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Abstract

The ribosomal RNA (rRNA) gene family shows high levels of within-species
homogeneity and between-species diversity. This pattern of mutation
distribution among gene family members is termed concerted evolution.
Molecular drive is a process by which mutations spread through a gene family
(homogenization) and through a population (fixation) as a consequence of non-
Mendelian DNA transfer within and between chromosomes. The fast evolving
internal transcribed spacers (ITS) of the rDNA are considered to be
homogenized within species and within genetically isolated populations.
However, recent studies question the dogma of homogenization and caution

the use of ITS in phylogenetic and population studies.

Two presumed sister species (Triplectides obsoleta and T. dolichos) were chosen
for an investigation of ITS-1 variation. ITS-specific PCR primers were
developed that amplified products homologous to a range of other insects. In a
pilot study, variation in a single individual T. obsoleta was found among eight
ITS-1 clones but not in ITS-2. Therefore, ITS-1 was chosen for a survey of the
nature of the variation, testing the extent of heterogeneity in these species, the
types of coevolutionary changes taking place in this region, and its usefulness

as a population genetic marker.

This survey required an hierarchical approach, sampling multiple ITS-1 copies
from within and among individuals. 203 ITS-1 clones were screened for
conformational differences by single-strand conformation polymorphism
(SSCP) analysis of restriction digested fragments. Some ITS-1 variants were
present at a higher frequency than others in all 17 individuals tested. All
variants derived from independent PCR reactions were sequenced. The type of

DNA sequence variation was very similar in both species though T. dolichos was



iii

more variable. A majority of the variation appears to have resulted from
replication slippage and the remainder by point mutation. Repeat DNA and an
A+T bias were found in the ITS-1; a characteristic of cryptically simple non-
coding DNA. Extensive ITS-1 heterogeneity was present and parsimony
analysis for both species showed the absence of population-specific variation.
ITS-1 variants common in some individuals were rare in others, even within the
same population. Neither complete homogenization nor fixation of the ITS-1
occurs in these species. This precludes its use as a population genetic marker in

these species and cautions against the assumption of homogenization.
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Chapter 1

General Introduction: Concerted Evolution

1.1 Introduction

Concerted evolution

Eukaryotic (and some archaebacterial) genomes contain substantial numbers of
multiple-copy families of genes and non-coding sequences. It has been apparent
for some years that many such families exhibit unexpected sequence
homogeneity within and between individuals of a species (Dover, 1982; 1986).
These repeat DNA families have high levels of within-species homogeneity and
between-species heterogeneity irrespective of their copy-number, function and
chromosomal distribution. This pattern of sequence variation is known as
concerted evolution (Polanco et al., 1998; Zimmer et al., 1980), although it has
previously been called horizontal evolution (Brown et al, 1972) and
coincidental evolution (Hood et al.,, 1975). The importance of concerted
evolution lies primarily with our understanding of how the great many

repeated DNA sequences of the eukaryotic genome evolve.

Concerted evolution was first demonstrated in the ribosomal RNA gene family
of two species of African toad, Xenopus, by Brown et al. (1972). This, and
subsequent studies (e.g., Coen et al., 1982b; Williams et al., 1985; Bowen &
Dover, 1995) demonstrated that the individual repeat members of a multigene
family evolve in concert rather than independently. On the surface this suggests
a process of parallel evolution for all members of a gene family. However, Coen

et al. (1982b) state that, “concerted evolution is an observation of family
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homogeneity that is an outcome of processes in the genome that are able to
progressively fix a variant member in the family.” Through genetic interactions
among its members, multiple-copy families of genes and non-coding sequences

evolve in a concerted fashion, seemingly as a single unit or locus.

Concerted evolution challenges both conventional neutralist and selectionist
evolutionary explanations. Neither the data nor their implications can be
squeezed into the classical mould of a two-party (selection versus drift) state
(Dover, 1986). Under genetic drift and selection, individual gene family
members are expected to evolve independently by mutation, gradually
diverging from one another over time. If each member of a family is free to
accumulate independent mutations over time then the coefficient of identity
between any two members within a species would equal that of any two
members chosen at random from two different species (Dover, 1982; Ridley,
1993). However, mutations do not occur independently in the different
members of a family in neither the gene-coding nor, more unexpectedly, non-
coding regions of gene families and the coefficient of identity is higher within

than between species.

Negative (purifying) selection is thought to impede the spread of new
mutations in the functionally important (gene-coding) regions of a gene family,
because of their potentially negative effect on an individual’s fitness (Wheeler &
Honeycutt, 1988). This argument though does not explain within-species
homogeneity found in the non-coding regions of a gene family. Intraspecific
homogeneity is maintained not by selective constraints but by processes which
can spread mutations in a repeat unit ‘horizontally’ to other members of the

family (Li, 1997).
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DNA turnover processes and molecular drive

Molecular drive is the process where mutations spread through a repeat family
within an individual (homogenization) and through a sexually reproducing
population (fixation) as a consequence of non-Mendelian DNA transfer within
and between chromosomes. Homogenization and fixation are inextricably
linked because chromosomes are continually being shuffled and assorted into
new combinations at each generation through sex (Dover, 1986). The generative
processes involved include; gene conversion (Eldeman & Gally, 1970; Nagylaki
& Petes, 1982), unequal crossing-over (UCO) (Smith, 1973; Ohta, 1976),
replication slippage (slipped-strand mispairing), transposition and RNA-
mediated exchange (Dover, 1982; 1986). Of these, gene conversion, UCO and
replication slippage are considered to be the most important. For recent reviews

see Elder and Turner (1995) and Li (1997).

Gene conversion is a non-reciprocal recombination process where one allele is
converted to the other (Li, 1997). It is thought gene conversion results from
DNA repair after invasion of a double helix of one allele by a single strand of
the helix of another, immediately after chromosome replication. Gene
conversion changes allele frequencies and any bias in the DNA repair leads to
the progressive and accelerated fixation of an allele (variant) (Dover, 1982; Li &
Graur, 1991). UCO is a reciprocal recombination process that creates a sequence
duplication in one chromatid or chromosome and a corresponding deletion in
the other (Li & Graur, 1991). It is an interhelical event that can only take place
during chromosome alignment in cell division (Levinson & Gutman, 1987).
Continual UCO has the effect of expanding and contracting the copy number of
a family and can lead to the stochastic fixation of any one variant. Replication
slippage involves local denaturation and displacement of DNA strands (of a
single DNA duplex) followed by base mispairing at a site containing a tandem
repeat sequence. The consequence of mispairing, when followed by replication

or DNA repair, is an insertion or deletion of one or several of the tandem
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repeats (Levinson & Gutman, 1987). Slipped-strand mispairing is perhaps a

better term because it also occurs prior to cell division, in non-replicating DNA.

These processes of DNA turnover are analogous to the turnover of new for old
banknotes (Dover, 1982). They cause a continual non-Mendelian gain or loss of
genetic material during mitosis and meiosis, involving ‘old” variation
(nucleotide sequences already present in the genome) and/or ‘new’ variation,
such as point mutation. Although it defies the paradigm that cell division is the
necessary event for point mutation and DNA turnover, both have been
demonstrated in resting cells (Bridges, 1997). DNA turnover is a larger
mutational event but does not involve the creation of new variation, just
changes in its frequency. DNA turnover spreads variation at a significantly
higher rate than can be generated by point mutations alone (Hoelzel & Dover,
1991). The balance between the spreading consequences of DNA turnover and
the accumulation of point mutations is manifest as a degree of homogeneity

found among the multiple copies of repeat DNA sequences.

C-value paradox and selfish DNA

The lack of correspondence between the amount of DNA in the haploid genome
(C value) and the amount of gene-coding DNA present has become known as
the C-value paradox. Solving the C-value paradox and accounting for the
repeated structure of the eukaryotic genome requires an evolutionary
mechanism for the long-term maintenance of vast quantities of nongenic (non-
coding), seemingly superfluous DNA (Li & Graur, 1991). This functionless non-
coding DNA, often called ‘junk DNA’ (Ohno, 1972) or ‘selfish DNA’ (Orgel &
Crick, 1980; Doolittle & Sapienza, 1980), has the property of forming additional
copies of itself while making no contribution to the phenotype. This lack of
phenotypic expression means that normal phenotypic (Darwinian) selection
cannot explain its continued presence, as junk DNA contributes little or nothing

to an organism’s fitness.
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Dover and Doolittle (1980) suggested there are constraints that impose a type of
selection on these sequences, not necessarily as a result of their phenotypic
effects but as a consequence of the molecular processes of replication and
recombination. The generative processes of molecular drive, that is, DNA
turnover, provide an explanation for the presence of repeated sequences
(regardless of their function) and hence much of the structure of the eukaryotic

genome.

1.2 The nuclear ribosomal RNA gene family

Structure and function

The ribosomal RNA (rRNA) genes, and their associated spacer regions, are
collectively called ribosomal DNA (rDNA) (Hillis & Dixon, 1991). They exhibit
the pattern of concerted evolution typical of other gene families. Ribosomal
RNA has a primary functional role in most if not all stages of protein synthesis
(Dahlberg, 1989). The rDNA is composed of multiple copies of a repeating unit.
This includes the highly conserved gene-coding rRNA molecules which are
synthesized by RNA polymerase I, before being processed to yield mature
rRNA, and several fast evolving non-coding spacers (see figure 1.1). These
rRNAs combine with ribosomal proteins to form ribosomes, the organelles that
direct protein synthesis from messenger RNA. The entire rDNA intergenic
spacer (IGS) acts as an enhancer for ribosomal transcription by polymerase I
(Mougey et al., 1996), and the other spacers (ETS, ITS-1 and ITS-2) are necessary
for pre-rRNA processing (Musters et al., 1990).

The rDNA of a eukaryote nuclear genome is typically clustered in one or a few
tandem arrays per haploid chromosome set. The length of the transcribed unit
for most eukaryotes is about 8 kb, while the length of the intervening IGS can
vary considerably, e.g., from 3.5 to >20 kb in a hybrid Neotyphodium fungi
(Ganley & Scott, 1998) and 7.2 to 20.5 kb in the greenbug, Schizaphis graminum



Tandemly repeated rDNA copies

Single repeat unit

Figure 1.1 The ribosomal RNA gene family is clustered into a group of tandemly repeated units (copies) in a head-to-
tail fashion. Three of these are pictured above and a single unit below it. A single unit contains both gene-coding and
non-coding regions: IGS = intergenic spacer, ETS = external transcribed spacer, 18S, 5.85 and 285 = rRNA genes, and

ITS-1 and ITS-2 = the first and second transcribed spacers, respectively.

uonponponu] [



1 Introduction

(Shufran et al., 1997). The number of gene copies also varies considerably
among taxa. Within insects it is common to find several hundred copies present

per haploid genome and several thousand in plants (Long & Dawid, 1980).

Variable regions

The terms ‘variable region” and ‘expansion segment’ are both used to describe
regions varying between species in both length and content, which lie between
regions of conserved sequences (Wesson et al., 1992). In general, the conserved
regions of the rDNA are gene-coding and share greater amounts of sequence
homology between species than do the variable regions. Variable regions
include the non-coding spacers and the expansion segments of 18S and 28S
rDNA. Expansion segments are separated by conserved ‘core’ regions, and may
be functionless structures which are tolerated only because they do not interfere

with ribosome function (Gerbi, 1985).

The redundancy of rDNA spacers

The rates of change within the different regions of the rDNA unit are thought to
differ as a consequence of functional constraints. Non-coding spacers such as
the internal transcribed spacer (ITS) of the rDNA are generally considered to be
under low functional constraint (Schlotterer et al., 1994), and therefore free to
accumulate mutations. These spacers could be viewed as ‘junk DNA’, perhaps
redundant entities hitch-hiking their way in the genome aboard the gene-
coding rDNA. However, studies involving DNA sequence comparisons and
secondary structure analyses have shown that variation in these regions is non-
random, perhaps indicating some functional constraint (see Schlotterer et al.,
1994; Wesson et al., 1992; Linares et al., 1994). These variable regions provide an
opportunity to study the types of coevolutionary changes taking place in gene

families, and the dynamics of their establishment (Tautz et al., 1988).
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1.3 “Variation is Evolution”

The idea of variation as random

“Variation, whatever may be its cause, and however it may be limited, is the essential
phenomenon of evolution. Variation, in fact, is evolution. The readiest way, then, of

solving the problem of evolution is to study the facts of variation” (Bateson, 1894).

It is commonly thought that the action of an external force (natural selection)
and the random fluctuation of gene frequencies (genetic drift) segregates
variation in both space and time. The dynamics of natural selection and genetic
drift are modelled on the premise that mutations are unitary and passive events
(Dover, 1982). Without the sifting mechanism of selection acting on what is
assumed to be random variation, we reason there would be nothing but
incoherent disorder (Kauffman, 1995). This ‘sifting mechanism’ is thought to
create order from what would otherwise be an unstructured world.
Unfortunately, the neo-Darwinian concept of random variation carries with it
the major fallacy that everything conceivable is possible (Ho & Saunders, 1984).
It is important to understand just how entrenched the idea of chance and

random variation is in biology.

“We say that these events [mutations] are accidental, due to chance. And since they
constitute the only possible source of modifications in the genetic text, itself the sole
repository of the organism'’s hereditary structures, it necessarily follows that chance
alone is at the source of every innovation, of all creation in the biosphere. Pure chance,
absolutely free but blind, at the very root of the stupendous edifice of evolution: this
central concept of modern biology is no longer one among other possible or even
conceivable hypotheses. It is today the sole conceivable hypothesis, the only one
compatible with observed and tested fact. And nothing warrants the supposition (or
the hope) that conceptions about this should, or even could, be revised” (Monod, 1972).

[emphasis in original.]
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Chance; the happening of events without any cause that can be seen or
understood (Hornby, 1970). Monod’s dogmatic quote is the expression of a neo-
Darwinian view that evolution, that is, the origin and maintenance of variation
is solely a chance driven process, immune to any causal explanation. Chance
and randomness are concepts regularly used in neo-Darwinism to cover
ignorance (Lima-de-Faria, 1988). Although contingency plays an important role,
our understanding of evolution need not be restricted to probabilistic models. A
great deal of variation is non-randomly distributed in time and space, and can
only be understood in the light of real demonstrable biological processes

(generative processes) which order and segregate genetic variation.

Cairns et al. (1988) were able to generate gene mutations in cultures of bacteria
in a seemingly directed fashion. The main purpose of their paper was to show
how insecure our belief is in the spontaneity (randomness) of most mutations, it
seems to be a doctrine that has never been properly put to the test (Cairns et al.,
1988). The phenomenon of compensatory mutations that preserve base pairing
in RNA molecules provides another example of the existence of a process that
can generate non-random mutation (variation). Given that an RNA sequence
can be copied back into DNA, a proportion of DNA mutations must also arise
through natural error-prone copying involving RNA intermediates rather than

in a haphazard, mysterious fashion (Steele et al., 1998).

1.4 Interpreting the variation

A problem of explanation

It is the task of science to discover which hypothetical or imagined processes
are not imaginary but real; or, to put it the other way, to discover what the
processes are, and to produce an adequate account of them (Bhaskar, 1978).
From an idealist (e.g. neo-Darwinian) perspective, there is an inclination that

building a plausible narrative explanation into a model, which is then
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empirically tested, is a sufficient explanation. Lambert (1995) contends “by this
we create a kind of ‘taxonomy of knowledge,’ that is, a system for the
organization of what we know [and in] using this procedure we can potentially

explain any example.”

From a realist perspective a distinction is made between observable patterns
and the generative processes responsible for their production (Webster, 1984).
The failure of neo-Darwinism to make this distinction perhaps brought about
the necessity for a new evolutionary theory to understand the intraspecific
homogeneity of repeat DNA families. In the theory of molecular drive, as
outlined by Dover (1982) and Ohta and Dover (1984), the distinction is made
between the observed pattern of concerted evolution and the DNA turnover

processes that generate repeat sequence homogeneity.

Processes and models

Genetics, and in turn, population genetics, forms the conceptual basis of neo-
Darwinism. Through population genetics, neo-Darwinism claims a monopoly
in explaining the processes of evolution (Lovtrup, 1976, 1977). Despite the
sophistication of the mathematics of natural selection and genetic drift, there
are relatively few experimental proofs of the genetic processes inherent in these
models (Dover, 1982). Underlying this may be a confusion between the value of
a model of evolution over generative processes. From an idealist perspective
however, it is only necessary to establish that such processes might exist. For
the idealist, a process is imaginary, for the realist it may be real, and come to be

established as such (Bhaskar, 1978).

It is considered that population genetic models greatly sharpen our
understanding of the population dynamics of concerted evolution (Li, 1997).
The main aim of these models is to obtain probabilities of identity by descent

(i.e., genetic identities) under a variety of assumptions and constraints.
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However, the genealogies produced by such models restrict our interpretation
of evolution to that of a historical narrative. This is further restricted because
the evolutionary genetics of molecular drive, like that of Mendelian populations
under selection and drift, can be modelled only in general terms (Ohta & Dover,
1984). The models themselves do not provide an adequate rationale for the use
of laws to explain phenomena in open systems or the experimental
establishment of that knowledge in the first place (Bhaskar, 1978). This can only

be achieved by investigation of the underlying generative processes.

Homology

Phylogenies for systematics and population studies require a model of
evolution that contains an inherent assumption of identity by descent. A
common ancestor and independent character change are necessary conditions
for reconstructing phylogenies. Concerted evolution is considered
advantageous for phylogeny reconstruction as it produces almost completely
homogenized gene families (Sanderson & Doyle, 1992). However, multigene
families arise by gene duplication from a single ‘ancestral gene’, and this
duplication creates a set of unique problems regarding the accuracy and

reconstruction of organismal phylogenies.

Homology in gene families is complicated by gene duplication events. This
necessitates the elaboration of the concept of homology to include orthology
(derivation by speciation; shared by descent) and paralogy (derivation by
duplication) (Patterson, 1988). If one is interested in reconstructing the
phylogenetic history of taxa by inferring relationships among genes contained
in those taxa, then it is usually necessary to examine orthologous genes (Hillis,
1994). Paralogy is not considered a problem with multigene families because the
mechanisms of DNA turnover are thought to homogenize all members within a
family, such that each member has a nearly identical sequence. The whole

family is treated as a single character and the non-independence of the
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individual members is nullified by concerted evolution.

The dogma of homogenization

Williams et al. (1988), and more recently, Rich et al. (1997) suggest that the
dogma of rDNA gene family homogenization is overstated. The assumption of
Hillis and Davis (1988) that a high level of gene family homogenization within
species is reached in only short periods of evolutionary time, may have tempted
workers to under-sample the amount of variation present. Recent studies
however, (Wesson et al., 1992; Volger & DeSalle, 1994; Tang et al., 1996; Rich et
al., 1997) have shown that rDNA homogeneity can no longer be assumed. This
is especially important for population studies, where intra-individual variation

can be as high as variation in the entire species (e.g., Volger & DeSalle, 1994).

1.5 A study of ITS-1 variation in two caddisflies

Caddisflies

The Trichoptera (caddisflies) are a holometabolous order of insects, with egg,
larval, and pupal stages generally living in freshwater habitats and with adults
in terrestrial habitats (Morse, 1997). Caddisflies are ubiquitous in both still and
running freshwater environments. They are of considerable ecological
importance and form a major part of freshwater communities. They are also
used as bio-indicators in water quality monitoring because many caddisfly

species tolerate only a narrow range of abiotic conditions.

Triplectides

The stick caddis; T. obsoleta (McLachan, 1862), T. dolichos (McFarlane & Cowie,
1981), and T. cephalotes (Walker, 1852) constitute the three endemic Triplectides
species of New Zealand. They are common aquatic insects and are found
throughout New Zealand. The common name refers to the habit of larvae to use

a hollowed-out twig as a portable case. The larvae eat detritus (mainly leaves
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and wood) and appear as slowly moving sticks in freshwater habitats. These
species have distinct larval habitat preferences: T. obsoleta prefers slow flowing
waters of lowland streams and rivers, T. dolichos prefers pools in small
mountain streams (headwaters) and seepages, while T. cephalotes prefers lakes

and backwaters of larger rivers.

T. obsoleta and T. dolichos are presumed sister species. Both species are
morphologically very similar, a fact that only lead to the ‘discovery” of T.
dolichos in 1981. Both are large insects as adults (~2 cm in length) that can be
easily recognised in the field among a mass of other nocturnal insects that are
attracted to UV-light traps. Trap records of these species provide good data of
their geographic distribution. Although common, there are several indications
that their dispersal away from water is restricted and hence, they may be likely
to have genetically structured populations (Collier & Smith, 1996; Jackson &
Resh, 1992).

Panmixus

If the dispersal ability of a species is extreme, a state of reproductive panmixus
may result and genetic variation would not be restricted geographically. T.
dolichos, in particular, is not expected to be panmictic because its habitat
(headwaters and seepages) is disconnected spatially, whereas the river habitat
of T. obsoleta is connected, at least to the level of a drainage basin. However, the
Cook Strait that separates the North and South Islands of New Zealand is likely
to be a barrier to dispersal for both species, as it is for many presumptive sister
species pairs of caddisflies that are isolated from each other by the strait

(Henderson, pers. comm).

The results of several studies (Jackson & Resh, 1992; Hughes et al., 1995, 1996;
Bunn & Hughes, 1997) indicate that many aquatic invertebrate species do not

represent single panmictic populations throughout their entire range, but are
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subdivided regionally and sometimes even locally into a number of genetically
distinct populations. Analysis of the genetic structure of larval populations of
some caddisfly species suggests that in-stream movement is also limited to a
small spatial scale (Bunn & Hughes, 1997). Limited inland dispersal may be
due, impart, to the reproductive behaviour of individuals. Freshly emerged
female caddisflies frequently fly inland following mating where they may rest
until eggs mature (Ross, 1944), though after egg maturation, females always

return to the water to oviposit (Kovats et al., 1996).

Collier and Smith (1996) used several kinds of traps to investigate distances
travelled by adult aquatic insects into riparian zones. In their study T. obsoleta
were caught up to 30 m and T. dolichos up to 80 m from the edge of three
different streams. The distance measure for T. dolichos may be confounded by
the presence of other suitable habitat (small seepages) away from these streams.
These direct estimates suggest both species do not disperse widely despite
having large wings. The possession of large wings does not necessarily mean
that their function is for long distance dispersal. For example, Liebherr (1988)
found no correlation with the degree of flight-wing development and dispersal
ability among five beetle species (Platynus spp.). One fully winged species
exhibited genetic heterogeneity of the same order as a vestigally winged species

(Liebherr, 1988).

ITS-1 variation in Triplectides

Many studies of ITS-1 variation in insects have been carried out on flies
(Diptera) (e.g. fruit flies: Strachan et al., 1985; mosquitoes: Wesson et al., 1992;
and black flies: Tang et al., 1996), which are close relatives to caddisflies. As a
result of these studies, there are now many rDNA sequences published in
GenBank which enable comparisons of conserved gene-coding regions for
identifying PCR products and designing PCR primers. The position of the

spacer region between the rRNA molecules can also be estimated by
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comparison to the rRNA secondary structure analysis of the fruit fly, Drosophila

melanogaster (Hancock et al., 1988).

In this study, T. obsoleta and T. dolichos were assayed for ITS-1 variation in the
rRNA gene family at the intra-individual and intra-population level. The
purpose of the assay was to determine the extent of homogeneity in the spacer
molecule, the frequency of ITS-1 variants within individuals, and the presence
of any population-specific variation. This study therefore, constitutes a further
test of the assumption of gene family homogenization and a test of a prediction

of molecular drive, that populations should be evolving in a cohesive manner.
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Development of ITS-Specific PCR Primers for
Caddisflies (Trichoptera)

2.1 Introduction

Current use of ITS

The internal transcribed spacers (ITS-1 and ITS-2) of the ribosomal RNA (rRNA)
gene family have become popular genetic markers for population and
phylogenetic studies (e.g., Volger & DeSalle, 1994; Miller et al., 1996; Coleman
& Mai, 1997). The presence of a set of non-Mendelian inheritance mechanisms
in gene families, the action of these now collectively called molecular drive,
challenges our understanding of how this variation is generated. The variable
nature of these spacers makes them key elements for investigating
coevolutionary changes in the rRNA gene family (see Schlotterer et al., 1994;

Polanco et al., 1998).

Properties of ITS

ITS-1 and ITS-2 (collectively ITS) lie within the rRINA gene-coding subunits of
the tandemly repeated rRNA gene cluster (see chapter 1; figure 1.1). These
spacers contain repeated DNA sequences which change more rapidly than the
adjacent gene-coding regions. Therefore, the ITS is not considered to be of great
functional importance (Long & Dawid, 1980; Hillis & Dixon, 1991; Elder &
Turner, 1995). The rates of nucleotide change vary widely across the ITS region,
the size of the region varies widely among taxa, and there is no obvious

sequence homology between more distantly related taxonomic groups (Hillis et
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al., 1996). However, there is a degree of ITS secondary structure conservation
within groups of closely related taxa and at the species level, the ITS is
considered to be homogenized for sequence variation (Coen et al., 1982a, 1982b;

Wesson et al., 1992; Fritz et al., 1994).

PCR amplification of the ITS

Amplification of the two internal transcribed spacers via the polymerase chain
reaction can be routinely carried out using universal primers which bind to
conserved flanking regions of the 18S, 5.85 and 28S genes (Hillis & Dixon, 1991).
However, these primers may amplify contaminant rDNA from other species.
Therefore it is desirable to design primers that are more specific to the taxa of

interest, thereby reducing the problem of contamination.

ITS-specific PCR primers for Triplectides

In this study, ITS-specific PCR primers were designed for the caddisfly genus
Triplectides, in particular, to the three New Zealand species: T. obsoleta, T.
dolichos and T. cephalotes (see chapter 1). This required the use of existing
primers located outside the region of interest. Primer design also required DNA
sequence data of the 18S, 5.85 and 28S genes from related taxa within the
Trichoptera and a range of outgroups. Sequence data from these highly
conserved gene-coding regions was obtained by a combination of direct
sequencing of PCR amplified products and cloning, and from published
sequences in the GenBank database. Multiple clones were constructed from a
single T. obsoleta sample (see chapter 3; figure 3.1, individual FIOPN) to obtain
5.8S sequence data. These clones were also used in a pilot study to test for intra-
individual variation (a preliminary test for homogenization) in both spacer
molecules. The ITS-specific primers were then tested on a wide taxonomic

range of caddisflies.
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2.2 Materials and Methods

Taxa used in this study

Samples were caught using a UV light trap. The light trap was an 8W Sylvania
Blacklight Blue F8T5/BLB fluorescent tube, run from a 12V battery, and laid
across a white plastic tray containing several centimetres of water and a few
drops of household detergent into which the insect fell (Ward et al., 1996). All
samples were preserved in 70% ethanol until the time of DNA extraction. Six
species within the subfamily Triplectinae (Triplectidina mosleyi, Triplectides
cephalotes, T. obsoleta, T. dolichos, T. similis, and T. australis) and a single species
from the subfamily Leptocerinae (Oecetis unicolor) were used to represent the
family Leptoceridae. Several species from a wide taxonomic range of
Trichoptera and the cosmopolitan tobacco bud worm (Heliothis armigera:
Noctuidae: Lepidoptera) were also used to test the versatility of the ITS

primers. The trichopteran species are shown in table 2.1

Superfamily Family Species

Rhyacophiloidea | Hydrobiosidae Hydrobiosis spatulata
Hydroptilidae Oxyethira albiceps

Hydropsychoidea | Philopotamidae Hydrobiosella mixta

Polycentropodidae | Polyplectropus aurifusca
Hydropsychidae Orthopsyche fimbriata

Limnephiloidea Oeconesidae Oeconesus maori
Leptoceridae 7 species (see text)
Chathamiidae Philanisus plebeius
Conoesucidae Olinga feredayi

Table 2.1 Trichopteran species used to test the versatility of the ITS-specific

primers. Superfamily and family level placement is according to Neboiss (1991).
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DNA extraction

DNA was extracted from a minimum of two individuals per species. The
protocol used for the extraction of genomic DNA follows that of Sambrook et
al. (1989) with slight modifications. The insects were prepared by removing the
wings, head and thorax, using tweezers and a scalpel that were flamed between
samples with 95% ethanol. Samples were dried free of excess ethanol by
blotting on lint free tissue. These were then homogenized with a pipette tip in
an Eppendorf tube containing 500ul CTAB extraction buffer (100mM Tris pH
8.0, 20mM EDTA pH 8.0, 1.4M NaCl, 2% w/v CTAB), 4ul B-mercaptoethanol,
and 10ul Proteinase K (20mg/ml). Digestion then followed by incubation in a

rotisserie overnight at 55°C.

Proteins were removed from the solution by the addition of an equal volume of
phenol (500ul) to each tube. These were rocked for 30 min then centrifuged in a
microcentrifuge for 10 min at 15,500 g. The aqueous phase (containing the
DNA) and an equal volume of phenol:chloroform:isoamyl alcohol (PCI, 25:24:1)
were added to a new tube. The rocking and centrifugation step was repeated
then the interface and organic phase were discarded. An equal volume of
chloroform:isoamyl alcohol (CI, 24:1) was added then the rocking and
centrifugation step was repeated. Finally, both the interface and organic phase

were discarded.

The DNA was precipitated by adding 1 ml of 100% ethanol to each tube and
leaving at -20°C overnight. These were then centrifuged for 10 min at 15,500 g.
The supernatant was discarded and the pelleted DNA was washed with 0.5ml
of 70% ethanol. This step was repeated three times. The ethanol was removed
between steps with a fine pipette. The pellet was dried under vacuum for 5 min
and resuspended in 30ul of dH,O. One microlitre of RNase (0.5ug) was added to

digest the RNA present in each sample.




20

2 ITS Primers

Primers and PCR amplification

A range of PCR primers were utilised to design the more specific ITS primers
for Triplectides. These included primers designed by Schlotterer et al. (1994);
(5249 and CS250, those recommended by Karl Kjer of Rutgers University, New
Jersey (pers. comm); F-185-3" and R-285-5’, and the universal primers designed
by Hillis and Dixon (1991); 18d and 28z. The DNA sequence of each of these
primers is shown in table 2.2. Primers designed in this study are shown in table
2.3. The relative position and orientation of all primers are shown in relation to

the spacers and adjacent gene-coding regions on a primer map (figure 2.1).

Name Oligonucleotide sequence
F-185-3' 5-CAG TAA GTG CGG GTC ATA AGC-3’
R-285-5 5-CCT TAG ATG GAG TTT ACC ACC-%

CS249 (185) | 5'-TCG TAA CAA GGT TTC CG-3’

CS250 (285) | 5-GTIT GGT TTC TTT TCC TC-3"

18d 5-CAC ACC GCC CGT CGC TACTAC CGA TTG-3
28z 5-AGA CTC CTT GGT CCG TGT TTC AAG AC-3’

Table 2.2 PCR primers used in the preliminary design of ITS-specific primers.

Name Oligonucleotide sequence

FITS-1_18S 5-TCC GAC GCG TCG GAA AGT TTG ACC G-3’
RITS-1.5.85 | 5-CGC AAT GTG CGT TCG AAA TGT C-3'
FITS-2_5.85 | 5-GTG GGT CGA TGA AGA ACG CAGC-3
RITS-2_28S 5’-CCT CAC GGT ACT TGT TCG CTA TCG G-&
RITS-2 core |5-CCGTTIT CGC TCG CCG CTA CTC G-3/

Table 2.3 ITS-specific PCR primers designed for Triplectides.
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Polymerase chain reaction (PCR) amplification of double-stranded DNA was
performed, with slight modification to Kocher et al. (1989), in 25ul volumes
containing 67mM Tris (pH 8.8), 1.5mM MgCl, 16.6mM (NH,),SO,, 10mM B-
mercaptoethanol, 0.25ul glycerol, each dNTP at 200uM, each primer at 0.6uM,
~5ng genomic DNA, and 0.5 units of AmpliTag® DNA polymerase (Perkin-
Elmer, Branchburg, NJ). The typical thermocycling profile consisted of an initial
denaturation cycle at 94°C for 2 min, followed by 30 cycles at 94°C for 1 min,

67°C for 1 min, and 72°C for 2 min, then a final extension at 72°C for 4 min.

These conditions were modified for the ITS-specific primers. Reaction volumes
were reduced to 10ul and changes were made to the following: glycerol (0.1ul),
AmpliTag® DNA polymerase (0.25 units), and each primer (0.5uM). The
thermocycling conditions were one cycle at 94°C for 2 min, followed by 20-25
cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min, then one cycle at

72°C for 4 min.

Purification of amplified DNA

Double-stranded PCR products were purified prior to DNA sequencing using a
QIAquick™ PCR purification kit (QIAGEN, Hilden, Germany) according to the
manufacturers instructions. The DNA was eluted into 20-30ul EB buffer (10mM
TrisCl, pH 8.5) and quantified visually using ethidium bromide fluorescence.
For each sample 2ul of purified PCR product was mixed with 2ul of a 6X
loading buffer containing bromophenol blue (10% w/v bromophenol blue, 15%
w/v Ficoll, 1 X TA buffer). Samples were electrophoresed on 1-2% agarose gel
containing ethidium bromide (5ug) in a minigel chamber (Horizon®58
GibcoBRL, Gaithersburg, MD) with 1X TA buffer (10mM Tris, 11.4mM acetic
acid). DNA standards (1 Kb plus DNA ladder and A Hind III fragments;
GibcoBRL) were run alongside the samples for sizing and/or quantifying the

DNA. UV trans-illuminated products were photographed using polaroid film
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or printed using a gel documentation system (Insta Doc™ System, Bio-Rad,

Hercules, CA).

Cloning PCR products

PCR products were purified and cloned using the pGEM®-T vector system
(Promega, Madison, WI) according to the manufacturers instructions. PCR
products were ligated overnight at room temperature (10-12°C) in 10ul volumes
containing T4 DNA ligase (3 units), 10X T4 DNA ligase buffer (GibcoBRL),
50ng pGEM®-T vector, 20-30ng PCR product, and dH.O.

Competent E. coli ]M109 cells (Promega) were transformed with the ligated
DNA. Two microlitres of each ligation reaction was transferred to a sterile 1.5ml
Eppendorf tube and placed on ice. 50ul of competent cells were added and left
on ice for 20 min. This mixture was heat shocked in a water bath at 42°C for 50
seconds and returned to ice for 2 min. 950ul of LB broth (percentages are w/v:
1% peptone, 1% NaCl, 0.5% yeast extract, pH brought to 7.2 with NaOH, then
autoclaved) was added and each tube incubated at 37°C for 1.5 hours with
gentle shaking. The cells were pelleted by centrifugation at 5000 rpm for 5 min.
850ul of the supernatant was discarded and the cells resuspended in the
remaining 100ul. The cells were spread onto agar plates (percentages are w/v:
1% peptone, 1% NaCl, 0.5% yeast extract, 2.2% Davis agar) containing
ampicillin (100pg/ml), BCIG (20ug/ml) and IPTG (0.4ug/ml) and were grown

overnight at 37°C.

Recombinant white colonies were screened by PCR amplification with the
primers 18d and 28z to determine the presence and size of the DNA. A small
sample from each colony was added to a sterile Eppendorf tube containing 20ul
dH,O. Samples were boiled at 94°C for 5 min, then cooled on ice before

centrifugation at 2,500 g for 2 min. Two microlitres of this crude plasmid
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extraction was then amplified as outlined above in ‘primers and PCR
amplification’. The PCR products were then size fractionated in 2% agarose

gels.

Plasmid DNA preparation

Positive colonies with the correct insert size (~2100 bp) were grown overnight
at 37°C in 2ml LB broth containing ampicillin (100ug/ml). DNA was extracted
using the QIAprep miniprep kit (QIAGEN) as instructed by the manufacturers.
DNA was eluted in 100ul EB buffer (10mM TrisCl, pH 8.5) and stored at -20°C.

Cycle sequencing and purification of extension products

All ABI PRISM® cycle sequencing reactions were carried out in 10ul volumes
containing; 4ul BigDye™ termination mix (Perkin-Elmer), 3.2ul of either a
forward or reverse primer (10uM/ul), and 2.8ul amplified DNA (20-60ng)
overlaid with a drop of mineral oil. In all reactions a Hybaid Omn-E (Hybaid
Ltd, Middlesex, UK) thermal cycler was used. The thermocycling conditions
consisted of an initial 10 min pre-heating step then 25 cycles at 96°C for 10
seconds, 50°C for 5 seconds, and 60°C for 4 min. The extension products were
purified by ethanol precipitation. Each sample (minus the oil) was placed into a
new Eppendorf tube containing 25ul of chilled 100% ethanol and 1ul of 3M
Sodium Acetate (pH 4.6). These were incubated on ice for 5 min then
centrifuged at 15,500 g for 10 min to pellet the DNA. The ethanol was carefully
removed with a fine pipette tip then 250ul of 70% ethanol was added and the
sample centrifuged again at 15,500 g for 1 min. The ethanol was removed and
the pellet was dried under vacuum for 5 min before finally being stored at

-20°C.
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Sequencing of DNA template

An ABI 377 (Perkin-Elmer) automated DNA sequencing system (MuSeq DNA
sequencing facility, Massey University) was used to sequence PCR amplified
and cloned rDNA products. Either both strands of the rDNA (forward and

reverse) or two replicates of one strand were sequenced from each sample.

Computer programs

OLIGO 4.0-s and Amplify 1.2 (Madison, WI) were used as aids to design the
primers. The rDNA sequence data was edited and/or aligned using EditView
1.1.1 (Perkin-Elmer), Amplify 1.2 (Madison, WI), PAUP 3.1.1, CLUSTAL W(1.4)
(Higgins & Sharp, 1988), and MacClade 3.06 (Maddison & Maddison, 1992).

2.3 Results

Primer design in conserved rDNA regions

Both the Schlotterer et al. (1994) and Kjer primers consistently produced
multiple PCR products despite trying a range of PCR conditions. However, the
universal primers 18d and 28z designed by Hillis and Dixon (1991) worked
better, yielding single amplification products that were easily sequenced.
Sequences of the 185 and 28S gene-coding regions were obtained by direct
sequencing of PCR products from T. obsoleta, T. dolichos, Triplectidina mosleyi and
Heliothis armigera. Unfortunately, no sequences could be obtained from T.
cephalotes, nor a 28S sequence from H. armigera. Figure 2.2 shows the amplified
rDNA fragments from these species. Eight clones from a single individual T.
obsoleta were also sequenced, using the 18d and 28z primers to yield rDNA
sequence from 18S, ITS-1 and 5.8S. Figure 2.3 shows the eight T. obsoleta clones
that were successfully ligated into the pGEM®-T vector.

The homology of these sequences was tested via a BLAST search on the

GenBank database. The sequences were shown to be very similar to rDNA
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_: -4 - 2100 bp

Figure 2.2 PCR amplified rDNA fragments of Triplectides obsoleta, T. dolichos,
Triplectidina mosleyi and Heliothis armigera. Primers 18d and 28z (Hillis &
Dixon, 1991) were used to amplify these fragments.
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605-3 i

Figure 2.3 PCR amplified inserts of the cloned Triplectides obsoleta individual
(F10PN). The eight clones are labelled F1 to F8. Primers18d and 28z (Hillis &

Dixon, 1991) were used to amplify inserts.
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sequences from several related insect taxa. GenBank sequences from the
following taxa were used as outgroups to determine the identity of the
sequenced PCR products as rDNA (accession nos. are given in brackets):
Hydropsyche sp. (X89483), Aedes aegypti (M95126), Drosophila melanogaster
(M21017), Chironomus tentans (X99212), Sciara coprophila (V01340), Musca
domestica (Z28417), Anopheles albimanus (L78065), Bombyx mori (X01527) and
Vespa crabro (S76777).

[TS-specific primers were designed in conserved regions within the rRNA
genes at least 70 bp from the 5 and 3’ end of a spacer. The exact positions of the
gene-coding regions, including the internal 28S structures (core and expansion
segments), were determined by comparison to the secondary structure of rRNA
from D. melanogaster (Hancock et al., 1988). Multiple alignments of the rDNA
gene-coding regions and exact ITS-specific primer positions are shown in tables
2.4, 2.5 and 2.6 for 18S, 5.85 and 28S rDNA respectively. The priming site for
the R-285-5" primer was located in the 28S core sequence data and showed no
mismatches. ‘The primer (RITS-2_28S) was designed further downstream from

this to incorporate more of the core region.

Further 28S sequence was obtained using the newly designed FITS-2_5.8S and
RITS-2_28S ITS-2 primers (see figure 2.1). This sequence data was obtained from
the caddisflies O. fimbriata, H. spatulata and the cloned T. obsoleta, and aligned to
the flies A. albimanus, C. tentans and D. melanogaster. The multiple alignment of
these sequences is shown in table 2.7. The priming site for the CS250 (285)
primer was located in the 28S core sequence data and showed one mismatch
(see table 2.7). A PCR simulation using Amplify 1.2 showed this primer bound
with low efficiency (64%) to T. obsoleta 28S. Therefore a new primer (RITS-
2_core) was designed in this region to pair with FITS-2_5.8S. These primers
efficiently amplified a smaller ITS-2 product which was sequenced in both

directions.
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T. obsoleta
T. dolichos
T. mosleyi

Hydropsyche
H. armigera
A. aegypti

D.

T. obsoleta
T. dolichos
T. mosleyi

Hydropsyche
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A. aegypti

D.
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A. aegypti

D. melanogaster
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Table 2.4 Multiple alignment of a partial 185 sequence (5" to 3°) of T. obsoleta, T.

dolichos, T. mosleyi and H. armigera to GenBank published sequences of a

caddisfly, Hydropsyche sp., and the flies A. aegypti and D. melanogaster. Position

173 denotes the 3’ end of 18S and the beginning of ITS-1. The forward primer

used to amplify this region (18d) is underlined at position 1 to 27 and the

primer designed in this region (FITS-1_18S) is underlined between positions 79

and 103. Matching characters = (.), missing characters = (?) and gaps = (-). See

figure 2.1 for the sequence position within a rDNA repeat unit.




30

2 ITS Primers

T
B.
A.
c.

M.
D.

A.

S.
M.

obsoleta
mori
aegypti
tentans
coprophila
domestica

melanogaster

obsoleta
mori
aegypti
tentans
coprophila
domestica

melanogaster

obscleta
mori
aegypti
tentans
coprophila
domestica

melancgaster T.......

L 28 50
TACCCTGAAC GGCGGATCAC TCGGCTCGTG GGTCGATGAA GAACGCAGCT
asanewe@as o sTadiee sv R eeev e veei s et e esacssnsaT,
Accace BEG, A4 Geieiosin s 2 habie et s iy L . COp -
AoveesBGis Bolrnsroeve Tovens Beo ovsesvenem vt S b A
Binin sim BalSe & oo winms o S R TR eNIAT W) e al AW RN A
CloaTosBheBa o oToveo= e wn e v Raw cvaass wo s cieTH WL W A
Biana T cAGE s aTasessias wieas eee Biore: reeeia s s ey SR A
5l 94 100
AAATGCGCGT CAGAGTGTGA ACTGCAGGAC ACA--TGAGC ATCGACATTT
SR o SC ST T ] L e s o wm Tl aadhe wiemse s waee
L R T - L S R R oT NANS R RAIIG,_ o Oguns.s . S o e CG.
T o PO OO e v | e m s ene==esaTe eeTesweaGa
S SR S 117 7 {7 (R enes arse~"sesBe seToasasaa
e Rt ae.  aredlie e RReTeaeTe B ~leia Wi aadhe Caie watale i ae
eaCeeTaces ¢aTCovians sovensans o wme =T madha Aie wieasie vele
101 115 125
CGAACGCACA TTGCGGTCCG AGCAA
swssavenes sensenases Lol
TowswassTe seeACAT.. TA.T.
Powwaawn il sefloiroes Piede
TevevusiTe avivene ot TATE
Tececsss Te sCosdiis sul T TG

.C..A....A T..TG

Table 2.5 Multiple alignment of the complete 5.85 sequence (5" to 3’) of T.

obsoleta to GenBank published sequences of the silkworm moth, B. mori and the

flies; A. aegypti, C. tentans, S. coprophila, M. domestica and D. melanogaster.

Primers designed in this region are underlined. Primer FITS-2_5.8S lies between

positions 28 and 49. Primer RITS-1_5.8S lies between positions 94 and 115.

Matching characters = (.), missing characters = (?) and gaps = (-). See figure 2.1

for the sequence position within a rDNA repeat unit.
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Table 2.6 Multiple alignment of the 28S core region between D1 and D2

expansion segments (5" to 3’) for T. obsoleta, T. dolichos and T. mosleyi to

GenBank published sequences of the flies A. albimanus, C. tentans and D.

melanogaster and the European hornet, V. crabro. The reverse primer 28z was

used to amplify this region. Primer R-285-5" is underlined between positions 34

and 55 and the primer designed in this region, RITS-2_28S, is underlined

between positions 74 and 98. Matching characters = (.) and gaps = (-). See figure

2.1 for the sequence position within a rDNA repeat unit.
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Table 2.7 Multiple alignment of the 28S core region between ITS-2 and the D1

expansion segment (5" to 3") for T. obsoleta, O. fimbriata and H. spatulata to

GenBank published sequences of the flies A. albimanus, C. tentans and D.

melanogaster. The reverse primer RITS-2_28S was used to amplify this region.

Primer CS250 (28S) is underlined between positions 60 and 76 and the primer

designed in this region, RITS-2_core, is underlined between positions 87 and

108. The asterix * at position 73 denotes a primer mismatch. Matching

characters = (.) and gaps = (-). See figure 2.1 for the sequence position within a

rDNA repeat unit.
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ITS products

Initial analysis of the PCR products showed very little variation in length across
the ITS-1 and ITS-2 regions for a range of Leptocerid species (six Triplectinae;
five Triplectides and Triplectidina mosleyi, and one Leptocerinae: Oecetis unicolor).
The amplified ITS-1 and ITS-2 fragments are shown in Figure 2.4 and 2.5
respectively. Several of these samples were later cloned and sequenced to
determine the homology of these as ITS fragments (data presented in chapter 3).
No significant length variation was found among individuals from the
Triplectinae in either spacer. By comparison, O. unicolor from the subfamily
Leptocerinae has significantly shorter ITS spacers. Adjusting for portions of
flanking 18S, 5.85 and 28S sequences, the estimated length of the respective ITS-
1 and ITS-2 regions in the Triplectinae is ~440 bp and ~400 bp, and in O.
unicolor; ~200 bp and ~200 bp.

The specificity of the ITS primers was tested by applying them to a wide
taxonomic range of trichopteran species. The PCR protocol for the primer pair
FITS-1_18S and RITS-1_5.8S transferred well to other caddisflies and ITS-1
fragments were amplified from all. This was not the case for the primer pair
FITS-2_5.8S and RITS-2_core. ITS-2 fragments were able to be amplified in three
species outside the superfamily to which T. obsoleta belongs, though time
constraints prevented further optimization. No ITS-1 products were able to be
amplified in the moth H. armigera but multiple products were obtained using
the ITS-2 primers. Amplified ITS-1 and ITS-2 fragments for these taxa are

shown in figure 2.6 and 2.7 respectively.

ITS products from H. spatulata and O. fimbriata were sequenced directly to
determine their homology. These were found to have ~100% sequence identity
to the flanking gene-coding regions (results not shown). Adjusting for portions

of flanking 18S, 5.8S and 28S sequences, the estimated length of ITS-1 varied
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Figure 2.4 PCR amplified ITS-1 fragments of Triplectides obsoleta, T. dolichos,
T. cephalotes, T. simils, T, australis, Triplectidina mosleyi and Oecetis unicolor.

Primers FITS-1_18S and RITS-1_5.8S were used to amplify these fragments.
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<4 ~ 600 bp
-4 ~ 400 bp

Figure 2.5 PCR amplified ITS-2 fragments of Triplectides obsoleta, T. dolichos,
T. cephalotes, T. simils, T, australis, Triplectidina mosleyi and Oecetis unicolor.

Primers FITS-2_5.8S and RITS-2_core were used to amplify these fragments.
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Figure 2.6 PCR amplified ITS-1 fragments of nine trichopteran species (see
table 2.1 for taxonomic placement). Primers FITS-1_18S and RITS-1_5.8S were

used to amplify these fragments.



37

2 ITS Primers

650 bp B>

s
_——
i
"

Figure 2.7 PCR amplified ITS-2 fragments of four trichopteran species includ-
ing multiple products from the silkworm moth, Heliothis armigera. Primers

FITS-2_5.8S and RITS-2_core were used to amplify these fragments.
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between ~250 bp and ~500 bp and between ~350 bp and ~450 bp in ITS-2 in

this trichopteran sample.

Analysis of ITS-1 and ITS-2 in T. obsoleta: a pilot study

Complete ITS-1 and ITS-2 sequence data were obtained from eight clones of an
individual T. obsoleta. Two clones were sequenced from each of four
independent PCR reactions (parallel samples). F1 and F2 clones were from one
PCR reaction, F3 and F4 from another, as were F5 and F6, and F7 and F8. Two
distinct ITS-1 types were found in these clones. Six ITS-1 clones were 395 bp in
length and differed by only three substitutions. The other two (F4 and F7) were
391 bp in length and differed from each other by one substitution. The two ITS-
1 types differed from each other by two substitutions and 14
insertions/deletions (indels). Only one ITS-2 type was found. Each ITS-2 clone
was 451 bp in length and differed at most by two bases. The ITS-1 is AT-rich;
57.5% in the more common ITS-1 type and 58.1% in F4 and F7 clones. The ITS-2
however, is GC-rich with A+T at just 45.9%. A multiple alignment of the eight
ITS-1 clones is shown in table 2.8 and a consensus sequence of ITS-2 (the two

substitutions omitted) is shown in table 2.9.
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Table 2.8 Multiple alignment of the complete ITS-1 sequence (5" to 3") from

eight clones (F1 to F8) of a single T. obsoleta individual. Matching characters = (.)

and gaps = (-).
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Table 2.8 (continued) Multiple alignment of the complete ITS-1 sequence (5" to

3’) from eight clones (F1 to F8) of a single T. obsoleta individual. Matching

characters = (.) and gaps = (-).
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Table 2.9 Complete consensus sequence of ITS-2 (5" to 3’) from eight clones of a
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2.4 Discussion

Determining homology

The Trichoptera together with their sister order Lepidoptera (butterflies and
moths) form the Amph‘iesmenoptera (Hennig, 1981). Recent phylogenetic
reconstructions using 185 rDNA sequences support this relationship and
suggest that the Diptera (tlies) are their closest relatives (Pashley et al., 1993).
BLAST searches on the GenBank database of sequenced caddisfly PCR products
vielded high sequence identity to rDNA from members of these orders.
Therefore, dipteran and lepidopteran taxa were used as outgroups to design the
[TS-specific primers. These primers were designed to amplify a minimum of 70
bp of the conserved gene-coding regions which flank the spacers. These regions

were subsequently used to identify PCR products as rDNA.

There is greater length variation in the larger rRNA genes (185 and 28S) than
the smaller 5.8S. This length variability results from the presence of regions
known as ‘expansion segments’ that show less sequence similarity between
eukaryotic species than do the ‘core’ segments (Hancock et al., 1988) (see figure
2.1). Two conserved core regions and the flanking expansion regions were
identified in the 285 sequence data (tables 2.6 and 2.7) by comparison to the
rDNA secondary structure analysis of D. melanogaster (Tautz et al., 1988;
Hancock et al., 1988). Expansion segments of the 28S (e.g., D1, D2 and D3) have
been shown to diverge more rapidly between species than core segments
(Hancock et al., 1988). Therefore two 285 ITS-specific primers were designed to
the conserved core sequence with the hope that these primers may be applied to

other caddisflies.

The 28S primers (R-285-5", CS250 and 28z) used in the preliminary work were
designed to core segments. Primer CS250 (28S) is located in the core between

the 3’ end of ITS-2 and the D1 expansion segment, primer R-285-5" is located
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between expansion segments D1 and D2, and primer 28z between expansion
segments D2 and D3. Although designed in conserved regions,
primer/template mismatches may have accounted for the failure of the
Schlotterer et al. (1994) and Kjer primer pairs to produce a single PCR product.
The reduction in the stability of primer/template pairing caused by a single
mismatch in primer CS250 (28S) may have caused primer failure (see table 2.6).
For both CS250 and R-285-5', priming failure may have occurred in the 18S
region. These primers lie outside the region amplified with primer 18d, as
verified by comparison to published sequences of D. melanogaster (Tautz et al.,
1988) and the mosquito A. aegypti (Wesson et al., 1992). Therefore a mismatch in

this region could not be determined from the caddisfly sequence data.

Length variation in ITS-1 and ITS-2

No significant within-species length polymorphisms were found in the ITS of
seven Drosophila species (Schlotterer et al., 1994). Although the length of the IGS
varies both within and between Drosophila species, within each species the ITS
length appears invariant (Coen et al., 1982b). Drosophila have been the subject of
many classic rDNA studies, recent findings however, demonstrate the presence
of intra-specific ITS length polymorphism in other insects. A 52 bp ITS-1 length
polymorphism has been found in the black fly Simulum damnosum (Tang et al.,
1994). ITS-1 length varies between 419 and 426 bp, and the ITS-2, between 190
and 201 bp in the mosquito A. aegypti (Wesson et al., 1992). Estimates from
multiple individuals of seven Triplectinae species suggests they share similar
ITS lengths, though it is necessary to sequence individual clones to determine if

any minor length polymorphisms exist (see chapter 3).

The range of ITS length variation in Trichoptera is comparable to that of other
insect taxa. In the genus Drosophila ITS-1 ranges between 529 and 851 bp in
length and ITS-2, between 353 and 410 bp (Schlotterer et al., 1994). In the
mosquito genus Culex ITS-1 ranges between 184 and 572 bp and the ITS-2,
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between 204 and 333 bp (Miller et al., 1996). Both ITS of O. unicolor are shorter
than those of the other trichopterans surveyed but its estimated length is also

within the range found in Drosophila and Culex.

Molecular taxonomy

Many insects (including caddisflies) are morphologically indistinguishable from
congeners at one or more stages of their life cycle. This taxonomic problem is
often exasperated by the lack of identification keys to identify eggs or early
instars (Hiss et al., 1994). However, by comparing molecular characters in
unknown larvae against known adults, species assignments often can be made
(Avise, 1994). This can be particularly useful in cases where knowledge of a
species presence or absence in a locality is required as is the case with caddisfly
larvae which are used as bio-indicators to monitor levels of freshwater
pollutants. The ITS-specific primers designed in this work, coupled with a rapid
screening technique (e.g., RFLP or SSCP) may provide an effective method for

the identification of caddisfly larvae.

ITS-1 and ITS-2 of T. obsoleta

There have been a few recent reports of intraspecific polymorphisms in the ITS
which warn against the assumption that these spacers are homogenized (Rich et
al., 1997; Miller et al., 1996; Tang et al., 1996; Volger & DeSalle, 1994; Wesson et
al., 1992). Two ITS-1 types were present in the eight clones of an individual T.
obsoleta. This heterogeneity consisted mainly of indels (14 out of 16 variable
sites), with only two differences due to substitutional point mutations. Length
variation was minor among the clones (391-395 bp). These differences amount
to 4% of the sites in the ITS-1 alignment. The minor substitutional differences
between some clones may have been Tag polymerase errors, or perhaps plasmid
replication errors. This appears to be the case by comparison between parallel
samples. The sequence differences that delimit the two ITS-1 types are likely to

be genuine because they were isolated from different PCR replicates.
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The presence of only one ITS-2 type suggests that this spacer may be more
homogenized within the individual and perhaps within the species. No length
variation was found in ITS-2, nor were there as many compositional differences
as in ITS-1. The heterogeneity found in ITS-1 presents itself as an opportunity
for further study. Intraspecific polymorphism in the ITS-1 of T. obsoleta may be
found to be greater if more individuals are sampled and if more ITS-1 copies
are isolated from individuals. A study into the nature of the variation in ITS-1
may determine whether this heterogeneity affects its usefulness as a genetic

marker for population studies.
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Variation in the rDNA ITS-1 of Two Caddisflies

3.1 Introduction

Genetic markers and genetic dissection

Griffiths et al. (1993) described the use of two widely successful techniques in
the field of genetics. The first is ‘genetic dissection’; the genetic analysis of
variants to identify a particular gene that is important for a biological process
(e.g., organismic development). The second is the use of specific genes or
nucleotide sequences as ‘markers’. A genetic marker is a variant allele that is
used to label a biological structure or process throughout the course of an
experiment (Griffiths et al., 1993). The latter technique is applied here, using
ITS-1 to ‘label’ coevolutionary processes in the rRNA gene family of two

caddisflies: Triplectides obsoleta and T. dolichos.

Concerted evolution and molecular drive

ITS-1 undergoes concerted evolution (Dover, 1982) such that individual copies
in a gene family do not evolve independently, but interact through non-
Mendelian DNA transfer, during replication and recombination. Molecular
drive is the cohesive process by which mutations are able to spread through a
gene family (homogenization) and through a population (fixation) as a
consequence of these interactions within and between chromosomes (Dover,
1986). The ‘shuffling’” of chromosomes in sexual populations is considered to
occur faster than the rate at which new mutant copies arise in an individual,
during its lifetime. The disparity in rates between genomic turnover (in an

individual), and recombination through sexual reproduction ensures that the
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genetic cohesion of a population is maintained throughout a period of change
under molecular drive (Dover, 1982). The utility of ITS-1 as a population genetic
marker is dependent on whether this ‘genetic cohesion” partitions sequence

variation predominantly within interbreeding populations.

Paralogy and orthology

The homology of ITS-1 copies is complicated because they arise by gene
duplication. The multiple copies are termed paralogues; homologues that
reflect gene history rather than organismal genealogy (Fitch, 1970). If they
undergo independent evolution, phylogenetic analysis would infer the history
of these duplication events. However, through concerted evolution they behave
like orthologous sequences (formed by speciation); they show little divergence
within species, but evolve rapidly between species (Hillis, 1994). Paralogous
copies that are homogenized (identical) within a taxon can be used to infer
phylogenetic relationships of taxa without fear of reconstructing gene
duplication events. In a simulation, Sanderson and Doyle (1992) found that at
either very low or very high levels of homogenization, the correct organismal
tree can be inferred from multigene family data; only intermediate levels cause

confusion.

Phylogenetic and population studies

Both spacers (ITS-1 and ITS-2) have been shown to be appropriate for
investigating relationships at or below the genus level, for a wide range of taxa
(e.g., Lee & Taylor, 1992; Wesson et al., 1992; Ritland et al., 1993). Coleman and
Mai (1997) discuss the value of these spacers as guides in searching for closely
related organisms and contaminants by comparison to published DNA
sequences. Several recent studies (Odorico & Miller, 1997; Quijada et al., 1997)
demonstrate their usefulness in tracing hybridization events and reticulate
evolution. ITS sequence variation has also been used to determine relationships

among conspecific populations (Fritz et al., 1994; McLain et al., 1995).
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However, there are a growing number of studies (Kuperus & Chapco, 1994;
Miller et al., 1996; Tang et al., 1996) that have faced difficulties in using ITS
because of heterogeneity among isolated (cloned) copies. Miller et al. (1996)
used ITS to produce a phylogeny for the Culex pipiens complex of mosquitoes
where ITS variation indicated polyphyly among taxa traditionally considered to
be monophyletic. Volger and DeSalle (1994) found that phylogenetic resolution
of ITS-1 in the tiger beetle Cicindela dorsalis was low, and that variation within
individuals was almost as high as variation within entire regional lineages.
Williams et al. (1988) considered the assumption that high levels of intra-
specific sequence homogeneity are a ‘universal’ feature of the rRNA gene
family, to be overstated. Low levels of homogenization may obscure
phylogenetic resolution among the units of a study. Indeed, if variability exists
among the paralogous copies, these cannot serve as markers of lineage, unless it
can be determined that the variation is distributed in a population-specific

(diagnostic) manner (Rich et al., 1997).

Sampling problems

Certain problems apply to the practicalities of sampling a gene family, apart
from the primary assumption that the intended product has been amplified (see
chapter 2). PCR primers designed to hybridise with a number of different
though very similar genes, runs the very high risk of producing recombinant
artefacts (Zylstra et al., 1998). These are produced when partially extended
DNA from one primer attachment, attaches at a second site during a
| subsequent extension cycle (Hillis et al., 1996). Zylstra et al. (1998) suggest that
using the minimum numbe;—of_ cycles required to obtain a clonable product
| virtually eliminates recombination. The DNA extraction process produces
linear DNA fragments that can be nicked in the region intended for
amplification. These also produce recombinants though the problem is reduced

by extracting high molecular weight DNA and amplifying smaller fragments.
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Using primers designed to hybridise to multiple targets also raises the problem
of PCR drift; a sampling bias where presumptive random events during early
PCR cycles leads to preferential amplification of certain members of a gene
family. The bias is not repeatable, that is, separate PCR experiments in general
do not produce biases towards the same member of the gene family (Wagner et
al., 1994). Running parallel PCR reactions for each sample will reduce the
possibility of such an amplification bias. In addition, the accuracy of a particular
gene sequence is guaranteed by re-isolation of the identical sequence from an

independent amplification (Zylstra et al., 1998).

A study into the nature of variation in ITS-1

For a genetic marker to be employed routinely, reasonable steps must be taken
to assure that variability within the units of study is not extensive (Rich et al.,
1997). In this study, intragenomic variability was assayed to determine whether
ITS-1 variation is distributed in a population-specific manner for two closely
related caddisflies; Triplectides obsoleta and T. dolichos. Intra-specific variation
was assayed by sampling among geographic populations and within
individuals. However, this is neither a population nor phylogenetic study.
These sampling levels were treated as integral parts of an hierarchical study

into the ‘nature of the variation” in a non-coding spacer region; [TS-1.

3.2 Materials and Methods

Samples

Adult caddisflies were collected using a UV light trap (see chapter 2). 12
Triplectides obsoleta and 5 T. dolichos were assayed for ITS-1 variation from
several locations in both the North and South Islands of New Zealand. The
likelihood of sampling from genetically isolated populations was maximised by
sampling from locations that covered the full geographic range of New

Zealand. Collection localities and individual codes (subsequently referred to in
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the text) are shown figure 3.1. ITS-1 nucleotide sequence data were also isolated

from a single individual of T. cephalotes.

DNA extraction
High molecular weight genomic DNA (~20 kb) was isolated from caddisflies
preserved in 70% ethanol (see chapter 2). An example of the products of several

DNA extractions is shown in figure 3.2.

PCR amplification

The ITS-specific primers FITS-1_18S (5'-TCC GAC GCG TCG GAA AGT TTG
ACC G-3’) and RITS-1_5.85 (5'-CGC AAT GTG CGT TCG AAA TGT C-3) (see
chapter 2) were used to amplify ITS-1 for cloning, SSCP analysis, and DNA
sequencing. Standard M13 forward and reverse primers were used to screen for
cloned inserts. PCR amplification of double-stranded DNA was performed,
with slight modification from Kocher et al. (1989) in 10ul volumes containing
67mM Tris (pH 88), 1.5mM MgCl, 16.6 mM (NH)SO, 10mM B-
mercaptoethanol, 0.1ul glycerol, each dNTP at 200uM, each primer at 0.5uM,
~5ng genomic DNA, and 0.25 units of AmpliTag® DNA polymerase (Perkin-
Elmer). The thermocycling conditions for cloned products were one cycle at
94°C for 2 min, followed by 16-18 cycles at 94°C for 1 min, 60°C for 1 min, and
72°C for 2 min (increased to 30 cycles for colony screening with M13 primers),

then one cycle at 72°C for 4 min.

ITS-1 fragments for each individual were amplified in four parallel PCR
reactions. Reactions were allowed to proceed for 16-18 cycles in order to reduce
the likelihood of recombination amongst PCR products. Products from each

PCR reaction were cloned and then used for SSCP and sequencing analysis.
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T. obsoleta

AAA

M10OAK North Island

FIOAK

F20AK T. dolichos
M10ORR MI1DEr
M20ORR M2DEr
F10RR M3DEr

M1DRR

F10PN
F20PN
F30PN

M10CH

M1DFD
M20CH . ‘A/
F1OCH e

South Island

Figure 3.1 A map of New Zealand showing the origin of T. obsoleta and T. doli-
chos samples (closed and open arrows respectively). Individual codes lie below
caddisfly figures. The prefix 'M' and 'F' denote male and female individuals.
Collection sites are denoted by a two letter suffix. 'AK' = Auckland, 'RR' =
Ruahine Ranges, 'Er' = Erua, 'PN' = Palmerston North, (North Island
locations), 'CH' = Christchurch, and 'FD' = Fiordland (South Island locations).
The one T. cephalotes sample (F1ICRR) is not shown.
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Figure 3.2 A 1% agarose gel showing an example of the average molecular

weight (~20 Kb) of six genomic DNA extractions. Higher molecular weight

DNA is present in the wells (zone of limited mobility).
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Purification of amplified DNA
Before purification, 1ul of each PCR product was checked for size and DNA
concentration by electrophoresis on 2% agarose gel along with a DNA standard

size marker (1 Kb plus, GibcoBRL). The remainder of the PCR product was

purified using PCI (25:24:1) and Sephacryl® S-400 HR (Pharmacia Biotech, |
Uppsala, Sweden). The PCR product, minus the overlying oil, was placed into a
sterile Eppendorf tube with an equal volume of PCI. Samples were then
centrifuged at 15,500 g for 1 min. The aqueous phase was added to a column
containing sephacryl. These columns were made by putting a small pipette tip
through an incision made into the top of a 1.5ml Eppendorf tube. A siliconised
glass bead and 200ul of sephacryl was added to the column and then this was
centrifuged at 2,500 g for 2 min to remove the water. PCR samples were
centrifuged through the column at 2,500 g for 2 min and the purified DNA was
placed into a new tube. Aliquots from each sample were electrophoresed in 1%

agarose with A Hind III fragments to check DNA recovery.

Cloning
PCR products were made blunt ended by treatment with T4 DNA polymerase I

(GibcoBRL). Reactions were carried out in 10ul volumes containing 1 X T4 DNA
ligase buffer (GibcoBRL), each dNTP at 200uM, 1 unit T4 polynucleotide Kinase
(GibcoBRL), 0.5 units T4 DNA polymerase I, and purified PCR product
(between 5-40ng). Reactions were incubated at 37°C for 20 min, then inactivated
at 70°C for 5 min in a heating block. Ligations were carried out in the same
tubes by increasing the volume to 15ul with the addition of 1 X T4 DNA ligase
buffer, 0.5 units T4 DNA ligase (GibcoBRL), and 50ng of pUC18 Sma I
(Pharmacia Biotech). Ligation were carried out overnight at room temperature

(10-12°C).
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Five microlitres of each ligation reaction was used for the transformation of
competent E. coli cells and the remainder was stored at 4°C. The DH5« strain of
E. coli was made competent according to the method of Chung et al. (1989). E.
coli cells were grown in LB broth (see chapter 2) to mid-exponential phase
(OD,,, 0.5-0.8) and harvested by centrifugation at 1,000 g for 5 min. The pellet
was gently resuspended in 1ml of ice-cold transformation and storage solution
(TSS; LB broth with 10% polyethyleneglycol (PEG) 6000) and 70ul dimethyl-
sulphoxide (DMSO). A 100ul aliquot of cells was added to 5ul of ligation
reaction then mixed and the solution incubated on ice for 30 min. Cells were
heat shocked at 42°C for 1 min before the addition of 900ul of LB broth. Cells
were then grown at 37°C with agitation for 40 min to allow expression of the
antibiotic resistance gene. Cells were centrifuged at 1,000 g for 1 min and 900ul
of the supernatant was removed. After mixing, 100ul of the cell suspension was

then spread onto agar plates (see chapter 2) and incubated overnight at 37°C.

Colony screening

Recombinant white colonies were screened by PCR amplification using
standard M13 forward and reverse primers. Figure 3.3 shows an example of
positive (insert size ~800 bp) and negative colonies (<800 bp). For each
caddisfly, cells from 12 positive colonies (three from each initial PCR reaction)
were streaked out onto new agar plates (see chapter 2) containing ampicillin
(100pg/ml) and were grown overnight at 37°C. Crude plasmid extractions (see
chapter 2) were made from these new colonies. The primers FITS-1_18S and
RITS-1_5.8S were used to check for cloned ITS-1 inserts. The PCR products were
electrophoresed on 2% agarose gel to confirm amplification and then analysed

for sequence variation by SSCP analysis.
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Figure 3.3 A 2% agarose gel showing an example of colony screening using
PCR. Standard M13 primers were used to amplify across the pUC18 multiple
cloning site (MCS). Clones with positive inserts are ~800 bp, those without are

~140 bp or of intermediate size.
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Restriction enzyme digestion of PCR amplified ITS-1 clones

PCR-amplified ITS-1 clones were cleaved with restriction endonucleases (RE’s)
to circumvent having to analyse short PCR fragments in SSCP gels (Lee et al.,
1992). All T. obsoleta ITS-1 clones were cleaved with Hae I_II. Clones from the T.
dolichos individuals M1DFD and M1DRR were cleaved with Hinf . However,
some clones from MI1DRR lacked this restriction site and Dde I was used
thereafter for all other T. dolichos clones. Reaction buffer (1 X REact2) was used
with Dde I digestions, but was not necessary for Hae III and Hinf I. PCR-
amplified clones were digested with 1 unit of RE and incubated at 37°C for 1.5
h (all reagents from Boehringer Mannheim, Germany). Hae III digestion of all T.
obsoleta yielded two fragments approximately 400 bp and 220 bp in length. Hinf
[ digestion of T. dolichos yielded two fragments approximately 440 bp and 200
bp and Dde I, two fragments both approximately 320 bp in length. An example

of typical restriction digests are shown in figure 3.4.

Single-strand conformation polymorphism (SSCP)

For all clones, nonisotopic SSCP analysis (‘cold SSCP’) was conducted on the
restriction digested PCR-amplified ITS-1 fragments following the protocol of
Hongyo et al. (1993), with some modifications. Three microlitres of unpurified
PCR product (~30ng of DNA) were mixed with 21ul of de-ionized formamide
containing 0.05% bromophenol blue. This mixture was denatured for 5 min at
95°C and then chilled on ice before loading on the SSCP gel. 7% polyacrylamide
(37.5: 1 acrylamide to bis-acrylamide, Bio-Rad) TBE gels (17cm x 15cm x 3cm)
containing 2% glycerol, 30pl Temed and 250ul of 10% ammonium persulphate
(APS), were run with 1' X TBE buffer (0.89M Tris, 0.89M Boric acid, 25mM
EDTA) on a vertical electrophoresis system (model V16, GibcoBRL). Gels were
run at constant power (7 W) for 3.5 h in a 4°C cool room. Gels were stained for

20 min with 0.2ug/ml ethidium bromide solution, and destained for 5 min with
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A

undigested DNA
~640 bp p»
~320 bp doublet B

Figure 3.4 Two examples of restriction enzyme digested PCR-amplified ITS-1
clones. Gel 'A" shows the ~320 bp doublet formed by Dde I digestion in two T.
dolichos samples. Gel 'B' shows the two RE fragments formed by Hae III diges-

tion in T. obsoleta samples.
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dH,O. Bands were visualised under UV light and scanned using a gel

documentation system (Insta Doc™ System, Bio-Rad).

Although formamide was used to as a denaturant, its effectiveness varied with
DNA concentration. Hongyo et al. (1993) have shown that methylmercury
hydroxide is a more effective denaturant, but we were unable to obtain this
chemical, therefore large volumes of formamide were used. Figure 3.5 shows
the effect of varying formamide:DNA ratios on the maintenance of denatured
single-strand DNA (DSS). Renatured double-stranded DNA (RDS) was
produced at lower formamide:DNA ratios and is intermediate in mobility

between renatured single-strand DNA (RSS) and DSS (Hiss et al., 1994).

Plasmid DNA extraction and sequencing

A subset of the SSCP screened ITS-1 clones were chosen for plasmid extraction
(those isolated from separate PCR’s) using the QIAprep miniprep kit (QIAGEN)
as instructed by the manufacturers. ITS-1 clones (common and rare ITS-1
variants) were sequenced from two independent PCR amplifications. For each
clone, both forward and reverse strands were sequenced. See chapter two for

DNA sequencing details.

Computer programs

The Repeat and StemLoop programs of the GCG software package (Wisconsin
Genetics Group) were used to identify regions of direct and inverted repeat
DNA >7 bp in length. Sequence data were edited using EditView 1.0.1 (Perkin-
Elmer), Amplify 1.2 (Madison, WI), and PAUP v 3.1.1 (Swofford, 1990).
Sequences were aligned by the method of Higgins and Sharp (1988), using
CLUSTAL W(1.4). Alignments were formatted in MacClade 3.06 (Maddison &
Maddison, 1992) then checked and adjusted manually, if necessary.
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formamide:DNA formamide:DNA
34 6:1
F1 F4 F1 F4
RDS
RDS
RDS

Figure 3.5 An SSCP gel showing the effect of two varying formamide:DNA
ratios on the maintenance of denatured single-strand DNA (DSS). A 3:1 ratio
represents 9ul formamide:3ul DNA (30ng) and a 6:1 ratio represents18ul
formamide:3pul DNA (30ng). At 3:1 some single-strand DNA reanneals to form
renatured double-stranded DNA (RDS). RDS bands are denoted by open
arrows. All other bands are DSS. F1 and F4 represent two T. obsoleta ITS-1 clones
that differ in composition by 14 bp. The approximate size of the DSS Hae III

fragments is shown on the right hand side.
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3.3 Results

SSCP analysis

SSCP analysis was employed as a method to screen intra-individual sequence
variation and formed the basis for a DNA sequencing strategy. Separate SSCP
gels were run for each individual and ITS-1 variation was determined by band
mobility. The 12 clones from each individual were grouped by shared band
mobility and variants were sequenced, if isolated from separate PCR reactions.
All individuals screened, 11 T. obsoleta (132 clones) and 5 T. dolichos (60 clones),
had three to five groups of clones that shared similar band mobility. No
individuals were hor;wg\{eniied fc;;‘ ITS-1 variation, as determined by SSCP

analysis.

SSCP gels were produced for all T. obsoleta and T. dolichos individuals except
F1OPN which was used in the ITS pilot study (see chapter 2). SSCP gel
examples for T. obsoleta and T. dolichos are shown in figures 3.6 and 3.7
respectively. The frequency of ITS-1 variants were recorded from each gel and a
graph was produced for each species, though no comparisons could be made
between gels for these variants. Bar graphs are presented in figures 3.8 and 3.9
(T. obsoleta and T. dolichos respectively) that show the distribution of ITS-1
variants within the 12 clones from each individual. In all cases, a single common
variant was present at five to ten copies and two to four rarer variants at one to
four copies each from the 12 screened. This pattern of the frequency of variants
within individuals was consistent in both species. Assuming that the ITS-1
clones are an unbiased sample of the variation, the common variant may be
present at a level of 42% to 83% in the rRNA gene family, and rarer variants

between 8% to 33%, as estimated from both graphs.

A " test was performed to determine whether three clones taken from a single

PCR would sample as many variants as one clone from each of three PCR’s.
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PCR1 PCR2 PCR3 PCR 4

(a a b)(a@a a b) (@a a ¢ (@ b a)

~400bp »

~200bp »

~16 bp &

Figure 3.6 An SSCP gel of 12 cloned ITS-1 Hae III fragments of a single T. obsole-
ta individual (M1ORR) from four parallel PCR reactions. Clones from each PCR
are shown within brackets. Three ITS-1 variants (a, b and c) were scored that
share similar DSS band mobility. The common variant ‘a’ is represented in eight
out of the 12 clones screened. The variant 'b' occurs three times, once in three
separate PCR's. The rare variant 'c' occurs just once. Approximate DSS Hae III

fragment sizes are shown.



62

3 ITS-1 Variation

PCR1 PCR 2 PCR 3 PCR 4
(c b ay(a b a)(d ¢ a)(a a a)

Figure 3.7 A SSCP gel of 12 cloned ITS-1 Dde I fragments of a single T. dolichos
individual (M2DEr) from four parallel PCR reactions. Clones from each PCR lie
within brackets. Four ITS-1 variants (a, b, ¢ and d) were scored that share simi-
lar DSS band mobility. The common variant 'a’ is represented in seven out of the
12 clones screened. Variant 'b' and 'c' occur twice, in separate PCR's. The rare
variant 'd’ occurs just once. Approximate DSS Dde I fragment sizes are shown.
Note that although the RE fragments are the same size, they differ in

conformation.
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Figure 3.8 Bar graph of the frequency of ITS-1 variants scored from SSCP gels for 11 T. obsoleta individuals. Indi-
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Figure 3.9 Bar graph of the frequency of ITS-1 variants scored from SSCP gels for 5 T. dolichos
individuals. Individual codes are shown in bold (see figure 3.1). Each individual has a single common
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The mean number of variants found in the first PCR and among the first clone
of three other independent PCR’s from all 16 SSCP gels was calculated (data
from both species were pooled). There was no significant difference (= 0.584
P<0.01, 2 df) between the number of variants isolated within a single PCR
I:e_z;ctio‘n versus three PCR’s. As many variants were isolated from three clones
of a single PCR as from a single clone taken from three PCR reactions.

Therefore, at this level of sampling, PCR drift was not found to be operating.

Sequence Variation

A minimum of 50 bp from both 185 and 5.85 rDNA were present in each
sequence. The gene coding regions contained no variable sites within or
between species therefore, all sequence analyses are based solely on the rDNA
ITS-1 region. The extent of similarity between the two copies of each ITS-1
variant (sequenced from independent PCR’s) was determined by DNA
sequence comparison. In most cases no differences were found, but some varied
by one or two sites. After alignment of all sequences, one of the two copies of
these variants were removed from further analysis, if the differences were
shown to be unique with respect to all other sequences. Such differences may
have been the result of Tag-incorporated error during PCR amplification, which
would inflate the level of perceived variation. Their removal did not affect the

cladistic relationship of the remaining ITS-1 clones.

The multiple sequence alignment of 22 clones from T. obsoleta (see table 3.1)
contains 429 sites, of which 80 are variable (18.6%) and 43 (10%) are
phylogenetically informative. On average, the AT content was 57.7% and length
heterogeneity was 388 bp to 405 bp. The multiple sequence alignment of ten
clones from T. dolichos (see table 3.2) contains 468 sites, of which 87 are variable
(18.6%) and 57 (12.2%) are phylogenetically informative. On average, the AT
content was 57.4% and length heterogeneity was 437 bp to 456 bp.
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No variation was found among three ITS-1 clones sequenced from a T.
cephalotes individual (results not shown). These were 472 bp in length with an

AT content of 43.4%.

The average percentage of variable sites among ten randomly selected
sequences from T. obsoleta and the ten T. dolichos sequences were compared to
determine if [TS-1 variability between the species differed. T. dolichos was more
variable with 18.6% of the ITS-1 having variable sites and for the same number
of T. obsoleta clones, this figure was just 12.2%. The ITS-1 of these two species
were aligned for comparison (data not shown). Only 48% of the 482 sites were
shared. The ITS-1 from all three Triplectides species show very little similarity,
but comparison is difficult due to the presence of multiple gaps in the

alignment.

For both species, a majority of the variable sites (59% for T. obsoleta and 57% for
T. dolichos) involve insertion/deletion events (indels). In T. obsoleta a total of 20
indels occur over 46 sites, with a majority of these events involving two
nucleotides. In T. dolichos 14 indels occur over 51 sites and a majority of these
involve at least three nucleotides. Single base substitutions accounted for only
41% (32 sites) of the variation in T. obsoleta and 43% (38 sites) for T. dolichos.

Both species have a transition:transversion ratio of 1:1.9.

There are no absolute statistical tests for randomness of distribution of
mutations in an alignment, for all rely on arbitrarily chosen ‘windows’ of
comparison (Strachan et al., 1985). However, mutations appear to be clustered
in their distribution within the ITS-1 and contain a high proportion of the
indels. These regions contain AC or TA repeat motifs and poly(T) sequences.
Patterns of repeat DNA were analysed to determine whether a correlation

existed between their location and the clusters of mutations in the [TS-1.
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Some of these repeats are shown as highlighted regions in the multiple

sequence alignments (see table 3.1 and 3.2).

In T. obsoleta four variable regions (7 to 15 bp in length) appear to result from
replication slippage and contain the majority of indels. Two of these regions are
flanked by inverted repeats which are possible base-plairing stem structures, 10
and 11 bp in length. The associated variable regions of slippage are non-base-
pairing loops. Although ten more inverted repeats were identified, seven of
these overlap and none are characterised by intervening regions of variation.
Two dispersed direct repeats (as opposed to tandem repeats) were identified
that have adjacent indels associated with them. Another three direct repeats

were identified but these all overlap a larger inverted repeat and are not shown.

In T. dolichos three variable regions (9 to 15 bp in length) contain the majority of
indels and also appear to be regions of replication slippage. One of these
regions is flanked by an inverted repeat 10 bp in length. Five more inverted
repeats were identified with four of these overlapping and none characterised
by an intervening variable region. A single dispersed direct repeat (10 bp in
length) was identified that has a large (15 bp) intervening region of indels. Two
small direct repeats overlap this larger repeat. Finally, one tandem direct repeat

7 bp in length was identified, indicative of replication slippage.
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Table 3.1 Multiple ITS-1 sequence alignment (5" to 3') of 22 clones from 12 T.
obsoleta individuals. An * in the individual code denotes a rare variant within an
individual, all others were common. Regions of replication slippage, direct and
inverted repeats are highlighted in dark grey, medium grey, and light grey

respectively.
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Table 3.1 (continued) Multiple ITS-1 sequence alignment (5’ to 3’) of 22 clones

from 12 T. obsoleta individuals. An * in the individual code denotes a rare

variant within an individual, all others were common. Regions of replication

slippage, direct and inverted repeats are highlighted in dark grey, medium

grey, and light grey respectively.
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Table 3.1 (continued) Multiple ITS-1 sequence alignment (5" to 3") of 22 clones
from 12 T. obsoleta individuals. An * in the individual code denotes a rare
variant within an individual, all others were common. Regions of replication
slippage, direct and inverted repeats are highlighted in dark grey, medium

grey, and light grey respectively.
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Table 3.1 (continued) Multiple ITS-1 sequence alignment (5 to 3’) of 22 clones
from 12 T. obsoleta individuals. An * in the individual code denotes a rare
variant within an individual, all others were common. Regions of replication
slippage, direct and inverted repeats are highlighted in dark grey, medium

grey, and light grey respectively.
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Table 3.2 Multiple ITS-1 sequence alignment (5" to 3’) of 10 clones from 5 T.

dolichos individuals. A ‘B’ or ‘C’ and the end of an individual code denotes a

rare variant within an individual, all others were common. Regions of

replication slippage, direct and inverted repeats are highlighted in dark grey,

medium grey, and light grey respectively.
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Table 3.2 (continued) Multiple ITS-1 sequence alignment (5" to 3’) of 10 clones

from 5 T. dolichos individuals. A ‘B’ or ‘C’ and the end of an individual code

denotes a rare variant within an individual, all others were common. Regions of

replication slippage, direct and inverted repeats are highlighted in dark grey,

medium grey, and light grey respectively.



74

3 ITS-1 Variation

Phylogenetic analysis

Phylogenetic analysis by parsimony was performed using the exhaustive search
and heuristic search methods in PAUP v 3.1.1 (Swofford, 1990). The analysis
was used to determine whether variation in ITS-1 is restricted at the individual
and population level. A monophyletic grouping of clones from individuals and
populations would indicate such a restriction and provide evidence of
homogenization. An initial analysis was performed to root the trees for both
species using an ITS-1 sequence from the other species. Once the root was
found, this was added to trees constructed without the outgroup in order to

make the ingroup monophyletic.

A comparison was made between trees built with topological constraints; clones
from individuals or clones from populations were forced to be monophyletic,
and trees without constraints. If ITS-1 evolution followed the pattern set by the
constraints, then constrained and unconstrained trees should be of similar
length. The parameters used were as follows; gaps in the sequence alignment
were treated as missing data, thereby excluding these characters from the tree

construction, and branches of zero length were collapsed to yield polytomies.

A maximum parsimony (MP) analysis using the heuristic procedure with 100
random replicates was performed on 22 aligned ITS-1 sequences from T.
obsoleta. Trees constructed with no constraints were of length = 55, a consistency
index (CI) of 0.80, and a rescaled consistency index (RC) of 0.72. A 50%
majority-rule consensus of 32,700 trees is shown in figure 3.10. The deeper
clades are more defined than terminal clades, which place 10 of the 22 clones
into undefined polytomies. All 10 individuals that had two clones present were
polyphyletic and none of the four geographic locations formed a monophyletic
clade. Trees constrained to group clones to individuals were of length = 86 and
CI = 0.51. Trees constrained to group populations were of length = 76 and CI =
0.58.
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A rare ITS-1 variant may be common or rare in another individual from the
same or different population. For example, the common variant from two
individuals M1ORR and M2OMC that are geographically separated by ~500km
differ in just 3 sites of the ITS-1 alignment. In comparison, the common and rare
variants of individual M1ORR differ by 41 sites. The absence of a monophyletic
grouping of individuals and populations indicates a lack of homogenization

within both individuals and populations.

A maximum parsimony (MP) analysis using an exhaustive search was
performed on 10 aligned ITS-1 sequences from T. dolichos. With no constraints,
13 equally parsimonious trees of length = 47, CI of 0.94, and RC of 0.846 were
found. A 50% majority-rule consensus of the 13 trees is shown in figure 3.11.
Half (5) of the clones form a basal polytomy. Only the two clones from
individual M1DFD are monophyletic. All other individuals and the only
‘population” present (three Erua individuals) do not form a resolved
monophyletic group. Trees constrained to individuals were of length = 55 and
CI = 0.80. When the 6 clones from the Erua population were constrained to a
single clade, trees were of length = 54 and CI = 0.82. These results are similar to

T. obsoleta.

A comparison was also made to two other methods of treating gaps in the
alignments. Firstly, each gap was treated as an independent character, thus
increasing the relative weight of gaps in the phylogenetic analysis (Volger &
DeSalle, 1994). For T. obsoleta, this resulted in 89 trees of length = 113, CI = 0.752,
and RC = 0.611, and for T. dolichos; 2 trees of length = 106, CI = 0.887, and RC =
0.777. Secondly, each gap was treated as a single character (a single mutational
event), regardless of the length of the gap. If the length of a gap was not
identical in all sequences, then each length variant was coded as a single
character. For T. obsoleta, this resulted in 18 trees of length = 78, CI = 0.795, and
RC = 0.652, and for T. dolichos; 1 tree of length = 72, CI = 0.903, and RC = 0.771.
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Trees constructed by the method ‘gaps treated as missing data’ had similar

homoplasy measurements (CI and RC) and topologies to trees constructed by

the two methods that included gaps as characters. This indicates that there is

phylogenetically useful information contained in the gaps. Furthermore,

characters involved in substitutional and indel changes showed similar high

character consistency.

100%
55% 55%
100% 100%
53% 55%
53%
61%
72%
50%
100%
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F10AK
F20PN
M10OMC
M20ORR*
F10PN*
M10ORR
M20OMC
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M10ORR*
F1OMC
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F10ORR*
F30OPN*
M10OAK*
F20AK
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MI1DEr

Figure 3.10 The MP tree (50% majority-rule consensus) of 32,700 trees for T.

obsoleta, rooted to T. dolichos (individual M1DEr). Based on the alignment of 22

ITS-1 clones (table 3.1). Topological constraints not enforced. Tree length = 55

and CI = 0.80. Rare ITS-1 variants are denoted with an * at the end of the

individual code.
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100% —
100%

M1DEr
M2DEr
M2DErB
M2DErC
M3DEr
M3DErB
MI1DFD
M1DFDB
M1DRRB
M1DRR
F10PN

Figure 3.11 The MP tree (50% majority-rule consensus) of 13 trees for T. dolichos,

rooted to T. obsoleta (individual FIOPN). Based on the alignment of 10 ITS-1

clones (table 3.2). Topological constraints not enforced. Tree length = 47. CI =

0.936. Rare ITS-1 variants are denoted with a ‘B” or ‘C’ at the end of the

individual code.
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3.4 Discussion

SSCP: the frequency of variants

The presence of multiple ITS-1 variants from all individuals in both species
indicates that they are heterogeneous for ITS-1 variation. In an extensive study
of the sensitivity of the SSCP technique, Hayashi (1991) concluded that 99% of
point mutations in DNA fragments 100-300 bp in length and 89% of mutations
in fragments 300-450 bp in length could be detected. Although groups of
variants scored within gels as the same differed at most by 2 bp, variation
between groups could be under-estimated by the presence of larger restriction
enzyme fragments (400-450 bp). From Hayashi’s (1991) work, 400 bp fragments
differing by up to 40 bp could have the same conformation (band mobility) in
an SSCP gel. In figure 3.6 there is a clear difference in the conformation of the
400 bp fragments between variant ‘a’ and ‘b’. The DNA sequence of these
showed they differ by only 27 bp in this region. Therefore, the sensitivity of the
SSCP technique may be greater than thought.

The absence of PCR drift suggests that similar levels of ITS-1 variation can be
found within a single individual by sampling either multiple clones from single
PCR reactions or single clones from multiple PCR reactions. Screening fewer
than 12 clones per individual may reduce the number of variants thought to be
present within an individual. However, intra-individual ITS-1 heterogeneity
can also be detected as long as multiple individuals are screened. Wagner et al.
(1994) suggest that pooling the products from multiple PCR reactions would
improve the sampling of a gene family. However, the accuracy of a particular
gene sequence can only be guaranteed by the re-isolation of the identical
sequence from an independent PCR amplification (Zylstra et al., 1998). In this
regard, the parallel sampling carried out in this study was superior to Wagner

et al.’s (1994) suggestion of cloning from a pool of multiple PCR reactions.
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A common (>50%) ITS-1 variant was present in all individuals sampled and
between two to four rarer variants were also present. Although only 12 ITS-1
copies were isolated from each individual, an estimate of the copy number of
these variants in the haploid genome may be made by comparison to other
insects. Using dot-blot hybridization, Kumar and Rai (1990) surveyed the rRNA
genes of 13 mosquito species and estimated the average copy number per
haploid genome to be 440, when averaged over the species. Polanco et al. (1998)
stated that ~250 copies are present in Drosophila melanogaster. Long and Dawid
(1980) estimate ~240 copies are present in the silkworm moth, Bombyx mori, and
100 copies in the fly Chironomus tentans. Given the above figures and the
assumption that the ITS-1 clones were an unbiased sample of the genome,
approximately 2.7% to 12% of the copies present in the gene family may have
been sampled from the two Triplectides species. Employing the SSCP technique
meant that rarer variants were given a higher chance of being isolated,
therefore enabling a more representative sample of the variation present in the

gene family.

Sequence heterogeneity and replication slippage

The type of variation was very similar in these presumed sister taxa with
neither being homogenized for ITS-1 variation. In both cases, length
heterogeneity was similar (T. obsoleta: 17 bp and T. dolichos: 19 bp) and
approximately 19% of sites within aligned sequences were variable. Transitions
and transversion are close to a 1:2 ratio in both species, which is expected when
equal probability of change for all nucleotides is assumed (Volger & DeSalle,
1994). A majority of the variable sites are indels containing contiguous short
repeats which are clustered in their distribution. This type of variation is

considered to arise by replication slippage.
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Slippage can occur because of mispairing between neighbouring repeats during
DNA replication but can also occur in nonreplicating DNA (Li & Graur, 1991).
Surveys of sequence databases show that the frequencies of different simple
sequences in non-coding regions of eukaryotes are very similar between species
and this reflects a bias inherent in replication slippage of short AT-rich motifs
(Hancock, 1996). In both species, regions of proposed slippage have a
preponderance of AC-rich or AT-rich motifs, and poly(T) sequences (see tables
3.1 & 3.2). This is reflected in the fact that the ITS-1 of both species is AT-rich
(~57%) though this is not so for their more distant relative, T. cephalotes, which
is GC-rich (56.6%). However, slippage cannot be a general feature of ITS
evolution, as the AT-rich ITS of D. melanogaster does not show elevated levels of
sequence simplicity due to replication slippage (Torres et al., 1990; Tautz et al.,

1988).

There are two broad categories of sequence simplicity; regions of pure simple
sequence (pure simplicity) and regions of less regularity but with a clear bias in
nucleotide composition (cryptic simplicity) (Tautz et al., 1986, 1988). Sequence
repetition in these regions is over and above that expected by chance alone. The
presence of numerous direct and inverted repeats (7 to 10 bp in length), the
repeat DNA in regions of slippage, and AT richness indicate that the ITS-1 of T.
obsoleta and T. dolichos may be a region of cryptic simplicity. Simple repetitive
sequences are considered to represent a natural ground state of DNA

unselected for coding functions such as the ITS-1 (Levinson & Gutman, 1987).

Two likely consequences of slippage events between noncontiguous (dispersed)
sequences is the formation of palindromes and the deletion of sequences
between direct repeats (Levinson & Gutman, 1987). It is thought that the
secondary structure formed by a palindrome brings direct repeats into close
proximity, allowing deletion of DNA between repeats during DNA replication;

an hypothesis called palindome-stimulated replication slippage (Pinder et al.,
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1998). In the sequence alignments, three regions of slippage are flanked by
dispersed inverted repeats which may form palindromes (see tables 3.1 & 3.2).
[n addition, there are two cases (one in each species) in which dispersed direct
repeats have an intervening region characterized by indels, with deletions being

more common in that region of the alignment.

T. obsoleta and T. dolichos were chosen for this study because they are presumed
sister species and because they are likely to have different population structures
due to habitat differences. The spatial distribution of the habitat of T. dolichos
(seepages) is more isolated than that of T. obsoleta (rivers) (see chapter 1).
Although the type of ITS-1 variation is very similar between these two species,
T. dolichos has a higher percentage of variable sites in the aligned sequences.
This factor may be related to differences in population dynamics, such as the
effective population size which may affect the fixation of variants (see chapter

4). This result was not otherwise expected and deserves further investigation.

Paralogous sequences

Non-diagnostic variation exists among the ITS-1 sequences of T. obsoleta and T.
dolichos. Variation was not restricted among individuals nor among
populations. An ITS-1 variant predominating within an individual can be
common or rare in another, either from the same or different population. The
heterogeneity among the clones cannot be casually rejected. Moreover, in this
case, the heterogeneity precludes the reliability of ITS-1 as a genetic marker for
a population study. The monophyletic grouping of clones from a population
would have provided strong evidence for homogenization (Sanderson & Doyle,
1992). The absence of such groups indicates a lack of homogenization in both
species. The paralogous ITS-1 copies do not behave as a single orthologous
sequence. Therefore, the MP trees (figures 3.10 & 3.11) should be interpreted as
‘gene trees’ to graphically display the paralogy among these sequences (Rich et
al., 1997).
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Other studies

This study represents a clear case of ITS-1 heterogeneity, a result that has been
recorded in other studies. Significant intra-individual variation exists in the ITS-
1 of the Simulium damnosum species complex (black flies) with the degree of
homogenization varying among the sibling species (Tang et al., 1996). In two
deer tick species (Ixodes), intra-individual variation in the ITS-2 is thought to
result from the maintenance of ancestral polymorphisms which hinder the
phylogenetic analysis among ticks of geographically disparate populations
(Rich et al., 1997). Other studies indicate the presence of high levels of
homogenization. Putative cryptic species of the mosquito Anopheles nuneztovari
were unable to be distinguished by ITS-2 sequence data because of a lack of
variation. Low intra-specific variation has also been demonstrated in both ITS-1
and ITS-2 among other mosquitoes species (Aedes) and phylogenetic analyses of

these support traditional morphological classification (Wesson et al., 1992).

[t is difficult to make comparisons between the above studies because of
differences in sampling strategies. In this study, SSCP analysis allowed for a
more efficient means of maximizing the variation present. Intra-individual and
intra-specific variation is often not assayed as thoroughly as it perhaps should
be, perhaps due to the dogma of homogenization (Williams et al., 1988).
Differences in the results of studies of ITS variation may also be due to variable
rates of homogenization. The result of studies demonstrating ITS heterogeneity
should be taken as evidence that high rates of homogenization cannot be
assumed. Therefore, sampling should be more of a concern for studies utilizing

highly variable portions of the rDNA, such as the ITS-1 (Rich et al., 1997).
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Evolution of Repeat DNA: ‘the Nature of the
Variation” in ITS-1

Modes of evolution

The chance or fortuitous nature of the origin of both genetic and phenotypic
variation is an inherent feature to both contemporary neo-Darwinian and
neutralist concepts. However, chance alone cannot explain the non-independent
(concerted) evolution of families of repeat DNA sequences. It is by the process

of molecular drive that mutations are able to spread through a gene family

(homogenization) and through a sexual population (fixation) as a consequence -

DNA turnover (Dover, 1986). Molecular drive operates on both protein coding
and non-coding repetitive DNA and has the potential to affect the evolution of
organisms in decidedly non-Mendelian and non-Darwinian ways (Dover, 1982).
In studies of molecular drive, the demonstration of the processes which
generate variation are primary in explaining evolution; accidental variation and
selective advantage are typically relegated to a minor role (Ho & Saunders,

1984).

Natural selection, neutral drift, and molecular drive are considered by some
authors to represent ‘modes’ of evolution which interact to some degree (Dover,
1982). Others have suggested that molecular drive is not a mode of evolution,
but rather an extension of modes (selection and drift) that already exist
(Williams, 1990). However, the processes inherent in molecular drive are
operationally different from those of selection and drift. The latter operate

within Mendelian populations and represent adaptive and non-adaptive modes
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of evolutionary change, respectively (Dover, 1982). It is common for workers to
discuss the action of both selection and molecular drive in considering gene
family variation. In this chapter I discuss whether such a pluralistic approach is

tenable given their inherent differences.

ITS-1 variation in two caddisflies

In this study, rDNA ITS-1 copies were isolated from two presumed sister
species; Triplectides obsoleta and T. dolichos. A representative sample of ITS-1
variation was assayed at the individual and population levels, via a sequence
screening technique (SSCP) with cloned ITS-1 copies. Parallel sampling was
employed to offset the possibility of PCR-drift and to guarantee the isolation of
genuine sequences. These were aligned to determine sequence variation and

their cladistic relationships via parsimony analysis.

The nature of the ITS-1 variation was very similar in both species. The ITS-1 is
AT-rich, which suggests a bias in the establishment of new variation, and
contain repeat DNA; characteristic of cryptically simple non-coding DNA.
Variable sites accounted for nearly a fifth of the ITS-1. A majority of this
variation is due to indels and the remainder to substitutions. This variation
appears to have arisen via replication slippage and point mutation. Intra-
individual variation is also high, with multiple clones taken from an individual
sometimes containing as much variation as was detected in the whole species.
The two most striking forms of variation found in both species, are the presence
of extensive ITS-1 heterogeneity and the absence of population-specific variation.
These two forms of variation are discussed below in the context of different

explanations offered by neo-Darwinism and molecular drive.

Natural selection
ITS-1 is not expressed. Hence it is unlikely that natural selection acts on this

region directly, though it has been argued that it is the indirect subject of
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selection (Williams et al., 1985; Ridley, 1993). Transcribed spacers (ETS, ITS-1
and ITS-2) are indispensable for pre-rRNA processing. It has been
demonstrated in yeast that deletions from the 5" end of ITS-1 abolish the
production of mature 17S rRNA (Musters et al., 1990). The maintenance of
secondary structure is also considered to be of functional importance because it
has been demonstrated that both intraspecific and interspecific variable sites are
concentrated in non base-pairing structures (McLain et al., 1995; Schlotterer et
al., 1994; Wesson et al., 1992). This is taken as evidence for functional constraints
and in turn, of some selective (deterministic) force which is responsible for its
stability. In presumed cases of minor selective constraints, sequences are said to
experience ‘relaxed selection’. For example, the heterogeneous ITS-2 of deer
ticks (Ixodes spp.) are said to experience relaxed selection for sequence

conservation (McLain et al., 1995).

The general view is that selection does not operate at the level of the individual
repeat because the accumulation of independent mutation cannot account for
the level of similarity among all members of a gene family (Li, 1997). Despite
this, natural selection is often thought to affect concerted evolution by acting at
some higher level. For example, it has been suggested that selection may act at

the chromosome level, rather than on individual repeats (Polanco et al., 1998).

New types of selection are sometimes inferred to explain the discovery of new
phenomena (Lima-de-Faria, 1988). For example, ‘drive intensified selection’ is
said by McLain et al. (1995) to impede fixation of pre-rRNA processing-
ineffective mutants at some level of homogenization, but would not hinder the
random fixation of one among a subset of processing-effective rDNA units that

posses a long-term, ‘ultimate’ advantage.

Directional selection is variously thought to limit variation by maintaining high

homogeneity among repeat members within a species (negative selection), or
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increase variation by accelerating the differentiation among repeat members
between different species (positive selection) (Li, 1997; Hoelzel & Dover, 1991).
The maintenance of base pairing by the production of compensatory base
mutations or a bias towards the presence of one repeat over others is
considered evidence for positive selection (Wheeler & Honeycutt, 1988). The
existence of a bias toward the continual accumulation of simple repeat DNA is
evidence for negative selection (Levinson & Gutman, 1987). This form of ‘push-

me-pull-you’ selection is consistent with the heterogeneity present in this study.

Stabilizing selection (Simpson, 1953), is the state where a number of genotypes
are maintained because together their average fitness value is higher than any
smaller set of genotypes. If this could somehow be demonstrated among the
ITS-1 variants, then stabilizing selection could explain the heterogeneity found

in this study and why variants are not restricted geographically.

Molecular drive

Predictions based on mathematical models imply that gene families in
populations that are relatively isolated genetically should undergo independent
concerted evolution (Elder & Turner, 1995). In this study, molecular drive was
not seen to be acting in a population-specific manner. However, another genetic
marker is required to determine whether the caddisfly populations employed
here are truly genetically distinct. SSCP analysis and sequencing demonstrated
that ITS-1 variants were not at the same frequency among individuals of a
population. This is despite Ohta and Dover’s (1984) expectation that within a
population, individuals should vary little in average copy number or sequence
variation for a given repeat family. Individual genomes are expected to evolve
in unison relative to one another in the population, just as individual repeat
units are seen to evolve in unison within genomes, provided homogenization is

strong (Elder & Turner, 1995).
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However, under some parameters the variance-to-mean ratio of the copy
number of a gene family variant (repeat type) in a population can change over
the time to fixation. Both large population size and large gene family size are
considered to affect the variance of repeat types as they spread throughout a
population (Ohta and Dover, 1984). Under simulation, models of concerted
evolution predict a small relative variance in families of 50 to 200 members,
under what are considered realistic rates df DNA turnover (Ohta, 1983; Ohta
and Dover, 1984). Both Triplectides species studied are common aquatic insects
and may have very large populations. By comparison to closely related insects
from which the rDNA copy number have been estimated, it is possible that the

rDNA copy number of T. obsoleta and T. dolichos exceeds 200 (see chapter 3).

The theory of molecular drive does predict that some heterogeneity can exist
within gene families. This is because the degree of homogeneity found in a
tandemly repetitive sequence depends on the balance between the rate of
homogenization and the rate of new mutations (Ohta, 1983; Schlotterer et al.,
1994). For example, it has been demonstrated that the generation and
reshuffling of variation by point mutation and replication slippage can slow
down homogenization (Tautz et al., 1986). In this study, slippage and point
mutations are likely to account for variation present in the sequence alignments.
Slippage and point mutation may be occurring faster than the rate of

homogenization, in which case this could account for the ITS-1 heterogeneity.

Although Dover (1982) emphasized non-Mendelian inheritance within and
among chromosomes, reciprocal recombination events during sexual
reproduction can also increase the variance among repeat types within a
population (Williams, 1990; Ganley, pers. comm). Little has been done to assess
the relative roles that mitotic and meiotic recombination play in concerted
evolution (Ganley & Scott, 1998). It has been suggested that meiosis can actually

slow down or prevent homogenization thereby maintaining variation.
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In a study of IGS (rDNA) diversity in parthenogenic greenbugs (Schizaphis
graminum), Shufran et al. (1997) suggest that periodic sexual reproduction is a
primary mechanism for the maintenance of genetic variability in populations.
Meiosis may slow the rate of homogenization that would occur with mitosis
alone (Elder & Turner, 1995; Ganley & Scott, 1998). That repeat DNA families of
asexual organisms also undergo concerted evolution demonstrates the relative
importance of mitosis in concerted evolution (Ganley, pers. comm). It has also
been demonstrated that non-Mendelian segregation in rDNA copy number
occurs prior to cell division (premeiotic) in crosses of pink mould (Neurospora)
(Butler & Metzenburg, 1989). However, challenging the role of cell division in
mutation and DNA turnover remains problematic, because the idea that cell
division must occur first has become an entrenched paradigm (Blanden et al,,

1998; Bridges, 1997).

Homogenization may occur faster between homologous chromosomes than
between nonhomologous chromosomes (Dover, 1982). In Drosophila
melanogaster the rDNA arrays that occur on both X and Y chromosomes have
diagnostic sequence differences, indicating a higher rate of homologous
chromosome exchange (Williams et al., 1985, 1987). It is possible that the rDNA
of Triplectides occurs on two or more chromosome pairs. The absence of
diagnostic sequence differences between the sexes (in T. obsoleta) indicates these
may be on autosomes. However, ITS-1 heterogeneity among the Culex pipiens
species complex occurs despite rDNA being clustered on just one chromosome

pair (Miller et al., 1996).

Forms of explanation

Both molecular drive and selection (stabilizing selection in particular) are able
to explain the low level of homogenization and the variance in the frequency of
ITS-1 repeat types within populations. Molecular drive (a realist theory) and

neo-Darwinism (an idealist theory) differ radically with regard to their logical
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basis of explanation (see chapter one). Given this difference, rather than
marrying these modes of evolution it would be best to choose one over the
other, particularly when discussing the concerted evolution of non-coding
repeat DNA. It is my opinion that only molecular drive is likely to reveal an
adequate account of the nature of the variation in rDNA, by virtue of its
emphasis on establishing the particular generative processes responsible for the

variation observed.

There is no limit to the choice of selectionist explanation, since it is easier to
create new metaphors than it is to demonstrate biological generative processes.
If non-randomness automatically indicates selection and randomness indicates
neutrality, this biases thinking about the actual biology involved. Workers
concentrate on the state (selected or not selected) of a process rather than the
process(es) underlying the production of that state. From a realist perspective,
dwelling on metaphors such as ‘relaxed selection” lacks explanatory power. One
is left without an indication as to how the observed irregularity (pattern) may
have arisen, and explanations are justified by retreat to empirical proofs of a
model of evolution. This is a manifestation of a broad trend in biology gone
wrong, one in which explanation resides, not in the logic of the underlying
processes, but in historically imagined events which lead to an ‘adapted” world

(Lambert, 1995).

The dogma of homogenization

In an early discussion of the importance of concerted evolution, Williams et al.
(1988) cautioned against the idea that rDNA homogenization within a species
requires only short periods of evolutionary time. However, in reply, Hillis and
Davis (1988) stated that the low intra-individual and intra-specific
polymorphism observed in the rDNA arrays of most species suggests that rapid
rates of homogenization are widespread, if not universal. The latter view comes

from a misunderstanding of the rate at which homogenization occurs, if this at
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all occurs at a fixed rate. In 1988, ‘most species” were not sampled for rDNA
variation, but the observations of homogenization were elevated to the level of
empirical law. Our knowledge is still limited about the rate of unequal crossing-
over, the rate of gene conversion, and the rate of concerted evolution in repeat
DNA families (Li, 1997). It is clear however, that observed rates of DNA change
are unlikely to represent the “monotonous measure of molecular metronomes”

(Dover, 1986), consequently, homogenization is not expected to be universal.

Recent findings of intraspecific heterogeneity lead Rich et al. (1997) to conclude
that the hypothesis that all portions of the multiple copies of rDNA have been
homogenized in all taxa, has been overstated. Because it is formally defined in
terms of species differences, concerted evolution is often viewed as the result of
molecular drive operating at the species level (Elder & Turner, 1995). It is
perhaps this view that has lead to the assumption that species are homogenized

at all levels and it has only been recently that this has been called into question.

Homology and history

In some recent studies, the distribution of rDNA variation hindered the
reconstruction of cladistic relationships among geographic populations (Rich et
al., 1997; Crease, 1995). The general explanation offered is that a proportion of
the variation is ancestral and the remainder derived. Some IGS variants among
populations of the water flea, Daphnia pulex, are inferred to be quite old, at least
predating recolonization of freshwater habitats after glaciation (Crease, 1995).
Some of the ITS-2 variants found in individual deer ticks (Ixodes) were also
considered to be ‘ancestral’ (Rich et al., 1997). By the same reasoning, the
geographic distribution of ITS-1 variants in this study also suggests that some
variants may be ancestral. A problem not to be over-looked is whether the
paralogous copies of a gene family can be determined or even understood as

being ancestral or derived given their non-independent evolution.
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4 Repeat DNA Evolution

In chapters one and three, it was suggested that gene duplication necessitated
the elaboration of the concept of homology to include paralogy and orthology.
Continual homogenization obscures the history of paralogous relationships
among the members of a gene family, such that they appear as if they were a
single-copy gene (an orthologous sequence). In gene trees, molecular characters
need to be independent in order to uncover the history of divergence among
the repeat types (Doyle, 1992). But the assumption of independence does not
hold for phylogenies based on rDNA, because it undergoes concerted
evolution. Sanderson and Doyle (1992) stated that “the entire concept of descent
is confounded here by recombination [in the gene family] and reticulation in the
gene tree.” The monophyletic grouping of paralogous genes only provides
strong evidence of homogenization, not that the paralogous genes are actually

descended from a recent common ancestor (Sanderson & Doyle, 1992).

Perhaps it is not common descent, but the DNA turnover processes that
represent the true homologies which generate the similarity (sameness) among
repeat types. To Lima-de-Faria (1988), all processes represent homologies, it is
only the degree of homology that varies. This is not a minor point. If homology
can be defined by a demonstrable process, such as homogenization, then this
should be the focus of future rDNA population studies, rather than the

reconstruction of unrepeatable historical events.
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