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ABSTRACT

Stability in genome organization has been widely studied by comparing physical
and genetic maps of different genomes and, by comparing complete sequences
from different genomes. Many of these comparative studies between related
species have shown some measure of conservation in gene organization. In order
to determine if rearrangements in gene organization occur gradually over time, a
set of related species needed to be compared in detail. My research consisted of a
comparative sequence analysis of a selected region of the genome of various
crenarchaeotal species belonging to the order Sulfolobales. More specifically, the
gene organization of an equivaient 40-50 kbp region that surrounds the 16S rRNA
gene of seven related strains or species was compared. The hypothesis of this
research was that rearrangements in gene organization mirror phylogenetic history.
Results from the analysis showed many blocks of conserved gene organization. A
qualitative tree based on these similarities in gene order was constructed for
comparison with the actual distance tree based upon the 16S rRNA sequences.
My hypothesis was refuted on the basis that changes in gene organization did not
mirror the phylogeny. Instead, my comparative analysis supported a punctuated
model of genomic evolution. The use of gene order as a parameter to build

phylogenies is discussed.




RESUME

La stabilité dans l’organisation des génomes a été grandement étudiée en
comparant les cartes physiques et génétiques de différents génomes et, en
comparant les séquences complétes de différents génomes. Plusieurs de ces études
comparatives entre espéces voisines, ont démontrées une certaine conservation
dans I’organisation des génes. Afin de déterminer si les réarrangements dans
I’organisation des génes surviennent graduellement en fonction du temps, plusieurs
espéces voisines doivent étre comparées. Ma recherche consiste en une analyse
comparative des séquences appartenant a une région spécifique du génome de
divers espéces crenarchaeotales faisant partie de [’ordre Sulfolobales. Plus
précisément, |’organisation des génes de la région de 40-50 kb qui entoure le géne
ARN 16S ribosomale de sept espéces a été comparée. L’hypothese de cette
recherche énonce que les réarrangements dans ’organisation des genes reflétent
I’historique phylogénétique. Les résuitats de ’analyse ont démontrés plusieurs
blocs oul I’organisation des génes était conservée. Un arbre qualitatif basé sur les
similarités dans I’ordre des génes a été construis afin d’étre comparé a [’arbre
phylogénétique obtenu des distances calculées entre les séquences de I’ARN 16§
ribosomale. Mon hypothése a été refutée puisque les réarrangements dans
I’organisation des génes ne réfletent pas la phylogénie. Au lieu, mon analyse
comparative soutient un modeéle punctuel d’évolution génomique. L’utilisation de
I’ordre des génes comme paramétre pour construire des arbres phylogénétiques est

discuté.
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INTRODUCTION

I. Gene organization

The chromosome contains the hereditary information necessary for cellular
life. The typical primary structure of the procaryotic chromosome consists of a
circular double-stranded DNA molecule tightly packed with contiguous genes.
Gene organization is the arrangement of those genes along the chromosome. Gene
organization is important since it may affect patterns of gene expression
(Charlebois and St. Jean, 1995). In turn, the profile of gene expression will
determine if a cell can adapt to an environment. Gene organization is the focus of
this study. My research consists in comparing gene organization of seven related
strains or species of Sulfolobales in a selected region of the genome. The null
hypothesis of my research is that rearrangements in gene organization mirror

phylogenetic history.

II. Stability of genomes

IILA. Rearrangements in gene organization
The genome evolves through three forms of genome changes: point
mutations, genome rearrangements and lateral transfers. Point mutations operate

at the nucleotide level whereas genome rearrangements and lateral transfers




operate on the structure of the chromosome. Thus, genome rearrangements and
lateral transfers are responsible for altering gene organization.

The chromosome is capable of dynamic rearrangements. Recombination,
transposition, deletion, insertion, duplication and inversion are different
mechanisms that can change the spacing and in some cases, the order of genes in
the genome (for reviews: Weinstock and Lupski, 1997; Hallet and Sherratt, 1997;
Krawiec and Riley, 1990; Kolsto, 1997).

Recombination between pairs of homologous sequences is a major
contributor to the plasticity of the genome. Insertion sequences, transposons, 7771
loci and short sequence homologies are sites for recombination (Krawiec and
Riley. 1990). Duplication and deletion occur when two repeated elements in the
same orientation recombine, whereas inversion occurs when two repeated
elements in the inverse orientation recombine. When a region of the genome is
duplicated, more copies of genes are available. Thus, one copy of a gene can
retain its original function, while the other copy can evolve and acquire a new
function. When a section of the genome is deleted, the environment in that region
of the genome is altered. Inversion is probably the most powerful force to change
gene order. The effects of inversion on cell fitness have been studied (Hill et al.,
1990; Mahan et al., 1990; Segall et al., 1988). These studies have demonstrated

that some intervals of the genome show inversion at high frequency (permissive)



while other intervals fail to show inversion (nonpermissive). Segall er al. (1988)
have estimated that inversion occurred 100 times less frequently than duplication.

DNA sequences can be inserted into the genome without requiring any
sequence homology. This type of rearrangement is important when considering
gene organization because it can affect any region of the genome. [llegitimate
recombination between sequences of little or no homology is an example of that
type of rearrangement. Their mechanism although still unclear, involves breakage
and reunion of DNA strands (Ehrlich et al, 1993). Transposition of insertion
sequences and transposons is also common in procaryotes and does not require
sequence homology (for reviews: Chandler, 1997; Hallet and Sherratt, 1997). The
status of a transposable element as a genetic locus is not as fixed compared to
other genes in the genome. Transposing a genetic element from one location to
another may have a dramatic effect or not on the cell.

Horizontal gene transfer represents another means to create diversity in the
genome. In this event, genetic information from a genome is transferred to
another. Horizontal transfer requires a vehicle to transport the genetic information
and the machinery to insert the foreign DNA into the host genome. Lawrence and
Ochman (1997) have estimated that 600 kb of the genome of Escherichia coli had
been transferred horizontally.

The actual use of these rearrangements in the genome will depend on the

species and on the environment where the organism is living. Changes in the



genome can be beneficial since it can promote rapid evolution of the organism in
response to an environmental stress. Dybvig (1993) has reviewed instances where
DNA rearrangements resulted in phenotypic switching needed for survival.

Rearrangements in the genome are also influenced by SOS repair and
mismatch repair. SOS repair is expected to accelerate the rate of evolution since
the mutation and recombination rates are increased. While on the contrary,
mismatch repair is expected to reduce the rate of evolution since the mutation and
recombination rates are decreased. An SOS response is important for bacterial
survival in stressful situations (Matic et al., 1995).

II.B. Forces that maintain gene organization

There are forces that are maintaining gene organization and preventing
losing vital chromosomal identity. Some of these forces are: effective gene
dosage, symmetry of the chromosome, local genetic context direction of
transcription, clustering of functionally related genes, and barrier to the formation
of some rearrangements.

Gene dosage involves the position of genes relative to the origin of
replication (oriC). Genes expected to be highly expressed might require to be
located near the oriC to increase their copy numbers (Schmid and Roth, 1987).
Gene dosage effect is the result of the presence of many replication forks moving
from oriC to terC in the cell. Schmid and Roth (1987) have demonstrated that the

location of genes affects their expression.



Symmetry of the chromosome is important to minimize the time required to
replicate the genome. The origin of replication oriC and the termination of
replication terC are thus separated by 180° to keep the two replicating arms the
same length (Frangois et al., 1990; Hill et al., 1990).

Gene expression is adapted to the local superhelical context (Charlebois
and St. Jean, 1995). The chromosome in eubacteria is circular and divided into
independent domains (Sinden and Pettijohn, 1981; Kellenberger, 1990). In each
domain, negative supercoils are introduced by DNA gyrase (topoisomerase II) and
relaxed by topoisomerase I (Drlica et al., 1990). The global degree of supercoiling
of a domain is determined by the expression of the topoisomerases (I and II), the
presence of proteins that bind and wrap the DNA and, the presence of nicks during
DNA replication and DNA repair. The orientation of genes also affects the global
degree of supercoiling since the transcription bubbles are creating positive
supercoils as bubbles progress. Thus, genes in the same orientation prevent
jamming progress or denaturing the intergenic DNA. Promoters further have
optimum degrees of supercoiling twist and writhe (Jordi et al., 1995; Nickerson
and Achberger, 1995; Jyothirmai, 1994). Some environmental stresses have
shown to alter supercoiling, and consequently change patterns of gene expression
(Higgins et al., 1990; Dorman, 1996). Supercoiling changes have been observed
in situations of change in osmolarity (Higgins ef al., 1988), change in oxygen

tension (Dorman et al., 1988), starvation (Balke and Gralla, 1987), entry into




stationary phase (Dorman et al., 1988), and transition from one carbon source to
another (Balke and Gralla, 1987). Altogether, genes seem to be adapted to their
local level of supercoiling. Therefore, changing the order of genes implicates
changing the context where genes work best (Charlebois and St. Jean, 1995).

The direction of transcription relative to the replication is also an important
factor. Both DNA polymerase and RNA polymerase require a close contact with
the DNA. When DNA polymerase moves in the opposite orientation of the RNA
polymerase, head-on collision resuits in the interruption of the movement of the
polymerases. This conflict can be prevented by avoiding them. Brewer (1990)
and Blattner er al. (1997) have shown a strong bias in gene orientation in the
Escherichia coli genome. The genes are transcribed 2.4 times more often in the
same direction as DNA replication. The bias is even greater for genes that are
transcribed actively. Kunst ef al. (1997) have also shown a strong transcription
orientation bias in the Bacillus subtilis genome. The genes are transcribed 75% of
the time in the direction of replication.

The clustering of functionally related genes has been widely studied. A
well known example is the cotranscriptional regulation that controls gene order in
operons. For instance, the genes encoding Ll11, L1, L10 and L12 equivalent
ribosomal proteins are clustered in the same order in archaea as in eubacteria
(Shimmin et al., 1989). Another instance, the organization of the spectinomycin

operon of bacteria and archaea is similar (Scholzen and Arndt, 1991).



Finally, some rearrangements do not occur because of a barrier to their
formation. For instance, rearrangements in the region of terC do not occur since it
would disrupt DNA replication (Hill et al., 1987; Frangois et al., 1990). Some
other rearrangements are simply lethal to the organism because of the loss or
inactivation of essential genes.

II.C. Genomic stability

An equilibrium must exist between the forces that are disrupting gene
organization and the forces that are maintaining gene organization. The balance of
these forces may also be different in various organisms. We can hypothesize that
when the forces maintaining gene order are stronger than the forces disrupting
gene order, genomic stability is achieved. Charlebois and St. Jean (1995) have
suggested a model which predicts that genes are placed in genomic positions that
optimize their expression in the different environments encountered by the cell. If
a lineage was challenged by a new environment, the forces that maintain gene
order would relax, genes could rearrange themselves, and a new stable genomic
map would emerge. Each gene would further adapt to improve its performance.

Gene organization is without any doubt important for a genome.
Nonetheless, it is also interesting to investigate gene organization between two
different genomes. When two genomes have a similar gene organization, it
implies that these organisms share a life history. While on the contrary, if two

genomes have a dissimilar gene organization, it implies that at some point, the



environmental challenges encountered by these two organisms have differed.
Genomic stability between two genomes has been widely studied in the last
decade. Comparative mapping and comparative genomics are the two types of

approaches that have been used to examine gene organization between genomes.

III. Comparative analyses of gene organization

III.A. Comparative genome mapping

A genome map is a graphic representation of the organization of the
genome. Two types of maps can be produced: physical maps and genetic maps.
They differ from each other by the way they are constructed. (for reviews:
Fonstein and Hasselkorn, 1995; Fonstein and Hasselkorn, 1997; Cole and Saint
Girons, 1994)

Physical maps can be built by a top-down or bottom-up approach. The top-
down method involves separating large DNA fragments by pulsed-field gel
electrophoresis (PFGE) using rare cutting enzymes. For instance, the intron
endonuclease I-Ceul which specifically cleaves the rrl (23S rRNA) genes in
bacteria, is often used (McClellan et al., 1997). The size and linkage of these
fragments obtained are then determined. The bottom-up method involves the
linkage of overlapping clones. This latter approach has a much finer resolution if
one desires to characterize the genome of an organism. (Fonstein and Haselkomn,

1995) Regardless of the approach taken, most physical maps carry genetic




markers that are usually localized by hybridization. (Fonstein and Haselkomn,
1995; Cole and Saint Girons, 1994)

Genetic maps are not as used because they are labor-intensive and restricted
to organisms for which genetic tools are available. The distances between genetic
markers are measured by recombination frequencies. Consequently, they are
sensitive to recombination hot spots. Genetic maps have only been constructed for
Escherichia coli K-12 (Bachmann, 1983), Salmonella typhimurium LT2
(Sanderson and Roth, 1988), Bacillus subtilis (Piggot, 1990), Streptomyces
coelicolor A3 (Hopwood and Kieser, 1990), Staphylococcus aureus (Pattee,
1990), Pseudomonas putida (Holloway et al., 1990) and Pseudomonas aeruginosa
(Holloway et al., 1990).

Comparative mapping has been used to study genomic stability. The
analysis involves comparing the order of genetic markers of two maps and
determining the type and frequency of rearrangements since the divergence of the
two organisms. Comparative mapping can be performed at three phylogenetic
levels: intraspecies, interspecies or intergenic. Results from comparative mapping
have shown various degrees of conservation in gene organization between strains,
species or genera. Fonstein and Haselkorn (1995) have proposed two levels of
conservation in gene organization in procaryotes; one level showing a strict
conservation in gene order, and the second level showing no long range

conservation of maps.



Conservation in gene order can be observed within the species Escherichia
coli, Salmonella typhimurium, Clostridium perfringens, Mycoplasma hominus,
Lactococcus lactis, Streptomyces spp., Borrelia spp., Methanobacterium spp. and
Haloferax spp.. Conservation in gene order can also be observed between the
species Salmonella enteridis and Salmonella typhimurium and; Salmonella
typhimurium and Escherichia coli. Here is a summary of the conclusions drawn
from these comparative analyses. Perkins et al. (1993) have compared maps from
6 strains of Escherichia coli, and identified 41 polymorphic loci which were
mostly insertions and deletions of 1 to 86 kb. Liu and Sanderson (1995a) have
studied the [-Ceul skeleton of 17 strains of Salmonella typhimurium and observed
a strong conservation in length and order. Canard et al. (1992) have studied 10
strains of Clostridium perfringens, and reported conservation in the order of
genetic loci despite three hypervariable regions. Ladefoged and Christiansen
(1992) have observed conservation in gene organization of five Mycoplasma
hominis genomes, aside from one large inversion in one of the strains. Gene order
of Mycoplasma hominis was also found to be identical to that of Clostridium
perfringens. Le Bourgeois et al. (1995) have compared maps of Lactococcus
lactis subsp. cremoris and Lactococcus lactis subsp. lactis, and noticed an overall
conservation in gene organization with the exception of one large inversion of half
of the genome. Leblond er al. (1993) have shown that the physical maps of

Streptomyces lividans and Streptomyces coelicolor have a similar organization
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except for one unstable region. Casjens et al. (1995) and Ojaimi et al. (1994) have
demonstrated that the genetic organization of Borrelia burgdorferi, Borrelia
garinii, Borrelia afzelii, Borrelia japonica and four other Borrelia isolates was
identical. Stettler et al. (1995) have shown that the global arrangement of gene
order of Methanobacterium wolfei is very similar to that of Methanobacterium
thermoautotrophicum. Lopez-Garcia et al. (1995) studied the gene organization of
Haloferax volcanii and Haloferax mediterranei, and concluded that the maps
differed mainly by two inversions and a few translocations. Liu er al. (1993) have
reported that gene order in Salmonella enteritidis and Salmonella typhimurium
LT2 were identical except for one inversion. Riley and Sanderson (1990) have
shown that the genetic maps of Escherichia coli K-12 and Salmonella
typhimurium LT2 are similar, apart from one large inversion and a few deletions
and insertions.

The group of microorganisms that are demonstrating highly rearranged
chromosomes is composed of Bacillus cereus; Helicobacter pylori; Rhodobacter
capsulatus; Pseudomonas stutzeri, Leptospira interrogans; Salmonella typhi
versus Salmonella tvphimurium and; Haloferax volcanii versus Halobacterium
salinarium. Here are the main conclusions drawn from these comparative
analyses. Carlson and Kolsto (1993) suggested that the taxonomy of the Bacillus
genus needs reappraising since gene order of Bacillus thuringiensis and some

strains of Bacillus cereus is similar, while gene order of two other strains of

1




Bacillus cereus differ as much as Bacillus subtilis does. Jiang et al. (1996) have
reported no conservation in gene organization and no clustering of genes within
five Helicobacter pylori strains. Nikolskaya et al. (1995) have studied a 1.2 Mb
chromosomal region of three Rhodobacter capsulatus strains that showed
numerous large and small rearrangements. Ginard et al. (1997) detected diversity
in chromosomal arrangements in 20 strains of Pseudomonas stutzeri. Zuerner et
al. (1993) compared maps of the larger replicon of two strains of Leptospira
interrogans and demonstrated many large rearrangements. Liu and Sanderson
(1995b and 1996), have shown that the genome of Salmonella typhi Ty2 doesn’t
share the same organization of Salmonella typhimurium and Escherichia coli. For
this matter, Salmonella typhi Ty2 has undergone major genome rearrangements
such as homologous recombination between rrn genes. Finally, St. Jean and
Charlebois (1996) reported different chromosomal arrangements in Haloferax
voleanii DS2 and Halobacterium salinarium GRB.

Comparative genome mapping has been useful in studying genomic stability
mainly because the analysis is simple, rapid and inexpensive. Comparative
mapping has also been used for typing of strains (Liick et al, 1995). The main
weakness of comparing maps is the lack of resolution. The resolution of
comparative mapping depends on the approach taken to construct the maps and the
number of markers that are actually being compared between the two organisms.

The analysis can determine to a certain level, the degree of conservation in gene

12



organization, but doesn’t identify the forces involved. Furthermore, genomic
stability versus instability is subjective and poorly quantified. Comparative
mapping is an important study, but remains one of the preliminary stages to
understanding stability in gene organization.
I.LB. Comparative genomics

Comparative genomics has also been used to measure map stability. In this
type of analysis, two genomes that have been completely sequenced are compared
to each other. Whole procaryotic genomes have been sequenced for Haemophilus
influenzae (Fleischmann et al., 1995), Mycoplasma genitalium (Fraser et al.,
1995), Synechocystis sp. (Kaneko et al., 1996), Methanococcus jannaschii (Bult et
al., 1996), Mycoplasma pneumoniae (Himmelreich et al, 1996),
Methanobacterium thermoautotrophicum (Smith et al., 1997), Helicobacter pylori
(Tomb et al., 1997), Bacillus subtilis (Kunst et al., 1997), Archaeoglobus fulgidus
(Klenk et al., 1997), Borrelia burgdorferi (Fraser et al., 1997), Escherichia coli
(Blattner et al., 1997) and Aquifex aeolicus (Deckert et al., 1998). Moreover,
approximately 50 other procaryotic genomes are in the process of being
sequenced.

Comparative genomics has the advantage of having a high resolution over
comparative mapping. However, the genomes that have bsen completely
sequenced so far, are often too distantly related to observe any conservation in

gene order. Clearly, sequencing other genomes that are more closely related
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would be more informative, but also more labor intensive, time-consuming and
expensive. The phylogenetic relationship between the different genomes that are
available is shown in figure 1.

Most comparative genomic analyses performed until now, have
demonstrated little conservation in gene organization within genomes (for review:
Kolsto, 1997). Tatusov et al. (1996) have compared the genomes of Haemophilus
influenzae and Escherichia coli, two y-Proteobacteria. No large-scale conservation
of gene organization was observed between the two genomes. Nevertheless, many
short conserved gene strings were discovered. Fewer than 50% of these strings are
known as operons. Tamames et al. (1997) have also compared the genomes of
Haemophilus influenzae and Escherichia coli by performing statistics on
neighboring pairs of genes. They have shown a strong tendency for genes within
the same functional class to cluster together. From a total of 800 neighbors in
Haemophilus influenzae and 1971 in Escherichia coli, 291 stayed neighbors in
both species. Furthermore, the relative direction of transcription was found to be
conserved between homologous gene pairs (Tamames et al., 1997). Fraser et al.
(1995) have compared the genomes of Mycoplasma genitalium, a Gram Positive
bacterium and Haemophilus influenzae, a y-Proteobacterium. No long-range
conservation in gene order was observed. However, short regions of conserved
gene order were observed, particularly two clusters of ribosomal proteins.

Mushegian and Koonin (1996) have further compared Escherichia coli,
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Figure 1. Phylogenetic tree relating the different procaryotes whose genomes have
been completely sequenced. The tree was obtained from The Ribosomal Database
Project site (http://rdpwww.life.uiuc.edw/), based upon the small-subunit rRNA
sequences under maximum likelihood’s model. Bar, 0.1 substitutions/site.
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Mycoplasma genitalium and Haemophilus influenzae to each other. Only 27 gene
strings were found to be conserved between the three bacterial species, and 23 of
these are known to be operons. Siefert et al. (1997) have compared gene order of
four bacteria, Haemophilus influenzae, Mycoplasma genitalium, Mycoplasma
pneumoniae and Synechocystis spp., and one archaeon, Methanococcus jannachii.
Little conservation in gene organization was observed between the different
genomes. Only 16 gene strings were conserved among the four bacteria and only
8 of these are conserved in archaea as well. Smith ef al. (1997) have investigated
gene organization in Methanococcus jannachii and Methanobacterium
thermoautotrophicum, two euryarchaeotes. Only 14% of orthologous genes had
the same neighbor in the two genomes.

Conservation in gene organization can however be observed when the
genomes of closely related organisms are compared. Himmelreich et al. (1997)
compared the genomes of two Mycoplasma species: Mycoplasma genitalium and
Mycoplasma pneumoniae. The two genomes were subdivided into 6 segments.
Within these segments, gene order was well conserved. However, the order of
these 6 segments was different between the two genomes. These rearrangements
can be explained by homologous recombination between the segments. The
translocations did not however interfere with the orientation of transcription

relative to replication.
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[II.C. Comparative sequencing analysis of a selected region of
many genomes

The null hypothesis of my research is that rearrangements in gene
organization mirror phylogenetic history. In order to test my hypothesis, changes
in gene organization relative to sequence divergence were compared in seven
closely related organisms. Because of the lack of resolution of comparative
mapping, a high resolution comparison at the sequence level was required.
Furthermore, in order to make this analysis realistic and feasible, my comparison
was limited to a specific region of the genome. More specifically, the 40-50 kbp
region surrounding the 16S rRNA locus of seven related species and strains of
Sulfolobales was compared. The 16S rRNA gene was chosen as a reference point
in the genome because of its high conservation and because a single copy is
present in the Sulfolobales. The Sulfolobales were chosen for my comparison
since my laboratory was already involved in the genome sequencing project of
Sulfolobus solfataricus P2 (Sensen et al., 1997). The sequencing of a genome can
generate an enormous amount of data that can be very useful to study gene order
in-depth. Therefore, I will be using some of the data generated for my gene
organization study by using Sulfolobus solfataricus P2 as a reference strain. This
type of comparative sequencing analysis in which a specific region of the genome
is compared between many related organisms at the sequence level, represents the

first of its kind.
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IV. The Sulfolobales, sulfur-dependent thermoacidophilic archaea

All living organisms are divided into three domains based on the phylogeny
of the rRNA: Archaea, Bacteria and Eucarya (Woese and Fox, 1977, Woese et
al., 1990). Figure 2 is a phylogenetic tree of life based on the small-subunit rRNA
sequences, showing the three domains (Pace, 1996). The archaea and eubacteria
are considered procaryotes primarily because they lack a nuclear membrane. The
archaea share some features with the bacteria in the overall genome design, such
as the presence of a single circular chromosome and gene organization. However,
they differ from one another in a number of ways. (for reviews: Keeling et al.,
1994; Keeling and Doolittle, 1995)

The archaeal domain is divided into two main divisions on the basis of the
small-subunit rRNA sequence: the Euryarchaeota and the Crenarchaeota. The
euryarchaeotes consist of methanogens, extreme halophiles, sulfate-reducing
species (the genus Archaeoglobus) and two types of thermophiles (the genus
Thermoplasma and the Thermococcales). The crenarchaeotes consist of sulfur-
dependent extreme thermophiles. All thermoacidophiles in the crenarchaeote
division belong to the order of Sulfolobales. Figure 3 shows a phylogenetic tree
based on the 16S rRNA gene showing the Sulfolobales. (Fuchs et al., 1996)
Within the Sulfolobales, the genera Sulfolobus, Acidianus, Stygiolobus,

Desulfurolobus and Metallosphaera have been described. They mainly inhabit
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Figure 2.  Universal phylogenetic tree showing the three domains; the Archaea,
the Bacteria and the Eucarya. The tree was reproduced from Pace (1996) and was
based upon the small-subunit rRNA gene.
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Figure 3. Phylogenetic tree showing the Sulfolobales, based upon the 16S rDNA
sequences of 12 thermoacidophilic members of archaea. The tree was reproduced
from Fuchs et al. (1996). The distances have been calculated assuming Jukes and
Cantor’s model of evolutjon and the dendrogram was constructed by the least
squares distance method of De Soete. Bar, 10 substitutions per hundred nucleotides.
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continental sulfur-rich springs, share the ability to oxidize elemental sulfur and
grow at low pH and high temperature. The different genera within that group can
be distinguished by their metabolic and biochemical properties, their G+C content
(31-45%), DNA/DNA hybridization and their 16S rRNA gene sequence (Grogan,
1989; Grogan et al., 1990; Huber er al., 1989). Sulfolobus, Acidianus and
Metallosphaera are aerobes whereas Desulfurolobus and Stygiolobus are strict
anaerobes. The strains chosen for my study were Sulfolobus solfataricus P2,
Sulfolobus solfataricus P1, Sulfolobus solfataricus MT4, Sulfolobus shibatae,
Sulfolobus acidocaldarius, Sulfolobus tokodaii and Metallosphaera sedula. These
different organisms were estimated to have diverged from each other at different
times, varying from 25 to 550 million years, based on the 16S rRNA sequence and
a clock rate of 1% substitutions per 50 million years (Ochman and Wilson, 1987).

The geographical origins of these organisms and their G+C contents are indicated
in Table 1. In addition to being able to oxidize sulfur for energy, these
Sulfolobales are facultative autotrophs and therefore, can also grow on rich media.
The size of the genomes of S. solfataricus P2 and S. tokodaii have been estimated
to be approximately 3 Mbp and 2.8 Mbp respectively (Sensen ef al., 1996: Kondo
et al., 1993). Many insertion sequences have been identified in S. solfataricus P2
(Sensen et al., 1996). When hybridizing genomic DNA from the other
Sulfolobales studied, to the insertion sequences found in S. solfataricus P2, most

were also found to be present in S. solfataricus P1, S. solfataricus MT4 and
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S. shibatae. However, very few were found in S. acidocaldarius. S. tokodaii and

M. sedula at the level of stringency used (Unpublished data).
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Table 1. Geographical origins of the Sulfolobales and their G+C contents.

Geographical origin

G+C content

S. solfataricus P1

Volcanic hot springs, Italy, Campi
flegrei (Zillig et al., 1980)

35% (Zillig et al., 1980)

S. solfataricus P2

Volcanic hot springs, Italy, Campi
flegrei (Zillig et al., 1980)

35% (Zillig et al., 1980)

S. solfataricus MT4

Hot water ponds, Italy, Naples,
Agnano, Pisciarelli Solfatara

(De Rosa et al., 1975)

35% (Zillig et al., 1980)

S. shibatae

Geothermal mud hole, Japan,
Kiushuisland (Grogan et al., 1990)

35% (Grogan et al., 1990)

S. acidocaldarius

Acid hot spring, USA, Yellowstone
National Park (Brock et al., 1972)

38% (Zillig et al., 1980)

S. tokodaii Acidic spa, Beppu hot springs, Japan | 40% (Yamagashi and Oshima, 1990)
(Wakagi and Oshima, 1985)
M. sedula Hot water ponds, Italy, Naples, | 45% (Huber et al., 1989)

Agnano, Pisciarelli Solfatara
(Huber et al., 1989)
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MATERIALS AND METHODS'

I. Growth of Sulfolobales

L.A. Strains

Sulfolobus solfataricus P2 (DSM 1617), Sulfolobus solfataricus P1 (DSM
1616), Sulfolobus solfataricus MT4 (DSM 5833), Sulfolobus shibatae (DSM
5389), Sulfolobus acidocaldarius (DSM 639) and Metallosphaera sedula (DSM
5348) were obtained from Deutsche Sammiung von Mikroorganismen und
Zellkulturen (DSM, Braunschweig, Germany). Sulfolobus tokodaii (formerly
known as Sulfolobus acidocaldarius strain 7) was obtained from Akihiko
Yamagishi (Tokyo Institute of Technology, Yokohama).
I.B. Culture conditions

The various strains were cultivated in Allen’s (1959) medium, modified by
Brock et al. (1972). This basal salts medium contains (per liter): 1.3 g (NH,4)2SOs,
280 mg KH,PO,, 250 mg MgS04-7H,0, 70 mg CaCl,-2H,0, 20 mg FeCl;-6H,0,
4.5 mg Na,B40,-10H;O, 1.8 mg MnCl-4H,0, 0.22 mg ZnSO4-7H,;0, 0.05 mg
CuCl,-2H,0, 0.03 mg VOSO,-2H;0, 0.03 mg Na,MoO,-2H,0 and 0.01 mg
CoS0,. The basal salts medium was supplemented with 0.1% (w/v) yeast extract
and 0.2% (w/v) sucrose unless stated otherwise. The pH was adjusted with

H,SOq.

! Refer to Appendix I for recipes of solutions and media.
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Solid media were prepared by adding (per liter) 8 g Gelrite gellan gum, 3
mg CaCl, and 10 mg MgCl, to this yeast extract-sucrose medium. The pH was
adjusted to 3.5 with H,SOj. S. solfataricus P1, S. solfataricus P2, S. shibatae and
S. tokodaii were grown on plates at 70°C, for 7 days. A single colony from these
organisms was used to inoculate liquid medium. S. acidocaldarius, S. solfataricus
MT4 and M. sedula were grown in liquid cultures only.

Liquid cultures were grown in glass hybridization tubes using 50 ml of
medium. The cultures were incubated aerobically for 3-4 days in a hybridization
oven. The different organisms were grown in their optimal growth conditionis. M.
sedula was grown at 65°C; S. acidocaldarius at 70°C; S. solfataricus P1, S.
solfataricus P2, S. tokodaii and S. shibatae at 78°C; and S. solfataricus MT4 at
85°C. The pH of the cultures was adjusted to 2.5 for M. sedula; 3.0 for S.
acidocaldarius and S. tokodaii; and 3.5 for S. shibatae, S. solfataricus P1, S.
solfataricus P2 and S. solfataricus MT4. S. solfataricus P1 was supplemented
with 0.1% yeast extract and 0.2% maltose whereas M. sedula was supplemented
with 0.1% yeast extract only.

I.C. Storage

The cultures were stored at -80°C based on a protocol provided by
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSM,
Braunschweig, Germany). Briefly, 10 ml of culture was kept at room temperature

for 1 hour then CaCO; (~200 mg) was added in excess. The culture was then left
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at room temperature for 30 minutes to allow the CaCO; and CaSO, to settle to the
bottom. The supernatant was transferred to another tube and centrifuged for 7
minutes. The cells were resuspended in 1 ml of fresh medium that had been
neutralized with CaCO; and which contained 10% glycerol. The cells were frozen
at -80°C.

[1. Extraction of genomic DNA

Total genomic DNA from the various strains, was isolated from a 40 ml
culture in the early to mid exponential phase of growth. The cells were
centrifuged for 7 minutes. Cell pellets were resuspended in 200 pul of TE (10 mM
Tris-Cl pH 8 and 1 mM EDTA). The cells were lysed by adding 20 ml of STE
(1% Lauryl sarcosine, 50 mM Tris pH 8 and 50 mM EDTA) followed by gentle
swirling. To allow complete lysis, the mixture was left at room temperature for 30
minutes. Three phenol : chloroform (1:1) extractions were performed, followed by
an ethanol precipitation (1/10 volume of 3 M sodium acetate pH 5.5 and 2
volumes of 95% ethanol). The DNA was washed in 70% ethanol, air dried

partially and suspended in 400 pl of TE.

III. Construction of cosmid libraries

III.LA. Preparation of vector
Tropist3 was the cosmid vector used to construct the cosmid libraries (De

Smet ef al., 1993). Twenty-five pg of Tropist3 was cut with Sca I (30 U) for 3
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hours at 37°C between the two cos sites. The linearized vector was phenol :
chloroform (1:1) extracted, ethanol precipitated, washed and resuspended in 50 pl
of TE. A sample (1 pg) was run on a 0.8% TAE (50 mM Tris, 2 mM EDTA and
20 mM sodium acetate) agarose gel to confirm complete digestion of Tropist3.
The 5' phosphorylated ends of the linearized vector were dephosphorylated by
treatment with alkaline phosphatase (1 U) at 37°C for 30 minutes. The enzyme
was denatured by incubating the vector at 65°C for 15 minutes. The vector was
then phenol : chloroform (1:1) extracted, ethanol precipitated, washed, and
resuspended in 87 pl of TE. Tropist3 was then cut with the cloning enzyme (30 U
of Hind 111, Xba I or Bam HI) for 3 hours at 37°C. Again, the vector was phenol :
chloroform (1:1) extracted, ethanol precipitated, washed, and resuspended in 50 pl
of TE. The final concentration of the prepared vector was 0.5 pg/pl. One ug of
cut vector was self-ligated using 0.3 U of DNA T4 ligase at 12°C for 16 hours.
Ligated and non-ligated vectors were verified on a 0.8% TAE agarose gel.
III.B. Preparation of partially digested genomic DNA

An ideal cosmid library contains all the genomic sequences at the same
frequency. An important factor that influences this frequency is the choice of
cloning enzyme. This restriction endonuclease should cut the genome randomly.
Hind I, Xba [ and Bg! 11 are suitable cloning enzymes since they frequently cut
the genome of Sulfolobales. To determine which enzyme to use in the preparation

of the cosmid library, 2 pg of genomic DNA was digested with the three
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restriction enzymes and verified on a 0.6% TAE agarose gel. The cloning enzyme
that cut the genome more frequently was chosen. The size of the biggest fragment
should not be greater than 15 kb. Xba I was the enzyme chosen for S. solfataricus
MT4 and, Hind Il was chosen for S. solfataricus Pl, S. shibatae, S.
acidocaldarius. S. tokodaii and M. sedula.

Ten pg of genomic DNA was partially digested for 30 minutes at 37°C with
different amount of cloning enzyme (8U, 6U, 4U, 3U, 2U, 1.5U, 1U and 0.5U).
Samples of the partial digests (1 pg), a complete digest, uncut genomic DNA and
uncut lambda DNA were loaded onto a 0.6% TAE agarose gel. The partials that
had their main size range between 40 and 60 kb were chosen for preparing the
cosmid library. The partials were treated with alkaline phosphatase (1U) at 37°C
for 30 minutes to avoid ligation of non-contiguous DNA fragments. The enzyme
was deactivated by adding EDTA to a final concentration of 20 mM. The partials
were phenol : chloroform (1:1) extracted, ethanol precipitated, washed and
resuspended in 16 pul of TE.

III.C. Ligation

The phosphatased partials (6 pg) were ligated to the prepared Tropist3 (0.5

pg) using one unit of T4 DNA ligase at 12°C for 18 hours. The ligation mix was

stored in the freezer.
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II1.D. In vitro Packaging

The introduction of cosmids into bacterial cells was done by packaging the
cosmids into lambda particles followed by the infection of host cells. The in vitro
packaging was performed using Gigapack I[I XL packaging extract from
Stratagene. The procedure was explained in the instruction manual. Briefly, 4 pl
of ligation mix was added to a Freeze/Thaw extract tube, followed by 15 pl of
Sonic extract. The packaging of cosmids was done at room temperature for 2
hours. Five hundred pl of phage dilution buffer was added, followed by 20 pl of
chloroform.
[IL.LE. Infection of host cells

E. coli ED8767 was the strain used as the host. E. coli was grownona YT
plate at 37°C for 18 hours. Ten ml of YT broth was inoculated with a single
colony and incubated at 37°C for 18 hours. Fifty ml of YT broth supplemented
with 0.2% maltose and 10 mM MgSO,, was inoculated with 0.5 ml of E. coli
culture and grown at 37°C with shaking for 4-5 hours (O.D.gq between 0.6 and 1).
The cells were centrifuged for 10 minutes and resuspended in 10 mM MgSO, to an
ODyggo of 0.5.

One hundred fifty pl of packaged cosmids and 1.5 ml of prepared host cells
were incubated for 20 minutes at 37°C with gentle shaking. The cells were grown
at 37°C for 40 minutes with gentle shaking, by adding 3.75 ml of prewarmed YT

broth. The cells were centrifuged and resuspended in 1.3 ml of YT broth. One
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hundred pl aliquots were spread onto YT-kan plates and incubated at 37°C for 23
hours. Only the cells that were infected with a cosmid grew on such plates.
IILF. Storage of cosmid libraries

Colonies (800 to 1200) were picked using sterile toothpicks and grown in
100 pl YT-kan broth in 96-well lidded microtiter dishes at 37°C for 20 hours. The

cultures were frozen at -80°C with 15% v/v glycerol.

IV. Screening of the cosmid libraries

IV.A. Amplification of the 16S rRNA gene to use as a probe

Based on a 16S rRNA gene alignment of various Sulfolobales. a set of
primers was designed to amplify a part of the 16S rRNA gene. The chosen
primers  were 5 _TGTCAGCCGCCGCGGTAATACC—3' and 5—
GGAGTCGGAGGGTACGATTACG—3'. The PCR reaction was performed
using 10 and 100 ng of genomic DNA, 4 mM MgCl, 200 uM dNTP, 30 pmol of
each primer, 1X Thermo buffer and 1 U of Taq polymerase. The thermal cycling
using a Gene Amp PCR system 9600 was set as follows: 95°C for 5 minutes; 30
cycles of: 1 minute at 94°C, 2 minutes at 65°C and 5 minutes at 72°C; and finally

hold at 4°C. One third of the PCR reaction was run on a 1% TAE agarose gel.

IV.B. Preparation of blots
Before freezing the microtiter dishes at -80°C, a 96-pronged device was

used to stamp the cultures onto GeneScreen Plus membranes (Dupont / NEN)
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overlaid on top of YT-kan agar in large square dishes. Each microtiter dish was
stamped twice to obtain duplicates of the cosmid libraries. The plates were
incubated at 37°C for 20 hours. The blots were sequentially treated 5 minutes to
the 4 following solutions: 1) 10% SDS lysis solution, 2) denaturing solution (0.5M
NaOH and 1.5M NaCl), 3) neutralizing solution (0.5M Tris-Cl pH 7.4 and 1.5M
NaCl), and 4) 2X SSC solution (3M NaCl and 0.3M sodium citrate). The colony
blots were air dried and the DNA was fixed onto the membrane by autoclaving the

biots for 1 minute. Just prior to the hybridization, the blots were soaked in a
prewash solution (0.5% SDS, ImM EDTA and 5X SSC) for 1 hour at 50°C.
Colony debris was scrubbed off the blots using Kimwipes.

IV.C. Hybridization of the cosmid libraries

The colony blots were placed in a hybridization tube. The blots were
prehybridized at 38°C for at least 1 hour with 15 ml of hybridization solution (1M
NaCl, 50 mM Tris-Cl pH 7.6, 5% SDS and 50% v/v formamide) and 300 pl of 3
mg/ml denatured and sheared herring sperm DNA.

One ul of random hexamer primers (2.5ug/pul) was added to 300 ng of
PCR-amplified 16S rRNA fragments, bringing the final volume to 17 pl with
water. The DNA fragments and hexamers were boiled 5 minutes and quick chilled
on ice. Three pl of BSA (1 mg/ml), 2.5 ul of 10X RP-C buffer, 2 pl of [o-
32p1dCTP (20 uCi) and 0.5 pl (1 U) of Klenow enzyme were added. The random-

priming labeling was performed at 37°C for 45 minutes. The probe was then
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precipitated with two volumes of 0.5 M ammonium acetate in 95% ethanol,
centrifuged for 10 minutes and resuspended in 100 pl of water. The probe was
boiled for 5 minutes, quick chilled and added to the hybridization tube containing
the colony blots. The blots were hybridized overnight at 38°C.

The hybridization solution was drained and the blots were rinsed twice with
2X SSC / 1% SDS. The hybridization tube was half filled with prewarmed 2X
SSC / 1% SDS and incubated at 65°C for 1 hour. The wash solution was drained
and the blots were rinsed again with 2X SSC. The blots were placed in an
autoradiography cassette between sheets of plastic wrap and exposed to a Kodak

X-OMAT film with an intensifying screen at -80°C.
V. Choosing positive cosmid for preparation of plasmid library

V.A. Alkaline extraction of cosmids

The colonies that were positive on the autoradiogram, were grown on YT-
kan plates for 22 hours at 37°C. The smallest colonies on plates were used to
inoculate 15 ml of YT-kan broth. The cultures were grown with shaking at 37°C
for 21 hours. The cells were spun 7 minutes and resuspended in 200 pl of TEG
(20 mM Tris-Cl pH 8, 50 mM EDTA and 1% glucose). The cells were lysed when
adding 400 pl of 0.2 M NaOH / 1% SDS and mixing by rocking. Three hundred
pl of 7.5 M ammonium acetate kept at -20°C was added. The neutralized lysate

was mixed and centrifuged for 7 minutes. The supernatant was extracted with
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phenol : chloroform (1:1), precipitated with 500 pl of isopropanol, and
resuspended in 300 pl of TE. The DNA was precipitated once more by adding 2
volumes of 0.5 M ammonium acetate in 95% ethanol, washed with 70% ethanol
and resuspended in SO pl of water.
V.B. Mapping of cosmids

Two pl of cosmid DNA (600 ng) was digested with 3 U of cloning enzyme
at 37°C for 3 hours and run on a 0.8% TAE agarose gel. The restriction patterns
of the positive cosmids were compared. By looking at the shared bands between
the cosmids, a rough map was constructed. One or two overlapping cosmids were
then chosen to prepare a plasmid library.
V.C. Verification of the integrity of chosen cosmids

To verify that the cosmid selected did not contain deletions, a Southern
hybridization of genomic DNA using the cosmid as a probe was performed.
Genomic DNA (3 pg) and the chosen cosmid(s) (50 ng) were digested with 5 U of
cloning enzyme at 37°C for 3 hours and loaded side by side on a 0.8% TAE
agarose gel. The gel was transferred onto a GeneScreen membrane (Dupont /
NEN) using a Tyler VT-20 vacuum transfer unit, by submerging the gel 3 minutes
with the depurination solution (0.25 M HCI), 3 minutes with the neutralizing
solution (1.5 M NaCl and 0.5 M NaOH) and 30 minutes with the transfer solution
(0.4 M NaOH). The blot was rinsed in 2X SSC and irradiated with ultraviolet

light for 5 minutes to fix the DNA onto the membrane.
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The chosen cosmid was linearized prior probe preparation. Three hundred
ug of cosmid was partially digested with 0.5 U of Hind III at 37°C for 10 minutes.
The Southern hybridization was performed at 38°C following the same procedure
used for the colony hybridization. On the autoradiogram, the bands lighting up for

the genomic DNA and the digested cosmid should be of the same size.

V1. Preparation of plasmid libraries

VI.A. Nebulization of cosmid

The selected cosmid was sheared into small random fragments. Four ug of
cosmid DNA in 500 pl of 25% v/v glycerol was transferred into a modified
Hospitak “Up-Mist” medication nebulizer. The DNA was nebulized using
nitrogen at 7 p.s.i. for 12 to 15 seconds. The DNA was transferred to a 1.5 ml

tube and ethanol precipitated with 1/10 volume of 3 M sodium acetate pH 5.5 and

2 volumes of 95% ethanol. The DNA was washed with 70% ethanol, air dried and
dissolved in 20 pl of TE. Five pl of nebulized DNA was incubated with 1 pl of
0.1 pg/pl RNase for 15 minutes at room temperature and then run on a 1% TAE
agarose gel at 25V for 18 hours. The size of fragments should be in the range of 1
to 5 kb.
VIL.B. End repair of DNA fragments

Two pl of nebulized DNA (0.4 ug) were added to 2 ul of 10X Klenow

buffer, 1.5 pl of I mM dNTP, 3 U of unmodified T7 DNA polymerase and2.5U
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of Klenow polymerase (sequencing grade), bringing the final volume to 20 ul with
water. The ends of fragments were repaired at 12°C for 30 minutes. The enzymes
were denatured when incubated at 65°C for 5 minutes. Ten ul of water, 3 ul of 3
M sodium acetate pH 5.5 and 70 ul of 95% ethanol were added to precipitate the
DNA. The fragments were washed in 70% ethanol, air dried and resuspended in
13.6 ul of water.

The DNA fragments were phosphorylated by adding 2 ul of 10 mM ATP, 2
ul 10X PNK buffer and 2.4 ul (24 U) of polynucleotide kinase and incubating at
37 °C for 30 minutes. The enzyme was deactivated when incubated at 65°C for 10
minutes.

VI.C. Ligation

Ten pl of end-repaired DNA was added to 1 pl (50 ng) of Sma I - cut and
dephosphorylated pUC 18 (Pharmacia), 1 ul of 10X ligase buffer without ATP,
0.3 ul of 10 mM ATP, 1.2 pl of water and 1.5 ul ( 1.5 U) of T4 DNA ligase. The
ligation was done at 12 °C for 18 hours.

VL.D. Transformation

A tube of Epicurian coli XL1-Blue MRF' supercompetent cells (Stratagene)
was thawed on ice and 80 pl of cells was transferred into a 14 ml polypropylene
tube. The cells were incubated on ice with 1.4 ul of 1:10 B-mercaptoethanol for

10 minutes, mixing gently every 2 minutes. Five pl of ligation was added and the
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cells were incubated on ice for 30 minutes. The cells were heat shocked at 42°C
for 45 seconds and incubated on ice for 2 minutes. Nine hundred pl of prewarmed
SOC broth was added and the cells were grown for 1 hour at 37°C with shaking.
One hundred pl and 50 pl amounts were spread onto YT-amp-Xgal-IPTG plates
and incubated 18 hours at 37°C.
VLE. Storage of plasmid libraries

White colonies (300-400) were picked using sterile toothpicks and grown in
100 pl YT-amp broth in 96-well lidded microtiter dishes at 37°C for 18h. The

cultures were frozen at -80°C with 15% v/v glycerol.

VIL. Screening of plasmid libraries

VIL.A. Preparation of blots

Before freezing the microtiter dishes at -80°C, a 96-pronged device was
used to stamp the cultures onto GeneScreen Plus membranes (Dupont / NEN)
overlaid on top of YT-amp agar in large square dishes. Each microtiter dish was
stamped 3 times to obtain triplicates of the plasmid libraries. The plates were
incubated at 37°C for 18 hours. The blots were treated, autoclaved, prewashed
and scrubbed using the same procedures used for the cosmid libraries.
VIL.B. Hybridization of the plasmid libraries

The two probes used for the hybridization of plasmid libraries are Lorist

(the section of Tropist that gets packaged into the phage particle) and the
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cosmid(s) used to prepare the plasmid library. Prior to the hybridization, Lorist
and the cosmid(s) were linearized: 25 ng of Lorist and 300 ng of cosmid(s) were
partially digested with 0.5 U of Hind I for 10 minutes at 37°C in a final volume
of 16 pl. Hybridization of the plasmid libraries was performed at 37°C using the
same procedure used for the cosmid libraries. The Lorist probe was used to
hybridize one of the three copies of the plasmid libraries, and the cosmid probe

was used to hybridize the two other copies of the plasmid libraries.

VIII. Preparation of templates

VIIL.A. Nucleobond DNA preparation

On the autoradiogram, plasmids that were positive using the cosmid probe
and at the same time, negative using the Lorist probe, were selected to be
sequenced. Five ml of YT-amp broth were inoculated directly from the frozen
cultures. The cultures were grown with shaking at 37°C for 18 hours.

The plasmids were extracted using the Nucleobond AX PC-20 kit
(Macherey/Nagel). The cells were spun 7 minutes and resuspended in 500 pl of
buffer S1 (50 mM Tris-Cl, 10 mM EDTA and 400 pg RNase A/ml: pH 8.0). The
cells were lysed by adding 500 pl of buffer S2 (200 mM NaOH and 1% SDS) and
neutralized by adding 500 ul of buffer S3 (2.8 M KAc; pH 5.2). The neutralized
cell lysate was centrifuged for 10 minutes and the supernatant was transferred into
a Nucleobond AX cartridge that was equilibrated with 1 ml of buffer N2 (100 mM

Tris/H;PO4, 15% ethanol and 900 mM KCI; pH 6.3). The cartridges were washed
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3 times with 1 ml of buffer N3 (100 mM Tris/H;PO,, 15% ethanol and 1150 mM
KCI; pH 6.3). The plasmids were eluted with 800 pul of buffer N5 (100 mM
Tris/H;PO,4, 15% ethanol and 1 M KCI; pH 8.5). The purified plasmids were
finally precipitated with 600 ul of isopropanol, washed with 70 % ethanol and
resuspended in 20 pl of water.
VIIL.B. Size screening

The plasmids (0.5 pul) were digested with 3 U of Pst I for 3 hours at 37°C
and then run on a 1% TAE agarose gel. The sizes of the inserts were recorded.
Plasmids with inserts greater than 1 kb were selected to be sequenced. The optical
density and the purity of these plasmids were determined using a GeneQuant
spectrophotometer.

IX. Sequencing of templates

The sequencing of plasmids was performed using an Applied Biosystems
PRISM Dye terminator cycle sequencing core kit by Perkin Elmer. Five hundred
ng of template DNA, 3.2 pmole of M13 universal forward or reverse sequencing
primer and 7 ul of reaction terminator mix were mixed in a PCR tube with water
to obtain a final volume of 20 ul. The cycle sequencing on the Gene Amp PCR
system 9600 was set as follows: 96°C for 1.4 minutes; 25 cycles of: 96°C for 10

seconds, 50°C for 5 seconds and 60°C for 4 minutes; and finally hold at 4°C.
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Unincorporated terminators were removed by precipitating the sequencing
reactions with 2 pul of 3 M of sodium acetate, pH 4.6 and 50 ul of 95% ethanol.
The sequencing reactions were incubated on ice for 15 minutes, centrifuged for 20
minutes. washed with 200 pl of 70% ethanol, centrifuged again for 20 minutes and
vacuum dried. The pellets were frozen at -20°C until ready to be loaded on the
sequencing gel. The sequencing gel was prepared by André Bergeron (University
of Ottawa) and run on an Applied Biosystems ABI373 sequencer. The trace data

were transferred to a Sun SPARCstation LX for analysis.
X. Construction of contigs maps

The sequences were assembled into contigs and edited using the Staden
package, version 1995a (Dear and Staden, 1991). Maps showing the order of the
contigs and the distance between these contigs were constructed. The order of
contigs can be determined since the orientation of the forward and reverse
sequences of a plasmid must converge. The distance between contigs can be

determined since the plasmid insert sizes are known.
XI. Joining unlinked contigs
XI.A. Linking contigs via hybridization
In order to construct a contig map, it is necessary to link all the contigs

together. When a map is composed of only a few unlinked pieces. additional

plasmids in those unlinked regions can be identified through hybridization. In
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other words, the plasmid at the end of an unlinked fragment may be used as a
probe to identify more plasmids in that particular region.

In order to use a plasmid as a probe, the insert has to be released from the
vector. The insert was released by digesting 0.5 pg of plasmid with 3 U of Bam
HI and Sac I or, with 3 U of Bam HI and Eco RV at 37°C for 3 hours. The digests
were run on a 1% TAE agarose gel. The insert released from the double digest,
was cut out from the gel. The DNA was extracted from the gel using the
GENECLEAN II kit (Bio 101). Briefly, the gel band(s) were melted by adding
three volumes of Nal and incubating at 55°C for 10 minutes. Five pl of glassmilk
was added and the DNA was incubated at room temperature for 15 minutes,
mixing every 2 minutes. The DNA bound to the glassmilk was spun for 10
seconds and the pellet formed was washed three times with 500 pl of New Wash
solution (NaCl/ethanol/water). The DNA was dissolved by adding 20 ul of water
and incubating at 45°C for 15 minutes. The glassmilk was spun down for 10
seconds and the supernatant containing the DNA was transferred to another tube.
Sixteen pl of the gene-cleaned inserts were used to hybridize the plasmid library
using the same hybridization protocol as for the plasmid libraries.

XI.B. Linking contigs via PCR amplification

In the case of M. sedula, sequencing plasmids in the unlinked regions was

not sufficient to link all of the contigs together. The map of M. sedula was in fact

composed of 2 unlinked pieces. In order to determine the orientation of those 2
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unlinked pieces and the distance between them, primers at the end of those
unlinked fragments were designed to amplify the gap. Three primers were chosen:
the first and second primers S —AGAAGGGGTCAGTTGACGTTTC—3' and 5'—
TCCATCTCCAGCTTCA CCCTTC—3' were located at the two extremities of the
first unlinked fragment and the third primer 5'—
CAGGAGAAACTGAACCTTCCAC—3' was located at the end of the second
unlinked fragment. A fourth primer at the other extremity of the second unlinked
fragment was not chosen since that end contained Tropist3 sequences. The cosmid
chosen to prepare M. sedula’s plasmid library was used as template DNA for PCR
amplification of the gap, using different combinations of primers: the first and
second primers and, the first and third primers respectively. One of the 2
combinations will give a PCR product indicating the orientation of the 2 fragments
and the length of the gap. The PCR reaction was performed using 10 and 100 ng
of cosmid DNA, 4 mM MgCl,, 200 uM dNTP, 30 pmol of each primer, 1X
Thermo buffer and 1 U of Taq polymerase. The thermal cycling using a Gene
Amp PCR system 9600 was set as follows: 95°C for 5 minutes; 30 cycles of: 1
minute at 94°C, 2 minutes at 65°C and 5 minutes at 72°C; and finally hold at 4°C.
Half of the PCR reaction was run on a 1% TAE agarose gel. The primers were

further used to sequence part of the gap using the cosmid as the template DNA.



XII. Construction of a phylogenetic tree for the Sulfolobales
based on the 16S rRNA gene

The 16S rRNA gene sequence from Methanococcus jannachii (M59126)
Desulfurolobus mobilis (M36474), Acidianus infernus (X89852), Acidianus
ambivalens (X90484), Metallosphaera sedula (X90481), Stygiolobus azoricus
(D85520), Sulfolobus hakonensis (D14052), Sulfolobus metallicus (X90479),
Sulfolobus acidocaldarius (D14053), Sulfolobus shibatae (M32504) and
Sulfolobus solfataricus P1 (X90478) were retrieved from GenBank. The 16S
rRNA gene sequence from Sulfolobus solfataricus P2 was obtained from the
Sulfolobus solfataricus genome project. The 16S rRNA gene sequence from
Sulfolobus tokodaii and Sulfolobus solfataricus MT4 was obtained from this study,
from the sequencing of plasmids and also from the sequencing of cosmids using
the two primers used to amplify the 16S rRNA fragment.

The sequences were aligned using CLUSTAL W (Thompson et al., 1994).
The alignment was not problematic because the 16S rRNA within these archaea is
highly conserved in size and sequence, and very few gaps were introduced. The
program MEGA (Kumar et al., 1993) was used to determine distances between the
sequences assuming the Kimura two-parameter model of sequence evolution. This
analysis was performed removing gap sites from the subset data.

A phylogenetic tree was constructed using the phylogeny inference
(PHYLIP) software package version 3.5 (Felsenstein, 1993) run on a Sun

workstation. A DNA distance matrix was calcuiated using DNADIST under
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maximum likelihood’s model for nucleotide substitution. Neighbor-joining trees
were constructed using NEIGHBOR. Bootstrap confirmation levels were
determined using SEQBOOT to generate 100 data sets and CONSENSE to obtain
a majority-rule consensus tree. In all programs, the input of the order of sequences

was randomized, jumbled once and the outgroup was specified.
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RESULTS

I. Cloning the 16S rRNA gene region of Sulfolobales

My research involved comparing gene organization in the 16S rRNA gene
region of seven species and strains of Sulfolobales. In order to isolate that specific
region from the different organisms, cosmid libraries were constructed. Cosmids
are useful for this study since they contain large inserts of 40-50 kb. Thus, a
single cosmid or two overlapping cosmids that contain the 16S rRNA gene can be
chosen to represent the region compared between the different Sulfolobales.
Figure 4 shows a brief overview of the main steps involved in cloning and
sequencing the 16S rRNA gene regions of Sulfolobales.

S. solfataricus P1, S. solfataricus MT4, S. shibatae, S. acidocaldarius, S.
tokodaii and M. sedula were first grown in their optimal growth conditions and
their genomic DNA was extracted. Digests of genomic DNA confirmed that there
was no contamination between the different cuitures. Cosmid libraries were then
prepared for the different organisms using partially digested genomic DNA. Xba |
was the cloning enzyme chosen for S. solfataricus MT4 whereas Hind I was
chosen for S. solfataricus P1, S. shibatae, S. acidocaldarius, S. tokodaii and M.
sedula. The cosmid libraries were screened with the 16S rRNA gene, which was
amplified by PCR from each organism. Southerns of genomic DNA have shown
that the 16S rRNA gene of the different Sulfolobales studied was present as a

single-copy gene (Kondo et al., 1993, and data not shown).
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Figure 4.  Overview of the main steps involved in comparing the 40-50 kbp 16S
rRNA gene regions of different Sulfolobales.
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Results from the colony hybridizations of the cosmid libraries, showed that
10 cosmids out of 576 were found positive for S. solfataricus P1, 7 cosmids out of
1152 were found positive for S. solfataricus MT4, 7 cosmids out of 576 were
found positive for S. shibatae, only one cosmid out of 960 was found positive for
S. acidocaldarius, 14 cosmids out of 288 were found positive for S. tokodaii. and
6 cosmids out of 619 were found positive for M. sedula. The restriction patterns
of these positive cosmids were compared. By looking at the shared bands between
the different positive cosmids, rough maps showing how cosmids overlapped were
constructed (Figure 5). Based on these maps, one or two overlapping cosmids
were chosen to represent the 16S rRNA gene region for each species. Cosmids
P1h02g05 and P1h04c08 which covered a 52.5 kb region were chosen for
S. solfataricus P1; cosmids MT4x05c09 and MT4x05f09 which covered a 48.5 kb
region were chosen for S. solfataricus MT4; a single 44 kb cosmid, shih03b12 was
chosen for S. shibatae; a single 37.5 kb cosmid, Sah07d09 was chosen for
S. acidocaldarius: cosmids tokh01f01 and tokh03b07 which covered a 46.5 kb
region were chosen for S. tokodaii; and cosmids mh03h09 and mh06e08 which
covered a 59 kb region were chosen for M. sedula. To determine if the selected
cosmids carried deletions, the different cosmids were used as probes against
genomic digests. Results from the Southern hybridizations of S. solfataricus P2,
S. shibatae, S. acidocaldarius and M. sedula confirmed that the cosmids did not

carry deletions. Figure 6A is an example of the Southern hybridization of
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Figure 5. Maps of cosmids that are overlapping in the 16S rRNA gene regions of M.
sedula (A), S. tokodaii (B), S. acidocaldarius (C), S. shibatae (D), S. solfataricus MT4
(E) and S. solfataricus P1 (F). The cosmids that were chosen to represent the 16S rRNA
gene regions in my comparative analysis are shown in bold.
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Figure 6. Southern hybridizations of genomic digests using as a probe cosmid
shih03b12 for S. shibatae (A), cosmid tokh03b07 for S. tokodaii (B) and cosmid
mt4x05f09 for S. solfataricus MT4 (C). In (A), genomic DNA and cosmid
shih03b12 from S. shibatae were digested with Hind Il and hybridized with cosmid
shih03b12. The hybridization confirms that cosmid shih03bl2 did not carry
deletions. The decrease in relative intensity at the top of the gel can probably be
explained by a poor transfer of high molecular weight fragments. In (B), genomic
DNA and cosmid tokh03b07 from S. fokodaii were digested with Hind III and
hybridized with cosmid tokh03b07. The presence of extra bands suggests that
cosmid tokh03b07 carries a repeated element. The differences in relative intensities
between cosmid and genomic lanes can probably be explained by an increase of
contrast in the scan of the autoradiogram relative to the original. In (C), genomic
DNA and cosmid mt4x05f09 from S. solfataricus MT4 were digested with Xba I and
hybridized with cosmid mt4x05f09. The presence of extra bands suggests that
cosmid mt4x05f09 also carries a repeated element. In addition, maps of cosmids
mt4x05f09 and mt4x05c09 have shown some differences in the overlapping region
due to transposition of insertion elements. The genomic DNA of S. solfataricus
MT4 was therefore not homogeneous. The white arrows indicate the location of
Tropist vector, present in the cosmid digests and absent in the genomic digests. In
(A), the cosmid has an additional band of the same size as the vector. Bands in the
marker lane are also lighting up since Tropist is based on lambda, and many of these
bands are partial digests of lambda.
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S. shibatae; the bands lighting up for the Hind Ill-digested genomic DNA and
cosmid shih03b12, are identical when hybridized with cosmid shih03b12. On the
other hand, results from the Southern hybridizations of S. tokodaii and
S. solfataricus MT4, detected many extra bands in addition to the restriction
fragments of the cosmids (Figure 6B and 6C). These additional bands suggest the

presence of repeated sequences in these cosmids.
II. Sequencing the 16S rRNA region of Sulfolobales

Plasmid libraries were constructed for the different Sulfolobales by
nebulizing one or two overlapping cosmids and, cloning the inserts into a plasmid
vector. One plasmid library was constructed for S. solfataricus P1 using cosmids
P1h02g05 and P1h04c08 combined; two plasmid libraries were built for
S. solfataricus MT4 using cosmids MT4x05c09 and MT4x05f09 separately; one
plasmid library was prepared for S. shibatae using cosmid shi03b12; one plasmid
library was built for S. acidocaldarius using cosmid Sah07d09; two plasmid
libraries were constructed for S. tokodaii using cosmids tokh01f01 and tokh03b07
separately; and one plasmid library was prepared for M. sedula using cosmids
mh03h09 and mh06e08 combined. The plasmids were randomly sequenced using
the universal forward and reverse primers. More specifically, 24 plasmids were
sequenced for S. solfataricus P1, 112 plasmids were sequenced for S. solfataricus
MT4; 105 plasmids were sequenced for S. shibatae; 100 plasmids were sequenced

for S. acidocaldarius; 115 plasmids were sequenced for S. tokodaii; and 160
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plasmids were sequenced for M. sedula. The average length of sequences was

approximately 500 nt.
II1. The assembly of sequences into contig maps

The different sequences were assembled into contigs since many sequences
overlapped the same region. A contig is in fact the consensus of overlapping
sequences. Maps of contigs were constructed for S. solfataricus MT4, S. shibatae,
S. acidocaldarius, S. tokodaii and M. sedula. The order and orientation of contigs
relative to each other, can be determined since the forward and reverse sequences
of a plasmid converge. The distances between the different contigs can be
determined since plasmid insert sizes are known. [t was imperative that all contigs
for each species be linked to each other in a map. When necessary, more plasmids
in the unlinked regions were sequenced until all contigs were connected in a map.
In M. sedula’s case, in order to connect two unlinked regions, primers at the ends
of these unlinked regions were designed to amplify and partly sequence the gap.
The different maps built were composed of 30 contigs for S. solfataricus MT4, 25
contigs for S. shibatae, 23 contigs for S. acidocaldarius, 28 contigs for S. tokodaii
and 19 contigs for M. sedula. The different contigs varied in size, from 225 bp to
11 832 bp. Appendix II is a table containing all contig names, length of contigs,
orientation and position of contigs on the maps for S. solfataricus MT4, S.

shibatae, S. acidocaldarius, S. tokodaii and M. sedula.
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A contig map was not constructed for S. solfataricus P1 since the 16S
rRNA region of S. solfataricus P1 was found to be identical to that of S.
solfataricus P2. Cosmids sh22e04.19 and sh04g11.23 from S. solfataricus P2 are
two overlapping cosmids that contain the 16S rRNA gene. The identical
restriction patterns observed in cosmid P1h02g05 from S. solfataricus P1 and
cosmid sh22¢04.19 from S. solfataricus P2 was the first indication that these
regions had the same organization. In addition, when 24 plasmids were sequenced
using the universal forward and reverse primers, the sequences all matched cosmid
sh22e04.19 and sh04g11.23 from S. solfataricus P2. When these sequences were
mapped onto S. solfataricus P2, the sizes of the insert of plasmids sequenced were
consistent with the organization of the cosmid maps of sh22e04.19 and

sh04g11.23.
IV. Similarity searches performed on the contig sequences

All contig sequences generated from this study, in addition to the sequences
available from the genome project of S. solfataricus P2, were used for comparative
sequence analyses. The contig sequences were first subjected to a number of
BLAST (BLASTN, BLASTX and TBLASTX) (Pearson and Lipman, 1988) and
FASTA (LOCAL FASTA) (Altschul er al., 1990) searches. When performing
these searches, only scores lower than e” for BLAST and scores higher than 400
for FASTA searches were considered. The probability that these similarity

matches are real increases as BLAST scores decrease and FASTA scores increase.
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To identify the genes present in the 16S rRNA gene regions, the contig
sequences were compared against the NCBI database. BLASTN and BLASTX
searches were performed at the nucleotide and amino acid level, respectively.
BLASTX is more sensitive in finding similarity matches, yet BLASTN searches
are useful in identifying the 16S and 23S rRNA genes, and insertion sequences.
Results from these searches are shown in Appendix III (A-E).

The contig sequences were then compared to sequences from S. solfataricus
P2. To accomplish these comparisons, I constructed a database containing all the
sequences of cosmids from the genome sequencing project of S. solfataricus P2,
that were available in November of 1997. LOCAL FASTA and TBLASTX are
the searches performed on the contig sequences at the nucleotide and amino acid
level, respectively. Results from these searches are shown in Appendix IV (A-F).
When contigs share similarities with cosmids sh22e¢04.19 (c19) and sh04gl1.23
(c23), it could suggest that some conservation in the gene organization of the 16S
rRNA region exists. Appendix IV (F) shows the results obtained from LOCAL
FASTA and TBLASTX searches performed on the contig sequences of S.
solfataricus P1. All sequences from S. solfataricus Pl matched cosmids
sh22e04.19 (c19) and sh04g11.23 (c23) from S. solfataricus P2.

Finally, each contig sequence was compared against ail contig sequences
from every Sulfolobales studied. To perform this comparison, a database

containing all sequences of contigs was constructed. TBLASTX searches at the
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amino acid level only were performed. Results from these searches are shown in
Appendix V (A-E).
V. Comparative sequence analyses

The contig maps of the different Sulfolobales are shown in Figure 7. Each
pink block represents the sequence of a contig. The contig maps of S. solfataricus
Pl and S. solfataricus P2 are represented by one large contig, while the contig
maps of S. solfataricus MT4, S. shibatae, S. acidocaldarius. M. sedula and S.
tokodaii are represented by many contigs. All contig maps have been aligned at
the level of the 16S and 23S rRNA genes. The different scores obtained from the
similarity searches were examined, in order to find blocks of conserved gene
organization. The cyan zones in Figure 7 represent regions of similarity in gene
organization between organisms. S. solfataricus MT4 shares many similarities
with S. solfataricus P2. The differences observed are mainly due to the presence
of repeated sequences in S. solfataricus MT4. Conservation in gene organization
is even more apparent when comparing S. solfataricus P2 and S. shibatae. The
only difference in gene organization between these two organisms is the region
upstream from the 16S rRNA gene. Many conserved regions were also observed
when comparing S. acidocaldarius and M. sedula. Three blocks of 6, 9 and 12
kbp are conserved in their gene organization. Moreover, one of these conserved
blocks is also present in S. shibatae and S. solfataricus P2 in the same

organization. S. acidocaldarius and M. sedula share a few other small regions of
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Figure 7. Comparative sequence analysis of the 16S rRNA gene region of seven
Sulfolobales. The different contig maps are shown. Each pink block represents the
sequence of a contig. Insertion sequences are shown in green. All contig maps have
been aligned at the level of the rRNA operon. BLAST and FASTA searches were
performed on the contigs to identify similarities in gene organization. (Appendix III, [V
and V) The cyan zones represent blocks of conserved gene organization between the
organisms. Bar, 5 kbp.
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similarity, but in the opposite orientation. Finally, S. tokodaii does not share any
similarities with the other Sulfolobales, except for the 16S and 23S rRNA genes.
S. tokodaii has however, many insertion sequences in that particular region of the
genome.

Figure 8 is another representation of the similarities observed in gene
organization. In this comparative analysis, every contig from a species is
compared against total contigs from all other organisms. Thus, six different
comparisons were performed. In each comparison, the contig map of the organism
being compared is shown on top and any similarities to these are shown in colored
blocks. Thus, blank regions indicate that these sequences are not present in that
organism or, that the data are not available. Data are missing when the sequence is
within a gap or beyond the end of the cosmid. For this reason, it is important to
refer to Figure 7 at the same time to avoid any misleading interpretation. Figure 8
together with Figure 7, show all similarities in gene organization between the
different Sulfolobales. Many similarities can be observed; particularly between S.
solfataricus and S. shibatae and, between S. acidocaldarius and M. sedula. This
comparison is very useful for finding breakpoints, where rearrangements occurred.

Dot plots at the amino acid level were also performed (by R.L. Charlebois)
to illustrate further the similarities observed in gene organization between the
different Sulfolobales (Appendix VI). Each dot plot has a 33 amino acid

resolution and, will insert a dot every time 5 amino acids out of 8 are matched.

62



Figure 8. Comparative sequence analyses of the different Sulfolobales. In each
comparison, the top organism in bold is compared against the sequences from the other
Sulfolobales. Pink blocks represent regions of similarity. Dark purple blocks represent
regions of similarity, but in the opposite orientation. A blue line indicates the position
of the rRNA operon on the contig map. Blank areas can be an indication that the
sequence is absent in that organism or, that the data are missing because this region is
within a gap or at the end of a cosmid. Bar, 5 kbp.
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The intensity of the dot is also indicative of the number of matches that are found
within the window of 33 amino acids. If a match is found when one of two
sequences is in the opposite orientation, the dot is shown in red instead of black.
Gray areas represents regions that have not been sequenced. Thus, if gene
organization is conserved between two species, a straight iine should be observed.
The intensity of the line is also indicative of the relatedness of the two organisms
compared. These dot plot comparisons basically confirm the similarities in gene
organization shown in Figures 7 and 8. The advantage of dot plots is in being able
to detect easily insertions, deletions and replacements of sequences in one of the
two organisms compared. For instance, insertions of repeated elements in S.
solfataricus MT4 can be detected since the different lines are not contiguous.
Another example, a large deletion or insertion was detected when comparing S.
solfataricus P2 to S. shibatae. Dot plots are also useful in simply finding blocks
of conserved gene organization. For instance, the 7-8 kbp conserved region in S.
solfataricus P2, S. shibatae, S. acidocaldarius and M. sedula is shown as a straight
line. Many conserved blocks are also observed between M. sedula and S.
acidocaldarius. A few genes that have been inverted in M. sedula are shown by
short red lines. And finally, as expected, the only conservation observed between
S. tokodaii and the other Sulfolobales, is the rRNA operon.

A qualitative tree was constructed showing the different patterns observed

when examining the similarities in gene organization between the different
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Sulfolobales (Figure 9). S. soifataricus P1/P2 and S. shibatae are grouped together
due to their high conservation in gene organization. S. solfataricus MT4 also
groups with these two, but not as closely mainly because of the presence of
insertion sequences in S. solfataricus MT4. S. acidocaldarius and M. sedula are
grouped together because they share many blocks of conserved gene organization.
The S. solfataricus | S. shibatae and S. acidocaldarius / M. sedula groups are
further organized together since they all share a 7-8 kbp conserved block in their
gene organization. Finally, S. tokodaii is an outgroup since it does not share any
similarities in gene organization with the other Sulfolobales, except for the rRNA

operon.

V1. Comparison of the 16S rRNA gene of Sulfolobales

To determine the distances between the 16S rRNA sequences of the
different Sulfolobales studied, the 16S rRNA gene of S. solfataricus MT4 and S.
tokodaii were sequenced. The 16S rRNA sequence of S. solfataricus P2 was
obtained from the sequencing genome project, whereas the 16S rRNA gene
sequences of S. solfataricus P1, S. shibatae, S. acidocaldarius, M. sedula and
other archaeca were retrieved from GenBank. After aligning the sequences,
estimates of substitutions per nucleotide were calculated using Kimura’s correction
method (Table 1). Figure 10 shows a bootstrapped neighbor-joining tree derived
from the distances calculated between the different 16S rRNA gene sequences,

assuming maximum likelihood’s model of evolution. Methanococcus voltae, a



Figure 9. Qualitative tree derived from the similarities observed in gene organization,
in the 16S rRNA gene regions of different Sulfolobales. The relationships showing the
different arrangements in gene organization were determined by a simple visual
inspection of Figure 7 and Figure 8.
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S. solfataricus P1/P2

S. shibatae

S. solfataricus MT4

S. acidocaldarius

M. sedula

S. tokodaii




Table 2.  Multiple comparison matrix of estimated nucleotide substitutions per
site assuming Kimura’s correction method, of seven 16S rRNA gene sequences
from Sulfolobales. The standard errors are shown in brackets.
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Figure 10. Bootstrapped neighbor-joining tree based on the 16S rRNA nucleotide
sequences of different archaea, assuming maximum likelihood’s model of evolution.
The organisms shown in blue are the different Sulfolobales used in my comparative

sequencing analysis. Bar, 0.1 substitutions / site.
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euryarchaeote and Desulfurococcus mobilis, a crenarchaeote belonging to the
order Thermoproteales were the outgroups used. The branching of the tree shows
that S. solfataricus P1, S. solfataricus P2, S. solfataricus MT4 and S. shibatae

form one group whereas S. acidocaldarius and S. tokodaii form another.
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DISCUSSION

I. Summary of the major findings

My research involved comparing an equivalent 40-50 kbp region of seven
Sulfolobales at the sequence level. This comparative analysis has shown that some
conservation in gene order exists in that particular region of the genome of
Sulfolobales. Figure 7 and Figure 8 show that gene organization of S. solfataricus
PI/P2/MT4 and S. shibatae is similar, and that gene organization of S.
acidocaldarius and M. sedula is similar. These six Sulfolobales further share a 7-8
kbp block region, where gene organization is conserved. S. fokodaii does not
share any similarities with the other Sulfolobales apart from the ribosomal operon.
Based on these similarities in gene organization, a qualitative tree was constructed
showing the different organizations observed in the 16S rRNA gene regions
(Figure 9). The actual distance tree based upon the 16S rRNA gene sequences was

also constructed for comparison with the qualitative tree obtained (Figure 10).

II. Gradual versus punctuated model of evolution

When the qualitative and distance trees obtained were compared, some
differences were observed. The qualitative tree differs from the distance tree by
grouping S. acidocaldarius and M. sedula together and, by placing S. fokodaii as

an outgroup to all the other Sulfolobales studied. In Figure 11, [ have integrated
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Figure 11. The information obtained from the qualitative tree was integrated into the
bootstrapped neighbor-joining tree. The different gene arrangements observed in the
16S rRNA regions of the seven Sulfolobales studied are shown. [ can hypothesize that
the ancestor of the Sulfolobales had the S. acidocaldarius / M. sedula gene
arrangement. The purple arrows indicate that at some stage, rearrangements in gene
organization in that particular region of the genome occurred. These gene shuffling
events gave rise to the S. solfataricus / S. shibatae and S. rokodaii gene arrangements.
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the information obtained from the gene organization analysis with the actual
distance tree. From this figure, a few hypotheses can be suggested. First, [ can
hypothesize that the ancestor of the Sulfolobales had the S. acidocaldarius /| M.
sedula gene arrangement in the 16S rRNA gene region. Extensive rearrangements
arose in that particular region of S. tokodaii. Rearrangements at some stage
occurred to give rise to the S. solfataricus / S. shibatae arrangement. Other
rearrangements also occurred in S. solfataricus MT4 without altering too much the
S. solfataricus | S. shibatae arrangement. Both distance and qualitative trees
agreed that S. solfataricus P1/P2 and S. shibatae were more closely related
compared to S. solfataricus MT4. These observations suggest that S. solfataricus
is not a monophyletic group. Furthermore, the distance tree shows that the genus
Sulfolobus is also not a monophyletic group. Thus, the naming of different species
and strains within the genus Sulfolobus would need to be re-appraised.

The null hypothesis of my research predicts that rearrangements in gene
organization mirror phylogenetic history. Thus, the hypothesis implies that
rearrangements in gene organization accumulate constantly and gradually over
time. The results obtained from my comparative analysis showed that there was
no strong correlation between similarities in gene organization in the region
surrounding the 16S rRNA gene of 7 Sulfolobales and their evolutionary distance
based upon the 16S rRNA sequences. My hypothesis was therefore refuted on the

basis that my comparative analysis did not support a gradual model of evolution.
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Alternatively, my comparison supported a punctuated model of evolution, where
genes were shuffled periodically. Shuffling genes around can be advantageous
along the evolutionary path, when an organism needs to respond to an
environmental stress. Under such stress, the forces disrupting gene order may
become stronger than the forces maintaining gene order (Charlebois and St. Jean,
1995). Punctuated evolution, however, may still result from chance events. where
one rearrangement triggers others. In Figure 11, purple arrows represent stages
where genes were possibly shuffled, to give rise to the different gene organizations
observed today.

Some of the differences observed in gene organization could be the result of
lateral transfer. Nonetheless, it is unlikely that the 16S/23S rRNA locus itself was
moved by horizontal gene transfer, since these rRNAs must participate in
macromolecular assemblies with other cellular components. Comparing
phylogenies of the genes found in the region surrounding the rRNA genes, to the
phylogeny of these rRNA genes could determine if in fact any lateral transfers

occurred.

III. Gene order, a promising parameter to build phylogenies?

III.A. Gene evolution versus genome evolution
Gene evolution can infer phylogenetic distances from sequences of

individual genes. Until now, nucleic acid sequencing has been the most powerful
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and direct method for comparing genomes. Lots of attention has been given to the
rRNA genes since their structure changes very slowly in time, due to their constant
and important function. To measure the divergence between two organisms, the
sequences of a gene are first aligned. Since the alignment does not allow any
intersection between pairs of nucleotides, duplications, inversions and
transpositions are not reflected in the distances calculated. Only nucleotide
replacements, deletions and insertions are considered.

Genome evolution can however infer phylogenetic distances from gene
orders, without discarding duplications, inversions and transpositions (Sankoff
and Goldstein, 1989). Rearrangements in gene organization can be measured by
determining the minimal steps of chromosomal inversions, transpositions,
insertions and deletions required to convert the order of one genome to another.
Another benefit of genome evolution is that the phylogenetic distances inferred
from gene orders are not influenced by the different substitution rates of genes.
III.B. Can gene order be used to build phylogenies?

Whether or not gene order can be used as a parameter to construct
phylogenies still remains uncertain. Gene order can be a true indicator of
phylogenetic relatedness, only if genomic rearrangements follow a gradual model
of evolution. To address this question, phylogenetic trees that were constructed on
the basis of gene order must be compared with standard phylogenies. Many

comparisons of gene organization have been performed between two organisms,
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but very few have been performed on enough organisms to be able to build a
phylogenetic tree.

The study of Sankoff er al. (1992) represents an example where a
phylogenetic tree was constructed on the basis of gene order. Their comparison
was performed using the mitochondrial genomes of 16 fungi and other eucaryotes.
The mitochondrion is ideal to study genomic changes since its genome is small
and consequently, contains an manageable number of genes. Sankoff et al. (1992)
calculated the distances by determining the number of steps required to convert the
gene order of a mitochondrial genome to another. The phylogenetic distances that
were inferred from the 16 mitochondrial gene orders generally agreed with
distances calculated from gene sequences.

My comparative analysis has shown that when comparing the qualitative
tree based upon the similarities observed in gene organization to the actual
distance tree, both trees are different. Nonetheless, the relationship between the S.
solfataricus | S. shibatae subgroup was found identical in both trees. Therefore,
conservation in gene organization between some species does seem to reflect their
phylogenetic distance. My results overall, however, cast doubt on the value of
gene order for phylogenetics, although I only studied a limited region of the
genome.

At this point, answering if gene order can be used as a tool to construct

trees is uncertain. Not enough studies have been performed. Hopefully, this will
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change, once more sequences of complete genomes become available. A problem
however that is becoming more obvious is the need for an effective way to
calculate distances from gene orders. Sankoff er al. (1992) have developed
software that will calculate the minimal number of rearrangements required to
convert the order of one genome to another. Nonetheless, these calculations
become unfeasable when pairs of genomes contain too many genes in common,
especially when the organisms are not closely related. This will definitely become
a problem when comparing gene orders of completely sequenced genomes that
contain a couple of thousand genes. New computer programs will have to be
developed to account for the complexity of these analyses. Alternatively, new
methods to calculate the distances might have to be considered, such as performing

statistics on neighboring pairs of genes.

IV. Evaluation of my novel comparative approach

IV.A. Variables that are influencing the findings

My comparative sequencing analysis constitutes the first of its kind. Using
this novel approach, conservation in gene organization within the Sulfolobales was
detected. My analysis focused on a selected region of the genome of seven
Sulfolobales. When undertaking a comparison of this type, two important
variables have to be considered: the reference gene chosen and the organisms

chosen.
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The region of the genome chosen will have an effect on the results obtained
from the comparative analysis. Clearly, one has to be certain that the equivalent
regions in the different organisms are actually being compared. In other words,
orthologous genes, and not paralogous genes, have to be used as a reference in the
genomes. For my study, I chose the 16S rRNA gene as my reference gene, since it
is present as a single copy gene in the Sulfolobales. Once the reference gene is
chosen, there are no guarantees that this gene will be within a regjon that is easily
clonable, and at the same time, located in the middle of the cosmid clone for all
organisms compared. For instance, I was unsuccessful at cloning the 16S rRNA
gene region of Sulfolobus hakonensis, another organism that had been chosen for
my comparison. Fortunately, the same problem did not occur with the other
Sulfolobales.

The organisms selected for the comparative analysis, will also have an
impact on the findings. In order to observe if rearrangements accumulate
constantly over time, the organisms chosen for the analysis must have diverged at
different times, and at the same time, must be related closely enough to observe
some conservation in gene organization. Many comparative sequence analyses
that have been performed previously, have shown that gene order was not
conserved, mainly because the organisms chosen were too distantly related
(Tatusov et al., 1996; Fraser et al., 1995; Mushegian and Koonin, 1996; Siefert et

al., 1997). In my study, I have chosen different species and strains in the order
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Sulfolobales that are relatively closely related. Based on the 16S rRNA sequence
and a clock rate of 1% substitutions per 50 million years, the different Sulfolobales
chosen for my analysis were estimated to have diverged from each other, 25 to 550
million years ago (Ochman and Wilson, 1987). When initiating a project of this
type, it is preferable to compare only two organisms at first, to verify the degree of
conservation between these species. Then, one can decide if the other organisms
in the comparison should be more or less closely related.

IV.B. Strengths and weaknesses of limiting a comparative analysis to a
selected region of the genome

Concentrating my comparative analysis to a selected region of the genome
carries advantages. A comparative sequencing analysis can be labor intensive,
time consuming and expensive. By restricting my study to a 40-50 kbp region of
the genome, the analysis becomes more realistic, and allows comparison of many
organisms to each other in a fair amount of time. Since my main interest is to
study gene organization, the region sequenced does not need to be error-free nor
completely sequenced. Thus, by simply performing random sequencing, the cost
of the experiment is lowered.

When performing a comparative analysis at the whole genome level, the
analysis becomes very complex. A typical procaryotic genome contains
approximately two thousand genes. Thus, comparing gene order of all these genes
can be overwhelming, and impossible when the organisms compared are too

distantly related. When concentrating our attention on one specific region of the
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genome, the analysis is simplified, yet the high resolution at the sequence level is
retained. Moreover, some comparative analyses previously performed have shown
that although gene order was not conserved at the whole genome level, many short
regions of conserved gene order could be observed (Tatusov et al., 1996; Fraser et
al., 1995; Mushegian and Koonin, 1996; Siefert et al., 1997). Thus, a comparison
at a smaller scale might be more appropriate when comparing organisms that are
not that closely related.

There are disadvantages of using only a section of the genome for a
comparative analysis. Its biggest weakness is that this region might not necessarily
be representative of the organization of the whole genome. Naturally, to resolve
this problem, multiple comparative analyses of many sections of the genome could
be performed. As a consequence however, the comparison would become a lot
more involved and expensive. The gene arrangement observed in S. fokodaii could
well be an example where the organization of this region does not represent that of
the whole genome. Indeed, my analysis showed that S. tokodaii does not share
any similarity in gene organization with the other Sulfolobales except for the
rRNA operon. However, the phylogenetic distance based upon the 16S rRNA
sequences of S. tokodaii and S. acidocaldarius showed that these species were
closely related (Table 1). A possible scenario is that the many repeated sequences
present in that particular region of S. fokodaii, were responsible for these

rearrangements. What my comparative analysis fails to show, is whether the gene



arrangement in the region surrounding the 16S rRNA gene of the ancestor of the
Sulfolobales was simply shifted further away at some stage in S. tokodaii, without
altering the gene organization of that region. A possible means to determine if this
region was actually moved in S. tokodaii, would be to hybridize the different genes
present in the 7-8 kbp conserved block shared between the other Sulfolobales,
against genomic digests of S. tokodaii. If the genes are linked to each other in one
restriction fragment, then I could conclude that this region in S. tokodaii was not
extensively shuffled around, but simply moved to another location of the genome.
Another important weakness of this type of comparative analysis, is that
rearrangements in gene organization can be poorly quantified. I[n my study, a
qualitative tree was built (Figure 9), simply on the basis of the similarities
observed in gene organization in Figures 7 and 8. However, quantifying these
distances based upon the similarities in gene order is not an easy task. In the
course of my analysis, [ did try to calculate similarity distances by dividing the
average length of similarity in gene order shared between two species in kbp, by
the total average length compared in kbp. However, this method turned out to be
too imprecise, mainly because the contig maps are not the same length and
because some sequences are missing between the different contigs. I then
concluded that there was no acceptable way to quantify the distances based on the
data obtained from this gene order comparison. If the similarities in gene

organization could be quantified, then we could calculate the rate of
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rearrangements in gene organization by plotting the similarities in gene order
against the evolutionary distance based on the 16S rRNA sequences.
IV.C. An alternative comparative approach

A completely different approach could be taken, that would consider all the
weaknesses of my comparative approach. Using this method, total genomic DNA
of many closely related organisms would be nebulized and cloned into a plasmid
vector. For each library constructed, many plasmids containing an insert of 2-3
kbp would be chosen. Then, the ends of the inserts would be used as probes
against genomic digests of the different species, in order to detect if these two ends
are linked in the various organisms. Compared to my analysis, this approach can
quantify effectively the conservation in gene organization, it is representative of
the whole genome, and more organisms can be compared since the labor and the

cost are not as exigent.

V. New research directions projected from my findings

V.A. Comparative analyses of individual genes

Another benefit to my comparative analysis is being able to compare
phylogenetically the different genes found in the conserved regions. The 7-8 kb
conserved block of gene order observed in S. solfataricus P1/P2, S. shibatae, S.
acidocaldarius and M. sedula can indeed be used for phylogenetic purposes. This

conserved regijon is composed of 7 genes, whose sequences can be compared. By
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using genes that are within a conserved region to build phylogenies, we can almost
be certain that the genes being compared are orthologous. The 16S and 23S rRNA
genes are the only genes that have been used so far to study the phylogeny of the
Sulfolobales (Fuchs et al., 1996; Trevisanato et al., 1996). The relationship that
would be obtained from the 7 phylogenies could therefore be compared to the 16S
rRNA phylogeny. But in order to do so, the 7-8 kbp region in the different
Sulfolobales needs to be completely sequenced and double-stranded.  This
additional part of my project is in fact already in progress.

When performing a comparative analysis of this type, many genes are being
discovered and some may be of some interest to researchers. Indeed, some of the
genes found in the region surrounding the 16S rRNA gene have already caught the
attention of some researchers. For example, the type II DNA topoisomerase
subunit A and B found in S. acidocaldarius and M. sedula, the ABC transporters
found in S. shibatae, S. acidocaldarius, and M. sedula, and the coiled-coil protein
found in M sedula have raised some interests. Again if necessary, more
sequencing will have to be performed to obtain the complete sequence of these
genes.

V.B. The breakpoints

From my comparative analysis, breakpoints where rearrangements occurred

can be studied. These breakpoints are important because they can give us an

indication of the forces that are disrupting gene order. In order to identify these
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rearrangement events, sequence signatures will have to be searched at the
junctions where rearrangements occurred. The regions of breakpoints can easily
be identified from Figure 8 and also from the dot plots (Appendix VI). For
example, Figure 8 shows that S. acidocaldarius and M. sedula when compared to
S. solfataricus P2, share a common breakpoint at one end of the 7-8 kbp conserved
block region. The sequences from these three organisms in that particular region
can then be aligned in order to investigate if any vestiges of the rearrangement can
be found. There are two possibilities: either nothing will be found mainly because
these breakpoints are located between genes, where the rate of substitutions is high
or, sequence signatures will be found. In the latter case, their discovery could turn
out to be very informative in understanding the forces that are maintaining and

disrupting gene organization.

V1. Conclusion

Overall, my novel comparative approach was a success. [ was able to
detect conservation in gene organization in the region surrounding the 168 rRNA
gene of Sulfolobales and construct a qualitative tree based on the different gene
arrangements observed in that selected region of the genome. I concluded that
rearrangements in that particular region of the genome followed a punctuated
model of evolution and that the ancestor of the Sulfolobales had the S.

acidocaldarius | M. sedula gene arrangement in the region surrounding the 16S
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rRNA gene. Even though I was unable to draw firm conclusions regarding the use
of gene order as a tool to build phylogenies, there is no doubt in my mind that

gene order analyses will soon complement traditional sequences comparisons.
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APPENDIX IA: Recipes of solutions

Denaturing solution:
0.5 M NaOH
1.5 M NaCl

Depuriration solution:
0.25 M HCI

Hybridizing solution:
IM NaCl
50 mM Tris-Cl pH 7.6
5% w/v SDS
50% w/v Formamide

10X Klenow buffer:
0.5 M Tris-Cl pH 9.5
0.1 M MgCI2
0.05 M Dithiothreitol
1 mM Spermidine

10X Ligase buffer without ATP:

660 mM Tris-Cl
50 mM MgCl

10 mM Dithioerythritol

Neutralizing solution:
0.5 M Tris-Cl pH 7.4
1.5 M NaCl

Phage dilution buffer: (per liter)

100 mM NaCl

17 mM MgSO;,

50 mM Tris-Cl pH 7.6
0.01% gelatin

20 g NaOH
87.6 g NaCl
Bring volume to 1 liter with water.

10.78 mi of concentrated HCl
489.2 ml of water.

29.2 g NaCl

25mi 1 M Tris-Cl pH 7.6

25 g SDS

250 ml Formamide

Bring volume to 500 ml with water.

500 ml of 1 M Tris-Cl pH 7.4
87.6 g NaCl
Bring volume to 1 liter with water.

5.8 g NaCl
2 g MgSO,
50 ml of 1 M Tris-CL, pH 7.6
5 ml of 2% gelatin
Bring volume to 1 liter with distilled water.
Autoclave.



10X RE:
500 mM Tris-CL, pH 8
500 mM KCl
100 mM MgCl,
100 mM Dithiothreitol

10X RP-C:
200 mM Tris-Cl, pH 7.6
100 mM MgCl:
50 mM Dithiothreitol
660 uM each dG. dA and dT
25% glycerol

Size marker (A - BstE II - Xho I -Xba I):

A DNA digested with BstE II:

A DNA digested with Xho I:

A DNA digested with Xba [

Mix together in a tube:

20X SSC:
3 M NaCl
0.3 M Sodium citrate

120 pg of A DNA

80 ul of 10X RE buffer

20 ul of 4 M NaCl

10 pl BstE II (100 U)

Bring volume to 800 pl with water.
[ncubate at 65 °C for 3 hours.

40 pg of A DNA

80 ul of 10X RE buffer

5 ul Xho I (50 U)

Bring volume to 800 pl with water.
Incubate at 37°C for 3 hours.

40 ug of A DNA

80 ul of 10X RE buffer

8 ul of Xba I (80 U)

Bring volume to 800 pl with water.
Incubate at 37°C for 3 hours.

100 pl of A-BstE 11
100 pl of A-Xho [
100 pul of A-Xba I
100 pl of TE
100 ul of 0.25 M EDTA
150 pl of loading buffer

350.6 g NaCl
176.4 g Sodium citrate
Bring volume to 2 liters with water.
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STE:

1% N-lauryl sarcosine 0.2 g N-lauryl sarcosine
50 mM Tris-Cl pH 8 1 ml of Tris-Cl pH 8
50 mM EDTA pH 8 2mlof 0.5 M EDTA pH 8
17 ml of water
40X TAE:
2M Tris 484.5 g Tris
80 mM EDTA 59.9¢g EDTA
0.8 M Sodium acetate 217.8 g Sodium acetate

Add 1857.6 ml of water.
Adjust pH to 7.2 by adding 142.4 ml of
acetic acid.

TE:
10 mM Tris-Cl pH 8 10 ml of 1M Tris-Cl pH 8
| mM EDTA pH 8 2 ml of 500 mM EDTA
Bring volume to 1 liter with water.
Autoclave.
TEG:
20 mM Tris-Cl pH 8 1 mlof 1 M Tris-Cl pH 8
50 mM EDTA 5mlof 0.5 M EDTA
1% glucose 5 ml of 10% glucose
Bring volume to 50 ml with water.
Filter sterilize.

Transfer solution:
0.4 M NaOH 16 g of NaOH
Bring volume to | liter with water.

Prewash solution:

5X SSC 500 ml of 20X SSC
0.5% SDS 10 g of SDS
ImM EDTA 0.74 g of EDTA

Bring volume to 2 liter with water.

92




APPENDIX IB: Recipes of Media

Sulfolobales media:

1X broth: (per 50 ml)
500 pl of 100X salts solution
250 ul of 200X salts solution
50 ul of 1000X salts solution
500 ul 20% sucrose
500 pl 10% yeast extract
100-250 ul 1:50 H,SO4:H,0

Solid media: (per liter)
10 ml 100X salts
5 ml 200X salts
1 ml 1000X salts
10 ml 20% sucrose
10 ml 10% yeast extract
6 ml 0.5 M CaCl;
10 mi 1 M MgCR2
455 ml H,O
Heat the salt medium to 60°C
Add 8 g gelrite already dissolved in 500 ml of water by heating
Add 1:50 H,SO4:H,O to bring the pH to 3.5-4.
Pour plates.

100X salts solution: (per 2 liter)
260 g (NH.)2SO4
50 g MgS0,-7TH,O
Autoclave.
Add 4 g FeCl;-6H,O filter sterilized
Add 3 ml 50% H;SO,

200X salts solution: (per liter)
56 g KH,PO,
36 ml 10 mg/ml MnCL-4H;0O
4.4 ml 10 mg/ml ZnSO4-7TH,O
1 ml 10 mg/ml CuCL-2H,O
0.6 ml 10 mg/ml VOSO,4-2H,0
0.2 ml 10 mg/ml CoSO4
90 ml 10 mg/ml NazB4O7-10H20
0.6 ml 10 mg/ml Na;MoO,-2H,0
Autoclave.
Add 5 ml 50% H,SO,
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1000X salts solution: (per 200 ml)
14 g CaC12-2H20

SOB medium: (per 400 ml)
8 g tryptone
2 g yeast extract
0.2 g NaCl
Autoclave
Add 4 ml of sterile 1 M MgCl,
Add 4 ml of sterile | M MgSO,

SOC medium: (per 40 ml)
39 ml of SOB medium
0.8 mi of filter sterilized 20% w/v glucose
Filter sterilize just before use.

YT-Ampicillin broth: (per liter)
YT broth
Autoclave
Cool to 55°C
Add 70 mg of filter-sterilized ampicillin.

Y T-Ampicillin-Xgal-IPTG plates: (per 500 ml)
YT agar
Autoclave
Cool to 55°C
Add 35 mg of filter-sterilized ampicillin.
Add 2 ml of 2% Xgal
Add 0.4 ml of filter-sterilized 1 M IPTG
Pour into petri dishes.

YT broth: (per liter)
8 g tryptone
5 g yeast extract
5 g NaCl
Autoclave.

YT-Kanamycin broth: (per liter)
YT broth
Autoclave
Cool to 55°C
Add 30 mg of filter-sterilized kanamycin.
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YT-Kanamycin broth or plates: (per 500 ml)
YT agar
Autoclave
Cool to 55°C
Add 15 mg of filter-sterilized kanamycin.
Pour into petri dishes.

YT plates: (per liter)
YT broth
15 g agar
Autoclave.
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APPENDIX VI: Dot plots showing the similarities in gene organization
between the different Sulfolobales at the amino acid level. Each dot plot has a
33 amino acids resolution and inserts a dot every time 5 amino acids out of 8
are matched. The intensity of the dot is indicative of the number of matches
that are found within the 33 amino acid window.
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