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Abstract

Molecular genetic studies using the model bryophyte Physcomitrella patens have
advanced the body of knowledge surrounding plant functional genetics and
molecular biology, yet very little is known about the ecology and population
genetics of this species. Although the bryophytes are the second largest group of
plants, there is little information regarding the population genetics of bryophytes in
general. To address these issues I have conducted the first study into the population
genetics of P. patens, where plants from eight populations in Britain have been
collected. Sampling within these populations was conducted according to a
hierarchical scale, so as to assess not only the level of genetic variation within
populations, but how this is structured spatially. Analysis of the plants collected was

conducted using amplified fragment length polymorphism (AFLP) analysis. No

spatial genetic structure was found within populations of P. patens, and it is
hypothesised that the nature of the ephemeral aquatic habaitats that P. patens
occupies may account for this finding. In this thesis a novel method for studying the
mating systems operating within bryophyte populations has been proposed, which
exploits the dominant haploid stage of the bryophyte life cycle. This methodology
has been applied to natural populations of P. patens, and evidence of mixed mating

has been observed. Bryophytes are often overlooked or under-recorded in their

natural environment, and distribution data within Great Britain is likely to be

inaccurate for a large number of species. This issue is highlighted in this thesis, as a

bryophyte species new to Europe has been discovered.
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Chapter 1 General Introduction

1.1 Introduction to project

The bryophytes are a diverse and ecologically interesting group of plants,
comprising 25,000 species occupying a wide variety of habitats (During & van
Tooren, 1987). They are the second largest group of land plants in terms of species
number and in many ecosystems they are the main primary producers (During & van
Tooren, 1987; Mishler, 1988). Despite the diversity and ecological importance of
this group they are often overlooked in population studies, and little information
regarding the evolutionary genetics of bryophytes has been published (Innes, 1990).
Bryophytes are often missed or incorrectly recorded in their natural environment, so
for many groups of mosses little information is available on their distribution,
ecology and population biology. During the course of this project, a moss species
new to Europe has been found. This species has been verified as Physcomitrella
readeri (C. Miiell.) Stone & Scott, a species previously only recorded in the U.S.A,

Japan, Australia and New Zealand.

Knowledge surrounding the molecular genetics of bryophytes has increased
dramatically in recent years, with the development of the moss Physcomitrella
patens (Hedw.) Bruch & Schimp. as a model organism. The Physcomitrella Genome
Programme has generated over 300,000 expressed sequence tags (ESTs) and has
recently published the first draft genome sequence assembly (Rensing ef al., 2008)
Other model organisms and their relatives, such as Arabidopsis thaliana, Drosophila
melanogaster and Escherichia coli, have increasingly been utilised in ecological and

evolutionary studies to investigate aspects such as adaptation, genetic diversity and



reproductive strategies in natural populations (as reviewed by Mitchell-Olds 2001;

Shimizu, 2002; Travis, 2006).

One area of current focus in plant population ecology is that of the spatial genetic
structure within plant species, and how this relates to features of the habitat they
occupy. This field has received much attention in vascular plants throughout the last
20 years, with many studies focussing explicitly on how genetic variation 1s
partitioned spatially within a species. There has been an increasing trend towards
using mapped individuals as the operational taxonomic unit in population genetic
studies, rather than randomly sampling within populations, which are often
arbitrarily and inaccurately defined (see Manel ef al., 2003 for a review). However,
this is an approach that has only very recently been applied to bryophyte populations

(e.g. Snill et al., 2004), and little work into population structure in general has been

undertaken outside commonly studied moss genera such as Sphagnum (e.g.
Gunnarsson et al., 2005; Stengien & Sastad, 1999; Thingsgaard, 2001).
Additionally, little has been done to clarify reproductive processes in bryophyte
populations, yet this aspect of organismal life history has one of the most significant

impacts on levels of diversity, genetic structure and population behaviour (Shaw,

2000).

Model organisms, such as P. patens are a useful starting point when addressing

questions surrounding the genetic processes in evolutionary ecology as a wealth of
information and tools is available for these organisms. This investigation aims to be
the first study into the population genetics of P. patens, thus allowing the detailed

molecular information available for this species to be related to its ecology.



1.2 Genetic analysis of population structure and evolutionary

processes

1.2.1 Fine-scale spatial structure

Advances in the accuracy, resolution and scale of the molecular tools used for
population genetic studies have allowed utilisation of molecular markers in fine-

scale population studies (Manel et al., 2003). When using these tools to investigate
the structure within populations at differing spatial scales, the distance over which
genetic variation within populations is distributed and the levels of gene flow within
a population can both be determined. Plant populations are often highly spatially
structured, which can be due to a number of reasons (reviewed in Ennos, 2001).
Plants are generally static, and genetic dispersal is by means of pollen and seeds, or
in the case of bryophytes by spores, sperm and vegetative fragments. Thus gene
flow can be limited and genetic isolation by distance (IBD) occurs within
populations (Vekemans & Hardy, 2004; Wright, 1943). Many plants also exhibit
vegetative dispersal, which will lead to a patchy distribution of genotypes. In
addition, spatial structure within populations could be observed due to sampling

events upon colonisation of new areas or regeneration of populations (Ennos, 2001).

How gene flow operates within species greatly affects not only the spatial structure

of populations, but also the ability of a population to adapt to local conditions, with
a subsequent possibility of independent evolution of those populations resulting in
speciation (Slatkin, 1985). When spatially dependent processes, such as IBD, have
been identified in plant populations, they can be correlated with landscape and
population features, such as population size or fragmentation (Manel et al., 2003).

This information can be of use in conservation biology to predict the effect that



changes in habitat could have on population genetic processes (Escudero et al.,

2003; Storfer et al., 2007).

There are a number of different methods for assessing the spatial genetic structure
within plant populations (see reviews in Escudero et al., 2003; Manel et al., 2003;
and Storfer et al., 2007). Commonly used population analyses, such as Analysis of
Molecular Variance, or AMOVA (Excoffier et al., 1992) and estimates of genetic
differentiation and distance between populations, have long been used to infer the
hierarchical structure of genetic diversity within and between populations (Escudero
et al., 2003). The discrete mapping of sampled individuals and subsequent genetic
profiling, allows far more sophisticated statistical analysis to be conducted. Spatial

autocorrelation, that is the association of one variable at one location with the same
variable at another location (Schabenberger & Gotway, 2005), can therefore be

examined. A widely used method of investigating spatial autocorrelation 1s a Mantel
test (Mantel, 1967). Here spatial clustering of variables is examined by the
construction of two distance matrices, one with genetic distance between individuals
and one with geographic distance between individuals. The correlation between
these two matrices is examined, and a randomisation procedure is used to determine

if clustering based on genetic similarity can be explained by spatial position
(Escudero et al., 2003; Schabenberger & Gotway, 2005). The disadvantage of this

approach is that spatial genetic autocorrelation does not necessarily follow a linear
pattern (Escudero et al., 2003). An enhancement of a Mantel test is to partition

measurements of geographic distance into distance classes. Spatial autocorrelation

analysis can then be conducted based on these classes rather than linear distance,

with data often presented as a correlogram (Escudero et al., 2003).




1.2.2 Mating systems within populations

The mating patterns in plant species, and specifically the mating systems operating
within populations, are a significant feature of a species’ ecology. The mating
system of any species or population is not static, but can vary in response to
changing environments and evolutionary forces. Changes in the mating system can
have important consequences for the genetic structure and behaviour of that
population (Barrett & Eckert, 1990). Although some species, such as dioecious
species with separate male and female plants, are obligate out-crossers, many plant
species exhibit levels of inbreeding. Classic population genetic theory dictates,
particularly in animal populations, that out-crossing is evolutionarily favourable to
inbreeding. This is because inbreeding may result in inbreeding depression, which 1s

measured by the fitness of selfed offspring compared to those that are the product of

out-crossing (Ritland, 1990). Inbred individuals are thought to be reduced 1n fitness
compared to out-crossed individuals due to two reasons; that heterozygosity is
superior to homozygosity at any one locus, and that inbreeding may result in an
accumulation of deleterious alleles in a population (Charlesworth & Charlesworth,
1987). However, due to the propensity of plants for self-fertilization, predominant
inbreeding has been found to be a stable state in many plant populations (Lande &
Schemske, 1985). Studies into the mating systems operating within plant
populations have found that mixed mating, or the presence of both inbreeding and
out-crossing in a population, also frequently occurs (Barrett & Eckert, 1990;
Goodwillie et al., 2005; Vogler & Kalisz, 2001; Walter, 1986). Despite the
importance of mating systems to the ecology and evolution of a species, knowledge

is limited with regards to within-population variation of mating systems in plants

(Cruzan, 1998).



1.2.2.1 The use of AFLPs in population genetic analysis

The use of neutral molecular markers in plant diversity studies has greatly enhanced
the range of genetic studies that can be conducted (Cruzan, 1998), and amplified
fragment length polymorphism (AFLP) analysis is increasingly being favoured as
the marker of choice. The technique involves restriction digestion of DNA followed
by selective amplification of the resulting fragments (see Figure 1.1), which can then
be viewed on a gel or automated sequencer (Blears ef al., 1998; Ritland & Ritland,
2000; Vos et al., 1995). The main advantage of using AFLPs in population studies is
that the number of loci scored and polymorphisms identified in each reaction 1s high
(Blears et al., 1998). This is important when studying diversity within populations as
the genetic variation between individuals may be low. AFLP is also favoured as it is

a robust and reliable genetic marker, which is highly reproducible due to the

specificity of restriction enzymes. It is more reliable than similar techniques such as
RAPD, which is more sensitive to the reaction conditions (Blears et al., 1998).
AFLPs provide dominant markers, and in diploid tissue heterozygotes cannot be
distinguished. Ideally in population genetic studies co-dominant markers such as
microsatellites would be used to study genetic structure and the inheritance of alleles
in most species (Ennos, 2001). However, when using microsatellites far fewer loci
can be scrutinised, and in addition they are expensive and time consuming to
develop. In species where the dominant stage of the life cycle is haploid, such as in

mosses, the disadvantages of using a dominant marker are negated, and AFLPs

provide an ideal marker system.
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Figure 1.1 Overview of AFLP protocol. a) genomic DNA 1s digested with restriction

enzymes EcoRI and Msel; b) adapter ligation; ¢) PCR pre-amplification with one

selective nucleotide; d) PCR selective amplification with two selective nucleotides.



1.3 Bryophyte biology and life history

The bryophytes are one of the oldest groups of land plants, with the fossil record
placing their divergence from the vascular plant lineage at about 450 million years
ago, although molecular evidence suggests that this divergence may have occurred

as early as approximately 700 million years ago (Heckman et al., 2001). The

defining feature of this divergence is that the mosses, along with other plant groups
such as algae and liverworts, have a contrasting life cycle compared to vascular
plants. Bryophytes spend the majority of their life cycle as haploids 1n the
gametophytic stage, with the sporophytic stage being short lived and dependent on
the gametophyte. As the life history of a species has been shown to have a profound
impact on the level and distribution of genetic variation within natural populations

(Hamrick & Godt, 1990), populations of bryophytes may be expected to exhibit

quite different characteristics to vascular plants. A depiction of this life cycle in the

moss P. patens, 1s shown in Figure 1.2,

All land plants exhibit an alternation of generations between the sporophytic stage
and the sexual gametophytic stage, however in vascular plants the gametophytic
stage has been greatly reduced. The fossil record shows that in early land plants the
gametophytic and sporophytic stages were similar in terms of complexity, with the
reduction of the gametophyte in vascular plants developing after the transition to
land (Kenrick & Crane, 1997; Taylor et al., 2005). The bryophytes represent the
earliest group of plants to diverge in the land plant phylogeny, so they therefore
provide an opportunity to study the evolutionary processes associated with the

conquest of land (Rensing et al., 2008; Renzaglia ef al., 2007).
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1.3.1 Genetic diversity in bryophyte populations

The consequences of a dominant haploid life stage in bryophytes has long been
thought to have significant implications for levels of diversity in mosses, and until
recently there was a strongly held view that bryophytes lacked the “evolutionary
potential” (Wyatt et al., 1989b) of vascular plants. There was general acceptance
that diploid organisms possess greater genetic variation, and thus a greater
evolutionary potential than haploid organisms due to heterozygosity in diploids
(Ennos, 1990). However, a number of reviewers have taken issue with this
assumption (e.g. Ennos, 1990; Wyatt et al., 1989b), and early studies of the
population genetics of bryophytes using isozyme variation have shown haploid
organisms to be no less genetically variable at the population level than vascular
plants (Cummins & Wyatt, 1981; Innes, 1990; Wyatt et al., 1989a; Yamazaki,
1981). However, it has been suggested that there are problems in interpreting
1sozyme data, and that they do not necessarily accurately detect genetic variation
(Hassel & Gunnarsson, 2003; Steneien & Sastad, 1999). With the development of
other molecular markers such as microsatellites and RAPDs, that record genetic
differences directly at the DNA level, high levels of genetic diversity within
bryophyte populations have again been found (e.g. Skotnicki et al., 1999; Stengien

& Flatberg, 2000; Wilson & Provan, 2003). It has been argued that as most

molecular markers are selectively neutral, the levels of genetic variability found do
not reflect the evolutionary rate of bryophyte populations (Stengien & Flatberg,
2000; Steneien & Sastad, 1999; Yamazaki, 1981). Perhaps more convincingly,
where diversity levels have been studied using quantitative characters, the levels of

diversity shown by molecular data are confirmed (Shaw et al., 1987).
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1.3.2 Bryophyte mating systems

In bryophytes there is a wide range of mating systems operating within species,
owing to the unique life history of these plants (Shaw, 2000). Bryophyte mating
systems fall into two general categories; dioicous species with separate male and
female gametophytes, and monoicous species with both sexes on one gametophyte.
Monoicous bryophytes can also be divided into a number of different forms; with
archegonia and antheridia either in the same inflorescence (synoecious), the same
florescence but separated by bracts (paroecious), or on the same gametophyte but
different stems (autoecious) (Shaw, 2000). The proximity of antheridia and
archegonia on the same gametophyte will therefore have consequences for the
likelihood of the occurrence of inbreeding in a species. It is likely that all monoicous

bryophytes have at least an element, if not to a significant degree, of inbreeding

within populations, and no bryophyte species have been found to be self-

incompatible (Shaw, 2000).

Bryophytes can not only undergo “true” self-fertilisation i.e. the mating of gametes
produced from the same individual (intragametophytic selfing), but also
intergametophytic selfing; the mating of gametes produced from haploid individuals
produced from the same diploid parent (Klekowski, 1972). Intergametophytic
selfing is equivalent to self-fertilisation in seed plants, which results in a reduction in
heterozygosity in the diploid stage of 50% in one generation, and a reduction of 90%
in 10 generations (Hedrick, 1987a; Hedrick, 1987b; Shaw, 2000). In contrast to this,
intragametophytic selfing results in a complete loss of heterozygosity in one
generation (Hedrick, 1987a; Hedrick, 1987b; Shaw, 2000). It is intuitive therefore to
conclude that monoicous bryophytes should be less genetically diverse than dioicous

species (Wyatt et al., 1989b). This has not been found to be the case however when
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comparisons have been conducted (Cronberg et al., 2006). It 1s thought that this is
because sexual reproduction 1s rare in dioicous bryophytes (Cronberg, 2002), with
male and female gametophytes often spatially separated (Longton, 1976). This is
supported by evidence that sporophytes are frequently produced in monoicous

species, but rarely in dioicous species (Longton & Schuster, 1983).

Along with the effect of diversity levels within bryophyte populations, the mating
systems in operation will also have an effect on gene flow within a population and
thus the scale at which spatial structure is observed. In monoicous species, where
inbreeding is frequent, small scale spatial structuring would be expected (Ennos,
2001). If true inbreeding does not occur, then crosses with siblings are likely as
gamete dispersal has been shown to be restricted to distances of tens of centimetres

in bryophyte populations (Anderson & Lemmon, 1974; Longton, 1976). However,

as monotcous bryophytes produce sporophytes more profusely than dioicous
species, gene flow mediated by spores, which could travel tens of metres or further,

may be more common.

1.4 Population genetics of model species

Population and ecological genetic studies tend to focus on ecologically interesting
organisms or organisms that are potentially useful, such as crop wild relatives. The
focuses of evolutionary studies are, however, beginning to change. As well as
identifying and analysing the evolutionary processes that occur within natural
populations, researchers also aspire to identify the genes that affect these
evolutionary processes (for a review see Feder & Mitchell-Olds, 2003). This
marriage of ecology and molecular genetics has been termed “evolutionary and

ecological functional genomics™ (Feder & Mitchell-Olds, 2003). To conduct
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molecular studies requires a considerable financial investment, with well equipped
laboratories and skilled researchers required. Therefore to investigate the functional
genomics of the wide number of organisms that have been the focus of prior
ecological studies would be untenable, especially since many such species have been
poorly characterised in terms of their molecular biology. By contrast, to focus
ecological and evolutionary studies on appropriate model organisms, which have
been the targets of molecular genetic studies, would have many benefits. Gene
function in model organisms has classically been studied by creating mutants in a
limited number of laboratory “wild-type” strains, and identifying genes through
traditional “forward” and “reverse” genetics. The number of mutants that can be
created is limited by the phenotype of the wild type strains, so in order to apply such

an analytical approach it 1s necessary to obtain a wide variety of accessions from
various habitats and locations which would enable the identification of ecologically

relevant phenotypic traits (Alonso-Blanco & Koornneef, 2000).

The ecological genetics of a number of model species and their close relatives have

been studied, however the diversity of model organisms available for ecological
studies is low, particularly among plants, in which the majority of studies have
investigated the population genetics of A. thaliana (Jergensen & Mauricio, 2004;

Miyashita et al., 1999; Sharbel et al., 2000) and its close relatives. The genetic

variation found in plants sampled from natural populations has been used to
investigate evolutionary interesting genes (Johanson et al., 2000), and quantitative
trait loc1 (QTL) maps have been produced (see Alonso-Blanco & Koomneef, 2000;
Tonsor et al., 2005 for reviews). Work on animal species, particularly D.
melanogaster, has been far more prolific, with a long historical body of work to

support this (for a review see Mousette & Derome, 2004), and organisms that are
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easily manipulated in the laboratory, such as Saccharomyces cerevisiae also have

the potential to be useful evolutionary models (Landry et al., 2006).

If investigations into the molecular ecology of model species are to be extrapolated
generally, a wide diversity of species need to be studied (Travis, 2006). In plants,
genetic studies have mainly been restricted to A. thaliana or crop plants, which
provide limited coverage of the diversity of plant life. The model moss, P. patens,
therefore provides an alternative valuable model in which to combine ecological and
evolutionary studies with the many molecular tools available for this species. P.

patens is a useful comparative model to 4. thaliana and other flowering plants, as it

offers the potential to explore characteristics fundamental to the evolution of land

plants (Nishiyama et al., 2003; Waters, 2003; Zimmer ef al., 2007).

1.4.1 P. patens — a useful ecological model

P. patens has grown in popularity as a model species due to the experimentally
amenable characteristics of its life cycle, biology and genetics. Haploid protonemal
and gametophytic tissue is easily cultured under laboratory conditions, and the
dominance of this haploid stage allows for easy identification of recessive mutants
(Cove et al., 1997). Gametophytic tissue can be regenerated both from spores and

fragments of protonemal tissue, and many plants can be cultured with relative speed

and little space requirements, particularly if cultured on agar. The wealth of
knowledge on the culture of P. patens in the laboratory, and the ability to easily

manipulate the resultant gametophytes, should help make the development of

laboratory based ecological studies more straightforward.

The life cycle of the most commonly used strain, named “Gransden” after its site of

collection near Gransden Wood in Cambridgeshire, takes around three to four
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months to complete (Cove, 2005), and years of culture in the laboratory have
resulted in a loss of fertility in this strain. However, antheridia and archegonia can
be produced in the laboratory, and the Gransden strain is still able to undergo both
self- and cross-fertilisation. During the course of this work, wild accessions have
been shown to be far more fertile than Gransden, with the production of gametangia

occurring several weeks earlier than in the Gransden strain.

P. patens is also an excellent model for “reverse genetic” studies as targeted
transgene insertion by homologous recombination occurs with high frequency, in

contrast to most other plant species (Schaefer & Zryd, 1997). Therefore, interesting

genes can be more easily manipulated for functional investigation than in any other

plant species.

1.4.1.1 Biology of P. patens

P. patens inhabits ephemeral aquatic habitats; namely ponds, lakes, ditches and
streams 1n the northern hemisphere. Populations are found in Europe, from north of
the Mediterranean to Scandinavia, Siberia, and North America (Hill ez al., 1994;
Smith, 2004; Tan, 1979). For a detailed description of P. patens see Appendix I,
which is taken from Smith (2004). Plants develop in early summer, but their
appearance 1s dependent on the populations being submerged in winter, and on

water levels subsequently falling in summer (Cove, 2005). Sporophytes are
produced from late summer to early winter. P. patens is classified as occasional in
Smith (2004), but 1t is likely to be a relatively under-recorded moss (S. Bosanquet,
pers. comm.). Further information regarding the habitats that this species occupies is

requtred 1n order to utilise fully its potential as a model species, however its
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distribution in Europe, Japan and the USA facilitates study by global research

groups.

P. patens is monoicous, with antheridia and archegonia on the same gametophore,
where self-fertilisation can occur (Cove, 1983). The production of sporophytes in
laboratory strains of P. patens has been shown to be dependent on a day length of
about eight hours (Hohe et al., 2002) and a temperature range of 15-19°C (Engel,
1968). In these conditions each sporophyte produces between three and four
thousand spores (Engel, 1968). No study has investigated the biology of P. patens 1n

natural populations or in an environment other than the laboratory, so very little 1s

known about its ecology.

1.4.1.2 Phylogenetics and taxonomy

P. patens is a member of the Funariaceae, which are in the order Funariales in the
Bryopsida. This includes the mosses with a diplolepideous-alternate peristome,
which describes two alternate concentric rings of toothlike structures at the capsule
opening (Cox et al., 2000). A phylogeny of bryophytes, indicating the position of
the Funariales, is shown in Figure 1.3. No phylogeny of the Funariales or
Funariaceae has been produced. The Funariaceae comprise six genera;

Physcomitrella Bruch & Schimp., Aphanorrhegma Sull., Entosthodon Schwiger.,

Funaria Hedw., Physcomitrium (Brid.) Brid. and Pyramidula Brid. Physcomitrella
comprises only two species, P. patens and P. readeri. Together with P. patens, the

Funariaceae includes a second well studied species, Funaria hygrometrica.

The Funariaceae have posed problems for taxonomists due to a large variability in
sporophyte morphology, which is unusual in mosses. The family is characterised by

gametophytic characters, including thin-walled obovate leaves with inflated terminal
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cells. Shared sporophytic characters include stomata enclosed by a single guard cell
(Fife, 1985). Members of this family also readily hybridise, with P. patens forming
hybrids in natural populations with Aphanorrhegma and Physcomitrium, which has
led to suggestions that these are the same genus (Bryan, 1957). There is still
controversy over the naming of P. patens, and it is classified in The Moss Flora of
Britain and Ireland (Smith, 2004) as Aphanorrhegma patens (Hedw.) Bruch &
Schimp. This is after the re-interpretation of the Funariaceae by Lindberg (1864),
which included Physcomitrella within Aphanorrhegma (in Fife, 1985).
Physcomitrella, as first described by Bruch, Schimper and Giimbel (1836-1855; in
Fife, 1985), remains as a separate genus in many other regional floras, including the
Flora of the USA (Goffinet, 2007), and important floras from Japan (Ochi, 1968)

and New Zealand (Scott & Stone, 1976; Stone & Scott, 1973). This nomenclature
has been retained for the purposes of this study as it is most commonly recognised

by the scientific community as Physcomitrella.
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Figure 1.3 Phylogeny of the diplolepideous-alternate mosses, based on 18S rDNA,

trnL-F, rbcL, and rps4 sequences, taken from Cox et al., (2000). The position of the

Funanales, as represented by F. hygrometrica, 1s indicated.
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1.4.1.3 Historical perspective

Mosses have long been the focus of genetic and developmental studies, with mosses
utilised as important model systems as early as the 1940°s (see Cove et al., 1997 for
a review). The first significant genetic studies with P. patens were conducted by
Engel (1968), who produced mutants of P. patens using chemical and X-ray
mutagenesis. Further significant studies did not come until the 1970’s, when P.
patens was adopted as a model by David Cove at the University of Leeds, and
Wolfgang Abel at the University of Hamburg (Schaefer & Zryd, 2001). Important
developments during this period included the regeneration of plants from protoplasts
and the resultant ability to conduct complementation studies using protoplast fusion
(Grimsley et al., 1977a; Grimsley et al., 1977b). Shortly after this, self-sterile but
cross-fertile mutants were developed, which allowed test crosses to be conducted
(Courtice et al., 1978). Further studies of P. patens focussed on its developmental

biology, with a number of developmental mutants identified (see Cove & Knight,

1993 for a review).

P. patens became the focus of molecular genetic experimentation in the late 1990s,
with the discovery that when transformation was attempted via polyethyleneglycol
transformation of protoplasts, DNA containing homology with endogenous
sequences integrated preferentially at the cognate loci. This “gene targeting”
occurred by homologous recombination, a feature absent in other model plants. This
allows far greater versatility in P. patens than other plant species, as specific genes

can be targeted for very precise mutagenesis, revealing insights into gene function

(see Reski, 1999; and Schaefer & Zryd, 2001 for reviews).
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1.4.1.4 Genomics

P. patens has been found to possess 27 chromosomes in the wild type strain (Reski
et al., 1994), and following the assembly of a first-draft complete genome sequence,
1its genome has been estimated to contain over 35,000 gene models (Rensing et al.,
2008). An important resource that could be utilised in evolutionary studies of
bryophytes, is the P. patens expressed sequence tag (EST) database, which has been
used to annotate the first draft of the genome sequence assembly (Rensing et al.,
2008). ESTs provide an insight into possibly evolutionarily significant genes, as
they provide information about the genes expressed in particular tissues, at particular
times and under particular conditions (Bouck & Vision, 2007). Along with
information about gene function, ESTs can also be used to produce molecular

markers that could be utilised in population genetics studies, and a number of

microsatellite markers have recently been developed using ESTs from P. patens

(von Stackelberg et al., 2006).

The function of a number of interesting genes has been discovered in P. patens,

including genes that could have been important in the transitions to life on land. P.
patens 1s tolerant to a number of environmental stresses, and the P. patens EST
database contains sequences that are homologous to stress-related genes in other

species, including those that are up-regulated in response to dehydration (Frank et

al., 2005). P. patens is a dehydration tolerant species, and plants have been shown to
have the ability to regenerate after losing 92% of their fresh weight after dehydration
treatments (Frank et al., 2005). Conversely, desiccation tolerant species are able to
regenerate after losing over 99% of their fresh weight, and they possess specific

mechanisms that reduce the effect of desiccation and repair the cellular damage

caused by it (Oldenhof et al., 2006; Oliver et al., 2000). To fully explore the



21

mechanisms that allowed plants to colonise land, desiccation tolerant species should
be studied, and bryophytes such as Tortula ruralis are being developed as models

for this purpose (Oliver et al., 2000; Oliver et al., 2005).

Although the functions of some genes have been inferred through interrogation of
the genome sequence and EST database, the function of the majority of genes in P.
patens remains unknown (Rensing et al., 2008). A significant step on the road to
relating the genome sequence to gene function has been the production of a high
density linkage map (Kamisugi et al., 2008). This linkage map was produced using
both AFLP and microsatellite markers, and the AFLP markers used have been
anchored to the genome sequence by converting the AFLP loci into sequence
characterised amplified length polymorphisms (SCALPs). The development of these

AFLP markers provides a potentially significant resource for ecological and

evolutionary genetics. Any AFLP loci that are found to be of interest through
genetic association with evolutionarily important traits could potentially be used to

identify sequenced genes subsequently found to be present as markers in the linkage

map.
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1.5 Aims of the project

The model moss P. patens is one of the most well resourced model plant species and
1s certainly the most well-characterised bryophyte, in terms of its molecular biology.
Nevertheless, there is virtually nothing known of the ecology and population
genetics of this plant. To extend the variety of studies that can be conducted and
increase the utility of the molecular knowledge that has been gleaned from this
model, more information about the diversity of this species in its natural

environment must be obtained. The laboratory strains of P. patens that are currently

studied include a number of P. patens accessions, termed “Physcotypes™. They

comprise 1solates from widely different parts of the world, but only a few

sporophytes have been collected from each locality. Although probably

unintentional, these Physcotypes are likely to have been selected based on their

phenotypes or suitability for laboratory culture (Alonso-Blanco & Koomneef, 2000).
Consequently, a larger collection of plants representative of the genetic variation in
different populations is required, if the molecular tools available for genetic analysis
of Physcomitrella are to be effectively mobilised in the study of its population
genetics. This requirement has underpinned the investigation described in this thesis:
the first study of the genetic diversity of P. patens in a variety of natural

populations, using multiple samples derived from a number of sites.

P. patens is an interesting model in which to answer evolutionary questions. Being a
haploid, inbreeding, and ephemeral bryophyte, it has a life history in contrast to
most well studied plant species. In the chapters ahead I will examine the level of
genetic variation within natural populations of P. patens and how this diversity is
partitioned spatially within and between species. I will also address how the mating

systems operating within populations of bryophytes can be investigated, by trialling
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a novel method of analysis, and applying this to natural populations of P. patens. 1
have also identified a population of P. readeri in West Yorkshire, which 1s a
bryophyte new to Europe. By conducting this study I hope to characterise the
population genetic processes occurring within natural populations of P. patens, so
that this may further the understanding of the ecology and evolution of ephemeral

plants and bryophytes in general, about which little is currently known.
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Chapter 2 General Materials and Methods

2.1 Study sites

Between August 2005 and November 2006, mature sporophytes of P .patens were
collected and population data were recorded from nine populations in Great Britain.
Populations are generally defined by the limits of the pool, lake, ditch or other such
habitat in the vicinity that they occupy, so populations are therefore discrete but
hugely variable in size. Populations were chosen according to a hierarchical spatial
scale protocol, with regions and populations separated by distances of 5-20km, 50-

100km and 100km-400km. Population details are given in Table 2.1with their

distribution in the UK shown in Figure 2.1. Photographs showing examples of the

habitats that P. patens occupies are given in Figure 2.2.

When identifying possible target populations, a total of 42 locations were examined,
based on previous records of P. patens at these locations. Of these only 11 locations
were found to contain P. patens plants. The details of these locations and the
historical records of P. patens are given in Appendix I. The success of discovery of
populations was generally dependant on the age of the record, and often plants were
not found 1n locations where the records were over 10 years old. However,
Papercourt Marshes in Surrey was found to contain a large population of P. patens,
yet the record was dated from 1973. In many populations that had only recently been
recorded, evidence of P. patens was still not found. In certain cases, such as at
Bosherton Lakes in Pembrokeshire and several locations in Cambridgeshire, exact
GPS grid references were provided by bryologists who had found P. patens only a

few years previously. In these instances it is likely that the water levels in the lakes,
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reservoirs and streams in which the populations inhabit were too high, and that the
populations were submerged. Other locations were found to contain established

plant communities, with little evidence of aquatic areas, indicating that the area that
the population had previously occupied had since become too dry for P. patens. It
can be concluded that P. patens 1s very much dependent on a regular cycle of

iundation and exposure for the persistence of populations.

. '--'r I“"" h"

10km L ( .}

Figure 2.1 Location of populations of P. patens (e) sampled. The distribution of

populations within Cambridgeshire is shown in greater detail in b).
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Sporophytes were collected according to a hierarchical spatial scale protocol within
populations, with the sporophytes collected that were separated by distances in the
region of 10cm — 50cm, 1m-5m and 20m — 50m within each site. An example of the
sampling structure is shown in Figure 2.3. Within-site distances were measured
between consecutive samples and bearings were taken between samples, so the

points where samples were collected from could be converted to x and y

coordinates, to produce a plan of each site and enable distances between each pair of
samples to be calculated. Mature, undehisced spore capsules were collected and
stored 1n 1.5ml microcentrifuge tubes. Population area was recorded by walking
around the perimeter of the population with a geographical positioning system and
recording the perimeter position at regular intervals. The area within this perimeter

was then calculated using ArcGIS 9.1 (ESRI, Redlands, California, USA).

The density of P. patens around each individual collected was also measured, using
quadrats of 10x10 cm and 1x1m. The quadrats were made up ofa 7 x 7 grid

comprising 49 cross-over points, and the occurrence of a P. patens plant beneath

each point was recorded, with the sample collected as the centre point.
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Figure 2.3 Positions of P. patens sporophytes that were collected from Pant-y-llyn in

Carmarthenshire. Each labelled point indicates clusters of 1-3 sporophytes separated

by distances of less than 50cm.
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2.2 Sample culture and DNA extraction

Intact spore capsules were rinsed in sterile distilled water, and then transferred to

domestic bleach (ca. 5% free Cl,) for five minutes in a sterile 1.5ml microcentrifuge
tube. Capsules were rinsed twice in sterile distilled water, transferred to a clean tube
and crushed in 1ml sterile distilled water, to release spores. Spores were germinated

on BCD medium (Knight e? al., 2002) containing NH4 (SmM ammonium tartrate)
and 10mM CaCl, under constant illumination at 25°C. Following germination,
individual plants were transferred to BCD medium containing NH4 and 1mM CaCl,,
and grown under constant 1llumination at 25°C. For DNA extraction, individual

plants were grown on medium overlaid with cellophane for isolation of DNA as

described by Knight ez al. (2002).

2.3 AFLP analysis

AFLP analysis (Vos et al., 1995) of each plant was conducted as described by
Myburg and Remington (2000). Approximately 100-200ng DNA was digested with
EcoRI and Msel and ligated with the adapter sequences described by Myburg &

Remington (2000).

AFLP pre-amplification reactions were conducted using EcoRI and Msel primers

with a single selective nucleotide (EcoRl: GACTGCGTACCAATTCN; Msel:

GATGAGTCCTGAGTAAN) and selective amplification reactions were conducted
with either one or all of the following primer combinations (see Chapters 3 and 5 for
specific details): EcoRI+AC/Msel+CG, EcoRI+AG/Msel+CT and
EcoRI+CG/Msel+TA. The primer combinations selected were chosen as they

produced easily scorable traces with polymorphic loci, based on a trial of AFLP
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primer combinations by Kamisugi et al. (2008) for production of the P. patens
genetic linkage map. These EcoRI primers were fluorescently labelled with FAM,

HEX and NED respectively, so that the length of fragments could be scored

automatically using a capillary sequencer. PCR reactions were conducted as follows
according to a modified method of Berres (2001). Each PCR reaction (15ul )
contained PCR buffer, 0.2mM dNTP mix, 18ng EcoRI primer, 90ng Msel primer,
0.15pl Taq polymerase, and 1.5ul pre-amplification product (diluted 1:50). Cycle
parameters were 12 cycles of denaturation at 94°C for 10 seconds, annealing at 65°C
for 30 seconds and extension at 72°C for 60 seconds — 0.7°C/cycle, followed by 24
cycles of denaturation at 94°C for 10 seconds, annealing at 56°C for 30 seconds and
extension at 72°C for 60 seconds + 1 second/cycle, with a final extension at 72°C for

2 minutes. Amplified AFLP fragments were then electrophoretically resolved using

an ABI 3130 Genetic Analyser (Applied Biosystems, Foster City, USA).
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Chapter 3 Genetic structure within and between populations of

P. patens

3.1 Introduction

P. patens provides an interesting model in which to study evolutionary questions as
1t 1s an ephemeral, inbreeding species, which has a number of implications for the
population genetics of this organism. P. patens resides in aquatic habitats such as
reservoirs and ponds (Smith, 2004), with receding water levels exposing populations
(Cove, 2005). Thus P. patens populations could be expected to exhibit features such
as low levels of genetic diversity and high fecundity, as observed in ephemeral

flowering plant species (Barrett & Husband, 1997).

An important aspect of the population genetics of plant species is the spatial

structure of plant genetic variation within and between populations, yet this has been
little studied in bryophyte populations. Where this has been investigated it has been

studied in dioicous (Cronberg, 2002; Cronberg et al., 1997, Gunnarsson et al., 2005)
or epiphytic bryophytes (Snill et al., 2004), which would be expected to exhibit very

different population biology to a monoicous ephemeral such as P. patens.

The spatial genetic structure of individual populations can be studied in plant
populations using spatial autocorrelation analysis whereby a measure of genetic
similarity between pairs of individuals, such as the kinship coefficient, is correlated
with the position of individuals in a mapped population (Heywood, 1991; Vekemans
& Hardy, 2004). There are a number of different methods for estimating the genetic

relationship between a pair of individuals when using spatial autocorrelation
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analysis, such as those by Ritland (1996), Queller and Goodnight (1989), Li et al.

(1993), Hardy and Vekemans (1999), Lynch and Ritland (1999) and Wang (2002).
However, Loiselle ef al. (1995) has developed an estimator based on that of Hardy
and Vekemans (1999), which is itself based on Moran’s [/ statistic, that performs
well in highly selfing species (Vekemans & Hardy, 2004), and 1t has been used

successfully in spatial autocorrelation analysis of a population of an epyphytic

bryophyte by Snill (2004).

In this study I investigated the level of genetic diversity within populations of P.
patens, along with the spatial genetic structure both within and between populations.
I have used amplified fragment length polymorphism (AFLP) analysis, as it is a

robust and reliable genetic marker which is highly reproducible, with many loci

amplified in individual polymerase chain reactions (Blears ef al., 1998; Ritland &

Ritland, 2000). Maximising the number of loci to be sampled is important when
studying diversity within populations as the genetic variation between individuals

may be low. I also investigated the spatial partitioning of genetic diversity between
populations by structuring the distance between populations at differing spatial

scales as well as by sampling within populations at multiple spatial scales.

3.2 Materials and methods

For a description of the populations of P. patens sampled, see Chapter 2, Table 2.1.
For details of the sampling procedure, sample culture, DNA extraction and AFLP
analysis, see the relevant sections in Chapter 2. The number of sporophytes sampled

from each population studied in this chapter is given in Table 3.1.
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Table 3.1 Populations sampled, including the number of sporophytes collected at

each population.

No. of
sporophytes

Population | Population/
Location

Pant-y-llyn

Llanfihangel
Gobion

Stokesay

Papercourt
Marshes

Ouse Washes

Wicken Fen

Swavesey

Mepal

Lindley Wood
Reservoir

3.2.1 AFLP profile scoring and error-rate testing

AFLP fragments to be scored were initially filtered using Genemapper® Software

v3.7 (Applied Biosystems). Only unambiguous fragments that were between 70 and
500 bp 1n length were included in the analysis. The fragment fluorescence intensity,
or peak height data that was produced by Genemapper® was then converted into a
genotype table, where AFLP loci were scored as either present (1) or absent (0) in
each individual, using the free r-script based software, AFLPScore version 1.3

(Whitlock et al., 2008). AFLPScore normalises peak height data between
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individuals, and scores loci as either present or absent by determining the optimum

scoring conditions based on error-rate testing. The error rate testing procedure
determines the loci to be scored based on the average peak height at each locus, or
the locus-selection threshold, and the relative height at which fragments are scored
as present or absent, or the genotype-calling threshold. The locus-selection threshold
and the genotype-calling threshold were chosen based on the % mismatch error rate,

and the number of loci retained. A binary matrix of AFLP profiles was then

produced by AFLPScore based on these criteria.

To estimate the rate of error within the AFLP procedure, each step of the process

was conducted on two replicated samples from 24 individuals. Each of these 24

samples were sub-divided into two separate tissue samples, with separate DNA
extractions, AFLP reactions and profile scoring was then conducted independently

on each set of 24 samples.

3.2.2 Data analysis

3.2.2.1 Genetic diversity and linkage disequilibrium

Within-population diversity estimates based on allele frequencies were calculated
using AFLP-SURYV version 1.0 (Vekemans et al., 2002), based on methods used by
Lynch and Milligan (1994). The proportion of polymorphic loci at the 5% level, and
Net’s gene diversity index (Nei, 1973) were calculated for each population. The
correlation between the Nei’s gene diversity index within each population and
population area was tested by calculating the Spearman rank correlation coefficient
using XLSTAT (Addinsoft, 2008). The presence of linkage disequilibrium, or the
non-independence of loci, was tested for using the programme LIAN (Haubold &

Hudson, 2000). LIAN tests for statistically independent assortment of alleles by first
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computing the number of loci at which each pair of samples differs. LIAN then

calculates the variance of the mismatch values (¥p), and compares this to the
variance expected under linkage equilibrium (Ve). The null hypothesis Hy : Vp=V.,
was tested by a Monte Carlo simulation test using 10,000 re-samplings of the data

(see Haubold & Hudson, 2000). A measure of linkage, the standardised index of

association (7, ), was also calculated in LIAN as:

Where / is the number of loci analysed.

3.2.2.2 Genetic structure within and between populations

To analyse genetic differentiation within and among populations, Wright’s Fg

(Wright, 1978) was calculated and an Analysis of Molecular Variance (AMOVA,

Excofhier et al., 1992) was performed in ARLEQUIN (Schneider et al., 2000). The

significance of variance components and Fg; was tested using a non-parametric

permutation method, as described in Excoffier et al. (1992), using 2000

permutations of the data. Pairwise Fg; values between populations were calculated
using the free statistical software package SPAGeDi (Hardy & Vekemans, 2002).

The relationship between pairwise Fg¢ and geographical distance between

populations was tested by conducting a Mantel test using XLSTAT.

The kinship coefficient between pairs of individuals within and among populations
was calculated according to Loiselle et al. (1995) using SPAGeDi (Hardy &

Vekemans, 2002). Kinship coefficients, or coancestry coefficients, are based on the
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probability of identity of two homologous alleles, p; and p;, sampled randomly
within two mapped individuals, i and j (Hardy & Vekemans, 2002), or as defined 1n
Snill et al.(2004) for haploid bryophyte individuals as;
Z(p: - D)(p; — D)
p if n

a =-———-—-———-—-——+
Py BA-p)  n+l

where the first term is the expected value of pj, p is the average frequency of the

allele in the sample and k =n(n — 1)/2 is the total number of possible pairwise
connections between n samples. The second term adjusts for bias attributable to
finite size, and results in p; having an expected value of zero for a population in

Hardy—Weinberg equilibrium. The fine-scale genetic structure amongst all

individuals and within populations was estimated using spatial autocorrelation

analysis (see Vekemans & Hardy, 2004), which was also calculated in SPAGeDi.
All individuals within the dataset were first pooled and the kinship coefficients of all

pairs of individuals were binned into physical mapped distance classes of <Ilm, 1-
10m, 10-50m, 50-500m, S00m - 100km and 100-400km. SPAGeDi calculated the

mean kinship coefficient for each distance class, and the significance of this kinship

coefficient (significantly different from 0) was tested by performing 2000
permutations of the data. The observed mean kinship coefficient was then compared

to the 95% confidence intervals (CIs) produced from the permuted kinship
coefficients. This procedure is analogous to a Mantel test (Hardy & Vekemans,
2002). This spatial autocorrelation analysis was then repeated within populations,
excluding population H from Mepal in Cambridgeshire, as only three sporophytes
were collected from this population. Distance classes of <10m, 10-50m, 50-100m,

100-200m and 200-500m, were used in these analyses, however not every distance

lEUS UNIVERSITV 1 IR0 2 v
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class was used in all analyses, as the power of this procedure is dependent on the

number of pairs within each distance class. Only distance classes with at least 30

pairs in each were used for each within-population analysis.

3.3 Results

After initial analysis of a subset of sporophytes collected from all populations

studied, one population, at Lindley Wood Reservoir in West Yorkshire, was found

to have very different AFLP profiles to those obtained from samples from all other

populations. A preliminary analysis of pairwise Fg¢ between populations (calculated

using SPAGeDi), and geographic distance (Figure 3.1), showed that the inclusion of
plants from the population at Lindley Wood distorts the data. It has since been
confirmed that the samples from Lindley Wood were not infact P. patens, but P.

readeri, and further details of this are discussed in Chapter 4.



