerprinting should not be used to 

classify isolates to a genus level.   The observed amount of variation displayed among species 

within the same genus, led to the hypothesis that this technique might also detect genomic variation 

among strains within the same species.  Therefore we tested this fingerprinting technique on 

several populations of naturally co-occurring closely and distantly related strains. 

 

5.3.2 MLSA on environmental strains 

MLSA was performed in order to determine the genetic variation, and the evolutionary 

relationships of the isolates from Aran-Bidgol Lake. Multiple sequence alignments were 

constructed from individual locus data from the new isolates and from genome data deposited in 

the NCBI database of type strains. Concatenated alignments were made from these and then a 

phylogenetic tree was constructed. The Aran-Bidgol isolates clustered into two main genera; 

Halorubrum and Haloarcula (Figure 5-3). Two polytomous groups, A and B, were observed 

within the genus Halorubrum and depicts evidence for distinct phylogroups with low sequence 

diversity as first seen for Spanish and Algerian isolates [84]. Pairwise comparison of the number 

of nucleotides different within each of these phylogroups was carried out using MEGA 5 [191]. In 

both groups A and B, no two isolates had more than 10 nucleotide differences from one another 

across the concatenation of ~ 2500bp (i.e., <1% sequence divergence; Table 5-4).  This also holds 

true for group C (Table 5-5) within the Haloarcula cluster.   
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 5.3.3 Fingerprinting the Aran-Bidgol strains   

Genomic fingerprint analysis was run on each of the Aran-Bidgol Lake environmental 

isolates. Banding patterns for each individual were generated and compared for similarity by 

dendrogram construction. The fingerprints and resulting dendrogram were then compared to the 

maximum likelihood tree constructed from the MLSA data (Figure 5-3) for relating genetic and 

genomic variation within populations. It is noteworthy that despite limited numbers of bands 

produced for fingerprinting analysis, closely related strains from a single phylogroup displayed 

numerous variations in banding patterns, many of which were dissimilar to each other as 

determined by the dendrogram analysis.  These widely different banding patterns reflect the 

variation in individual genomes. Comparison between sequence and banding pattern similarity 

demonstrates a lot of variation and no discernable patterns of relatedness even between strains that 

have zero differences across ~2500 nucleotides. Banding patterns of isolates within the genus 

Halorubrum seem as different as the banding patterns of isolates between the genera Halorubrum 

and Haloarcula.  In some cases identical MLSA haplotypes have identical fingerprint patterns. We 

believe this can be attributed to the relatively low complexity of fingerprint bands produced, rather 

than two strains having identical genomes, and in such cases other methods of comparison like 

genome sequencing might reveal additional differences.   

 

5.4 Discussion 

 

Our study employed DNA sequencing of multiple protein coding loci and random genomic 

amplification to test for variation in haloarchaeal isolates cultivated from the same location under 

the same conditions. The concatenated maximum likelihood tree in Figure 5-3, and the number of 

pairwise nucleotide polymorphisms in Tables 5-4 and 5-5, show that many isolates are closely 
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related to one another across the five loci and are more or less indistinguishable from each other 

by these methods. However, the DNA fingerprinting analysis on these same isolates revealed 

additional variation not captured by MLSA, indicating genomic changes occur faster than the rate 

of substitution in redundant codon positions.    Unfortunately, the deeper branches of the UPGMA 

hierarchical clustering dendrogram are unreliable for determining relationships and do not provide 

a good description of the measured Dice coefficients. Yet, shallower branches in the clustering 

diagram that are a good representation of the banding pattern differences show conflict with the 

MLSA phylogeny (Figure 5-3). Though the fingerprinting technique did not yield patterns of 

relatedness at the species level or genus level, it did demonstrate the high probability that the 

genomes of each isolates are unique.  Whether that uniqueness is based on gene content or in 

genomic arrangements is undeterminable from this analysis.   

 

However, given the known propensity for HGT in Halobacteria [80-86], we surmise the 

fingerprint banding-pattern differences are largely due to gene transfer events. Discovery of 

recombinant hybrids [82] and the identification of enormous identical segments shared among the 

genomes of phylogenetically distant genera [81] indicates the Haloarchaea are subject to immense 

genomic variability from single gene transfer events. In another study, an influx of 303 transferred 

genes into Haloferax mucosum and Haloferax mediterranei were mostly of unknown function with 

some known transporters [99], which is similar to the types of genes observed in the highly 

recombinogenic genomic islands of Haloquadratum waslbyi [80]. The H. waslbyi genome is 

47.9% GC, but its genomic islands are GC rich by comparison, and enriched in transposable and 

repeat elements [198] indicating a role for viruses in generating genomic diversity [80]. Similar to 

H. waslbyi, the genome of Halobacterium NRC-1 was interspersed with 91 insertion sequence 
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elements of diverse GC compositions [87, 199]. Apart from homologous recombination, IS 

elements have been attributed to inactivating the bacterio-opsin gene in Halobacterium halobium 

[200] and causing genomic rearrangements at AT-rich regions in Halobacterium NRC-1 [199].  

Moreover, recent analysis indicates these Aran-Bidgol Lake isolates display enormous variation 

in whole genome content with differences in group A ranging from 0.01Mb up to 0.51Mb and 

from 0.07Mb up to 0.30Mb in group B [201].  Therefore, we hypothesize the drastic differences 

in fingerprints observed for the closest relatives (e.g., strains from groups A, B, and C) are more 

likely due to HGT, possibly mediated by insertion sequence elements [87, 199, 200], tRNAs [82], 

or other factors, rather than genome rearrangements.   

 

We further suggest that the fingerprint banding patterns, especially for those within groups 

A, B, and C, were unlikely due to mutational events.  Haloarchaea have low rates of spontaneous 

mutation, having been measured at 1.90x10-8 mutational events per cell division [202]. 

Furthermore, halobacteria are considered to have a high capacity for repairing DNA, as they have 

demonstrated the ability to survive radiation and desiccation damaged DNA [203, 204], which is 

probably due to the prevalence of polyploidy through the process of gene conversion [205].   

Preliminary in silico analysis to determine the binding sites for each of the five primers in 

Haloquadratum walsbyi DSM 16790 and Halorubrum lacusprofundi revealed priming mostly in 

conserved loci, although a few phage related loci were also detected.  Because many of the 

compared strains are very closely related, having only a few (or zero) nucleotide polymorphisms 

in the ~2500 sequenced base pairs, yet display enormous differences in fingerprint banding 

patterns, it would be unlikely that a few, or even one of the PCR binding sites in every strain within 

groups A, B, or C, would be mutated. Therefore, substitutions in PCR primer binding sites seem 
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unlikely to have played a role in generating all the observed differences in banding patterns, 

especially those from closely related strains. 

 

Analysis of five housekeeping genes demonstrates the isolates form genetically similar and 

distinct populations in a single environmental community and yet each genome is apparently 

different.  This observation agrees well with expectations from the distributed genome hypothesis 

[206]. According to this, the non-core genes available in the pan-genome pool are dispensed 

uniquely amongst the individual cells of a species. The differences in haloarchaeal genomic 

banding patterns suggests that in nature populations are made of highly varied individuals rather 

than clones of a single individual. The number of distinct genotypes observed, most likely due to 

gene flow, suggests that haloarchaeal cells are acquiring genomic variation within populations at 

a rate faster than redundant codon position substitutions, and possibly at every replication event.  

Distribution of the non-core genes within a highly recombining population (defined by MLSA 

phylogeny) theoretically enables the individual to quickly adapt to new environmental selection 

conditions, especially virus predation [80] but may also result from random processes like neutral 

drift [207].  
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Table 5-1. Degenerate primers used to PCR amplify and sequence the atpB, ef-2, glnA, ppsA and 

rpoB genes for MLSA 

MLSA primer sequence 5’-3’ 

Locus Forward  Reverse  

atpB 
tgt aaa acg acg gcc agt aac ggt gag scv ats 

aac cc 

cag gaa aca gct atg act tca ggt cvg trt aca 

tgt a 

Ef-2 
tgt aaa acg acg gcc agt atc cgc gct bta yaa 

stg g 

cag gaa aca gct atg act ggt cga tgg wyt cga 

ahg g 

glnA 
tgt aaa acg acg gcc agt cag gta cgg gtt aca 

sga cgg 

cag gaa aca gct atg acc ctc gcs ccg aar gac 

ctc gc 

ppsA 
tgt aaa acg acg gcc agt ccg cgg tar ccv agc 

atc gg 

cag gaa aca gct atg aca tcg tca ccg acg arg 

gyg g 

rpoB 
tgt aaa acg acg gcc agt tcg aag agc cgg acg 

aca tgg 

cag gaa aca gct atg acc ggt cag cac ctg bac 

cgg ncc 
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Table 5-2. PCR conditions for each locus 

 atpB ef-2 glnA ppsA rpoB 

water (µl) 11.6 8.2 11.8 7.9 11.9 

5x phire reaction buffer (µl) 4.0 4.0 4.0 4.0 4.0 

DMSO (µl) 0.6 0 0.4 0.6 0.6 

Acetamide (25%) 0 4.0 0 4.0 0 

dNTP mix (10mM) 0.4 0.4 0.4 0.4 0.4 

forward primer (10mM) 1.0 1.0 1.0 1.0 1.0 

reverse primer (10mM) 1.0 1.0 1.0 1.0 1.0 

Phire hot start II DNA 

polymerase (µl) 
0.4 0.4 0.4 0.4 0.4 

template DNA (20ng µl-1) 1.0 1.0 1.0 0.7 0.7 

annealing temperature (˚C) 60.0 61.0 69.6 66.0 63.7 
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Table 5-3. Random primers for genomic fingerprinting. 

 Primers 

Primer Name  Sequence  

P1                          5'-CCGCAGCCAA-3' 

P2                                    5'-ACGGGCAGC-3' 

OPA-9                         5'-GGGTAACGCC-3' 

OPA-13             5'-CAGCAGCCAC-3' 

FALL-A       5'-ACGCGCCCTG-3' 
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Table 5-4. Pairwise comparison of number of nucleotide differences within polytomous Groups A 

and B defined on the maximum likelihood tree. 

G 

R 

O 

U 

P 

A 

Ga27  0 7 8 5 7 10 9 6 Ea8 

G 

R 

O 

U 

P 

B 

Ec5 5  7 8 5 7 10 9 6 Ea4p 

Ec15 8 5  5 2 8 7 6 5 Ea10 

Ga66 7 8 7  5 9 8 7 4 Hd13 

Fc2 5 4 5 6  6 9 8 3 Ib24 

Fa2 1 1 1 0 1  5 4 7 Eb13 

Fa5 7 8 7 4 6 0  1 8 Ib25 

Fa17 2 2 2 0 2 0 1  7 Ea1 

C191 8 9 8 5 7 0 1 1  Ib43 

Fb21 8 9 8 5 7 0 1 1 0 

Ga36 4 3 6 7 3 1 7 3 8 8 

G37 8 3 4 7 5 0 5 1 6 6 6 

Ga2p 6 5 4 5 3 0 5 1 6 6 4 4 
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Table 5-5. Pairwise comparison of number of nucleotide differences within polytomous Group C 

defined on the maximum likelihood tree. Cells in blue represent members of Group C and cells in 

black represent the neighboring cluster on the ML tree. 

G 

R 

O 

U 

P 

C 

Dc10 

A14 0 

Fb5 0 0 

Dg17 0 0 0 

Fb19 2 2 2 2 

 

Hd14 30 30 30 30 32 

Cc8 29 29 29 29 31 7 

Hd4 38 38 38 38 39 26 19 
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Figure 5-1. Repeatability of the fingerprinting technique. Each number represents a type strain 

analyzed in triplicate. 1) Halorubrum arcis JCM 13916 2) Halorubrum coriense DSM 10284 3) 

Halorubrum distributum JCM 9100 4) Halorubrum ejinorense JCM 14265 5) Halorubrum 

lacusprofundi ATCC 49239 6) Halorubrum lipolyticum DSM 21995 7) Halorubrum litoreum JCM 

13561 8) Halorubrum saccharovorum DSM 1137 9) Halorubrum sodomense JCM 8880 10) 

Halorubrum tebenquichense DSM 14210 11) Halorubrum terrestre JCM 10247 12) Halorubrum 

tibetense JCM 11889 13) Halorubrum trapanicum JCM 10477 14) Halorubrum vacuolatum JCM 

9060 15) Halorubrum xinjiangense JCM 12388 16) Halosarcina pallida JCM 14848 17) 

Halosimplex carlsbadense JCM 11222 18) Halostagnicola larsenii JCM 13463.  
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Figure 5-2. UPGMA dendrogram comparing banding patterns between type strains. The numbers 

displayed at the nodes represent the cophenetic correlation coefficients. 
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Figure 5-3. MLSA vs Genome fingerprinting. Comparison of the maximum likelihood tree 

computed from the concatenation of five housekeeping genes, and the UPGMA dendrogram 

determined from the banding patterns of the genome fingerprinting.  Lines between tree and 

dendrogram connect the same strain in the different analyses. 
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5.5 Additional evidence 

 

Genome sequence for the isolates listed in table 5-6, 17 from this study and 7 from 

collaborators, were obtained to various levels of completion. The obtained contigs were rearranged 

with respect to the genome sequence of Hrr_Fb21 using Mauve version 2.4.0 [208]. The rearranged 

contigs for each isolate were combined and aligned using progressiveMauve [209]. The genome 

alignments were compared against the atpB gene phylogeny of these isolates. 

The atpB phylogeny recreates the clusters observed in figure 5-3. Closely related isolates 

have varying genome arrangements and presence or absence of Locally Collinear Blocks (LCBs) 

detected by Mauve figure 5-4. These variations are drastic between phylogroups and though not 

as severe within the phylogroups, many differences exist nonetheless. The findings from the 

genome sequence comparisons corroborate the results from the whole genome fingerprinting 

described earlier. 
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Table 5-6. List of isolates with genomes sequenced. 

Isolate 

Hrr_C49 

Hrr_Ea1 

Hrr_Eb13 

Hrr_Ib24 

Hrr_Hd13 

Hrr_Ea8 

Hrr_Ga36 

Hrr_Fb21 

Hrr_LG1 

Hrr_LD3 

12-10-3 

Hrr_G37 

Hrr_Ga2p 

Hrr_Ec15 

Hrr_Sp3 

Hrr_Sp9 

Hrr_C2 

Hrr_167 

Hrr_E8 

Hrr_Sp5 

Hrr_Sp7 

ASP1 

ASP121 

ASP200 
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Figure 5-4. Comparison of atpB gene phylogeny and genome alignments. ML tree on the left and 

Mauve alignment of the genes on the right. Two phylogroups A and B on the ML tree similar to 

what is described from MLSA. Each block on the genome alignment represents an LCB which 

denotes a conserved segment that is free of internal genome rearrangements. 
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Chapter 6 : Extensive intragenic recombination in the highly conserved haloarchaeal 16S 

rRNA and rpoB genes  

 

6.1 Abstract 

The 16S rRNA and the ß subunit of the RNA polymerase (rpoB) are widely employed as 

markers of choice for diversity studies, taxonomy, and phylogenetic analyses in the 

Halobacteriales. However, evidence for the existence of multiple divergent copies of the 16S 

rRNA gene in several genera (e.g., Haloarcula, Natrinema, Halomicrobium, and Halosimplex) 

suggests the gene is transferred between species and genera. These extra copies are genetically 

distant from the others in the genome, with divergent copies of the rRNA operons differing by up 

to ~7% of the nucleotide positions in some strains. In addition, the Haloarchaea have been 

demonstrated to undergo recombination at high frequencies with the 16S rRNA and rpoB gene 

being transferred between diverged species, including the discovery of identical or nearly identical 

16S rRNA genes shared between separate phylogenetically defined groups, or species. In this 

study, we surveyed the 16S rRNA and rpoB genes from 109 haloarchaeal genomes to examine the 

extent of recombination within these highly conserved genes. Comparison of phylogenetic 

topologies derived from the two genes revealed distinct bipartitioning, indicating both genes 

experienced different evolutionary histories within the Haloarchaea. Moreover, phylogenetic 

reconstruction of gene evolutionary history using the two halves of the gene indicated that each 

was distinct and divergent from that of the full-length gene indicating independent evolutionary 

histories for separate gene segments within genes. Greater incidences of chimeric sequences were 

observed in the 16S rRNA than rpoB, at a higher frequency between closely related species with 

every site being subject to recombination, some more so than others. Maximum likelihood 

mapping of each gene revealed that rpoB provided fewer discordant quartets compared to the 16S 
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rRNA, however, quartet puzzling as well as the Phi test corroborate that these haloarchaeal genes 

are not exempt from recombination. The Haloarchaea undergo extensive recombination, often 

giving rise to stable chimeras that result in fuzziness in the taxonomic delineation of this entire 

class.  Our results extend those observations and indicate that the highly conserved and most 

prominently utilized markers for taxonomic and evolutionary studies in the Halobacteriales have 

extensive intragenic recombination indicating a high probability for misclassification when used 

exclusively for taxonomic purposes. 

 

6.2 Materials and Methods 

6.2.1 Gene sequence acquisition and alignments 

The 16S rRNA and rpoB gene sequences were extracted from the 109 available 

Haloarchaeal genomes that are listed in table 6-1 by using BLAST [154] 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 109 full length 16S rRNA and rpoB sequences from Top 

BLAST hits were aligned using MUSCLE [148] and alignments were manually edited using 

MACCLADE 4.08 [149]. The alignments for each gene were further split halfway the length of 

the gene to result in the alignments of the first half and second half of each gene.   

 

6.2.2 Phylogenetic reconstruction and tree topology comparison 

Maximum likelihood phylogenetic trees were constructed for the 16S rRNA and rpoB 

genes, and the partial 16S and rpoB segments from distances calculated under the Generalized 

Time-Reversible model [210] within the PHYML 3.0 [174] phylogenetic program. Inferred 

phylogenies were compared in a pairwise manner using R packages APE [211] and distory [212] 

to determine the topological distance between two measured as a branch length score and to 
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identify unique branching in each tree respectively. The distance returned reflects the square root 

of the sum of the squared differences of the internal branch lengths that define similar bipartitions 

in the trees being compared [213]. 

 

6.2.3 Quartet puzzling 

Topology of the aligned full length gene sequences were further tested using the quartet 

puzzling algorithm [214] included within TREE-PUZZLE [215], a phylogenetic reconstruction 

program. Briefly, parameters for substitution process and rate variation were estimated from 

quartet sampling and Neighbor Joining tree respectively using the HKY model of substitution 

[216]. First, likelihood mapping analysis was performed on 5563251 quartets without clustering 

the taxa to determine the overall phylogenetic signal provided by each gene. Second, the taxa were 

clustered into four groups representing the four major clades formed by the 16S rRNA 

phylogenetic tree and likelihood mapping was performed on 384930 to obtain evidence for 

recombination. 

 

6.2.4 Estimation of recombination 

The extent of intragenic recombination in both full length genes was estimated two ways. 

First, statistically significant evidence for recombination events within the dataset was estimated 

by implementing the phi test [217] within the Splitstree program [218]. Second, the recombination 

detection program (RDP4) [219] was used to identify putative recombination events.  RDP4 

houses a suite of algorithms to determine recombination including the RDP method [220], 

GENECONV method [221], Bootscan/Recscan method [222], MaxChi [223], Chimaera [224], 

SiScan [225], and 3Seq [226] . Each full length gene dataset was analyzed for recombination by 
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all the above algorithms with 100 bootstrap replicates. All putative recombination events detected 

were compiled for further estimation of overall recombination events across the length of the 

sequence and to identify recombination hotspots. Rate of recombination was determined by 

running 10000000 MCMC updates. 

 

6.3 Results 

6.3.1 Comparison of phylogenies 

Assessing the midpoint rooted maximum likelihood trees derived for both the 16S rRNA 

and rpoB shows discrepancies in the phylogenetic (figure 6-1). Red lines in the tree depict 

branching that is unique to each tree in the comparison as determined by the R package distory. 

The 16S rRNA and rpoB gene phylogenies portray variations in relationships between closely 

related taxa as well as in deeper branches with an overall distance of 0.824. Appraisal of the partial 

gene fragment topologies to one another and to the complete gene provides further interesting 

insights. 16S_a (bases 1 to 742) and 16S_b (bases 743 to 1484) topologies are distinct, distance of 

0.7645159, from one another (figure 6-2) suggesting that the two halves of the 16S rRNA gene 

have different evolutionary histories and result in discrepancies in clustering of taxa, there are 79 

crisscrossing connections between the two trees. The topology for both 16S_a and 16S_b are 

approximately equidistant from that of the full length 16S rRNA gene with a distance of 0.5553157 

and 0.5954106 respectively. The full length 16S rRNA gene provides an average phylogenetic 

signal in the tree reconstruction. This is the case with the full length rpoB gene as well. The full 

length topology is approximately equidistant from that of the two halves rpoB_a and rpoB_b, 

0.6050257 and 0.5403120 respectively. However, unlike with 16S_a and 16S_b, topologies of the 

two rpoB halves, from bases 1-915 (rpoB_a), and 916-1830 (rpoB_b), are closer to each other than 
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the full length gene (0.4385393) (figure 6-3) and depict fewer crisscrossing connections between 

the taxa on the two trees than the two halves of the 16S rRNA gene. 

6.3.2 Maximum likelihood maps of the two genes 

Each possible quartet in the phylogenetic tree for the 16S rRNA and rpoB were assayed. 

The vertices of the triangle were equally loaded in both cases, however, the 16S rRNA returned a 

greater percentage of unresolved quartets out of the 5563251 combinations, ~ 4.5% partially 

resolved and ~3.1% completely unresolved. rpoB returned smaller percentages of both partial and 

unresolved quartets, ~1.8% and ~1.5% respectively.  

Quartet puzzling was redone with predetermined groups of taxa clustered based on the four 

major clades in the 16S rRNA phylogeny (figure 6-1) to determine inter-clade transfer events as 

predicted by the phylogenetic signal. Maximum likelihood maps were constructed for each gene 

by assaying 384930 quartets (figures 6-4 and 6-5). Once the taxa were pre-classified into groups, 

both 16S rRNA (figure 6-4) and rpoB (figure 6-5) showed better grouping of quartets into one of 

the three configurations. Neither gene had any unresolved quartets. The proportion of partially 

resolved quartets diminishes as well. However, neither gene topology is 100% supported. There is 

evidence for recombination between the deep branching groups defined as 6.9% of the resolved 

16S rRNA quartets do not conform to the predominant phylogenetic signal. This is observed with 

the rpoB as well but only a smaller portion, ~3.1%, of the quartets are discordant.  

Since there was evidence for recombination between the deep branching groups, quartet 

puzzling was rerun on each group by further dividing the taxa into four subgroups. Figures 6-6 

through 6-9 represent the ML maps for groups A, B, C, and D of the 16S rRNA phylogeny. There 

are greater percentages of discordant quartets within groups A, B, and D than observed for between 

these groups suggesting much more recombination within groups than between. Group C is an 
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outlier in that there were no discordant quartets, 100% of the quartets tested supported one quartet 

configuration. Similar results were observed in the rpoB groups as well. There is a lot of 

recombination within groups A, B, and D but none in group C (figures 6-10 through 6-13).  Group 

C is made up of way fewer taxa than the other groups and could show more recombination if it 

were bigger.    

 

6.3.3 Extent of recombination 

6.3.3.1 16S rRNA 

Recombination within the 16S rRNA is evident from the discrepancies in the phylogeny. 

Computing the phi test on the dataset further corroborated this returning a statistically significant 

value (p = 0.03925). Apart from this, detecting recombinant sequences and estimation of the rate 

of recombination (rho) carried out by RDP4 provided validation for extensive recombination 

within this gene. 37 recombination events were detected by at least one algorithm out of which 24 

were supported by more than one algorithm. The segment of the sequence that is recombinant, as 

well as the major and minor parents for each of the recombinant is listed in table 6-2. Various sizes 

of recombinant fragments are observed, ranging from 20 bps to 707 bps, within the 16S rRNA in 

Haloarchaea. In some cases, there is evidence for multiple recombination events within a single 

gene sequence. The 16S rRNA of the following Haloarchaea were subject to two recombination 

events at separate points on the gene - Halobaculum gomorrense strain JCM 9908, Halopiger 

xanaduensis strain: JCM 14033, Haloplanus natans strain: JCM 14081, and Halorussus rarus 

strain: JCM 16429. Figure 6-14a is the predicted secondary structure of the 16S rRNA depicting 

the conservation in the positons along the length of the gene as well as the covariation between the 

paired bases. Figure 6-14b plots all the recombination events along the length of the gene, the size 
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of the recombinants, and the –log(p-value) for each event. Recombination between the sequences 

is evident irrespective of the structure in the rRNA, be it conserved stems or variable loops. The 

number of recombination between closely related taxa is greater than those with more distantly 

related taxa as seen by the red and blue lines respectively. Recombination does not seem to be 

constrained by position on the gene, however the rate of recombination varies by site as seen in 

figure 6-15a. The average rho and mutation (theta) per site were estimated to be 5.211x10-2 and 

3.826x10-2 respectively, that is, the rate of recombination is ~ 1.362x what the mutation rate is per 

site on the 16S rRNA. The greatest rates of recombination are realized between positions 933 and 

953 which is within the V-5 region. 

 

6.3.3.2 rpoB 

Analyzing the rpoB sequences revealed similar results as the 16S rRNA. Phi test for 

recombination returned a statistically significant p value (8.329e-4) and RDP4 detected 46 

recombination events determined by one algorithm. Out of the 46 identified recombination events, 

only three were supported by more than one algorithm (see table 6-3). The three recombination 

events supported by more than one algorithm occur in different taxa and there is no evidence for 

multiple recombination events within one gene. As with the 16S rRNA, varying lengths of 

recombinant sequences are observed in rpoB. These range from 104 bps to 1644 bps in length. 

Figure 6-16 displays all the recombination events across the rpoB gene sequence. Recombination 

events in rpoB seem more frequent between closely related taxa than distantly related ones, as 

represented by the red and blue lines respectively, similar to 16S.  The recombination rate plot 

(figure 6-15b) shows that the rate is almost even for a major portion of the gene. However, the rate 

increases ~4 fold between positions 845 and 1212 on the gene. Average theta per site calculates is 
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4.361x10-2 and average rho per site is 9.717x10-1. The rate of recombination in rpoB is ~22.283 

times the rate of mutation.  

 

6.4 Discussion 

This study measured recombination, evidence for its presence, and its effect on 

evolutionary histories of the 16S rRNA and rpoB genes from 109 available Haloarchaeal genomes. 

Employing the Phi test for recombination with each dataset showed that neither gene was exempt 

from recombination in the Haloarchaea. Other analyses corroborate this finding. Comparisons of 

the clustering on taxa on the 16S_a and 16S_b phylogenetic trees (figure 6-2) shows extensive 

within clade rearrangements and evidence for transfers between distant clades as well. This is also 

apparent from the maximum likelihood maps (figures 6-4 and 6-6 through 6-9) where discordant 

quartets are observed when quartet puzzling is carried out after clustering taxa into four major 

groups. Many recombination events were also detected in both genes by RDP4, across the length 

of the entire genes and in sizes ranging between 20 and 707 nucleotides in the 16S rRNA gene 

(figure 6-14b), and from 104 to 1644 nucleotides in the rpoB gene (figure 6-16). Our findings 

support the hypothesis that recombination between species must attribute to the presence of 

divergent copies of the 16S rRNA [89] causing the intragenic heterogeneity observed in many 

Haloarchaeal species [89, 112-116].  

Given that the Haloarchaea are highly promiscuous [80-86, 99-101], it is not surprising to 

see that every genus of the Haloarchaea depicts evidence for recombination in their 16S rRNA 

gene (see table 6-2). It was hypothesized that the rate of genome variation in individuals in a 

population was greater than accruement of mutations at the third codon position since isolates that 

were identical across five loci had varying whole genome patterns [100].  Our findings support 
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this hypothesis. The estimated average rate of recombination per site is much greater than the rate 

of mutation for each gene. While the rate of recombination is ~ 1.362x mutation rate per site in the 

16S rRNA gene, the same in rpoB is ~22.283x rate of mutation per site. The drastic difference in 

rates between the two genes can be attributed to the maintenance of protein function. It is shown 

that recombination between structurally related proteins increases the probability of preserving 

function over random mutation [227]. The recombination events detected in the two genes are also 

unrestricted by the size and location on the gene, and slightly hindered by the sequence divergence 

between the recombining sequences. These gene-centric results tie well with findings from whole 

genome comparisons [81, 82, 85, 99] and leads us to conclude that the promiscuity of Haloarchaea 

highly impact individuals at the individual gene level.   

Comparing the 16S rRNA and rpoB genes, both show varied evolutionary patterns of the 

taxa analyzed (figure 6-1). This discrepancy in the evolutionary history of the Haloarchaea is not 

restricted to comparison between the two genes. Similar results were observed when the same 

analyses were done with partial segments of each gene. Each half of the two genes displayed 

marked differences in their evolutionary histories. This is more apparent in the 16S rRNA (figure 

6-2) than rpoB (figure 6-3), the two halves of the 16S rRNA share a more divergent evolutionary 

history than those of rpoB as measured from the topological distances of 0.7645159 and 0.4385393 

respectively. Phylogenetically, rpoB provided better signal than the 16S rRNA gene for the 

Haloarchaea. Quartet puzzling pre and post clustering of taxa into groups showed that rpoB (figure 

6-5) returned fewer unresolved, partially resolved, and discordant quartets than the 16S rRNA gene 

(figure 6-4). The greater percentage of discordant quartets in the 16S rRNA gene must reflect the 

larger number or recombination events detected in the gene that were supported by more than one 

algorithm. Under these constraints, only three recombination events were identified in rpoB 
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whereas twenty four events were identified in the 16S rRNA (figure 6-14b) and in some cases, 

there were multiple events in one gene.  

Despite the presence of multiple, frequently divergent, copies of the 16S rRNA in the 

genome, it has been used extensively as a gold standard gene to study taxonomy and diversity of 

bacteria and archaea in the environment. In the Haloarchaea, the 16S rRNA gene is subject to 

frequent recombination that sometimes leads to the formation of stable chimeras that can blur the 

taxonomic delineation in this class of organisms. The single copy rpoB gene is proven to be 

advantageous over the 16S rRNA gene for such purposes in many systems [103, 117-128], and 

this study shows that there is also evidence for fewer recombination events in the rpoB gene of the 

Haloarchaea thereby reducing the fraction of discordant quartets surveying the entire class. 

However, both genes offer a high probability for misclassification as a result of the extensive 

recombination, when used exclusively for taxonomic purposes. 
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Table 6-1. List of 109 Haloarchaeal genomes analyzed in this study. 

Haladaptatus cibarius 
Haloferax larsenii strain JCM 

13917 

Halorubrum tibetense strain 

JCM 11889 

Haladaptatus litoreus 
Haloferax lucentense strain 

JCM 9276 

Halorubrum trapanicum strain 

JCM 10477 

Haladaptatus paucihalophilus 

strain DX253 

Haloferax mediterranei strain 

JCM 8866 

Halorubrum vacuolatum strain 

JCM 9060 

Halalkalicoccus jeotgali strain 

B3 

Haloferax mucosum strain 

JCM 14792 

Halorubrum xinjiangense 

strain JCM 12388 

Halalkalicoccus tibetensis  

strain JCM 11890 

Haloferax prahovense strain 

JCM 13924 

Halorussus rarus strain JCM 

16429 

Halapricum salinum strain 

CBA1105 

Haloferax sulfurifontis strain 

JCM 12327 

Halosimplex carlsbadense 

strain JCM 11222 

Halarchaeum acidiphilum 

strain JCM 16109 

Haloferax volcanii strain JCM 

8879 

Halostagnicola larsenii strain 

JCM 13463 

Halarchaeum nitratireducens 

strain MH1-136-2 

Halogeometricum 

borinquense strain JCM 10706 

Haloterrigena limicola strain 

JCM 13563 

Halarchaeum rubridurum 
Halomicroarcula pellucida 

strain BNERC31 

Haloterrigena longa strain 

JCM 13562 

Halarchaeum salinum strain 

MH1-34-1 

Halomicrobium mukohataei 

strain JCM 9738 

Haloterrigena saccharevitans 

strain JCM 12889 

Haloarcula amylolytica strain 

BD-3 

Halopiger xanaduensis strain 

JCM 14033 

Haloterrigena thermotolerans 

strain JCM 11050 

Haloarcula argentinensis 

strain JCM 9737 

Haloplanus natans strain JCM 

14081 

Haloterrigena turkmenica 

strain JCM 9101 

Haloarcula californiae Haloquadratum walsbyi C23 
Halovivax asiaticus strain 

JCM 14624 

Haloarcula hispanica strain 

JCM 8911 

Haloquadratum walsbyi DSM 

16790 

Halovivax ruber strain JCM 

13892 

Haloarcula japonica strain 

JCM 7785 

Halorhabdus tiamatea strain 

JCM 14471 

Natrialba aegyptia strain JCM 

11194 

Haloarcula quadrata strain 

JCM11048 

Halorhabdus utahensis strain 

JCM 11049 

Natrialba asiatica strain JCM 

9576 

Haloarcula sinaiiensis strain 

JCM 8862 

Halorubrum aidingense strain 

JCM 13560 

Natrialba chahannaoensis 

strain JCM 10990 



130 
 

Haloarcula vallismortis strain 

JCM 8877 

Halorubrum alkaliphilum 

strain JCM 12358 

Natrialba hulunbeirensis 

strain JCM 10989 

Halobacterium jilantaiense 

strain JCM 13558 

Halorubrum aquaticum strain 

JCM 14031 

Natrialba magadii strain JCM 

8861 

Halobacterium noricense 

strain JCM 15102 

Halorubrum arcis strain JCM 

13916 

Natrialba taiwanensis strain 

JCM 9577 

Halobacterium salinarum 
Halorubrum californiense 

strain JCM 14715 

Natrinema altunense strain 

JCM 12890 

Halobaculum gomorrense 

strain JCM 9908 

Halorubrum chaoviator strain 

DSM 19316 

Natrinema ejinorense strain 

JCM 13890 

Halobellus clavatus strain 

JCM 16424 

Halorubrum cibi strain JCM 

15757 

Natrinema pallidum strain 

JCM 8980 

Halobiforma haloterrestris 

strain JCM 11627 

Halorubrum coriense strain 

JCM 9275 

Natrinema pellirubrum strain 

JCM 10476 

Halobiforma lacisalsi strain 

JCM 12983 

Halorubrum distributum strain 

JCM 9100 

Natrinema versiforme strain 

JCM 10478 

Halobiforma nitratireducens 

strain JCM 10879 

Halorubrum ejinorense strain 

JCM 14265 

Natronobacterium gregoryi 

strain JCM 8860 

Halococcus dombrowskii 

strain JCM 12289 

Halorubrum ezzemoulense 

strain CECT 7099 

Natronococcus amylolyticus 

strain JCM 9655 

Halococcus hamelinensis 

strain JCM 12892 

Halorubrum kocurii strain  

BG-1 

Natronococcus jeotgali strain 

JCM 14583 

Halococcus morrhuae strain 

NRC 16008 

Halorubrum lacusprofundi 

strain JCM 8891 

Natronococcus occultus strain 

JCM 8859 

Halococcus qingdaogense 
Halorubrum lipolyticum strain 

JCM 13559 

Natronolimnobius baerhuensis 

strain JCM 12253 

Halococcus saccharolyticus 

strain JCM 8878 

Halorubrum litoreum strain 

JCM 13561 

Natronolimnobius 

innermongolicus strain JCM 

12255 

Halococcus salifodinae strain 

JCM 9578 

Halorubrum luteum strain 

CECT 7303 

Natronorubrum aibiense strain 

JCM 13488 

Halococcus sp. 197A 
Halorubrum orientale strain 

CECT 7145 

Natronorubrum bangense 

strain JCM 10635 

Halococcus thailandensis 

strain JCM 13552 

Halorubrum saccharovorum 

strain JCM 8865 

Natronorubrum sulfidifaciens 

strain JCM 14089 
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Haloferax alexandrinus strain 

JCM 10717 

Halorubrum sodomense strain 

ATCC 33755 

Natronorubrum tibetense 

strain JCM 10636 

Haloferax denitrificans strain 

JCM 8864 

Halorubrum tebenquichense 

strain JCM 12290 

Haloferax gibbonsii strain 

JCM 8863 

Halorubrum terrestre strain 

JCM 10247 
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Table 6-2. Recombinant sequences identified in the 16S rRNA gene by RDP4 using more than one 

algorithm. The table lists the position of the recombination event in the sequence and the major 

and minor parents deriving the recombinant sequence. * after the nucleotide position represents 

the approximate position on the sequence. * after the species name represents the closest known 

species that is a part of the recombinant sequence. 

In Recombinant 

Sequence 

Begin End 
Recombinant 

Sequence(s) 

Minor Parental 

Sequence(s) 

Major Parental 

Sequence(s) 

178 407 

Halarchaeum 

acidiphilum strain JCM 

16109 

Halorussus rarus strain 

JCM 16429* 

Halapricum salinum 

strain CBA1105 

511 816 
Haloarcula amylolytica 

strain BD-3 

Halobellus clavatus 

strain JCM 16424* 

Haloarcula sinaiiensis 

strain JCM 8862 

1064* 1239 
Haloarcula sinaiiensis 

strain JCM 8862 

Natrialba magadii 

strain JCM 8861 

Halorhabdus utahensis 

strain JCM 11049 

48* 366 
Haloarcula vallismortis 

strain JCM 8877 

Halorubrum luteum 

strain CECT 7303 

Halobacterium 

noricense strain JCM 

15102 

940 978 

Halobaculum 

gomorrense strain JCM 

9908 

Halobacterium 

salinarum* 

Halorubrum 

vacuolatum strain JCM 

9060 

1180 1393* 

Halobaculum 

gomorrense strain JCM 

9908 

Halorubrum 

xinjiangense strain 

JCM 12388 

Halalkalicoccus 

tibetensis  strain JCM 

11890 

547 567 
Halococcus 

qingdaogense 

Halorubrum 

lacusprofundi strain 

JCM 8891 

Natronorubrum 

bangense strain JCM 

10635 

625* 830 
Haloferax lucentense 

strain JCM 9276 

Halomicroarcula 

pellucida strain 

BNERC31 

Halorubrum kocurii 

strain  BG-1 
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459 1166 

Halogeometricum 

borinquense strain 

JCM 10706 

Halorubrum 

xinjiangense strain 

JCM 12388 

Halalkalicoccus 

tibetensis  strain JCM 

11890 

404 564 
Halopiger xanaduensis 

strain JCM 14033 

Halorhabdus utahensis 

strain JCM 11049 

Natronorubrum 

aibiense strain JCM 

13488 

937 1015 
Halopiger xanaduensis 

strain JCM 14033 

Halococcus 

qingdaogense* 

Natrialba aegyptia 

strain JCM 11194 

702 935 
Haloplanus natans 

strain JCM 14081 

Halorubrum litoreum 

strain JCM 13561 

Haloferax lucentense 

strain JCM 9276 

210 701* 
Haloplanus natans 

strain JCM 14081 

Halovivax ruber strain 

JCM 13892 

Haladaptatus 

paucihalophilus strain 

DX253* 

410* 587 
Haloquadratum 

walsbyi C23 

Halorubrum 

alkaliphilum strain 

JCM 12358* 

Haloferax lucentense 

strain JCM 9276 

885 1286* 
Halorhabdus tiamatea 

strain JCM 14471 

Halomicrobium 

mukohataei strain JCM 

9738 

Haloterrigena 

saccharevitans strain 

JCM 12889* 

290 458 
Halorubrum ejinorense 

strain JCM 14265 

Halorubrum 

vacuolatum strain JCM 

9060* 

Halorubrum 

lacusprofundi strain 

JCM 8891 

755 1233* 
Halorussus rarus strain 

JCM 16429 

Halapricum salinum 

strain CBA1105* 

Halococcus 

saccharolyticus strain 

JCM 8878 

406 495 
Halorussus rarus strain 

JCM 16429 

Halorubrum 

lacusprofundi strain 

JCM 8891 

Halalkalicoccus 

jeotgali strain B3 

1287 419* 

Haloterrigena 

turkmenica strain JCM 

9101 

Haloarcula vallismortis 

strain JCM 8877 

Halobiforma lacisalsi 

strain JCM 12983 

936 1016 
Natrialba magadii 

strain JCM 8861 

Halococcus 

saccharolyticus strain 

JCM 8878 

Halopiger xanaduensis 

strain JCM 14033 

159 246 
Natrinema altunense 

strain JCM 12890 

Natrialba 

chahannaoensis strain 

JCM 10990 

Halapricum salinum 

strain CBA1105* 
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936 1064 
Natronococcus jeotgali 

strain JCM 14583 

Halorussus rarus strain 

JCM 16429 

Haloterrigena longa 

strain JCM 13562 

1015 1258* 

Natronolimnobius 

baerhuensis strain JCM 

12253 

Halobiforma lacisalsi 

strain JCM 12983* 

Halopiger xanaduensis 

strain JCM 14033 

586 776 

Natronorubrum 

sulfidifaciens strain 

JCM 14089 

Halobiforma lacisalsi 

strain JCM 12983* 

Natronorubrum 

bangense strain JCM 

10635 
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Table 6-3. Recombinant sequences identified in the rpoB gene by RDP4 using more than one 

algorithm. The table lists the position of the recombination event in the sequence and the major 

and minor parents deriving the recombinant sequence. * after the nucleotide position represents 

the approximate position on the sequence. * after the species name represents the closest known 

species that is a part of the recombinant sequence. 

In Recombinant 

Sequence 

 

 

Begin End 
Recombinant 

Sequence(s) 

Minor Parental 

Sequence(s) 

Major Parental 

Sequence(s) 

12* 1656 

Natronorubrum 

bangense strain JCM 

10635 

Natronorubrum 

sulfidifaciens strain 

JCM 14089 

Halococcus morrhuae 

strain NRC 16008 

204* 455 
Haloarcula quadrata 

strain JCM11048 

Haloarcula 

argentinensis strain 

JCM 9737 

Haloarcula 

californiae 

6* 110 

Halopiger 

xanaduensis strain 

JCM 14033 

Haladaptatus 

paucihalophilus strain 

DX253 

Halalkalicoccus 

tibetensis  strain JCM 

11890 
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Figure 6-1. Maximum Likelihood (ML) trees constructed for the full length 16S rRNA (left) and 

rpoB (right) gene sequences using PHYML 3.0 phylogenetic program. Comparison of the 

topologies using R packages: ape and distory. Black lines represent branches and bipartitioning 

common to both trees and red lines represent the same that are unique to each tree. ML trees for 

both full length gene sequences depict distinct evolutionary patterns.   
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Figure 6-2. ML trees constructed from partial 16S rRNA gene fragments 16S_a and 16S_b. ML 

tree (left) constructed with the first half of the gene from bases 1 to 742. ML tree (right) constructed 

from second half of the gene from bases 743 to 1484. Dashed lines in the center connect the same 

taxa on the two trees. Evidence for within and between clade clustering of taxa on the two trees. 
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Figure 6-3. ML trees constructed from partial rpoB gene fragments rpoB _a and rpoB _b. ML tree 

(left) constructed with the first half of the gene from bases 1 to 915. ML tree (right) constructed 

from second half of the gene from bases 916 to 1830. Dashed lines in the center connect the same 

taxa on the two trees. Evidence for within and between clade clustering of taxa on the two trees. 
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Figure 6-4. ML map for the 16S rRNA gene resulting from quartet puzzling. 

Numbers in the vertices of the triangles represent the percentage of quartets out 

of 384930 that support that particular configuration of the four taxon groups 

classified based on Figure 1.
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Figure 6-5. ML map for the rpoB gene resulting from quartet puzzling. 

Numbers in the vertices of the triangles represent the percentage of quartets 

out of 384930 that support that particular configuration of the four taxon 

groups classified based on Figure 1. 
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Figure 6-6. ML mapping of quartet puzzling within group A of the 16S rRNA phylogeny. Vertices 

of the triangle represent the percentage of quartets supporting each particular configuration of the 

sub groups within group A. 
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Figure 6-7. ML mapping of quartet puzzling within group B of the 16S rRNA phylogeny. Vertices 

of the triangle represent the percentage of quartets supporting each particular configuration of the 

sub groups within group B. 
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Figure 6-8. ML mapping of quartet puzzling within group C of the 16S rRNA phylogeny. Vertices 

of the triangle represent the percentage of quartets supporting each particular configuration of the 

sub groups within group C. 

  



144 
 

 

Figure 6-9. ML mapping of quartet puzzling within group D of the 16S rRNA phylogeny. Vertices 

of the triangle represent the percentage of quartets supporting each particular configuration of the 

sub groups within group D. 
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Figure 6-10. ML mapping of quartet puzzling within group A of the rpoB phylogeny. Vertices of 

the triangle represent the percentage of quartets supporting each particular configuration of the sub 

groups within group A. 
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Figure 6-11. ML mapping of quartet puzzling within group B of the rpoB phylogeny. Vertices of 

the triangle represent the percentage of quartets supporting each particular configuration of the sub 

groups within group B. 

  



147 
 

 

Figure 6-12. ML mapping of quartet puzzling within group C of the rpoB phylogeny. Vertices of 

the triangle represent the percentage of quartets supporting each particular configuration of the sub 

groups within group C. 
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Figure 6-13. ML mapping of quartet puzzling within group D of the rpoB phylogeny. Vertices of 

the triangle represent the percentage of quartets supporting each particular configuration of the sub 

groups within group D. 
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Figure 6-14. A. Consensus secondary structure of the Haloarchaeal 16S rRNA predicted by the 

RNAalifold webserver [228] and displayed along with the multiple sequence alignment using the 

R-chie webserver [229]. Arcs represent paired bases in the structure and colored based on the 

covariation of the bases. The bases in the multiple sequence alignment are colored based on base 

pair status. B. Map of the recombination events detected by RDP4 for the 16S rRNA. Each box 

plotted denotes a recombination event, the position along the 16S rRNA gene, and the size of the 

recombinant. Events are colored based on distance between species recombining – red for more 

closely related and blue for distantly related. 
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Figure 6-15. Recombination rate plots across the length of the A. 16S rRNA gene and B. rpoB 

gene. Rate of recombination was determined by running 10000000 MCMC updates on RDP4. 
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Figure 6-16. Map of the recombination events detected by RDP4 for the rpoB. Each box plotted 

denotes a recombination event, the position along the 16S rRNA gene, and the size of the 

recombinant. Events are colored based on distance between species recombining – red for more 

closely related and blue for distantly related. 
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Chapter 7 : Summary of Conclusions and Implications 

 

7.1 Biogeography of Haloarchaea 

 

The haloarchaea in the twelve different hypersaline environments form communities that 

are rich and diverse in species. Though this is the case in every site tested, the trend in the data 

obtained suggests that the salterns might be more rich and diverse in haloarchaea than the naturally 

occurring lakes. These communities formed are unique to each site studied both in the composition 

detected at the genus level as well as in the presence or absence of OTUs defined at the liberal 

cutoff of 95% sequence similarity. This endemism in haloarchaeal communities does seem to be a 

factor of geographical isolation. Unlike the eukaryotes however, the haloarchaea do not posit a 

distance-decay relationship in the similarity between communities with respect to the physical 

separation. This holds true with regards to the type of hypersaline environment sampled as well. 

The salterns are not more similar to one another than the lakes are or vice versa. Though the 

communities are unique, there is evidence for a small fraction of shared OTUs between sites that 

are geographically distant. This sharing is more likely to have occurred because of dispersal 

between sites rather than mutations in the sequences. Hence, geographical separation does not 

seem to act as a barrier to dispersal and yet endemism is apparent. This must be due to two reasons 

– the rate of dispersal is significantly slower than the rate of evolution; and not every haloarchaeal 

species that is dispersed can successfully invade and survive in an existing community. 

 

7.2 Temporal analysis of one haloarchaeal community 
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The haloarchaeal community in the Eilat saltern in Israel surveyed through three years at 

five different time points described the existence of a core group of OTUs that represented 52% of 

all the sequences obtained throughout. These belonged to Halorubrum, Haloarcula, and unknown 

haloarchaea. 89% of the sequences were found in two or more time points suggesting that the 

community in Eilat is stable through time. There are fluctuations in the relative abundances of the 

members with changes in salinity, however the taxa present in Eilat remain consistent through 

time. Haloarchaeal community stability is not unique to the Eilat saltern. Stability at the genus 

level seems to be common to the haloarchaeal communities in hypersaline [59, 143, 165, 186]. 

This stability must drive the maintenance of endemic populations throughout the world. 

 

7.3 Dynamics of Individual Haloarchaea in a population 

 

Analysis of 43 isolates from the Aran-Bidgol Lake in Iran using MLSA with atpB, ef-2, 

glnA, ppsA and rpoB genes revealed that these isolates belonged to the Halorubrum and Haloarcula 

genera. Phylogenetic reconstruction of the concatenated sequence data identified three polytomous 

groups, two of which belonged to the Halorubrum cluster while the third group belonged to 

Haloarcula. Isolates within each of these polytomous groups did not differ by more than 10 

nucleotides across the 2500 nucleotides tested when compared with the other isolates clustering in 

the same phylogroups. According to MLSA, these isolates were identical. However, comparing 

the whole genome fingerprints for these isolates derived by RAPD showed distinction in the 

patterning. Every isolate had a distinct whole genome fingerprint. Discrepancies in the gene level 

similarity and the whole genome structure led to the hypothesis that in natural populations, the rate 

of accumulation of genetic variation through HGT and recombination is much greater than the rate 

of accruement of third codon substitutions. 
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7.4 Assay the extent of recombination in the Haloarchaea 

 

Analyzing the 16S rRNA and rpoB genes from 109 haloarchaeal genomes exposed the 

extent and effect of recombination in two highly conserved genes that are most commonly used 

molecular markers. Comparing phylogenies derived for each gene showed many discrepancies. 

Interestingly, partial gene fragments of each gene did not portray congruent evolutionary histories. 

Each half of the 16S rRNA and rpoB genes has a different evolutionary history when compared to 

the other half and the full length gene phylogeny. Both full length genes provide an average of the 

phylogeny for the two halves and though neither gene leaves any quartet unresolved, they display 

evidence for recombination between deep branching groups which results in discordant quartets 

during puzzling and ML mapping. The number of discordant quartets increase when reforming the 

analysis with only members within each group. There is more recombination within each group 

than between. Recombination is extensive in both gene datasets with highly supported evidence 

for many recombination events in each gene across the different haloarchaea. Many species show 

evidence of recombination and no genera are absent of it. In some species, there is evidence for 

multiple putative recombination events within one gene sequence. Recombination is so rampant 

in the haloarchaea that the predicted rate of recombination per site in the 16S rRNA and rpoB 

genes is considerably greater than the rate of mutation per site predicted.   

 

7.5 Working model for the genesis of new haloarchaeal species 
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A model for the genesis of new species in the haloarchaea can be derived based on all the 

evidence described so far (see figure 7-1). Given that the haloarchaea are highly promiscuous 

through frequent gene transfer and recombination [80-91, 100], a barrier to this homogenizing 

force is a prerequisite to drive variation. This work describes the effect of geographic separation 

on the communities formed by the haloarchaea. Though leaky, geographic isolation does act as a 

barrier to recombination, although, not by hindering dispersal of the haloarchaea. Unlike in Vibrio 

[29], Sulfolobus [30], or some of the other systems studied [12, 17, 31-36], the spatial distribution 

observed in the haloarchaeal communities would suggest allopatric speciation as a driving force 

in this class of archaea, similar to the eukaryotes, but the inherent mechanism does not fit within 

either vicariance or dispersal since dispersal isn’t completely inhibited. Modes of dispersal of 

haloarchaea aren’t well known, there is one example of Halococcus spp. being found in the nostrils 

salt gland of Calonectris diomedea [168] that are known to migrate long distances for foraging 

and breeding, but dispersal does occur far and yet endemic populations are observed.   

 

 

 

 

 

 

 

 
Figure 7-1. Working model for the genesis of new haloarchaeal 

species. 
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Endemic populations of haloarchaea are maintained by the stability in their communities. 

Unlike many niches that are subject to major fluctuations in environmental conditions [47-54], 

hypersaline lakes and salterns provide a more stable surrounding for the haloarchaea to thrive and 

maintain their diversity. This stability in the haloarchaeal community must inhibit dispersed 

incoming species from taking a foothold within the existing community. Stable, species rich, and 

diverse communities are often impenetrable [37-41]. As an additional defense mechanism, stable 

communities ‘mount a territorial defense’ through antimicrobial agents and complex resistant 

pathways [42, 43]. The haloarchaea produce their own diverse group of antimicrobial agents called 

haocins [230-234]. Communities also often employ various mechanisms to circumvent 

environmental volatility and maintain stability. Stable genetic heterogeneity in a community is 

achieved by maintaining high species diversity, and this is most frequently managed by phage 

predation of the dominant or abundant species in the community [45, 46]. The haloarchaea are 

predated by many viruses [235-239]. Despite not knowing the exact mechanisms of resistance to 

colonization and maintenance of diversity in the haloarchaeal communities, it can be concluded 

that the haloarchaeal communities are in fact stable and endemic in different hypersaline 

environments owing only in part to environmental stability. 

Within each of these endemic haloarchaeal communities, the members undergo 

recombination profusely, thereby homogenizing the population at the gene level [80-86]. 

Recombination occurs at various scales – exchange of large chunks of genomic DNA [81, 82]; 

transfer of individual genes [87-90]; and even smaller fragments of varying sizes between genes 

as seen in the 16S rRNA and rpoB. This process happens rapidly, possibly during every replication 

event [100], at rates much greater than that of mutation even in the most conserved genes. Such 

extensive recombination within each population works towards ensuring the diversity between 
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populations and hence with geographic separation leads to divergent communities. Within 

populations however, apart from acting as a homogenizing force, recombination also gives rise to 

‘hopeful monsters’ [240] or stable chimaeras that end up being divergent from the recombining 

parental strains thereby forming new species.  
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