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Abstract

ABSTRACT

The Nanoarchaeota were proposed as the fourth archaeal sub-division in 2002, and the only
fully characterized nanoarchaecon was found to exist in a symbiotic association with the
crenarchaeote, Ignicoccus sp. This nanoarchaeote, named Nanoarchaeum equitans could
not be detected with “universal” archaeal 16S PCR primers and could only be amplified
using specifically designed primers. In order to identify and access a wide diversity of
archaeal phylotypes a new set of “universal” archaeal primers A571F (5’-GCY TAA AGS
RIC CGT AGC-3’) and UA1204R (5’-TTM GGG GCA TRC IKA CCT-3") was designed,
that could amplify the 16S rRNA genes of all four archaeal sub-divisions. Using these
primers community DNA was amplified from Chinese and New Zealand hydrothermal
systems. Upon sequencing of amplicons it was discovered that Chinese and. New Zealand
samples contained novel nanoarchaeal phylotypes. The preliminary nanoarchaeal
phylotypes were used to design nanoarchaeal-specific primer N989R (5'-GGT TTC CGG
TGT CAG TTC-3"), which was coupled with AS571F and used in screening of
nanoarchaeotes. The nanoarchaeal phylotypes identified with these primers were further
screened by amplified ribosomal DNA restriction analysis (ARDRA), which was used to
explore the diversity of these phylotypes. The novel nanoarchaeotes cluster into 9 closely
related clades which may represent separate species. Three of the New Zealand phylotypes
form one separate clade which is closely related to the published nanoarchaeotes. The

following nanoarchaeal sequences were submitted to the GenBank, TCOF (AY572420),

X1



Abstract

TC11-5 (AYS571283), TC11-B6 (AY727890), TC11-B7 (AY727887), TC11-C4
(AY727886), TC11-C6 (AY727889), TC11-C8 (AY727888), AND TC11-D4 (AY727891).
Fluorescence in situ hybridization was also used to simultaneously visualize, identify and

localize nanoarchaeotes.

Keywords: Archaea, Nanoarchaeota, Nanoarchaeum equitans, Diversity, Ecology,

PCR, ARDRA, FISH
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Chapterl Literature Review

1. Introduction

1.1 Ecology of Archaea

All life forms are divided into three different domains, the Eucarya, Bacteria and
Archaea (Woese and Fox, 1977). The archaeal domain harbors organisms living in
“extreme” environments according to the context of humankind, but normal to the
organisms surviving at these environments. Extremophiles are classified to many
categories such as acidophiles, alkaliphiles, halophiles, piezophiles, psychrophiles
and thermophiles, and for the purposes of this review only thermophiles will be

defined.

Hyperthermophiles are classified as those which are adapted to grow optimally at
temperatures ranging from 70-121 °C (Kashefi and Lovley, 2003). Their natural
biotopes include water-containing volcanic areas such as terrestrial solfataric fields
and hotsprings, submarine hydrothermal systems, sea mounts and abyssal hot vents
(Huber and Stetter, 1991). Other thermal environments are man-made, and include
smoldering coal refuse piles, geothermal power plants and household hot water
geysers (Marsh and Norris, 1985; Fuchs ef al., 1995). Other environmental factors are
also important in maintaining favorable growth conditions, including pH and salinity.

For example, most terrestrial hyperthermophiles require low salinity, while those of
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marine biotopes are adapted to the higher salt concentration of sea water. In some
biotopes such as solfataric fields and hot springs, there may be a combination of low
salinity and a wide range of pH values, ranging from pH 0.5-8.5. Marine biotopes

contain high salinity but a relatively narrow pH range (pH 5-8.5).

1.2 Diversity of Archaea

The Archaea consist of three major phyla, the Crenarchacota which contain six
described orders (Sulfolobales, Thermoproteales, Desulfurococcales,
Caldisphaerales, Cenarchaeales and Nitrosopumilales ); the Euryarchaeota which is
made up of 9 orders (Archaeoglobales, Halobacteriales, Methanobacteriales,
Methanococcales,  Methanomicrobiales, = Methanosarcinales, = Methanopyrales,
Thermococcales and Thermoplasmatales) and more than 50 genera and the
Korarchaeota which only contain environmental DNA sequences (Huber and Stetter,
1998). A fourth phylum, Nanoarchaeota was proposed due to its unique features such
as small cell size (only 400 nm in diameter) and very small genome size, which is 490

kb (Huber et al., 2002).

The Crenarchaeota are less diverse than the Euryarchaeota, with one group made up

of thermophiles and hyperthermophiles that are phylogenetically distinct from



Chapterl Literature Review

physiologically similar Euryarchaeotes. Ignicoccus species, the first known
nanoarchaeal host, belongs to the Crenarchaeota. Ignicoccus islandicus, Ignicoccus
pacificus and other environmental Ignicoccus species are crenarchaeotes belonging to
the Desulfurococcaceae family. 1. islandicus and I. pacificus were the first
representatives, isolated from submarine hydrothermal systems in the Kolbeinsey
Ridge north of Iceland. Ignicoccus species are Gram-negative, motile, coccoid cells
with cell diameters between 1.2 and 3 um. The other six groups of Crenarchaeota are
known by DNA sequences retrieved from low temperature environments (Kvist et al.,
2005; Dawson et al., 2001). The phylum Korarchaeota was assigned based on non-
culturable species that do not cluster with either Crenarchaeota or Euryarchaeota, and
their properties are not known (Barns et al., 1996). The Nanoarchaeota are only
represented by one culturable species, Nanoarchaeum equitans. N. equitans, the first
archaeal parasite known to date (Waters et al., 2003) is a hyperthermophilic, obligate
symbiont that only grows in co-culture with a “normal-sized” archaeon, Ignicoccus
species. Two other nanoarchaeal phylotypes have been reported, CU-1 and OP-9,
based on environmental rDNA sequences (Hohn et al., 2002). Other nanoarchaeal
phylotypes have been detected around the globe from different hyperthemal biotopes
and their 16S rDNA sequences are readily available on GenBank

(http://www.ncbi.nlm.nih.gov).

Hyperthermophilic archaea also exhibit different cell morphologies and sizes. This
variation in morphology ranges from irregular cocci, lobed or wedge-shaped irregular

discs with ultraflat areas, and regular rods or some with spheres protruding at their
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ends (“golf clubs”). Some cells may be irregular with variations in shape and size. For
example Thermoplasma species (Stetter, 1996) lacks a true cell wall. N. equitans cells
are known to be the smallest identified to date (Huber et al., 2000). Based on
observations on universal phylogenetic tree, hyperthermophiles appear to be the most
primitive organisms, representing phylogenetically distant groups (Huber and Stetter,

1998).

1.3 Metabolism of Archaea

Hyperthermophilic Bacteria and Archaea consist of anaerobic and aerobic
chemolithoautotrophs and heterotrophs, the latter being able to utilize various
polymeric substrates such as starch, hemicellulose, proteins and peptides (Leuschner
and Antranikian, 1995). Sulfolobales are known to be the only Archaea that have an
aerobic metabolism. Generally, most hyperthermophiles are anaerobic due to the low
oxygen solubility at high temperatures and the presence of reducing gases such as
H,S. The mode of nutrition among hyperthermophiles is also diverse. Examples are
the chemolithoautotrophs, which utilize inorganic materials such as Hj, ferrous irons
and reduced sulfur compounds as energy sources. These organisms use CO, as the
sole carbon source, and oxidize sulfur compounds. Nitrate, ferric iron, CO; and O,
may serve as electron acceptors. Some hyperthermophiles are facultative or obligate

heterotrophs using organic compounds as energy and carbon sources.
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Within the Crenarchaeota, acidophilic extreme thermophiles are made up of strict and
facultative aerobes. They belong to the genera Sulfolobus, Metallosphaera, Acidianus and
Desulfurolobus (Stetter, 1996). The Sulfolobus are strict aerobes that can grow
chemolithotrophically by oxidizing H,S or S° to H,SO4 and using O, as the terminal electron
acceptor. Some members of Thermoproteales are facultative anaerobes that use elemental
sulfur under both aerobic and anaerobic conditions (Segerer ef al., 1986). Some members of
Pyrobaculum are able to grow autotrophically by anaerobic reduction of S° with H, as
electron donor (Nissen et al., 1992) but also able to grow heterotrophically by sulfur
respiration (Stetter, 1996). Some strains of Thermophilum and Pyrobaculum are obligate

heterotrophs; they grow by sulfur respiration using different organic substrates.

Hyperthermophilic Euryarchaeota are more diverse than Crenarchaeota. They range from
facultative aerobic chemoorganotrophs to strictly anaerobic heterotrophs (Holt, ef al., 1994).
Archaeoglobus is the only true sulfate reducer. These organisms couple the oxidation of
glucose, lactate, pyruvate and H, to the reduction of sulfate. Ferroglobus is an iron-oxidizing
chemolithotroph, and couples the oxidation of Fe*" to Fe’* to the reduction of NO3™ to NO,".
Thermococcales are anaerobic heterotrophs that grow at a temperature range of 70 to 105 °C,
depending on the species they belong to. Pyrococcus and Thermococcus (Huber and Stetter,
2001; Itoh, 2003) and Palaeococcus (Takai et al., 2000) members are metabolically similar,
and are obligate heterotrophs growing on organic substrates, usually in the presence of
elemental sulfur which is reduced to hydrogen sulfide. Depending on the species, they utilize

peptides, yeast extract, carbohydrates and some organic acids as carbon and energy source.
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As previously stated, the phylum Nanoarchaeota is represented by only a single culturable
isolate, N. equitans. Understanding the metabolism of N. equitans is important in order to
gain knowledge on its symbiotic relationship with Ignicoccus, which has the ability to grow
independent of N. equitans, while N. equitans depends on propagating Ignicoccus cells for
growth (Huber et al., 2003). Both N. equitans and Ignicoccus are hyperthermophilic obligate
anaerobes. Ignicoccus is known to grow chemolithoautotrophically by sulfur reduction using
molecular hydrogen as an electron donor (Huber et al., 2000). H,S is produced as a
metabolic end product of the co-culture and of the pure Ignicoccus. This means that
Ignicoccus is responsible for assimilation of nutrients and metabolite production. In contrast
to the host, N. equitans lacks genes that support chemolithoautotrophy (Waters et al., 2003).
Though N. equitans lacks most of its biosynthetic capacity, few genes have been identified
that code for enzymes responsible for metabolism, such as a multifunctional prephenate
dehydrogenase/chorismate mutase/ prephenate dehydrogenase and amidotransferase used in
aromatic amino acid biosynthesis. In addition, N. equitans contains two enzymes that code
for amino acid oxidative deamination: aminotransferase and glutamate dehydrogenase.
Furthermore, there are also a limited number of enzymes that could be responsible for
electron transfer reactions such as ATP synthase. It is, however, still not known whether N.
equitans can produce adenosine triphosphate (ATP) by electron transport phosphorylation or
whether it derives energy from its host, as it was discovered that N. equitans lacks most if not
all of carbon assimilation genes, such as genes for glycolysis/gluconeogenesis, pentose
phosphate pathway and tricarboxylic acid cycle. This supports the possibility that energy is

derived from its host.
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1.4 Biotechnological applicability of hyperthermophiles

Hyperthermophiles are major sources of thermal stable enzymes that have found industrial
applicability as biocatalysts for applications such as biotransformation. These thermostable
enzymes include both intracellular and extracellular enzymes (Koch ef al., 1991). Exploring
and discovering the diversity of hyperthermophiles will enhance detection of novel enzymes
with novel activities and applications. Furthermore, these enzymes can be studied in order to
understand their stability and can be engineered to create novel biocatalysts with enhanced
stability and altered specificity (Hough and Danson, 1999). Due to their unique
characteristics, thermostable enzymes are used in biotechnological processes, such as the use
of hemicellulases in paper pulp bleaching (Hongpattarakere, 2002). Amylases, pullulanases
and glucosidases can be exploited: in the starch processing industry, for the production of
valuable products such as dextrin, glucose, fructose and trehalose (Schiraldi et al., 2002).
Thermostable DNA polymerase isolated from Thermus aquaticus (Saiki et al., 1988) have
been used extensively in PCR, a technique that have advanced molecular biology in
amplifying DNA. In biohydrometallurgy, hyperthermophiles such as Sulfolobus, Acidianus
and Metallosphaera can be used in leaching of ores (Huber and Stetter, 1998). As they gain
industrial applicability, one of the major advantages would be the ability to retain their
activity even after several hours at high temperatures. For future purposes, continuous
detection of novel hyperthermophiles can aid in discovering novel thermostable enzymes,
which can be used to overcome limitations caused by thermally unstable enzymes in

industrial processes.
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1.5 The symbiotic or parasitic relationship between
Nanoarchaeum equitans and Ignicoccus sp.

In any given ecosystem, organisms interact with each other and with their
environment in order to survive. There is a series of different kinds of interactions
such as mutualism, symbiosis, commensalism, competition and parasitism. Symbiosis
is an interaction between two organisms living together in more or less intimate
association or even the merging of two dissimilar organisms. The various forms of
symbiosis include parasitism, mutualism and commensalism. For the purpose of this
review, only the symbiotic or parasitic relationship between Nanoarchaeota and

Ignicoccus species will be considered.

In a parasitic interaction, the association is disadvantageous or destructive to one of
the organisms (Margulis & Sagan, 1986). Although Ignicoccus survives well in the
presence of N. equitans, a high density of nanoarchaeal cells inhibits host growth
(Waters et al., 2003). Ignicoccus is regarded as the host because of its large size
compared to its symbiont N. equitans which is attached to it by means of an
appendage (Huber et al., 2003), suggesting ectosymbiosis. Furthermore, studies of
the N. equitans genome suggest a parasitic lifestyle, due to its inability to grow on its
own (Waters et al., 2003). Its minimal genome suggests a limited biosynthetic and
catabolic capacity, for N. equitans lacks genes for lipid, cofactor, amino acid or
nucleotide biosynthesis. Therefore, N. equitans is the only archaeal parasite known to

date (Waters, et al., 2003). In contrast to typical genomes from parasitic/symbiotic
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microbes, the genome of N. equitans does not show any evidence of decaying genes
and contains a full complement of genes encoding informational proteins (Brochier et
al., 2005). In conclusion, though there is no evidence of decaying genes from N.
equitans genome, based on the growth conditions of N. equitans and Ignicoccus and
the biosynthetic information from the N. equitans genome, the relationship between

the two microorganisms clearly indicates a parasitic-symbiotic association.

1.6 Genomics of Nanoarchaeum equitans

Phylogenetic analysis of 16S rRNA sequences suggests that N. equitans forms a basal
archaeal lineage. Due to its information processing system (replication, transcription
and translation) it does not qualify as primitive archaea. In order to be eligible as a
primitive archaeon it is required to possess the central metabolism capacity, primary
biosynthesis and bioenergetics apparatus, and such properties are absent in
Nanoarchaeum genome (Waters et al., 2003). Currently the position of N. equitans is
under scrutiny. It has been suggested that N. equitans may more probably be the
representative of a fast evolving euryarchaeal lineage possibly related to
Thermococcales, rather than the representative of a novel and early diverging
archaeal phylum (Brochier et al., 2005). The early emergence of N. equitans may be
due to a Long Branch Attraction (LBA) artifact caused by the fast evolutionary rate.
It is believed that the adaptation of N. equitans to symbiotic/parasitic life style might

have accelerated its evolutionary rate. Lateral Gene Transfers (LGTs) may also have
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contributed. Therefore the hypothesis that N. equitans is a novel phylum is opposed
by the hypothesis that N. equitans is likely to be a very divergent euryarchaeon,
possibly a sister of Thermococcales (Brochier et al., 2005). Only 18.3 % of the
coding DNA sequence (CDS) has homologs in other organisms. The remaining 81.7
% is unique to N. equitans. 552 coding DNA sequence with an average length of 827
bp were identified. These CDS comprise of single copies of 5S, 16S, 23S rRNA and
38 tRNA’s. In addition to the metabolism related enzymes mentioned previously
(section 3.1), 11 proteases and peptidases, DNA repair enzymes and recombination
enzymes, endonucleases, helicase and diphosphatase have been detected (Waters et
al., 2003). N. equitans possesses information processing enzymes such as DNA-
dependent RNA polymerase and RNA-modifying enzymes. In contrast to other
archaeal genomes, N. equitans possesses a high number of split genes whose gene
product is encoded by two unlinked coding DNA sequences. In total, N. equitans
contains 553 genes. It is known to be a common feature of obligate parasitic and
symbiotic bacteria to have a small genome size. This has developed by the
elimination of unwanted genes in combination with restricted uptake of new genes by
lateral gene transfer (Ochman et al., 2001). It is suggested that N. equitans genome
may be a derived one, through adaptation to its host, but also a genetically stable
parasite that diverged anciently from the archaeal lineage. Due to the fact that it lacks
most of its genes, it is not surprising that N. equitans possesses the smallest genome

known to date.
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1.7 Identification methods by molecular analysis

Reliable classification of microbial isolates into species and strains is required in
order to analyze and monitor microbial diversity. The emerging use of molecular
biology in microbial ecology has revealed that less than 1% of the microorganisms
present in the environments are readily cultivable (Amann et al., 1995). Molecular
techniques allow less biased access to a greater portion of uncultivable
microorganisms than conventional cultivation methods that give a bias representation
of the microbial diversity (Robe et al., 2003). Current molecular approaches rely
essentially on the detection and analysis of the small subunit ribosomal RNA genes.
These molecular identification methods can be grouped into two categories:
molecular probes (e.g. FISH) and DNA fragment analysis (e.g. ARDRA). The former
group requires prior knowledge of the targeted microbial population, whereas the
latter does not necessitate prerequisite knowledge of microbial community structure
before its study, but requires DNA extraction from the sample and PCR amplification
with universal primers. Whatever approach is chosen, either molecular probes or
DNA fingerprinting, the techniques always describe the dominant species of
microbial communities. They cannot detect a population which represents less than
1/100 of the ecosystem. Subdominant species, which are probably also important for

ecosystems adaptability, remain undetectable.
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1.7.1 Polymerase Chain Reaction (PCR)

PCR is a reaction where a specific DNA sequence is amplified in a series of repeated
cycles. It has been used extensively to amplify gene fragments from mixed microbial
communities. Gene products derived from amplification products should contain
defined fragments that can be cloned and sequenced from known priming sites. In
order for the PCR to be successful, the targeted gene or sequence must be
complementary to the primer sequence, therefore prior knowledge of targeted
sequence is required to design the primer set to be used. Primers are small synthetic
oligonucleotides that hybridize to the complimentary DNA sequence. The forward
and reverse primer are coupled together and used to amplify a specific DNA sequence
in a PCR reaction. It is important for these primers to anneal exclusively to the target

DNA in order to enhance specificity (Lexa et al., 2001).

Primer design

The initial step when designing primers would be to retrieve sequences from the
database that are homologous to the gene of interest, followed by sequence alignment
using an appropriate sequence alignment program such as BioEdit. The next step
would be locating at least two conserved regions that are at least 200 bp apart, such
that the target sequence is contained between them. In order to achieve this, a variety
of parameters must be considered when designing primers to improve primer quality.

These include melting temperature, string-based alignment scores for

12
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complimentarity, primer length, G-C content, repeat rich regions and target length
(Haas et al., 1998). Both forward and reverse primers should share similar
thermodynamic properties, such as melting temperature, to ensure uniform
hybridization and performance. Too high an annealing temperature will result in
insufficient primer-template hybridization and consequently low amplicon yield. Too
low an annealing temperature will result in non-specific binding that is caused by a
higher number of base pair mismatches (Rychlik et al., 1990). The G-C content
should be between 40 and 60 % (Lowe et al., 1990) to ensure an optimal balance. A
G-C content lower than 20 % and higher than 80 % should be avoided. This will
simultaneously enable stable specific binding and efficient melting (Li et al., 1997).
The GC content of the amplified DNA can also modulate the Tag polymerase activity
and the exponential amplification of the mixture of DNA fragments may result in
ratio discrepancies between the amplified DNA fragments and the original mixture.
This results in semi-quantitative data (Dabert et al., 2002). A pairwise comparison of
primers should be conducted in order to avoid self-complimentarity of primers that
will result in the formation of secondary structures or primer dimers (Kampke et al.,
2001). If the designed primers meet the required conditions, a primer pair is used to
search the target DNA sequence. The 3’ end of one primer must not bind to any site
of the other primer (Proutski and Holmes, 1996). Lastly, the designed primer pair
should achieve perfect complementarity matching the query sequence and it should
minimize cross-hybridization with non-target sequences within the considered
genome (Schretter and Milinkovitch, 2005). The selected primer pair can either be

specific to the target DNA sequence or they can be “universal”. Universal primers are
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complimentary to nucleotide sequences which are conserved in a particular set of
DNA molecules, and are able to bind to a wide variety of DNA templates. These are
crucial because they significantly enlarge the template diversity, but selective priming
may discriminate against certain sequences (Wintzingerode et al., 1997). The selected
“universal” or specific primers can be either stringent or degenerate. Degenerate
primers are primers which have a number of options at several positions so as to
allow annealing to and amplification of a variety of related sequences (Kwok et al.,
1994). Degenerate primers can be used to screen multiple sequences that share
conserved regions (Wei et al., 2003). Degeneracies obviously reduce the specificity
of the primer(s), thus increasing mismatch opportunities and decrease primer
concentration. The region between the primers should not be too far apart in order to
increase efficiency of amplification. It should be noted that with degenerate primers,

a limited number of primer molecules are complimentary to the template.

PCR advantages and drawbacks

PCR is one of a range of sensitive molecular identification methods, and its
sensitivity can be advantageous and simultaneously disadvantageous. Its sensitivity
allows even very small amounts of DNA to be amplifiable. Old and degraded DNA
can often serve as a template. The disadvantage of this sensitivity is that small
amounts of contaminating DNA can also be amplified. PCR amplification can also be

biased (Farrelly et al., 1995; Suzuki and Giovanonni 1996). The so called “universal
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primers” cannot be totally universal (Zheng et al., 1996). As more novel genotypes
are identified, the so called “universal” primers become biased and fail to amplify
some of the novel sequences. This indicates that the amplifiable sequences are not a
true representation of what exist in the ecosystem, and more microbial representatives
have been overlooked due to primer bias. Therefore, it is important to continuously
update or edit the existing “universal” primers in order to incorporate the novel
sequences. This will result in less amplification bias and improved representation of
the studied diversity. An example of this is shown by the recently discovered N.
equitans, which failed to amplify with the archaeal “universal” primers (Huber et al.,
2002). Consequently, new archaeal primers were designed that could amplify all four
archaeal phyla: Crenarchaeota, Euryarchaeota, Korarchaeota and Nanoarchaeota
(Baker et al., 2003). There are still more undiscovered phylotypes that need to be
screened in order to understand archaeal evolution, and this requires continuous
assessment of primer selection used. One of the biases during PCR is due to selective
priming; certain sequences may be discriminated (Amann et al., 1995). Other PCR
problems encountered may be due to primer design, formation of chimeric PCR
products and contamination. The design of primers requires prior knowledge of the
microorganism’s genome and depends on the availability of database sequences that
represent the variants of the microorganisms. Therefore, the choice of primers used is
very crucial in order to reduce bias. Other factors that may contribute to PCR bias
include, annealing temperature and number of cycles, inhibition of polymerase by
humic compounds and formation of chimeric PCR products. Primer annealing

efficiency and specificity influence the PCR amplification. Non-specific binding
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reduce amplification efficiency, therefore it is required of the universal primers to
have uniform hybridization efficiency to guarantee the amplification of all target 16S
rDNAs (Brunk et al., 1996). To avoid rapid purification steps, additives such as
bovine serum albumin (BSA) (Kreader, 1996), tetramethylammonium (TMA)

(Kovarova and Draber, 2000) and betaine can be added.

Regardless of the bias from PCR, it remains a crucial method for rapid amplification
of DNA fragments. Continuous assessment of primers used and proper optimization
of PCR conditions must be applied in order to obtain adequate results (Dieffenbach

and Dveksler, 1995).

1.7.2 Amplified Ribosomal DNA Restriction Analysis (ARDRA)

ARDRA is a molecular identification tool based on restriction endonuclease digestion
of amplified 16S rDNA. It allows microbial characterization of the community
structure in different environments (Gich et al., 2000). ARDRA gives little or no
information about the type of microorganisms present in the sample, but can be used
to assess genotypic changes within the microbial community. This technique is based
on the repetitive units of the nuclear ribosomal DNA (rDNA), which are amplified by
PCR. The PCR amplicons are digested by restriction endonucleases, and the

generated fragments separated according to their size using gel electrophoresis
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(Schramm and Amann, 1999). Depending on the position of the restriction sites,
bands of different numbers and sizes appear and form patterns, which can be used to
rapidly screen large numbers of isolates. These patterns can be compared to those
obtained from the database, or the DNA of the respective patterns sequenced in order
to assign isolates to species or clusters (Stackebrandt and Lang, 1998). Although the
16S rDNA sequences of species may be almost identical, ARDRA is able to
emphasize the few differences present without the need for extensive 16S rDNA
sequence analysis (Stakenborg et al., 2005). It should be noted though, that few base
differences may not alter the ARDRA pattern, unless the mutation alters the
restriction site. For the effectiveness of this technique, the choice of restriction
enzyme is crucial in order to obtain optimum resolution. To avoid limitations,
preliminary tests for the enzyme choice must be performed to ensure the highest
resolution in detecting changes in communities. This can be done by preceding
screening of restriction enzymes by simulating restriction sites in the available 16S
rDNA sequences of interest. This will make it possible to select an appropriate
enzyme combination for the analysis of a group of related organisms (Heyndrickx et
al., 1996). In addition to improving resolution, the typical analysis of restriction
digest of isolates or clones is performed on relatively low resolution agarose gels.
Thus, for community analysis the potentially large number of fragments can be
resolved by using polyacrylamide gels to improve resolution and to produce a

community-specific pattern.
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ARDRA is PCR dependent and therefore requires cell disruption for nucleic acid
extraction. This makes it impossible to associate the amplification results to a specific
cell or measure the percentage of cells that contain the target sequence (Komminoth
and Long, 1995). Nevertheless this technique is rendered effective for identifying
phylogenetic groups in a high diverse community. It can simultaneously process
numerous isolates in a very short time and yield valuable information on the
similarity of isolates. Furthermore, appropriate isolates can be selected for more
physiological and phylogenetic investigations. In summary, ARDRA can be used to
study genetic similarities, genetic structure of a particular phylogenetic group or
functional group and the impact of environmental disturbance on particular biotype

(Ranjard et al., 2000).

1.7.3 Fluorescence In situ Hybridization (FISH)

Fluorescence in situ hybridization (FISH) allows the detection of specific DNA
sequences in intact cells and chromosomes. The detection is by a fluorescently
labeled probe that hybridizes specifically to its complementary target sequences
within the intact cell. The principal steps of FISH involve alignment of rRNA
sequences, identification of conserved regions to design the probes, synthesis and
labeling of complimentary nucleic acid probes and finally experimental evaluation
and optimization of the probe specificities and assay sensitivities. The procedure

includes the following steps: (i) fixation of the specimen; (ii) preparation of the
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sample, possibly including specimen pretreatment steps; (iii) hybridization with
respective probes for detection of the target sequences; (iv) washing steps to remove
unbound probes; (v) mounting and visualization (Moter and Gd&bel, 2000). FISH
allows simultaneous visualization, identification, enumeration and localization of
individual microbial cells. Culture based methods do not reflect the exact
composition of mixed bacterial communities or microbial diversity (Wagner et al.,
1993), but FISH has the advantage of detecting even the unculturable microorganisms
and can therefore help in understanding complex microbial communities. rRNA-
targeted oligonucleotide probes (chemically synthesized single stranded, short
[usually 15-25 nucleotides in length] DNA molecules) can be designed in a directed
way. These probes may be targeted to signature sites of the rRNA molecules
characteristic for defined taxonomic entities such as species, genera, families, orders
or even domains. Sets of probes, therefore, allow for a rapid assignment of cells or
rRNA of interest to major groups (Amann and Kiihl, 1998). The choice of probe in
FISH must consider specificity, sensitivity and ease of cell penetration. The probes
are fluorescently labeled to specifically stain different members of microbial
communities. The standard probes currently used are rRNA-targeted oligonucleotides
with a single fluorescent dye molecule attached to the 5° end. Commonly used dyes
are fluorescein-derivatives (excitation wavelength, 490 nm, emission wavelength, 520
nm), such as Fluorescein-Isothiocyanate (FITC), 5-(-6-) carboxyfluorescein-/N-
hydroxysuccimide-ester (FluoX); rhodamine-derivatives (excitation wavelength, 550
nm, emission wavelength, 575 nm), (Tetramethyl-Rhodamine-Isothiocyanate

(TRITC), and Texas Red (excitation wavelength, 578 nm, emission wavelength, 600
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nm). Recently cyanine dyes like Cy3 and Cy5 have been reported to be superior to
the classical dyes because they provide significant brighter staining and are very
stable to photobleaching (Moter and Gdbel, 2000). Aromatic diamidines like 4°,6-
diamidine-2-phenylindole dihydrochloride (DAPI) binds non-intercalatively to DNA
with great affinity and can be used for Blue fluorescent counterstaining (Zimmer and

Wiahnert, 1986).

Advantages and disadvantages of FISH

FISH has been widely used for the identification of microorganisms in microbial
communities. It makes use of 16S rRNA, and permits probe design for different
specificity levels based on known rRNA sequences. These probes can be either
domain specific, or can target a certain genera, species, subspecies or even strains
(Stahl and Amann, 1991). A key advantage of FISH is its ability to target the
sequence of interest. Another advantage is that FISH can be used to identify the “non-
culturable” microorganisms, since it does not require prior isolation and enrichment
of microorganisms. Furthermore, FISH permits rapid, simple and accurate detection
of microorganisms. It does not require extraction of nucleic acids; therefore
culturable and “non-culturable” microorganisms can be easily identified and located
by FISH from their original environments. The pitfalls associated with FISH include
permeabilization problems. Penetration of the probe into the cell is a vital step of

FISH, but cell permeability does not guarantee hybridization of the target sequence
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(O’Donnell and Head, 1997). The sensitivity of FISH increases with an increased
number of active metabolizing cells and a low signal is obtained if low cell
concentrations or starving cells are used (Amann et al., 1995). Poor accessibility of
the target sequence is possible if the target is in contact with ribosomal proteins or
other secondary structures of rRNA. Some of the problems encountered during FISH
are non-complementarity of probe and target, ineffective probe labeling, or non-
optimal hybridization conditions (e.g. hybridization at a temperature above
dissociation temperature [T4] of the probe target hybrid). One of the ways to
circumvent the limitations of in sifu identification of bacteria is to use molecules
other than rRNA for phylogenetic identification of bacteria, for which nucleotide
sequences would be sufficiently divergent to design species specific probes, and
which would be more accessible to oligonucleotide probes (Schonhuber ef al., 2001).
Although application of FISH is quick and easy to carry out, thorough controls are
crucial to ensure good quality results. Automated Fish processes are underway, and
would reduce manual work and allow improved reproducibility (Moter and Gdobel,

2000).

Applications of FISH

FISH has been used extensively in the field of environmental diversity research
without any selective purification and/or amplification steps. It has been used to
investigate microbial communities in natural environments such as aquatic habitats,

soils and on root surfaces (Moter and Gobel, 2000). Huber et al. (2002) used FISH to
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demonstrate the symbiotic relationship between Ignicoccus species as host and
Nanoarchaeum equitans as symbiont, using oligonucleotide probes based on the M.
equitans 16S TRNA sequence. It has also found application in analyzing
environments like bioreactors and treatment plants (Amann et al, 1996).
Applicability of FISH can be improved with combination of other techniques that
give additional information on the functional state of the organism, like gene
expression and metabolism. An example of this is the use of FISH with microsensor
measurements. Such a combination has permitted the study of changes in population
structure and growth of biofilms over time (Schramm et al., 1999). FISH combined
with microautoradiography also allows visualization of metabolic activity (Lee et al.,
1999). Such combined techniques. have made it possible to attribute a specific

metabolic activity to a particular microbial population in situ.

It is widely accepted that molecular detection methods can overcome some of the
limitations of conventional culturing techniques. However, any individual method is
subject to some degree of bias. In order to reduce bias and to improve experimental
accuracy it is preferable to use a combination of detection methods. In this study a
combination of PCR, ARDRA, and FISH methods have been used to explore the

diversity of Nanoarchaea in hydrothermal biotopes.
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2. Materials and Methods

2.1 Sampling and DNA extraction

2.1.1 Chinese samples

Chinese hydrothermal sediments were sampled from Tengchong, Rehai thermal area,

located in the Yunnan Province (Grant et al., 2003) with co-ordinates of 24°51’-
24°58’N and 98°23’-98°28’E and an elevation of 1.098-1.912 m (Vaupen, 1999).

The region consists of a number of geothermal sites, such as boiling springs, steam
jets and steaming ground surfaces with alkaline hydrothermal fluids. Underground
temperatures are estimated to be more than 150 °C and less than 270 °C for the

heated zone (Grant et al., 2003).

Samples were obtained under the auspices of the joint Eu-SA-China MGAtech
Project (Grant et al., 2003). Samples TC9 and TC11 used in this study were collected
from hydrothermal sites at pH 8 and 82-84 °C, and pH 8 at 78°C, respectively (Table
2.1). Temperatures were measured using a Solomat 520C temperature monitor or a
Hanna K-type thermocouple (Jencons, Leighton Buzzard, UK), and pH was

determined with narrow range pH papers (Merk).
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Fig 2.1: Map of China, showing the sampling area in Tengchong (TC), Yunnan

province. Rehai is located 10.5 kilometers south of Tengchong.

Rehai is one of the unique geothermal areas with mostly alkaline hydrothermal fluids,
a characteristic which is rare compared to world wide geothermal locations that are

usually acidic (Grant et al., 2003).
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2.1.2. New Zealand samples

Samples were collected from Tokaanu geothermal site, North Island, New Zealand.
Tokaanu region forms part of Taupo volcanic zone (Fig. 2.2, Cooper, 2002),
consisting of a number of geysers, sinters deposits, hot springs and pools, steaming
cliffs, fumaroles, steam vents and seepages (Jones et al., 2004). Samples TOK-3 and
TOK-17 were used in this study. Table 2.1 shows the environmental conditions of the

sampling sites.
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Fig. 2.2: The Taupo Volcanic zone (North Island, New Zealand).The red arrow

indicates the Tokaanu geothermal area near Lake Taupo.
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Table 2.1: Environmental conditions of Chinese and New Zealand sampling sites in

terms of temperature and pH.

Sample °C pH
TC-9 82-84 8
TC-11 78 8
Tok 3 86.5 6.5
Tok 17 96 6.0
2.1.3. DNA extraction

Genomic DNA from a 0.5-1.0 g of soil or sediment was extracted using a scaled-
down modified Zhou method (Stach et al., 2001). In order to avoid heat shock, soil
samples stored at -80 °C were transferred to -20 °C and kept for 24-48 h then thawed
on ice. Using a sterile spatula, 0.5 - 1 g of sample was weighed aseptically into a
sterile 2 ml eppendorf. 0.675 ml freshly prepared extraction buffer (0.1 %
Cetyltrimethylammonium bromide (CTAB); 0.45 ml sterile water; 100 mM Tris-Cl
pH 8; 100 mM NaH,PO4; 100 mM Ethylenediaminetetraacetic (EDTA); 1.5 M NaCl
and 2.5 pl Protease K (20 mg/ml)) was added. The tubes were shaken horizontally at
37 °C for 30 minutes at 225 rpm. 0.075 ml of 20 % Sodium Dodecyl Sulphate (SDS)
was added to each tube and the tubes were incubated at 65 °C for 2 hours with gentle
inversion every 20 minutes. The tubes were then centrifuged at 3 000 x g for 10
minutes and the supernatant transferred to sterile eppendorfs. An equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) was added to each tube and

mixed gently. The tubes were centrifuged at 16 000 x g for 10 minutes. The
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supernatants were transferred to new sterile tubes, an equal volume of chloroform
added and the tubes re-centrifuged at 16 000 x g for 10 minutes. The chloroform
wash was repeated when the supernatant was deeply colored. The supernatant was
transferred to a sterile eppendorf and 0.6 volumes of iso-propyl alcohol (IPA) added.
Tubes were left overnight at room temperature and centrifuged at 10 000 x g for 10
minutes. The DNA pellet was washed in 70 % ethanol and re-centrifuged at 10 000 x
g for 10 minutes, the supernatant discarded and the pellet air-dried in the laminar flow
cabinet. The dry pellet was resuspended in 140 pl sterile H,O and 200 pul of Binding
Buffer (Roche) and the DNA was further purified using a High Pure PCR Template

Preparation Kit (Roche).

2.2. Polymerase Chain Reaction and Cloning

2.2.1 Amplification of archaeal 16S rRNA gene

“Universal” archaeal primers A571F (5’-GCY TAA AGS RIC CGT AGC-3’) and
UA1204R (5°-TTM GGG GCA TRC IKA CCT-3) (Baker et al., 2003), were used.

1 ul of template DNA was amplified using 0.5 uM primers A571F/U1204R with 200
uM deoxynucleoside triphosphates (dNTPs), 1 mg/ml Bovine Serum Albumin
(BSA), 3.5 mM MgCl, and 1 U of Tag DNA polymerase (Fermentas™) in a total
reaction volume of 50 ul. Amplifications were performed using a hotstart protocol,

which consisted of an initial denaturation at 95 °C for 5 minutes, followed by
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denaturation at 95 °C for 1 minute, annealing at 55 °C for 1 minute, and extension at
72 °C for 1 minute. Each reaction consisted of 30 cycles with the last cycle followed
by final extension at 72 °C for 10 minutes. Identification of nanoarchaeal sequences
using archaeal “universal” primers AS571F/U1204R led to the design of a
nanoarchaeal-specific primer set AS71F and N989R (N989R: 5'-GGT TTC CGG
TGT CAG TTC-3"). Preliminary nanoarchaeal sequences obtained and nanoarchaeal
sequences from the database were aligned with ClustalW. Conserved regions were
identified, and primer N989R was designed, which could amplify a 418 bp region.
Primer N989R was coupled with archaeal “universal” primer A571F and used to
amplify nanoarchaeal rDNA. The PCR conditions were as previously stated. Primer
set AS71F/U1204R and AS571F/989R produced amplicons of 633 and 418 bp in
length, respectively. PCR products were electrophoresed on 1 % agarose gels stained
with 0.5 pg/ml ethidium bromide using a Ps¢1 digested A DNA marker. Gels were

electrophoresed in 0.5 x TBE buffer at 100 V.

2.2.2 Preparation of “Ultra-Competent” Cells

Competent E. coli cells were prepared according to Inoue et al. (1990). A single,
fresh bacterial colony of E. coli DHS5,, that has been incubated for 16 hours at 37 °C
on a Luria-Bertani (LB) agar plate was picked and transferred into 25 ml LB broth in
a 250 ml flask. The culture was incubated for 6-8 hours at 37 °C with vigorous

shaking at 250 rpm. This starter culture was used to inoculate three 1 L flasks, each
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containing 250 ml of SOB medium (per liter, 20 g tryptone; 5 g yeast extract; 0.5 g
NaCl; 2 M MgCl,). The three flasks were inoculated with 10 ml, 4ml and 2 ml,
respectively. All flasks were incubated overnight at 18 °C with moderate shaking. At
an optical density at 600 nm of 0.55, culture vessel was chilled on ice for 10 minutes.
Cells were harvested by centrifugation at 2500 x g for 10 minutes at 4 °C. The
medium was discarded and the cells resuspended in 80 ml of ice-cold Inoue
transformation buffer (55 mM MnCl,-4H,0; 15 mM CaCl,:2H,0; 250 mM KCI; 10
mM Piperazine-1,2-bis[2-ethanesulfonic acid] (PIPES, 0.5 M, pH 6.7)), and
harvested by centrifugation at 2500 x g for 10 minutes at 4 °C. The medium was
decanted and cells resuspended in 20 ml of ice-cold Inoue transformation buffer. 1.5
ml of dimethylsulfoxide (DMSO) was added, the bacterial suspension mixed by
swirling and stored on ice for 10 minutes. Aliquots of the suspension were dispensed
into pre-chilled microfuge tubes and immediately snap-frozen by immersion in a bath

of liquid nitrogen. The tubes were stored at -80 °C until required.

2.2.3 Transformation

Amplicons from PCR reactions (Section 2.2.1) were pooled and purified using a
GFX" PCR purification kit (Amersham). 30-60 ng of purified DNA amplified with
A571F and UA1204R was ligated into 55 ng of InsT/Aclone” pTZ57R/T vector
(Fermentas) and used to transform chemical competent E. coli cells. Transformed
cells were plated onto Luria-Bertani (LB) agar plates supplemented with ampicillin

(100 pg/ml), IPTG (20 pg/ml), and X-Gal (20 pg/ml). Using blue/white colony
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selection, white colonies were randomly selected and streaked into fresh

LB/ampicillin plates.

2.2.4 Colony PCR

Transformants were screened by colony PCR using M13F (5'-GTA AAC GAC GGC
CAG T-3') and M13R (5'-CAC ACA GGA AAC AGC TAT GAC CAT-3") primers.
White colonies were picked randomly and re-streaked in LB/ampicillin (100 pg/ml)
media, and incubated at 37 °C overnight. Single colonies were picked using sterile
tooth picks and suspended in 40 pl of the 1 x TE buffer. The colonies were boiled at
99 °C for 3 minutes and centrifuged at 16 000 x g for 2 minutes to pellet cell debris.
Each supernatant was transferred to new 0.6 ml sterile eppendorf tubes, and 10 pl of
supernatant was used on the PCR reaction. PCR conditions were as previously stated
(Section 2.2.1), but with annealing temperature of 50 °C. PCR products containing
archaeal 16S rDNA inserts were further screened by amplified ribosomal DNA

restriction analysis (ARDRA).

2.3 Amplified Ribosomal DNA Restriction Analysis

(ARDRA)

Separate restriction digestion of M13 amplicons was performed overnight at 37 °C

using Rsal (Fermentas), Haelll (Fermentas), Mbol (Fermentas) and A/ul (Fermentas).
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2 U of the restriction enzyme was added with 1.5 pl of the corresponding enzyme
buffer (10 x concentrated, final concentration 1 x), and 5 pl of the amplicon
preparation. Each restriction digestion mixture was adjusted to 15 pl with sterile
distilled water and incubated overnight at 37 °C. The DNA restriction fragments
were electrophoresed in a 2.5 % agarose electrophoresis gel containing 0.5 pg/ml
ethidium bromide, against a A Pst1 marker. Electrophoresis was performed in 0.5 x
TBE buffer at 100 V, and visualized under ultraviolet (UV) light using a

transilluminator imaging system (Alphalmager 2000).

2.4 Phylogenic tree construction

Clones revealing unique ARDRA patterns were grown on Luria-Bertani (LB) agar
plates containing 100 pug/ml of ampicillin and the recombinant plasmids purified
using a GFX' Plasmid Miniprep Kit (Amersham). Plasmids were sequenced (using
commercial UCT and Inqaba sequencing facilities) with M13 specific primers, and
were compared with the sequences in the GenBank using BLASTn

(http://www.ncbi.nlm.nih.gov). 16S rDNA sequences were uploaded to the Bioedit

CLUSTALW multiple alignment program and were aligned to closely related
representatives from their taxonomic sub-division. A neighbour-joining tree based on
Jukes-Cantor distances (Jukes and Cantor, 1969) with 100 bootstrap replicates was
constructed using programs available in the phylogeny inference package TREECON
(versionl.3b:Yves Van de Peer, University of Antwerp (UIA),1994,1998. [http://bio-

www.uia.ac.be/u/yvdp/treeconw.html], Van de Peer, 1997).
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2.5 Culturing conditions

In order to obtain host-nanoarchacum enrichment co-cultures, samples from
hydrothermal sites were cultivated anaerobically at high temperatures, using the
facilities provided by Dr. J. Blamey, Bioscience Foundation, Santiago, Chile. Chinese
(TC9 & TC11) and New Zealand (TOK3 & TOK17) samples were inoculated in two
different media: C7.4 (5g/L tryptone, 5g/L yeast extract, 1.25 g/L maltose, 1 g/L
K,;HPO4 and 0.125 g/L cysteine HCI) and MM (contained per liter: 5 g maltose; 5 g
tryptone; 5 g yeast extract; 1.2 g NH4CI; 14 g NaCl; 2 g MgSOy; 3.5 g MgCly; 0.35 g
KCl; 0.3 g CaCl,; 0.3 g KH,PO4; 0.006 g NaBr ; 0.015 g H;BOs ; 0.02 g SrCl, ;
0.006 g Sodium citrate ; 0.02 g KI; 10 ml Trazas solution (0.22 g FeCls; 0.1 g
MnSOy; 0.06 g Na,W0O4.2H,0 (Sodium Wolframate); 0.04 g NiClp; 0.02 g CoSOq;
0.02 g ZnSOy; 0.02 g CuSOy; 0.02 g Na;Mo00O4). C7.4 was adjusted to pH 6.0, pH 6.5
or pH 7.5 with NaOH or HCI as appropriate. Cultures were grown in 120 ml serum
bottles containing 20 ml of media, and incubated anaerobically at 80 and 85 °C.
Anaerobic conditions were maintained using an anaerobic gassing manifold system

(Fig. 2.3).
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Fig. 2.3: Schematic representation of an anaerobic manifold system, connected to a

high vacuum pump and a N; cylinder.
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The manifold was connected to a pressurized N, gas cylinder and a high vacuum
pump. An in-line catalyser was used to trap traces of unwanted O, and the desiccator
was used to absorb moisture. With all the stopcocks closed, the manifold was
operated by first switching on the vacuum to remove air from the manifold tubes. 1
ml syringe needles were connected to the stopcocks for insertion into air tight serum
bottles. The serum bottles were degassed while still hot from the autoclave by
alternative N, gassing and evacuation, for 3 min each, with the last phase being N,
gassing. After degassing the serum bottles were inoculated using 1 ml syringe needles
and incubated at 80 and 85 °C. Samples were taken daily over a period of 2 days, and
were observed by microscopy to monitor growth. To pellet the cells, cultures were
centrifuged at 16 000 x g for 10 minutes and supernatants discarded. For long term

storage, pelleted cells were kept frozen at -80 °C.

2.6 Microscopy

2.6.1 Light Microscopy

Approximately 10 pl of a culture was placed on a clean sterile microscope slide and
covered with a clean coverslip. The cells were observed by light microscope using a

100 x oil-immersion objective (Axioplan 2, Zeiss).
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2.6.2 Fluorescence In Situ Hybridization (FISH)

FISH was applied directly to environmental samples, using archaeal- and
nanoarchaeal-specific probes. The archaeal-specific probe, Ul1115 (5'-YAA CGA
GCG AGA YCC-3') and the antisense probe U1115R (5'-CGR TCT CGC TCG TTR-
3') were used as positive and negative controls, respectively. A nanoarchaeal-specific
probe, N1113 (5'-GGA AAC GAG CGC GAC CCG-3"), labeled with rhodamine, was
used to visualize nanoarchaeal cells. Sulfolobus sulfataricus was also used as a

positive control for archaea and E. coli was used as a negative control.

Cells were heat fixed using a Bunsen burner and washed with Phosphate Buffered
Saline PBS (137 mM NaCl; 2.7 mM KCI; 10 mM Na,HPOy; 2 mM KH,POy; pH 7.4).
200 pl of hybridization solution containing 50 ng/ul of each probe was added on the
slides and incubated at room temperature for 1 hour. Slides were washed twice with
PBS and mounted with vectashield (Sigma). Slides were viewed by fluorescent
microscope using a 100 x oil-immersion objective (Axioplan 2, Zeiss) with built-in

filters for rhodamine, fluorescein and DAPI.

A FISH protocol, modified according to Burggraf et al., (1994), was also used.

Approximately 0.1 g sample was fixed overnight in 1 ml 4 % (w/v) PBS buffered

paraformaldehyde at 4 °C. After fixation, cells were spotted on a pre-cleaned gelatin
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coated (0.1 % gelatin) microscope slides covered with y-methacryloxypropyl-

trimethoxysilane (Sigma) and dried at 46°C for 30 minutes. This was followed by
successive dehydration in 50 %, 75 % and 95 % (v/v) ethanol, for 2 minutes each.
The slides were air dried and 8 pl hybridization solution (10 mM EDTA; 0.1 M
NacCl; 0.1 M Tris-HCI (pH 7.2); 0.1% SDS, 50 ng probe) was added in each well of a
ten-welled Teflon coated microscope slide and incubated overnight at 45 °C in a
moisture chamber. Slides were washed with washing solution 1x SET (150 mM
NaCl; 20 mM Tris-HCI (pH 8); 1 mM EDTA and 0.01 1% SDS) at room
temperature. To reduce stringency, a series of washing solutions was used: 5 x SET;
3 x SET and 1 x SET. The cells were stained with 10 pg/ml 4',6-diamidino-2-
phenylindole (DAPI) for 5 minutes at room temperature. The cells were immersed in
washing solution for 10 minutes at room temperature, rinsed in sterile water and air
dried. One drop of Gel Mount ™ aqueous mounting medium (Sigma) was added to
preserve the probes. Cells were covered with clean coverslips and sealed with

Clarion™ (Sigma).

2.6.3 Scanning Electron Microscopy (SEM)

Cryofixation

Cryofixation was conducted according to Goldstein ef al. (1992). An aliquot of frozen

cultured cells was placed on a cryoplunge and immersed in liquid N,. The frozen cells
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were then transferred to the cryopreparation chamber and cooled with liquid N,. The
top surface of the cells which was covered with ice was sliced out to expose the cells
to the electron beam and then transferred to the SEM chamber. The cells were
sublimated to remove ice and water and were visualized using a Leica S440 scanning

electron microscope (UCT Electron Microscope Unit).
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3. Results and Discussion

In order to explore the genetic diversity of Nanoarchaea in hydrothermal samples
from China and New Zealand, genomic DNA was extracted and 16S rDNA amplified
and cloned to construct clone libraries. These 16S rDNA libraries were screened by
amplified ribosomal DNA restriction analysis (ARDRA) for the presence of
nanoarchaeotes and other existing phylotypes. The presence of nanoarchaeal
phylotypes was confirmed by sequencing and sequence comparison through
BLASTn. Further phylogenetic analysis clustered the Chinese and New Zealand

nanoarchaeal sequences with the published nanoarchaeotes from the database.

3.1 DNA extraction from Chinese and New Zealand hydrothermal

sediments

Metagenomic DNA was extracted from two geological different locations, China
(TC-9 and TC-11) and New Zealand (TOK-3 and TOK-17). About 50 ng of genomic
DNA was extracted from 0.5 g replicates of TC-9 and TC-11 sediments (Fig. 3.1).
The extractions were repeated in order to obtain enough amplifiable DNA for further
analysis. Despite evidence of substantial DNA shearing, some high molecular weight
DNA was visible (Fig. 3.1). Yields of high molecular weight DNA was quantified by
comparisons with sample of uncut lambda DNA, used as a marker. Not all extractions

yielded observable DNA on the agarose gels; therefore, the DNA from each sample
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was pooled together and used as a template for polymerase chain reaction (PCR)

amplification.

1 2 3 4 5 6 A

50 ng

Fig. 3.1: Agarose gel electrophoresis of extracted genomic DNA from TC-9 and TC-
11. Lane 1 & 2: TC-9, Lane 3 - 6: TC-11 and LaneA: 50 ng uncut A DNA.

DNA extraction from very high temperature New Zealand samples was difficult.
DNA was extracted within a range of 48 °C to 96 °C, and out of 6 samples extracted
only three yielded observable and amplifiable DNA. The lower temperature of these
samples was 48, 54.3 and 61.5 °C. From the samples with temperatures of 75, 86.5
(TOK-3) and 96 °C (TOK-17) DNA extraction was unsuccessful (Fig. 3.2). This
could be attributed to the soil type and the chemical content of these samples. These
were black fine soils with some crystal-like material compared to other samples with

sandy soil type.
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A12 345 6 )

<+— ~ 50 ng

Fig. 3.2: 1 % agarose gel electrophoresis of genomic DNA of New Zealand samples
from Tokaanu geothermal sites. Lane A: uncut lambda DNA, Lanel-6: TOK-3, TOK-
7, TOK-9, TOK-10,: TOK-13 and the negative control, respectively.

Clay soils are fine-textured soils, and have a high cation exchange capacity because
they are negatively charged and can attract, retain and exchange cations. High cation
exchange capacity increases the soils buffering capacity; therefore, this effect may
affect the pH of the soil by resisting changes in pH and consequently DNA
extraction. DNA is negatively charged and the presence of cations in the soil may

retain the nucleic acids and result to poor or no DNA yield.

After several attempts of DNA extraction, a small amount of high molecular weight
DNA was extracted from TOK-3 (Fig. 3.3, lane 1) and TOK-17 (Fig. 3.3, lane 3),
using the Zhou method (Stach et al., 2001). The method was modified by increased
incubation and precipitation time, and decreased elution volume. TOK-3 DNA yield
was 48.7 ng/ul and TOK-17 yielded a lower concentration of 10 ng/ul (Fig. 3.3). Due

to the contaminants such as humic acids, the DNA pellet showed a brown color. The
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crude DNA was purified with polyvinylpolypyrrolindone (PVPP), and was ready for

further analysis.

11501 bp

Fig. 3.3: 1 % agarose gel electrophoresis of genomic DNA from TOK 3 and TOK 17
using a large scale modified Zhou method (Stach et al., 2001). Lane A: Pst1 digested
lambda DNA, Lane 1-3: TOK-3, TOK-13 and TOK-17, respectively.

A small amount of DNA was lost during the purification step; the purified DNA was

free of contaminants and could be amplified. The PVPP purification method is

simple, easy to use and less costly compared to other purification methods used.
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3.2 Amplification of 16S rRNA gene

Polymerase Chain Reaction (PCR) amplification of 16S rDNA sequences was used to
assess environmental microbial diversity of the two samples from Chinese and New
Zealand hydrothermal sediments. Initially, Nanoarchaea were detected using PCR
amplification of total genomic DNA. The archaeal domain-specific primer set A571F
and U1204R was used to generate a 633 bp fragment amplified from position 571 to
1204 according to the E. coli numbering. All samples yielded positive results in PCR

assays using primers that targeted archaeal 16S rRNA genes (Fig. 3.4).

Fig. 3.4: 1 % agarose gel electrophoresis of 633 bp amplicons from TOK 3 and TOK
17 amplified with “universal” archaeal primers AS571F/U1204R. Lane A: Pstl
digested lambda DNA, lane 1-3: TOK-3, lane 4-5: TOK-17 and lane 6: negative

control.
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Amplification of genomic 16S rDNA from Chinese and New Zealand samples was
successful. The use of archaeal “universal” primers was advantageous, for they could
amplify all four archaeal taxa. Thus, amplicons would be expected to contain
Nanoarchaea and any other Archaea that would be potential nanoarchacum hosts.

Consequently enhance determination of the microbial diversity of these samples.

3.3 Construction of 16S rRNA amplicon libraries from

sample TC-9, TC-11, TOK-3 and TOK-17.

The 16S rDNA amplicons were purified using a gel band purification kit and cloned
into the pTZ57R/T vector to construct 16S rRNA clone libraries. Chemically
competent DH5, E. coli cells, with transformation efficiency of 10°, generated 83 and
76 transformants from TC-9 and TC-11, respectively. TOK-3 and TOK-17 samples
yielded 235 and 96 recombinant clones, respectively. M13 PCR primers were used to
test if the plasmids contained the correct insert DNA. The constructed libraries were

of good quality, with 80 % of the recombinants having the correct insert (Fig. 3.5).
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Fig. 3.5: Representatives of agarose gel electrophoresis of amplified 16S rRNA gene.
Lane M: Pst1 digested A DNA, Lane 1-23: 807 bp amplicons generated from the

constructed mini libraries.

Figure 3.5 shows a representative selection of the amplified 16S rRNA gene cloned .
The cloned fragments were amplified with M13 primers, generating an 807 bp
fragment (Fig. 3.5). The 807 bp fragment was made up of the 633 bp fragment
amplified with “universal” archaeal primers, 73 bp vector sequence to forward and
101 bp vector sequence to reverse. Colony PCR products were subject to ARDRA for

further analysis.

3.4 Amplified Ribosomal DNA Restriction Analysis

(ARDRA)

Amplified ribosomal DNA restriction analysis (ARDRA) was used to assess the
diversity of the rDNA clone libraries. Due to the large number of screened clones, not

all the individual clones could be sequenced. ARDRA gives information on the
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genotypic differences of the sequences but not on the type of microorganisms present.
Therefore, ARDRA makes it easy to differentiate the clones according to the patterns
they generate. The clones that share the same pattern can be clustered together, and
one or two of the representatives sequenced in order to assign the clones to a
taxonomic group. Figures 3.6 to 3.9 show the ARDRA patterns generated from Rsal,

Alul, Haelll and Mbol digestions.
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Fig. 3.6: Randomly selected clones digested with Rsal and electrophoresed in 2.5 %
agarose gels in 0.5 x TBE. Lane M: Pst1 digested A DNA.
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M 1 23 M

Fig. 3.7: Randomly selected clones digested with A/ul and electrophoresed in 2.5 %
agarose gels in 0.5 x TBE. Lane M: Ps¢1 digested A DNA.
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M 1 23 M

Fig. 3.8: Randomly selected clones digested with Haelll and electrophoresed in 2.5
% agarose gels in 0.5 x TBE. Lane M: Pst1 digested A DNA.

Fig. 3.9: Randomly selected clones digested with Mbol and electrophoresed in 2.5 %
agarose gels in 0.5 x TBE.
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71 TC11 and 36 TC9 clones were screened by ARDRA, using Rsal, Haelll and Mbol
endonuclease enzymes. Digestion with Mbol was discontinued since it gave a single
cleavage and thus provided little or no differentiation of the patterns (Fig. 3.9).
Digestion with Rsal and Haelll generated 8 unique patterns each, while digestion
with Mbol generated 5 patterns. 281 clones from New Zealand samples were
screened using the same enzymes as described previously, except that Mbol was
substituted with Alul. Rsal generated 15 unique patterns; Haelll generated 10 and
Alul 9. Some of the patterns generated were similar for different enzymes, and the
overall number of unique patterns from New Zealand samples was 15 with the

combination of all three enzymes (Fig. 3.11).

For analysis and monitoring of microbial diversity, unique groups identified by
ARDRA were expressed in the form of a rarefaction plot (Fig. 3.10), and the different
patterns were assembled into 8 groups. The screening of a large number of clones has
several advantages, including better quantitation of major groups and a broader
assessment of diversity. The rarefaction plot the number of unique patterns identified
from the total number of screened clones. The point at which a plateau is reached is a

simple and visual indication of the degree of genotypic diversity.
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Fig. 3.10: Rarefaction plot of accumulative ARDRA patterns of Chinese clone
library. A total of 8 unique patterns were identified after digestion with restriction

endonuclease Rsal, Haelll and Mbol.

The screening of New Zealand clone library was completed before the collection
curve could reach the plateau (Fig. 3.10). Comparative analysis of the Chinese and
New Zealand libraries indicated that there was more archaeal diversity in the New
Zealand library compared to the Chinese library. 9.3 % of Chinese library is made up
of nanoarchaeum phylotypes, compared to 1.4 % from the New Zealand library.
Figure 3.11 shows the collection curve of accumulative ARDRA patterns from the

New Zealand library.
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Fig. 3.11: Rarefaction plot of accumulative ARDRA patterns from the New Zealand
clone library. Key: TOK-3 and TOK-17 are the sample names, R denotes Rsal, H,
Haelll and A, Alul.

Some caution is necessary in deducing phylogenetic diversity from ARDRApatterns.
For example, occurrence of restriction sites in the M13 primer sequence would
modify the restriction pattern of the 16S rDNA and consequently generate inaccurate
estimate ofdiversity. Secondly, small fragments of about 100 bp or less limit the
efficiency of ARDRA, small fragments being difficult to analyze manually, and can
sometimes be invisible on agarose gels. To overcome these limitations, the digestion

of nanoarchaeal sequences and representatives of Bacteria, Crenarchaeota,

51



Chapter 3 Results and Discussion

Euryarchaeota and Korarchaeota was modeled in silico with the same endonuclease
enzymes as shown above using DNACIub software (Xiongfong Chen,
www.imtech.res.in/pub/nsa/dnaclub/dos/). The sequences were initially aligned with
ClustalW (Thompson et al., 1994), and 633 bp sequences were loaded on DNAClub
for digestion. The generated fragment sizes were plotted on Excel to construct a

series of restriction maps (Fig. 3.12-3.15).
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ARDRA pattern generated using Rsal

Fragment size (bp)

TC9 TC9 TC11 TC11 TC11 TC11 TC11 TC11 TC11TC11 TC11 KAZ KAZ T173 T17 CU-1 OP-9NE IG Eury Kora Aqui E. coli
F D8 5 B6 B7 C4 C6 C8 C18 D4 E3 315 353 C9

Clones

Fig. 3.12: Representation of ARDRA patterns generated from in silico digestion with Rsal using DNACIlub. 633 bp fragments including, the
priming sites of the “universal” primers A571F/U1204R, were digested. TC clones are Chinese nanoarchaeal phylotypes, KAZ and T clones are
New Zealand nanoarchaeal phylotypes, CU-1 and OP-9 are uncultured published nanoarchaeal phylotypes. NE denotes Nanoarchaeum

equitans, 1G = Ignicoccus sp., Eury = Euryarchaeote, Kora = Korarchaeote and Aqui = Aquifex sp.
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Fig. 3.13: Representation of ARDRA patterns generated from in silico digestion with Haelll using DNACIub. 633 bp fragments including, the

priming sites of the “universal” primers AS571F/U1204R, were digested. TC clones are Chinese nanoarchaeal phylotypes, KAZ and T clones are

New Zealand nanoarchaeal phylotypes, CU-1 and OP-9 are published nanoarchaeal phylotypes. NE denotes Nanoarchaeum equitans, 1G =

Ignicoccus sp., Eury = Euryarchaeote, Kora = Korarchaeote and Aqui = Aquifex sp.
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ARDRA pattern generated using Alul
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Fig. 3.14: Representation of ARDRA patterns generated from in silico digestion with A/ul using DNACIub. 633 bp fragments including,
the priming sites of the “universal” primers A571F/U1204R, were digested. TC clones are Chinese nanoarchaeal phylotypes, KAZ and T
clones are New Zealand nanoarchaeal phylotypes, CU-1 and OP-9 are published nanoarchaeal phylotypes. NE denotes Nanoarchaeum

equitans, 1G = Ignicoccus sp., Eury = Euryarchaeote, Kora = Korarchaeote and Aqui = Aquifex sp.
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Fig. 3.15: Representation of ARDRA patterns generated from in silico digestion with Mbol using DNAClub. 633 bp fragments including,
the priming sites of the “universal” primers A571F/U1204R, were digested. TC-11 clones are Chinese nanoarchaeal phylotypes, KAZ and T
clones are New Zealand nanoarchaeal phylotypes, CU-1 and OP-9 are published nanoarchaeal phylotypes. NE denotes Nanoarchaeum

equitans, 1G = Ignicoccus sp., Eury = Euryarchaeote, Kora = Korarchaeote and Aqui = Aquifex sp.
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Figures 3.12 to 3.15 are the representatives of in silico modeled ARDRA patterns using
DNACIub software. When digested with Rsal, the Chinese nanoarchaeotes share similar
patterns with one base pair difference at position 324,325, 326 and 327. TCI11-5 also
shares a similar pattern with N. equitans and differs by 3 base pairs. With Mbol, all the
nanoarchaeotes share similar patters with 1-4 base pair differences. The exceptions are
TC11-18 and CU-1 that share the same pattern and N. equitans and TC11-5, which are
undigested. Digestion with A/ul clusters the Chinese nanoarchaeotes with KAZ315 with
1-8 base pair differences. CU-1 and OP-9 share restriction sites at position 200, 240 and
496. Haelll generated 1 to 14 fragmented patterns, with most of the patterns less than 100
bp long. The advantage is that these small fragments are observable in silico and can be
easily analyzed compared to experimental data from agarose gels. The analysis of the
novel nanoarchaeal phylotypes detected from this study reveals 3 distinct patterns by
Mbol, 5 with Alul, 6 with Rsal and 9 with ‘Haelll. The in silico modeled patterns

correspond with the experimental generated pattern.

It should be noted that mutations, insertions, deletions and experimental errors may be
introduced into sequences, particularly at the PCR stage, and thereby affect the restriction
sites and consequently the patterns. The use of more than one enzyme is to reduce bias
and ensure accuracy, and the ARDRA profile enhances comparative analysis of the
patterns. All of the enzymes used were frequent cutters (four base pair cutters, Rsal
(GTLACQ), Haelll (GGLCC) Alul (AGICT) and Mbol (LGATCI). It is sensible to
theoretically check the restriction patterns prior to conducting ARDRA. This assists in

choosing the relevant enzymes and avoiding using enzymes that have restriction sites on
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vector sequences. This does not only save time, but also minimizes the laboratory costs
and the experimental bias. It is also helpful to choose enzymes that digest two or three
times, thus generating three or four fragments which are easy to analyze. Enzymes
generating fragments of less than 300 bp should be avoided, because they may not be
visible on agarose gels. Using ARDRA for this study has helped in exploring diversity of
nanoarchaeotes, and it showed the genotypic differences of the novel nanoarchaeotes
detected from this study and their relatives, the published nanoarchaeotes. The unique

representatives were sequenced and analyzed to construct the phylogenetic tree.

3.5 Amplification of nanoarchaeotes and phylogenetic analysis

Gene libraries derived from mixed amplification products contained defined fragments
that were sequenced from MI13 priming sites. The preliminary results of this study
retrieved sequences from Chinese samples, which were submitted to the GenBank. These
include nanoarchaeotes TCI9F (AY572420), TCI11-5 (AY571283), TCI11-B6
(AY727890), TC11-B7 (AY727887), TC11-C4 (AY727886), TC11-C6 (AY727889),
TC11-C8 (AY727888), and TC11-D4 (AY727891). In addition to nanoarchaeal
sequences, one euryarchaeote TC9 (AY727895) and two crenarchaeote sequences (TC11-
2 (AY727894); TC11-B2 (AY727893)) were also submitted. The nanoarchaeal sequences
recovered after sequencing of 16S rDNA amplicons were aligned using ClustalW. Figure
3.17 shows the alignment of Chinese and New Zealand nanoarchaeal sequences with the

published nanoarchaeotes from the database. The positions demarked in red indicate the
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priming sites for “universal” archaeal primers A571F at position 1-16 and UA1204R at

position 692-710 according to Bioedit alignment ruler.

The preliminary nanoarchael sequences obtained were used to design a nanoarchaeal
primer, N989R. Position 421-439 was identified as a conserved region for nanoarchaeotes
and was used to design primer N989R, which could be coupled with the universal
archaeal primer A571F. The PCR amplification using this primer set generated 418 bp

nanoarchaeal sequences (Fig. 3.16).

M1 2 34 /891011M

418 bp

Fig. 3.16: Amplicons of nanoarchaeal rDNA with nanoarchaeal primers AS571F and
NI989R on 1 % agarose gel electrophoresis. The primers generated 418 bp amplicons
from the constructed mini libraries. Lane M: Pst1 digested A DNA, Lane 1-11: TC9-D8,
TC11-B6, TC11-B7, TC11-C4, TC11-C6, TC11-C8, TC11-D4, KAZ315, KAZ353, T173
and T17C9, respectively.

The N989R primer coupled with AS71F amplified nanoarchaeal 16S rDNA sequences
from both New Zealand and Chinese samples. However, according to the sequence

alignment shown in Figure 3.17, primer N989R could anneal to non-nanoarchaeal
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sequences. It is therefore no longer specific for nanoarchaeotes. For future studies, the
detection of more novel nanoarchaeal phylotypes may be facilitated by the design of new
universal nanoarchael primers or reassessment of the currently used nanoarchaeal
primers. Such primers must be based on all nanoarchaeal sequences available in the
database. This needs careful selection since nanoarchaeote 16S genes share most of their
conserved regions with other archaeal domains, thus minimizing the possible sequences
that could be used as signature priming sites for nanoarchaeotes. The ideal nanoarchaeal-
specific primer pair should amplify nanoarchaeal sequences only and exclude all other
archaeal sequences. Therefore, every amplicon should be derived from a nanoarchaeote

template, accelerating the screening process and minimizing experimental costs.
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AAAGCGTCCG TAGCQ - GGGCTGGT AAGTCCCCC -GGG AAATCTGGCGGCTTA
AAAGCGTCCG TAGC(Q - GGCCCTGT AAGTCTGCA - GTT AAATCCGCCTG TAG
AAAGCGTCCG CAGC(Q - GGTCGGGT AAGCGGGAT - GTC AAAGCCCACGGCTCA
AAAGCGCACG CAGG(Q GGTTTGTT AAGTCAGAT - GTG AAATCCCCGGGCTCA

70 80 90 100 110 120

T T T T T e
ACCCGTGGGCGCGCAGGGGCTACTATCGGTCTAGGGGACGGGAGAAGCTGGGG GTATTC
ACCCGTGGGCGCGCGGGGGCTACTATCGGTCTTGGGGACAGGAGAAGCT AGGAGTATTC
ACCCGAGGGCGCGCCGGAGCTACTACCGGCCTAGGGACCGGGAGGGGCC  GACCGTACTC
ACCCGTGGGCGCGCGGGGGCTACTATCGGTCTTGGGGACAGGAGAAGCT AGGAGTATTC
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CGGGGGGAGCGGTGAAATGCTGTAATCCCCGGAGGACCACCCGAGGCG AAGGCGC
CGGGGGGAGCGGTGAAATGCTGTAATCCCCGGAGGACTACCCGCGGCGAAAGCGCC
CCGGGGGAGCGGTGAAATGCTGTAATCCCGGGAGGACGACCCGTGGCG AAAGCGGT
CGGGGGGAGCGGTGAAATGCTGTAATCCCCGGAGGACTACCCGCGGCG AAAGCGCC
CGGGGGGAGCGGTGAAATGCTGTAATCCCCGAAGGACCACCCGAGGCG AAGGCGCC
CGGGGGGAGCGGTGAAATGCTGTAATCCCCGGAGGACTACCCGCGGCG AAGGCGCC
CGGGGGGAGCGGTGAAATGCTGTAATCCCCGGAGGACTACCCGCGGCG AAAGCGCC
CGGGGGGAGCGGTGAAATGCTGTAATCCCCGGAGGACTACCCGCGGCG AAAGCGCC
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CGGGGGGAGCGGTGAAATGCTGTAATCCCCGGAGGACCACCCGAGGCGTAAGGCGCC-CA
CGGGGGGAGCGGTGAAATGCTGTAATCCCCGAAGGACCACCCGAGGCG AAGGCGCC-CA
CCGGGGGAGCGGTGAAATGCTGTAATCCCGGGAGGACCACCCGAGGTG AAGGCGCCATG
CCGGGGGAGCGGTGAAATGCTGTAATCCCGGGAGGACCACCCGAGGCG AAGGCGCC- CG
CTGGGGGAGCGGCGAAATGCTGTAATCCCAGGAAGACCACCCGAGGCG AAGGCGCT CG
CCGGGGGAGTAGCGAAATGCGGCAATCCCGGGAGGACCACCCGAGGCG AAGGCGCT - CG
CTGGGGGAGCGGCGAAATGCAGTAATCCCAGGAAGACCACCCGAGGCG AAAGCGCT CG
CCGGGGGAGCGGTGAAATGCTGTAATCCCGGGAGGACGACCCGTGGCG AAAGCGGT CG
CCGGGGTAGGGGCGAAATCCGATAATCCCGGGAGGACCGCCAGTGGCG AAGGCGCT CG
CCGGGGTAGGGGTGAAATCCTATAATCCCGGGAGGACCACCTGTGGCG AAGGCGCC CG
CCGGGGGAGCGGTAAAATGCGTAGATCCCGGGAGGACCACCAGTGGCG AAGGCGCC-CG
CCGGGGTAGCGGTGAAATGCGTAGATCTCGGGAGGAACACCGAAGGGG AAGCCAGC CT
CAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCG AAGGCGGC CC

CA
TA

190 200 210
| . B T [t O (RS H A [N T

GCTATCCCGCTCCCGACGGTGAGGGCCGAAAGCTGGGGGATCAAATGGGATT

GCTATCCTGCTCCCGACGGTGAGGGCCGAAAGCTGGGGGATCAAATGGGATTA
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GCTATCCTGCTCCCGACGGTGAGGGCCGAAAGCTGGGGGATCAAATGGGATTA
GCTATCCTGCTCCCGACGGTGAGGGCCGAAAGCTGGGGGATCAAATGGGATTA
GCTATCCCGTTCCCGACGGTGAGGGCCGGAAGCTGGGGGATCAAATGGGATTA GAGACC
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GCTATCCCGCTCCCGACGGTGAGGGCCGAAAGCTGGGGGATCAAATGGGATTACGAGACC
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GCCATCCCGTTCCCGACGGTGAGGGCCGAAAGCCGGGGGATCAAATGGGATTA GAGACC
GCTATTCCGTTCCCGACGGTGATGGCCGAAAGCCGGGGGATCAAATAGGATTA GAGACC
GCTATTCCGATCCCGACGGTGATGGCCGAAAGCTGGGGGATCAAAAGGGATTA GAGACC
GCTACCCTACTCCCGACGGTGAGGACCGAAAGCTGGGGGATCAAAAGGGATTA GAGACC
GCCAGAACGGGTCCGACGGTGAGGGCCGAAGGCCGGGGGCTAGAACGGGATTA GAGACC
GCTGGAACGCGCCCGACGGTGAGGGGCGAAAGCCGGGGGAGCAAACCGGATTA GATACC
GCTGGAACGGGTCCGACGGTGAGGGACGAAGGCCAGGGGAGCGAACCGGATTA GATACC
GCTTGAACGCGTCCGACGGTGAGGGACGAAAGCTGGGGGAGCAAACCGGATTA GATACC
GCTGGGGCTGTCCTGACGGTCAGGGACGAAAGCCGGGGGAGCGAACCGGATTA GATACC
CCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTA GATACC
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CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGAAGGG CTTAGA - -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGGAGGG CTTAGA - -GCCC
CCGGTATTCCCGGCTGTCAACGCTGC  GGGCTACC TGCTGGGCGGG CTACGA - -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGGAGGG CTTAGA - -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGAAGGG CTTAGA- -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGAAGGG CTTAGA - -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGGAGGG CTTAGA- -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGGAGGG CTTAGA - -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGAAGGG CTTAGA- -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGGAGGG CTTAGA - -GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGAAGGG CTTAGAA GCCC
CCAGTAGTCCCAGCTGTCAACGCTGC GGGCTATC TGCCGGAAGGG CTTAGA- -GCCC
CCAGTAGTCCCGGCTGTCAACGCTGC GGGCTACC TGCCGGGAGGG CTAAGA- -GCCC
CCAGTAGTCCCGGCTGTCAACGCTGC GGGCTACC TGCCGGGAGGG CTAAGA - -GCCC
CCAGTAGTCCCGGCTGTCAACGCTGC GGGCTACC TGCCGGGAGGG CTAAGA- -GCCC
CCTGTAGTCCCAGCTGTCAACGCTGT  GGGCTACC TGCTGGGTGGA CTTAGA- -GTCC
CCTGTAGTCCCAGCTGTCAACGCTGC GGGCTACCCTGTCGGGTGGA CCTAGA - -GTCC
CCGGTATTCCCGGCTGTCAACGCTGC GGGCTACC TGCTGGGCGGG CTACGA- -GCCC
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Ignicoccus CGGGTAGTCCCGGCTGTAAACGATGC GGGCTAGG TGTTGGGCGGG CTTCGA - GCCC
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TCl1l-C8 AY TTTCG GTGGA GTAGGG AAGCCGTTAAGCCC GCCGCCTGGGGAGTACGGCCGCAAGG
TCl1l-C18 TTTCG GTGG AGTAGGG AAGCCGTTAAGCCC GCCGCCTGGGGAGTACGGCCGCAAGG
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KAZ315 TTTCG GTGG AGTAGGG AAGCCGTTAAGCCC GCCGCCTGGGGAGTACGGCCGCAAGG
KAZ353 TCTCG GTGG GACAGGGTAAGCCGTTAAGCCC GCCGCCTGGGGAGTACGGCCGCAAGG
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TCl1lB6 AY7 TGAA GAC CTTACCTGACACGCT GAGAGGAGGTGCATGGCCGCCGTCAG
TCl1l-B7 AY TGAA GAC CTTACCTGACGCGCT GAGAGGAGGTGCGTGGCCGCCGTCAG
TCll-C4 AY TGAA GAC CTTACCTGACACGCT GAGAGGAGGTGCATGGCCGCCGTCAG
TCll-C6 AY TGAA GAC CTTACCTGACACGCT GAGAGGAGGTGCATGGCCGCCGTCAG
TC1l1l-C8 AY TGAA GAC TCTACCAGACTAGCT GAGAGGTGGTGCATGGCCGTCGTCAG
TCll-C18 TGAA GAC CTTACCTGACACGCT GAGAGGAGGTGCATGGCCGCCGTCAG
TCl1l-D4 AY TGAA GAC CTTACCTGACACGCT GAGAGGAGGTGCATGGCCGCCGTCAG
TCl1l-E3 TAAAT  -GAC CTTACCTGACACGCT GAGAGGAGGTGCATGGCCGCCATCAG
KAZ315 TGAA GAC CTTACCTGACGCGCT GAGAGGAGGTGCGTGGCCGCCGTCAG
KAZ353 TGAA GAC CTTACCGGACGCGCT GAGAGGAGGTGCATGGCCGCCGTCAG
T173 TGAA GAC CTTACCGGACGCGCT GAGAGGAGGTGCATGGTCGCCGTCAG
T17C9 TGAA GAC CTTACCGGACGCGCT GAGAGGAGGTACATGGCCGCCGTCAG
Nanoarchae TGAA GAC CTTACCGGACACGCT GAGAGGAGGTGCATGGCTGCCGTCAG
Nanoarchae TAAA GAC CTTACCGGACACGCT GAGAGGAGGTGCATGGCTGCCGTCAG
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Nanoarchae CTCGTGCCGTGAGGTATCC TGTTAAGTCAGGAAA CGAGCGCGACCCG TGCCC GCAG
N. equitan CCTGTGCCGTGAGGTGCCC TGTTAAGTCAGGAAA CAGGCGAGACCCG CGCCC GCAG
Ignicoccus CTCGTGCCGTGAGGTGTCC GGTTAAGTCCGGCAA CGAGCGAGACCCC CGTCC CCAG
Archaeoglo TTCGTACTGTGAAGCATCC TGTTAAGTCAGGCAA CGAGCGAGACCCG CGCCC CCAG
KORARCHAEO CTCGTGCCGTGAGGTGTCC TGTTAAGTCAGGCGA CGAGCGAGACCCC CGCCC-CTAG
Aquifex py CTCGTGTCGTGAGATGTTG GGTTAAGTCCCGCAA CGAGCGCAACCCC TGCCC CTAG
E.coli CTCGTGTTGTGAAATGTTG GGTTAAGTCCCGCAA CGAGCGCAACCCT TATCC TTTG
610 620 630 640 650 660
e e e e e T e (o S |
TCO9F AY572 TTGC GACGGA ~AGAGAGTTTTCTCTTCC GGCA CACTG CGGGG ACTGCCGGG
9D8 TTGC GGCGGG ~AGAGA - TTTCTCTCCC GGCA CACTG CGGGG ACTGCCGGG
TCll-5 AY5 TTGC GACGGCC GAAAGG ccC GGCA-CACTG CGGGG ACTGCCGGG
TCl1lB6 AY7 TTGC GGCGGG ~AGAGA - TTTCTCTCCC GGCA - CACTG CGGGG ACTGCCGGG
TCl1l-B7 AY TTGC GACGGA ~AGAGAGTTCTCTCTTCC GGCA - CACTG CGGGG ACTGCCGGG
TC1ll-C4 AY TTGC GACGGG ~AGAGA ~TTTCTCTCCC GGCA CACTG CGGGG ACTGCCGGG
TCl1l-C6 AY TTGC GACGGG ~AGAGA - TTTCTCTCCCC GGTA CACTG CGGGGGACTGCCGGG
TCll-C8 AY TTGC CAGC  GGTTCCTTCGGGAAGCCG GGCA CACTA GGGGG ACTGCCGGC
TCll-C18 TTGC GACGGA - AGAGAGTTCTCTCTTCC GGCA CACTG CGGGG ACTGCCGGG
TCll-D4 AY TTGC GACGGG ~AGAGA - TTTCTCTCCC GGCA - CACTG CGGGG ACTGCCGGC
TCl1l-E3 TTGC- TACGGA  -AGAGAGTTTTCTCTTCC GGCA - CACTG CGGGG ACTGCCGGG
KAZ315 TTGC GACGGA- AGAGAGTTCTCTCTTCC GGCATCACTG CGGGG ACTGCCGGG
KAZ353 TTGC CACGGG-  GTAGGGTTTCCTACCCC AGCA CACTG CGGGG ACTGCCGGG
T173 TTGC GACGGG  AGAGGGTTTCCTCTCCC GGCA CACTG CGGGG ACTGCCGGG
T17C9 TTGC GACGGG AGAGGGTTTCCTCTCCC GGCA CACTG CGGGG ACTGCCGGG
Nanoarchae TTAC GACGG AGAGGGTTTCCTCTCC GGTA CACTA CGGGG ACTGCCGGG
Nanoarchae TTGC GACGG GAATGGTTTCATTCCC GGGA CACTG CGGGG ACTGCCGGG
N. equitan TTGC GACGGCC GAAAGG cc GGCA - CACTG CGGGG ACTGCCGGG
Ignicoccus TTGCTACCCG GGGCTCCGGCCCCGG GGCA - CACTG GGGAG ACTGCCGCC
Archaeoglo TTGCCAGCGG GTCCCTTCGGGGATGCCG GGCA CACTG GGGGG ACTGCCGGC
KORARCHAEO TTGCCAGCGG CCTCCTTCGGGAGGGA CCGGGCA AACTA GGGGG ACCGCCTCC
Aquifex py TTGCTACCCCGAGAGGGG AGCA CTCTA GGGGG ACCGCCGGC
E.coli TTGCCAGCGGTCCGGCCG GGAA CTCAA AGGAG ACTGCCAGT
670 680 690 700 710
N IR B P BN TR L1 i1 o O O
TCO9F AY572 G AAACCCGGAGGAAGGCGCAGGCGACGGCAGGTCC GCTTGCCCCT
9D8 G AAACCCGGAGGAAGGTGCGGGCGACGdbAGGTCC GCTTGCCCCTAA
TCl1l-5 AY5 G ~AAACCCGGAGGAAGGTGCGGGCGACGGCAGGTAT GCATGCCCCGAA
TC1l1B6 AY7 G AAACCCGGAGGAAGGTGCGGGCGACGGCAGGTCC GCTTGCCCCTAA
TCll1l-B7 AY GAAACCCGGAGGAAGGCGCGGGCGACGGECAGGTCC GCTTGCCCCTAA
TCll-C4 AY G AAACCCGGAAGAAGGTGCGGGCGACGGECAGGTCC GCTTGCCCCTAA
TCl1l-C6 AY G AAAACCCGGAAGAAGGTGCGGGCGACGGECAGGTCC GCTTGCCCCTAA
TCl1l-C8 AY GCT AAGCCGGAGGAAGGTGCGGGCAACGGECAGGTCC GCTTGCCCCTAA
TCl1l-C18 G- AAACCCGGAAGAAGGCGCGGGCGACGGECAGGTCC GCATGCCCCTAA
TC1l1l-D4 AY GCT GAGCCGGAGGAAGA GGGGGCCACGGCAGGTCC GCTTGCCCCTAA
TCl1l-E3 G TAAACCCGGAGGAAGGCGCGGGTAACGGCAGGTCC GCTTGCCCCTAA
KAZ315 G- AAACCCGGAGGAAGGCGCGGGCGACGGECAGGTCC GCATGCCCCTAA
KAZ353 G- AAACCCGGAGGAAGACGCGGGTGACGGECAGGTCC GCTTGCCCCTAA
T173 G- TAAACCCGGAAGAAGGCGCGGGCGACGGECAGGTCCCGCATGCCCCGAA
T17C9 G- AAACCCGGAGGAAGGCGCGGGCGACGGECAGGTCC - GCATGCCCCTAA
Nanoarchae G ~AAACCCGGAGGAAGGCGCGGGCGACGGCAAGTCA GCATGCCCCTAA
Nanoarchae G ~AAACCCGGAGGAAGGCGCGGGCGACGGCAAGTCC GCATGCCCCGAA
N. equitan G ~AAACCCGGAGGAAGGTGCGGGCGACGGCAGGTAT GCATGCCCCGAA
Ignicoccus GTATAAGGCGGAGGAAGGAGGGGGCTATGECAGGTCA GCATGCCCCGAA
Archaeoglo G CTAAGCCGGAGGAAGGTGCGGGCAACGGECAGGTCC GTATGCCCCGAA
KORARCHAEO G AAGAGGAGGAGGAAGGTGGGGGCTACGECAGGTCA GTATGCCCCTAA
Aquifex py G ATAAGCCGGAGGAAGGGGGGGATGACGIICAGGTCA GTATGCCCTTTA
E.coli G ATAAACTGGAGGAAGGTGGGGATGACGqEAAGTCA TCATGGCCCTTA

Fig. 3.17: Alignment of 633 bp nanoarchaeal sequences using ClustalW. The red
demarcated positions indicate the priming regions. Position 1-16, 421-4439, and 692-710
are for AS71F, N989R and U1204R, respectively.
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Fig. 3.18: Neighbor-joining phylogenetic tree based on 100 bootstrap replicates
constructed using Jukes & Cantor distances. The tree demonstrates phylogenetic
relationships among the Chinese, New Zealand and the published nanoarchaeal

phylotypes as inferred from the 633 bp rDNA data set.
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Fig. 3.19: Neighbor-joining phylogenetic tree based on 100 bootstrap replicates

constructed using Jukes & Cantor distances. The tree demonstrates phylogenetic

relationships among the nanoarchaeal phylotypes and other phyla as inferred from the

633 bp rDNA data set.
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According to the phylogenetic tree based on Jukes and Cantor (1969) distance
estimations (Fig. 3.18), all novel nanoarchaeal phylotypes detected in this study form a
paraphyletic clade with the published nanoarchaeotes, including N. equitans with a 100 %
bootstrap support. The Chinese nanoarchaeotes are related to each other by 57 to 100 %
bootstrap support, and New Zealand nanoarchaeotes supported by 56 to 74 % bootstrap
values. The New Zealand nanoarchaeotes are related to the Chinese by 67 to 74 %
bootstrap support. TC11-5 shares a monophyletic clade with N. equitans, with 100 %
bootstrap support. This is a good indication that culturable nanoarchaeotes can be grown
from Chinese samples for further analysis. When compared to other phyla (Fig. 3.19), the
relationship of New Zealand nanoarchaeotes with Chinese nanoarchaeotes is supported
by a weak bootstrap support of 38 % and 48 % to uncultured published nanoarchaeotes
CU-1 and OP-9. This weak bootstrap support strongly confirms the difference of these
three minor clades within the nanoarchacotes. Each of the sequences contain particular
small fragment sequences or individual bases that are variable, thus distinguishing them
from their nanoarchaeal relatives. It is concluded that the novel sequences represent
distinct nanoarchaeal phylotypes. It is also observed from Figure 3.18 & 3.19 that
nanoarchaeotes cluster according to their geographical origin. Since this study has
analysed only a limited range of samples from the world-wide range of hydrothermal
biotopes, it is suggested that the true diversity of nanoarchaeotes is probably much wider.
This would be supported by the very different environmental conditions that exist in
different geothermal areas, which would be expected to greatly influence adaptation and

evolutionary divergence.
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The data generated from this study contribute to the increasing database of
Nanoarchaeota as novel phylotypes are continuously discovered. If the novel
nanoarchaeotes are symbiotic, the potential hosts may be some of the commonly
observed phylotypes in the microbial consortium of the screened clone libraries. A broad
taxonomic range of sequences from community DNA was identified. These include

Bacteria, Crenarchaeota, Euryarchaeota and Nanoarchaeota representatives (Table 3.1-

3.4).
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Table 3.1: Representatives of the commonly observed crenarchaeal phylotypes from

Chinese and New Zealand samples.

Clone Blast match Accession  Similarity E-Value
representative number (%)

T17A4 Ignicoccus pacificus AJ271794 95 0.0
T178 Pyrobaculum calidifontis ABO078332 96 0.0
T17BS5 Pyrobaculum neutrophilum X81886 97 0.0
KAZ343 Pyrodictium occultum M21087 85 0.0
TCI11-2 Desulfurococcus mobilis M36474 97 0.0
T3C14 Sulfolobus shibatae M32504 93 0.0
T3C20 Sulfolobus islandicus AY247899 93 0.0
TK17C5 Staphylothermus marinus X99560 94 0.0
T3B18 Acidianus convivator AJ634763 94 0.0
T178 Pyrobaculum organotrophum  AB063647 96 0.0
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Table 3.2: Representatives of the commonly observed euryarchaeal phylotypes from

Chinese and New Zealand samples.

Clone Blast match Accession Similarity (%) E-Value
number

KAZ174 Archaeoglobus  AE000965 96 0.0
fulgidus

T172 Archaeoglobus  Y10011 96 0.0
veneficus

T17A6 Thermococcus ~ AF098975 99 E-160
waimanguensi

TC9-2 Archaeoglobus ~ AF297529 96 0.0
profundus

T3C8 Thermococcus ~ AY099187 99 0.0
waiotapuensis

KAZ1724 Thermococcus ~ AJ298871 95 0.0
peptonophilus
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Table 3.3: Representatives of the commonly observed Bacteria phylotypes from

Chinese and New Zealand samples.

Clone Blast match Accession Similarity (%) E-Value
number

KAZ344 Aquifex aeolicus  AJ309733 94 E-125

KAZ313 Hydrogenivirga  AB120294 95 0.0
caldilitoris

TC11-12 Hydrogenobacter AB026268 98 0.0
subterranea

KAZ311 Aquifex M83548 95 0.0
pyrophilus

Table 3.4: Nanoarchaeal phylotypes from Chinese and New Zealand samples,

Clone Blast match Accession Similarity (%) E-Value
number
KAZ315 N. equitans AJ318041 85 E-124
T173 N. equitans AJ318041 90 E-104
TC11D4 N. equitans AJ318041 90 7E-86
TCI11E3 N. equitans AJ318041 87 TE-64
TC11-6 N. equitans AJ318041 90 SE-86
TC11-18 N. equitans AJ318041 89 1E-83
T17C9 N. equitans AJ318041 90 E-118
TC11-4 N. equitans AJ318041 89 1E-90
KAZ353 N. equitans AJ318041 89 E-127
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Table 3.1 to 3.3 shows some of the phylotypes that were commonly observed in
Chinese and New Zealand samples. The presence of unique phylotypes provides an
estimate of the microbial diversity on these biotopes, but is not a true reflection of the
existing microbial diversity. This limitation may be due to a number of factors, such
as the amplification bias from primer selection and PCR conditions. For culturable
microorganisms, unfavorable culturing conditions can be another factor, since some
environmental conditions can be difficult to mimic in the laboratory, thereby limiting

a number of microorganisms from being detected.

3.6 Culturing and Microscopy

In order to visualize host-nanoarchaeon co-cultures, samples were cultured
anaerobically on two different media, C7.4 and Master media (MM) at 80 and 85 °C.
Light microscope was used to monitor the growth of cells. There was no apparent
difference on the growth of cell using these two media. Table 3.5 demonstrates

growth analysis observed by light microscope.
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Table 3.5: Growth analysis of thermophiles from TC9, TC11, TOK3 and TOK17
samples. The numbers on brackets indicates the incubation time.

80 °C
pH [TC9 (50 h) TC11(50 h) TOK3 (51 h) TOK17(51 h)
6.0 |Rods and cocci | Filaments and small N/A N/A
>10 cells/view |rods >20 cells/view
6.5 |Rods and cocci | Few rods >10 cells/view | N/A 30 cocci 3-4 rods
>10 cells/ view |20 cocci/view few
filaments
7.5 |Rods and cocci | Filaments, <10 cocci >20/view cocci | 100 cocci/view and
9 cells/ view and 4 rods/view 3-4 rods
MM | 5 cocci per view | Filaments, <10 cocci >20/view cocci | 100 cocci/view
and 4 rods/view
85°C
pH [TC9 (35 h) TC11 (39 h) TOK3 (37 h) TOK17 (38 h)
6.0 | Diplococcus cocci and rods with rods and cocci,
rods, and cocci, |flagelli, 20 cells/view >20 cells/view
>10 cells/view
6.5 |Few cocci Few rods, >10/view rods and cocci, |N/A
>10 cells/view
7.5 |Few rods, >3 Filaments and cocci, Rods and cocci, |cocci and diplococcus rods,
cells/view, >20 cells/view some with >20 cells/view
7-8 cocci/view flagelli,
>20 cells/view
MM |rods and cocci, |Filaments, numerous N/A cocci and diplococcus rods,

>10 cells/view

cocci and rods >20
cells/view

>10 cells/view

Both media and temperature conditions generated active growth, as observed by cell

mobility (Fig. 3.20). The ability of other hyperthermophiles to grow in these media

was a positive indication of the potential for nanoarchaeotes to grow in co-culture,

provided that their thermophilic hosts were present. Due to small size of
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nanoarchaeotes, it was impossible to visualize them under light microscopy.
Alternative microscopic methods, suitable for visualizing nanoarchaeotes include
fluorescence in situ hybridization (FISH) and Scanning Electron Microscopy (SEM).
Light microscopy revealed the basic morphology of the cells present, including both
rods and cocci (Fig. 3.20). SEM experiments were performed on cultured cells, and
preliminary results showed coccoid cells of about 2 pm and 400 nm in diameter (Fig.
3.21A). These sizes correspond to general dimensions of Thermococcales and
nanoarchaeote cells, respectively. The nano-sized cells are possibly nanoarchaeotes,
and the bigger cells may be their potential hosts. No nano-sized cells were observed
attached to any coccoid cell. However, this is not surprising as nanoarchaeotes are
known to detach from the host during the late exponential growth phase (Huber et al.
2002). Another factor that may result in the nano-sized cells being detached from
their host cells could be due to centrifugation. The cells were pelleted after culturing
and the supernatant discarded. It is possible that the nanoarchaeotes, if present, could

have detached from their host and were largely lost in the supernatant.

Initial FISH experiments were tested on environmental samples and positive signal
was observed, although substantial interference was noted from non-specific binding
and soil debris (Fig. 3.22). Fluorescence in situ hybridization on cultured cells was
unsuccessful. This was probably due to cell damage as a result of freezing and
thawing. For future experiments, the cultured cells need to be stored in glycerol, or be

fixed immediately ~ with glutaraldehyde for  FISH experiments.
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Fig. 3.20 : Photomicrographs of New Zealand and Chinese environmental samples
cultured at 80 and 85 °C. Cocci and rod shaped cells were observed under light
microscope.
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Fig. 3.21: Cryofixation of cultured New Zealand/Chinese environmental
samples visualized using Leica S440 scanning electron microscope. Coccoid
cells of about 2-3 pm and 400 nm in size were observed (A); including rod
shaped cell (B).
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SS1

SS2

Fig. 3.22: Photomicrographs of New Zealand/Chinese environmental samples hybridized
with nanoarchaeal-specific oligonucleotide probes labeled with Rhodamine for
Nanoarchaea and Fluorescein for other Archaea. SS denotes Sulfolobus sulfataricus.
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Ribosomal targeted oligonucleotide probes were hybridized to paraformaldehyde
fixed environmental samples to facilitate identification of Nanoarchaea with the
fluorescence microscope. Hybridization with both of the hybridization probes yielded
strong signals but with no apparent specificity to nanoarchaeotes. No fluorescence
was observed when the antisense probe was used. Figure 3.22 shows signals from
fluorescent labeling experiments. TC11 shows a red fluorescence due to the use of a
rhodamine labeled probe. TC9 gives both a Fluorescein (green) and rhodamine (red),
signal as an indication of the presence of archaeal and possibly nanoarchaeal cells. SS
(SS, Sulfolobus sulfataricus) shows both red and green signals on the same spot. This
indicates that both probes might be binding non-specifically to all archaea. With the
identification of a wide range of phylotypes, the challenge for future studies is to
design new probes specific for nanoarchacotes. Positive signals with such probes
would assist with an understanding of the morphology and localization of

nanoarchaeotes within the microbial community.
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3.7 General Discussion

3.71PCR

DNA from all samples was PCR amplified using primers developed for this study.
All four samples produced the required amplicons, which were ligated into the
pTZ57R/T vector and successfully cloned in E. coli DH5, strain. The A571F/U1204R
primers could amplify 16S rRNA gene sequences from all three archaeal domains;
the Crenarchaeota, Euryarchaeota and Nanoarchaeota. These primers were shown to
amplify a broad taxonomic range of sequences from community DNA. With the
identification of new taxa, the continued use of the so called “universal” primers must
be assessed. Confirmation that these primers remain truly “universal” is critical for

their continued use for general microbial ecology.

3.7.2 Amplified rDNA restriction analysis (ARDRA)

ARDRA was used extensively on this study, and with great success. ARDRA enabled
the differentiation of phylotypes through digestion with different enzymes.
Phylotypes that generated unique patterns were sequenced and analyzed further by
phylogenetic analysis tools. ARDRA not only contributes to an exploration of the
diversity of the microbial communities of the different samples analyzed, but also
minimized the experimental cost. Instead of sequencing all screened phylotypes, only

representative clones were sequenced. As mentioned previously, prior checking of
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restriction sites by using database sequences is crucial for a good endonuclease

selection.

3.7.3 Phylogenetic analysis

Phylogenetic analysis of nucleotide sequences derived from Chinese and New
Zealand libraries has placed nanoarchaeotes into three distinct groups, based on their
geological origin. These groups are Chinese, New Zealand and the published
nanoarchaeotes. Other phylogenetic groups that were identified from screened
samples include Thermococcus species, Archaeoglobus (Euryarchaea), Pyrobaculum
and Sulfolobus species (Crenarchaea). As these genera inhabit the same environments
as Nanoarchaea, they may be assumed to be potential host cells. These results raise
the question of whether Ignicoccus is the only host of Nanoarchaea, or whether other
hyperthermophiles may serve as host species. It is not known whether nanoarchaeotes
are truly parasitic, or live in symbiotic association with other thermophiles. These

questions may be addressed with the isolation of new host-parasite pairs.

3.7.4 Microscopy

The light microscope enabled visualization of live cells, and active growth was
observed during culturing. SEM experiments showed coccoid cell that fall within the
nanoarchaeal cell diameter. This observation is promising for the presence of

nanoarchaeotes; however the nano-sized coccoid may not be a nanoarchaeote. In the
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presence of host-nanoarchaeal pairs, SEM would reveal the mechanism of attachment
of nanoarchaeotes to the host cells and differences in cell morphology would be

identified.

FISH may be used to identify nanoarchaeotes and to visualize their physical
localization with their host cells. Though FISH was not successful on cultured cells, it
is still a promising tool to be used to explore the morphology and localization of
nanoarchaeotes. Using FISH for future studies will allow simultaneous visualization,

identification, enumeration and localization of individual cells.

All of the three microscope methods used have their own advantages and
disadvantages. Combination of all three will allow effective identification. Cultured
cells allow effective identification due to higher cell densities than with
environmental samples. The cells present in environmental sample might be attached
to soil particles or other sample debris and may give false positive results. It is also
advisable not to freeze the cells prior to FISH, for this will damage the cells due to
heat shock. For future studies on this project the challenge is to modify the
nanoarchaeal probes, based on the novel nanoarchaeal phylotype sequences retrieved
from this study, and to use these probes on properly fixed fresh cultured microbial

consortium.

In conclusion, the diversity of nanoarchacotes was explored on two mini-libraries

from two continents. Eleven phylotypes were identified from a Chinese library and 4
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from New Zealand library. This study has shown that there is genetic diversity
between the novel nanoarchaeal phylotypes and the published sequences and that they

cluster into three groups according to their geographical origin.
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18  Abstract

19  The Nanoarchaeota were proposed as the fourth sub-division of the Archaea in 2002.
20  The first, and only fully characterised Nanoarchaecon was found to exist in a symbiotic
21 association with the hyperthermophilic Crenarchaeote, Ignicoccus. This nanoarchaeote,
22 named N. equitans, did not amplify with “standard archaeal 16S PCR primers” and could
23 only be amplified using specifically designed primers. We have designed two new sets of
24 primers; “universal archaeal primers,” that amplify the 16S rRNA gene of all four
25  archaeal sub-divisions, and “nanoarchaeal-specific primers based on all known
26  nanoarchaeal 16S rRNA gene sequences. Using these primers we have amplified
27 community DNA from Chinese, New Zealand and Chilean hydrothermal sites and have
28  identified novel nanoarchaeal phylotypes. The novel sequences suggest the existence of
29  new genera. The novel phylotypes are partly separated on the basis of geography; New
30  Zealand phylotypes constituting a unique clade, but with similar phylotypes found in both
31  Asia and South America.

32

33 Keywords: Nanoarchaeaota, 16S rRNA, phylogeny, primer, hyperthermophilic.

34
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34 Introduction

35  The Archaea are a biotechnologically important group of organisms. In the past decade
36 two new sub-divisions have been described within the Archaea: the Korarchaeota and
37  Nanoarchaeota (Barns et al., 1996; Huber et al., 2002). The sub-division Nanoarchaeota
38 is known from a single isolate (Huber et al., 2003), two environmental DNA samples
39  (Hohn et al., 2002), 19 DNA sequences (McCliment et al., 2006) and 8 DNA sequences
40  from this study. Nanoarchaeum equitans, the type specimen for the Nanoarchaeota, is a
41 400 nm coccus that is found on the cell surface of the chemolithotrophic Crenarchaeote
42 Ignicoccus. Studies of the Nanoarchaeum genome suggest a parasitic lifestyle, as it must
43 derive the majority of its nutrients from its host due to the absence of a number of
44  metabolic pathways (Waters et al., 2003). Ignicoccus cells grow equally well in pure
45  culture as in co-culture with Nanoarchaeum, but too high a burden of N. equitans cells is
46  reported to inhibit Ignicoccus growth, suggesting that their relationship is not mutualistic
47  (Waters et al., 2003).

48

49 Nanoarchaeum equitans (Huber et al., 2002) failed to amplify using published universal
50 archaeal primers and all three known nanoarchaeal sequences were obtained by
51  amplification with Nanoarchaea-specific 16S rDNA primers (Hohn et al., 2002). We
52 have recently designed a new set of primers with 100% similarity to sequences from all
53  four existing archaeal sub-divisions with the objective of providing an unbiased
54  assessment of archaeal diversity in environmental samples (Baker et al., 2003). These
55  primers proved to amplify archaeote type strains and targeted sequences of the latter from

56  environmental samples that did not amplify using published universal archaeal primers
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57  (Baker and Cowan, 2004; Baker et al., 2003). The acquisition of new nanoarchaeal
58  sequences has allowed us to design a new “nanoarchaeal-specific” PCR primer set. Here
59  we report the use of both primer sets to identify novel nanoarchaeal taxa from Chinese,
60  New Zealand and Chilean hydrothermal sediments.

61

62  Materials and Methods

63  Sampling. Hydrothermal sediment samples were taken from location TC11 and TC9
64  (pH 8.0, average temperature 83 °C) in the Rehai thermal region near Tenchong, SW
65  China; TOK17 (pH 6.0, 96 °C) and TOK3 (pH 6.5, 86.5 °C) in the Tokaanu region in the
66  North Island, New Zealand; TA22 (pH 6.3, 80 °C), TA101 (pH 7.0, 85 °C), TA62 (pH
67  8.0,85°C)and TA91 (pH 5.0, 85 °C) in the Géiseres del Tatio volcanic region, Chile.

68

69 DNA extraction, PCR and cloning. DNA was extracted from duplicate 0.5g sediment
70 samples using a modified Zhou method (Stach et al., 2001). 620 bp fragments of the 16S
71 rRNA gene were amplified from genomic DNA extracted from Chinese and New
72 Zealand samples, using universal archaeal primer pair A571F and UA1204R and a
73 standard protocol (Baker et al., 2003). Using nanoarchaeal-specific primer pair A5S71F
74 (Baker et al., 2003) and N961R (5’-cmattaaaccgcrcacce-3’), 400 bp fragments of the 16S
75  rRNA gene were amplified from genomic DNA from Chilean samples. Amplicons were
76 purified using GFX™ PCR purification kit (Amersham Biosciences), ligated into
77 pTZ5T7R vector (InsT/Aclone™, Fermentas Life Sciences) and transformed into

78  electrocompetent DH5a E. coli.

79
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80  Amplified Ribosomal DNA Restriction Analysis. White colonies from the resulting
81  libraries were amplified by colony PCR using the original PCR primers. The amplicons
82 were digested subsequently with Rsal, Mbol, Haelll and Alul at 37 °C for 16 hours and
83  compared on 2.5% agarose gels by amplified rDNA restriction analysis (ARDRA).

84

85  Phylogenetic analysis. A single clone representing each of the ARDRA types was
86  sequenced using M13F and M13R primers. Sequences were checked for similarity to

87  known sequences using BLASTn (http://www.ncbi.nlm.nih.gov) and aligned to closely

88  related representatives from their taxonomic sub-division, using ClustalW. A neighbour-
89  joining tree based on Jukes-Cantor distances with 100 bootstrap replicates was derived
90  using TREECON (Van de Peer ef al., 1996).

91

92  Results and Discussion

93  Phylogenetic Diversity in the Chinese and New Zealand Samples

94  Inserts from 71 and 36 clones from TC11 and TC9 amplicon libraries, respectively, were
95  amplified using the original universal archaeal primers A571F and UA1204R. Digestion
96  of these using Rsal, Haelll and Mbol yielded 8 unique ARDRA patterns. Sequencing of
97  the different ARDRA patterns revealed the presence of euryarchaeal, crenarchaeal and
98  novel nanoarchaeal sequences. The phylogenetic positions of the novel nanoarchaeal
99  phylotypes are shown in Figure 1. Samples TC9 and TC11 from China contained
100  nanoarchaeal phylotypes which clustered into 5 closely related clades and differed from
101 each other by 1-12%. These new nanoarchaeotes shared 80-89% base identity with the

102 three previously published nanoarchaeal sequences and consistently grouped together
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with a bootstrap support of 100% irrespective of the calculation algorithm applied (Fig.
1). These sequence data have been submitted to the GenBank database under accession
numbers AY727886 to AY727891, AY572420 and AY571283. The remaining sequences
in the TC11 and TC9 libraries clustered mostly with the Crenarchaeotes. TC11-C2 had
97% sequence similarity to Sulfophobococcus zilligii, whilst TC11-C3 and TC11-B2
formed a novel clade that clustered with uncultured Crenarchaeotes including
Cenarchaeum symbiosum. TC9-2F had 98% sequence identity to uncultured

Archaeoglobales.

The inserts from 281 clones from the New Zealand samples TOK3 and TOK17 were
amplified using the universal archaeal primers and digested with Rsal, Haelll and Alul.
15 unique ARDRA patterns were identified in the New Zealand libraries, containing
representatives of Crenarchaeota, Euryarchacota and Nanoarchaeota. The novel
nanoarchaeal sequences, TOK173, TOK17C9 and TOK315, which differ from each other
by 3-5%, were more closely related to the published nanoarchaeotes than to the Chinese
nanoarchaeotes (Fig. 1). These New Zealand phylotypes shared 85-91% identity with the
published nanoarchaeal sequences, as compared to 84-96% with the Chinese sequences.
Other sequences from the New Zealand libraries had high similarities to crenarchaeotes,
such as S. zilligii, as well as euryarchaeotes, mostly Thermococcus and Archaeoglobus

species.

Nanoarchaeum equitans, the only cultured representative of the Nanoarchaeota, is a

nano-sized exosymbiont or parasite (Waters et al., 2003) of Ignicoccus, a marine
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126 hyperthermophilic archacon (Huber et al., 2002). At present it is unknown whether the
127 uncultured members of the group are free-living or associated with a host. If the new
128 Chinese and New Zealand Nanoarchaeotes are symbiotic or parasitic, we might infer that
129 their host is one of the other observed phylotypes. TCI11-C2 is closely related to
130 Sulfophobococcus zilligi, a genus in the same family as Ignicoccus. This phylotype was
131  comparatively rare in the rRNA gene library. The diversity of amplified products is
132 however not directly related to the diversity of the original community as there is intrinsic
133 bias in DNA extraction and PCR techniques. In order to minimise this bias we pooled
134 separate DNA extractions and PCR amplicons prior to cloning. In this study we have
135 demonstrated concomitant amplification of DNA from genetically distinct taxa from
136 three sub-divisions of Archaea. This provides support that our extraction and
137 amplification procedures were not taxonomically biased, but it does not guarantee an

138 accurate reflection of phylotype abundance.

139

140  New “nanoarchaeal-specific” primer design

141 A new “nanoarchaeal-specific” primer was designed on the basis of the archaeal
142 alignment (Fig. 2) by searching for conserved areas within the nanoarchaeal sequences
143 which were not conserved across the other 3 archaeal sub-divisions. The region chosen
144 for primer N961R had 100% complementarity to the Chinese and New Zealand
145 nanoarchaeal phylotypes, as well as to the published environmental DNA sequences,
146  except for N. equitans which had 2 mismatches. Primer N961R was, therefore, designed

147  containing degeneracies at those two positions.

148
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The new primer N961R was used in the laboratory in conjunction with universal archaeal
primer A571F, in comparison with universal archaeal primer pair A571F/UA1204R. Both
primer sets were tested against crenarchaeal (Solfolobus solfataricus), euryarchaeal
(Thermococcus litoralis), nanoarchacal DNA (clone TC11B6) and a hydrothermal

sediment sample (TA101) from the Tatio volcanic region in Chile.

The archaeal universal primers amplified 16S rRNA gene from all four samples (Fig. 3).
The “nanoarchaeal-specific” primer set was used successfully to amplify DNA from
nanoarchaeal DNA and the Chilean hydrothermal sediment sample and did not amplify
crenarchaeal or euryarchaeal DNA (Fig. 3). The PCR product amplified with the
nanoarchaeal-specific primers from the Chilean sediment sample was cloned and the
resultant recombinants were sequenced using M13 primers. Sequence analysis revealed

high identity to nanoarchaeal phylotypes.

Nanoarchaeal Diversity in the Chilean Hydrothermal Samples

The nanoarchaeal-specific primer set was used to amplify 16S rRNA genes from Chilean
hydrothermal samples. Reamplification of inserts from 22 clones from the TA22 library,
43 clones from the TA101 library and 48 clones from the TA62 library was achieved
using the same primer set. These inserts were digested with Rsal, Haelll and Alul. A
single ARDRA pattern was identified for all samples, with the exception of sample
TA101 which resulted in a second pattern with 4/ul. The two nanoarchaeal sequences

had high identity (95-99%) to the Chinese nanoarchaeal sequences (Fig. 4).

Page 8 of 17

Extremophiles, Chief Editor Office, Prof. Koki Horikoshi, Chief Editor, Frontier Research System for Extremophiles, JAMSTEC



Page 9 of 17 Extremophiles

171 The exact phylogenetic position of these Chilean phylotypes is not precise due to the
172 short sequence used to construct the phylogenetic tree. Nanoarchaeal-specific primers
173 should be designed to allow amplification of a larger portion of the 16S rRNA gene.
174  However, due to the lack of nanoarchaeal sequences before position 571 and after
175  position 1204, it is difficult to design primers which would amplify the full nanoarchaeal

176  diversity.

177

178  The placement of the Nanoarchaeota within the Archaea is less clear, its position
179 depending on the algorithm and outgroups chosen (Brochier et al., 2005). It was hoped
180  that an accurate branching position could be determined with the discovery of further
181  members of the clade (Huber et al., 2002). Unfortunately however, despite this study
182 increasing the number of known nanoarchaeal phylotypes, it has not provided full

183 resolution of the Nanoarchaeota branching position.

184

185 Previous studies (Hohn et al., 2002; Huber et al., 2002) have shown that nanoarchacotes
186  are found in marine and continental hydrothermal systems of pH 5.5 — 6.0. In this study
187  the sediments from which nanoarchaeote sequences were amplified had a pH range of 5.0
188  to 8.0, with temperatures between 80 and 96 °C.

189

190  As previously noted (Hohn et al., 2002), there is a wide geographical distribution of
191  members of the Nanoarchaeota, with new members being found in Asia, Oceania and
192 South America. The lack of a complete sequence for these novel phylotypes makes it

193 impossible to deduce whether they can be classified as different species, and possibly
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194  genera, due to their divergence within the available sequence. It is possible to speculate
195  that if a similar divergence was found in the rest of the 16S rRNA gene, these phylotypes
196  would definitely be classified as different taxa. It is interesting to note that the Chinese
197  and Chilean samples formed a phylogenetic cluster, separate from the New Zealand

198  phylotypes, and all these in turn are related but different to the published sequences.
199

200  The design of universal archaeal primers A571F and UA1204R, as well as nanoarchaeal-
201 specific primer N961R, has been useful in identifying novel phyla and significantly
202  increase our knowledge of the sub-division Nanoarchaeota with the identification of

203 novel nanoarchaeal phylotypes that could possibly constitute several new species.
204
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244 Figure 1. Neighbour-joining tree based on Jukes-Cantor distances of a 640 bp alignment
245  of 16S rRNA gene sequences. The Chinese and New Zealand clones were amplified with

246 primers A571F and UA1204R.
247

248 Figure 2. Alignment of representative members from the four archaeal sub-divisions.
249 Clustal alignment from base 933 to 1204 of archaeal 16S rRNA gene sequences. Row 1:
250  Chinese and New Zealand Nanoarchaeotes; Row 2: published Nanoarchaeotes; Row 3:
251  Crenarchaeotes; Row 4: Euryarchaeotes; Row 5: Korarchaeotes. The positions of the
252 universal archaeal primer UA1204R” and the newly designed Nanoarcheal-specific

253 primer N961R are marked by a black arrow.
254

255 Figure 3. TBE 1% agarose gel containing PCR products using primers A571F/UA1204R
256  (Lanes 1-4) and AS571F/N961R (Lanes 5-8) from crenarchaeal (Lanes 1 & 5),
257  euryarchaeal (Lanes 2 & 6), nanoarchaeal (Lanes 3 & 7) and hydrothermal sediment

258  (Lanes 4 & 8) DNA templates. PstI-digested A DNA was used as marker.
259

260  Figure 4. Neighbour-joining tree based on Jukes-Cantor distances of a 400 bp alignment
261 of 16S rRNA gene sequences. Chilean clones TA62NA4 and TA101Na3 were amplified
262 with primers A571F and N961R, while the other Chinese (TC11 and TC9) and New
263 Zealand (TOK) clones were amplified with universal archaeal primers A571F and
264  UAI1204R. Chinese and Chilean Nanoarchaeotes form a cluster separate from the New

265  Zealand sequences and the Yellowstone and Kamchatka phylotypes.
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Figure 1. Neighbour-joining tree based on Jukes-Cantor distances of a 640 bp alignment
of 16S rRNA gene sequences. The Chinese and New Zealand clones were amplified with
primers A571F and UA1204R.
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N961R

TC1108  GCARGGGETHRG GIGTGCGGTTTANIG
TC11D4 GTETGCGGTTT CTT

T6 ARG ACCT TRCCTGACA TGCA' 6006 T6 AGGTGTCCIET

TC11C6  ACARGGGETEEG GIGTGCGGTTTAATGGEALCIGAC ACCEGARACCTTACCEEGEGCE ACAGCAGG ATGAAGGTC AGGCTG ALG ACCT TACCTGACA TGCA' 6CCGTGAGGTGTCCTET
Tc11c4

TCOF ACAAGGCETEEE CTCTCCEETTTALTCCEAACTGACACCEGARACCTTA: ACCTTA

TC1107 ARCTEACA A
TOK173  ACARGGG TGRG
TOK315
TOK17CO

AT458437
AT458436
27318011 ACAAGAGGTGRG GTGCGCGETTTRATT:

X03235
1M36474
M35966  ACBAGGGGTGAA GCTTECEGCITAATTGGAGTCARC CTT TAACG ACCT

ATEECCETCE 6CC6T6 AGGTGTCCEET

M59126  ACAACGGGIGGH NACCGCGETTTAATTGGATTCAAC CTT. ATGARGGCC BGETTEACE ACCT
U20163
X05567 eceTec CTTA ACCTTACC B

ATGGCCETCE TCAGCTCET ACCE!

TCAGTTCET ACTE TG ARGCATCCTET
2r176347
125852

UA1204R

Tc1ics
TC1ID4 TAAGT TG CGRCEE CTCT €CC66 CRCACTGCGG6G  ACT! T
TC11B6 cc 66 a
TC1IC6  TAAGTCAGGLAACGAGCGCGACCCECECCCGCCETIGCEACGE  GAGAGATTICICTC €Cee6 TACACTGCGG66GACTGCCGEGEAR AACCCEGARGARGETGCGE GCE ACG G
TCc1ica ccces
TCOF a an TTCCEE a A
TC115 TTCCGE
Tciic? TTCCOE
TOX173 TCocee
TOX315 TCCCces
TOX17CO Tocces

AT458437 ccces
AT458436 TCCEE
AT318041 TBAAGT ccee

X03235 TARGTCCGECAACGAGCEAGACCCCCACCCCT AGTTGGTATIC T6GACTCCEET CCRGRAC CACACTRAGGGG6  ACTGCCGGCET ~ AAGCCEGAGGAAGEAGEGE GCC ACE G
M36474 TCC6EGE
M35066

L6GTCAGCATGCCCCGAA.
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Figure 2. Alignment of representative members from the four archaeal sub-divisions.
Clustal alignment from base 933 to 1204 of archaeal 16S rRNA gene sequences. Row 1:
Chinese and New Zealand Nanoarchaeotes; Row 2: published Nanoarchaeotes; Row 3:

Crenarchaeotes; Row 4: Euryarchaeotes; Row 5: Korarchaeotes. The positions of the

universal archaeal primer UA1204R2 and the newly designed Nanoarcheal-specific primer
N961R are marked by a black arrow.
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28 Figure 3. TBE 1% agarose gel containing PCR products using primers A571F/UA1204R
(Lanes 1-4) and A571F/N961R (Lanes 5-8) from crenarchaeal (Lanes 1 & 5),
euryarchaeal (Lanes 2 & 6), nanoarchaeal (Lanes 3 & 7) and hydrothermal sediment
(Lanes 4 & 8) DNA templates. PstI-digested & DNA was used as marker.
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Figure 4. Neighbour-joining tree based on Jukes-Cantor distances of a 400 bp alignment
of 16S rRNA gene sequences. Chilean clones TA62NA4 and TA101Na3 were amplified with
primers A571F and N961R, while the other Chinese (TC11 and TC9) and New Zealand
(TOK) clones were amplified with universal archaeal primers A571F and UA1204R.
Chinese and Chilean Nanoarchaeotes form a cluster separate from the New Zealand
sequences and the Yellowstone and Kamchatka phylotypes.
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