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ABSTRACT

The gene of the ubiquitous starch degrading enzyme a-amylase
has been chosen to study evolutionary mechanisms and the
relationships between several insect groups.

a-Amylase is found in most life forms (plants, animals, and
bacteria) and has a highly conserved nuclear encoded gene. Because
of this it can be used to study the evolution of a gene over a very
long period of time, but it has also been used for intraspecific
comparisons to reveal evolutionary mechanisms at work such as gene
duplication and gene conversion.

A large percentage of the world's animal species are insects
yet surprisingly little is known about their genomes. The a-
amylase genes of representatives of several insect orders have been
sequenced and used to make intraspecific comparisons, (in the case
of Drosophila, over a long evolutionary period), and to compare the
gene structure between the orders.

In this project, the a-amylase gene sequence of a

representative of the order Lepidoptera, Bombyx mori, was

determined and the comparisons have been taken a step further. Not
only have the structures of the genes been compared in terms of
sequence similarity, intron\exon location and size, and
nucleotide\codon bias, but an attempt was made to use these
sequences to construct a molecular phylogeny using several methods.

The Bombyx segquence revealed the gene to have been recently
deactivated due to the presence of repetitive DNA elements which

are distributed throughout the entire genome. An intron of
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approximately 5 kilobases has replaced 300 base pairs of coding
region just 5' to the gene's midpoint.

The coding region of Bombyx and the seven other insect genes
are approximately the same size and have at least 60% identity with
one another. There are various numbers of introns dispersed
throughout the loci but often sites are shared betweeen two or more
species. For example 7 of the 8 Ostrinia (another Lepidopteran)
intron locations are shared by Bombyx and at least 4 are shared by
the very distantly related mouse a-amylase gene.

There iz evidence of differing codon biases among the genes
with Drosophila and Anopheles being very GC rich and Choristoneura
and Tribolium having virtually no bias. Biases caused
discrepancies between the phylogenetic trees created by several
different methods. Representatives of the same order always
grouped together as predicted, but the order within the Lepidoptera
varied with the method used. Also the Tribolium (flour bheetle, a
Coleopteran), and Achaeta (house cricket, an Orthopteran) exchanged
positions in this way. The protein (amino acid) sequence, which is
not as affected by nucleotide biases, gave the most reliable tree
and one that compares well with trees formed by more classical

means.
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RESUME

Nous avons retenu le géne codant pour g-amylase, 1l'enzyme
d'amidon, dans notre étude sur les méchanismes d'évolution et les
relations evolutives entre plusieurs groupes d'insectes,

On retrouve l'a-amylase dans la plupart des formes de vie (les
plantes, les animaux, et les bactéries) et elle posséde un code
génétique nucléaire similaire. On peut donc s'en servir pour
étudier 1l'évolution d'un géne sur une période tres longue, mais des
chercheurs s'en sont également servi pour établir des comparisons
intraspécifiques, afin de connaitre les mécanismes évolutionnaires
en action, comme la conservation de génes.

Meme si une grande proportion des espéces animales du monde
est constituée d'insectes, il est étonnant de constater que nous
connaissons trés peu de choses de leurs génomes. Les génes codant
pour a-amylase des représentants de plusieurs ordres d'insectes ont
été séquencés et ont été utilisés pour effectuer des comparaisons
intraspécifiques (dans le cas de Drosophila, pendant une longue
période d'évolution), et & comparer la structure génétique des
ordres.

Nous avons, dans ce projet, établi la ségquence nucléotidique
de lta-amylase chez l'un des représentants de 1l'ordre des
lépidopteres, soit Bombyx mori, et avons poussé les comparaisons un
peu plus loin. Nous avons seulement comparé les structures
génétiques quant a la similarité de la séguence, la position des
introns, des exons et de la taille, de meme que du biais dans

1'utilisation des codons synonymes, et nous avons utilise ces
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séquences pour construire des arbes phylogénétiques moléculaire a
1'aide de plusieurs méthodes. La sequénce du géne codant pour

1'amylase chez Bombyx mori démontre que le géne a récemment éteé

désactivé, & cause de la présence d'éléments d'ADN repétitifs qui
se distribuent dans tout le génome. Un intron d'environ 5
kilobases a remplacé 300 paires de base de region codante juste 5'
du milieu du geéne.

La région du génes ccdant pour 1l'amylase de Bombyx et de sept
autres geénes d'insectes ont environ la meme taille, et sont
identiques & 60% les uns aux autres. Il existe un nombre divers
d'introns répartis deux espéces et plus. Ainsi, 7 des 8 Ostrinia
(autre lépidoptére) endroits @'intron sont partagés par Bombyx, et
le géne a-amylase de la souris, quoique trés peu apparenté, en
partage au moins 4 autres.

Nous avons constaté des biais dans 1l'utilisation des codons
synonymes parmi les génes chez Drosophila et Anopheles, qui sont

trés riches en nucléotides GC, et chez Choristoneura et Tribolium,

qui n'ont pratiquement pas de biais. Les biais ont provoqué des
écarts entre les arbres phylogénétique obtenus & partir de méthodes
différentes. Les représentants du meme ordre se regroupaient
toujours comme prévu, mais l'ordre appartenant aux lépidopteres
variait selon la méthode employée. De plus, le Tribelium
(1'escarbot de la farine, coléoptere) et l'Achaeta (le grillon,
orthopteére) ont changé de position de cette fagon. La ségnence
protéique qui n'a pas été altérée par des biais nucléotidiques, a

produit l'arbre le plus fiable, qui se compare bien avec les arbres
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formés par des moyens plus classiques.
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CHAPTER 1

1.0 INTRCDUCTION

This thesis project is part of an ongoing study into the
molecular structure of insect a-amylase genes. Evolution is
explored at two levels. The first is th= use of macromolecules
(specifically the DNA sequence of ag-amylase genes), to construct
molecular evolutionary phylogenies which depict the evolutionary
history of the insect order. The second level is the study of how
these macromolecules (DNA sequences) themselves evolve. what
mechanisms are involved in the changing of DNA sequences that
result in our ability to use them to construct the aforementioned
phylogenies? What does a comparison of the overall structure of
these genes and their sequences tell us about the evolution of the
genomes of specific organisms?

The a-amylase gene was chosen for this type of exploration
because it is a well-characterized, ubiquitous and highly conserved
gene. Insects were chosen because they represent a very large
percentage of total life on earth, both now and in the past. Yet,
we know little about their history and the mechanisms governing the
evolution of their genes.

I will begin by giving a general overview of the present state
of knowledge of molecular evolution as it relates to this study.
This will be followed by a brief account of what has been

discovered, thus far, about a-amylase genes, and more specifically



about insect a-amylase genes.

1.1 Literature Review

Molecular evolutionary genetics is being used to study both

the history of organisms and the mechanisms of evolution of

organisms and their genomes. The term Molecular Evolution has
itself evolved. First, it was used to refer to the study of
evolution using macromolecules, but gquickly took on a second

meaning of studying the evolution of macromolecules.

1.1.1 The Use of Macromolecules to Study Evolutionary History:

In the past, the history of life was studied using the fossil
record, morphological and physical characteristics, and more
recently, biochemical properties. Each of these methods carried

with them many problems, resulting in numerous controversies.

1.1.1.1 Molecular Phylogenies Using Protein Sequences:

Protein sequences have been used to compare diverse organisms
upon the discovery that their amino acid sequences were encoded by
deoxyribonucleic acid (DNA) which was the material through which
organisms inherited their characteristics (Anfinsen, 1959).

The idea of a molecular clock was soon proposed when the
protein-derived phylogenies of diverse organisms were compared to
historical cladograms and other phylogenies. It was determined
that for a given protein the number of amino acid substitutions

betiv;een two species increases approximately linearly with the time
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between two species increases approximately linearly with the time
since the two species diverged (Zuckerlandl and Pauling, 1962;
Margoliash, 1963). The molecular clock discovery enabled many
groups to compare very distantly related organisms for the
construction of evolutionary trees. (Doolittle and Blomack, 1964;
Fitch and Margoliash, 1967).

The ability to rapidly sequence DNA (which first began around
1977) has largely replaced direct protein sequencing as the method
of choice for studying the evolution of organisms. This shift
occurred for many reasons but primarily because the redundancy of
the genetic code veiled dramatically the number of mutations that
had actually occurred to change the protein sequence and the number
of synonymous (nucleotide changes not resulting in an amino acid
change) mutations that 1ad occurred. Because of the functional
constraint on protein sequence, there is an inversely proportional
divergence time to that of DNA sequences over long evolutionary
periods.

An early example of the use of DNA sequences to study the
mechanisms of evolution was the sequencing of the globin genes.
This (also) revealed the importance of multigene families in
creating new proteins (Goodman et. al., 1987).

The ability to clone and sequence genomic DNA has
revolutionized the study of the mechanisms of evolution resulting
in the discovery of introns, exons, flanking regions, repetitive
elements, and transposons. with these discoveries came the

humbling discovery that DNA sequences change at very different

PR p——
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rates. Within a genome, telomeric DNA changes more rapidly than
that near the centromeres due to more unequal crossing over events
during meiosis. Other regional effects occur due to the base
composition of the area in which the gene is located (Wolfe et.
al.,1989). Genes for different proteins evolve at different rates
since some protein sequences are, by necessity, more conserved than
others. And finally there are even different rates of change
within different regions of a protein sequence. For example, the
sequence contained in the middle exon of proinsulin has a much
higher rate of change than the other exons since it is spliced out
in order to make the mature protein (Kimura,b1983). In view of
these many rate differences the use of the common yardstick must
therefore be tempered and should be used only in well defined areas
of study.

The need to have quantitative methods to study evolution,
combined with the necessary assumptions and limitations placed on
the “yardstick", has led to a great flourish of mathematical
models. The resulting computer programs deal with the complex
problems and massive amounts of sequence data available to study

the history of organisms and mechanisms of evolution.

1.1.1.2 Phylogeny Construction and Sequence Comparison

i. Molecular Clocks
Many aspects of today's research are involved in exploring the
controversy around the molecular clock theory which states that the

rate of molecular evolution is approximately constant over time in
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all lineages (Zuckerlandl and Pauling, 1965). This theory is being
used to construct molecular phylogenies using the constant rate
assumption. This assumption may not hold however, even within
rela ively closely related groups. For example, the human
nucleotide substitution rate has been found to be approximately two
times slower than 0ld World monkeys (Miyamoto et. al.,1987).
Differences in DNA repair mechanisms and differing generation times
may be responsible for such differences. The notion of local
clocks is taking over from the universal clock theory, where only
organisms with similar generation times are compared.

Highly conserved genes are required to construct phylogenies
over very large evolutionary distances but for studying more
closely related or intraspecific relationships less conserved
proteins are more desirable. It must be stressed that a gene tree
results for each gene comparison and in order to construct a

reliable species tree many genes should be used, due to the

possible evolutionary rate differences among various proteins.
Phylogenetic trees are made to explore the molecular clock
theory, but also by extension, and in some cases reciprocity,
disputed relationships can be resolved by this method. [For
examples see Sarich and Wilson, 1967; Ochman and Wilson, 1987; and
Miyamoto et. al.,1987]. Also a more accurate time scale is
implied than would be available for organisms with 1little

paleontological evidence available.
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2. Approaches to Phyvlogenetic Tree Construction

The appropriateness of assuming a molecular clock can be
examined through comparison of a classical tree (formed by
cladistic and/or biochemical/morphological properties) with
computer-derived trees (utilizing numerical taxonomy). Although it
must be noted that without paleontological data no time frame would
be possible.

There are a multitude of statistical models available to
construct phylogenies using many different kinds of molecular data
and allow for a wide variety of assumptions and variables to be
ccnsidered. Three general types of methods are outlined briefly
below. For a broader look at these and other methods please refer
to Sneath and Sokal (1974), Nei (1987), Felsenstein (1988},
Doolittle (1990), and Li and Graur (1990}).

(1) pistance Matrix Method

The distance matrix method to be applied in this study is
named Kitsch (Felsenstein, 1984; 1986). This is a modified version
of the Fitch and Margoliash (1967), and Least squares methods with
the addition of a molecular clock assumption. The advantage of
using the Fitch and Margoliash method over the UPGMA (unweighted
pair group method with arithmetic mean) (Sneath and Sorkal,1973)
which assumes a constant rate of nucleotide substitution is that
the Fitch and Margoliash method allows for different rates for each
branch. Briefly, the Fitch and Margoliash method first defines the

tree topology, then estimates branch length. To determine the tree
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topology a distance matrix is computed for all species. This is
done wusing a distance matrix program by Felsenstein (1990)
utilizing the Kimura (1980) two-parameter model which allows for
differences in transition and transversion rates. The smallest
distance between two species is used as a starting point and
considered as a cluster. That species with the smallest distance
to the cluster will have a branching point nearest to the cluster

and is then added to the cluster for consideration of a fourth

species, and so on.

(1i) Maximum Likelihood Method

This method computes for many different possible
topologies, the maximum likelihood of obtaining the observed
nucleotide sequence under consideration. The topology with the
highest likelihood value is chosen as the final, most likely tree.
DNAML 1is an example of a model using this method (Felsenstein,
1990). It is essentially the same as that of Kimura (1980) with
the exception that expected base frequencies are not equal and can

be defined by the sequence under consideration.

(iii) Maximum Parsimony Method
Maximum parsimony ( or minimum evolution) refers to the
shortest pathway required to get from the inferred ancestral
sequence to the extant species and from one species to the next.
i.e. Is A - B - C shorter than A - C - B in terms of the number of

evolutionary changes necessary to explain the differences between
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the sequences. The sequences are compared at each site, finding
the number of "informative sites" first. These are the sites at
which at least twec different kinds of nucleotides are found and
each kind is found in at least two sequences. For example. in
comparing four species, if the sequences of 3 nucleotide sites
were: species A, AGC; species B, GCC; species C, GAT; and species
D, GAT, only site 3 is informative, with two C's and two T's.

All possible alternative trees are compared to find the number
of changes required to make each. The most parsimonious tree is
the one with the minimum number of changes over all of the
informative sites (Li and Graur, 1990).

Maximum parsimony is a character state approach as opposed to
the distance methods mentioned above. Each site and the state of
its character is viewed. Thus more information is wused in
character state methods than in distance methods since the
nucleotide sequence must be transformed to distance matrices, hence
losing information. The maximum parsimony method is the best
method to use for looking at branching patterns and making rooted
trees, but only if large amounts of sequence information is

availlable (Li and Graur, 1990).

3. Rooted vs. Unrooted Trees
An unrooted tree represents relationships between adjacent
organisms but does not represent evolutionary time with a pathway
leading from most distant to more recent evolutionary time.

A rooted phylogenetic tree has a node from which the unigue
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path stems. An outgroup can be used to root a tree. An outgroup
ils an organism which is known to have diverged from a common
ancestor earlier than all other organisms considered (L1 and Graur,

1990).

In summary, we now know that genes are far from being a
"simple" common denominator for all organisms and the complexities
require that great care be taken in choosing the hest method for
making comparisons between organisms. Often, as is the case in
this study, several methods can be chosen in order to gain more
information and increase the reliability of any resulting
phylogeny.

1.1.2 The Evolution of Macromolecules

"Molecular evolution" also refers to the study of the
evolution of macromolecules (i.e. proteins, genes, and genomes).
This study includes aspects such as: gene/genome size correlations
with the relative complexity of the organism; multigene families
and gene conversion; the intron/exon structure of most eukaryotic
genes and the possible role introns may have played in the
evolution of genes; the many forms of repetitive sequences and
transposable elements; and wultimately questions concerning
nucleotide usage and codon biases.

Several aspects of gene structure and regulation, and
evolutionary mechanisms are briefly described below in order to

give an overview of current knowledge of the evolution of genes
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which pertain, to some extent, to this study.

1.1.2.1 Gene Structure and Requlation

There are some fundamental differences between prokaryotic and
eukaryotic genomes which must be considered. Several structural
differences include compartmentalization of genetic material;
linearity of chromosomes; and the presence of introns in eukaryotic
genomes. Prokaryotic mRNA may encode several proteins whereas
eukaryotic mRNA generally encodes only one,

It appears that there are fundamental differences between the
regulation of genes in these two groups. This is illustrated in
the formation of the initiation complexes. 1In prokaryotes this
occurs at the initiation codon (AUG) with a short sequence, the
Shine-Dalgarno box (6bp) being necessary for recognition, but in
eukaryotes several sequences upstream of the AUG are recognized.
Transcription initation involves two initiation factors (IF2 and
IF3) in prokaryotes, while eukaryotes initiation involves at least
9 factors (Lewin,1990).

It has long been accepted that a wide range of transcription
factors are at work to fine-tune gene regulation and that these
must interact with DNA motifs with the effects of enhancing,
promoting, or repressing gene expression. It is only recently that
these motifs and their associated proteins have begun to be
identified. For an excellent presentation of these factors and in
general, gene structure and regulation, the reader is referred to

Lewin (1990).
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l. The Intron /Exon Structure of Genes:

Most eukaryotic genes have their coding regions interrupted by
non~coding DNA believed to be essentially "junk" DNA. Many argue
that introns were in the ancestral state of genes and were the
means by which small pieces of DNA (RNA in the RNA world) coding
for small peptides, having structural or functional domains, were
shuffled about to put together larger peptides, and finally
proteins, with complex structures and functions (Gilbert, 1979;
Gilbert et. al., 1986; Doolittle et. al., 1986; Traut, 1988; Lahav,
1989).

A lot of work is being done toward the definition of such
domains into units of modules (Blake, 1983; Go,1981,1983). This is
very difficult since module size may vary greatly and because our
knowledge of protein structure is limited. Another difficulty is
the intron boundary slippage effect which can move an intron from
is original position.

Some evidence in support of this theory exists in proteins
with homologous domains. An example 1s the plasma low-density
lipoprotein (LDL) receptor, epidermal growth factor (EGF), and
complement component C9 (Sudhof et. al., 1985). Further evidence
of exon\domain correlation exists 1in several proteins. 1i.e.
triosephosphate isomerase, a-fetoprotein and serum albumin, and
chicken lysozyme (Straus and Gilbert, 1985; Eiferman et. al.,1981;
Jung et. al.,1980).

The alternative view is that introns are the remains of some

sort of infection, perhaps by viral or selfish DNA. This DNA had
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the ability to splice itself out of hnRNA to form mRNA, but this
ability was lost over time as an alternative splicing mechanism
took over (Orgel and Crick, 1980).

The argument seems likely to continue for some time as more
sequence data is compiled.

In order for the gene to produce a functional protein product
the intron must be excised. For nuclear encoded genes (Group III
introns) the sequence for the consensus splice junction
recognizable to the complex spliceosome mechanism is:
5'- CAG'GUAAGU...Intron...(Py).X°AG'G"® -3' where Py=pyrimidine and
X=any nucleotide. Arrows indicate the splice points which are
always adjacent to the underlined, universal GU-AG couplets

(Chambon,1981).

2. Transposable Elements and Other Repetitive Sequences:

Transposable elements and repetitive sequences are very
commonly found in intergenic spaces and within introns, and may
have important effects on genome evolution. Transposition is the
movement of material from one chromosomal location to another. DNA
sequences that can intrinsically accomplish this themselves are
mobile elements, or transposable elements. When RNA mediated, this
is referred to as retroposition (Nei, 1987). There is a broad
spectrum of transposable elements and related sequences. These are
categorized according to "lost or gained" abilities or features.
For a more detailed description of the various groups and their

evolution please refer to Hutchinson III et.al. (1989%), Temin
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(1989) and Li and Graur (1991). Most repetitive sequences are
remnants of sequences which were transcribed from transposable
elements, but lost the ability to themselves transpose for many
possible reasons including truncation and inaccuracy of reverse
transcriptase. These elements, over time, undergo deletions,
duplications, and unequal crossing over events. Eventually a great
variety results.

Elements range in frequency from highly repetitive to having
a low repetition number. It is not presently known how or if the
copy number is under some sort of control but it has been suggested
that factors involved in this are: the number of new copies
produced; the rate of excision; the intensity of selection against
increasing copy number, or genomic tolerance; and perhaps even
self-regulation of copy number (Li and Graur, 1991; Zuckerkandl et.
al., 1989)

Tnese elements also vary greatly in size, in a continuum, from
long interspersed repeated sequences to intermediate to very
short...or from LINES (>5 kilobases (kb) and 10* copies) to SINES
(<500 base-pairs (bp) and 10° copies) (Singer, 1982). The
categories LINES vs. SINES have been arbitrarily imposed and will
likely change in definition in the near future (Hutchinson et al.,
1989) since an increasing number of newly discovered elements fit
into neither class as they are now defired. Due to the previously
mentioned truncation (often S'-truncation) of the sequence before
insertion to form a pseudogene and\or due to the length abridgement

process of accumulated deletions in pseudogenes, remnants of

ves ol



14
elements belonging typically to the LINE category may not be

classified as such.

1.1.2.2 Pactors Affecting Evolution

Until approximately 10 years ago, only two processes were
thought to work on genes. These were random genetic drift and
natural selection.

Natural selection (neo-Darwinism) causes a change in allelic
frequencies by acting at the phenotypic level on the variability in
fitness among genotypes (Fisher, 1930; Mayr, 1963). The
availability of nucleotide sequences disclosed the fact that at the
molecular level most mutations are selectively neutral or nearly
neutral. This lent support to the neutral theory, which states
that at the molecular level, most evolutionary change and most
variability within species are caused by random genetic drift
(chance sampling events) of mutant alleles (Kimura, 1963; 1978).

A third process, that of molecular drive, is being shown to
have far reaching effects, and explains much that could not be
explaired by either the neutral theory or natural selection (Dover,
1982;1986). Molecular drive encompasses a wide range of
evolutionary mechanisms such as gene conversion, slippage,
transposition, and unequal crossing over. Several of these are

described below.

1. DNA Duplication

Many forms of DNA duplications are possible. These range from
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duplications of entire chromosomes of genomes to localized short
sequences to form short tandem repeats. Duplications of exons are
an important mechanism for creation of new, more complex proteins

(i.e. human tropomyosin a-chain and the C regions of

immunoglobins) (Barker et. al., 1978). They are also important in
forming multigene families which often results in different
isozymes which may act under slightly different conditions such as
temperature and pH or in different cell types and developmental
stages (i.e. lactose dehydrogenase (LDH) and a-amylases) (Everse and
Kaplin, 1975: Malacinski and Rutter, 1969: Horii et. al., 1987).
Duplicated regions in close proximity to one another are
sometimes affected by another evolutionary mechanism, that of gene

conversion.

2. Gene Conversion

e L

Cene conversion acts as a correction mechanism to diverging

sequences. It is a non-reciprocal recombination in which

B b

interaction of sequences results in one sequence being converted
into another. The result is that one daughter chromosome will have
more homogeneous sequences than the parentals (Lewin, 1990).

Although gene conversion acts to correct changes it also has an

important part in the process of molecular drive in which this DNA
transfer mechanism plus random genetic drift spreads a possibly
small, insignificant change quickly throughout a population

(Dover,1982).
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3. Evolution By Transposition

The effects on a genome of transposable elements and remnant
sequences are numerous. A gene may be destroyed by insertion
resulting in a pseudogene which has potential if revived to take on
a new function. Or perhaps the insertion sequence may provide
alternative intron splicing sites. An upstream insertion may
provide a strong promoter or an enhancer near the gene. An example
of this is found in the maize controlling elements (Fedoroff, 1983;
1988). Repetitive DNA sequences are likely to result in a large
genome size. A genome with many repeated sequences is likely to
undergo gross genomic rearrangements due to unequal crossing over
events. Tor a further description of these and other effects see

L1 and Graur (13%91) and Lewin (1990).

4. Codon Biases
Through studies of nucleotide substitution in pseudogenes

which are selectively neutral, certain patterns have emerged that
oppose the expectations of neutrality whereby each of the four
nucleotides should have an equal probability of replacing any other
nucleotide. It has often been noted that transitions A~G and C~T
are much more common than transversions A~C,T and G+~C,T. Many
mathematical models such as the Kimura two-parameter model for
sequence comparisons now take this into account.

It has also been discovered that CG dinucleotides often mutate
to TG or CA over time due to methylated C's changing to T's. The

eight codons containing these pairs do not often occur (Bird 19580;
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Nussinov, 1984). UpA pairs are also believed to occur infrequently
due to mutations resulting in a termination codon (Alff-
Steinberger, 1987).

Less obvious, and something that must be studied on a more
individualistic basis, is codon bias. Synonymous codons are not
under selection pressure at the protein level and yet in many
genomes and even, in some cases, localized regions of genomes,
certain codons are preferentially used.

Translational efficiency is the suggested reason for such
biases. A positive correlation has been found between cognate tRNA
abundancy and codon usage. Genes with low levels of transcription
will take much longer to reveal differing tRNA abundancies than
will highly expressed genes which require a high tRNA turnover
rate. These genes often reflect a GC or a AT richness within
certain species.

The third position of a codon i3 usually a synonymous
position. It is subject to visibly higher rates of mutation due to
a lack of selective pressure and a wobbling ef’ect in the codon-
anticodon pairing of the mRNA with the tRNA which results in

varying recognition efficiencies within the tRNAs.

1.1.3 Molecular Studies of a-Amylases:

Alpha-amylase (alpha-1,4-glucan,glucanohydrase; EC 3.2.1.1)
cleaves internal alpha-1,4-glucoside bonds of starch molecules
(Lowenstein,1987). This enzyme is an ubiquitous digestive enzyme

in higher organisms. Its ease of purification in large quantities
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made it a popular candidate for enzyme studies. a-Amylase became
an excellent candidate for molecular studies since much was known
about it when the field of molecular genetics began to blossom,
particularly after the first amino acid sequences were determined,
followed quickly by nucleic acid sequencing.

Amino acid comparisons from a broad range of organisms
including bacterial, plant, and animal, disclosed four highly
conserved regions in g-amylase (Meisler and Gumucio, 1986). This
comparison suggested that: (a) these were sequences which were
probably necessary to the protein's function and their integrity
has been maintained for this reason; or, (b} these sequences
evolved independently in higher organisms or were acquired by some
means to generate different proteins having the same function.

Early evidence for (a) was obtained by cross-hybridization of
mouse a-amylase cDNA with the amylase gene of Drosophila
melanogaster (Levy et. al., 1985; Gemmill et. al., 1986; Benkel et.
al., 1987). Under the conditions used, it is unlikely that the
cross-hybridization would have occurred if only a few short regions
responsible for a-amylase activity were the only similarities
between the two sequences. The homology must have been spread over
the entire amylase sequence or several long regions of homology
dispersed throughout the gene. Subsequent DNA sequencing showed
that this was indeed the case.

Many a-amylase sequences have been determined from a wide

range of organisms. Examples include: mammals (Hagenbuchule et.

al., 1980; Nakamura et. al., 1984), plants (Rogers and Milliman,
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1983), fungl (Toda et. al., 1982), and bacteria (Takkinen et. al.,

1983; Young et. al.,1983).

1.1.3.1 Insect g-amylases

The use of insect genes in the construction of molecular
phylogenies seems to have been a relatively untapped area of
research, and one which could result in a significantly changed
view of the evolution of insects. This is true because much of
insect taxonomy and evolutionary history has been based on
morphology and biochemistry due to a lack of fossil evidence.
Additionally, insects represent a large range of evolutionary
history with the number of species exceeding any other animal
group. As previously stated, highly conserved genes are desirable
for construction of phylogenies over long evolutionary distances
and the wubiquitous a-amylase gene fills the need admirably
(Nakajima et. al., 1986}. Several findings of particular
evolutionary significance have been recorded using insect a-
amylase. Many of these relate back to the previous pages
describing, in general, the evolution of macromolecules.

An amylase activity study of Bombyx, Drosophila, and Tribolium
amylases revealed different pH optima of 10.5, 7.5, and 5.0
respectively (Hickey et. al., 1989). This is believed to be due to
the differences in each animals food source. PFrom an evolutionary
perspective this information is of importance because it indicates
an excellent example of adaptive evolutionary changes of a protein

in response to conditions in an organisms environment. The
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widespread distribution of amylase in unicellular and multicellular
organisms indicates the importance of the ability to digest
carbohydrates throughout evolution.

Several a-amylase isozymes are known to exist in other animal
groups. For instance, humans have pancreatic and salivary a-
amylases (Matsuura et. al., 1978; Horii et. al., 1987). The same
is true of the insects, with several having been discovered in

organisms such as Drosophila and Tribolium for example (Hickey et.

al,, 1988; Hickey, personal communication). It is believed that
these are the result of duplication events.

One such event in Drosophila melanogaster has resulted in two

inverted seguences in close proximity to one another (Boer and
Hickey, 1986; Benkel et. al., 1987). A prelimipary reaction to a
comparison of the sequences of these two genes would be to suggest
that this duplication was a relatively recent event. However, it
has been shown that this same gene configuration exists in all
eight species of the D. melanogaster species subgroup, indicating
that the duplication is an ancient event (more than 10 million
years (Payant et. al., 1988; Bally-Cuif et. al., 1990). This vast
discrepancy in the estimated divergence time is attributable to the
evolutionary mechanism of gene conversion (Hickey et. al., 1991).

A most interesting find was made by Hickey and Benkel (1382)
in relation to gene regulation. It was discovered that the a-
amylase gene of D. melanogaster has a prokaryote-like gene
regulation mechanism whereby the presence of glucose represses a-

amylase transcription (Benkel and Hickey, 1987). As in yeast and



e e TR AR W e s At e g R fh et e

21
bacteria, this repression was shown to be counteracted by cyclic
AMP (Benkel and Hickey, 1986; Hickey et. al., 1989; Magoulas and
Hickey, 1989).

PCR (polymerase chain reaction) technology and microinjection
of eggs is now allowing location of sequences responsible for this
regulatory mechanism to be a reasonable goal (Hickey and Magoulas,
personal communication).

Some other insect groups u- ot show this type of regulation.
Tribolium expresses a-amylase constitutively. This likely reflects
the nature of their starchy food source (flour) as opposed to the
somewhat variable diet of Drosophila (most fruits) (Hickey et. al.,
1989). It has not yet been determined whether Bombyx amylase
expression is repressible, but one might predict that it will not
be since in their native habitat they have only one food source,
Mulberry leaves.

Studies of the properties of Bombyx a-amylases and their
expression have been done by Kanekatsu (1978).

Enzyme activity tests on two Bombyx strains of common genotype
(except for amylase type), H and L (+ and ~-) strains, revealed
amylase activity in the midgut tissue of the H-strain was two times
greater than that of the L-strain. As expected the H-strain showed
highest amylase activity in the S' instar (its most glutinous
stage).

It was determined that the L-strain did not, in fact, produce
an amylase, but that the amylase activity originated in the

mulberry leaves (Kanekatsu, 1972). Not only may Bombyx lack the
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regulatory mechanism found in Drosophila, but it may not need an

a-amylase for survival.

1.2 Thesis Project

The purpose of this project is to sequence a Bombyx mori

a-amylase gene from genomic DNA in order to compare its structure
and sequence to that of other insects.

Bombyx was one of the choices available for this project
because, although several insect a-amylase genes had been sequenced
from orders such as Diptera, Coleoptera, and Orthoptera, none had
been sequenced from the Lepidopteran order.

Much is known about the biology of Bombyx, especially as it
relates to the production of silk, the main reason for Iits
cultivation over many centuries. Little is known about the genome
of Bombyx outside of those genes directly related to the growth of
the organism and the production of silk. Therefore any additional
knowledge concerning its genome could be commercially important.

As it relates to the study of the evolution of insect
a-amylases in general, Bombyx is a good choice because of the
benefit of prior knowledge of its life cycle and digestive
behaviour. As previously mentioned the a-amylase of this organism
has been found to be quite basic, approximately pH 10 (Kanekatsu,
1973; Hickey et. al., 1989). The pH of other c-amylases varies
greatly, often being neutral and even acidic.

It is an aspiration that eventually our knowledge of DNA

sequence will enable us not only predict protein sequence (as can
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now be done) but that it could be used to predict protein function.
A knowledge of the digestive behaviour of organisms and the
functional differences between proteins will be necessary in the
case of ag-amylase.

Several que<stions will be explored as they relate to insect,
and more specifically, to Bombyx a-amylase gene structure and
sequence. A knowledge of intron\exon structure is important to the
controversy surrounding the history of introns (and their present
contents).

Nucleotide and codon usage is an issue of increasing
importance as we explore the importance of molecular drive and the
mechanisms involved . What mechanisms will be found in the Bombyx
gene? Perhaps a repetition of those already found in other
insects, but perhaps a new example.

A comparative analysis of the Bombyx sequence with that of
other insects has yet to be done for the purpose of phylogenetic
tree construction. This will be attempted using several methods in
order to compare the methodologies to one another and to the

results generated previously by non-genetic methods.
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CHAPTER 2

2.0 MATERIALS AND METHODS

The initial steps of this project are the isolating,

subcloning, and sequencing of a Bombyx mori genomic DNA clone

containing a-amylase coding region. Following this, various
methods of sequence analysis and phylogenetic tree construction
(using the coding regions of diverse insect groups) will be

employed.

2.1 TIsolation and Sequencing of the Bombyx a-amylase Gene

2.1.1 Isolation of Genomic DNA

Bombyx mori larvae (from the Carolina Biological Supply
Company) were collected immediately after hatching and stored at
-80°C. Genomic DNA was extracted from 0.6 grams of larvae using a
modified method of Davis and Davidson (1984).

The larvae were dounce homogenized in 4ml of ice cold solution
A (0.35M sucrose, 0.05M Tris-HCl (pk7.6), 0.025 M KCl, 0.005 M
magnesium acetate). The homogenate was filtered twice through
Nitex, nylon «cloth to remove cell debris, <followed by
centrifugation at 4°C at 4,000g for 15 minutes. The nuclear pellet
was resuspended in solution A and recentrifuged. The pellet was
then resuspended in 4ml solution B (0.15M NaCl, 0.10M EDTA, 0.05M

Tris-HCl (pH8.0), plus 20ug/ml proteinase K and 2% Sarkosyl (in 1M
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sodium perchlorate).

Following a 2 hour incubation at 50°C the mixture was
extracted with 1ml phenol, then 1ml chloroform:isoamyl alcohol
(24:1) and centrifuged 8,000g for 3 minutes. The aqueous phase was
precipitated overnight in 2.0 volumes of ethanol (-20°C). The DNA
was pelleted at 8,000g for 15 minutes and resuspended in éml 1X SSC
with 20ug/ml boiled RNAase A. PFollowing a 2 hour incubation at
37°C 100ug/ml proteinase K was added and further incubated for 2
hours. The mixture was then extracted with phenol, then
chloroform, and then precipitated with 2.0. volumes ethanol, air
dried incompletely, and resuspended in 500ml sterile water.

Genomic DNAs were restricted as recommended by the enzyme
supplier, but for 8 hours, adding enzyme as required. 5ug of each
genomic DNA sample were run on an agarose gel with appropriate

controls and Southern blotted for hybridization (Southern, 1975).

2.1.2 Genomic DNA Library Screening

A Bombyx mori genomic DNA library in EMBL-4 provided by T.
Eickbush (U. of Rochester) (Adams et. al., 1986) had been
previously screened by Martin Sasseville using a 1.5 kb CcDNA

subclone from Drosophila melanogaster (Oregon-R strain) called pOR-

M7 (Benkel et. al., 1987). A positively hybridizing clone, Bl, was
picked for restriction analysis and sequencing. Later, I
rescreened the bank using the 5' end of the coding region from an

Ostrinia nubilalis ¢DNA subclone, AZ2.

4X104 plaque forming units (pfu) were screened by plating on
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two LB.mg.mal plates (1% tryptone, 1% NaCl, 10mM MgSO,.7H,0, 0.2%
maltose, and 1.5% agar), using a host cell (C600)/phage/top agarose
(LB.mg.mal & 0.7% agar) mixture for plating. The phage were grown
overnight at 37°C and after a one hour incubation at 4°C were lifted
onto Hybond (nitrocellulose membrane) paper. The phage transfer
was allowed to occur for 5 minutes followed by 5 minute treatments
with a denaturation (0.5M NaOH, 1M NaCl) then a neutralization
(3.0M sodium acetate pH 5.5) solution. The DNA was uv-£fixed to the
filter (5 minutes). The filters were prehybridized, then
hybridized with the pOR-M7 probe and positives were picked, plated,
and rescreened. Rescreening was repeated twice to isolate the

positives.

2.1.3 Prehybridization and Hybridization

The filters were incubated in a sealable plastic bag for 40
minutes in a solution of 10X SSC, 1% SDS, 10X Denhardt's solution,
100mM NaPO,, l5ug/ml sheared salmon sperm DNA, and 50% formamide
(Maniatis et. al., 1982). This was followed by replacement of the
prehybridization solution including half the original amount of
salmon sperm DNA and the probe. Incubation was carried out
overnight under the appropriate conditions.

Low stringency hybridization conditions: 37°C incubation

followed by prewashing, then a 30 minute wash with 1X SSC & 0.1%
SDS at 37°C.

High stringency hybridization conditions: 45°C incubation

followed by prewashing, then a 30 minute wash with 0.1% SSC & 0.1%
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SDS at 65°C.
Prewashes: 2X SSC & 0.1% SDS at room temperature for 8 minutes
with vigorous shaking. 3 times.
Following washings the filters were autoradiographed 1-3 days
as required.

Washing filters for reuse: The filters were washed for 5

minutes twice, with vigorous shaking, at 100°C in a solution of;
25ml of 10% SDS, s5ml of 0.5M EDTA, and 470ml of water. They were

stored at 4°C in the dark.

2,1.4 Labelling of Probe DNA

S0ng of probe DNA was added to water to a final volume of
50ul. It was denatured by boiling 5 minutes, then kept on ice
until used. Labelling was done by priming the second strand using
random oligonucleotide primers (LS mixture: random primers and
dNTPs), 2ul BSA, 2 units Klenow polymerase, and 2ul of 3000Ci/mmcl
of [alpha%pjdcCTP.

Following incubation at room temperature for at least 3
hours, the unincorporated [&**p)dCTP was removed using a column
containing Sephadex G-50 in TE (50mM EDTA pH 8.0 and 10mM Tris-HCl

pH 8.0), with 2ul of 10mg/ml salmon sperm DNA (carrier DNA).

2.1.5 Amplification of Bacteriophage DNA
The method of Leder et. al.(1977) was modified slightly for
the Bombyx genomic clones.

Approximately 6 plaques were picked and used to inoculate
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150ul of host cells from an overnight culture. After 15 minutes of
incubation at room temperature, 3ml of LB.mal medium were added.
Tncubation was at 37°C for 5-7 hours. If a further amplification
was deemed necessary, 1 and 10ul of phage lysate were used to
inoculate 200ul of host cells in 5ml LB.mal.

10yl of chloroform was added to the rapidly lysing culture to
complete lysis. The cells and debris were pelleted by spinning for
10 minutes at 8,000g. A drop of chloroform was added to the lysate
which was stored at 4°C following titration of phage by plating
serial dilutions. Plating was done as described for the genomic

DNA bank screening.

2.1.6 Large Scale Isolation of Phage DNA

Tn order to grow bacteriophage in a large scale a method for
infection at low multiplicity was adapted (Blattner et. al., 1988;
Maniatis et. al., 1978).

To 10ml of fresh overnight C600 cells was added 8x10% phage.
This was allowed to sit at room temperature for 5 minutes to allow
phage adsorption. The culture was then added to 500ml LB.mal.mg
and incubated at 37°C with vigorous shaking for 6-8 hours. When
lysis became evident 0.5ml chloroform and 14.5g (0.5M) NaCl were
added, with 5 minutes more of shaking.

A modified method of Yamamoto et. al.(1970) was used to
isolate the phage DNA.

The lysate was centrifuged at 6,000g at 4°C for 10 minutes to

remove debris. The phage were then coprecipitated from the
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supernatant by dissolving in 50g of PEG (polyethylene glycol)(10%
of the volume), and incubating on ice for 1 hour. The precipitate
was collected by a 10 minute centrifugation at 6,000g at 4°C.

The pellet was resuspended in 5ml TM (50mM Tris-HCl
(pH7.5),10mM MgsO,). The PEG was then extracted using an equal
volume of chloroform and inverting gently several times, then
centrifuging 3 minutes at 10,0009 (rcom temp.). The upper aqueous
phase was reextracted until evidence of PEG was eliminated.

The phage was then pelleted by adding the lysate to a step
gradient (made with 5% over 40% glycerol with lysate on top) and
ultracentrifuging 1 hour at 4°C and 28,000rpm. The pellet was
resuspended in 1ml TM and divided up into two eppendorf tubes.
RNAase A and DNAaseI were added to a final concentration of 20ug/ml
and 1.5ug/ml respectively and incubated 30 minutes at 37°C.

A step buffer solution (0.5% SDS, 50mM Tris-HCl (pH7.5),and
0.4M EDTA) was added to a final volume of 0.2. After a further
addition of 1mg/ml proteinase X, the tubes were incubated at 50°C
for 15 minutes. The mixture was then extracted with phenol, then
phenol/chloroform/iscamyl alcohol (IAA) (25:24:1), then
chloroform/IAA, with corresponding 10, 5, and 1 minute
centrifugations. The aquecus layer was then dialysed 12 hours at
4°C against a 1X TE buffer.

Finally, the phage DNA was ethanol precipitated with 1/10
volume 2.5M sodium acetate, pelleted, then washed with 70% ethanol.
The pellet was dried the resuspended in approximately 100ul sterile

water.
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2.1.7 Restriction Enzyme Digestions

Digestions were done as described by the enzyme suppliers.

2.1.8 Agarose Gel Electrophoresis

Most gels were made of 1% electrophoretic grade agarose with
a 1X TAE buffered solution (0.04M Tris-acetate and 0.001M EDTA)
(Maniatis et. al., 1982). The DNA was mixed 5:1 with a loading
buffer (6X concentration: 0.25% bromophenol blue, 15% Ficoll (Type
400; Pharmacia) in water. The DNA was stained following
electrophoresis with a solution of approximately lug/ml ethidium
bromide in water, with subsequent washes in distilled water (Sharp

et. al., 1973).

2.1.9 Preparation of Southern Blots for Hybridization

Following agarose gel electrophoresis, ethidium bromide
staining, and photography, the DNA was treated with 0.25M HCl then
denatured with 1.5M NaCl and 0.SM NaCH, then neutralized with 1M
Tris-HC1 (pH8.0) and 1.5M NaCl. The gel was placed on a wick made
of Watman 3MM paper whose ends were submerged in 10X SSC. A piece
of nitrocellulose paper was overlayed plus 2 pleces of Watman 3MM
paper and many paper towels to draw the DNA onto the nitrocellulose
paper. After 12 hours, the DNA was uv-crosslinked to the membrane

(Southern, 1975).

2.1,100 Isolation of DNA Fragments for Probes and Subcloning

Following agarose gel electrophoresis, fragments were cut out



e 4 Y e Y LT T B . R A" A& ¢ Ak T 4L S At AT ae RS RTE e ifa® 2 HEEES LTI T ke DN

31
from the gel and purified using the Gene-clean kit (Bio\Can
Scilentific, Inc.}, with some modifications to the prescribed
protocol.

The gel was melted at 50°C in two to three volumes of NaI
solution (5 minutes). "Glassmilk", provided in the kit, was added
(5ul for 5ug DNA, plus lul for each additional 0.5ug DNA). This was
incubated on ice for 5 minutes, then spun 5 seconds. The pellet
was washed three times with the "NEW" solution (provided in the
kit) using 700, 500, and 500ml respectively, with 5 second spins
between. The DNA was eluted with a 50°C incubation, for 3 minutes,
using 2ul of TE for each ul of glassmilk to elute the DNA from the
glassmilk. This was repeated once.

Following purification a small sample was run on an agarose

gel to check the DNA concentration.

2.1.11 Subcloning of Lambda Clone Insert Fragments into pIBI

Plasmid Vectors

FPragments were subcloned into multipurpose plasmid vectors
pIBI 24 and/or 25 which have opposite multiple cloning site
orientations. The protocols used for subcloning are outlined below
and generally follow those provided by the pIBI vector supplier,
International Biotechnologies, Inc. (1986).

For single restriction enzyme fragments (i.e. those with the
same restriction enzyme site on either end), the vector was cut
with this enzyme at the required temperature (usually 37°C). The

volume was increased ten-fold and the vector was dephosphorylated

N s B
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by treatment at 65°C for 1 hour with Bacterial alkaline
phosphatase,BAP, (2 units/100ul) in a solution containing 0.5% BAP
buffer (0.5M Tris pH8.0, 0.5M NaCl). This was then extracted with
an equal volume of phenol/chloroform, followed by Ethanol
precipitation (with 10% ammonium acetate) and resuspension in
sterile water.

For fragments with different ends (i.e. two restriction
enzymes), the vector was cut with these enzymes, followed by heat
inactivation at 65°C for 15 minutes.

A ligation mixture was prepared: 10ng vector, 50ng insert,
0.5units T,~-DNA ligase, lul of 10X ligation buffer (66mM Tris-HCl1
(pH7.6) 6.6mM MgCl,, 10mM dithiothreitol DDT), lul of 1mM ATP, and
sterile water to bring the final volume to 10ul.

The ligation reaction was left at 4°C for 16 hours.

2.1.12 Preparation of Competent Cells for Transformation

JM101 host cells were made competent for transformation with
the ligation mixture using the calcium chloride method of Mandel
and Higa (1970). To 250ml of YT medium was added éml of overnight
culture of cells. When the cells (incubated at 37°C) reached an
absorbance at 550 nm of 0.5 they were chilled, then centrifuged at
4°Cc at 5,000rpm for 10 minutes. The pellet was resuspended in
125ml ice-cold 100mM CaCl, and incubated on ice for 30 minutes with
some swirling. The cells were pelleted then resuspended in 10ml
ice-cold 100mM CaCl,, 15% glycerol and divided into 200ul aliquots.

The cells were incubated on ice for 1 hour (not the recommended 12-
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24 hours) before freezing and storing at -80°C.

2.1.13 Transformation of Competent Cells

A 1.5 ml microfuge tube containing 200ul of competent cells
was allowed to slowly thaw on ice. 10ul of ligation reaction
mixture was added and incubated 30 minutes on ice. The cells were
heat shocked 3 minutes at 43°C and allowed to recover in 400ul 2X
YT medium for 1 hour at 37°C before plating on YT + amp plates
(50ug/ml ampicillin, 30ug/ml X-gal, and 2.5mg/ml IPTG) (Maniatis
et. al., 1982).

2.1.14 Small Scale Isolation of Plasmid DNA

Plasmid DNA was isolated using a modification of Holmes and
Quigley's boiling method (1981). One plasmid-containing colony was
added to 5ml 2X YT + ampicillin and incubated overnight at 37°C.
1.5ml was aliquoted into a 1.5ml microfuge tube and centrifuged 10
minutes. The pellet was resuspended in 0.35ml of lysis buffer (8%
sucrose, 0.5% Triton X-100, 50mM EDTA (pH8.0), and 10mM Tris-HCl
(pH8.0)), and 0.025ml fresh lysozyme (l0Omg/ml in 10mM Tris-HCl
(pH8.0)). After placing the tube at 100°C for 40 seconds, the tube
was centrifuged 15 minutes and the cell debris was removed with a
sterile toothpick. To the supernatant was added 30ul of 5M sodium
acetate and 420ul of cold isopropanol. The tube was vortexed and
placed on ice 15 minutes, then centrifuged 15 minutes.

The pellet was dried and resuspended in 100ul TE (10mMTris-

HCL/lmM EDTA pH8.0), and 5ul RNAase A (10mg/ml). Following
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incubation at 37°C for 1 hour, the mixture was extracted with
phenol , then chloroform, and centrifuged 10 minutes. The aqueous
phase was then ethanol precipitated on ice for 15 minutes with 1/10
volume of 5M ammonium acetate, then centrifuged 15 minutes. The
pellet was washed with 70% ethanol, dried, and resuspended in 30ul
sterile water. (The resuspension is 50ul of 1M NaCl/10% PEG with

an overnight precipitation at 4°C was omitted).

2.1.15 TIsolation and Purification of Single-Stranded DNA

Several small modifications were made to the International
Biotechnologies, 1INC. protocol used for single stranded DNA
isolation from the subclones made using the pIBI vectors.

250ul from an overnight culture was used to inoculate 25ml of
2X YT & ampicillin (50ug/ml). Following 30 minutes of incubation
at 37°C with shaking, 100ul of M13k07 helper phage (1X10'pfu/ml)
was added. Following another 30 minutes of shaking, 35ul of
Kanamycin (50mg/ml stock) was added, mixed, and incubation was
continued for 18 hours.

The cells were harvested by centrifugation (10 minutes at
9000 rpm). The supernatant was re-spun to remove all cells and
debris. For every ml of supernatant 0.25ml of a 2.5M NaCl, 20% PEG
solution was added, mixed, and incubated 30 minutes on ice. It was
then spun 22 minutes at 10,000 rpm.

The pellet was resuspended in 500u1 TE buffer and transferred
to an eppendorf tube. It was then extracted with an equal volume

of phenol/chloroform, and then re-extracted with chloroform.
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Ethanol precipitation was with 100p1 of 5M ammonium acetate
and 2-2.5 volumes of absolute ethanol, followed by a wash with 70%

ethanol. The dried pellet was resuspended in 30yl sterile water.

2.1.16 DNA Sequencing

The single stranded DNA was sequenced using the Sanger gt. al.
(1977) chain termination method with the Sequenase enzyme (United
States Biochemical Co.) and ([alpha-¥S]8ATP. Primers used for
sequencing were either the M13 universal primer or synthetic
primers (made on an Applied Biosystems 381A DNA Synthesizer). The
primer and template DNA were annealed in a mixture of 2pmol primer;
0.8ug DNA; 2ul Sequenase buffer (200mM Tris.HCl (pH7.5), 100 mM
MgCl,, and 250mM NaCl); and water to 10ul final volume.

The mixture was incubated at 65°C for 5 minutes, then cooled
slowly to less than 35°C. To the annealed mixture was added 2ul
Sequenase (diluted 1:8 in water), 2ul labelling mix (5X concentrate
of the 3 dNTPs--75uM each), lul [a-¥S]dATP, and lul DDT.

Following incubation at room temperature for 5 minutes, the
chains were terminated by adding 4ul of the labelled reaction
mixture to each of 4 tubes containing dideoxy nucleotides. After
a 5 minute incubation at 37°C the reaction was stopped with a
solution of 95% formamide, 20mM EDTA, 0.05% Bromophenol blue, and
0.05% Xylene Cyanol FF., Samples were stored at -20°C until used,
at which time they were heated 5 minutes at 90°C to denature the
DNA.

The dideoxy-terminated chains were then separated by
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electrophoresis of a 7% polyacrylamide gel with a 0.5X TBE buffer
using an LKB 2010 Macrophor Electrophoresis Unit. Following
denaturation in a 10% acetic acid solution, the gel was dried and

autoradiographed overnight.

2.2 Sequence Analysis and Phylogenetic Tree Construction Methods

2.2.1 Alignment of Sequence

The pairwise sequence alignments and preliminary analyses
using homology comparisons were done using the Microgenie computer
program by Beckman (Queen and Korn, 1984). This program was also
utilized to determine the codon usage of the various sequences
described below.

Multiple sequence alignments were constructed by utilizing the
program ESEE (The Eyeball Sequence Editor, Cabot, 1990). Followiing
alignment this program allowed sequences to be used as input to
several of the phylogenetic inference programs in the package,
Phylip, Version 3.3 (Pelsenstein, 1990), and also to the PAUP
(Phylogenetic analysis using parsimony (Swofford, 1951)}).

The sequences that were aligned were the oa-amylase gene
sequences from mouse (Mus), and ¢ insect species: Ostrinia
nubilalis (European corn borer), Bombyx mori (silkworm),
Choristoneura fumiferana (spruce budworm), Drosophila melanogaster

(fruitfly), Drosophila virilis, Anopheles merus (mosquito),

Tribolium castaneum (flour beetle), Achaeta domesticus (cricket).
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2.2.2 Phylogenetic Tree Construction

only areas of sequence common to all sequences were used in
the analyses. This consisted of 511 nucleotides (the maximum
allowable number of sites in the parsimony analysis), and the
corresponding 170 amino acids. The areas used are contained within
the last half of the coding region.

Use of the programs are outlined below:

(1) KITSCH: A Distance Matrix Method:

Kitsch is a modified version of the Fitch and Margoliash
(1967) and least squares methods with the addition of a molecular
clock assumption. The input to this program was prepared by
utilizing the program DNADIST, a distance matrix program
(Felsenstein, 1990). This program was instructed to vse the Kimura
(1980) two-parameter model which considers transitions and
transversions independently. The default transistion\transversion
ratio of 2.0 was used. Only the branching pattern and lengths were
used because the time index is irrelevant without rooting the tree
with a given time,

e, i A e

(i1) DNAML: A Maximum-Likelihood Method:

DNAML (Felsenstein, 1990} utilizes the nucleotide sequence
itself 23 input data as opposed to the distance matrix methed
above. The topology with the highest likelihood value was chosen
by the program as the final phylogenetic tree.

This program allows for differences in the transition and

transversion rates as well as allowing for differing base
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frequencies to be specified. The transition\transversion ratio was
set at its default value of 2.0.

The F option was invoked which specifies the base frequencies
as being the empirical base frequencies of the input sequences.
The O (outgroup) option was also used to set the mouse sequence as
the outgroup to the other (insect) sequences in order to root the
tree by outgroup.

Briefly, the assumptions of this model are:

(a) Each site in the sequence evolves independently.
(b) Different lineages evolve independently.
(c) Each site undergoes substitution at a specified expected
rate.
(d) All sites are included in the comparison, not just those that
have changed.
(e) A substitution is one of two events:
- a transition or no change.
- a transition or transversion (any change) or no
change.

(1ii) PAUP: Phylogenetic Analysis Using Parsimony:

Two analyses were done using this program, one with protein
and one with DNA sequence. Both sequences were aligned as
mentioned above using the ESEE alignment program followed by some
minor editing necessary to the input organization required by the
PAUP programs (Swofford, 1991).

A branch and bound analysis was performed with the additional
application of a bootstrap analysis with 100 repetitions to
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determine ‘'confidence' in the branching pattern of the most
parsimonious tree(s).
The reader is referred to Swofford and Olsen (1990) for more
information on the assumptions and options available in this

program.
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CHAPTER 3

)
o

RESULTS

The reader will find this section to be organized in a
somewhat chronological order beginning with the isolation and
characterization of two overlapping Bombyx mori a-amylase genomic
DNA clones, followed by the subcloning and subsequent sequencing
and an analysis of the sequence result. The analysis compares the
Bombyx a-amylase gene structure and sequence to that of other
insect representatives and often includes the mouse gene as an

outgroup.

3.1 Isolation and characterization of Bombyx g-amylase genomic DNA

clones
A Bombyx mori genomic DNA clone named Bl was used to begin
this project. This clone positively hybridized to a homologous

probe of Drosophila melanogaster, Oregon-R strain, a-amylase cDNA

from a clone named pOR M7 (Benkel et. al., 1987).

The phage clone was amplified, titred, and grown up in large
scale for DNA extraction. The clone was digested (Figure 1) with
Eco RI, Hind III, and Sal I (single and double digests), Southern
blotted, and probed at low stringency with the pOR M7 probe (Figure
3). Lane 2 of Figure 1, containing the Eco RI digestion, reveals
the total insert size to be approximately 11 kb (8+1.25+1.15+0.5).

Due to the potentially confusing nature of references in the
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subsequent passages to the many fragments of the Bl clone, a
preliminary restriction map is included as Figure 2. This map
depicts only the area included in the 8.0kb Eco RI/Eco RI fragment,
for reasons that will soon be made clear.

The autoradiograph (Figure 3) resulting from hybridization of
the gel shown in Figure 1 with pOR M7 reveals only one strongly
(positive) hybridizing band in each lane. This strongly suggests
that the entire coding region of the Bl clone would be found in any
of these bands (including the 8.0 kb Eco RI/Eco RI band of lane 2).
Two of the smaller fragments were chosen for subcloning for
subsequent sequencing. Taese were a 2.0 kb Eco RI/Hind III
fragment (Lane 3) and a 2.3 kb Sal I/ Sal I fragment (Lane 6).

These were chosen because they were of good, manageable size
for sequencing. Other insect a-amylase genes were less than 2.0 kb
in length, including introns (<100 bp), upstream regulatory region
and exons (1.5 kb total) (Hickey, unpublished). Basad on this
observation, it was predicted that a 2.3 kb fragment such as the
Sal I/Sal I fragment was likely to contain all of the amylase
coding region even allowing for “he average size and number of
introns as found in other insect «-amylases. Also the Sal I/ Sal
I fragment was the only positively hybridizing band in this digest,
suggesting that all of the a-amylase coding region within Bl were

contained therein.

3.1.1 Subcloning from the genomic clone for sequencing
A small amount of pIBI 24 and 25 plasmid vector DNA was used
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Figure 1. Restriction enzyme digestion of Bl, a Bombyx mori
genomic DNA clone. A 1% agarose gel was used for separation.
Restriction enzymes are E, Eco RI; H, Hind III; S, Sal I.
Fragment sizes corresponding to the ; Hind III/Eco RI marker,

in kilobases, are indicated to the right.

Dots indicate fragments to be subcloned.






Figure 2. Restriction enzyme map of an 8.0 kb Eco RI/Eco RI
fragment from a Bombyx genomic DNA clone (in ) subcloned in
opposite orientations into the pIBI 24/25 vector pair. The
names and sizes of this and subsequent subclones from it are
indicated to each side of the corresponding clone sketches,
showing their sizes and the enzymes used for subcloning.

The location of a-amylase coding DNA exons (shaded boxes)
are shown on the 8.0kb (E2;E3) diagram. Exon sizes (in number
of nucleotides) are found directly below them.

E, Eco RI; H, Hind III; S, Sal I.
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Figure 3. Hybridization of a Southern blot of Bl (Bombyx genomic
DNA clone)} restriction enzyme digestions (Figure 1) with

insert DNA from a Drosophila a-amylase cDNA clone, pOR M7.

Low stringency conditions were used: Hybridization with
50% formamide at 37°C, with washing at 37°C and 1xSSC.
Fragment sizes are located to the right.

E, Eco RI; H, Hind III; S, sal I.
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to transform competent JM101 cells in order to obtain enough vector
DNA for future subclonings. This vector pair is useful in allowing
fragments to be subcloned in opposite orientations so that both
ends of a particular clone can be readily sequenced.

The 2.0 kb Eco RI/Hind III fragment was subcloned into both
vectors and the 2.3 kb Sal I/Sal I fragment was subcloned into pIBI
24. Several white (therefore insert containing) colonies were
picked from each transformation and small scale plasmid DNA
preparations were made. The subclones were digested with the
appropriate enzymes, Southern blotted, and probed at low stringency
with pOR M7 to insure that the subclones contained a-amylase DNA.

The subclones were named $54E/H (pIBI 24 + 2.0 kb Eco RI/Hind
III fragment), #20E/H (pIBI 25 + 2.0 kb Eco RI/Hind III fragment),
1Sal (pIBI 24 + 2.3 kb sal I/Sal I fragment), and 38al (resulting
from recloning the 1Sal insert in the opposite orientation}.
Further subcloning from 1Sal was done to obtain subclones with the
1.6 kb Sal I/ Hind III fragment and 0.6 kb Sal I/Hind III fragments
of 1Sal (Figure 1, Lane 5-dots). (Note that the 0.6 kb fragment
appears as a doublet as does the original 2.3 kb Sal I/sal I
fragment). All of the subclones were further characterized by
restriction analysis and much Southern blotting and probing of one
insert with another to determine which fragments were overlapping,
if any.

It was determined that the 1.6 kb Sal I/Hind III fragment of
1Sal was the same as the 1.6 kb Sal I/Hind III fragment of #54E/H,

thus showing the two subclones to be overlapping (Figure 4 a & b}.



FPigure 4. Photograph of (a) a 1% agarcse gel, and (b) an
autoradiograph with side-by-side double digestions (using Sal
I and Hind III) of the Bombyx a-amylase subclones 1Sal and
#54E\H. The Southern blot was hybridized with the 1.6kb Sal
I\Hind III fragment from 1Sal, showing this fragment (arrows)

to be overlapping between the two clones.
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The remaining 0.6 kb Sal I/Hind III fragment in 1Sal was upstream
to #54E/H and the 0.4 kb Eco RI/S-' I of #54E/F was downstream of
1sal (Figure 2).

At the same time, a control filter with the Eco RI/Hind III
digestions of the lambda clone Bl, and the subclone #20E/H, as well
as an uncut Oregon-R subclone and a D, virilis clone cut with Eco
RI was prepared (Figure 5) and hybridized at low stringency with
the insert from #54E/H to show that it was the opposite
orientation of #20E/H and that both clones were indeed derived from
Bl (Figure 6a). A faint band is also seen in the Drosophila A
clone (Lane 1).Figure 6éb shows a reprobing of the filter at high
stringency with pOR M7. This shows that the band described in Lane
1 contains amylase coding r=gion thereby revealing that the #54E/H
fragment used in the original probing also contains amylase DNA.
The bands of the #20E/H clone which are shown to be faintly,
positively hybridizing are due to the presence of a small amount of
vector DA in the pOR M7 probe.

I began to sequence the clones I had chosen, at first having
1ittle success in obtaining sequence with coding region. I then
decided to isolate more subclones in an attempt to include coding
sequences. Four ne. subclones were obtained. The first two were
both orientations of a 1.5 kb Hind III fragment from the Bl clone
which overlapped the upstream part of clone 1Sal. After sequencing
the ends of these fragments using an M13 universal primer, a DNA
synthesizer became available for the preparation of custom made

primers, so that the Bl subclones could be sequenced by "gene




Figure 5. A 1% agarose gel with the Bombyx genomic DNA clone (in
A) Bl, in Lane 2, and a subclone (in pIBI 25) derived from it,

420 E/H in Lane 4. Both are digested with Eco RI and HindIII.

As controls, Lanes 1 and 3 hold a D. yvirilis clone

digested with Eco RI and an uncut Drosphila Oregon-R strain

subclone respectively.
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Figure 6a. Verification of subcloning from Bl (Bombyx genomic DNA
in ,)(shown in Lane 2) to #20 E\H (pIBI subclone) (shown in
Lane 4) by hybridization with the 2.0 kb E\H insert from #54
E\H under low stringency conditions. (Hybridization at 37°C

with 50% formamide, followed by washing with 1xSsC at 37°C).

6b. High stringency reprobing of the filter with the pOR M7
insert . The probing shows verification that the bands in
Lanes 1 (Drosophila , clone digested with Eco RI) and 3
(Drosophila subclone, undigested) contain a-amylase coding
region. (Hybridization at 45°C with 50% formamide, followed
by washing with 0.1xSSC at 65°C). The arrow highlights a band
of particular significance to both probings in that it

contains Drosophila ag-amylase coding region.
The bands seen in Lane 4 of Figure b are due to a small

amount of vector DNA present in the probe.
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walking", rather than by much subcloning and sequencing of small
overlapping fragments. At this time I subcloned, in both
orientations, a large 8.0 kb Eco RI fragment from Bl (Figure 1,
Lane 2-dot) containing most of the previously subcloned fragments.

These clones were called E2 and E3.

3.1.2 Results of sequencing the Bl (genomic DNA) subclones

The entire region from the end of the 1.5H fragment to the
downstream end of the #54E/H clone was sequenced on both strands.
The Beckman Microgenie sequence comparison program (Queen and Korn,
1984) was used to compare the Bombyx sequence to that of other
insect a-amylases. It was determined that the last 700 base-pairs
(bp) of the approximately 1500 base-pairs of ag-amylase coding
region had been sequenced. However, after sequencing a further 1.5
kb upstream, and reviewing the hybridization data of the Bl
digestions probed with pOR M7 (Figure 2), it was determined that
the Bl clone did not contain the upstream coding region. Thus a
total of approximately 3.6 kb had been sequenced with only 700 bp

of coding regivon accounted for.

3.1.3 Rescreening the Bombyx genomic DNA library

The next stage of this project was to rescreen the Bombyx mori
genomic DNA library since no cDNA library (the ideal next step) was
available. in order to find the remaining (upstream) coding
region, the library was probed with the 0.5 kb Bgl II/Eco RI

fragment of an Ostrinia a-amylase cDNA clone called 3,, which
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contains the 5' end of the gene, not overlapping with any Bl
sequence. This probe was used instead of a Drosophila probe
because the newly available Ostrinia sequence showed 80% sequence
similarity to Bombyx.

Of the approximately 35,000 genomic clones screened only one
positively hybridizing phage, called B4, was picked for further
characterization. The cloned DNA was digested with the same
enzymes which had been used on Bl. A photograph of the result is
shown as Figure 7.

This gel was Southern blotted and probed with the 0.5 kb A;Bgl
iI/Eco RI fragment (Figure 8). Several bands show positive
hybridization with the a-amylase coding region upstream of the
region contained within the Bl clone. It is apparent in Figure 7
that several of the digestions were incomplete, for example the Eco
RI/Sal I and the Sal I digestions. This observation must be
considered when viewing Figure 8 since lanes containing many
positively hybridizing bands may be the result of incomplete
digestions. Those bands shown by dots were chosen for subcloning
and sequencing due to the unambiguous nature of the result.

In order to determine whether or not the B4 clone also
contained downstream sequence which may correspond to the coding
region contained in the Bl clone, the B4 filter (shown in Figure 8)
was reprobed with the remaining (downstream) part of the A, clone,
a 0.8 kb Bgl II/Eco RI fragment. The results (Figure 9) indicate
that this is the case. The positively hybridizing bands in this
Figure are different from those shown in Figure 8, indicating that
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Figure 7. Restriction enzyme digestions of B4, a Bombyx mori

genomic DNA clone (in ;).
Fragments were separated on a 1% agarose gel.
Restriction enzymes used were E, Eco RI; H, Hind III; and S,

sal I.
Lanes 1 and 10 contain A Hind III\ Eco RI size markers

with some sizes given to the right.

Dots indicate fragments of particular interest.
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Figure 8. Hybridization of a Southern blot of digestions of B4 (a
Bombyx genomic DNA clone in 4 (Figure 7) with a 0.5 kb Bgl II\
Eco RI f wscment from the 5'-end of an Ostrinia nubilalis a-
amylase CuUNA.
Low stringency conditions were used: Hybridization at
37°C with 50% formamide, then washing at 37°C and 1xSSC.
Dots indicate fragments to be subcloned. Their sizes are
indicated to the right.

E, Eco RI; H, Hind III; S, Sal I.
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Figure 9. Hybridization of a Southern blot of various restriction

digests of B4 (a Bombyx genomic DNA clone in ,) with a 0.8kb
Bgl II\Eco RI fragment at the 3'-end of an QOstrinia nubilalis
cDNA clone (A,).

Low stringency conditions were used: Hybridization at
37°C with 50% formamide, then washing at 37°C and 1xSSC.

Dots indicate the fragments containing downstream (3'-
end) coding region which are alsc indicated in Figure 7, the
photograph of the gel used for this Southern.

E, Eco RI; H, Hind III; S, Sal I.
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these bands are not a result of an unpure orobe.

Digestions of both clones side-by-side (Figure 10) showed that
they were indeed different clones but suggested that some portions
were shared by each, i.e. 5.0 kb Eco RI/Hind III and 1.5 kb Hind
III fragments. Both hybridize to the last half of the a-
amylase coding region. One will observe a slight size difference
between the two fragments in each clone. Sequencing of the Bl 8.0
kb subclone revealed that at the 5' Eco RI site, linker sequence
was present, which means that the Eco RI site was artificially
created when the genomic bank was made. It is possible, therefore,
that the slightly larger Eco RI\Hind III fragment of B4, indicated
in Lane 8, is the same fragment if an Eco I site is located just
upstream of the artificial site in Bl. Indeed sequencing reveals
this to be the case.

several fragments from B4 thought to contain upstream coding
region were subcloned. These included 6.9 kb Hind III (m+c), 1.5
kb Hind III (a+b), 1.9 kb Eco RI (b+d), and 2.0 kb Eco RI/Hind III
(a+c) fragments. (Bracketed letters denote names of clones with

differing orientations).

3.1.4 Results of sequencing the B4 (genomic DNA) subclones

Using primers made from sequence near the upstream Eco RI site
(terminal, 5'- end of Bl), the sequence was extended in both
directions on the 6.9H m and ¢ clones. These primers worked, with
the primer going in the upstream direction giving new sequence and

the downstream directional primer giving sequence identical to the



Figure 10. Side-by-side separation of various digestions of both
Bl and B4 (Bombyx genomic DNA clones in A) on a 1% agarose
gel, showing the two clones to be unique, with some possible
overlapping fragments (same sizes).

E, Eco RI; H, Hind III, S, Sal I.
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corresponding .1 sequence.

It may be noted here that the upstream sequence revealed an
Eco RI site just upstream of the Sau 3A site which was used to
create the Bl genomic clone. This Eco RI site was predicted in the
above section discussing overlapping fragments.

M13 primers were also used on the other B4 subclones. It was
found that the 1.5H clone was identical in sequence to the same
size fragment in Bl. The initial 1.9E b clone (contained in 6.9H)
sequence revealed coding sequence close to an Eco RI site. This
sequence was the first exon, containing the ATG initiation codon.
This region plus two hundred bases upstream were sequenced on both
strands.

Another exon was found approximately 1000 bp downstream of
this within the 6.9H subclone. The entire region between this exon
and the next one, most of which is also in the Bl clone, was
sequenced. No other coding region was found.

An additional sequence, from one of many initial subclones of
B4 (a 2.0kb Eco RI/Hind III subclone} revealed a very short region
containing a-amylase coding region having 65.3% and 62.1% homology
to the corresponding region in the Bl locus and in QOstrinia a-
amylase. Note that the corresponding Bl locus region (within exon
i) has 80% identity with the Ostrinia sequence, and that there is
no evidence that the nucleotide changes are in synonymous
positions. This suggests that another pseudogene may exist near to

the original Bl locus, but that it would be an ancient one.
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3.2 The structure and nucleotide sequence of the Bombyx a-amylase

locus

A restriction enzyme map of the two overlapping clones Bl and
B4 is shown in Figure 11 with their relative positions indicated.
Intron and exon positions, the ATG start codon and a putative TAA
stop codon are indicated. The many repetitive element positions are
depicted by cross-hatched boxes. Below the map is a diagram of the
sequencing strategy used.

The entire Bombyx a-amylase pseudogene sequence is listed in
Figure 12, beginning 200 bases upstream of the ATG and ending 100
bases downstream of the TAA. Restriction enzyme sites are included
as markers for comparison to the map of Figure 11.

Wwithin the entire 8.9 kb of B1/B4 sequence 1200 base pairs of
coding region was found. It was divided into 5 exons (exon 1, 2,
i, ii, and 1iii). 300 base-pairs of coding region remain missing
between exons 2 and i. The sequence between these exons is 4.9 kb
in length and in order to insure that any coding region had not
been overlooked the sequence was translated into protein in all
three reading frames and searched by computer and visually for
small highly conserved regions known from the sequence of other
insect q-amylases. This extensive search employed two powerful
tools. The first was the Ostrinia sequence from this region (80%
homology to other Bombyx sequence) and secondly the sequence from
one of the four highly conserved regions of a-amylase (Meisler and
Gumucio, 1986), and part of another. No homologous region was found

in the Bombyx sequence. The distances between restriction sites



59

Figure 11. Map of the Bombyx mori a-amylase pseudogene showing the
relative location of the two overlapping clones Bl and B4,
intron/exon pattern, and several restriction enzyme sites.
Below the map is the sequencing strategy used. Note the
presence of repetitive element ragions.

E, Eco EI, H, Hind III, K, Kpn I, S, Sal I.
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Figure 12. Bombyx morli a-amylase pseudogene genomic DNA sequence:
The translated amino acid sequence is included below the exon
regions, with the ATG start and putative TAA stop codons
underlined.

Restriction enzyme sites are indicated below the
nucleotide sequence: B, Bam HI; E, Eco RI, E; H, Hind III; K,
Kpn I, S, Sal I.

The U at position 657 indicates the Sau 3A site marking
the start of the Bl clone.



10 20 0 40 50 60 70 80 80 100 110 120
qlcglccgllgaaglcatggntgglgtgtqtgantgacgat-tgagnnlgagngnggantglgtqttgagatgncggctg-tlgangnguatggaagugaaaaattnqctgtgccgaccc
3

130 140 150 160 170 180 180 200 210 220 230 240
clcctlutgﬂﬂttliﬂﬂtﬂglﬂlllllgllﬂllgtlﬁllgtlcltltlttltlctlctlllcntltCIIIIctttcgctttBttlggéIETTTCGGTACATDCTTCTACTTTCGGCCGTQ
MetPheArgTyrileLeuLeuleuSerAlaval

250 280 270 280 280 300 310 320 330 340 350 360
ACTCTGGCQTTGGGCTATAAAAACCCTCAGTATGCATCGGOTCGCAGCAGCATGOTACATCTCTTCGAATGGAAGTGGGATGACATBGGTGCTGAATGCGAAAGGTTCGTTGGACGCGGA
ThrLouAlchuAllTerylAlnProHisTyrAllSerBlyArgThrThrHetVllHiuLouPhuGluTrpLysTrpAspAspIleAlnAlaGlucysGluArgPheLeuGlyProArg

370 380 380 400 410 420 430 440 450 480 470 480
nnATTCGGTGOTATTcAugtllgcaatqlcllnclctatgalt!catnlattcllaatttlllllccgtgcacgtclcattauntctlaattcgnaagtgatgatcttcttlttlttcgt
GlyPheGlyGly!leGin E

400 500 510 §20 530 540 550 560 §70 580 580 600
cttntclttcatcantatcatttctgtnlttntcatlutaatcgntccgncgtatugttctgnctcctguccttqcaccttcagntttctacecgtttcggtctctttlgaattctttnu
E
810 820 630 640 €50 660 670 680 690 700 710 720
gcnntgtlagcttnnc.ttacglguggnctgccllaaccllttgtclcpgtlttttgltclgaugtcccanlntttclataqcaatgggaacutattcctncctacaaggtgaalllngc
u
730 740 750 760 770 780 780 800 810 820 830 840
tltcgaacua-ltggtacctlgltactttlgctllltltuoltllattacattllnaaatgttgtgnlttttcttanlaaatgcgnagnnactttttccccaacctnttaaaunggcuga
K
850 360 870 880 830 900 10 920 830 940 950 950
tnltttlaltclgttlttggltcccgtllgclccltlllgtatnntccuttntccaaatgtctttgtggnactctttauttagctctttttttaaaacggctctcctaccgtttgngtca
B
870 L] 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
tt|lgclntlcttcgctcgggllaclallccltgltact||ttlttnltgtcggctnatagcctgtcttatcaccattacgttcnagttctagttataacatggatatatglgtatatcg
1060 1100 1110 1120 1120 1140 1150 1160 1170 1180 1180 1200
tlgolgllq.ntgtcgtcat-llqatcglaaccttctcttcintatlctcttctunglcagttnaagatagttttggtggtaggacctcttgtgagtccgcgcgggtnggtaccnccgcc
K
1210 1220 1230 1240 1250 1250 1270 1280 1280 1300 1310 1320
ctgcctltttctgccgtgalgclgtaatgcqttttggttcglagtgtqgngcagccgttgtaactntacttnagatcttagnacttatatttcauggtgagtggcncatttnctttgtag
1330 1340 1350 1360 1370 1380 1380 1400 1410 1420 1430 1440
ltgtccltnggctoclgtllutlcttuuclccnggtcggctgtgagctcgtccac:cltctnaqcaatnuaaaaaaagttcattcnutnttttttgntcttcattttcatugﬂTTTcncc
ValSerPr
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

ABOAAACGAGAATTTOGTAATCTGGTCOCGCAACCGTGGTTGGTGGGAGGGCTATCAACCAATCTCGTACOGTGTAGTAACAAGATCTGGAAATOAAAATCAATTTTCGAATATGBTGCG
uProAlnaluAlnL.anllloTrpScrArgAsnArqPrnTrpTrpoluArgTyrGlnPrnlloSorTyrArgLeuValThrArgSeralyAsnGluAsnGlnPheSerAanatValAr

1570 1580 1580 1600 1610 1620 1630 1640 1650 1660 1670 1680
TCGGTQCAAGAATGTTGGCGTCAthttgttgcattlcglctttqgttclallttttgtlatttagtaattgntagaatttntaagacaccgtagagntggcctaaaatncaaatcatag
gArgCysAsnAsnYalGlyValAr

1600 1700 1710 1720 1730 1740 1750 1760 1770 1780 1780 1800
ntutlltgnntntlatlgccltctcltcaattlulgttttttttttgctagatngatcaatgtgntcncagnctatctgctcccauaatattaccgaaagctatagutatnannaagant

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1820
taatlgcttncnutactlcttlcttlclttttgclttatqgtltgtttgcgttgcltlcltttttcttgagtttccaattaucaatgcacacctattgtutatttagggttggttnntat

1830 1940 1950 1980 1970 1980 1880 2000 2010 2020 2030 2040
tlgtqgclqtntetluttaatctlltltgcutgglctactctggtgggtcggtltaaaggtgtgtgggattgagccnggtaccanttgtttttnggcagtgaauagtugtcatgcgtccc
K

2050 2080 2070 2080 2080 2100 2110 2120 2130 2140 2150 2160
gtcclgggtggtlltgctttlllannntaegttlult.tgccaataaagaacctunttgtattttttttalttttggttttngttttttgtaactttanaagttacccgtgqaggggagc

2170 2180 2180 2200 2210 2220 2230 2240 2250 2260 2270 2280
tcattgcltaccltcuggotntggnatglgctcccctcclcggtgottcccgagcgctntgacatgtccttcttcaaacgnggcttgtggagngtattaagcggtaggcagcggcttggc

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2380 2400
tctgcocfggonttgctgllgtccutgggcnncqgtaaccuctcaccatcaggtgggccgtatgccgtctgcctacnugggcnntanataaaaatuuaauuaagcgaataacattgtgta

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
ttntgclcttlgglllttntttctattllltlcgnlnnaaggugtattntagggtnctattcntatcttnccgtuaacctcnuacgcgcgttcttggttttaaagtuctcntgganuuac

2530 2540 2550 2580 2570 2580 2580 2600 2610 2620 2630 2640
nnutgttnuqolgctcucotagtgttalgtggttnctgnngcccntuqacatctacaacgtaaatgcgccacccagtttgagatataagttctaaqatctcagtatnqttacnncggxtg
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2650 2660 2670 2680 2680 2ron 2710 2720 2730 2740 2750 2760
ccoctaccottcagacogasaxgxattattgottcacggxaganataggtasggtcacgecacggecctotgegetcgegaccannansccgegacggaaccgectagetgegtectgtgt

2770 2780 2790 2800 2810 2820 2830 2840 2850 2880 2870 2880
cgaaclclgggtclccccgcgllttlcegtqgttgcccccgagcccctaaaltaaltcgccgcgtcgcccgxxlalacxgcctccglgcttccgacccaglcltelllqcctcguclccc

2880 2800 2910 2820 2830 2840 2850 2980 2870 2980 2980 J000
tctgegtegoaggetangocoagegttegttecggoggcgotgcccagtgteteggeetgggenanaccgetgecgtacacgaacacggetacaactecctcotoogegattogteoogeo

3010 3020 3030 3040 3050 3080 3070 3080 3080 3100 o 3120
cccgogactegtecctctoccgegacttgecttecgacegegtocgacaatctegot ttagegatecgacttcttteaptegatcanct ttgagegogt tancgetttgggegacgeeatt

3130 3140 3150 3160 3170 3180 3180 3200 3 J220 3230 3240
cgegetgoctocactgeacaacact ttategeegttgtgeaggaatacgoegaccgtatagegtcattaaatacgtacgtectecceteactocgecggtaatcantggegtatatangt

3250 260 3210 3280 3280 3300 3310 3320 3310 3340 3350 3380
agsataaagccectatccgtascgataggattttttascgettacggtctcgonaateancgtgatcaggtttotgactttttgogtgaccaccanattgatatotttttagtgcaggag

a3rn 3330 3380 3400 3410 3420 3430 3440 3450 3460 3470 3480
accctlcttllgcccg:gcgccgtglcootnllutcgcgnlctatlacltggtcugg|acgaclggntctctncccgtqgtuutqgtnccctactnutttactntlgaasagccctccat

3480 3500 3510 3520 3530 3540 3550 3560 3570 3580 3580 3600
tcgtcccgctcgatcctccgcgctcnetnatatcgalgcatcnatgtgccglntctclctgncgggacacgcgccgatcgttatcgcgtccgtttntcttcclccgnltllgntcgttct

3610 3620 3630 3640 3650 J660 3g70 3680 3880 3700 < Yalil 720
aagcagtgatatcguggcgctnctcggtatngggagctctgtcattctggcgggcgncctaaattgtanncacatcaggtgguactcacanaccacnaccccgautqgcnngcggcttqa

3730 3740 3750 aren 3770 3780 arao 3800 3810 3820 3830 3840
cgcgttlqthatgatctuguottcgltutcgtcgctccgctllccccgnctcactacucgntnnntntcgcgcutcgcccggntntlctcgacltagcgttattaulnllcgtlnclet

3850 3860 3870 3880 38890 3900 3810 3820 3830 3940 3950 3960
scgcttlcnctcgatcgalqtugtttcagugttagattclglccgaccgtcccgtcgttatguugctcggtcgcgctcccguttcegttcccgtcncgaggactgtqgtgulqttggclc

3970 3980 3880 4000 4010 4020 4030 4040 4050 4080 4070 4080
acgotgggoatcagectggotgnatctgatconceategetecegtttaaccoggactotatecegtetecteaggtatecgetgaagceatagacatct taacgtcacacatcaccteg

4080 4100 4110 4120 4130 4140 4150 4160 4170 1180 4100 4200
acattagataggtcatcgaascaagttptagegyaggacttecttcaccgeticanattateegacgatattagggaacttettagagctaagaacgoctegatacgegectacacag

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320
atcntaccgcgglaxltcgtnttcglatgcqtgccctacnncgcgacggtaaantctcgatcnccgaagtccganntgccagntggtctultttottagnnggactcgcgccctoocllu

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4420 4440
ggtcttaotlccqcttlgctcgtlctctclaatcggutacnntagtllctntgccccccctcgtnqgcccctcnggccgnctcgcggcgttcgntgntgacgauaaagclglgctgctgg

4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560
ccgatncnttgcallclttgcnlccagtgclcgcccagcnctcaatccgtggaccctgttcatgtagaattagtngucagtnagntagaacgcngancctccttgccuccctctgltgcg

4570 4580 4580 4600 4610 4620 46830 4840 4650 4660 4670 4880
ttlccacccgtclccccgatgglngttllagacttgatcalnqncctacgtcctcgclaggctcccggttccgncggtgtatcctaccqcnttattnaacttctncccgtco.actcltc

4880 4700 4710 4720 4730 4740 4750 4760 4770 4780 4780 4800
gtgatgttggcatctnttttcaatgccgctatggcganctgtatctttcccgcggtqtqgnnngangcggacnttatcgncntacataaacccgqtaunccaanauntgatccglcnngc

4810 4820 4830 4840 4850 4860 4870 4880 4880 4300 4810 4920
taacgcccgnttagcctuctcltgtctct|ggcaaactltatgagcctctgctctncaaacncctcagagacttcgtctcntccangqgcattcttatcgctqaacnnttcggattccnt

4930 4840 4950 4860 4970 4860 4990 §000 5010 5020 5030 5040
acanltotctcltgcgttclncuggtgcaccgcctcacggngcncattcttgtggggcttantcgaccnannccgttatncucgggugctctcttctthacgtcgcaaaagcqttcgnc

5050 5060 8070 5080 5080 5100 5110 5120 5130 5140 5150 5160
aaagtctggcacnatgqtttgattttclnactattcancatgggcgtgcccggutagtctcgtgctcntcatncgggacttcttgtcgaaxxgctcttttcgatatcgagthlgggalc

5170 5180 5180 5200 5210 5220 5230 5240 5250 5260 §270 5280
ccgotcctccccacgacctctalcagetggntoxcgcnaggnL:tgtcctctcucccctectatttagcttattcgtc:acgatnttccccggtcgccgccgnccccatttagctttltt

5280 5300 5310 5320 §330 5340 5350 5360 5370 5380 5390 5400
cgccgloglcacgactgtttlctlttctagtngnaataagtccctlatcgcgaagaugcttcagugcgcagccctlgccctlggacugtggttccqnlnatggcgcltag:cltoaaccc
H

5410 5420 5430 5440 5450 5460 5470 5480 5430 5500 5510 5520
ngcganllqt|ctgcggtgntatttclgngqqgaagttccacacggutttectcccggnttlggagguggaatctcncacccccnattnctctctttapaclacccltlccotgggccag



5530 5540 5550 5560 5570 5580 5580 5600 5610 5620 5630 5640
gllggtclnotacctgchttaccctggntgcatcg.tglcattc:gcccgcatltaaantcagttccgtgaccgtglcgcgtttattctcggtagantctnccccatgatctgtlagcg

5850 5660 5670 5680 5690 §700 5710 5720 5730 5740 5750 §S760
gngtaallgtccttcggnnealggtglcactttlcanancttgcltlaggcccgtcltqacttacgcgagtgtggtgttcgctcacgcggcccgcacncacatagacacectccaltccc
57170 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880
taclltcccgtttttgenggttlgctgtcggggctncgtggttcntglggllcgttgncctacacglcgacctgggcctcgaatclnttcggaantncltgnugtcagcgtcggaacgut
5880 5800 5910 5820 5030 5940 5950 5960 5970 5880 5990 6000
acttngatnlggctltocgtcltgltnntcgccttntcyttcncgccuntnnctletccccgaatcctgatcltgcnggagcclgtcaccgtcgncgccctagacacgtcnttcggltcc
3 B
8010 6020 8030 8040 6050 6060 6070 808D 6090 8100 6110 6120

ltongltccultlacctttgclttagatgccttcagctctlatlctlggqgcaggcttagggacccggattccgtactcgtcgnnctcgacaangnggtcgacgtgcaacctaacccatg

3
8130 68140 8150 6180 6170 8180 6190 6200 8210 6220 6230 6240
cltcngnccgctglgtttotcgccggltcttctcagcgggtcgcglttccgatccggtagtagattcattcgcgaaacauttgctcttgagttgttaggtctccttcggaggcgctcggg

8250 6260 a8270 6280 6290 6300 6310 6320 6330 6340 6350 6360
clgttgttlgcllltccclcccctcttggctglgcctttgctcgccclcctgtcctggtqaaactgglaaggccttcgggccaccagtuunctttcantcttauaaanaauaaaaanaaa

8370 6380 8390 8400 6410 6420 6430 8440 6450 64560 8470 6480
-llnlallllaalllall-llllalaallaaanllultlggt|aggtgqtggtncctacccgtgcannutcacnutagatcctaccaccagttgttagtttgttntuatttuccctcntc
K

8480 8500 6510 8520 6530 6540 6550 6560 6570 6580 6590 6600
ancttggtttllatllattltggtttttgc|9AATTGATGGTGCAAAGCACATBTGGCCTCACGATOTGCGAGTGATcTACGATCBTCTCCGTAATTTAAATAC?GCCCACGGTTTCCCA
gIleAupAlaAllLysHisMetTerrnHisAspLauArgValIleTyrAspArgLauArgAsnLeuAsnThrAlaHisGlyPhePro

86810 8820 6630 664D 6650 B660 6670 6680 6690 6700 6710 6720
TCCOOTGBTGOTCGCTACATC!&CCAAOAAOTCATCGACCTCGGTGGTGAAGBTATCAGTCGCAAGGAATACAGTCCACTTGCTGCCGTTAcTGAGTTOAGATTTGGAGTGGAACTCAGT
s.rulyAlnAruProTyrlloTyrGlnBluvllIlaA:pLeunlyolyoluAlnILeSerArgAsnGluTerhrProLouAlaALaValThruluPheArgPhaGlyLauGluLeuSer

6730 6740 8750 6760 6770 6780 8780 6800 6810 6820 6830 6840
OAAGOTTTcGAAAUAAGAAAGCAGCTTAOATOGTTGGTTAAOTGGGGTCCAGABTGGGGGGTTCTCGGTTCTGGAGACOCTTTGABTTTGATTBAOAACGACOAOAAGCABABAGGTCAT
nlnAlaPhoGlnArcArgAsnnlnLauArgTrpL.uVulAtnTrpalyProGLnTrpGlyLeuLeuAlaSerGLyAspAlaLeurhrPheIlaAspAanisAspAsnnlnArgolyﬂis

H

8850 8860 eazo 6880 6890 8800 6910 €920 §930 6940 6950 £960
GGTGGTBGTGGAAACATCTTGACATACAAGCAATCGCGACAATACAAGGOCGGTATCGGITTTCATCDTTATGGGTACGGTGAATTGATGAGTAGTTTOBCGTTBACGGACACCGAAGCT
GlylllalynlyAlnlloLouThrTerysOlnSorArgGlnTeryunlyAlaIleAlaPhaHisProTyrGlyTerroGlnLeuMotSerSerPheALaPheThrAspThrOluAta

8870 €960 6880 7000 7010 1020 7030 7040 7050 7060 7070 7080
GGACCTCCAATOAACAGCAGGGATGATATCACCTCTCCTACTATCAACGCTgacgtattgacatgacattacattanangtcatatgttagtgegtttttegttaatattaagtaatea
GlyProProMetAsnSerArgalyAsplleThrSerpProThrlleAsnAla

7080 7100 7110 7120 7130 7140 7150 7160 7170 7180 71890 7200
agtctltttclaltttcnnuggttnltttlcatttlttcnlcggatllttgtgctltcgttcgattagutnuagttuugattgttttgtacctnccaugaaataantcattttatcgcgt

7210 7220 7230 T240 7250 7260 72710 7280 7290 7300 7310 7320
tltcgltctlgtgtttlgtglcclletlttttlcaacgggttntttgctattttttttatccgnanclgﬁATAATAG?TGCGGTAATGOTTGGATAIGBGAGDAOCGTTGGCGTcAGATc
AspAsnThrCysGlyAsnGlyTrplleCysGLluHisArgTrpArgGlnlle

7330 7340 7350 7380 7310 7380 7350 7400 7410 7420 7430 7440
OACAACATOGTTﬂTcTTOABOAACGCCGGTGGTAACGBTGBCCTTAGCAACTGGTGGGACAACBBTAGCAAOCAGATTGCTTTCTGCCGGGGGAACCAGGCCTTCATTGOTTTCAADAAC
HisAsnMatyalValPheArgAsnAlad laGlyAsnGlyAlaLeuThrasnTrpTrpAspAsnGlySerasnGLnI LealaPheCysArgGlyAsnGlnALaPhel leAlaPheAsnAsn

7450 7460 7470 7480 7490 7500 7510 7520 7530 7540 7550 7560
GATOcATGGGACATGGAGCAOACTcTTcAthttttlttttatttttnttaggtuultgggtgatatcgtnggtgatatcggtttggtagutatattaagtntgacgaaunttgntcaaa
AspAlaTrpAspMetAspGLnThrLeuGln

7570 7580 7580 7600 7610 7820 7630 7640 76850 7660 7670 7880
tcuttttglttttalgntolttglcluagatuuglcagttgnacttgttttttlatantgcatggtutcantagttntaantattttataancagntatgaatngnagggttattttgnt

7890 1700 iro 7720 7730 7740 7750 1760 7770 7780 7780 7800
uaatntoctgunllgclccctncgcttttttttuclgtaanltlattttttcttucactatttttaattctaattgattgcaatttnttttctattttttnuttagattttctntaaaag

7810 7620 7830 7840 7850 7860 7870 7880 7890 7900 7910 7920
gtgtttttttgtttttttttttlltatattttttattqtlaannlllttgttttgcuttcatcnttcgttttaganggaatcncctagaauttaaacctcataggttaatttlcgtccct

7930 7940 7850 7860 7970 7980 7880 8000 8010 8020 8030 6040
gtlllgoatllutclltgtctocgtttclgACTTGTOTCCCCGOCGOAACATAGTGOGATATTATTTcGGGCGGOAOGTGTGBTAAGCGGTGCAGTOGAAAATGTATTGTABTAGGGAQC
ThrCysLeuProAlaGLyThrTyrCysAspl lelleSerGlyAlaArgSerGiyAsnArgCysThrGlyLysSarIlevalvelGlySer
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8050 8060 8070 8080 8080 8100 8110 8120 8130 B140 8150 8160
GATGGYCGCGCTCATATCATCCACCGCAGCAACGAGTATGACATGATGGTCGCTAICCATAGGGOTGCTGACGTAMtattttttattgacttanatctactictttgtecctaagtctea
AspGlyArgAlaArgl lel leHisArgSerAsnGluTyrAspMetdetvalAlal leHizArgliyAlaAspyalSer

8170 8180 8190 8200 8210 8220
aaagcataatatanaaataatcttaagtatcgttgttgcasagtacgactgeccqgecgee
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discovered from direct sequencing were compared to the expected
sizes based on restriction analyses in order to determine if
perhaps a primer skipped over a region in the clones large enough
to include the missing coding region. These searches showed the

observed distances to match the expected distances.

3.3 Bombyx repetitive element discovery

In all, 8 repetitive elements were sequenced. The presence of
these had been suspected from the probing of digested Bombyx
genomic DNA (gel photo shown in Figure 13a) with the 1Sal subclone
from Bl which revealed a streaking pattern in lanes with Bombyx DNA
due to the presence of a repetitive element within the probe
(Figure 13b). This experiment also reveals that the 1Sal subclone
does not hybridize to the control, genomic DNAs from Drosophila,
Cricket, nor to the Drosophila subclone pOR M7 (Figure 13b). This
suggests Bombyx specificity.

A further probing using the 1.6kb Sal I/HindIII fragment did
not result in the streaking pattern of Figure 13b since it did not
contain a repetitive element sequence.

The presence of repetitive element sequence was confirmed by
a search of the GenBank invertebrate data bank. Several areas of
homology to various Bombyx repetitive element regions were found.
Table 1 includes a list of these homologies.

The homologous area of the Bombyx sequence is given according
to the sequence numbering used in Figure 12. The first area of

homology is given a negative number because it was not included in
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(Bm),

Restriction enzyme digestion of Bombyx mori
genomic DNAs

Figure 13a.
Drosophila wvirilis (Dr), and Cricket (Cr)

{located in Lanes 7-11, 5, and 6 respectively).
Control DNAs include A Hind III/ Eco RI marker DNA

(Lane2); two digestions of the Bombyx A DNA clone Bl (Lane 3,
Hind III/Sal I digest and Lane 4, Eco RI/ Hind III digest); a

Bl subclone called 1Sal (Lane 1); and an Eco RI digest of che

Drosophila g-amylase subclone pOR M7 (Lane 12).
The Bombyx genomic DNA digestions are:

Lane 7, Eco RI
8, Bco RI/ Hind III
9, Hind III
10, Hind III/ Sal I
11, Sal I.
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Figure 13b. Southern blot analysis of the genomic DNA gel of
Figure 13a probed with the 1Sal insert DNA shown in Lane 1.

High stringency conditions were used.
Note the streaking pattern in the Lanes containing Bombyx

genomic DNA (7-11).
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Figure 13c. A rehybridization of the genomic DNA Southern blot
using the 1.6kb Sall/Hind III fragment from the 1Sal subcloene.
Note the disappearance of the streaking pattern found in

the previous figure.
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Figure 12, The sequence numbering also extends past the Figure 12
sequence. In all, there appear to be 8 distinct areas of the
Bombyx a-amylase locus sequence containing repetitive element
sequence. These regions were compared to one another to determine
if they had homology. The answer was no, they did not; suggesting
that they were not copies of one another. The homologies shown in
Table 1 suggest that some of them mav be broken up portions of
larger repetitive elements. For example, the GenBank sequence for
clones 6,10, 11, and A all show homologies in different regions to
three different Bombyx a-amylase loci elements. Elements 2 and 4
are shared by all, but the third element varies. The common ground
is that all three elements are sequential, corresponding to the a-
amylase locus element(s). Element number 1 is unusual, in that it
shows homology to only one member of the GenBank sequences, yet it
is has a very high degree of similarity (94% identity over 190 base
pairs of sequence). This result is suggestive of a new repetitive
element, different from the Bml family of repetitive elements
represented by the other GenBank elements of Table 1.

3.4 Other discoveries

Besldes the repetitive element sequences many interesting
findings were made in the Bombyx a-amylase locus, whose sequence is
shown in Figure 12. As was already mentioned 300 base pairs of
coding region are missing as compared to the other insect a-
amylases, thereby making this a pseudogene. Comparison to the
sequence of Ostrinia nubilalis, another Lepidopteran, revealed an

80% homology to the Bombyx sequence, with most of the changes being
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Table 1. Comparisons of the Bombyx mori repetitive elements of the g-amylase
locus with sequences from the GenBank invertebrats DNA data bank. The amy locus rep,
elements ara numberad 1 through 8.

Bombyx Element Ssquence Percent
Sequeance Number Langth Homotogy

GenBank Sequence
B.mori silk protein p25

complete cds -37 to 153 1 190 94.0
B.mori high cysteine chorion
gene pair 1305 to 1065 2 240 ma
2526 to 2622 4 96 81.0
B.mori sericin gene exon 2 1378 to 1418 2 41 74.4
B. mori repatitive DNA etement
clone 1 2582 to 2691 4 109 84.5
6391 to 5469 6 78 78.8
] 1305 to 1392 2 87 88.8
2289 to 2369 3 380 10.7
2509 to 2692 4 183 84.2
10 1285 to 1395 2 110 92.3
2527 to 2691 4 114 87.3
7470 to 7500 7 30 80.8
1n 1305 to 1385 2 90 85.7
2289 to 2368 3 B3 B8.2
2527 to 2692 4 185 80.6
16 1305 to 1328 2 34 85.7
2549 to 2681 4 142 B4.7
clone A 1305 to 1391 2 86 93.1
2289 to 2377 3 88 67.8
2527 to 2868 4 159 89.4
B.mor{ bomboxin A-3 & B.2
genes 2289 to 2382 3 83 75.8
2489 to 2692 4 203 80.0
B.mori he-8.13 gene for high
cysteine chorion protein 1360 to 1433 2 73 68.0
B.mori transposon K-1.4 2381 to 237% 2 18 89.5
2366 to 2340 2 B4 86.7
B.mandarina fibroin gens sxon
1, intron, and partial exon 2 6120 to B185 5 85 83,3
B467 to 8558 8 a1 88.0
8548 to 8598 8 50 n.7
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in the third position. This suggests that the deactivation of the
gene was a recent event.

Other evidence of this is the fact that only two frameshifts
occur. The first is at position 6900 in the sequence given as
Figure 12 (the third exon) where a T has been inserted to put the
sequence back into the proper reading frame.

The other frameshift is pnear the stop codon, resulting from a
deletion probably within the last ten bases. The putative Taa is
highlighted by boldfaced print but the translated amino acid
sequence below is out of frame for this to show as a stop codon.

Another point of interest is a sequence of 55 A's just
upstream of the third exon. I repeatedly sequenced this area in
both directions wondering what had happened to my sequencing
reaction, but always obtained the same result. Perhaps this region
is in some way linked to the preceding repetitive element region.
If so this may suggest a retroposition event.

Another puzzling discovery was the lack of any upstream
regulatory region. No CAAT or TATA boxes could be found. A
similar find was subsequently made by a co-worker that an Ostrinia
a-amylase locus has the same arrangement (Magoulas and Hickey,
personal communication). The upstream region was located 200 bases
upstream, past an intron which began adjacent to the ATG.

I believe this is also the case in the Bombyx sequence since
there is an "AG" just upstream of the ATG and a region of homology
to a repetitive element region which ends 54 bases upstream.

Because of the presence of the repetitive elements and the
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resulting length of introns I believe that a search for the

upstream regulatory region would prove fruitless.

3.5 Comparison of the Bombyx coding reqion to other insects

3.5.1 Alignment of nucleotide sequences

The Bombyx a-amylase coding region was aligned with homologous
regions in other insect groups as well as to a mouse sequence.
Both the DNA (Figure 14) and protein (Figure 15) sequences were
aligned but in order to make comparisons only those regions
commonly available from all of the species were used.

The Ostrinia sequence is included as the first sequence
because it is a completed Lepidopteran a-amylase sequence. The
Choristoneura sequence has a large area of missing sequence at the
5'-end so it could not be used. This study focuses on the Bombyx
sequence, but as previously mentioned, there is a small a»ea of
displaced coding region. This is why Ostrinia is the first
sequence shown, with Bombyx following it, so that all other

sequences can be compared to it.

3.5.2 Sequence Comparisons

Four areas of particular interest are boxed in Figure 15.
These are regions reported to show high sequence similarity between
a wide range of a-amylase genes including bacterial, fungal, and
plant sequences (Meisler and Gumucio, 1986). Indeed these insect

sequences do support their observations.
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Figure 14. Alignment of nucleic acid sequences for the a-amylase
coding region of various insects. A mouse (Mus) a-amylase
sequence 1s also included. Alignment aided through use of

ESEE (The Eyeball Sequence Editor (Cahot, 1990).

Deletions and areas of incomplete sequencing are
represented by dashes. Dots represent sequence identity to the
uppermost sequence, QOstrinia.

Arrows (r) indicate the area used for sequence
comparisons.

On, Ostrinia nubilalis; Bm, Bombyx mori; Cct,

Choristoneura fumiferana; Dm, Drosophila melanogaster; Dv, D.

virilis; Am, Anopheles merus; Tc, Tribolium castaneum; Ad,

Achaeta domesticus; and Mus.
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Am .00 TT. ..TTCG ..T ..T A..C,. ..C... .C60.G ... GGT --- G.. AT. GCG AC. AC. .TG .GG T.A

Te .OA TAT ... G.T ..T C.. ver vae T ooy G.T ..TGGA G.. AT ... ..T ..T ..T AAT G.C ALA T.G .A.

Ad
Mus Q. AAA ..T ... T.T ..T A.T A.T AAC TCT .CCG.A ... CCA T.T A.T .,A .., ..T .C. .AGT.. A.AA.. A,
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Figure 15. Aligned amino acid sequences of the ag-amylase coding

regions of various insects. A mouse sequence 1is also
included.

Deletions and areas of incomplete sequencing are
represented by dashes. Dots represent sequence identity to the
uppermost sequence, Ostrinia.

Boxed regions are highly conserved areas in all a-
amylases, as reported by Miesler and Gumucio (1986).

Arrows indicate the region used in sequence comparisons.

on, Ostrinia nubilalis; Bm, Bombyx mori:; Ccf,

Choristoneura fumiferana; Dm, Drosophila melanogaster; Dv, D.

virilis; Am, Anopheles merus; Tc, Tribolium castaneum; A4,

Achaeta domesticus; and Mus.
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3.5.3 Amino acid sequence comparisons

A high degree of sequence identity is visible throughout the
entire length of the amylase sequence (Figure 15). Note that
often, even in regions where differences from the Ostrinia sequence
are many, the sequences are similar between the other groups.

Table 2 includes calculation of amino acid sequence identity
in pair-wise comparisons over the region of position 219 to 473 and
omitting 380 to 388 represented only by mouse sequence. This table

shows, in a rough way, the highly conserved nature of the a-amylase

protein. The smallest value, the Mouse (M)/Anopheles (Am)
comparison, still shows over 45% identity. Mouse, a distant

outgroup to the insect group has an average of 51% identity with
all insects.

Most insects within a given order, i.e. the Lepidoptera, or
the Diptera, have a higher identity with one another than with
members of other orders. The exception to this is the Angpheles

(AM)/Drosophila wirilis value of only 54.2%, as opposed to the

values around 57% with Bombyx, Choristoneura, and Tribolium. A

value of almost 60% however is obtained in the Anopheles
(Am)/Drosophila melanogaster (Dm) comparison. The Lepidoptera (On,

Bm, Cf) are all approximately 80% identical. All of the insect
sequences have between 83.1 and 54.2% identity with one another,

with the average of about 60% identity between orders.
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Table 2. Percent amino acid identity between an a-amylase gene of
various insect species, and also a mouse gene.

On, Ostrinia nubilalis; Bm, Bombyx mori; Cf, Choristoneura
fumiferana; Dm, Drosophila melanogaster; Dv, D. virilis; Am,
Anopheles merus; Tc, Tribolium castaneum; A3, Achaeta domesticus;
and M, Mus.

Tc 59.1 59.1 61.2 60.3 57.4 56.7 -
Ad 59.2 57.1 58.8 56.5 56.9 55.0 58.6 -——-
M 53-6 52-0 50.4 50-0 50-4 45-8 5014 52-0 —=e-=—

Note: Only a 238 amino acid region common to all species was used.
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3.5.4 Comparison of insect a-amylase intron position and sizes:

The alignments show all of the a-amylase genes to be of
approximately the same size. The schematic representation of this
alignment shown in Figure 16 is used to indicate the relative
positions of introns between the various species. Exact intron
positions shared by two or more species are highlighted by arrows.
A closer look will reveal that several other positions are not in
exactly the same place but very near, in fact often just a few
nucleotides off.

Despite the similarity of positions there is quite a
difference in the number of introns among the species. Anopheles
has none, whereas Mus has 9.

It was mentioned earlier that when this project began it was
believed that the entire Bombyx coding region, including introns,
would likely be found within a 2.3 kb fragment. Figure 17 reveals
the subsequent realization of this error. This figure shows the
relative sizes of the g-amylase loci sequenced thus far, with the
vast differences in sizes being due to the number and size of
introns. Drosophila, Anopheles, and Tribolium have a very compact
nature as compared to the Lepidoptera (Ostrinia and Bombyx).



Figure 16. A schematic alignment of the a-amylase coding regions
of several insect species, as well as a mouse sequence with
the relative positions of introns shown by vertical bars. The
arrows above the genes indicate those intron positions shared
by one or more species.

Parentheses for the Achaeta gene represents unknown
sequence. In the Bombyx gene the parentheses indicate

displaced coding region due to a rearrangement event.



G0sT

]

0051
I

SeD1109TI0N IO Iaqumy

00tT 00ZT O00IT Q00T Q06

I

|

008
]

0oL 009
I |

005
|

00y 00E 00T
1 ] ]

001 0

™

asnol

L |

b
—

xAquog

2TUTIISO

el L ]

e o

|

rpilaeyOV

UMTTOqTIL

sataydouy

STITATAQ

- . -

T7T

Ta23sebouetaw g



Figure 17. A schematic representation of the a-amylase gene loci
from various insect species, as well as that of mouse, showing
the relative loci sizes due to the number and length of
introns.

Note the Bombyx locus contains a pseudogene due to the
relocation of 300 base pairs of coding regioh that should be

found somewhere within the second intron.
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3.5.5 Nucleotide and Codon Biases?
Both the region of available sequence common to all of the &S
species, and the entire available coding region were used to tally
the percentage of nucleotides used in each codon position (Table 3)
in order to look for nucleotide biases.

As  expected, the second ©position percentages were
approximately the same for all species. The first position which
is known to have some "wobble" shows some slight differences. For
example, Anopheles has a slightly lower than average % AT (Table A.
38.8 vs. 47% average; Table B. 42.3 vs. 48% average).

It is in the third position that evidence of nucleotide biases
are found. The Diptera, and in particular, D. melanogaster are

very GC rich. Over the region of common sequence D. melancgaster

has 91.9% of the third positions filled by either a G or a C! Most
of the others also lean toward a GC bias with the exception of Mus.
This nucleotide bias is, as expected, reflected in choice of
codons. Over a region of approximately 233 amino acids whose
corresponding nucleotide sequence was available from all the insect
groups and mouse, the codons used were counted and recorded in
Table 4. There are several instances of such biases to be found in
this Table. For example, most species seem to prefer to use the
TTC codon for phenylalanine over the TTA codon with the exception
of Mus which shown no real preference. Similarly, most prefer to
use the ATC codon for isoleucine rather than the others ATT and
ATA. This is especially true of Ostrinia, D. melanogaster, and D.
virilis, all of which had a high GC bias as seen in Table 3.



77

TABLE 3. The percentage of nucleotide usage for the a-amylase genes
of several insect species is given for each codon position. This is
used to display possible codon biases due to AT or GC pressure in the
third, and less significantly the first codon position, due to
synonymous substitutions.

A. This table includes the entire available coding region for
each insect species.

B. This table of values includes only the available a-amylase

sequence common to all of the insect species (approximately 235 amino
acids).

First Position Second Position Third Pasition
Species O C GMC A T AT G ¢ O A T ASL 0 ¢ 6ic A T ASL
Bm 30.7 1.9 56,2 28.5 18.9 47.4 25.4 21,2 46.6 29.2 24.2 53.4 16.6 35.5 52,1 15.4 32.5 47.9
On 32.5 21.0 53.5 28.5 18.0 4B.5 23.6 19.4 43.0 31.3 25.7 57.0 23.0 48.1 71,1 13.4 15.4 2a.8
cf 33.2 18.2 51.4 28.3 20.8 4B.B 24.9 19.5 44.4 232.4 23,3 55.7 18.4 35.3 53.7 18.4 27.8 48.2
Dm 36.7 18.7 55.4 25.6 19.0 44.8 22.0 22,4 44.4 230.6 25.0 55.6 24.8 63,1 87.9 5.8 6.5 12.%
Dv 34.3 19.1 53.4 25.2 20.4 46.5 22.0 22.0 44.0 3.5 26.4 586.1 25.0 47,2 72,2 3.8 24.0 27.8
Am 35.8 25.4 6.2 21.2 7.6 38.8 21.0 23,2 44,2 27.2 28.6 55.8 3.8 37.8 76.8 B8.0 15.4 23.4
_Tc 36.9 17.1 54.0 27.5 1B.5 46.0 21.4 19.5 40,9 33.4 25,7 58.1 21.8 30.3 52.1 22.4 27.5 49.9
_Ad 34.8 15.4 50.2 30.8 19.0 49.8 19.4 19.8 39.2 236.8 23.9 60.7 24.3 46.2 70.5 10.9 18.8 29.5
Mus 34.4 15.8 50.0 29.3 20.7 50.0 23.8 17.2 41.0 33.8B 25.4 &9.0 16.8 23.2 40.0 24.2 35.7 59.9
First Position Second Position Third Position
Species G € GAC A T MY G ¢ GAC A T AT G GAC A T AST
Bm 30.9 22.3 53.2 29.2 17.6 46.8 24.0 21.1 45,1 32.2 22,7 54.9 15.8 37.8 53.7 13.3 233.0 4
On 31.4 23.7 55.1 28.0 16,9 44.9 22.9 19.5 42.4 3.5 24.2 57.7 23.7 46.2 88.9 13.1 16,9 30.
cf 32.6 18.6 51.2 28.8 19.9 4B.7 22.5 20.3 42.8 233.8 23.3 57.2 16.9 32,8 49.5 21.6 28.8 5§
om 34,2 19.8 54.0 26.2 19.8 46.0 21.5 22.8 44,3 32.1 23,6 55.7 5.7 668.2 91.9 4.2 3.8
Dv 32.5 19.8 52,3 8.6 21.1 47.7 21.9 21,5 43.4 33.8 22.8 56.B 25.7 50.2 75.9 2.5 21.5 2
Am 3.8 23.9 57.7 22.2 20.1 42.3 19.7 22.2 41,9 29,9 28.2 58.1 38,5 42,3 80.B 5.8 13.7 1
Te 34.3 19,7 54.0 28.8 17.2 46.0 20.8 17,6 38.2 36.1 25.8 61.9 22.3 35,2 57,5 1B.0 24.5 4
Ad 33.6 15.1 48.7 31.9 19.3 51.2 16.9 20.2 39.1 37.4 23.5 60.9 24,8 45.4 70,2 10.9 18.9 2
Mus 32.4 15.1 47,5 31.1 21.4 52.5 24.4 16,0 40.4 34,5 25.2 59.7 2.4 22.3 43,7 248 31.5 5§




LA RS
T7C
TTA
170

CTT
c1C
CTA
CTG

ATT
ATC
ATA
ATC

[118)
GTC
GTA
GG

TCT
TCC
TCA
TCG

AAT
AAC
AAA
AAG

GAT
GAC
GAA
GAG

Tart
Tac
TGA
{114}

78

Tacle 4. Codon usage over a region of approximately 235 amino
acids of a-amylase coding region common to several insect species
A, Bombyx mori; B, Ostrinia pubilalis; C, Choristoneura fumiferana;

D, Drosophila melanogaster; E, Drosophila virilis; F, Anopheles
merus; G, Tribolium castaneum; H, Achaeta domesticus; I, Mus.

Amino Amino
Codon Acid A B c [H E E & H 1 Codon Acid A B c ] E E G H
Phe 2 1 2 4 0 8 4 1 B tCT  Pro 5 4 3 0 0 0 0 2
Phe 10 11 8 10 14 12 11 13 8 cee  Pro 1 4 1 3 5} 3 0 1
Leu 1 1 1 a 0 0 1 a 4 CCA  Pro 4 2 4 2 0 0 2 1
Leu 4 1 [} 3 0 1 5 ] B €CG  Pro 0 1 1 1 1 8 7 2
Leu 5 3 4 1 1] 2 [} 1 2 ACT  Thr T 3 2 2 1 4 6
Leu 4 3 3 1 1 B 5 5 3 ACC  Thr 3 B 4 8 10 2 3 5
Leu 0 3 0 [} 1 a 4 o] a ACA  Thr 1 1 2 0 4] 1 1 1
Loy 2 L 2 7 9 8 3 3 2 ACO  Thr 1 1 0 3 1 5 2 2
Ile 4 3 7 2 0 1 4 5 5 GCT  Ala 15 8 8 0 1 0 4 1"
Ile 9 10 8 8 1 8 7 5 5 Gec  Ala 6 7 5 8 15 7 10 B
Ile 1 [ 0 0 Q 0 3 0 2 GCA  Ala 2 3 9 0 1 1 4 3
Met 5 7 6 6 6 8 5 7 8 Gea  Ala 0 0 0 0 2 17 3 0
val 3 2 3 2 1 1 3 2 4 TAT  Try 1 1 2 4 1 3 3 2
val 2 L] 1 4 5 2 3 B 4 TAC  Tyr 7 B 6 4 7 6 5 8
val 0 0 1 0 1 0 ¢} D 1 TAA  End ] 0 0 0 0 v} 0 0
val 1 2 1 6 7 9 2 B 7 TAG End 0 0 D 0 0 0 0 o
Ser 2 ] 2 0 0 0 0 0 2 CAT His 2 1 3 6 1 0 3 3
Ser 2 | 3 11 13 2 1 4 3 CAC His ] 7 4 5 7 7 4 4
Ser 0 0 2 a 0 0 0 2 3 CAA  Gln ] 4 0 0 0 0 8 3
Ser 0 3 ¢ 5 3 5 2 2 0 CAG  Gln 8 10 2 i1 1w 10 7 6
Asn 4 1 8 12 2 5 7 2 15 CGT  Arg 5 2 3 3 o 1 1 0
Asn 17 18 13 8 15 13 14 21 9 COGC  Arg 2 6 1 7 9 8 1 3
Lys 0 2 2 0 0 3 B 3 10 CGA  Arg 2 0 1 0 2 0 1 1
Lys 3 3 8 9 3 2 13 § CGG  Arg 0 0 0 0 o 2 0 1
Asp 8 3 10 12 1 5 8 E] 7 ~al  Ser q 0 2 0 Q 0 3 1
Asp 8 11 8 4 17 8 9 1 10 AGC  Ser 2 6 4 7 7 2 3 2
Giu 5 2 B 1 0 ] 5 2 6 AGA  Arg 5 3 3 0 Q 0 3 2
Glu 2 8 3 5 6 3 3 6 3 AGG  Arg 2 3 3 1 0 0 0 1
Cys 0 0 0 D 1 D 1 1 2 0eT  Gly 14 & 8 3 0 5 12 4
Cys 3 4 3 2 1 2 1 2 D GGC Gly 4q 7 3} 19 19 11 6§ 1
End 0 0 0 0 0 0 o 0 0 GGA Gly 4 11 10 3 5 3 4 8
Trp 9 g 9 7 7 8 6 a 13 GGG oly 0 0 0 0 0 3 7 0

=t

N - oo, (= ] O b = O &L Ot
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3.6 Phylogenetic Tree Construction

3.6.1 The PAUP (Phvlogenetic Analysis Using Parsimony) method

A maximum parsimony tree derived using a program entitled
PAUP (Phylogenetic Analysis Using Parsimony) (Swofford, 1991) is
shown in Figure 18a. This most parsimonious tree was the only one
found. It has a very high consistency index of 0.826 with a total
tree length of 304 changes. As expected the Lepidoptera and
Diptera form groupings witn Bombyx and Ostrinia, being closest in
their grouping and the two Drosophila species closer to one another
than either is to Anopheles in theirs. Tribolium is found to
branch closer to these groups than is Achaeta. 1In fact, Achaeta
and Mus are so different from the others that the bootstrap
analysis reveals that in 50% of the trees there is no reason for
one to branch before the other and that Mus being appointed to an
outgroup is an arbitrary decision.

This tree can be compared to a DNA derived maximum parsimony
tree, which is shown in Figure 18b. This tree used a sequence of
511 nucleotides available from all 9 species. A branch and bound
search from the PAUP program was used to obtain the tree followed
by a bootstrap analysis using a branch and bound search which
estimated the confidence of the tree's branching pattern. This
most parsimonious tree has a length of 964 changes and a
consistency index of 0.643, which is much lower than that of the
protein derived tree. As expected, the Lepidoptera and Diptera

formed groups. While the Diptera grouping is the same as that
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Figure 18a. A protein sequence derived maximum parsimony tree

obtained using a branch and bound search from the program

PAUP. A sequence of 170 amino acids available from all species

was used.

18b. A DNA sequence derived maximum parsimony tree obtained

using the same method as above. A sequence of 511 nucleotides

corresponding to the above protein region was used.

Branch lengths are indicated as the minimum number of
changes and the bracketed figures are the frequency of
occurrence of the grouping defined by the node. in one or more
trees. These fiqures indicated the confidence in the
branching pattern and were derived using a bootstrap method

with a branch and bound search.
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found from the protein analysis the Lepidoptera pattern differs.
It 1is at this juncture that the bootstrap analysis is of
importance, since the values obtained show that less than 50% of
the trees supported this branching pattern within the Lepidoptera.
A similar observation can be made for the switch in the
Achaeta/Tribolium branching order. Less than 50% of the trees
support one pattern over the other.

The obvious differences between the two trees can be explained
by the type of data used: protein vs. DNA. The DNA analysis did
not consider synonymous positions. As a result species with a
similar codon bias (GC vs. AT) would tend to be found to be more
similar to one another. It was noted earlier (Table 3) that
Drosophila has a high GC content (~88% in the third position of D.
melanogaster) as does Achaeta (~70% in the third position), while
Tribolium does not have such a bias (52% in the third position).

Bombyx and Choristoneura have only 52 and 54% GC in their
third positions but Ostrinia has a much higher GC bias with 71% in
the third position. Therefore, it would follow that Bombyx and
Choristoneura would be found closer to one another than to Ostrinia

in a DNA analysis.

3.6.2 The DNAML_(Maximum Likelihood using DNA) method
A tree computed by the DNAML program of Felsenstein (1990)

agrees with the PAUP tree. This ‘'most likely' tree, shown as
Figure 19, is given branch lengths outputted by the program. All
branches are significantly positive at p»>0.01.
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Figure 19. A maximum likelihood tree computed by the phylogenetic
analysis program DNAML using 511 nucleotides from each of 9

species (8 insects and one mouse sequence).
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In the computation of this tree there is allowance made for
differences in transition vs. transversion rates (a 2:1 ratio is
applied) as well as allowing for different base frequencies. This
program does not assume that all nucleotides have a frequency of
25% but rather computes the total base frequency over all the
sequences used. The result was a frequency of 24.8% for A, 21.7%
for T, 28.0% for C, and 25.5% for G, which is due to the fact that
many of the sequences have a GC bias in their third positions.

This program then, as expected, has given a result similar to
the PAUP analysis because sequences with higher GC content than
others would be found to be close to one another: Recall the

Tribelium/Achaeta branching pattern.

3.6.3 The Distance matrix method

In order to run the modified Fitch and Margoliash (1967)
program, KITSCH (Felsenstein, 1986), the input data had to be
converted into a distance matrix using Felsenstein's DNADIST
program. The matrix is included as Table 5.

Note that this program could only be made to handle 252
nucleotides and 9 species so the data set is much smaller than for
the other programs. In order to have more confidence in the
resulting tree several runs of this program and the unmodified
Fitch and Margoliash program were made using a variety of species
and sequence lengths.

It must be noted here that the tree shown in Figure 20,

resulting from the KITSCH run using the distance matrix from Table
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5, is the same for small sequence lengths, but when longer lengths
are used the Tribolium and Achaeta positions switch. The reason
for this could not be ascertained but perhaps , again, codon biases
are at fault.

The branch lengths are relative to those lengths computed by
the program. As expected, the Diptera and Lepidoptera form
clusters, however the Lepidopteran branching differs from the other
trees computed thus far. The location of the Tribolium branch is

also unusual as compared to the others.
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Table 5 . A distance matrix computed for 8 insect species and mouse
(to be used as an outgroup) using a sequence of 511 nucleotides
available from all species. The distances are scaled in terms of
expected numbers of substitutions, with a transition\transversion
ratio of 2.0, and no accounting for self-replacements.

Dm Dv Am Ct Bm On Ad Te
D.melanogaster

D.virilis 0.2069
Anopheles 0.4962 0.6045

Choristoneura 0.6735 0.6052 0.6901

Bombyx 0.6461 0.6873 0.7165 0.3500

Ostrinia 0.5492 0.6132 0.7870 0.2812 0.3481

Achaeta 0.6578 0.6603 0.6581 0.5750 0.7918 0.5956
Tribolium 0.5999 0.5547 0.7240 0.583%8 0.5805 0.5897 0.6873

Mus 0.9446 0.8297 1.1940 0.7501 0.8515 0.7965 0.8236 0.6782



Figure 20. A phylogenetic tree computed by the modified Fitch and
Margoliash (1967) distance matrix method, Kitsch modified for

a molecular clock assumption by Felsenstein (1986).
The program used a distance matrix computed for 252
nucleotides from each of 9 species (8 insects and one mouse

sequence) .
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CHAPTER 4

DISCUSSION AND CONCLUSIONS

The Bombyx mori a-amylase "gene" has proven to be an excellent

choice in the search for mechanisms of evolution and in the
comparison of gene structure among various insect groups. It was
also useful in the construction of insect phylogenies and in the

comparison of several phylogenetic analysis methods.

4.0 A Pseudogene

As is often the case in research, an unforeseen finding, such
as the Bombyx locus having a pseudogene, offered a new discovery
rather than a disappointment. The presence of repetitive DNA
within the Bombyx genome has recently caused a rearrangement event
resulting in the loss of 300 base pairs of coding region toward the
5'end of the a-amylase gene.

It is believed that this event occurred within the organism
rather than during construction of the genomic DNA library because
both of the overlapping clones Bl and B4 contain this region and
therefore two independent events would have been required, with
identical results. There is also some evidence that the Bl and B4
region did not contain a functional a-amylase gene before it was
cut and put in a library.

Two events have resulted in frameshifts. I have inserted a

"T" at position 6900 in the sequence (reported in Pigure 12), in

e ey T2 L 8 o e 1 T f
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order to avoid one frameshift. The second is very near to the
point where a stop codon (TAA) is expected in this gene (known from
other insects). There is an out of frame TAAR sequence indicated at
position 8114 in Figure 12 at the expected location.

There are two possible interpretations. The first being that
an lnsertion or deletion event has occurred to cause a frameshift.
The second is that it is not a frameshift at all. The GT sequence
found at this location may represent an intron splice junction just
upstream of the actual stop codon.

I would have expected to see many more frameshifts in a
pseudogene, suggesting that the deactivation was a recent event.
Further evidence for this theory was found using the Microgenie
homology comparison program by Beckman (Queen and Korn, 1984).

It revealed that the Bombyx sequence is nearly 80% identical
to the Ostrinia sequence with many of the differences being due to
synonymous, third position changes. Bombyx has a higher amino acid
identity to Choristoneura (83.1%) than Choristoneura has to
Ostrinia (78.8%) over the same region (Table 2). This is an
expected result for comparisons within the Lepidopteran order.

The information provided by Kanekatsu (1972) of a strain of
Bombyx having no a-amylase activity allows for the possibility that

the gene in Bl and B4 was non-functional within the organism.

4.1 Repetitive Elements
Preliminary evidence of the presence of repetitive DNA within

the Bombyx genome and the ag-amylase genomic DNA clone Bl, was
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observed when restriction enzyme digested genomic DNA was
hybridized to the insert of the 1Sal subcliuas. This resulted in a
streaking pattern. This pattern is seen because of the many Bml
family of repetitive element sequences scattered throughout the
entire genome. Adams (1986) estimated that this element has
approximately 2*10% copies per haploid genome. (The genome size is
estimated to be 4.8*%10° base pairs (Gage, 1974).

Adams egt. al. (1986) also found that the Bmli elements have a
split internal promoter characteristic of tRNA-like retroposons and
are actually transcribed by RNA polymerase III to varying degrees
during different developmental stages of Bombyx.

A comparison of the Bl/B4 locus sequence to the invertebrate
data bank of GenBank revealed several regions of similarity to the
Bml family of repetitive elements which have been discovered in
several genes (Table 1). I have numbered these regions 1 to 8. I
do not believe that element number 1 is a member of the Bml family
since it has a high degree of similarity (94%) to only one
previously sequenced region of another gene, which itself has no
similarity to the Bml elements.

Often more than one B1/B4 element will have regions of
similarity within one GenBank Bml element. This suggests that the
Bl1/B4 elements are likely portions of a larger element. Elements
3 to 6 are all found within a large 5.0 kb intron between exons 2
and i (numbered this way to emphasize the missing exonic regions
between them). This region is now thought to contain all of the

genes necessary for a functional retroposon and spans almost 4.0 kb
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(from site 1585 to 4915 of Figure 12) (P. Foster, personal
communication). I. :.is is indeed the case it makes the a-amylase
locus sequenced in this project all the more important. The
rearrangement event which resulted in the loss of 300 base pairs of
coding region and the addition of a large amount of intron
sequence, may in fact, be a rearrangement caused by the action of
a retroposon and not just chance recombinations among genomic

repetitive DNA.

4.2 Introns
For many years a there has been a debate about the
history of introns. Many argue that introns were in the ancestral
state of genes and were the means by which small pieces of DNA
(RNA) coding for small peptides (having a structural or functional
domain), were shuffled about to put together larger peptides and
finally proteins with complex structures and functions. Some work
has been done toward the definition of such domains into units or
modules (Go, 1981; 1983) and relating this to known intron
positions. This is difficult since module sizes can vary dgreatly
in size and little is known about protein structure. Another
difficulty is the intron boundary slippage effect which can move an
intron several codons from its original position. A comparison of
mouse intron 6 position to Achaeta intron 4 position in the amylase
locus shows an example of this (Figure 16).
Other work being done is the attempt to find homologous

domains in two or more proteins. There has been some success in
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this area (i.e. LDL receptor and Epidermal growth factor share
domains (Sudhof et. al., 1985)). Evidence is so scant that one
cannot yet tell if this is the norm, or chance.

The other side argues that introns are the remains of some
sort of infection, perhaps viral or selfish DNA. This DNA had the
ability to splice itself out of hnRNA to form mRNA, but this
ability was lost over time as an alternative splicing mechanism
took over. Some evidence for this does exist. Many introns have
not only their splice junctions conserved, but also a region within
the intron itself.

Other evidence for insertion of introns into DNA already
encoding proteins may be the presence of a CAG frequently found
just before an intron splice junction. If a selfish form of DNA
invaded a genome perhaps it could only integrate at these
positions. This would be a kind of survival strategy. Perhaps the
splicing mechanism needed this sequence beside the splice junction.
If insertion occurred elsewhere the gene could not function and the
organism would be disadvantaged or die. The CAG sequence is found
before three of the four intron positions in the Bombyx amylase
gene, and in front of many other insect a-amylase introns.

A comparison of the insect intron positions (Figure 16)
reveals that many intron positions are shared among the various
groups but that no one position is conserved in all groups. This
argues that there is no one intron position necessary to the

survival of the gene and in fact some insects i.e. D. melancgaster

and Anopheles have no introns in their amylase genes. The
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Lepidoptera have many, which as far as is known, only one differs.
An intron which is not shown in Figure 16 is one located just 5' to
the start codon, ATG, in Ostrinia. This intron separates the gene
from its upstream regulatory region. It is unknown, as yet, if

this intron also occurs in the Lepidopteran Choristoneura, but the

lack of any CAAT or TATA box regions in the Bombyx sequence, plus
an intron splice junction signal (AG) just 5' to the ATG, suggest
that this is also true of Bombyx. It does appear, however, that
Bombyx has lost one intron corresponding to intron 5 of Ostrinia
{Figure 16).

What can the introns of the insect groups tell us about the
history of introns? One cannot from this data deduce that introns
were present at the formation of the initial amylase gene but one
can say that introns are as old as the insect class, since all
orders thus far studied have them, including the "oldest" order
studied thus far, Orthoptera (Achaeta), and that their positions
correspond to those of other orders. Those positions not
overlapping are thought to represent intron loss, not gain. It
appears that the insect progenitor had at least 13 introns.

However, the large 5.0 kb intron containing a possible
retrotransposon suggests that not ail intron DNA is "junk” DNA and

that some selfish DNA does exist.

4.3 pPhvlogenetic Analysis Using Various Computer Programs:

This study attempted +the use of several methods of

phylogenetic analysis using computer programs. These included
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parsimony, maximum likelihood, and distance matrix methods. It was
found that with all methods the Ordinal groupings were accurate but
that with greater sequence divergence most of the programs were
susceptible to inconsistencies as compared with one another due to
the presence of codon biases within the various sequences.

The inconsistencies were generally associated with the Achaeta
(cricket) and Tribeolium (flour beetle) sequences. Achaeta has a GC
bias similar to that of Drosophila and therefore branches closer to
Drosophila when nucleotide/codon biases are not precluded.
Similarly, Bombyx and Choristoneura have a low degree of GC bias as
opposed to QOstrinia and therefore in the Lepidopteran group they
branch together.

O0f the four phylogenetic analysis programs compared, three
used DNA data and one used protein data. It appears that the
parsimony analysis using protein sequence was the most reliable
method when using the a-amylase gene. The tree generated by this
method agrees with the branching order determined by more classical
means which often use morphological criteria (Kristersen, 1989;
Nielson, 1989). The classical trees do not have a geological age
criterian attached to them due to the lack of fossil evidence, and
therefore trees created using molecular sequences cannot be rooted
in time either.

The DNA utilizing programs were subject to codon bias
inconsistencies. It should be noted that these programs contain
many options which allow the user to weight certain characters

and/or codon postions but do not provide clear suggestions as to
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how to choose these weights. It appears that a great deal must be
known about a particular gene, genome, and the program functions to
wisely choose the correct phylogenetic method and to set the
appropriate parameters. It is comparisions like the one presented
here that will likely facilitate the transition to a more user-
friendly system of phylogenetic analysis.

4.4 Future Directions

I would hope to see this work carried on in the attempt to
answer several questions which have arisen from this study.

A study of the repetitive elements in the B1/B4 a-amylase
locus were not the aim of the Sequencing of this region and
therefore have several nucleotides of an unresolved nature. A
completion of this sequencing is necessary to further analyze the
element(s) of the large intron which has replaced 300 base pairs of
the amylase coding region, in order to determine if it is a
complete retrotransposon.

It is important to continue to sequence a-amylase genes from
representatives of the many remaining insect groups. Such
information will expand our knowledge of intron/exon structure,
which is needed to explore the history of introns. The contents of
introns were once extensively explored in order to affix a function
to them, but when one was not forthcoming the label "junk" DNA was
attached to them. The presence of repetitive elements within
introns must renew our interest in "junk” DNA because they are an

important evolutionary phenomenon.
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To further the study of gene regulation in the insect
a-amylases a functional Bombyx gene must be found. To do this I
would suggest beginning with a cDNA clone. Also, enzyme function
tests should be performed on the Bombyx strain from which the
functional genomic amylase locus 1s sequenced. This could be
useful in determining if Bombyx also has the prokaryote-like
regulatory methed that Drosophila has.

Many theories about the cause and effect of nucleotide and
codon biases have been put forward. An effect discovered in this
study was the biasing of phylogenetic trees between very distantly
related species and closely related species alike. A comprehensive
knowledge of phylogenetic tree construction methods and the
associated computer programs are necessary to analyze DNA sequence
data. A larger number of a-amylase genes from many different
groups would likely resolve the trees considerably.

One could determine if nucleotide and codon biases extend
throughout entire genomes by sequencing several genes form these
insects. Further, other gene trees could be compared to each other
to find the true history of the Insecta, not available through

fossil evidence.
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