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SUMMARY

Mosses are important yet neglected inhabitants of tropical rain forests. In this
study I investigated the genetic diversity of the Malesian moss species, Acanthor-
rhynchium papillatum (Harv.) Fleisch. using microsatellite markers and DNA
sequences from the second internal transcribed spacer region, IT52, of ribosomal
DNA. Moss samples for analysis were collected from five sampling areas: three
areas in Peninsular Malaysia, two in Singapore. These sampling areas differ from
each other in habitat quality. Genetic diversity was assessed at several scales:
within clumps of a moss, among moss clumps in one sampling area and among
sampling areas.

Eight microsatellite markers were newly developed for Acanthorrhynchium
papillatum for this project. Rigorous tests on these markers revealed that they
were suitable for use in population genetic studies of the moss. These were the
first markers reported for a tropical moss species.

The microsatellite markers revealed high levels of allelic and haplotypic di-
versity among clumps of Acanthorrhynchium papillatum in each of the sampling
areas. Although a reduction in both allelic and haplotypic levels of diversity were
detected in sampling areas considered to be more ecologically disturbed, diversity
at both allelic and haplotypic levels in these areas was still generally high. High
levels of diversity are hypothesized to stem from high mutation rates in the mi-
crosatellite markers used as evidenced by several observations in the data. Allelic
diversity of A. papillatum was also found to be high in areas that were quali-
tatively thought to be more disturbed. Genotypic diversity was lower in these
areas suggesting that vegetative reproduction is more important in these areas for

maintaining the population numbers of this moss.
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Genetic variation among clumps of Acanthorrhynchium papillatum was also
seen in another marker, I7TS2. Considerable levels of diversity among popula-
tions of A. papillatum were seen with this marker. Similar to the results using
microsatellite markers, I7TS2 haplotype diversity was lower in areas deemed to be
more ecologically disturbed. Compared to the diversity levels in the microsatellite
markers, however, diversity levels in ITS2 were lower, emphasizing the utility and
importance of microsatellite markers in population genetic studies.

The microsatellite markers were also used to examine genetic diversity within
clumps of Acanthorrhynchium papillatum. Most clumps studied had very low
levels of diversity indicating that vegetative reproduction was more important
within clumps than sexual reproduction. However, multilocus genotypes of sam-
ples within some of the clumps studied were not all alike, providing evidence again
of high microsatellite mutation rates or of occasional sexuality within this species.

The results obtained provide baseline information on the genetic diversity of
Acanthorrhynchium papillatum in Singapore and Malaysia and are hoped to form
one of the first of a series of studies on bryophyte genetic diversity in Southeast

Asia.
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Chapter 1

GENERAL INTRODUCTION AND REVIEW OF
LITERATURE

1.1 General Introduction

1.1.1 Background of the study

Mosses and other bryophytes are integral components of forests throughout the
world. Although small and often unnoticed, they provide many significant ecolog-
ical functions.

Bryophytes are among the first plants to colonize newly exposed surfaces
(Hallingback & Hodgetts, [2000). They stabilize the soil crust and help in the
accumulation of humus, paving the way for the growth of other plants. They
regulate moisture in the forests, helping control erosion and flash floods. Their
contribution to water regulation is particularly significant in highland environ-
ments where they can form a major proportion of the above-ground biomass.

Hallingbéck & Hodgetts| (2000) state that “they are critical to the survival
of a tremendous diversity of organisms”. These include arthropods and other
invertebrates that depend on bryophytes for habitat or for food. Bryophytes also
provide seedbeds for several tree species (Glime & Saxena;, [1991)). Some bryophytes
even provide substrates for the growth of Cyanobacteria and thus indirectly help
in fixing atmospheric nitrogen (Glime & Saxena, (1991} |Saxena & Harinder, 2004)).

Despite the ubiquity and importance of mosses, little is known of the popu-
lation biology of many moss species in the tropics. Most studies on bryophyte

population biology were done on temperate species. Except for an early study



in the Philippines (de Vries et al., [1983)), studies on population genetic diversity
of Malesian species are practically non-existent. Baseline information on popula-
tion parameters such as degrees of genetic diversity, extent of clonal proliferation
and characteristics of genetic structure have been established for almost no moss
species in the Malesian region. The effects of anthropogenic environmental changes
on these parameters are consequently also unknown. At the rate that natural habi-
tats of mosses are disappearing in Southeast Asia, the probability of never finding
answers to these questions is becoming all too inevitable.

In this project we established baseline information on the genetic diversity
of the Malesian moss species, Acanthorrhynchium papillatum (Harv.) Fleisch.
Genetic diversity metrics were examined at three spatial scales: within clumps of
the moss, among clumps within the same population or sampling area and among
different populations. Populations of A. papillatum from habitats with different
degrees of disturbance were compared to infer the effects of habitat degradation on
these metrics. The characteristics of genetic structure were also tested to detect
genetically isolated populations.

At the outset of the project several considerations and limitations peculiar to
working with mosses had to be addressed.

Many bryophytes are notoriously phenotypically plastic (Buryova & Shaw,
2005; Hedenas, 2001; Mishler, 2001; Sastad et al., [1999) and inferring genetic di-
versity from morpho-anatomical characters would have been both time-consuming
and potentially futile. Genetic diversity therefore needed to be determined through
the use of molecular markers.

Several classes of molecular markers were available for selection. However, the
marker used had to be chosen carefully. The chosen marker had to be able to
distinguish distinct individuals in a population in order to investigate the pecu-

liar tendency of mosses and other bryophytes to readily, if not predominantly,



reproduce through clonal (asexual) means (Mishler, [2001)). The marker had to be
PCR-based to accommodate for limited amounts of starting material that can be
extracted from the smaller individuals found in the field. The marker had to be
species-specific to screen out contaminating DNA from symbiotic organisms that
are difficult to remove from the samples. Finally, the marker ideally had to be
amenable to high-throughput processing to facilitate the study of large numbers
of samples. Microsatellite markers fit this bill entirely and were developed de novo
for the species studied in this project.

Microsatellites are tandem repeats of short motifs (variously, 1-8 nucleotides)
that have been found to be abundantly distributed in the genomes of species in
which they have been searched (Bruford & Wayne, 1993). Repeat length of the
same microsatellite locus may vary, often greatly, among individuals of the same
species. They are heritable and are thus useful as molecular markers in the study
of populations.

While microsatellites were the main markers employed, sequences from the
second internal transcribed spacer (I752) of ribosomal DNA were also used as
supplementary markers for this study. [7'S sequences have been used in other
studies on the population biology of mosses [e.g., Skotnicki et al.|(2005); (Chiang
& Schaall (1999b)); |[Shaw| (2000)].

1.1.2  Objectives

The main objectives of this study were as follows:

1. To develop microsatellite markers for the moss, Acanthorrhynchium papilla-

tum

2. To establish baseline information on genetic diversity between and among
clumps of Acanthorrhynchium papillatum using microsatellite markers and

ITS2 sequences



3. To detect and describe differences in genetic diversity between and among
clumps of Acanthorrhynchium papillatum found in sampling areas of different

degrees of disturbance using microsatellite markers and 752 sequences

4. To use microsatellite markers to describe the genetic diversity within clumps

of Acanthorrhynchium papillatum

1.1.3 Scope and limitations

It was the goal of this project to draw generalizations on the genetic diversity of
mosses in Malesia and how genetic diversity is affected by anthropogenic changes in
their habitats. Constraints in time and logistics, however, limited several aspects
of this study.

Only one species of moss, Acanthorrhynchium papillatum, was studied. Orig-
inally several species of mosses, each with different combinations of substrate
preference, habit and sexuality, were to be studied. In fact, microsatellite li-
braries for four moss species, Acanthorrhynchium papillatum, Pogonatum cirra-
tum ssp. macrophyllum, Thuidium plumulosum and Thuidium cymbifolium, were
constructed in the labs at the Department of Biological Sciences at the National
University of Singapore. In the end, however, and for various reasons, only studies
on A. papillatum were completed.

Collections were done exclusively in Singapore and Peninsular Malaysia. While
this obviously precludes the description of genetic diversity in other parts of South-
east Asia, data from samples collected, particularly summary statistics, should
represent adequate approximations of the genetic diversity of Acanthorrhynchium
papillatum in other areas.

Collections of Acanthorrhynchium papillatum were not randomly executed and
sampling efforts were different for every collection site. The distribution of A.

papillatum in the areas sampled was patchy; completely random sampling in these



areas would have been logistically prohibitive. Moreover, such a sampling strategy
could have potentially reduced the samples collected to statistically cumbersome
numbers. To compensate, large numbers of samples were collected per site. In fact,
samples were taken from nearly all clumps of this moss encountered in the field.
(Sampling, however, was conducted such that the moss clumps and surrounding
areas received little impact and disturbance). The collection of large numbers of
samples in each collection site also allowed for the better description of genetic
diversity of this moss in smaller spatial scales.

Only microsatellite data and IT.S2-sequences were used as markers. Although
microsatellite markers have been shown to be ideal for this study, data from other,
independent sources would have been welcome. In fact, I7T'S2-sequences, although
inadequate for distinguishing individuals in a population, were used precisely to
add more weight and data in describing the genetic diversity of Acanthorrhynchium
papillatum. Other markers such as single-nucleotide polymorphisms (SNPs) and
AFLP, may potentially enrich the findings but are left for future work on this
species.

Despite these limitations, the project is the first of its kind in Southeast Asia.
What its findings represent are not only significant contributions to the field of
population studies on bryophytes, they are urgent contributions as well because
of the rampant environmental degradation in the region. Moreover, the results on
the diversity studies and the development of microsatellite libraries for Acanthor-

rhynchium papillatum pave the way for further studies on this and related species.

1.2 Review of Literature

1.2.1 Duwversity of moss populations

Despite the grave and escalating reality of deforestation and the accompanying

loss of species in Southeast Asia, much of the biology of many forest inhabitants



remains unstudied. For instance, although there are many accounts on the taxon-
omy and species-level diversity of Southeast Asian bryophytes, few studies have
been made on the population-level diversity of bryophytes in our region. In fact,
there has only been a single study, one that was conducted more than 20 years ago,
on the population diversity of a moss species in the Philippines (de Vries et al.,
1983). Also, of the few studies that have been done to examine the differences
in diversity between moss populations in natural and deforested areas, none has
been done in Southeast Asia.

One could argue that the effects of deforestation on the diversity of moss popu-
lations could be inferred from the many studies conducted on the flowering plants,
a group that is better studied —and is arguably more popular— than the bryophytes.
But the many differences in the biology of these two plant groups (Mishler, 2001}),
particularly the small size of bryophytes and their occupation of microhabitats,
make these inferences hard to accept. To understand how deforestation affects
bryophytes, bryophytes have to be studied directly.

Notwithstanding the dearth of studies on the population diversity of bryo-

phytes in Southeast Asia, many such studies have been done outside the region.

FEarly studies and isozyme analysis

The diversities of bryophyte populations were not at first examined directly, but
were rather deduced from data on species-level diversity and implications of the
dominant haploid life cycle of bryophytes [see historical summary of |Cummins &
Wyatt| (1981)]. Bryophytes are thought to be an ancient group of land plants:
fossils have been found that closely resemble modern day species (Anderson, [1963;
Gofhnet|, 2000; Schofield, [2000). Ennos| (1990) explains that this discovery led
people to assume that bryophyte speciation peaked early in geologic history and

that since then, speciation proceeded at a rate lower than that found in the vas-



cular plants. He continues, saying that it was hypothesized that the underlying
cause of this low rate of speciation is a lack of genetic variation in bryophytes.
Without adequate means of testing this assumption, and perhaps complicated by
the phenotypic plasticity of bryophytes, this idea persisted until the availability
and use of molecular biology techniques.

The first direct investigations on the genetic diversity of moss populations em-
ployed electrophoresis of isozymes, also called allozymes. The use of isozymes is
one of the earliest molecular methods to be used for evolutionary studies. How-
ever, because of the simplicity of the technique and its relative low cost, it is still
in common use today. The method is based on visualizing on a sieving gel the dif-
ferent molecular forms of enzymes that have the same catalytic activity (Gottliebl
1971)).

The earliest studies using isozymes on bryophytes were on liverworts. They
were done by Maria Krzakowa and her colleagues. In one of her papers she de-
scribes the polymorphism of isozyme markers of populations of a liverwort, Pla-
giochila asplenioides (Krzakowa & Szweykowski, [1979). Over 400 shoots from five
natural populations in Poland were collected, sustained in the lab, and examined
for variability of the enzyme system of peroxidases. Their results showed high
levels of intrapopulation variability for this enzyme comparable to those reported
for many populations of the higher plants. While their results for levels of in-
terpopulation variability indicated that P. asplenioides was divided into races in
Poland, no comparisons with angiosperm data obtained in the same habitat were
made. Their results, however, were the first to challenge the presumptions of the
lack of genetic variability in bryophytes.

Among the first studies exploring the genetic variability of a moss species was
on populations of Atrichum angustatum (Cummins & Wyatt, [1981). The authors

collected 4 clumps from 15 populations of the moss from east Texas, U.S.A.,



and tested 10 enzyme systems on them. They found that 8 enzyme systems
had varying degrees of staining activity of which 4 were scorable. Their results
indicated significant levels of variability in these four enzyme systems, both among
the different clumps of the same population and among different populations.
Moreover, they found that, once again, levels of polymorphism were comparable to
those of other plants and animals that had been studied using the same techniques.
They further argued that because of the small sample sizes of their study, their
results probably underestimated the actual genetic variability in their samples.
One of the earlier studies was, surprisingly, conducted in our region. Three
populations of two species of moss, namely, Racopilum spectabile and Racopilum
cuspidigerum were collected from the Philippines and examined for allozyme vari-
ability (de Vries et all [1983]). Twenty-two enzyme systems were tested of which
8 were scorable. The study found that the levels of genetic variation in these
species were similar to those found in the vascular plants, again contrary to ear-
lier assumptions of the genetic homogeneity of bryophyte populations. All the
samples were collected from natural populations, from intact montane regions in
different parts of the country. No correlations between diversity and habitat type
were sought nor therefore found. One interesting aspect of their research was that
they collected samples that were at varying distances from each other, from a
few decimeters to a maximum of 3 kilometers, allowing them to test for correla-
tions between genetic distance and spatial distance. Exhaustive sampling at such
a scale was not attempted, however, although they did find positive correlation
between increasing genetic distance and increasing spatial distance at magnitudes
of kilometers to hundreds of kilometers. Finally, few numbers of specimens, 7
to 20, were sampled from each population, limiting their ability to form strong
conclusions about their study. The research, however, is a pioneering work on the

population genetics of mosses in Southeast Asia. Unfortunately, apart from this



study, no other study on genetic diversity of bryophytes in our region has since
been done.

Another isozyme study involved analysis of 1736 shoots of Polytrichum com-
mune collected in the United States (Derda & Wyatt], [1999)). Their study revealed
lower mean levels of diversity within populations compared to other mosses. How-
ever, they found higher total genetic diversity in the species caused by the oc-
currence of several alleles with high frequencies in different geographical regions.
Gene identities were therefore also high within these regions. It was found that
region-specific genotypes and gene identities between regions also decreased with
increasing geographical distance. However, genotypes known to originate in spe-
cific regions were found in distant populations indicating occasional long-distance
dispersion and colonization. Still, differentiation among populations was high in-
dicating that this dispersal was limited. They also found that the examination of
a related species, P. jensenii revealed some similarity to P. commune but that
overall differences between the two were high enough to consider them distinct
species.

Many other studies were conducted using isozymes as molecular markers [see
lists of |Akiyama (1994) and [Wyatt et al.| (1989))], all of them showing similar
results; that is, that levels of genetic variation in bryophytes were higher than
originally supposed and were comparable to levels found in the vascular plants.
As is common in pioneering work, many of these studies were exploratory in na-
ture and were used mostly to refute the then prevailing idea that bryophytes are
genetically depauperate organisms. Other studies went beyond just establishing
levels of genetic variation in bryophytes: [de Vries et al. (1983]) used them to com-
pare variation among and within moss species, as well as to establish correlations
between genetic and spatial distance. Akiyama (1994) investigated the gene flow

of an epiphytic moss, Leucodon, when most studies prior to his were on terrestrial
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mosses. Wyatt| (1992)) studied the differences in the levels of genetic variability
of species of Plagiomnium as a function of their distribution and abundance as
affected by habitat quality.

The use of isozymes for studies of the population variability of mosses however,
has its limitations. For example, plants collected in the field have to be grown
and sustained in the lab to ensure that sufficient levels of enzymes are available
for detection. This has at least two limiting effects: it increases the time between
collection and analysis, consequently decreasing throughput. It also limits the
plants that can be analyzed to those individuals that can be grown and sustained
in the laboratory, possibly introducing bias to effective sampling. Neither the
experimental procedure nor the conversion of allozyme data into genetic markers
lends easily to automation. The technique also needs larger amounts of tissue than
is needed for PCR-based techniques [see Selkirk et al|(1997))], amounts that might
be difficult to obtain from smaller species or from degraded samples. Of greater
significance is the observation that isozyme markers exhibit lower levels of variation
compared to DNA-based markers (Cavalli-Sforza, 1998) and consequently have

lower resolving power.

Later studies and PCR-based techniques

The advent of the molecular technique, polymerase chain reaction or PCR, opened
new avenues in the study of bryophyte biology. Mosses, being generally smaller
than angiosperms, yield comparatively little amounts of tissue and DNA per in-
dividual. Such small amounts of are difficult to use directly but are sufficient to
serve as templates for PCR amplification.

Having already established the significant genetic variability of bryophyte pop-
ulations, many of the PCR-based studies explored the population biology of bryo-

phytes beyond just examining genetic variability. As in the case of studies using
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isozymes however, most of these studies were conducted in temperate areas.

RAPDs One of the earliest PCR-based techniques used in population studies of
mosses is the use of random amplified polymorphic DNA or RAPDs, a method in-
dependently developed by |Welsh & McClelland| (1990) and Williams et al.| (1990).
In this technique, primers of arbitrary sequence are used in low stringency PCR
conditions to generate several amplicons from genomic DNA templates. These
amplicons appear as bands when run through a gel and are useful as markers
when either present or absent (polymorphic) among different samples.

Of the few studies on the population variability of tropical mosses, one used
RAPDs and was conducted in Panama on species of the bark-growing genus of
moss, Octoblepharum (Korpelainen & Salazar Allen) 1999). Six RAPD primers
were used to detect genetic variation within three different species, Octoblepharum
albidum, O. cocuiense and O. pulvinatum, and to measure genetic distances among
these three species. Genetic distances within one species, O. albidum, collected
from different areas were also measured. Thirty-four samples of O. albidum, 23
of O. cocuiense and 16 of O. pulvinatum were collected from different habitats in
Panama and were analyzed for this study. Examination of within-colony variation
of different gametophytes were also conducted in this study. Of the twenty RAPD
primers screened, banding patterns from six that gave reproducible results were
analyzed. About 20 polymorphic bands for each of the species were generated
using these primers. Considerable genetic variations were found in each of the three
species studied. The RAPD data, moreover, showed nearly equal distances among
the species. Discriminant functions generated from the RAPD data correctly
placed samples in their respective species, strengthening the evidence that genetic
identities were well-established among these species. Finally, some polymorphism
in the gametophytes of colonies of O. albidum and O. pulvinatum were found,

while only clonal colonies were seen in the samples of O. cocuiense studied.
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A series of studies using RAPDs were conducted on several moss species in
Antarctica.

In one of the studies (Selkirk et al., 1997)), both isozymes and RAPDs were
used on Sarconeurum glaciale to determine genetic variation within and among
populations of this species. Sixty-six samples collected from various localities in
Antarctica were tested with 5 isozyme systems and 5 RAPD primers. Levels of
genetic variability were found to be higher for RAPD than for isozyme data. Data
from RAPD also indicated clear separation of populations sampled from different
areas, suggesting that the continent was populated by the moss through multiple
colonization events.

A similar study was conducted on Ceratodon purpureus collected from a chan-
nel formed from a meltstream waterfall in Antarctica (Skotnicki et all|1998]). The
technique was used to discover variation within clumps and between clumps. The
population of clumps in this waterfall channel were also compared to two other
populations in Antarctica, one a few hundred meters away, another, 300 km away,
and to a population in Sydney, Australia. Six shoots of the moss from each of
three localities, the top, middle and bottom of the waterfall channel, were sam-
pled to measure variation among clumps in the channel. A total of 46 shoots were
compared to asses genetic distance and population structure among the popula-
tions in Antarctica and the one in Sydney. Forty-five RAPD primers generating
73 bands were used for analysis. Clear genetic variation was found within and
between clumps of the meltstream samples. A neighbor-joining tree constructed
from data from these samples indicated some clustering that followed the position
of the samples in the channel. Another neighbor-joining tree was constructed from
data from the different populations. Samples from the meltstream channel formed
clear clusters that were distinct from the other population in Antarctica and in

Sydney, themselves also forming clear clusters.
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Examination of the genetic diversity of Bryum argenteum collected from a
similar habitat in Antarctica was conducted by Skotnicki et al.|(1999). A total of
39 samples of the moss were collected from three meltstream channels. Many more
samples collected from other parts of Antarctica were included in the study. Four
RAPD primers were used and generated 75 usable bands. Once again, samples
from the meltstream channels showed some clustering according to their position
in the channel: samples from the top clustered with other samples from the top,
samples from the bottom with other samples from the bottom. Extensive genetic
variability was observed in all of the populations sampled with high levels of
within-population variation found. An interesting finding was that samples from
geographic areas with highly sparse colonies exhibited the same level of variability
among clumps as those from more lush colonies.

In the north-temperate regions, studies using RAPD markers were also con-
ducted. Genetic differentiation among species of Polytrichum were examined by
Zouhair et al.|(2000). Ten RAPD primers were used on 30 colonies of Polytrichum
representing 6 species. One hundred and sixty-six polymorphic markers were used
in a cluster analysis to generate genetic distances and indices of similarity within
and among the different species. While results of RAPD data were found to be
largely consistent with results from morphological data, the high levels of genetic
differences found using RAPD data highlighted its potential use in discriminating
among closely related taxa.

The rare Norwegian peat moss, Sphagnum troendelagicum, was studied by
Stengien & Flatberg (2000) using RAPD markers. Because of the rarity of the
species, only three (of only five known) populations were sampled. A total of 77
gametophytes were analyzed with 10 RAPD primers. While earlier isozyme data
showed negligible genetic variability within and among populations of this moss,

low to moderate levels of variation were found with RAPD analysis. Moreover,
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both allelic and haplotypic levels of variation were found to be higher than ex-
pected for a species that is thought to reproduce asexually. These unusual results
led the authors to hypothesize that the species had multiple origins and were
formed through recurrent hybridization.

RAPD remains popular in many studies of population variability. Its simplic-
ity, and cost-effectiveness favor its use in preliminary investigations where rapid
results are desirable and where no or little sequence information is known for the
species being studied. But RAPDs also have their limitations. For one, it is
sensitive to contamination. Since RAPD markers are anonymous and not species-
specific, exogenous DNA sources can produce artifactual data and lead to erro-
neous analysis and interpretation of results. This is an important consideration
among mosses where their growth-habit and habitat preferences make it difficult
to exclude exogenous DNA sources during sample preparation. Moreover, because
of the low stringency of the PCR conditions that are characteristic of the tech-
nique, banding patterns are sensitive to the PCR setup (Hadrys et al.,[1992)): they
are affected by salt concentrations, thermal cycling conditions, type and brand of
polymerase, and make of thermal cyclers. Small changes in any of these compo-
nents can affect the reproducibility of the results. Moreover, the bands themselves
can be difficult to score. Because some bands appear brighter than others, faint
bands may be scored by some researchers and ignored by others, introducing bias

to the results.

ISSRs and AFLP There are other PCR-based techniques that, like RAPDs,
need little initial preparation or sequence information about the study organism.
Unlike RAPDs, however, these techniques yield more consistent results and are
less prone to bias.

One such technique is ISSRs, or inter-simple sequence repeats (Zietkiewicz

et al., 11994; Gupta et al. [1994)). The technique is similar in form and execution
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to RAPDs. But instead of using short primers of arbitrary sequence, it uses
longer primers composed of short tandem repeats, e.g., (GA)g, (GT)g, (CTC)g.
These primers bind to the complementary sequences in the genome of the study
organisms. Where these sequences are sufficiently close to each other and oriented
in the correct way, PCR ampicons are produced. The amplicons are visualized
and analyzed in the same way as RAPD data. However, the higher annealing
temperatures associated with the longer primers allow for more stringent PCR
conditions. These help prevent mis-priming and the formation of artifactual bands.

One study using ISSRs on mosses was conducted by [Hassel et al.| (2005). In this
study, the effects on the population genetics of range expansion of the species, Pog-
onatum dentatum was studied by comparing populations from a mountain area
and from a recently colonized lowland area in Sweden. Four populations from
each area were studied. From each population, 5 patches were sampled. From
each patch, 5 shoots were selected for processing and DNA extraction. Four ISSR
primers were used to study the populations. These generated 18 polymorphic
loci allowing the recognition of 64 haplotypes out of the 194 total shoots studied.
Similar levels of gene diversity were found in both populations although slightly
fewer numbers of alleles per locus were seen in populations from the lowlands.
The ISSR markers were able to detect recent bottleneck events in three of the
four lowland populations. Moreover, the patterns of allelic diversity were found to
suggest that loss of diversity through founder effects and genetic drift accompa-
nied the expansion of the range of the species. The analyzed data also indicated
that sexual recombination played a greater role over asexual reproduction in the
lowland populations compared to the montane populations. Less genetic differen-
tiation in the lowland populations also suggested more unrestricted gene flow in
these populations.

Another method that is also similar to RAPDs is a technique called AFLP,
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invented by Vos et al.| (1995). This technique is more complicated in execution
than either RAPDs or ISSRs but, like these two other techniques, requires no
sequence information from the organism being studied. Although AFLP takes
more time to execute, typically many more polymorphic bands are generated with
this method than either RAPDs or ISSRs. This lends strength to the analysis
and interpretation of the data. Moreover, the PCR conditions involved in AFLP
analysis are also more stringent than those in RAPDs. Greater consistency in the
data as well as a reduction in artifactual data are thus obtained.

The first application of AFLP on mosses was by Vanderpoorten & Tignon
(2000). The technique was used to study the genetic variability among five popula-
tions of the moss, Amblystegium tenaz, sampled in Belgium in areas of contrasting
water chemistries. The technique was also applied to two populations of the closely
related species, A. fluviatile, for comparison. Three pairs of AFLP primers were
tried. Only one pair, Eco-AGG/Mse-CAT generated usable data. Thirty-five scorable
fragments were found of which 30 were polymorphic. The results of the study in-
dicated high levels of differentiation among the different populations, higher than
between some of the populations and A. fluviatile. This led the authors to con-
clude and recommend a re-evaluation of the taxonomy of the genus and closely
related members of the family Amblystegiaceae. They also found clear segregation
of the populations collected from the classical area of distribution with those from
the marginal populations, and that the segregation correlated with differences in
the quality of the water in which these populations were found.

Another study on moss species using AFLP was done by Pfeiffer et al.| (20006).
In this study of the clonal diversity of the moss, Rhytidium rugosum, 21 sam-
ples from two closely located plots in Germany were subjected to AFLP analysis.
Fourteen other samples from France, Russia, Canada and other parts of Germany

were included in the analysis for reference. Using two primer combinations on all
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these samples, a total of 144 bands were generated, of which 96.5% were poly-
morphic. Interestingly, of the closely situated plots, only 7.6% were polymorphic
indicating the heavy extent of clonal propagation in these plots. Computed pair-
wise distances were also small for the non-clonal samples in the plots indicating
low genetic differentiation. The findings helped confirm the clonal nature of the
mosses from the German plots and shed light on the degrees of variability in these
populations.

Both ISSRs and AFLP are more robust than RAPDs. However, since either
technique uses anonymous, non-species specific markers, they, like RAPDs, also

suffer from sensitivity to contamination from exogenous DNA sources.

Microsatellites Another PCR-based technique that has been used to study the
population variability of organisms, including mosses, are microsatellite markers
(Bruford & Wayne, 1993). Microsatellites, also called simple-sequence repeats
(SSRs) or short tandem repeats (STRs), are tandem repeats of sequence mo-
tifs from 1 to generally 8 bases, e.g., (GA)g or (TAGTCG);. Microsatellite loci
can be categorized according to the “purity” of their repeats. For example, We-
ber| (1990)) classifies repeat sequences that have no interruptions, e.g., (GA)g as
“perfect”; repeat sequences that are interrupted somewhere along their run, e.g.,
(GA)sT(GA); are “imperfect”; and repeat sequences that have adjacent repeats of
different motifs, e.g., (GA);(GT)g are “compound”. Microsatellites, as has already
been suggested in the discussion of ISSRs, are abundant and scattered throughout
the genome of eukaryotic organisms. They are often length-polymorphic between
different individuals, e.g., in one individual a microsatellite locus could be (GA)g,
in another individual, the same locus could be (GA)i5. Potentially more alleles
in the form of number of repeat units can be generated per microsatellite marker
than for any of the PCR-based techniques discussed earlier. (RAPDs, ISSRs and

AFLP markers have a maximum of only two alleles per locus: the presence or the
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absence of an amplicon).

The paper of van der Velde et al.| (2000) is the first report of the development
of microsatellite markers for a moss species. Fourteen microsatellite loci were
developed for the moss, Polytrichum formosum, after screening a genomic library
of 8900 recombinant bacterial clones and testing the candidate primers on 181
Dutch and Danish colonies of the moss. These resulting microsatellite markers
were used in several subsequent studies.

The genetic structure of Polytrichum formosum was studied using microsatel-
lite markers (van der Velde et al. 2001b)). The relative contribution of sexual
versus asexual modes of reproduction on the amounts of genetic structure in the
moss were tested using the same populations used to test for the variability of
the microsatellite markers. Levels of microsatellite variability were found to be
lower than for other plant species. However, genotypic diversity was found to
be high, indicating that sexual reproduction contributed greatly to the levels of
genetic structure within P. formosum populations. Congruent with their data
using isozyme markers (van der Velde & Bijlsma, 2000), no significant genetic
differentiation between populations in the Netherlands or Denmark were found.
The authors hypothesized that these observations are probably best explained by
effective spore dispersal throughout this geographical range.

Although the nature of microsatellite markers make them generally species-
specific, microsatellite markers developed for one species can be tested to see if
they are useful on other, closely related species. Several microsatellite markers
developed for Polytrichum formosum were shown to be useful for several other
species of Polytrichum (van der Velde & Bijlsma, |2003) and have been exploited
for other studies.

One of the few studies to discover the effects of habitat change on genetic

diversity of moss populations used the microsatellite markers developed for Poly-
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trichum formosum. Two hundred and fifty-six cushions of P. commune from four
populations in Northern Ireland peat bogs were sampled and tested using three
microsatellite markers (Wilson & Provan, 2003). In contrast to the findings of
van der Velde et al.| (2001b)), the authors of this report found that genetic diver-
sity was higher than had been assumed for bryophytes. However, lower levels of
genetic diversity were found in populations from completely cut bogs than in uncut
peatlands. Moreover, more genetic structure was found in the populations from
the cut bogs, suggesting that genetic drift was already affecting the fragmented
populations.

Hybridization and asymmetric reproductive isolation between Polytricum com-
mune and P. uliginosum were discovered using microsatellite markers originally
developed for P. formosum (van der Velde & Bijlsmaj, 2004). Analysis of three
microsatellite markers in sympatric sporophytes of the two species revealed inter-
esting relationships between them. While the two species were previously thought
to be reproductively isolated from each other, the results of the study found the
relationship to be more complex. Reproductive isolation between female gameto-
phytes of P. commune X male gametophytes of P. uligionosum was found to be
complete and prezygotic (or early postzygotic). However, reproductive isolation
of female gametophytes of P. uliginosum x male gametophytes of P. commune
was determined to be clearly postzygotic as evidenced in large numbers of hybrid
sporophytes among female P. uliginosum. The authors observed irregular devel-
opment in these hybrids, indicating their inability to produce ripe spores. The
authors also discussed the rare possibility of producing viable spores and the for-
mation of allodiploids, and further discussed the importance of these processes in
interspecific hybridization and bryophyte speciation.

The labor required to develop microsatellite markers, despite their power and

utility, has evidently limited their widespread adoption in studies of population
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genetics of mosses. Indeed, apart from the paper on the development of mi-
crosatellite markers for Polytrichum formosum, there have been only two other
published reports of microsatellite markers for moss species. However, microsatel-
lite markers are actively being developed for other moss species in the lab of Helena
Korpelainen in Finland (pers. comm.). Primer sequences for these microsatellite

markers have not yet been published at the time of this writing.

Sequence data Although direct DNA sequence information are more often used
in phylogenetic studies at species or higher levels of classification, they have also
been used in studies of genetic variation of mosses. Among the available DNA
sequence markers that are useful in studies of genetic diversity are sequences of
the internal transcribed spacers (I7S) of ribosomal DNA.

Ribosomal DNA encodes the ribosomal RNA subunits. They occur as tandemly
repeated copies of ribosomal RNA genes of highly variable copy number and are
coded at one or more chromosome locations (Capesius, 1997). Two internal tran-
scribed spacer (ITS) regions are found among the different coding units (Fig-
ure [1.1)). The first spacer, ITS1, is found between the 18S and the 5.8S ribosomal
RNA coding regions, the second, ITS2, is found between the 5.8S and 28S ribosmal
RNA coding regions.

Internal transcribed spacers evolve rapidly (White et al, [1990) and their se-
quence composition as well as length in base pairs are highly polymorphic among
species within a genus or among populations of a species (Capesius, [1997; |Rogers
& Bendich, |1987). Because the coding sequences for the small and large subunits
of rRNA are highly conserved (Capesius, 1997)), universal primers for the amplifi-
cation of ITS units have made it possible to amplify and sequence these regions in
different organisms (White et al., [1990; |Saar et al. [2001). Both their polymorphic
nature and easy amplification have made ITS regions useful as molecular markers

in studies of population genetic variability.
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— 18s \ 5.8 / 258

Figure 1.1: Location of internal transcribed spacer regions, IT'S1 and ITS2, in ribosomal
DNA. 18S, 5.8S and 25S are the ribosomal DNA coding regions.
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Apart from being used in studies of population-level variability, ITS sequence
data have also been used in taxonomic studies of angiosperms [e.g., |Acevedo-Rosas
et al.| (2004); Baldwin| (1992); Moller & Cronk| (1997); Muellner et al. (2005)] and
mosses [e.g., Stechl (2004)]. They have also been used in studies of phylogeography
and cryptic speciation of both groups of plants [e.g., |Wittall et al.|(2004)); Chiang
& Schaall (1999b)); |[Shaw| (2000)].

Chiang & Schaal (1999a) used DNA sequences from the ITS1 region to examine
the genetic diversity of members of the family Hylocomiaceae. Eight species in
six genera were sampled. Since both within-species and between-species levels of
diversity were measured, two outgroup taxa were also included in the study for
comparison using cladistic analysis. Specimens were collected from the United
States and Canada. Their results indicated that genetic variation in the form
of insertions/deletions or indels were a common finding in all of the taxa they
studied. Most of these were single-base indels, many other indels were from 2-9
base pairs long with some indels longer than 10 base pairs. Nucleotide diversity
was found to be lower in monotypic genera than in genera with more than one
species. These differences in nucleotide diversity, however, were explained by the
authors to be possible artifacts in classification and taxonomy: A genus with more
than one species may in fact be composed of distinct genera. Lumping together
distinct genera will have the effect of artificially increasing nucleotide diversity.
The authors also found that nucleotide diversity was lower in widespread taxa
than those with limited distribution.

Sequence information from ITS markers was also used to revisit the genetic
diversity of Antarctic species of mosses (Skotnicki et al. 2005). Both I7'S1 and
ITS?2 regions of nine moss species from the Ross Sea region of Antarctica were
sequenced and used to both infer genetic diversity of the species and evaluate their

potential to be used in species identification. Sequences from over 30 specimens
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from several regions were obtained; some of these specimens had not been posi-
tively identified using traditional methods. The results, however, indicated that
these specimens belonged to 9 distinct species and helped place the ambiguously
identified specimens into their proper taxa. Sequence variability in one of the
taxa studied, Bryum argenteum, was low and showed that samples of B. argen-
teum from geographically close sites were similar. Specimens sampled from farther
away exhibited greater genetic variation. Some of the authors of this research were
involved in earlier studies of Antarctic mosses using RAPDs. They found that the
ITS results concurred with their earlier RAPD data. Moreover, they reported
sequence data as a simple technique that can be used with traditional methods
for the identification of mosses.

Sequence data derived from a single locus, however, are products of the effects
of evolution on only that locus. The evolutionary history of this locus may not
be completely representative of the evolutionary history of the organism [see in-
troduction of Zhang & Hewitt| (2003)]. While this limitation may be overcome
by using sequence data derived from several loci, such compensation may prove

prohibitively expensive for projects dealing with large numbers of samples.

Summary of current state of research

There are many other reports on the genetic variability of mosses [e.g., Grundmann
et al.| (2007), see also part of the summary of |Goffinet & Hax (2001)], some using
a single class of marker, others using combinations. While they have not all
been reviewed here, several insights are notable from the examples that have been
presented:

All these examples show that while numerous studies have been done on the
population variability of mosses, most were done on temperate species. Even

areas like Antarctica that are harsher environments for study than the tropics
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have had more native species studied than the tropics. Baseline data have already
been generated in temperate areas and studies there have progressed further than
just determining genetic variability of species. Only one study has been done
in Southeast Asia, so long ago that the rapid changes in forest environments
have probably rendered the results out of date. The number and type of studies
on the genetic diversity of tropical species are badly trailing those on temperate
species. This imbalance is only made worse by the fact that there are many tropical
species of mosses and that the habitats where they are found are in greater risk of
destruction. The results of any present studies on the genetic diversity of mosses in
our area will not only contribute to our understanding of the population genetics of
mosses but may also contribute to ways of conserving these potentially threatened
organismes.

Although many of the past studies have reported more than just the genetic
diversity of moss populations, few of these studies are explicit comparisons of di-
versity of populations of the same moss species between natural and degraded
habitats. Akiyama (1994) found that one species of Leucodon that grew in dis-
turbed habitats had lower gene diversities than other species that grew in more
stable areas. However this comparison was made across species, not within popu-
lations of the same species. [Hassel et al.| (2005) compared populations of Pogona-
tum dentatum found in their natural environment and in recently colonized areas.
Studies on the genetic diversity of relic populations that are left after habitat
change have not been widely done.

Another item of note is that most of these reports used samples that were
collected over broad geographic ranges. While genetic diversity has been detected
and interesting results have been obtained in these studies, other information
may have been literally skipped over and gone undetected. The small sizes of

mosses imply that their population processes may operate at a smaller scale. Being
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small also enables more individuals of a moss to cover the same surface area than
individuals of higher plants. What this means to the researcher is that the scales
at which sampling should be done is different for mosses as they are for the higher
plants. Where one would sample in scales of kilometers for the higher plants, a
moss researcher might need to sample in scales of tens of meters or meters to see
the same patterns in mosses. This implies that potentially a lot of details on the
diversity of mosses may be lost if sampling is not performed at an appropriately

small scale.

1.2.2  Selection of molecular markers for this study

With the necessity to study the genetic diversity of tropical mosses now estab-
lished, an appropriate molecular technique needed to be chosen for this study. A
summary of the characteristics of each of these molecular techniques is presented
in Table [

While each of these methods has proven its worth in studies of population
variability, we see that all of them have their limitations, whether in preparation
or execution of the technique or the interpretation or quality of the results. At
the outset, isozymes were excluded as a choice to allow for higher-throughput
processing, to take advantage of PCR-based techniques, and to allow unbiased
sampling that may include individuals that are difficult to sustain in the lab. While
it would be easiest to use RAPDs, the suspect rigor of the data obtained as well
as the sensitivity to contamination of the method to exogenous DNA sources also
excluded the technique from the choices. ISSRs and AFLP while known to produce
data with greater rigor, are also sensitive to exogenous DNA contamination and
were also excluded as choices. Moreover, at the time this project was started,
AFLP was known to need large amounts of starting DNA that were difficult to

obtain with smaller individuals of mosses.
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In line with the objectives of the study, and considering the strengths and
limitations of available molecular techniques, microsatellite markers were chosen
as the main marker for this project. The rigor of microsatellite data, ease of use
of the markers in the laboratory plus the availability of new, easier techniques
promised to offset the difficulty associated with their development.

To supplement data from microsatellite markers, direct sequence information

from internal transcribed spacer regions were also included in this study.

1.2.8 Description of Acanthorrhynchium papillatum

Although ideally several species should be examined to gain a wider perspective of
the genetic diversity of mosses in our area, time and resource limitations prevented
this from being done within the course of a PhD project.

Since it is an objective of this project to examine the effects of habitat change
on the diversity of moss species, a forest species that grows in both pristine and
degraded environments needed to be chosen. It was also desirable to work on
a species that could be reliably identified in the field to reduce the number of
erroneously collected samples due to misidentification. It was essential that the
chosen species be found in sufficiently large numbers in their habitats, firstly to
enable the assessment of polymorphism of candidate microsatellite markers, and
more importantly, to ensure proper sampling and statistical analysis of data on
diversity.

Of the several species initially considered, Acanthorrhynchium papillatum was
finally chosen. Early attempts to develop microsatellite markers for this species
proved promising. Moreover, field trips revealed that they were sufficiently abun-
dant in habitats of different degrees of degradation. (The field trips also revealed

the dearth of the other species initially considered).
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Tazonomy

Acanthorrhynchium Fleischer is a genus in the family Sematophyllaceae. It was
originally described by [Fleischer| (1923) to include Acanthodium (a name that had
already been used and needed to be replaced) and Tazithelium subgenera Monos-
tigma and Oligostigma (O’Shea, |1997). It belongs to the subfamily Sematophyl-
loideae in the same subgroup as Acroporium, Rhaphidostichum, Sematophyllum
and Trichosteleum. The genus is found in the old world tropics, from the east
African islands through Asia to western Oceania (O’Sheal [1997). Early studies
put the number of species in this genus to 11, although Tan & Buck (1989) state
that most of the species may in fact be synonymous with Acanthorrhynchium
papillatum. In the recent study of Tan & Chang| (2004) using rbcL sequences,
Mastopoma scabrifolium was transferred to Acanthorrhynchium to form the com-
bination Acanthorrhynchium scabrifolium, a second, recently established species
of Acanthorrhynchium found in Malesia.

The type species of the genus is Acanthorrhynchium papillatum (Harv.) Fleisch.,
formed by the synonymy of Hypnum papillatum, Trichosteleum atrocarpum and
Trichosteleum engananoae Fleischer| (1923). |O’Sheal (1997) revised the taxon-
omy of the African species of Acanthorrhynchium, synonymizing them all with A.
papillatum, essentially extending the range of this once purely Asian species to

Africa.

Description

Morphoanatomy Acanthorrhynchium papillatum has been described in detail
in several publications (Bartram), 1939; Fleischer||1923; O’Shea;, 1997)). It is distinc-
tive in the field by a combination of characteristics. The plants are pleurocarpous,
or creeping, in matted clumps when abundant. The main stem has complanate

branches, the branches have complanate leaves. The leaves are ecostate, ovate-
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lanceolate, often with acuminate tips and dentate to serrate margins. Alar cells are
large, sometimes colored. Laminar cells are short with thick walls and are promi-
nently unipapillose (Figures and . Although few fertile specimens were
found during the course of our study, sporophytes offer the additional distinctive

features of having a gibbous capsule on a long seta.

Distribution With the synonymy of the African species of Acanthorrhynchium,
A. papillatum is now distributed from the east African islands of Comoros, Mada-
gascar and Seychelles, to Indochina, China, Malesia, Australia, New Guinea, Fiji

and Samoa (O’Sheay, [1997).

Local ecology Acanthorrhynchium papillatum is reported as being a corticolous

moss on tree stumps, fallen branches or logs and leaf litter (O’Shea, |1997)).
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Figure 1.2: Habit and gross morphology of Acanthorrhynchium papillatum: (A) Matted
clump (Photo by Lim Yao Hui). (B) Solitary ramet growing on a tree bark. (C) Ramets
prepared in the lab (scale bar = 1 cm).
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Figure 1.3: Leaf anatomy of Acanthorrhynchium papillatum: (A) Whole leaf fresh mount
(scale bar = 100 um). (B) Magnified view showing papillae (P — Papillae on leaf surface,
T — tooth on leaf margin; scale bar = 10 pm). (C) Magnified view showing alar cells,
indicated by arrow (scale bar = 10 ym). (Photos by Lim Yao Hui).
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Chapter 2

DEVELOPMENT OF MICROSATELLITE MARKERS
FOR ACANTHORRHYNCHIUM PAPILLATUM

2.1 Introduction

To be useful as markers, microsatellite loci have to be first isolated from the genome
of the species for which they are being developed. Primers that flank and amplify
microsatellite loci have to be designed and tested. Finally, the amplicons have
to be tested for length-polymorphism by electrophoresis through a size-separting
matrix. The difficulties associated with microsatellite marker development lie
mostly in the process of isolating the microsatellite loci and their flanking regions.

There are several ways to isolate microsatellite loci from genomic DNA (Zane
et al., 2002; Selkoe & Toonen| 2006]). Several of these methods were tried in the
course of this project.

The least labor-intensive method is to use microsatellite markers that have
already been developed for closely-related species. No microsatellite markers had
been developed for tropical moss species prior to the inception of this project and
so this method was not an option for this study.

The traditional, least complicated method to develop microsatellite markers
from scratch is to screen genomic DNA libraries using labeled probes and to se-
quence the resulting “positives” for the presence of microsatellite loci and the
sequences of their flanking regions (Zane et al., 2002). Briefly, genomic DNA is
first reduced into smaller fragments enzymatically or mechanically. After option-

ally selecting for fragments 100-1000 bp in size, the fragments are then ligated
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into vectors and mobilized into competent cells of E. coli. The cells are plated
and allowed to grow into colonies, producing a genomic DNA library. Probes
of synthetic microsatellite oligonucleotides, end-labeled with either radioactive or
non-radioactive (e.g., digoxigenine or biotin) tags are allowed to hybridize to blots
of the library. The blots are then tested via appropriate radioactive, chemilumi-
nescent or colorimetric methods to screen for the presence of microsatellite-bearing
genomic DNA fragments. The “positive” fragments are then sequenced to confirm
the presence of microsatellite loci and their flanking regions.

A variety of this method using radioactive-labeled probes was used by [van der
Velde et al.[(2000) to isolate microsatellite loci from Polytricum formosum. A sim-
ilar method, following the method of Estoup & Turgeon (1996) using digoxigenine-
labeled probes was tested in the early stages of this project. The method proved
unsuccessful as none of the clones sequenced were found to have microsatellite
loci. The method was abandoned as more efficient methods became available.

Another protocol for the isolation of microsatellite loci is by PCR, using mi-
crosatellite primers (similar to ISSRs) followed by genome walking (Siebert et al.,
1995). Briefly, genomic DNA is first digested by restriction endonucleases. Oligonu-
cleotides of known sequence (linkers or adapters) are ligated to the ends of the
fragments to provide priming sites for PCR. In separate parallel processes, ampli-
cons generated by ISSR PCR are sequenced to find half of the flanking regions of
microsatellite loci. Primers are designed to anneal to these halves. These primers
are used in PCR setups with the linker-ligated genomic DNA fragments as tem-
plates and oligos complementary to the linkers used as reverse primers. If any
amplicons are amplified by these reactions, they are sequenced to find the other
half of the target microsatellite loci. This method was also briefly tried in this
project. It was found to be promising but was slow and inefficient. It was also

abandoned in favor of a technique that was ultimately used in this project.
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Protocols based on screening enriched genomic libraries for microsatellite loci
are currently the popular methods for microsatellite marker development. This
is a variation of the first protocol described earlier. However, by using genomic
libraries enriched for microsatellites, many more “positive” colonies are found even
when far fewer colonies are screened. A variety of this technique, the protocol of
Hamilton et al. (1999) [and its updated, more detailed version, [Hamilton| (2002)]
was used in this project to isolate microsatellite loci from the moss species studied.
The protocol is detailed in subsequent sections of this report.

The development of microsatellite markers was attempted throughout the
course of this project for four species of mosses: Acanthorrhynchium papillatum,
Pogonatum cirratum ssp. macrophyllum, Thuidium plumulosum and Thuidium
cymbifolium. These mosses have different growth habits, habitat preferences and
sexuality. It was an overly ambitious early objective of this project to develop
microsatellite markers for each of these species and to use them in studies of
population genetic variability. Although microsatellite markers were successfully
developed for A. papillatum by the author of this report, development of mi-
crosatellite markers for P. cirratum ssp. macrophyllum were done mostly by hon-
ours students. Microsatellite loci were isolated for both T. plumulosum and T.
cymbifolium but were never fully developed as markers. Studies on both Thuidium
species were abandoned owing to the lack of samples (despite extensive searches
in the field) needed to conduct tests on marker polymorphism and the time, effort
and resources they took away from studies on A. papillatum.

The development of microsatellite markers for Acanthorrhynchium papillatum
was published in a paper, Leonardia et al.| (2006), in the journal, Molecular Ecology

Notes. A copy of this paper is found in Appendix [I|
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2.2 DMaterials and Methods

Two microsatellite-enriched genomic DNA libraries, designated as APMS and
APBMS, were constructed separately and independently for Acanthorrhynchium
papillatum. The first library, APMS, yielded few usable markers necessitating the
construction of a second. Some alterations to the protocol were made in the build-
ing of the second library, APBMS, to ensure that enough markers were generated
for the genotyping aspect of the project. These differences are elaborated on in
Section on page [47 Other aspects of the protocol were identical for each

library, differing only in the source of the moss samples.

2.2.1 Field collection and processing of moss samples

Large amounts of clean moss tissues were needed for the construction of the
microsatellite-enriched genomic DNA libraries. For each library, one large clump
(approximately 250 cm? in area) of Acanthorrhynchium papillatum with minimal
dead and moribund tissues was selected in the field. The APMS library was con-
structed from a sample collected from Sungei Bantang Recreational Forest in Jo-
hore State, Peninsular Malaysia, while the APBMS library was constructed from a
sample collected in Cameron Highlands, Pahang State, Peninsular Malaysia (Fig-
ure and Table . Moss samples were collected by pulling and scraping the
moss shoots carefully from their substrates, enveloping them in prepared paper
packets and sealing them in large Ziploc® bags. Upon return to the laboratory,
the samples were kept at 4 °C until further processing.

The moss samples were made as axenic as possible prior to DNA extraction to
reduce the probability of contaminating the microsatellite-enriched genomic DNA
libraries with foreign DNA. Each moss shoot was inspected under a dissecting
microscope, both to confirm its identity and to clean it of foreign material. Debris,

fragments of the substrate, dead or moribund tissue as well as any epiphytic fungal
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Figure 2.1: Collection localities of Acanthorrhynchium papillatum samples used in the
construction of microsatellite-enriched genomic DNA libraries: SB — Sungei Bantang
Recreational Forest, collection locality of sample used in constructing APMS; CH —
Cameron Highlands, collection locality of sample used in constructing APBMS. KL —
Kuala Lumpur is shown here for reference. A distance bar is indicated. Inset shows
location of Peninsular Malaysia in relation to mainland Southeast Asia. (Maps courtesy
of Reuben Clements).
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Table 2.1:  Acanthorrhynchium papillatum samples used in the construction of
microsatellite-enriched DNA libraries. SBRF — Sungei Bantang Recreational Forest;
CH - Cameron Highlands.

Library ~ Sample dry mass (mg) Sampling area  Collection date

APMS 223 SBRF 22 April 2003
APBMS 831 CH 12 October 2003
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or plant material were manually removed using fine forceps. The superficially clean
tissues were then vigorously agitated in a dilute solution of Tween®20 (Sigma,
USA) to further loosen any additional adhering material. The tissues were rinsed
with Milli—Q® (Millipore, USA) water until they ran clear. They were then laid
out on clean paper towels and allowed to air-dry until the tissues were brittle.
Early experiments with surface sterilization proved unsuccessful as the moss
tissues themselves were bleached within 4-5 minutes of exposure to 8% commercial
bleach solution. There would have been no way to chemically destroy contaminat-
ing DNA from exogenous sources using bleach without damaging genomic moss
DNA since even a brief exposure to sodium hypochlorite would have compromised
the downstream utility of the target DNA for use as templates in PCR (Prince
& Andrus, 1992). The steps detailed in the preceding paragraph were used to
compensate for this limitation and proved adequate, presumably since manual
cleaning decreased the contribution of foreign DNA to minimal levels even as the
total amount of DNA —both moss and foreign— was gradually reduced through the

steps required to create the library.

2.2.2 (Genomic DNA extraction

Genomic DNA for the construction of each library was extracted from pooled moss
tissues prepared and cleaned as described in the preceding section.

A modified protocol of |[Doyle & Doyle (1990) was used to extract DNA from the
moss samples. Approximately 500 mg of dry, brittle tissues were snap-frozen with
liquid nitrogen in a chilled mortar. The tissues were ground with a chilled pestle to
a fine powder, scraped from the mortar and pestle, and evenly distributed into 4, 6
or 8 microfuge tubes containing 500 uL preheated (60 °C) CTAB extraction buffer
2% CTAB (Sigma, USA) (w/v), 1.4 M NaCl (Sigma, USA), 20 mM Na,EDTA
(Sigma, USA) (pH 8.0), 100 mM Tris-HCI (J.T. Baker, USA and Merck, Germany)



39

(pH 8.0), freshly added 0.2% (v/v) 2-mercaptoethanol (Sigma, USA)]. Multiple
tubes were used to increase the efficiency and yield of extraction. The tubes were
incubated at 60 °C in a heat block for 30 min with occasional shaking. Follow-
ing incubation, proteins were denatured and extracted by gentle mixing with an
equal volume of 24:1 (v/v) chloroform:isoamyl alcohol (Merck, Germany). Phases
were separated by centrifugation at 5000 g. The aqueous phases were pipetted
out and transfered to clean microfuge tubes. DNA strands were precipitated from
the aqueous phase by adding two-thirds volume of cold isopropanol. The resulting
strands of DNA were pelleted by centrifugation at 5000 g. The alcoholic super-
natant from each tube was discarded and the DNA pellets were washed with 1
mL cold 70% ethanol (Merck, Germany). Following the wash, the DNA pellets
were recollected by centrifugation at maximum speed. The supernatant from each
tube was pipetted out and the pellets were allowed to dry. The dry pellets were
dissolved in 50 pL. TE buffer [10 mM Tris-HCI (J.T. Baker, USA and Merck,
Germany), 1 mM EDTA (Sigma, USA)]. DNA samples were pooled together.

DNA quality and yield were checked by electrophoresis through a 1.5% agarose
gel in 1x TAE buffer [40 mM Tris -acetate (J.T. Baker, USA and Merck, Germany),
1 mM Nay,EDTA (Sigma, USA), pH 8] in the presence of ethidium bromide (Sigma,
USA) and through OD readings at 260 nm and 280 nm using a pU® 600 spec-
trophotometer (Beckman Coulter, USA).

The construction of microsatellite-enriched genomic DNA libraries followed the
protocol of Hamilton et al. (Hamilton, 2002; Hamilton et al., |1999). A modifica-

tion of this protocol, DeWoody (2002), was also used where indicated.

2.2.3 Genomic DNA digestion

Approximately 20 ug genomic DNA was digested in a 50 L reaction volume with
10 U Alul, 20 U Haell, 10 U Nhel, 1xBuffer 2 and 1xBSA (all enzymes and
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supplementary reagents from New England Biolabs, NEB, USA). After approxi-
mately 3 h of incubation at 37 °C, the mixture was spiked with a further 5 U Alul,
10 U Haell and 5 UNhel and left to incubate overnight at 37 °C.

The enzymes were deactivated at the end of the overnight digestion by incu-
bation at 65 °C in a heat block for 20 minutes.

Completeness of digestion was checked by running a 5 pl aliquot through a
1.5% agarose (Seakem, USA) gel in 1xTAE buffer in the presence of ethidium
bromide (Sigma, USA).

2.2.4  Trimming and dephosphorylation of fragment ends

The digested genomic DNA fragments were made blunt-ended to allow for the
ligation of the SNX-linkers that are part of Hamilton’s protocol. This was done
by mixing in 10 U mung bean nuclease (or MBN, from NEB, USA) to the deacti-
vated digestion reaction, transfering the reaction mixture to a 0.2 mL, thin-walled
reaction tube and incubating the mixture at 30 °C for 30 min with the aid of a
PTC-100® (MJ Research, USA) thermocycler.

Following treatment with mung bean nuclease, the blunt-ended fragments
were purified. Enzyme, buffer and the trimmed ends were removed by using a
QIAQuiCk® Gel Extraction Kit (QIAGEN, USA) following the manufacturer’s
protocol for DNA cleanup of enzymatic reactions. The blunt-ended fragments
were eluted with 53 pL of preheated (60 °C) elution buffer.

To help prevent the trimmed fragments from ligating to each other, the frag-
ment ends were dephosphorylated with calf intestinal alkaline phosphatase (CIP).
A 60 pL mixture of the blunt-ended fragments, 1xBuffer 2 (NEB, USA) and 10
U CIP (NEB, USA) was incubated at 37 °C for 2.5 h. Following incubation, the
dephosphorylated fragments were purified using the same kit and protocol as for

purification following MBN treatment. In this case, however, the dephosphory-
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lated fragments were eluted with 30 uL of preheated (60 °C) elution buffer.
Recovery of the fragments following MBN and CIP treatment was checked by

running a 1 pL aliquot through a 1.5% agarose gel in 1 x TAE buffer in the presence
of ethidium bromide (Sigma, USA).

2.2.5 Ligation of SNX linkers to MBN/CIP-treated fragments

SNX forward and SNX reverse oligos (Table were ordered from MWG Biotech,
Germany. Each oligo was dissolved in TE buffer to a final concentration of 100
uM. Equal volumes of forward and reverse oligos were combined, heated, and
slowly cooled to create a 50 uM solution of SNX linkers.

SNX linkers were ligated to the MBN/CIP-treated genomic DNA fragments
in the following reaction setup: A 30 uplL reaction of 1xBuffer 2 (NEB, USA),
1xBSA (NEB, USA), 19.5 uM SNX linkers, 1 uM rATP (Sigma, USA), 20 U Xmnl
(NEB, USA), 2000 U T4 DNA ligase (high-concentration, NEB, USA) and 10 uL
MBN/CIP-treated genomic DNA fragments were combined together in a thin-
walled, 0.2 mL reaction tube. The mixture was treated to 30 cycles of 30 min at
16 °C and 10 min at 37 °C using a PTC-100® (MJ Research, USA) thermocycler.
The ligation-digestion reaction was terminated by a final incubation for 20 min at
65 °C using the same instrument.

Success of the ligation-digestion reaction was determined through PCR ampli-
fication using SNX forward as the single-species primer and the ligation-digestion
reaction as template. A mixture of the components in the preceding paragraph
minus the enzymes comprised the negative control template. Each template was
used in the following PCR reaction setup: A 50 pL. mixture of 0.8 uM SNX for-
ward oligo, 0.8 mM dNTPs (Promega, USA), 1xThermoPol buffer (NEB, USA),
0.6 U Ventp ® exo(—) polymerase (NEB, USA) and 10 puL template were mixed

in a 0.2 mL, thin-walled reaction tube. The tubes were treated to the following
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Table 2.2: Oligos used in the construction of microsatellite libraries. SNX forward and
reverse oligos are from Hamilton| (2002); Hamilton et al.| (1999). Note that the SNX
reverse oligo is phosphorylated at the 5’ end. T3 and T7 are from Stratagene (2003]).

Oligo name

Sequence (5-37)

SNX forward
SNX reverse
T3

T7

CTAAGGCCTTGCTAGCAGAAGC
pGCTTCTGCTAGCAAGGCCTTAGAAAA
AATTAACCCTCACTAAAGGG
GTAATACGACTCACTATAGGGC
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temperature profile in a PTC-100® (MJ Research, USA) thermocycler: initial

denaturation for 5 min at 95 °C followed by 40 cycles of 45 s at 95 °C, 1 min at

62 °C, 1 min at 72 °C. The reaction mixture was held at 16 °C until recovery.
Results were checked by running aliquots of each reaction through a 1.5%

agarose (Seakem, USA) gel in 1 xTAE buffer in the presence of ethidium bromide
(Sigma, USA).

2.2.6  Enriching for microsatellite-bearing fragments

Synthetic, biotinylated probes were mixed with the linker-ligated fragments to
enrich the mixture for microsatellites. Hybridization reactions were carried out in
several separate experiments for each library; some with all the probes together in
one reaction, others with the probes in separate reactions. No distinct advantages
in the results were found in either case but having the probes together in one
reaction was, naturally, more convenient. The protocol detailed here is for the
probes used together.

A 100puL mixture of 90 nM each of 3’-biotinylated oligos (GA)i5, (GT)is,
(CTC) 10, (CAGA) s (MWG Biotech, Germany), 6xSSC [0.9 M NaCl (Sigma, USA),
90 mM tri-sodium citrate (BDH, UK), pH 7.0], 0.1% SDS (Sigma, USA) and 14
1l of the ligation mixture were were combined in a 0.2 mL, thin-walled reaction
tube. The mixture was placed in a PTC-100® thermal cycler and treated to the
following temperature regime according to the protocol of [DeWoody| (2002): 10
min at 95 °C, 1 min at 75 °C, 10 min at 70 °C, slow ramp (—0.2 °C per 10 s) to
50 °C, 10 min at 50 °C, slow ramp (—0.5 °C per 10 s) to 40 °C, hold at 4 °C until
recovery.

While the hybridization reaction proceeded, MagPrep® streptavidin beads
(Novagen, Germany) were prepared to capture the hybrids. Twenty microliters

of the bead suspension was aliquoted into a clean microfuge tube. The tube was
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placed in a MagnetightTM Multitube Rack (Novagen, Germany) to take the beads
out of suspension. The supernatant was pipetted out. The beads were washed by
adding 500 uL of binding and washing buffer [10 mM Tris-HC1 (J.T. Baker, USA
and Merck, Germany), pH 7.5, 1 mM Na,EDTA (Sigma, USA), 1 M NaCl (Sigma,
USA)], gently vortexing the tube to resuspend the beads, placing the tube in the
rack, and pipetting out the supernatant. The beads were washed a total of four
times with this procedure. After the final wash, the beads were resuspended in
250 pL of binding and washing buffer.

The resuspended beads were mixed together with the completed hybridization
reaction. The reaction tube containing the mixture was taped to the axis of
the rotisserie of a Hybaid Shake ‘n’ Stack hybridization oven (Thermo Electron
Corporation, USA). The mixture was incubated for 2.5 h at 43 °C to allow the
beads to capture the hybrids with the rotisserie set at 20 rpm to keep the beads
from settling.

At the end of the capture period the tube was placed in the MagnetightTM
rack to separate the beads and the captured hybrids from the suspension. The
supernatant was discarded.

The beads were then treated with the following washes: twice at room tem-
perature with 500 uL 2xSSC, 0.1% SDS, twice at 45 °C with 500 pL 1xSSC,
0.1% SDS and twice at 60 °C or 65 °C (see Section [2.2.11]) with 500 uL 1xSSC,
0.1% SDS. (SSC and SDS were made from the same components that were used
to make the hybridization buffer). Each wash was conducted by resuspending the
beads by gentle vortexing in the specified solution, incubating the beads for 5 min
at the specified temperature, magnetizing the beads and finally discarding the
supernatant.

Following the washes, the beads were resuspended in 80 ul. of elution buffer

[10 mM Tris-HC1 (J.T. Baker, USA and Merck, Germany), 0.1 mM Na,EDTA
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(Sigma, USA)] and incubated for 10 minutes at 95 °C. The beads were then mag-
netized and the eluted, single-stranded, microsatellite-enriched DNA fragments

were transferred to a clean microfuge tube.

2.2.7 PCR amplification of fragments enriched for microsatellites

The eluted, single-stranded, microsatellite-enriched DNA fragments were made
double stranded and amplified following the same PCR reaction detailed earlier:
A 50 pL mixture of 0.8 uM SNX forward oligo, 0.8 mM dNTPs (Promega, USA),
1 x ThermoPol buffer (NEB, USA), 0.6 U Venty ® exo(—) polymerase (NEB, USA)
and 10 pL eluted fragments were mixed in a 0.2 mL, thin-walled reaction tube.
The mixture was treated to the following temperature profile in a PTC-100® (MJ
Research, USA) thermocycler: initial denaturation for 5 min at 95 °C followed by
40 cycles of 45 s at 95 °C, 1 min at 62 °C, 1 min at 72 °C. The reaction mixture
was held at 16 °C until recovery.

The products of four such reactions were pooled together to increase the
amount of material available for subsequent processing. The two hundred mi-
croliters of total reaction mixture were split into two tubes of 100 uL each. One
milliliter of ice-cold, pure ethanol (Merck, Germany) and 44 uL of 3 M sodium
acetate, pH 4.2 (Sigma, USA) were added to each tube to precipitate the products.
The tubes were kept for about 15 min at —20 °C before the products were pelleted
down by centrifugation at 14 000 g for 10 min. Each pellet was washed twice by
resuspension in 500 uL 70% ethanol (Merck, Germany) and centrifugation at 14
000 g for 2 min, discarding the used wash solution each time. The pellets were
air-dried at the end of washes until the ethanol completely evaporated. The prod-
ucts were then concentrated by dissolving each pellet in 43.5 uLi of elution buffer
[10 mM Tris-HCI (J.T. Baker, USA and Merck, Germany), 0.1 mM Na,EDTA
(Sigma, USA)].
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2.2.8 Trimming SNX linker ends of the amplified fragments

The SNX linkers of the amplified, microsatellite-enriched fragments had to be
trimmed to prepare them for insertion into the cloning vector.

A 50 puL reaction of 1xBuffer 2 (NEB, USA), 1xBSA (NEB, USA), 10 U Nhel
(NEB, USA) and 43.5 uL of the amplified, concentrated microsatellite-enriched
fragments were combined in a fresh microfuge tube. The digestion mixture was
incubated for about 3.5 h at 37 °C. The trimmed fragments were purified using a
High-Pure PCR Purification Kit (Roche, Germany) following the manufacturer’s

protocol. The fragments were eluted with 50 ul. elution buffer.

2.2.9 Insertion of trimmed fragments into cloning vector

The trimmed fragments were ligated to Xbal-digested, CIP-treated (both enzymes
from NEB, USA) pBluescript® II SK+ Phagemid (Stratagene, USA) cloning
vector for cloning and eventual sequencing.

A 20 pL reaction of 10 U Nhel (NEB, USA), 400 U T4 DNA ligase (NEB,
USA), 100 nM rATP (Sigma, USA), 1xBuffer 2 (NEB, USA), 1xBSA (NEB,
USA) and equimolar ends of the trimmed fragments and the prepared vector were
mixed together in a 0.2 mL, thin-walled reaction tube. The mixture was placed
in a PTC-100® (MJ Research, USA) thermocycler and treated to 30 cycles of 30
min at 16 °C, 10 min at 37 °C. The enzymes were then deactivated by a 20 min

incubation at 65 °C before being soaked at 16 °C until recovery.

2.2.10 Transformation of competent cells and culture of transformants

Competent cells of JM109 (Promega, USA) or DH5« (Life Technologies, USA)
were transformed with the prepared plasmids using standard lab procedures.
Briefly: 1-5 upL of the ligation-digestion mixture were gently mixed with 100

uL partially thawed competent cells and kept on ice for 30 min. The mixture
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was then heat-shocked for 90 s at 42 °C. The cells were allowed to recover on ice
for 4-5 min. Six hundred milliliters of lukewarm Luria-Bertani (LB) broth were
slowly added to the cells which were then allowed to recover for 45 or 90 min (see
Section [2.2.11]) at 37 °C in an orbital shaker.

The recovered cells were gently pelleted down at 2000 ¢ for 5 min and enough
medium was removed to concentrate the cells to a volume of around 100 pL.
Twelve microliters of a 100 uM solution of isopropyl-3-D-thiogalactopyranoside
(IPTG, Promega, USA) and 20 pL of 122.5 mM solution of 5-bromo-4-chloro-3-
indolyl-3-D-galactoside (X-Gal, Bio-Rad, USA) were mixed into the cell suspen-
sion. The mixture was then spread on LB plates with ampicillin (50 M, Duchefa,
the Netherlands) and left to incubate overnight at 37 °C.

Multiple cultures (about 5-7) were plated to increase the number of colonies

to pick and screen.

2.2.11 Differences in protocol between APMS and APBMS libraries

Although the differences in the protocol used in the construction of the libraries,
APMS and APBMS, are slight, the results suggest that they may be significant

and worth presenting. Table summarizes these differences.

2.2.12 Screening colonies for inserts

Well-isolated white and pale-blue colonies were picked using sterile pipette tips.
Each colony was resuspended in 7 uL sterile, Milli—Q® (Millipore, USA) water.
Aliquot of this suspension were used as templates in PCR reactions used to screen
for inserts. Twenty microliter reactions of 200 nM each of T3 and T7 primers
(Table[2.2, MWG Biotech, Germany), 200 uM dNTPs (Promega, USA), 1xF-501
buffer (FinnZymes, Finland), 0.8 U DyNAzymeTM IT recombinant DNA poly-

merase (FinnZymes, Finland) and 2 uL of bacterial suspension were combined in



Table 2.3: Protocol differences between APMS and APBMS libraries.

Library  Temperature of final Incubation time fol-

wash (°C) lowing heat shock
(min)
APMS 65 90

APBMS 55 45

48
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0.2 mL, thin-walled reaction tubes. The tubes were placed in a PTC-100® (MJ
Research, USA) thermocycler and treated to the following temperature profile:
initial denaturation for 2 min at 94 °C, 35 cycles of 30 s at 94 °C, 30 s at 52 °C,
1 min at 72 °C, followed by a final elongation and tailing step of 10 min at 72 °C
and a soak at 16 °C until recovery.

Reaction products were checked for the presence of an insert by electrophoresis
through a 1.5% agarose gel in 1x TAE buffer in the presence of ethidium bromide
(Sigma, USA).

2.2.13  Culture and miniprep of colonies with inserts

Colonies with inserts (i.e., with PCR products longer than 150 bp) were cultured
by inoculating the remaining 5 pul. of bacterial suspension into 5 mL sterile LB
broth with ampicillin (50 zM, Duchefa, the Netherlands) and incubating the cul-
ture overnight at 37 °C in an orbital shaker.

Plasmids from the overnight cultures were harvested using the Wizard® Plus
SV Minipreps DNA Purification System (Promega, USA) following the manufac-

turer’s protocol without deviation.

2.2.14 Sequencing inserts

The inserts were sequenced using BigDye® Terminator v3.1 Cycle Sequencing
Kits (Applied Biosystems, USA).

Cycle sequencing reactions were set up according to the manufacturer’s proto-
col and were performed on either a PTC-100® (MJ Research, USA) thermocycler,
a GeneAmp® PCR system 2400 (Applied Biosystems, USA), a GeneAmp® PCR
system 2700 (Applied Biosystems, USA), or a GeneAmp® PCR System 9600 (Ap-
plied Biosystems, USA) using the following thermal profile: Initial denaturation
for 1 min at 96 °C, followed by 25 cycles of 10 s at 96 °C, 5 s at 50 °C, 4 min at
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60 °C. Extension products were kept at 4 °C until recovery.

Extension products were purified according to the protocol of Applied Biosys-
tems and were sequenced in a PRISM® 3100 Genetic Analyzer (Applied Biosys-
tems, USA) equipped with a 50 cm capillary array running POP-6 polymer,
using default run and analysis modules. Bases were called using the instrument’s
default basecaller.

Each insert was sequenced from both T3 and T7 ends.

2.2.15 Contig assembly and identification of microsatellite-bearing inserts

Forward and reverse contigs of each insert were assembled manually. Linker and
cloning vector sequences were also identified and excised manually from the se-
quences of the original genomic DNA fragments.

Inserts were screened for microsatellite sequences manually and with the pro-
gram TANDEM REPEATS FINDER (Benson| 1999).

Microsatellite-bearing sequences were compared with each other (to check for
duplicate sequences) and with sequences in GenBank (Bilofsky & Burks, [1998) us-
ing BLASTN (Altschul et al. [1990)) (to exclude the probability of having obtained

contaminating sequences).

2.2.16 Primer design and testing

Primers flanking microsatellite sequences were designed with the aid of the pro-
grams GENERUNNER (1994, version 3.00, Hastings Software) and PRIMER3 (Rozen
& Skaletsky, 2000). Oligos were ordered from two local companies, Research Bio-

labs and 1st BASE Pte Ltd.
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Testing for consistency of amplification

Primers pairs were first optimized and tested to amplify products consistently
when given templates from different samples. (Details on the field sampling and
extraction of genomic DNA from these samples are found in subsequent parts of
this thesis).

Amplifications were carried out in 10 uL volumes of 1 xF-501 buffer (FinnZymes,
Finland), 250 M dNTPs (Promega, USA), 1 uM each of forward and reverse
primers, 0.4 U DyNAzymeTM IT recombinant DNA polymerase (FinnZymes, Fin-
land) and approximately 10 ng genomic DNA as template using a PTC-100® (MJ
Research, USA) thermocycler. The thermal profile used was: initial denaturation
for 2 min at 94 °C, 35 cycles of 30 s at 94 °C, 30 s at annealing temperature, 1
min at 72 °C, followed by a final elongation and tailing step of 10 min at 72 °C
and a soak at 16 °C until recovery.

PCR products were checked by electrophoresis through 1.5% agarose gels in
1xTAE buffer in the presence of ethidium bromide (Sigma, USA).

Primer pairs that consistently amplified products when given templates from

different moss samples were checked for length-polymorphism of products.

Testing for length-polymorphism of products

The length of polymorphisms of products from consistently amplifying primer
pairs were tested by electrophoresis through either polyacrylamide gels or Meta-
Phor® High Resolution Agarose (Cambrex, USA).

Denaturing polyacrylamide gel electrophoresis of PCR products were per-
formed using a Sequi-Gen GT Sequencing Cell (Bio-Rad, USA). Six percent poly-
acrylamide [19:1 acrylamide:bis-acrylamide, Bio-Rad, USA), 8 M urea (Sigma,
USA) gels were cast 0.4 mm thin and run with 0.5xTBE [45 mM Tris-borate
(J.T. Baker, USA and Bio-Rad, USA), 1 mM Nay,EDTA (Sigma, USA), pH §]
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buffer at constant power (60 W) and constant temperature (50 °C). All other
electrophoresis parameters followed Bio-Rad’s protocol. Following electrophore-
sis, the polyacrylamide gels were stained with silver following the protocol of
Caetano-Anollés & Gresshoft (1994)).

Three percent Metaphor® High Resolution Agarose (Cambrex, USA) gels were
prepared and cast according to the manufacturer’s protocol. Electrophoresis were
performed in 0.5xX TBE in the presence of ethidium bromide (Sigma, USA).

Length-polymorphic microsatellite markers were submitted to GenBank (Bilof-

sky & Burks, [1998).

Optimization of multiplex PCR reactions

Primer pairs exhibiting consistent amplification and length polymorphism of prod-

ucts were combined in multiplex PCR reactions to increase the efficiency of geno-

typing and to decrease errors in matching DNA samples and PCR amplicons.
Although multiplex PCR combinations of the primer pairs were done by trial

and error, the combinations were governed by several considerations:

1. As many primer pairs as possible that would yield reliable and robust data

were put together in the same multiplex reaction.

2. The Applied Biosystems DNA sequencer that was used was set up so that
only 4 fluorescent dyes could be used per sample. Since a (ROXTM) dye-
labeled size standard had to be co-injected with the PCR products, only

T

three dyes, 6—FAMTM, HEX'™ and NEDTM, could be used to label the

primers.

3. Primers in the same multiplex reaction with amplicons of potentially over-

lapping size ranges had to be labeled with different flourescent dyes.
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4. Primers that were labeled with the same dye had to be designed so that

their amplicons did not overlap throughout their size range.

5. Finally, since the multiplex combinations had to be optimized while the
primers were still unlabeled, primer pairs were combined so that amplicons
in the same multiplex reaction did not overlap and could be easily discerned

when run in a MetaPhor® gel.

After determining the final combination of primer pairs to be used in multiplex
reactions, the concentrations of the primers needed to be optimized to more evenly
amplify the different targets. Further optimization of PCR conditions was done
following the recommendations of Henegariu et al.| (1997)).

Following successful optimizations of multiplex PCR combinations and condi-
tions, half of each primer pair was dye-labeled with either 6-FAM (1st BASE,
Singapore), HEX (1st BASE, Singapore) or NED (Applied Biosystems, USA)
such that primers in the same multiplex reaction amplified products that were dis-
cernible from each other during subsequent fragment analysis runs on the Applied

Biosystems DNA Sequencer.

2.2.17 Characterizing the microsatellite markers

Genotyping of a number of samples of Acanthorrhynchium papillatum was per-
formed to characterize the developed markers. Details on the selection of the
moss samples and the extraction of their genomic DNA are found in subsequent
chapters.

Ten microliter reactions of 1xF-501 buffer (FinnZymes, Finland), 5% DMSO
(Sigma, USA), 200 uM dNTPs (Promega, USA), 0.25 uM or 0.5 uM forward
primer, 0.25 uM or 0.5 uM reverse primer, 0.4 U DyNAzymeTM IT DNA poly-
merase (FinnZymes, Finland) and approximately 10 ng genomic DNA were com-

bined in thin-walled, 0.2 mL tubes. Reactions were performed in a PTC-100®
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(MJ Research, USA) thermocycler using the following thermal profile: Initial de-
naturation for 5 min at 94 °C, followed by 35 cycles of 1 min at 94 °C, 30 s at
58 °C, 2 min at 65 °C, and final extension for 30 min at 72 °C (the same annealing
temperature was used for all primer pairs tested). Products were kept at 16 °C
until recovery. (Details on these PCR conditions and specific primer combinations
are discussed in the results).

Amplification products were purified using CleanSEQ® kits (Agencourt, USA)
following the manufacturer’s protocol.

Size separation and detection of the purified products were performed in an
ABI PRISM® 377 DNA Sequencer (Applied Biosystems, USA) following the pro-
tocol of Applied Biosystems for fragment analysis applications. ROX " -labeled
GeneScan' " 400HD (Applied Biosystems, USA) was used as the internal size stan-
dard.

Alleles were determined manually from fragment sizes called by the program
GENESCAN® version 3.1.2 (Applied Biosystems, USA). The number of alleles
found for every locus was counted manually. Nei’s gene diversity per locus, h,
(also called heterozygosity) (Nei, 1987, 1973) was computed with the aid of the

spreadsheet program ExceL® (Microsoft, USA).

2.3 Results

2.3.1 Construction of microsatellite-enriched libraries

Similar results were obtained in the steps leading to the construction of both
APMS and APBMS libraries. To avoid redundancy and in the interests of both
brevity and clarity, only one gel electropherogram from each of these steps will
be presented from either APMS or APBMS libraries where needed for illustrative
purposes.

Genomic DNA extraction yielded 110 pug from the sample used for construction
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of the APMS library (Figure 2.2A) and 400 pg from the sample used for the
APBMS library. Extracted DNA was of sufficient quantity and purity for the
construction of microsatellite-enriched libraries.

Overnight digestion of the genomic DNA resulted in a smear, the tail end of
which lay beyond 10 000 basepairs in size despite the use of three endonucleases.
Much of the smear, however, appeared evenly distributed from 100 to 2000 bp
(Figure 2.2B).

Trimming with MBN and CIP should result in a barely-visible downward size-
shift in the smear of digested genomic DNA (Figure 2.2[C). Hence, the electro-
pherogram resulting from this reaction is similar to that of the digested genomic
DNA. Despite this similarity, however, gel-electrophoresis of the results of these
processes was still performed to estimate the concentration of DNA in the solution
to correctly set up the subsequent SNX-linker ligation.

Success of the ligation of SNX linkers to the treated genomic DNA fragments
is demonstrated in Figure [2.3/A. Expectedly, there were no amplicons present in
the negative control. The amplified fragments in the experimental lane (still in
a smear) extended to just past 1000 bp. Besides the copious primer dimers evi-
dent in both lanes, there was also a noticeable bias for smaller fragments in the
experimental lane.

A similar electropherogram resulted after enriching the fragments for microsatel-
lites and amplification of the enrichments via PCR (Figure [2.3B). Despite the use
of identical reaction mixtures (except for the template) and the same PCR ther-
mal profile, there are three things noticeably different from the earlier PCR check
on ligation success: the absence of primer dimers, the absence of a bias for smaller
fragments and faint but perceptible discrete bands.

Trimming the ends of the SNX linkers from the enriched fragments should once

again produce a barely-visible downward shift in the size of the fragments. Gel
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Figure 2.2: Genomic DNA of Acanthorrhynchium papillatum used for constructing a
microsatellite-enriched library. (A) Ap — undigested genomic DNA. (B) ApD — digested
genomic DNA. (C) ApMC — MBN/CIP trimmmed, digested genomic DNA fragments.
M — ladder. All samples were resolved in 1.5% (w/v) agarose in 1xTAE buffer.



57

M (-) ApLL
A

1000 bp —p 1000 bp —

100 bp —p|

100 bp —

Figure 2.3: Linker-ligated and enriched genomic DNA fragments. (A) ApLL — PCR-
amplified, SNX linker-ligated genomic DNA; (=) — negative control. (B) ApE — Genomic
DNA fragments enriched for microsatellites. M — ladder. All samples were resolved in
1.5% (w/v) agarose in 1xTAE buffer.
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electrophoresis of this step was not performed, however, to retain more material
for ligation of these fragments to the cloning vector. Results of this subsequent
ligation were likewise not checked through electrophoresis for the same reason.
Instead, as is routine in the lab, successful ligation was inferred through successful
mobilization of the produced plasmids into the competent cells.

Relatively few numbers of pure white colonies were obtained despite having
multiple plates from both libraries. Initially, only white colonies were picked and
screened for inserts. Pale blue colonies were eventually screened, however, and
were also found to have inserts. No correlations between the color of the colony
and the presence of inserts were sought and therefore found. Figure [2.4{ shows one

of several gel electropherograms used to screen for inserts.

2.3.2  Differences between the APMS and APBMS libraries

One hundred and sixty-nine plasmids in total were sequenced from both libraries.
Despite the initial screening, one sequenced plasmid (from the APMS library)
was found lacking an insert. Seventeen of the plasmids sequenced were essen-
tially failed reactions with no discernible sequences. Proportionally more unique
sequences were found in the APBMS library (93/95) compared to the APMS
library (47/56). However, proportionally much more of the APMS library were
found to bear microsatellites (44/47) compared to the APBMS library (22/93). All
these microsatellite-bearing inserts had no significant homology with sequences in
GenBank, indicating that the sequences had not been reported and were specific
to Acanthorrhynchium papillatum. Of these inserts, proportionally more of the
APBMS library had enough flanking regions for primer design (16/22) compared
to the those found in the APMS library (13/44). Similar proportions of amplify-
ing primers were found in both APMS (3/13) and APBMS (5/16) libraries. All

of the amplicons were found to be length-polymorphic when tested across a range
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Figure 2.4: Screening of twenty samples for inserts. Ten samples were loaded in the
top half of the gel, ten others were loaded in the bottom half. White arrows indicate
samples without inserts. [1.5% (w/v) agarose in 1xTAE buffer|. M — ladder.
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of samples (Figure . Table summarizes these findings. Inserts or loci were
named from the library and serial number of the colony bearing the genomic DNA
fragment in which they were found. Appendices [AHE| on pages list the
sequences of the inserts as they are categorized (e.g., “dirty”, replicated, without

repeats, etc.).

2.3.83 Types of microsatellite loci isolated

Despite interrogating the genomic DNA of Acanthorrhynchium papillatum with
four different microsatellite probes [to repeat: (GA)i5, (GT)15, (CTC) 10, (CAGA)g],
nearly all of the microsatellite loci found were of (GA), and (GT), motifs. Only
one locus, APBMS105, was found to have a (CTC), motif. No loci bearing a
(CAGA),, motif was found. Interestingly, two loci were found to bear motifs that
were not probed or sought. APBMS56 was found with a few repeats of (AGAGTG),
while APBMS13 was found with a few repeats of (AAAGAAAAGGA).

Following the nomenclature of [Weber]| (1990)), all three categories of microsatel-
lites were found: “perfect” (e.g., APMS14), “imperfect” (e.g., APMS70, APBMS93)
and “compound” (e.g., APMS65). Regardless of which category they belong, many
of the loci found were long, greater than 20 repeats of the base motif.

Interestingly, the resulting 8 candidate microsatellite markers that amplified
polymorphic products were primarily of (GA), motifs. For simplicity, they were
given the same name as their inserts or loci. Thus, the microsatellite markers

developed for Acanthorrhynchium papillatum were named, in sequence, APMS4,

APMS14, APMS28, APBMS3, APBMS14, APBMS23, APBMS61 and APBMS72.

2.3.4  Construction of multiplex PCR sets

On top of the considerations already stated that governed the PCR multiplexing

of primer pairs (page , the characteristics of the candidate markers added a few
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Figure 2.5: Electropherogram of PCR, products of primers designed from the insert
APMS28 tested on 22 samples of Acanthorrhynchium papillatum. Note stutter bands
characteristic of microsatellite loci. (Silver-stained 6% denaturing polyacrylamide gel in
0.5xTBE buffer). M — ladder.
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Table 2.4: Attrition of microsatellite-enriched inserts.
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more. Some of the candidate primers were from inserts that were too short (for
example, APBMS14) or had limited places for primer redesign. Moreover, pre-
liminary analysis also revealed that some primers amplified products that varied
widely in size. Both these limitations meant that the amplicons in a multiplex set
had to be discernible mostly by being labeled with different dyes, not by having
products that were in different size ranges. However, two primer pairs could be
redesigned to amplify consistently longer fragments that didn’t overlap in size with
any of the other smaller amplicons. They could therefore be labeled with a dye
that was also used in one of the smaller amplicons in a multiplex set.

Given all these considerations in combining primer pairs for multiplex PCR it
was determined that at most only 4 primer pairs could be combined in the same
reaction. At least 2 multiplex reactions were therefore needed to genotype samples
with the 8 markers developed.

Notwithstanding these limitations, primers amplifying these 8 loci were amen-
able to different combinations of PCR multiplexing (see Figure[2.6]for an example).
The two multiplex PCR sets finally chosen are described in Table [2.5]

2.3.5 Evaluation of markers through preliminary genotyping

The genotypes of ninety-eight Acanthorrhynchium papillatum samples from three
populations were used to further characterize and evaluate the candidate markers.
Screenshots of representations of the raw data are found in Figures and [2.8]

Alleles and sample genotypes are presented in Appendix [G] Table summa-
rizes the primer characteristics derived from the data.

Four to twenty-six alleles per locus (with an average of 11.5) were found from
the genotypes of the 98 samples. Each locus showed high values of Nei’s gene
diversity (0.578 to 0.936) indicating both the large number of alleles found and

the even spread of alleles in the samples tested. High values of gene diversity also
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Figure 2.6: Example of multiplex PCR amplifying microsatellite loci in Acanthorrhyn-
chium papillatum. M — marker; 1 — multiplex PCR of APMS4, APBMS23 and APBMS61;
2 — APMS4; 3 - APBMS23; 4 - APBMS61; 5 — multiplex PCR of APMS14, APMS28;
6 — APMS14; 7 — APMS28; 8 — multiplex PCR of APBMS3, APBMS14 and APBMS72;
9 — APBMS3; 10 - APBMS14; 11 — APBMST72.
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Table 2.5: Multiplex PCR sets for genotyping Acanthorrhynchium papillatum samples
using microsatellite markers. Forward and reverse primers for the same locus were in
equal concentrations (1x=0.5 uM). However, primer concentrations for different loci in
the same multiplex PCR set were adjusted so that the amplicons more evenly fluoresce.
Note that in each set, primers that are labeled with the same fluorescent dye amplify

products in different size ranges.

Multiplex  Locus

Fluorophore Relative primer Size range

set dye label  concentration (bp)

A APMS14  6-FAM'™  1x 67-126
APMS28  HEX™ 1x 79-156
APBMS23 NED™ 0.5x 108-130
APBMS61 6-FAM' " 1x 9233239

B APMS4  HEX™ 1x 166-217
APBMS3  6-FAM' " 1x 92-164
APBMS14 NED™ 0.5x 94158
APBMS72 HEX'™ 1x 69-111
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Figure 2.7: Screen capture of electropherograms of multiplex PCR set A of two samples,
APBLS8 and APBL9. Dye-labeled DNA fragments are represented by colored peaks. Col-
ors of the peaks indicate the dye label of the fragment: ROXTM:red, 6—FAMTM =blue,
HEXTM:green, NEDTM =black. The two electropherograms are oriented so that peaks
of the same size (base pair length) are aligned vertically. Fragment sizes in base pairs
are indicated on the combined x-axis at the top of the graphs. Y-axes indicate relative
flourescence intensity. Red peaks are size standards «}eneScanTm4400fﬂD).Eﬂue peaks
on the left of the graph are APMS14 loci. Green peaks are APMS28 loci. Black peaks
are APBMS23 loci. Blue peaks indicated by arrows are APBMS61 loci (these loci also
highlighted in the table). Table indicates various measurements, including fragment size
in basepairs. Note differences in amplicon sizes as seen in the position of the peaks and
as seen in the table.
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Figure 2.8: Screen capture of electropherograms of multiplex PCR set B of two samples,
APBLS8 and APBL9. Graph and table descriptions similar to Figure Green peaks
on the left of the graph are APBMS72 loci. Blue peaks are APBMS3 loci. Black peaks
are APBMS14. Green peaks indicated by arrows are APMS4 loci (also highlighted in

the table).
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suggest the utility of the markers for studies in genetic variation of populations.
While Weber| (1990) found that the longest uninterrupted, “perfect” repeats pre-
dicted greater informativeness of the polymorphism (or number of alleles) of loci,

this is only partially supported by the results obtained.

2.4 Discussion

Although the major objective of this thesis was to investigate the population-level
diversity of Acanthorrhynchium papillatum, a moss native to Southeast Asia, the
process of the development of microsatellite markers for this moss also yielded

interesting findings.

2.4.1 Library construction

The original protocol of Hamilton et al.| (1999)) called for the screening of bacterial
colonies for the presence of microsatellites. This was accomplished through the
onerous processes of colony lifts, membrane hybridization and subsequent chemi-
luminescent detection. These steps were followed in the earliest attempts in this
project, only that colorimetric instead of chemiluminescent detection methods
were used. However, having no positive and negative controls —this being the first
microsatellite library constructed in the laboratory— made it difficult to optimize
the hybridization and detection conditions. It also made interpreting the colori-
metric results subject to ambiguity. What was particularly hard was deciding how
well-developed the color reactions should be before the colony could be considered
positively bearing microsatellites and therefore worth sequencing. Finally, while
it was found that the colonies most positively reactive to the screening, i.e., the
ones that gave the deepest colored spots in the colony lifts, did bear microsatellite
loci, the loci were so long that the flanking sequences were too short for primer

design. Therefore, the most “positive” microsatellite loci found by the screening,



70

although technically positive, were useless as microsatellite markers. Screening,
it seemed, only hindered the development of microsatellite markers. Alternatives
had to be sought.

These counter-productive findings led the researcher to try sequencing inserts
from white colonies without first screening them for the presence of microsatellite
repeats. Initial attempts were positive enough that the screening steps were finally
abandoned. The final results show that even without colony screening, chances
were better than 1/3 that a random insert-bearing colony would be found with a

microsatellite repeat.

Differences between the two libraries

In fact, chances were closer to 3/4 when only the first attempt at a library, the
construction of APMS;, is considered. This is one of several differences observed
between the two libraries, APMS and APBMS. This and others differences are
discussed below.

Revisiting Table [2.4] one difference that bears discussion is the percentage
of unique inserts in the two libraries. The large difference in the proportion of
unique inserts in the APBMS (93/95=0.98) and APMS (47/56=0.84) libraries
may be attributed to the different incubation times following the transformation
of competent cells. In the construction of the APMS library the bacterial cells
were incubated for 90 min as is routinely practiced in the laboratory. It is spec-
ulated that this extended incubation period not only allows transformed cells to
recover from the stress induced by the heat-shock, but also allows them enough
time to multiply. This is useful for researchers working on a single species of insert
and when transformation efficiency is low: potentially more colonies may be ob-
tained from fewer transformed cells. For researchers building a library however, it

increases the chances of finding replicated inserts. In the construction of APBMS
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the incubation period was reduced by half to 45 min and a larger proportion of
unique inserts was observed.

The difference in temperature of the final stringent washes used in constructing
the two libraries is thought to have contributed to two differences in the results.

More microsatellite loci, both in absolute and relative measures, were found in
the APMS library compared to the APBMS library. It is hypothesized that only
genomic DNA fragments that had strong complementarity to the probe sequences
remained bound to the probes during the final stringent washes used in the con-
struction of the APMS library. These are fragments with significant stretches of
microsatellite repeats. Fragments that were only weakly bound to the probes,
i.e., those without or with only short microsatellite repeats, melted away from the
probes in the higher temperatures of the washes. On the other hand, the lower
temperatures used in the washes of the APBMS library may have allowed frag-
ments not bearing microsatellite repeats to remain bound to the probes. These
fragments eventually made their way into inserts and plasmids and caused the
reduction of the proportion of microsatellites found in the APBMS library. This,
in turn, implied that, to obtain microsatellite loci from this library, many more
inserts needed to be sequenced than would be necessary in a more enriched library.

Although efficiently isolating microsatellite loci using hotter stringent washes
might seem desirable, they also had familiar counter-productive effects. Many
of the microsatellite loci found in the APMS library had flanking sequences that
were so short that primers could not be designed to amplify these loci. Many of
these inserts had microsatellite repeats that abutted directly against the linker
sequences and had no flanking sequences in one or both ends. The situation was
expectedly reversed in the APBMS libary. Sequences suitable for primer design
abounded at the ends of many inserts. However, having no or few microsatellite

loci to amplify rendered many of these sequences useless.
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Whether these differences are statistically significant was not tested. Nor were
correlations between the seemingly slight differences in protocol (recall Table
and these differences checked. The proposed explanations are hypotheses that
still need confirmation. The libraries were constructed to make tools for the study
of the biology of Acanthorrhynchium papillatum. Time and resources had to be
devoted to other aspects of the project and could not be spent sorting out these
interesting matters that do not directly affect the main objectives of the project.
However, it is hoped that these ideas may be useful for those who are keen on
creating their own microsatellite-enriched libraries and may be following a similar

protocol.

Keys to finding suitable microsatellite loci

Using proper parameters in seemingly trivial parts of the protocol are keys to effi-
ciently obtaining microsatellite loci that can at least be tested to see if they can be
amplified from genomic DNA. Incubating transformed cells for the right amount of
time spells the difference between risking not finding enough colonies with inserts
to sequence (not giving the cells enough time to recover from the stress of the heat
shock) and wasting sequencing efforts on replicated inserts, as explained above.
Performing stringent washes at the proper temperature determines whether long
stretches of microsatellite loci with little or no flanking sequences are obtained, or
short or no microsatellite loci are found.

Unfortunately these parameters may depend on other factors, like the type or
transformation efficiency of the competent cells used or the nature of the species
being studied. Moreover, whether ideal parameters have been correctly chosen
cannot be known until many inserts from the library have already been sequenced.
If it turns out that the parameters were not ideal, two choices present themselves.

The first choice would be spending two or more weeks constructing another library



73

with slightly different parameters (and still not knowing if these new parameters
are ideal). The second choice would be to sequence more inserts from the present
library in the hope of finding unique and suitable microsatellite loci from among
the redundant sequences or inserts with no or unusable microsatellite loci. Either
choice offers no guarantees. What choice to make would depend on the careful
assessment of time and material resources. The choices are not mutually exclusive,
however, and both could be attempted to maximize the chances of finding suitable

microsatellite loci.

Utility of short, cryptic microsatellite loct

Another observation was made that might be useful when developing microsatellite
markers. While searching for microsatellite loci to amplify, focus was understand-
ably on longer, unambiguous stretches of microsatellite repeats. As more and more
of these loci failed to amplify despite repeated PCR attempts, attention was paid
to shorter, more cryptic microsatellite loci in the hope that they would generate
usable markers. The results of this refocus were that two loci, APBMS14 and
APBMS23, earlier ignored for having shorter, cryptic repeats, turned out to be
suitable markers possessing large amounts of polymorphism when tested across a
range of samples. Having learned the lesson of not ignoring these kinds of inserts,
more of them were tested. No other inserts, however, could be developed into

markers.

2.4.2  Marker characterizations

Effects of “replicated” samples

As is typical in the development of microsatellite markers, difficulties do not end
with the isolation of microsatellite loci. In fact, problems can arise even after these

loci have been determined to be polymorphic by testing with a small number of
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samples.

Because of time limitations in this project, experiments could not be con-
ducted in a strictly ordered fashion. For example, sample collections could not be
postponed until after all the microsatellite markers had been developed. Instead,
samples were collected while the markers were being developed and nearly all the
samples were available for testing by the time all 8 markers were found. This
meant that the characterization of the markers didn’t have to be performed us-
ing only a limited set of samples; all the samples available could be used instead.
After genotyping all available samples and examining the data, it was apparent
that the results were going to introduce complications in evaluating the usability
of the markers.

Many of the Acanthorrhynchium papillatum samples were found to share ex-
actly the same alleles for each of the 8 markers tested, in effect contributing
“replicated” samples to the pool of all available samples. Some samples were
found to differ from others in only one or two out of the 8 markers tested. While
these findings could be of important biological significance (more on this in suc-
ceeding chapters), these results played havoc with computations of certain marker
statistics.

Among the statistics that are usually reported when developing microsatel-
lite markers is linkage disequilibrium (Lewontin & Kojima, [1960; Robbins| [1918)).
Linkage disequilibrium is a measure of the non-random association of alleles of
pairs of loci. When one allele of a certain locus is found to occur with an allele of
another locus more often than should occur if the loci were independent of each
other, then the two loci are said to be in linkage disequilibrium. Since many sam-
ples of Acanthorrhynchium papillatum were found with exactly the same loci, then
linkage disequilibrium will, by definition, be detected among these loci (and need

not even be computed). Unfortunately, it cannot be determined if the linkage
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disequilibrium truly reflects the relationship of the loci or if it is an artifactual
product of the clonal nature of the samples of A. papillatum.

Nei’s gene diversity is also affected by the nature of the Acanthorrhynchium
papillatum samples. This statistic describes how evenly represented the different
alleles are in a given locus. A marker is useful in genetic studies when its differ-
ent alleles have more or less even relative frequencies with no alleles dominating
the locus. In testing the markers of A. papillatum, alleles of all the “replicated”
samples would appear with greater relative frequency than if the alleles were con-
tributed by only one representative sample. Gene diversity for each of the loci
would therefore appear smaller (and the utility of the marker somewhat dimin-
ished) if the “replicated” samples were included in the computations than if they
were not. Again, the smaller values of gene diversity that would be obtained if
the “replicated” samples were included in the computations could represent the
true nature of the markers or could be products of the nature of the A. papillatum
samples. As with the linkage disequilibrium computations, there was no way of
knowing which was the true case.

Ultimately it was decided to retain the “replicated” samples in the computa-
tions for Nei’s gene diversity. Despite the higher frequency of the alleles of the
“replicated” samples, gene diversity for the loci remain high. (Linkage disequilib-
rium didn’t need to be computed since it would inevitably show linkage among
all pairs of loci. For completeness, however, linkage disequilibrium was computed
using the software package, GENEPOP Raymond & Rousset| (1995b). Results of

the computations are found in Appendix

Other statistics

Papers on the development of microsatellite markers often also report three other

statistics: deviations from Hardy-Weinberg equilibrium, PIC or polymorphism
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information content (Botstein et al., [1980) and observed heterozygosity. These
statistics are appropriate only for diploid samples and do not apply to the present

study of haploid plant material.

Null alleles

Null alleles were encountered while genotyping samples for marker evaluation.
(A null allele is the absence of a PCR product at a locus. The length of the
microsatellite region that is null at a locus is therefore indeterminate). At the
start of the experimental analysis, samples with null alleles were excluded from
computations of marker statistics. Admittedly, in retrospect, this should not have
been done. However, had these samples been included in the computations marker
statistics would only have been slightly different from those presented. Exact
values of Nei’s gene diversity would have been different, but these values would also
change when all samples are finally evaluated. Results on linkage disequilibrium
would have been the same. The biggest effect would be on the perception of the
utility of these markers given the tendency of some loci to produce null alleles.
The oversight of excluding samples with null alleles has been corrected, however,
and these samples have been included in analyses that will be seen and discussed
in later chapters.

[The original data set has been retained in this part of the thesis since it is this
“trimmed” data set that was used in a paper reporting the microsatellite markers

of Acanthorrhynchium papillatum (Leonardia et al., 2006).]

Deuviations from marker repeat units

Microsatellites are length-polymorphic because the polymerases that duplicate
microsatellite loci are thought to “slip” and create copies that are one or more

repeat units shorter or longer than the original template (Jarne & Lagodal, [1996;
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Schlotterer, 2000). Microsatellite loci in different individuals, therefore, differ in
length by multiples of these repeat units. For example, if a microsatellite locus
is composed of dinucleotide repeats, then one individual may have an amplicon
length of 125 base pairs while another individual may have an amplicon length of
127 base pairs.

A look at the genotypes of the samples (Appendix |G|) used to characterize the
markers reveals that many of the amplicons do not follow this pattern of differing
by multiples of the repeat units of their microsatellite loci. That is, while the
repeat units of these microsatellite markers are mostly dinucleotide motifs, some
amplicons do not differ from others by multiples of 2 base pairs.

This observation could be explained by the action of a different microsatel-
lite mutation mechanism, the insertion or deletion of bases in or around the mi-
crosatellite loci, a combination of these two processes, or a yet-undescribed and
undetermined cause. The examination of the sequences of these amplicons could
shed light on what exactly is taking place. Unfortunately, sequences of some of
these repeat regions have been difficult to obtain as evidenced in the development
of the microsatellite-enriched libraries and as seen in later sections of this chapter.
Notwithstanding these deviations from expected amplicon lengths, alleles obtained
from the developed microsatellite markers should still prove useful in studying the

genetic diversity of Acanthorrhynchium papillatum.

2.4.8 Long microsatellites

As mentioned earlier, several microsatellite loci in Acanthorrhynchium papillatum
were found to be very long (e.g., APMS21 with 124 GA repeats, APMS31 with
95 GA repeats and APMS54 with 123 GT repeats — see Appendix @ Repeat
lengths in these loci are longer than many of those reported in recent literature

on microsatellite marker development [e.g., (Hogberg et al. 2006; |Johnson et al.,
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2005; [Lee et al., 20006; Mayor & Naciri, [2007; Nagai et al., [2006; Schmidt et al.l,
20006))].

Many of these loci are the ones found with short or no flanking sequences
(Appendix @ While these long microsatellites could be artifacts of the library
construction process, the long lengths of some amplicons generated with the devel-
oped markers, e.g., sample APBT31 using marker APBMS23, suggest that these
long repeats may really be found in the genome of Acanthorrhynchium papillatum.
Several attempts to sequence long amplicons generated by the developed markers
were made to confirm this idea. But the difficulty of the template, characteristic
of repeat regions, rendered these attempts unsuccessful.

Although the presence of long microsatellite loci in Acanthorrhynchium papil-
latum could not be positively ascertained, these unsuccessful attempts have no
bearing on the utility of the markers or the objectives of this research project.
However, their confirmed presence in Acanthorrhynchium papillatum can offer in-
sights into the genome and biology of this moss that may be useful in future

investigations.

2.4.4  Comparison with other microsatellite-marker studies

How does the project to develop microsatellite markers for Acanthorrhynchium
papillatum compare with studies to develop microsatellite markers for other plants?

A paper by Squirrell et al.| (2003)) elaborates on the efforts needed to develop
microsatellite markers for plant species by comparing various statistics from nu-
merous reports. One interesting finding in the paper is that there is little difference
in finding unique microsatellite loci between screened and unscreened enriched li-
braries. This statistic further justifies the decision in this project to bypass the
screening step. The paper also reports that in order to obtain 10 working mi-

crosatellite markers, inserts from an average of 60 colonies from an enriched library
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need to be sequenced to identify 38 unique microsatellites to be able to design 20
primer pairs. This implies a mean attrition of about 36% going from the total
number of inserts sequenced to those bearing microsatellite markers, of 46% going
from the total number of microsatellite-bearing inserts to those for which primers
can be designed, and of 50% going from loci for which primers could be designed to
those than can be used as microsatellite markers. The results of the present project
obviously do not compare to these averages (in the order just presented, attrition
of 61%, 56% and 0% respectively). However, while the mean attrition at these
steps are 36%, 46% and 50% respectively, the range of these figures from which
the means are computed is very broad: 0-90%, 0-79% and 0-89% respectively.
Moreover, deviations from the average of the attrition figures for this project may
be explained by the sub-optimal conditions used during library construction as
has already been proposed.

The construction of microsatellite-enriched libraries and the development of
microsatellite markers are still far from being straightforward, sure-fire processes.
While statistics can be generated for various stages of these processes, large vari-
ations in these figures are found even in recent reports on microsatellite marker

development. Table [2.7] summarizes figures from some of these papers.

2.5 Conclusions

Despite the difficulties involved in first finding microsatellite loci and then char-
acterizing these loci in Acanthorrhynchium papillatum, 8 microsatellite markers
were developed for this species, fulfilling the first objective of the thesis. The pro-
tocol used to develop these markers proved efficient in finding microsatellite loci.
Unfortunately, most of the loci found could not be used as molecular markers.
Characteristics of these 8 markers suggest their suitability in population genetics

studies, studies that form the other objectives of this research project. Microsatel-
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Table 2.7: Statistics of some recent efforts to develop microsatellite markers for plants.
“Colonies” refer to the number of colonies whose inserts were sequenced; where screen-
ing or ISSR techniques were employed, only inserts from the “positive” colonies were
sequenced. “Positives” refer to the number of colonies confirmed by sequencing to have
microsatellite inserts. “Working” refers to the number of microsatellite markers reported
for the organism.

Report Genus Colonies Positives Working
Jones et al.| (]2004[) Luehea screened 16 8
Lee et al. (2006 Koompassia 165 53 24
Mayor & Naciri (2007)  Aster 174 99 8
Provan & Wilson| (]2006[) Sphagnum ISSR 17 9
Schmidt et al. (2006) Macadamia not reported 60 33
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lites were also isolated from three other species of mosses: Pogonatum cirratum
ssp. macrophyllum, Thuidium plumulosum and Thuidium cymbifolium. For var-
ious reasons, these could not be fully developed as markers. In the process of
isolating microsatellite loci and developing microsatellite markers many observa-
tions were made on the construction of libraries enriched for microsatellite loci.
These observations, the suggested explanations to these findings and the proposed
compensations are hoped to be useful to other researchers attempting similar in-
vestigations. Other observations on the characteristics of the moss species, A.
papillatum, are hoped to spur further interest and investigations on the biology

and genetics of this under-studied group of plants.
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Chapter 3

GENETIC DIVERSITY AMONG CLUMPS OF
ACANTHORRHYNCHIUM PAPILLATUM AS
MEASURED BY MICROSATELLITE MARKERS

3.1 Introduction

While it would have been more systematic to first study the diversity within
clumps of Acanthorrhynchium papillatum, because the newly-developed microsatel-
lite markers had to be tested on samples from different clumps, diversity between
and among clumps was studied first.

Notwithstanding the order of execution and presentation of the experiments
performed, this chapter represents the raison d’étre of the thesis project. Many of
the major objectives that were set at the beginning of the project are answered in
this chapter. Found in this chapter are the results of the first study to be done on
the genetic variation of a moss native to Southeast Asia in more than a quarter
of a century.

In this chapter, the newly-developed microsatellites markers were more exhaus-
tively tested. With the availability of more samples, amendments to the statis-
tics presented in the earlier chapter were made. More importantly, using these
microsatellite markers, baseline diversity statistics on populations of Acanthor-
rhynchium papillatum were established. Diversity was measured at two levels: at
the marker (per locus) level and at the multi-locus genotype level (as measured
through unique combinations of microsatellite alleles). Diversity metrics of A.

papillatum populations from sampling areas of different degrees of disturbance
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were also compared to assess the effects of anthropogenic change on the genetic
diversity of the moss. Genetic distances among the different populations were
computed and analyzed to help characterize patterns of relationships among pop-
ulations of Acanthorrhynchium papillatum. Finally, population differentiation and
the presence of genetic structure were investigated to identify populations that

were genetically isolated from others.

3.2 DMaterials and Methods

Many of the methods used here are also applicable in other parts of the project.
Where these methods are re-used are indicated in relevant sections of subsequent

chapters.

3.2.1 Sampling areas

Samples of Acanthorrhynchium papillatum (Harv.) Fleisch. were collected from
three areas in Johore State, Peninsular Malaysia: Sungei Bantang Recreational
Forest, Gunung Belumut Forest Reserve and Kota Tinggi Waterfalls Resort, and
two areas in Singapore: Bukit Timah Nature Reserve and MacRitchie Reservoir.
For brevity, these sampling areas may be referred to as SBRF, GBFR, KTP,
BTNR and MACR, respectively in the remainder of this thesis. These areas differ
qualitatively in their degrees of disturbance and the conditions of their forests.
The sampling areas in Malaysia are discontinuous with each other. Although the
sampling sites in Singapore are only a few kilometers apart, they are separated by
an expressway which may make them functionally discontinuous.

Trail maps of the sampling areas were unavailable; however, map coordinates
(latitude, longitude and elevation) of sampling areas are provided. These were
™

determined using a handheld global positioning system (GPS) device (Garmin

eTrex®) and the software program GoogleTM Earth version 4.01569.0. Collections
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were made within a 2 km radius from the stated coordinates.

Sungei Bantang Recreational Forest

Location and description Sungei Bantang Recreational Forest (2°21’ N, 103°9’
E, 30 m above sea level) lies about 100 km north-northwest of Singapore and about
8 km from the nearest town, Bekok (Figures [3.1] and [3.2)). It is continuous with
the southwest corner of the much larger (80 000 ha) Endau-Rompin National Park
(Peh et all 2005). Sungei Bantang Recreational Forest is moderately developed
with two carparks, a small office building, two public toilets and a few huts that
dot a small recreation area at the entrance of the forest. Although it is frequented
by visitors for its streams and picnic areas, much of its surrounding vegetation
beyond the recreation areas remains intact and undisturbed. Moreover, no people
were encountered beyond the recreation areas during any of the sampling trips (or
other visits) to this site, suggesting that few people venture away from the picnic

sites.

Sampling trails Samples of Acanthorrhynchium papillatum were collected from
the trails that run beside the streams and into the vegetation of Sungei Bantang
Recreational Forest. These trails do not have names. Some samples were collected

from the recreation grounds as well.

Gunung Belumut Forest Reserve

Location and description Acanthorrhynchium papillatum was also sampled
from Gunung Belumut Forest Reserve (2°3" N, 103°31’ E, 200 m above sea level)
which is approximately 70 km north of Singapore (Figures and . Gunung
Belumut Forest Reserve is approximately 30 000 ha in area (Peh et al. 2005).
Gunung Belumut Forest Reserve has also never been logged (Peh et al., |2005)

and its periphery is also popular as a recreation site. It is also more developed
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Figure 3.1: Location of sampling areas of Acanthorrhynchium papillatum in Malaysia:
SB - Sungei Bantang Recreational Forest; GB - Gunung Belumut Forest Reserve; KT -
Kota Tinggi Waterfalls Resort. Kuala Lumpur (KL) is shown for reference. A distance
bar is indicated. Inset shows location of Peninsular Malaysia in relation to mainland
Southeast Asia. (Maps courtesy of Reuben Clements).
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Figure 3.2: Habitat pictures of sampling areas of Acanthorrhynchium papillatum in
Malaysia: (A) Sungei Bantang Recreational Forest. (B) Gunung Belumut Forest Re-
serve. (C) Kota Tinggi Waterfalls Resort.



87

with several chalets, administrative buildings, a small diner, huts and prepared
campgrounds. The recreation areas are larger and visitors venture deeper into the

surrounding forest.

Sampling trails Acanthorrhynchium papillatum samples were collected from
the trails that run close to the tributaries of the main river at the base of the
mountain. These trails, also, do not have names. Most of the samples were

collected from beyond the more common picnic and recreation areas.

Kota Tinggi Waterfalls Resort

Location and description Samples of Acanthorrhynchium papillatum were
also collected from Kota Tinggi Waterfalls Resort (1°49" N, 103°50" E, 100 m
above sea level). Kota Tinggi Waterfalls Resort is approximately 50 km north-
northeast of Singapore (Figures and and 16 km from the town of Kota
Tinggi. The park has long been popular for its waterfalls that cascade from the
slopes of Gunung Muntahak and Gunung Panti. Kota Tinggi Waterfalls Resort
is now a well-developed resort. Concrete chalets with modern facilities, eateries
and recreation halls have been built. The trails are mostly of concrete. Even the
stream after the plunge pool of the main cataract is dammed in places to provide
shallow swimming pools for visitors. The development of the resort and the popu-
larity of the site contribute to making the surrounding vegetation of Kota Tinggi

Waterfalls Resort the most disturbed of the three sampling areas in Malaysia.

Sampling trails Samples of Acanthorrhynchium papillatum were collected from
the grounds of the recreation areas, the trail behind the chalets, the trail that runs
along the waterfall leading to the summit of Gunung Muntahak and the trail that

leads to Gunung Panti. These trails, also, do not have names.
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Bukit Timah Nature Reserve

Location and description One of the sampling sites in Singapore is Bukit
Timah Nature Reserve (1°21" N, 103°46” E, 100 m above sea level). Both Bukit
Timah Nature Reserve and the other sampling area in Singapore, MacRitchie
Reservoir are found near the geographic center of the island (Figures and
and form part of the Central Catchment Nature Reserve. The closest margins of
the two sites are only about 4 km apart but are separated by an expressway and
a golf course. Although the forests of Bukit Timah Nature Reserve are mostly
primary (Corlett} [1992), the trails that run through them are well-tended, some
with wooden walkways and steel or concrete braces, and experience regular distur-
bances. Bukit Timah Nature Reserve is also a very popular recreation, research

and teaching site.

Sampling trails Samples of Acanthorrhynchium papillatum were collected from
the following trails in Bukit Timah Nature Reserve: South View Path, Cave Path,

Tiup-tiup Path, Rock Path, Jungle Fall Path, Seraya Loop and North View Path.

MacRitchie Reservoir

Location and description Samples of Acanthorrhynchium papillatum were
also collected from MacRitchie Reservoir (1°20° N, 103°49” E, 40 m above sea
level). Although parts of MacRitchie Reservoir (Figures [3.3] and remain pri-
mary forest (Corlett], [1992)), the areas accessible to the public, including the only
area where A. papillatum was found, are in secondary forests. MacRitchie Reser-
voir is likewise a very popular recreation site and receives many visitors in the

form of joggers and nature hikers.

Sampling trails Trails around the entire circumference of MacRitchie Reser-

voir were explored. However, Acanthorrhynchium papillatum was only found and
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Figure 3.3: Location of sampling areas of Acanthorrhynchium papillatum in Singapore:
BT - Bukit Timah Nature Reserve; MR - MacRitchie Reservoir. A distance bar is indi-
cated. Inset shows location of Singapore in relation to mainland Southeast Asia. (Maps
courtesy of Reuben Clements).
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Figure 3.4: Habitat pictures of sampling areas of Acanthorrhynchium papillatum in
Singapore: (A) Bukit Timah Nature Reserve. (B) MacRitchie Reservoir.
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collected from Lornie Trail, located on the south side of the reservoir. Parts of
this trail are exposed, with no tree cover, and are within 350 m of an adjacent

highway.

Distances between sampling areas

Table[3.T]shows the approximate distances between the sampling areas of Acanthor-
rhynchium papillatum. Bukit Timah Nature Reserve and MacRitchie Reservoir
are closest to each other being only about 6 km apart. MacRitchie Reservoir and
Sungei Bantang Recreational Forest are most distant to each other being about
140 km apart. Sungei Bantang Recreational Forest and Gunung Belumut Forest
Reserve together are almost the same distance away from the sampling areas in
Singapore. Kota Tinggi Waterfalls Resort lies between the two sampling areas in

Singapore and the two other sampling sites in Malaysia.

3.2.2 Collection dates

Table details the collection dates of samples of Acanthorrhynchium papillatum
used to determine diversity among clumps of the moss. When samples from the
same locality were collected on several dates, they were collected in different trails,

or different parts of the same trail.

3.2.8 Field selection and collection

Since no prior information on the clustering or distribution of Acanthorrhynchium
papillatum was available, samples were selected and collected as they were found
in the field. However, collections were done in such a way as to minimize impact
on populations of the moss and on the surrounding vegetation. Samples were
scraped, pulled or plucked carefully from their substrates and kept in paper pack-

ets. Multiple packets were kept together in sealed Ziploc® bags en route to the
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Table 3.1: Approximate pairwise distances between sampling areas of Acanthorrhyn-
chium papillatum. Figures are in kilometers.

SBRF GBFR KTP BTNR MACR

SBRF *
GBFR 59.2 *
KTP 101.5 92.1 *

BTNR 1319 1143 53.5
MACR 136.3 119.0 54.2 5.7 *
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Table 3.2: Collection dates of Acanthorrhynchium papillatum samples that were used to
determine variation among clumps of the moss.

Sampling area  Collection date(s)

SBRF 7 March 2004; 28-29 July 2004
GBFR 7 March 2004; 30-21 July 2004
KTP 2 July 2005

BTNR 7 April 2004; 18, 28 May 2004

MACR 16 March 2004; 17 April 2004; 31 May 2004
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laboratory.

Samples were named according to their source locality using the following
scheme: APBK — Sungei Bantang Recreational Forest, APBL. — Gunung Belu-
mut Forest Reserve, APKT — Kota Tinggi Waterfalls Resort, APBT — Bukit
Timah Nature Reserve, APMR — MacRitchie Reservoir. Samples were numbered
sequentially in the order of their collection. Thus, sample names were indicative

of the relative distances of samples in the field.

3.2.4  Post-collection processing

Samples were kept moist in their bags at 4 °C prior to being processed for genomic
DNA extraction.
A few shoots from each sample collected were examined under both stereo and

compound microscopes to confirm the identity of the mosses collected in the field.

3.2.5 Lab sampling

One whole, continuous shoot of Acanthorrhynchium papillatum was selected from
every sample collected. Shoots were processed for genomic DNA extraction and

subsequent genotyping.

3.2.6 Genomic DNA extraction

Each selected shoot was allowed to air-dry on a bench top until tissues turned
brittle (around 1 hour) and then inserted into a clean 2 mL microfuge tube into
which 4 clean, 3 mm tungsten carbide beads had been placed.

Sample tubes were capped tightly, immersed in liquid nitrogen and allowed
to come to thermal equilibrium. The samples were ground to a fine powder by
vortexing the still deep-frozen tubes at maximum power for 30 s. The tubes were

then re-immersed in liquid nitrogen. Cycles of vortexing and re-freezing were
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repeated for a total of 3 times. This method was independently developed by this
researcher and offers several advantages over the conventional mortar and pestle
method of pulverizing samples. It is faster, allowing the grinding of at least 20
samples in 20 to 30 min, even faster for softer tissue. It is more efficient in the
use of liquid nitrogen, using less than 800 mL for 20 samples. More importantly,
it helps prevent cross-contamination from aerosols that form when samples are
ground with a mortar and pestle. It is, however, less efficient than the use of a
dedicated mixer mill. However, for labs that do not have access to a mixer mill,
it offers an adequate method for the high-throughput grinding of plant samples
prerequisite to the chemical extraction of genomic DNA.

Genomic DNA from the ground tissues was extracted using DNeasy Plant
Mini Kits (QIAGEN, USA) following the manufacturer’s protocol. One hundred
microliters of Buffer AE were used to elute the DNA following the final washes of

the filter membranes.

3.2.7  Fragment analysis with microsatellite markers

Fragment analysis using microsatellite markers to study the diversity of Acanthor-
rhynchium papillatum closely followed the scheme used in the development of these
markers for this moss. Some alterations were made, however, to take advantage
of technologies that more recently became available.

Multiplex PCR was carried out using a hot-start DNA polymerase to increase
sensitivity and specificity of amplification and to minimize the formation of primer
dimers. Ten microliter reactions of 1xF-522 buffer (FinnZymes, Finland), 5%
DMSO (Sigma, USA), 200 uM dNTPs (Promega, USA), 0.25 uM or 0.5 puM
forward primer, 0.25 uM or 0.5 uM reverse primer, 0.24 U Hot Start DyN AzymeTM
IT DNA polymerase (FinnZymes, Finland) and approximately 10 ng genomic DNA

were combined together in thin-walled, 0.2 mL tubes. Reactions were performed
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in a PTC-100® (MJ Research, USA) thermocycler using the following thermal
profile: Initial denaturation for 10 min at 94 °C, followed by 35 cycles of 1 min
at 94 °C, 30 s at 54 °C, 2 min at 65 °C, and final extension for 30 min at 72 °C.
Products were kept at 16 °C until recovery.

The multiplex PCR products were purified using CleanSEQ® kits (Agencourt,
USA) following the manufacturer’s protocol.

Fragment analysis runs of the purified products were performed in a PRISM®
3100 Genetic Analyzer (Applied Biosystems, USA) following the protocol of Ap-
plied Biosystems. ROX “-labeled GeneScan-400HD (Applied Biosystems, USA)
was used as the internal size standard. Several changes in the run module param-
eters of the 3100 Genetic Analyzer were made to allow fragment analysis runs to

be performed using 50 cm capillary arrays and POP-6 polymer (Table .

3.2.8 Size-calling and allele-scoring

PCR fragment sizes were automatically calculated by GeENEMAPPER® version 4.0
(Applied Biosystems, USA) by interpolation using the local Southern algorithm
from a sizing curve generated from the internal size standards. The computed frag-
ment sizes were in fractional base pair units and needed to be binned into discrete
base pair units. Although the software was used to automatically accomplished
this, the binning was reviewed and manually adjusted where needed.

Alleles for a microsatellite locus may be coded as the number of repeat units
for that locus. This is easily derived by subtracting the sum of the length of the
flanking regions of the microsatellite locus from the length of the PCR product
and dividing the difference by the length of the repeat unit. Coding the alleles as
the number of repeat units allows for data analysis using the stepwise mutation
model (SMM) of Kimura & Ohta (1978). As will be seen later in the results,

the lengths of the PCR products suggest that none of the microsatellite loci used



97

Table 3.3: Custom run module parameters that were optimized to allow for fragment
analysis runs using Data Collection software version 1 of the PRISM® 3100 Genetic
Analyzer (Applied Biosystems, USA).

Parameter Value
Run Temperature 60 °C
Cap Fill Volume 184 steps
Current Tolerance 100 pA
Run Current 100 pA
Voltage Tolerance 0.6 kV
Pre Run Voltage 12.2 kV
Pre Run Time 180 s
Injection Voltage 2 kV
Injection Time 22's
Run Voltage 12.2 kV
Number of Steps 10
Voltage Step Interval 60 s
Data Delay Time 1s
Run Time 4800 s
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in this study mutate in a strictly stepwise fashion. Because of this observation,
alleles were instead coded as fragment sizes of PCR products in base pairs and

data analysis methods were adjusted accordingly.

3.2.9 Data analysis

Alleles were entered into an ExcEL® (Microsoft, USA) spreadsheet after being
exported from GeENeMAPPER® Software v4.0 (Applied Biosystems, USA). The
EXCEL MICROSATELLITE TOOLKIT version 3 (Park] 2001) was used to calculate

various summary statistics and to format the data for use on other software.

Revised marker statistics

With the larger number of samples made available, it was possible to recalculate
the marker statistics of each locus that were originally computed using the smaller
data set used in the development of the microsatellite markers. Allele size ranges,
the number of alleles and Nei’s gene diversity for each locus were computed using
the same methods used in the original calculations. In addition to the statistics
originally computed, Nei’s unbiased gene diversity for each locus (Nei, |1987) was
also calculated. While the difference between the original and unbiased statis-
tics are very small for sample sizes > 50 (Nei, [1987)), the unbiased gene diversity
is a more appropriate measure and was thus used here. (Unbiased gene diver-
sity statistics were also computed for the earlier data set for comparison). All
these statistics help characterize the richness and evenness of the diversity of the

microsatellite markers.

Total microsatellite diversity

In addition to figures for the revised marker statistics, other statistics that more

fully describe the diversity of the microsatellite markers were also computed for
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the entire data set. Allelic frequencies of each marker for the whole data set were
computed using the EXCEL MICROSATELLITE TOOLKIT version 3 of |Park (2001).
They were then used to determine other characteristics of the markers, such as the
total and mean number of alleles (allelic richness) and the presence of null alleles
(samples with no data at a particular locus) and rare alleles (define here as alleles

found in < 1% of the population).

Mucrosatellite variability in each sampling area

Allelic frequencies of microsatellite markers in samples from each sampling area
were computed, again using the EXCEL MICROSATELLITE TOOLKIT version 3
(Park, [2001), to characterize microsatellite variability in each sampling area.

Additional statistics were derived for each sampling area from allelic frequen-
cies. These statistics include the size ranges of the alleles, allelic richness in the
form of the total and mean number of alleles, numbers of rare and private alleles
(private alleles are those found in only one sampling locality) and Nei’s unbiased
gene diversities for each sampling area.

Size ranges of the alleles, and the numbers of private and rare alleles were
determined visually from allelic frequencies. The total and mean number of al-
leles as well as Nei’s unbiased gene diversities were computed using the EXCEL
MICROSATELLITE TOOLKIT version 3 (Park, 2001)).

Since the total and mean number of alleles and the number of private alleles
are influenced by sample size (E1 Mousadik & Petit, |1996; Kalinowski, 2004), these
statistics were also computed using an alternative method that accounts for differ-
ences in the numbers of individuals collected from the sampling areas. A different
program, HP-RARE version 1.0 (Kalinowski, |2005), was used to calculate allelic
richness and private alleles to compensate for these differences in sample sizes.

The program uses rarefaction, a method originally used for ecological studies on
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species richness (Hurlbert, (1971) but recently adapted for use on allelic richness
(El Mousadik & Petit|, [1996; Kalinowski, [2004; Takahashi et al., 2005).

The Friedman test followed (if necessary) by Dunn’s multiple comparison test
were used to compute statistical significance of differences in allelic richness and
numbers of private alleles among the various sampling areas after rarefaction. The
software package, INSTAT version 3 (GraphPad Software, San Diego California
USA, www.graphpad.com), was used to calculate these tests of significance.

To help complete the description of the microsatellite variability among the
sampling areas, the presence of null alleles were also determined. These were

counted directly from the raw data and not from allelic frequencies.

Multi-locus genotypic diversity in each sampling area

Following the examination of diversity at the marker or genic level, genotypic
diversity —combinations of alleles for all markers tested— at the level of individuals
was also investigated.

The EXCEL MICROSATELLITE TOOLKIT version 3 (Parkl 2001)) was used to
determine the numbers of matching samples, those that shared the same alleles
for all 8 markers.

From figures on matching samples, the numbers of unique multilocus geno-
types for each sampling area were easily computed by subtracting the number of
replicated samples in each sampling area from the total number of samples in each
sampling area.

As a loose gauge of the genotypic richness of each sampling area, the theoretical
maximum numbers of multilocus genotypes for each were computed using the
power rule of probability theory.

To help distinguish different genets (individuals that are products of sexual

reproduction) and recognize ramets (individuals that are products of vegetative
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reproduction) within each area, two statistics, power of discrimination and the
related statistic, match probability were computed. Power of discrimination is the
chance that two different individuals will exhibit different multilocus genotypes.
Match probability is the inverse: the probability that two different samples share
the same multilocus genotype. Powers of discrimination, PD, were computed
as exemplified by (Gémez et al.| (2001)) and [van der Velde et al| (2001a)). Match

probabilities, Py, were computed simply as Py =1 — PD.

Genetic distances

Besides comparing degrees of variation of groups of samples from different sam-
pling areas, genetic distances were also calculated to examine degrees of relatedness
in two scales: among samples within the same sampling area, and among groups

of samples from different sampling areas.

Within sampling areas Genetic distances of samples within each sampling
area were calculated using allele sharing matrices (Bowcock et al., [1994) as im-
plemented by the EXCEL MICROSATELLITE TOOLKIT version 3 (Park} [2001)).
Trees were constructed from the distance matrices with the NEIGHBOR package
of PHYLIP (Felsenstein, 2005) using the neighbor-joining method (Saitou & Nei,

1987)). Trees were visualized using TREEVIEW (Page, 1996)).

Among sampling areas Pairwise genetic distances between the different sam-
pling areas were computed using two measures of genetic distance, Nei’s standard
genetic distance, D (Nei, [1972), and net genetic distance, D4 (Nei et al., [1983)).
Trees were constructed from matrices of these genetic distance measures using the
neighbor-joining algorithm (Saitou & Nei, 1987). One-thousand bootstrap repli-
cates over the loci were performed to assess the strength of each tree. The program

DispAN (Ota;, 1993) was used to perform the calculations. Trees were visualized
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using TREEVIEW (Page, 1996).

Correlations between geographic distances of the sampling areas and genetic
distances (both Nei’s standard and net genetic distances) were investigated us-
ing the Mantel test (Smouse et al.l 1986|) performed using the software program,

ARLEQUIN version 3.11 (Excoffier et al., [2005b]).

Population differentiation

Exact tests of population differentiation were performed as described by |Raymond
& Rousset| (1995a)) using the online version of the software package, GENEPOP
(Raymond & Rousset, 1995b)). Sampling areas were defined as populations. A
global test of differentiation of multi-locus genotype frequencies was performed
using 100 000 000 Markov steps. This was done to compute the probability of
accepting the null hypothesis that the genotypic distribution among all the popu-
lations was equal. As an added metric, an exact test of population differentiation
on allelic distribution was calculated using similar parameters. In this test, the
probability of accepting the null hypothesis, that the allelic distribution among all

the populations was equal, was computed.

Population genetic structure

The presence of population genetic structure was investigated to determine if
mosses in the different sampling areas were genetically isolated from mosses in
other sampling areas. This was done in two ways.

Population genetic structure was inferred by calculating hierarchical fixation
indices using analysis of molecular variance or AMOVA (Excoftier et al., 1992;
Michalakis & Excoffier, [1996). To perform this analysis, populations and groups
of populations first needed to be defined. Sampling areas were defined as popu-

lations. Two groups of populations were defined for analysis, one comprised of
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sampling areas in Singapore (BTNR and MACR), the other comprised of sam-
pling areas in Malaysia (SBRF, GBFR and KTP). AMOVA was then used to de-
tect population genetic differentiation among populations within groups, among
individuals among populations and among groups, and finally between the two
groups of populations. AMOVA was also used to determine the sources of vari-
ation in the data set. Calculations were performed using the software program,
ARLEQUIN version 3.11 (Excoffier et al.l 2005b)). Significance levels for overall
fixation indices were computed through 1023 permutations (default number in the
software package).

Population genetic structure was also inferred by calculating conventional fix-
ation indices from pairwise differences among the different sampling areas. These
were computed using the same software package, ARLEQUIN version 3.11 (Excofhier
et al., [2005b). P-values for these indices were also computed, again through 1023

permutations.

3.3 Results

3.3.1 Collected samples

A total of 279 samples were collected: 51 samples from Sungei Bantang Recre-
ational Forest, 72 from Gunung Belumut Forest Reserve, 34 samples from Kota
Tinggi Waterfalls Resort, 54 samples from Bukit Timah Nature Reserve and 68
samples from MacRitchie Reservoir. Collections were exhaustive in the trails ex-
plored: All specimens of Acanthorrhynchium papillatum encountered in the trails
were sampled and collected. Interestingly, very few sporulating samples were en-
countered in the field. Efforts to isolate DNA from the few sporophytes found were
attempted (to further enrich the data). However the sporophytes were so small
that these attempts were unsuccessful as too much material was lost during the

grinding process prerequisite to the chemical extraction of the nucleic acids. No
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further attempts to study sporophytic material were made following these failed
attempts.

Although a different instrument and software were used for this part of the
project than what was used during the development of the microsatellite markers,
electrophoretic data obtained were similar to those already shown in pages [66| and
(ol

Tabulated PCR fragment sizes of the markers for all samples are presented in

Appendix [J|

3.3.2 Reuvised marker statistics

The revised marker statistics on the allele size ranges of the markers, the number of
alleles, and Nei’s unbiased gene diversity for each locus are presented in Table
(to aid comparison, the original marker statistics are also shown). These marker
statistics, computed using all 279 samples collected from five populations, included
samples with null alleles and those that had the same multi-locus genotypes, some
of which were excluded in the original calculations.

Compared to the original marker statistics, the revised statistics showed larger
ranges in amplicon sizes for each locus. These are expected results since more
samples were used in the revised calculations. However, it is also evident that the
upper bounds of the size ranges of some of the loci, namely, APMS4, APMS14,
APMS28, APBMS3 and APBMS14 were slightly smaller (2—4 bp) than in the orig-
inal set. These results may seem surprising: after all, the same samples that were
used in the original calculations were also used in the revised calculations. Upper
bounds should only increase and lower bounds should only decrease when more
samples are added, as in the case of the revised calculations. However, it should
be noted that two different instruments and software programs were used in the

original (gel-based instrument and GeNESCAN® software) and revised (capillary
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Table 3.4: Revised statistics of microsatellite markers tested on 279 gametophytic sam-
ples of Acanthorrhynchium papillatum from five populations. For clarity, only Nei’s
unbiased gene diversity statistics are shown. O — original data set; R — revised data set;
A = number of alleles; h = Nei’s unbiased gene diversity.

Locus Size range (bp) A h

0) R O R 0) R
APMS4 166217 161-215 15 25 0.740 0.842
APMS14 67-126  59-122 11 26 0.856 0.874
APMS28 79-156 75154 26 34 0.941 0.947

APBMS3 92-164  76-162 19 34 0.878 0.926
APBMS14 94-158  93-156 11 25 0.767 0.911
APBMS23 108-130 97-191 6 15 0.740 0.780
APBMS61 233-239 232-242 4 8 0.581 0.614
APBMST2 69-111  67-133 11 21 0.605 0.571
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electrophoresis instrument and GENEMAPPER® software) data to determine the
sizes of the fragments. These different instruments can cause the same-sized frag-
ments to be called differently. It is therefore important that data to be used in
the same analysis be collected and scored using the same experimental systems to
ensure consistency in the results. In the experiments of this chapter, all the data
were gathered using the same instrument (PRISM® 3100 Genetic Analyzer) and
analyzed using the same software (GENEMAPPER®) to preclude any bias that
may result from the use of different experimental conditions. (In higher stringency
applications of fragment analysis, like in the case of human identification in foren-
sics, allelic ladders are run alongside the samples for comparison to compensate for
instrument variations. Since only a single instrument was used in the experiments
of this chapter, allelic ladders did not need to be employed).

Greater numbers of alleles were also seen for all markers using the larger data
set. These, in part, increased the already high levels of gene diversity computed
from the original data set for almost all the loci. APBMS72 is notable as being
the only locus with decreased levels of gene diversity in the revised calculations,
this despite also having a larger number of alleles in the larger data set (21 in the
revised versus 11 in the original). This is because many of these “new” alleles in
the larger data set are represented by only one or few samples. A large proportion
of the samples in the larger data set still possessed the dominant allele of 77 bp.
This reduced the evenness of the distribution of alleles and consequently the gene
diversity of this locus.

The general view that microsatellites with long repeats are more variable is
not evident from the revised marker statistics. For example APMS14, which was
found with 46 repeats of the GA motif when it was isolated, had fewer alleles (26)
alleles in the data set than APBMS3 (34 alleles) which was found with only 20

repeats of a GA motif when it was isolated. The same is true for APBMS72. This
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locus was found with 30 repeats of a GA motif when it was isolated but had fewer
alleles (21) than APMS28 (34), which was found with 23 repeats of a GA motif

when it was isolated.

3.3.8  Total microsatellite diversity

More statistics related to microsatellite diversity of the entire data set are pre-

sented in addition to those used when reporting microsatellite markers.

QOwverall allelic frequencies

Total allelic frequencies for each locus are depicted graphically in Figure [3.5]

A total of 188 alleles were generated from the 8 microsatellite markers (mean
23.5 + 8.8 alleles per locus). Locus APBMS61 exhibited the fewest number of
alleles (8) while loci APMS28 and APBMS3 showed the most number of alleles
(34 each).

Most loci appeared unimodal, except for APBMS23 which had two prevalent
alleles at 105 and 119 bp. While the allelic distribution of all the other loci
had distinct peaks, APBMS28 exhibited a relatively flat distribution of alleles.
Distributions were generally skewed to the right with more alleles found greater
than the average than fewer. Gaps larger than 10 bp were found in distributions
of APMS4, APMS28, APBMS3, APBMS14 and APBMS23. Outlying alleles were
found in all but one locus (APBMS61) and were generally on the upper limits of
the allele distribution of the loci. The largest range in upper and lower bounds of
alleles is found in APBMS23 (94 bp) while the smallest is found in APBMS61 (10
bp). Allele ranges have a mean of 64 bp with a standard deviation of 24 bp.

While most of the markers were from loci with core sequences of dinucleotide
repeats (exceptions are APBMS14 and APBMS61 that had complex core sequences

that included both mononucleotide and dinucleotide repeats), it is clear from the
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Figure 3.5: Allelic frequencies of the 8 microsatellite markers used. Allele frequencies are
presented as absolute counts (number of samples having the allele). The number of alleles
found for each locus and the number of samples used to construct each graph are also
indicated (some samples were null at a locus and were excluded from the construction
of the graph for that locus).
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allelic distributions that none of the loci exhibit a strictly stepwise mutation pat-
tern; that is, alleles for most loci are not strictly 2 bp apart. However APMS28,
APBMS3 and APBMS61 do exhibit a nearly stepwise mutation pattern with devi-
ations caused by only a few number of samples. Overall, the observations suggest
that the stepwise mutation model may not be in effect among these loci and the

subsequent statistical analysis must take this into consideration.

Null alleles

Figure (3.5 also indicates by inference the number of samples that were null at
a locus. The total number of samples producing null alleles was 30 out of 279
(10.75%). No sample was null at more than 1 locus. The mean number of null
alleles per locus was 3.75 with a standard deviation of 3.85. Null alleles were
found in all but two loci, APBMS23 and APBMS61. Only one sample was null at
APBMS4 while 11 samples were null at APMS28.

Rare alleles

Rare alleles of each locus, those that are found in less than 1% of the samples
collected (1 or 2 of the 279 total number of samples), are shown in Table
Rare alleles make up 68 out of the 188 (36.2%) total number of alleles (mean
8.5+4.5 alleles per locus). Forty-seven alleles (25.4%) were found in only 1 sample
each while 21 alleles (11.3%) were found in only 2 samples each. A majority of
these rare alleles were found outlying the allele clusters. APBMS3 had the largest

number of rare alleles (16) while APBMS61 had the fewest number of rare alleles

2).
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Table 3.5: Numbers of rare alleles found in the 8 microsatellite markers used. Rare
alleles are those that are found in less than 1% of the total number of samples. Given
a total samples size of 279, rare alleles are thus those that were found in less than 3
samples each. Middle and right columns indicate the number of alleles represented by
only 1 or 2 samples each.

Sample
representation

Locus 1 2
APMS4 4 4
APMS14 8 3
APMS28 6 3
APBMS3 9 7
APBMS14 4 1
APBMS23 5 0
APBMS61 2 0
APBMS72 9 3
Total 47 21
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3.3.4  Microsatellite diversity within sampling areas
Allelic frequencies

Allelic frequencies of the 8 markers for each sampling area are presented in Ta-
ble 3.6

While the table of allelic frequencies shows comprehensive data on the diversity
of the loci and the sampling areas, clearer data are obtained when additional

statistics are derived from this table.

Allele size ranges

The size ranges of the alleles found in each sampling location are presented in
Table The size ranges of the alleles are not usually used to measure genetic
diversity among populations [although they are used in some statistics like Garza-
Williamson’s M index, first described by Garza & Williamson| (2001)) and modified
by [Excoffier et al.| (2005a)]. They are presented here because they suggest the
extent of the mutability of a locus and consequently, the genetic variation of the
individuals in that sampling area. However they, like some other statistics related
to diversity, are also influenced by sample size. The largest allele size ranges were
found in APBMS3 in BTNR and in APBMS72 in SBRF, both with a range of 86
bp.

Allelic richness

Greater information may be obtained from statistics other than the size ranges of
the alleles. Allelic richness statistics, as counted from the total and mean number
of alleles per locus, are presented in Table

The table shows that the samples from Gunung Belumut Forest Reserve exhibit
the largest number of alleles: a total of 130 (mean of 16.2 + 8.0 s.d. alleles per

locus) while the sampling area with the fewest number of alleles is MacRitchie
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Table 3.6: Allelic frequencies of all microsatellite markers used for each sampling area.
Alleles are amplicon lengths in bp. Allele frequencies are presented as relative values.

Locus

Allele
APMS4
161
163
164
165
167
168
169
170
171
172
174
175
176
177
178
181
182
184
197
199
201
203
205
207
215

APMS14
59
64
65
68
70
4
75
76
7
78
80
82
83
85
87
88
89
90
91
93
95
99

105
109
118
122

APMS28
75
7
79
81
83
85
88
89
91
93
95
97
99

Population

SBRF GBFR

0.080
0.020
0.000
0.020
0.000
0.000
0.060
0.020
0.040
0.140
0.440
0.060
0.020
0.020
0.040
0.000
0.000
0.000
0.000
0.000
0.020
0.000
0.020
0.000
0.000

0.000
0.020
0.020
0.000
0.020
0.118
0.039
0.039
0.039
0.294
0.118
0.098
0.020
0.000
0.059
0.020
0.020
0.000
0.020
0.000
0.000
0.000
0.000
0.020
0.020
0.020

0.000
0.275
0.020
0.078
0.078
0.039
0.039
0.020
0.020
0.000
0.000
0.020
0.000

0.014
0.028
0.028
0.028
0.014
0.014
0.042
0.014
0.056
0.014
0.306
0.139
0.000
0.111
0.028
0.014
0.042
0.000
0.014
0.014
0.014
0.028
0.014
0.014
0.014

0.000
0.045
0.000
0.015
0.030
0.182
0.030
0.076
0.015
0.364
0.015
0.091
0.000
0.015
0.061
0.015
0.000
0.000
0.000
0.000
0.000
0.015
0.000
0.015
0.000
0.015

0.000
0.097
0.042
0.014
0.069
0.014
0.014
0.014
0.014
0.069
0.042
0.028
0.083

KTP

0.000
0.000
0.029
0.029
0.000
0.029
0.000
0.000
0.059
0.000
0.559
0.088
0.059
0.118
0.029
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.091
0.030
0.212
0.000
0.121
0.121
0.030
0.000
0.030
0.000
0.000
0.000
0.030
0.000
0.152
0.182
0.000
0.000
0.000
0.000
0.000

0.000
0.161
0.032
0.097
0.000
0.032
0.000
0.000
0.000
0.000
0.000
0.000
0.000

BTNR MACR
0.000  0.000
0.019  0.000
0.000  0.015
0.111  0.015
0.074  0.000
0.056  0.000
0.037  0.000
0.019  0.000
0.130  0.176
0.130  0.029
0.185 0.191
0.130  0.500
0.000  0.015
0.037  0.015
0.000  0.044
0.019  0.000
0.000  0.000
0.056  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.019  0.000
0.056  0.000
0.019  0.015
0.000  0.000
0.000  0.015
0222 0.162
0.074  0.000
0.074  0.397
0.019  0.000
0.167  0.044
0.167  0.029
0.130  0.294
0.000  0.000
0.000  0.000
0.056  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.044
0.000  0.000
0.000  0.000
0.000  0.000
0.019  0.000
0.057  0.180
0.151  0.033
0.038  0.000
0.151  0.033
0.038  0.131
0.038  0.082
0.000  0.000
0.000  0.000
0.000  0.000
0.113  0.000
0.019  0.000
0.019  0.000

Locus

Allele

101
103
106
108
110
112
114
116
118
120
122
124

128
130
132
133
134
136
140
154

APBMS3
76
88
89
90
91
93
95
99

101
103
105
106
107
109
111
113
114
116
118
120
122
124
126
127
128
130
132
136
138
145
148
152
160
162

APBMS14
93
95
96
97
104
110
111
113

Population

SBRF GBFR

0.020
0.059
0.039
0.059
0.000
0.000
0.020
0.020
0.000
0.020
0.020
0.078
0.039
0.020
0.000
0.000
0.000
0.020
0.000
0.000
0.000

0.000
0.000
0.122
0.020
0.102
0.184
0.082
0.000
0.020
0.143
0.041
0.000
0.000
0.020
0.000
0.082
0.000
0.000
0.041
0.020
0.000
0.020
0.041
0.000
0.000
0.000
0.000
0.000
0.020
0.000
0.000
0.020
0.020
0.000

0.000
0.039
0.020
0.000
0.039
0.000
0.020
0.020

0.042
0.014
0.028
0.014
0.000
0.028
0.069
0.028
0.014
0.056
0.056
0.028
0.056
0.014
0.028
0.000
0.014
0.014
0.000
0.000
0.000

0.000
0.014
0.086
0.000
0.229
0.043
0.014
0.029
0.014
0.086
0.029
0.000
0.014
0.000
0.043
0.000
0.014
0.014
0.000
0.086
0.100
0.029
0.086
0.000
0.029
0.014
0.014
0.014
0.000
0.000
0.000
0.000
0.000
0.000

0.069
0.014
0.000
0.014
0.000
0.028
0.042
0.014

KTP

0.000
0.000
0.000
0.000
0.000
0.129
0.129
0.000
0.194
0.097
0.000
0.065
0.000
0.065
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.059
0.000
0.118
0.059
0.000
0.000
0.000
0.088
0.118
0.059
0.029
0.000
0.000
0.000
0.000
0.000
0.000
0.088
0.000
0.118
0.088
0.000
0.000
0.029
0.118
0.000
0.000
0.029
0.000
0.000
0.000
0.000

0.000
0.029
0.000
0.382
0.000
0.000
0.000
0.029

BTNR MACR
0.000  0.000
0.000  0.000
0.019  0.098
0.019  0.000
0.019  0.000
0.075  0.000
0.019  0.000
0.038  0.016
0.000  0.000
0.019  0.000
0.019  0.016
0.000  0.049
0.000  0.131
0.000  0.000
0.000  0.000
0.113  0.066
0.000  0.000
0.000  0.131
0.000  0.016
0.000  0.016
0.019  0.000
0.019  0.000
0.000  0.000
0.226  0.000
0.000  0.000
0.075  0.162
0.075  0.309
0.038  0.044
0.019  0.000
0.038  0.088
0.000  0.000
0.019  0.000
0.000  0.000
0.038  0.015
0.000  0.029
0.000  0.176
0.019  0.000
0.019  0.000
0.000  0.000
0.000  0.015
0.019  0.015
0.170  0.015
0.113  0.000
0.000  0.132
0.019  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.019  0.000
0.038  0.000
0.000  0.000
0.000  0.000
0.038  0.000
0.000  0.000
0.020  0.000
0.000  0.000
0.120  0.000
0.000  0.000
0.040  0.000
0.020  0.000
0.120  0.000

Locus

Allele

115
117
118
119
120
121
122
123
124
125
126
127
128
129
131
136
156

APBMS23
97
105
114
118
120
122
124
128
130
133
138
148
152
179
191

APBMS61
232
234
235
236
237
238
240
242

APBMST72

105
107
109
110
114
118
128
133

Population

SBRF GBFR

0.020
0.020
0.039
0.000
0.000
0.020
0.059
0.235
0.255
0.020
0.118
0.020
0.000
0.039
0.000
0.020
0.000

0.000
0.510
0.020
0.098
0.020
0.039
0.020
0.078
0.078
0.020
0.000
0.059
0.020
0.020
0.020

0.098
0.353
0.000
0.549
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.633
0.041
0.000
0.000
0.020
0.020
0.000
0.020
0.020
0.020
0.020
0.102
0.020
0.020
0.000
0.041
0.020

0.000
0.056
0.014
0.028
0.056
0.014
0.194
0.028
0.181
0.056
0.139
0.014
0.014
0.028
0.000
0.000
0.000

0.042
0.389
0.000
0.153
0.181
0.097
0.139
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.069
0.111
0.014
0.486
0.042
0.222
0.056
0.000

0.000
0.000
0.014
0.000
0.694
0.014
0.014
0.014
0.097
0.028
0.014
0.014
0.000
0.000
0.000
0.097
0.000
0.000
0.000
0.000
0.000

KTP

0.029
0.029
0.118
0.000
0.029
0.029
0.147
0.000
0.059
0.000
0.059
0.000
0.000
0.029
0.029
0.000
0.000

0.000
0.735
0.059
0.088
0.088
0.029
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.176
0.000
0.765
0.000
0.029
0.000
0.029

0.382
0.000
0.000
0.000
0.529
0.059
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.029
0.000
0.000

BTNR MACR
0.000  0.015
0.000  0.206
0.020  0.044
0.060  0.029
0.180  0.000
0.100  0.015
0.060  0.515
0.040  0.044
0.000  0.015
0.040  0.029
0.020  0.029
0.020  0.000
0.120  0.044
0.000  0.015
0.000  0.000
0.000  0.000
0.020  0.000
0.000  0.000
0.259  0.088
0.000  0.000
0.130  0.500
0.204  0.309
0.333  0.103
0.037  0.000
0.019  0.000
0.000  0.000
0.000  0.000
0.019  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.111  0.015
0.000  0.000
0.611  0.515
0.000  0.000
0.241 0471
0.037  0.000
0.000  0.000
0.000  0.000
0.000  0.074
0.037  0.029
0.019  0.000
0.889  0.441
0.000  0.412
0.037  0.000
0.000  0.000
0.000  0.000
0.000  0.044
0.000  0.000
0.000  0.000
0.019  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
0.000  0.000
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Table 3.7: Size ranges of alleles for every locus and for each sampling area. Figures are

in bp.

Sampling area

Marker SBRF  GBFR KTP BTNR MACR
APMS4 161-205 161-215 164-178 163-184 164-178
APMS14 64-122  64-122 74-95 59-87  65-105
APMS28 77134 77134 77128  75-154  77-140
APBMS3 89-160 88-136 89-145 76-162  91-126
APBMS14  95-136  93-129 95131  95-156 115-129
APBMS23 105-191  97-124 105-122 105-138 105-122
APBMS61 232-236 232-240 234-242 234-240 234-238
APBMS72  77-133  75-109  67-118 75-99 74-89
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Table 3.8: Number of alleles per locus for each sampling area. Figures are direct counts
taken from allelic frequencies and do not compensate for the differences in sample sizes
from each sampling area. Sample sizes are indicated in parentheses. Total, means and
standard deviations (s.d.) for each sampling area are also shown.

Sampling area (sample size)

Marker ~ SBRF (51) GBFR (72) KTP (34) BTNR (54) MACR (68)

APMS4 14 23 9 13 9
APMS14 18 16 10 11 8
APMS28 21 28 10 20 14
APBMS3 17 21 13 18 11
APBMS14 17 19 13 16 12
APBMS23 13 6 ) 7 4
APBMS61 3 7 4 4 3
APBMST72 13 10 4 5 )
Total 116 130 68 94 66
Mean 14.5 16.2 8.5 11.7 8.2

s.d. 5.4 8.0 3.7 6.0 4.0
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Reservoir with a total of 66 (mean of 8.2+4.0 s.d. alleles per locus). Interestingly,
Kota Tinggi Waterfalls Resort has a marginally greater number of alleles (68,
mean of 8.5+ 3.7 s.d. alleles per locus) than MacRitchie Reservoir despite having
half the number of samples (34/68).

To account for differences in sample size in each sampling area the technique
of rarefaction was performed on the data. A base sampling size equal to the
smallest sampling size among the different sampling areas was chosen. Although
the sampling area with the fewest number of samples was Kota Tinggi Waterfalls
Resort with 34 samples, the base sampling size was set at 31 individuals. This is
because 3 samples from Kota Tinggi Waterfalls Resort were null at a locus. The
results of the rarefaction analysis are presented in Table [3.9]

The rarefacted data show that, when a base sampling size of 31 individuals is
taken, Sungei Bantang Recreational Forest and Gunung Belumut Forest Reserve
now show very similar levels of allelic richness with a total of approximately 89
alleles for all 8 marker loci (mean for SBRF is 11.2 £ 3.9 s.d., mean for GBFR
is 11.2 + 4.8 s.d.). These two sampling areas exhibit the most number of alleles
among those studied. MacRitchie Reservoir still has the fewest number of alleles
after rarefaction with a total of 51.8 alleles for all 8 marker loci (mean 6.5 £ 2.9
s.d.).

The results of the Friedman test on the rarefacted data indicate extremely
significant differences in allelic richness of the sampling localities (P =~ 0.0007,
estimated from the x? distribution). The post Dunn’s multiple comparisons test
indicate significant differences in allelic richness between Sungei Bantang Recre-
ational Forest and MacRitchie Reservoir (P < 0.05), Gunung Belumut Forest
Reserve and Kota Tinggi Waterfalls Resort (P < 0.05) and highly significant
differences between Gunung Belumut Forest Reserve and MacRitchie Reservoir

(P < 0.001).
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Table 3.9: Number of alleles per locus for each sampling area after rarefaction. Base
sampling size was set at 31 individuals. Total, means and standard deviations (s.d.) for
each sampling area are also shown.

Sampling area

Marker SBRF GBFR KTP BTNR MACR

APMS4 10.9 14.1 8.6 11.2 6.4
APMS14 13.6 10.9 9.8 9.5 6.3
APMS28 15.9 18.8  10.0 15.1 11.3
APBMS3 13.6 14.3  12.7 13.8 8.3
APBMS14 12.8 13.2  12.3 13.2 8.5
APBMS23 10.0 5.8 4.9 6.0 4.0
APBMS61 3.0 6.1 3.8 3.8 2.5
APBMST72 9.4 6.2 3.9 3.8 4.5
Total 89.3 89.4  66.0 76.4 51.8
Mean 11.2 11.2 8.2 9.5 6.5

s.d. 3.9 4.8 3.6 4.5 2.9
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Private alleles

The number of private alleles, defined as alleles present exclusively in one sampling
area, for each locus and for every sampling area are presented in Table[3.10] Totals,
means and standard deviations for each sampling area are also shown.

The data show a similar trend to that seen in allelic richness. Sungei Bantang
Recreational Forest exhibited the most number of private alleles in all 8 marker loci
with a total of 23 (mean 5.1 £ 2.6 s.d.). Gunung Belumut Forest Reserve closely
follows with a total of 21 private alleles (mean 4.7 + 1.7 s.d.). The sampling area
with the fewest private alleles was MacRitchie Reservoir with a total of only 4
(mean 0.9 + 0.8 s.d.).

Data on private alleles were also rarefacted in the same process used for allelic
richness. The same base sampling size of 31 individuals was used. The results of
the calculations are presented in Table |3.11]

Much of the same trend is seen in the rarefacted data on private alleles as
in the raw counts. When a base sampling size of 31 individuals is set, Sungei
Bantang Recreational Forest still exhibited the most number of private alleles in
all 8 marker loci with a total of 22.5 (mean 2.84+1.7 s.d.). Gunung Belumut Forest
Reserve closely follows with a total of 16.7 private alleles (mean 2.1 £+ 1.1 s.d.).
The sampling area with the fewest private alleles was still MacRitchie Reservoir
after rarefaction with a total of 4.0 (mean 0.5 £ 0.6 s.d.).

The results of the Friedman test on the rarefacted data on private alleles indi-
cate very significant differences in the numbers of private alleles of the sampling
localities (P = 0.0021, estimated from the x? distribution). The post Dunn’s
multiple comparisons test indicate highly significant differences in the numbers of
private alleles between Sungei Bantang Recreational Forest and MacRitchie Reser-
voir (P < 0.01), and Gunung Belumut Forest Reserve and MacRitchie Reservoir

(P < 0.01).
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Table 3.10: Private alleles per locus and per sampling area. Figures are direct counts
taken from allelic frequencies and do not compensate for the differences in sample sizes
of each sampling area. Totals, means and standard deviations (s.d.) of private alleles
for each sampling area are also shown.

Sampling area

Marker SBRF GBFR KTP BTNR MACR

APMS4 0 6 0 1 0
APMS14 4 2 3 1 1
APMS28 0 3 0 3 2
APBMS3 4 4 1 4 0
APBMS14 3 1 1 1 0
APBMS23 6 1 0 1 0
APBMS61 0 2 1 0 0
APBMS72 6 2 2 1 1
Total 23 21 8 12 4
Mean 5.1 4.7 1.8 2.7 0.9
s.d. 2.6 1.7 1.1 1.3 0.8
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Table 3.11: Private alleles per sampling area after rarefaction. Base sampling size was
set at 31 individuals. Totals, means and standard deviations (s.d.) of private alleles for
each sampling area are also shown.

Sampling area

Marker SBRF GBFR KTP BTNR MACR

APMS4 1.5 4.0 0.4 2.1 0.0
APMS14 3.8 1.7 3.4 0.8 1.0
APMS28 1.7 3.4 0.8 2.2 1.3
APBMS3 3.6 2.5 2.5 3.4 0.5
APBMS14 2.3 1.3 1.2 1.3 0.0
APBMS23 4.8 0.9 0.4 0.6 0.0
APBMS61 0.1 1.4 0.9 0.1 0.0
APBMST72 4.7 1.5 1.9 1.4 1.1
Total 22.5 16.7 11.6 11.8 4.0
Mean 2.8 2.1 1.4 1.5 0.5

s.d. 1.7 1.1 1.1 1.1 0.6
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Gene diversities

Nei’s unbiased gene diversities per locus and for each sampling area are presented
in Table B.12]

Gene diversities when all marker loci are considered ranged from 0.210 to
0.961(APBMST72 at BTNR and APBMS28 at GBFR, respectively). Mean gene
diversities of each sampling area were relatively uniform and ranged from 0.707 (in
MacRitchie Reservoir) to 0.807 (in Gunung Belumut Forest Reserve). A Friedman
test applied to the gene diversities indicated no significant difference among the

different sampling localities (P ~ 0.1209, estimated from the y? distribution).

Details on null alleles

Details on the distribution of samples with null alleles in each sampling area are
presented in Table [3.13

Sungei Bantang Recreational Forest had the most number of samples with null
alleles (8) while samples from Kota Tinggi Waterfalls Resort had the fewest (4).
Interestingly, the number of null alleles are positively correlated to the number
of samples taken from each area. Samples may be null at a microsatellite marker
for different reasons (e.g., any number of mutations at primer binding sites) and
it is difficult to objectively compare null alleles as measures of diversity. Further
observations on null alleles are shown in succeeding sections.

The data therefore show that high levels of genic (allelic) diversity are found in
Acanthorrhynchium papillatum. The data also show significant differences in allelic
richness and private alleles among the sampling areas. Particularly, that samples
in MacRitchie Reservoir have fewer numbers of alleles than in other sampling
areas. That there are no differences in Nei’s gene diversity among any of the
sampling areas indicate that the evenness of the distribution of the alleles are the

same for these areas, despite the reduction in the number of alleles.
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Table 3.12: Gene diversities of each sampling area per microsatellite locus. Mean gene
diversities of each sampling area are also shown.

Sampling area

Marker SBRF GBFR KTP BTNR MACR

APMS4 0.783 0.874 0.676  0.904 0.689
APMS14 0.882 0.824 0.884  0.876 0.735
APMS28 0.907 0961 0.903  0.928 0.904
APBMS3 0918 0913 0.936  0.903 0.831
APBMS14 0.870  0.903 0.829 0.918 0.694
APBMS23 0.725 0.773 0.453  0.776 0.646
APBMS61  0.576  0.702 0.394  0.565 0.521
APBMS72  0.594  0.504 0.586  0.210 0.637

Mean 0.782  0.807 0.708  0.760  0.707




122

Table 3.13: The distribution of samples with null alleles for each marker and for every
sampling area. Totals and means per sampling area are also presented.

Sampling area

Marker SBRF GBFR KTP BTNR MACR

APMS4
APMS14
APMS28
APBMS3
APBMS14
APBMS23
APBMS61
APBMST72

Total
Mean
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3.3.5 Multi-locus genotypic diversity within sampling areas
Numbers of matching samples

The data reveal that there were samples that had the same alleles for all 8 markers.
Details on these matching samples are presented in Table m (Where samples
are null at the same locus, they are still considered matches when all their other
alleles correspond).

Samples that shared the same alleles for all 8 markers were limited to the same
sampling area, i.e., no sample matched another sample outside its own sampling
area. Because samples were named according to their order of collection in the
field, sample names were indicative of relative distances. The table therefore also
shows that many of the matching samples were those that were close to or even
adjacent to each other.

At least one pair of matching samples was found in every sampling area. Five
pairs of samples matched in Sungei Bantang Recreational Forest while only two
pairs of samples matched in Gunung Belumut Forest Reserve. Samples that were
matched by three or more others were found in Kota Tinggi Waterfalls Resort and
Bukit Timah Nature Reserve and were most often seen in MacRitchie Reservoir.
Two pairs of samples and a set of three other samples matched in Kota Tinggi
Waterfalls Resort. Matching samples were more abundant, both in numbers of
samples that were matched by others and numbers of samples that had a match,
in samples collected from Singapore localities. The sample that was matched by
the most number of other samples was found in MacRitchie Reservoir (matched
by 10 others).

APBL25 and APBL26 were both null at the same locus, APMS14, but matched
at all others. APBT20, APBT21, APBT22 were all null at APBMS14 but matched
at all others. Finally, seven samples, APMR34, APMR35, APMR36, APMR37,
APMR38, APMR39 and APMR52 were all null at APMS28 but matched at all



124

Table 3.14: Matching multi-locus genotypes. Samples in the same row share the same
alleles at all 8 markers. “Reference samples” are designations for the first sample found
with the multi-locus genotype and are labeled as such for convenience.

Reference Matching samples

samples

APBK01 APBKO02

APBK13 APBKI14

APBK26 APBK29

APBK41 APBK43

APBK46 APBK48

APBL09 APBLI10

APBL25 APBL26

APKT09 APKT10

APKT14 APKT15, APKT17

APKT25 APKT28

APBT01 APBTO02, APBT03, APBTO05, APBT12

APBT07 APBTO08, APBT10, APBT11

APBT15 APBT16

APBT20 APBT21, APBT22

APBT29 APBT30

APBT32 APBT34

APBT36 APBT37

APBT44 APBT45, APBT46

APMR0O1 APMRO02

APMRO03 APMRO04, APMRO05, APMRO06, APMRO7

APMR11 APMRI12, APMRI13

APMR15 APMRI17

APMR21 APMR22, APMR28, APMR29, APMR31, APMR56

APMR23 APMR58, APMRA59

APMR30 APMR32, APMR40, APMR41, APMR42, APMR43, APMR44,
APMR45, APMR46, APMR49, APMR51

APMR34 APMR35, APMR36 APMR37, APMR38, APMR39, APMR52

APMR54 APMR55, APMRG62

APMR60 APMR61, APMR63, APMR64, APMR65, APMR66, APMR67,

APMR68
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others.

More on matching samples are discussed below.

Multilocus genotypes

The numbers of multilocus genotypes, unique combinations of alleles for all the
markers used, were counted by subtracting the number of replicated samples from
the total number of samples in a sampling area. (The number of replicated sam-
ples was easily determined from Table . Data on the numbers of multilocus
genotypes for every sampling area and in total are shown in Table [3.15] The total
number of unique multilocus genotypes was derived from the sum of the number
of unique multilocus genotypes from each of the sampling areas. This was possible
since no sample was identical to any other outside its own sampling area.

Table [3.15] shows that there were replicated multi-locus genotypes in each of
the sampling areas. However, almost all samples from Gunung Belumut Forest
Reserve, 70 of the 72 samples collected (97.2%), were distinct from each other.
In the other extreme, MacRitchie Reservoir stands out in having fewer than half
of its 68 samples having unique multilocus genotypes. Genotypic richness overall
indicates that about 76% of the samples have unique multilocus genotypes and
that the remainder are replicates.

The discovery of matching samples in the sampling areas and the finding that
not all 279 samples have unique multi-locus genotypes are not surprising given the
ability of mosses to reproduce vegetatively. Two individuals of mosses that are
products of the same vegetative reproduction (ramets) are expected to be clonal
and will match at all loci, barring autosomal mutation at that locus. However,
given the data, with what degree of confidence can we claim that two samples with
matching multi-locus genotypes were indeed clones of each other and products of

vegetative reproduction? To answer this question, a few more statistics needed to
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Table 3.15: Unique multilocus genotypes for each sampling area and in total. “No.” is
the number of unique multilocus genotypes, “% total” is the relative number compared

to the total number of samples.

Sampling area No. % of total
SBRF 46 90.2
GBFR 70 97.2
KTP 30 88.2
BTNR 39 72.2
MACR 27 39.7
Total 212 75.6
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be computed.

Theoretical mazimum number of multilocus genotypes

Although the raw numbers of alleles per locus may not be as ideal for measuring
allelic richness as the rarefacted figures, they are still useful in other ways. The
theoretical maximum number of multilocus genotypes for each sampling area may
be computed from the data in Table[3.8 using the power rule of probability theory.
The results of these calculations are found in Table B.16l

Gunung Belumut Forest Reserve shows the largest figure with a theoretical
maximum greater than 1 billion multilocus genotypes, that is, a potential of greater
than 1 billion multilocus genotypes may be found in this sampling area. Although
MacRitchie Reservoir exhibits the smallest figure, it is still fairly high at almost 8
million multilocus genotypes. While these figures may never be realized in natural
populations of the moss, these figures give an indication of the extent of genotypic
diversity possible in each of the sampling areas. With numbers in these orders of
magnitude, the chances of finding two non-clonal samples in the field that possess
the same multi-locus genotypes purely by chance is very small. Probabilities are
more formally calculated using the following statistics, power of discrimination

and match probabilities. These statistics are described below.

Powers of discrimination and match probabilities

Powers of discrimination, PD, and match probabilities, P,;, for each sampling
area are presented in Table

Powers of discrimination were very high for each of the sampling areas. As-
suming independent segregation of the loci used, chances were better than 0.9999
that two unrelated samples will have different multilocus genotypes in any of the

sampling areas. Phrasing this in terms of match probabilities, chances are less
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Table 3.16: The theoretical maximum number of genotypes computed using the power
rule of probability theory

Sampling area. Max No. genotypes

SBRF 7.7540 x 10%
GBFR 1.7267 x 10°
KTP 1.2168 x 107
BTNR 1.1532 x 108

MACR 7.9834 x 106




129

Table 3.17: Powers of discrimination, PD, and match probabilities, Pys, as computed

for each sampling area.

Sampling area

PD

Py

SBRF
GBFR
KTP
BTNR
MACR

0.999997244
0.999999450
0.999983502
0.999998645
0.999962923

2.7561 x 106
5.5011 x 107
1.6498 x 10~°
1.3549 x 1076
3.7077 x 107°
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than 1 in 100 000 that two unrelated individuals will share multilocus genotypes
in any of the sampling localities. Match probabilities are least among samples
from Gunung Belumut Forest Reserve (< 1/55 000 000) and greatest (but still
very small) among samples from MacRitchie Reservoir (< 1/370 000).

These statistics strongly suggest that when samples share the same multilocus
genotype, they are actually clones of each other. This is because the alternative
possibility, that the match is explained by chance, is very remote.

Overall, the data suggest that vegetative or clonal reproduction is present in
all sampling areas. However, it is also clear from the data that this phenomenon
is found in greater degrees in sampling areas in Singapore: MacRitchie Reservoir

and Bukit Timah Nature Reserve.

3.3.6  Genetic distances
Within sampling areas

Trees showing allele-sharing distances among samples within the same sampling
area are shown in Figures [3.0] to [3.10] These trees help reveal patterns of distri-
butions of genotypes within each sampling area.

Again, since the samples were named in order of their collection, sample names
suggest relative sample positions and provide a reference in examining the topolo-
gies of the trees.

While some pairs of proximate samples from Sungei Bantang Recreational For-
est and Gunung Belumut Forest Reserve clustered together (e.g., APBK53 and
APBKb54; APBL31 and APBL32, APBL35 and APBL36), no extensive clustering
of samples is exhibited in trees from these areas. In these sampling areas, the spa-
tially more proximate samples weren’t always in adjacent or proximate branches
in their respective trees. Also, samples that were spatially distant in the field

also clustered together in their respective trees. The data therefore suggest that
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Figure 3.6: Neighbor-joining tree constructed from allele sharing distances of samples
from Sungei Bantang Recreational Forest. Samples with asterisks had genotypes that
matched other samples as shown in Table Only reference samples are included in
the tree. Scale bar indicates branch lengths. This tree is unrooted.
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Figure 3.7: Neighbor-joining tree constructed from allele sharing distances of samples

from Gunung Belumut Forest Reserve.

Samples with asterisks had genotypes that

matched other samples as shown in Table Only reference samples are included

in the tree. Scale bar indicates branch lengths. This tree is unrooted.
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Figure 3.8: Neighbor-joining tree constructed from allele sharing distances of samples
from Kota Tinggi Waterfalls Resort. Samples with asterisks had genotypes that matched

other samples as shown in Table Only reference samples are included in the tree.
Scale bar indicates branch lengths. This tree is unrooted.
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Figure 3.9: Neighbor-joining tree constructed from allele sharing distances of samples
from Bukit Timah Nature Reserve. Samples with asterisks had genotypes that matched

other samples as shown in Table Only reference samples are included in the tree.
Scale bar indicates branch lengths. This tree is unrooted.
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Figure 3.10: Neighbor-joining tree constructed from allele sharing distances of samples
from MacRitchie Reservoir. Samples with asterisks had genotypes that matched other

samples as shown in Table Only reference samples are included in the tree. Scale
bar indicates branch lengths. This tree is unrooted.
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the spatial distribution of samples within these sampling areas do not follow any
obvious genetic structuring.

Some clustering of several proximate samples in Kota Tinggi Waterfalls Resort
is seen. Most of the samples between APKTO01 and APKT17 were found together
in the same cluster. Two proximate samples, APKT31 and APKT33 were also
found clustering together. Many of the other samples were intermixed and do
not show any other obvious clustering. The smaller number of samples collected
from Kota Tinggi Waterfalls Resort, however, makes it difficult to compare these
different trees. Overall, however, no obvious spatial clustering is seen.

Clustering of several proximate samples was also observed in the trees of Bukit
Timah Nature Reserve and MacRitchie Reservoir. Samples from APBT06 to
APBT11 all clustered together (APBT07, APBT10 and APBT11 were matching
samples). Samples from APBT19 to APBT22 all clustered together (APBT20,
APBT21 and APBT22 were matching samples).

In MacRitchie Reservoir, APMR01, APMR20, APMR21, APMR23 and all
their respective matching samples were found clustered together. Also found clus-
tered together were APMR25, APMR26 and APMR27.

Overall, the trees constructed from the genetic distances of samples within the
same sampling area indicate that some clustering of proximate samples can be
found, indicating that genetically similar individuals can be found close to each
other spatially. However, spatially distant individuals can also be found clustered
together in the trees of genetic distance. The lack of correlation between spatial
distance and genetic distance using microsatellite markers therefore suggest that
this marker is not very useful in showing dispersal patterns of this moss within

the same population.
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Among sampling areas

Trees of pairwise genetic distances using the neighbor-joining algorithm are shown
in Figure [3.11]

Neighbor-joining trees were constructed from both Nei’s standard genetic dis-
tance, D, and net genetic distance, D4, show similar tree topologies. The trees
show the Malaysian sampling areas clustering together and the Singaporean sam-
pling areas clustering together. However, support for the clades of the Malaysian
sampling areas are strong in the tree constructed from D but is weaker in the tree
constructed from D4. As seen in either tree, MacRitchie Reservoir seems to be
genetically most distant from the rest as seen by the relatively long branch length
that separates this sampling area from the others.

The results of the Mantel test did not show significant correlation between geo-
graphic distances of the sampling areas and genetic distances among the sampling
areas. The correlation coefficient when the standard genetic distance was inves-
tigated was -0.179 while the correlation coefficient when the net genetic distance

was investigated was -0.325.

3.3.7 Population differentiation

The global test of population differentiation on multi-locus genotype frequen-
cies indicated that there was significant differentiation among populations (Non-
differentiation P = 0). Likewise, the results of the exact test on all pairs of
populations indicated differentiation among the populations. For each pairwise
comparison, the probability that the observation was as extreme as or more ex-
treme than the data under the null hypothesis is P = 0. These are expected
results given that no samples from any of the different populations shared the
same multi-locus genotype (all multi-locus genotypes of a population were private

to a population).
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Figure 3.11: Neighbor-joining trees constructed from genetic distances among sampling
areas. Tree A is generated from Nei’s standard genetic distance, D. Tree B is generated
from Nei’s net genetic distance, D4. Bootstrap percentages are shown in adjacent
branches where applicable. Scale bars indicate branch lengths. This is an unrooted
tree.
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Similar results were obtained with the exact tests of population differentiation
on allelic distributions. The probability of accepting the null hypothesis that there
was no differentiation among the populations was P < 0.001 for the global test and
each pairwise test. The significant presence of rare and private alleles probably
contribute to these results.

The results therefore strongly indicate that both the genotypic and allelic dis-

tributions were different across populations.

3.3.8 Population genetic structure

The results of AMOVA at the haplotype level are shown in Table [3.18]

The results show that almost 91% of the variation in the data can be explained
by variation within populations (sampling areas). Only about 7% can be explained
by the variation between or among populations within groups and only 2% can
be explained by variation among groups (groups were defined as Singapore and
Malaysia).

AMOVA results were also used to compute fixation indices. The computations
suggest that there is moderate genetic differentiation among populations within
groups, Fsc = 0.06978, and that this statistic is significantly different from zero
(P =0). There is also moderate genetic differentiation among individuals among
populations and among groups, Fsr = 0.08866, and that this statistic is also sig-
nificantly different from zero (P = 0). Finally, there is little genetic differentiation
between the two groups of populations, For = 0.02030 but that this measurement
may not be significantly different from zero (P ~ 0.1). The data from AMOVA
therefore suggest that the moss populations in the different sampling areas are
moderately genetically isolated from each other.

Population pairwise Fgpr values computed using microsatellite markers are

shown in Table 3.19, All Fsr values are significant (P = 0).
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Table 3.18: Results of analysis of molecular variance, AMOVA, for microsatellite data.
d.f.=degrees of freedom.

Source of d.f.  Sum of Variance Percentage of
variation squares  components variation
Among 1 25.069 0.06543 2.03

groups

Among 3 44117 0.22032 6.84
populations

within groups

Within 274 804.767 < 2.93711 91.13
populations

Total 278  873.953  3.22285
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Table 3.19: Pairwise Fgrs between populations using microsatellite markers.

SBRF GBFR KTP BTNR MACR

SBRF  0.00000

GBFR 0.02346 0.00000

KTP 0.05360 0.05971 0.00000

BTNR 0.05797 0.02782 0.08876 0.00000

MACR 0.13763 0.09185 0.16236 0.11508 0.00000
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The results suggest that there is some genetic differentiation between SBRF
and GBFR and between GBFR and BTNR, and that there is moderate genetic
differentiation between most other pairs of populations. The results suggest that
MACR is moderately to greatly genetically differentiated from all the other pop-

ulations.

3.4 Discussion

The results just presented describe the genetic diversity of Acanthorrhynchium
papillatum as measured by microsatellite markers, helping fulfill the second and
third objectives of the thesis. Substantial levels of genetic variation were detected
at several scales of measurement. Hardly significant differences in gene-level vari-
ation were observed in populations that were considered to be more disturbed.
Larger decreases in multi-locus genotypic variation were observed (indicating a
greater tendency to clonal reproduction) for these populations. Beyond the num-
bers and statistics that can be generated from any data set, however, are inter-
esting observations and insights into the biology of the moss that might have
implications on this species’ chances of survival in their increasingly disturbed

natural habitats.

3.4.1 Allelic diversity explains much of the diversity in Acanthorrhynchium papil-

latum

The most salient finding in this chapter is that overall, genetic diversity is high
in Acanthorrhynchium papillatum. The results contest the early notion that moss
populations have low levels of variation. They also strengthen the findings of
more recent studies that moss populations possess levels of variation that match
or rival those of higher plants. Moreover, the extensive numbers of alleles and

genotypes found suggest that genetic diversity in this species of moss may be higher
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than in the other few, temperate, mosses studied using microsatellite markers
[Polytrichum: see van der Velde & Bijlsma (2003| 2000); van der Velde et al.
(2001by 2000); Sphagnum: Provan & Wilson| (2006); [Wilson & Provan| (2003))].

It is evident that at the root of these high levels of genetic diversity are the
large numbers of alleles found in each locus. Numbers of alleles (allelic richness) for
7 out of the 8 marker loci studied were in double-digits. Even the least allele-rich
locus, APBMS72, with 8 alleles was nearly so. These numbers were obtained after
the examination of fewer than 300 samples in 5 sampling areas; if more samples
were obtained and studied, potentially more alleles could also have been found.

With such large numbers of alleles in fairly even distributions, alleles may be
combined to potentially create large numbers of unique multi-locus genotypes.
Indeed, both actual and theoretical figures indicate the presence and potential of
many unique multi-locus genotypes in the overall data set.

Therefore high levels of allelic diversity in Acanthorrhynchium papillatum have
effects on both allelic and genotypic levels of variation. Moreover, they also have
effects on other measures of genetic diversity.

The large numbers of alleles also affected the topologies of trees constructed to
reveal patterns of relationships of samples within the same sampling area. These
trees were constructed from allele-sharing matrices of samples within the same
area. The results do indeed show some clustering of samples, particularly those
from more disturbed populations in MacRitchie Reservoir and Kota Tinggi Wa-
terfalls Resort. The overall findings, however, do not reveal distinct patterns or
clustering and suggest that the distributions of alleles and genotypes within the
same sampling area were generally even. The lack of discernible patterns in the
results may be the result of the presence of the large number of alleles in each pop-
ulation. With more alleles available, the number of shared alleles between samples

are reduced and patterns of relationships among samples in the same area become



144

less evident.

Another apparent effect of the large numbers of alleles is seen in the results on
the two tests on population genetic differentiation, at the allelic level and at the
level of individuals as measured through multi-locus genotypes. The results of the
exact tests suggested significant differentiation among the populations. Indeed,
the test need not have been performed at the level of multi-locus genotypes to
arrive at this conclusion. Since no genotypes are shared among populations (ow-
ing largely to the large numbers of alleles available) then the result of the test on
genotypic differentiation would predictably show that the populations were differ-
entiated. The extensive presence of both rare and private alleles help explain the

differentiation that is seen among sampling areas at the allelic level.

3.4.2  Microsatellite loci of Acanthorrhynchium papillatum experience high rates

of mutation

Given the pervasive and broad effects of the large numbers of alleles present in
the data set, a pressing question now arises: what is the source of these large
numbers of alleles and high levels of allelic diversity? Several observations in the
data suggest that high rates of mutation are responsible for these findings.

The substantial numbers of rare and private alleles in the data set suggest
that there are high rates of mutation in the microsatellite loci examined. There
is, however, an alternative explanation for the presence of rare and private alleles.
They could be rare and private alleles only because of insufficient sampling. That
is, they possibly could also be found in adjacent or surrounding areas but that
samples were not collected in these areas. If more samples in more sampling areas
were collected and examined, then these present rare and private alleles may be
found in larger numbers also and would not be rare and private anymore. However,

other observations corroborate the hypothesis of high rates of mutation.



145

Most studies using microsatellite markers show data with amplicon sizes that
are different from each other by multiples of the length of their motif, i.e., dinu-
cleotide microsatellite markers should have amplicons that are different by mul-
tiples of 2 bp, trinucleotide markers should have amplicons that are different by
multiples of 3 bp, etc. The data from the present study clearly show that muta-
tion of the microsatellite markers did not proceed in a stepwise fashion: most of
the markers had core sequences of dinucleotide repeats but the data show many
amplicons that were a single base apart. Mutations that can cause changes in the
repeat units of a microsatellite marker, e.g., the deletion of a single “A” from a
core sequence of “GA” repeats can explain the presence of amplicons that do not
fit into the stepwise mutation model.

Despite very low match probabilities in each of the sampling areas, several
samples were observed that matched at 7 out of 8 loci. If these samples were
products of vegetative reproduction, i.e., if they were the same ramets, then they
should match at all loci. If instead they were different individuals or from dif-
ferent genets, then how could they match at 7 out of 8 loci when the chances of
this happening by chance are extremely low? One possible explanation to these
observations is that the samples were indeed vegetatively reproduced but that the
locus where the samples do not match mutated only after the samples had split.
Mutation levels in samples in the populations should be high enough for this to
be detected in several instances in the data set.

Finally, the substantial number of null alleles found in the data may also be
explained by high rates of mutation. Microsatellite loci and their surrounding
sequences are known to be areas of higher levels of mutation. This fact, after all,
is the basis of using inter-simple sequence repeats (ISSRs) as molecular markers.
Mutations in the core sequence can generate different detectable microsatellite

alleles but mutations in the flanking sequence can generate null alleles if primers
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for the locus can no longer bind as a result of the mutation.

High rates of mutation in Acanthorrhynchium papillatum may have important
implications. In the face of restrictions in either genetic recombination (sexual
reproduction) or gene flow (migration), genetic variation can be maintained in
an isolated population through somatic mutation. This source of variation is
enhanced by the ability of the moss to reproduce vegetatively, producing more
individuals in the absence of sexual reproduction that can themselves undergo
somatic mutation. This is an interesting finding that may have consequences in

the survivability of isolated populations of this moss.

3.4.3  Differences in diversity among sampling areas and population genetic struc-

ture

Despite the confounding observations that may be caused by the large numbers
of alleles present in the data set, the results still suggest that degrees of diversity,
both at the gene and genotypic levels, were not the same for all the sampling areas
studied.

At the gene level, significantly fewer total numbers of alleles and private al-
leles were found in MacRitchie Reservoir, an area that was adjudged to be more
disturbed than the rest. This suggests a founder event where only a subset of the
total number of alleles was available in the area. Interestingly, Nei’s gene diversity
is apparently unaffected in these areas as seen in the test comparing this statis-
tic across the different populations. This is perhaps because even in disturbed
areas, large (but reduced) numbers of alleles were maintained in similarly even
patterns of distribution. Here again the effects of having large numbers of alleles
are seen. The results further imply that mutation rates are similar in populations
of different degrees of degradation.

At the genotypic level the differences were starker. While matching samples
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(and therefore, the incidence of vegetative reproduction) were found in each pop-
ulation, the numbers of matching samples in MacRitchie Reservoir were found in
such a degree that chances were better than 50% that a sample taken at random
from this sampling area would be a clone of another. Interestingly again, large
numbers of clumps were still found in this area and so it seems that, in Mac-
Ritchie Reservoir, clonal reproduction is important in maintaining the numbers of
individuals of this moss.

The data therefore suggest that, potentially, despite isolation and the re-
striction of gene flow suggested by the fixation indices obtained, populations of
Acanthorrhynchium papillatum can still reproduce clonally and produce adequate
numbers of individuals. These individuals may all experience somatic mutation,
increasing the levels of variation within the population that may all be recombined

when opportunities for sexual reproduction arise.

3.4.4  Limitations

As has been shown, the large numbers of alleles found in Acanthorrhynchium
papillatum may help populations of the species survive isolation and restrictions
of gene flow. Ironically this and a few other characteristics of the species create
limitations in the analysis of data.

Microsatellite data are often analyzed with the assumption that loci mutate
according to the stepwise mutation model. Statistics assuming this model, e.g.,
Rgr, the analog of Fgr, could provide additional information on the diversity and
relationships of samples and populations of the species studied. In the case of the
present data, all the loci studied had alleles that do not fit into a strictly stepwise
mutation model, presumably because of high rates of mutation. Statistics assum-
ing the stepwise mutation model therefore could not be computed and potentially

telling information was lost.
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The tendency of Acanthorrhynchium papillatum to undergo vegetative repro-
duction also presents problems in computations. As earlier alluded in the chapter
on the development of microsatellite markers, the presence of matching samples
creates problems in computations of linkage disequilibrium, a test on whether the
loci being studied are linked or not. Even when matching samples are excluded
from the data set used to check for linkage disequilibrium, significant levels of
linkage are still seen between pairs of loci. Presumably, these significant levels
of linkage may be due to samples that match at 6 or 7 out of 8 loci, i.e., clonal
samples that had mutated after they had separated. Too many of these in various
combinations are present in the data that excluding them would have been both
impractical and subject to too much bias. Nevertheless, some indication of the in-
dependence of pairs of loci is seen when matching samples are excluded suggesting

that the loci are not linked.

3.5 Conclusions

In this chapter, the genetic diversity of Acanthorrhynchium papillatum was char-
acterized using microsatellite markers, helping complete the second and third ob-
jectives of the thesis.

One small but significant finding in this chapter was not on the genetic diversity
of Acanthorrhynchium papillatum but was rather an observation made on the
methodology. The type of instrument and other experimental conditions used may
affect the size-calling of labeled PCR fragments like microsatellite markers. It is
therefore important that the same type of instrument and the same experimental
conditions be used throughout the course of the same study.

The results obtained indicate high levels of genetic diversity at all levels ex-
plored and for all populations studied. Differences in allelic richness and genotypic

diversity were detected among the populations, however, suggesting some slight
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evidence that diversity is still affected by habitat quality. Higher levels of diver-
sity were seen in areas that were considered less degraded. Genotypic diversity,
in particular, was lower in areas that were considered more disturbed. In these
areas, vegetative reproduction seemed to be more important as more than half of
the samples collected was a clone of another.

At the root of these high levels of diversity is extensive allelic diversity: large
numbers of alleles that were fairly evenly distributed in each of the sampling areas
examined. High levels of allelic richness were attributed to high mutation rates as
supported by several observations.

The suspected high rates of mutation are thought to have interesting impli-
cations on the biology and survivability of the moss species. For example, it is
proposed that the isolation of a population of this moss poses no immediate threat
to its survivability. The mosses can revert to vegetative reproduction, increasing
the number of individuals in the population, and then allow its inherent high rates
of mutation to restore variability in the population.

To complete the picture on the population variability of Acanthorrhynchium
papillatum, diversity needed to be examined at one more level. All the data that
have been shown so far involve single samples from each clump of moss. Since
A. papillatum also forms clumps composed of many individual branches of moss,
diversity at this level —within clumps of the moss— needed to be examined. The
results of this study are presented in later parts of this thesis.

However, before the study on the diversity within clumps of Acanthorrhyn-
chium papillatum is shown, one other study is presented first. Diversity levels be-
tween and among clumps of A. papillatum were determined using another marker,
sequence information from the second internal transcribed spacer, [7S2. This
was done to provide additional information on the diversity of the moss. The

description and results of this study are found in the next chapter.
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Chapter 4

GENETIC DIVERSITY AMONG CLUMPS OF
ACANTHORRHYNCHIUM PAPILLATUM AS
MEASURED BY VARIATION IN ITS2 SEQUENCES

4.1 Introduction

In addition to data from microsatellite markers, DNA sequence data were also ana-
lyzed in order to provide an independent and supplementary source of information
on the genetic diversity of Acanthorrhynchium papillatum. A suitable marker had
to be found and so candidate markers from literature were evaluated. These in-
cluded the chloroplast genes, rbcL (Chiang & Schaal, [1998; Chang;, |2003) and rpl16
(Assmussen, 1999), the chloroplast intergenic spacer, trnL-trnE (Taberlet et al.,
1991)), and both nuclear internal transcribed spacers, ITS (Sun et al.,1994; White
et al., 11990).

Despite repeated attempts, only the internal transcribed spacer sequences
proved viable for sequencing and subsequent analysis. rbcL was too long and
required at least four sets of primers to sequence completely. Preliminary results
also showed very little variation in this gene among test samples. These early
results suggested that the efforts and costs required to sequence rbcL were not
worth the data that could be generated. In the case of trnL-trnF', the sequences
were too short and so, again the benefits of sequencing this locus were thought to
not outweigh the costs. Finally, 7pl16 could not be successfully amplified and had
to be abandoned early in the project. ITS sequences could easily be amplified and

sequenced but possessed attributes that needed careful consideration.
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The primers for amplification of ITS were derived from fungal species (White
et al.,|1990). To reduce the probability of amplifying and sequencing any potential
fungal contaminants in the moss DNA samples, new primers were designed and
used. Primers for amplification of the second internal transcribed spacer region,
ITS2, were designed from sequences found in public repositories.

The characteristics of DNA sequence data necessitated different analyses pro-
cedures and the computation of different indices of diversity from those used on
microsatellite data. Thus, direct comparisons of the same indices of diversity
computed from microsatellite data and from DNA sequence data were limited to
statistics common to both DNA and microsatellite markers, e.g., analysis of molec-
ular variance. However, as will be seen, ITS2 still provides a valuable source of

information on the genetic diversity of Acanthorrhynchium papillatum.

4.2 DMaterials and Methods

4.2.1 Design of primers for ITS2 amplification and sequencing

New primers needed to be designed to preclude amplification and sequencing of
potential fungal DNA contamination in the moss samples. Primers for amplifying
the ITS2 region of Acanthorrhynchium papillatum were designed from consensus
sequences of the 5.8S rRNA and 25S rRNA genes of three moss species, Bryum cap-
illare, Bucegia romanica and Hookeria lucens. Sequences from these moss species
were sourced from GenBank (Bilofsky & Burks| [1998) accessions (Table [4.1)). Se-
quence alignment to identify consensus regions was performed using CLUSTALW
version 1.83 (Thompson et al., [1994) using default parameters. Primers were de-
signed manually (Table but were checked for suitability for use in PCR using

PRIMER3 (Rozen & Skaletsky, [2000)).
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Table 4.1: GenBank accessions used in designing primers to amplify the ITS2 region of
Acanthorrhynchium papillatum.

GenBank Species Included loci

accession

number

AJ252136  Bryum capillare 185 rRNA gene (partial), internal tran-
scribed spacer 1 (ITS1, 5.8S rRNA gene,
internal transcribed spacer 2 (ITS2), 25S
rRNA gene

AJ251929  Bucegia romanica 18S rRNA gene, internal transcribed spacer
1 (ITS1), 5.8S rRNA gene, internal tran-
scribed spacer 2 (1752), 255 rRNA gene

AJ252137  Hookeria lucens 18S rRNA gene (partial), internal tran-

scribed spacer 1 (ITS1), 5.85 rRNA gene,
internal transcribed spacer 2 (17S52), 25S
rRNA gene (partial)
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Table 4.2: Primers designed to amplify the ITS2 region of Acanthorrhynchium papil-
latum. Ty (melting temperature) values were computed using the online tool of
FinnZymes, Finland at http://finnzymes.com/Java/tm_determination.htm using
default parameters.

Oligo name  Sequence (5-3’) Ty

ITS forward ACTCTCAGCAACGGATATCTTGG 65.6 °C
ITS reverse  ATATGCTTAAACTCAGCGGGTAGTC 64.5 °C



http://finnzymes.com/Java/tm_determination.htm
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4.2.2  PCR amplification

The same DNA samples used to analyze variation among clumps of Acanthorrhyn-
chium papillatum with microsatellite markers were also used for DNA sequence
analysis.

The ITS?2 regions of samples of Acanthorrhynchium papillatum were sequenced
by first isolating and amplifying this region through PCR. Hot-start PCR was
performed to increase the sensitivity and specificity of PCR amplifications and
to minimize the formation of primer dimers. Ten microliter reactions of 1xF-522
buffer (FinnZymes, Finland), 5% DMSO (Sigma, USA), 200 uM dNTPs (Promega,
USA), 0.5 uM each of ITS forward and reverse primers, 0.24 U DyNAzymeTM
IT Hot Start DNA polymerase (FinnZymes, Finland) and approximately 20 ng
genomic DNA were combined in thin-walled, 0.2 mL tubes. Reactions were per-
formed in a PTC-100® (MJ Research, USA) thermocycler using the following
thermal profile: Initial denaturation for 10 min at 94 °C, followed by 35 cycles of
1 min at 94 °C, 30 s at 62 °C, 40 s at 72 °C, and final extension for 10 min at
72 °C. Products were kept at 16 °C until recovery.

PCR products were purified using an AMPure® kit (Agencourt, USA) follow-
ing the manufacturer’s protocol. The purified products were used as templates for

subsequent cycle sequencing reactions.

4.2.83  Sequencing

The purified PCR products were sequenced using BigDye® Terminator v3.1 Cycle
Sequencing Kits (Applied Biosystems, USA) from both forward and reverse ends
using the same primers used for PCR amplification.

Sequencing reactions were set up according to the manufacturer’s protocol but
were scaled to a quarter volume of the full-strength reactions. Cycle sequencing

reactions were performed on a PTC-100® (MJ Research, USA) thermocycler
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using the following thermal cycling profile: Initial denaturation for 1 min at 96 °C,
followed by 25 cycles of 10 s at 96 °C, 5 s at 50 °C, 4 min at 60 °C. Extension
products were kept at 4 °C until recovery.

Extension products were purified using CleanSEQ® kits (Agencourt, USA)
following the manufacturer’s protocol and eluted in Milli—Q® (Millipore, USA)
water.

Purified extension products were sequenced in an ABI PRISM® 3100 Genetic
Analyzer (Applied Biosystems, USA) using a 50 cm capillary array and POP-6""

polymer with default run and analysis modules.

4.2.4  Basecalling, contig assembly and alignment

Basecalling was performed using the KB basecaller version 1.1 of the software
package SEQUENCING ANALYSIS version 5.2 (Applied Biosystems, USA). For-
ward and reverse sequences were assembled using PHRAP (Phil Green, http:
//www.phrap.org). Assembled contigs were aligned with CLUSTALW version
1.83 (Thompson et al., [1994) using default parameters. The alignment was visu-
ally checked and, where necessary, edited with the help of MACCLADE version 4.05

(Dwayne R. Maddison and Wayne P. Maddison, http://www.macclade.org).

4.2.5 Data analysis

Aligned ITS2 sequences were used for analysis.

To measure genetic diversity, nucleotide and haplotype diversity indices were
calculated using ARLEQUIN version 3.11 (Excoffier et al., 2005b). The software
was also used to determine the number and distribution of the different 1752
haplotypes in the data set.

To measure the relatedness of the I7T'S2 haplotypes, genetic distances were

computed. The genetic distance between each IT'S2 haplotype was computed from


http://www.phrap.org
http://www.phrap.org
http://www.macclade.org
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the absolute number of differences between each haplotype. Genetic distances were
calculated with the aid of PAUP* version 4.0b10 (Swofford, |2002). A neighbor-
joining tree (Saitou & Nei, [1987) was constructed from the genetic distances using
the same program. Trees were visualized using TREEVIEW (Page, |1996).

To test if mosses from the different sampling areas belonged to the same popu-
lation, exact tests of population differentiation (Raymond & Rousset} [1995a) were
performed at the global level and by pairwise comparisons of haplotype frequen-
cies in each sampling area. Both global and pairwise tests were performed using
1 000 000 Markov steps.

Population genetic structure was also inferred by computing fixation indices
using analysis of molecular variance, AMOVA (Excoffier et al. [1992; |Michalakis
& Excothier, 1996)), and through conventional fixation indices by pairwise compar-
isons of each sampling area. For AMOVA, groups and populations were defined in
the same way as in the microsatellite analysis of genetic variation among clumps
of Acanthorrhynchium papillatum: one group formed by the Malaysian sampling
areas (SBRF, GBFR, KTP) and one group formed by the Singaporean sampling
areas (BTNR and MACR). AMOVA was also used to determine the partitioning
of variation, that is, to determine how much of the variation observed is due to
variation among groups of populations, among the populations and within the
populations.

All tests of population genetic differentiation were performed using ARLEQUIN

version 3.11 (Excoffier et al., 2005b)).

4.3 Results

4.3.1 Sequencing difficulties

Of the 279 samples of Acanthorrhynchium papillatum available for analysis, only

193 yielded sequences with unambiguous base calls throughout the length of their
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ITS2 region. The breakdown of the distribution of the numbers of usable samples
is shown in Table [4.3]

Samples that could not be included in the analysis were those that yielded
sequences with ambiguous basecalls from both forward and reverse ends (or 5.85
and 258 ends, respectively). Repeated attempts to sequence these samples did not
improve the quality of the sequences. These results are indicative of the presence
of more than one template in each of these samples. The literature suggests that
these multiple templates may be from intragenomic (intra-individual) variation
found among the different repeat units of rDNA (Ruggiero & Procaccini, 2004]).
Clone-mediated sequencing could potentially have revealed more information on
this source of variation. However, too many samples possessed intragenomic vari-
ation that clone-mediated sequencing could not be performed given the time and
resources limitations.

From Table it can be seen that a fairly even percentage of samples of
Acanthorrhynchium papillatum from each sampling area were made unavailable
for analysis because of unambiguous basecalls. Approximately 30% of the total
number of samples from each sampling locality could not be used. The figures
suggest that no apparent correlation exists between the number of unusable se-
quences and the habitat quality of the source samples. The majority of sequences
from each of the sampling areas were of high-enough quality to be used for analysis

of genetic diversity of populations of A. papillatum.

4.8.2  Characteristics of ITS2 in Acanthorrhynchium papillatum

High-quality sequences of IT'S2 used for analysis of genetic diversity among clumps
of Acanthorrhynchium papillatum are shown in Appendix [K] Because of the num-
ber of samples involved, the sequences are presented in FASTA (Pearson, 1990)

format for better readability. Gaps to accommodate sequence alignment are indi-
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Table 4.3: Numbers of samples of Acanthorrhynchium papillatum with unambiguous
basecalls throughout the length of their I7'S2 regions. Percentages of the total number
of samples available for each sampling area are also shown.

Sampling area No. usable % of total

SBRF 33 64.7
GBFR 51 70.8
KTP 23 67.6
BTNR 33 61.1
MACR 23 77.9

Total 193 69.1
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cated in the sequences.

The length of the ITS2 region in Acanthorrhynchium papillatum ranged from
325 bp (APBL4 and APBL9) to 369 bp (APBL15 and APBL37) with an average
of 341.5 bp. Because of the many insertions/deletions found in the ITS2 region
of A. papillatum, the length of the aligned sequences stretched to 381 bp. ITS2
in A. papillatum is GC-rich with an average of 72.3% GC-composition.

Table shows the summary statistics related to the sequences of ITS2 from
samples of Acanthorrhynchium papillatum.

While large differences in the numbers of usable sequences from each sampling
area prevent direct comparisons from being made among these localities, the sum-
mary statistics still provide information about the overall characteristics of the
variation of ITS2 in Acanthorrhynchium papillatum. A lot of the variations in
ITS2 in A. papillatum was in the form of insertions/deletions or indels. There
were about 6—7 common indels (again, see Appendix , 4—-12 bases in size. Sev-
eral other, smaller indels were also found. There were more than 30 sites of base
substitutions, either transitions or transversions. However, the majority of the
bases in the ITS2 region of A. papillatum were conserved or nearly conserved in
all the samples analyzed.

From the data, it is evident that the ITS2 region in Acanthorrhynchium papil-
latum is very variable. Both base substitutions and indels were common in samples
from all areas. Samples from the more pristine localities in Malaysia (SBRF and
GBFR) exhibited more substitution and indel sites than samples from areas con-
sidered to be more degraded (KTP, BTNR, MACR). There are more polymorphic
sites in the more pristine areas as well. Again, however, these observations may
just be an effect of the different numbers of samples available from the sampling

areas studied.
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Table 4.4: Summary statistics of nucleotide-level variation of the ITS2 region in
Acanthorrhynchium papillatum. ts. — transition, tv. — transversion, s.d. = standard
deviation.

Statistics SBRF GBFR KTP BTNR MACR Mean s.d.

No. of transitions 15 21 5 10 7 11.6 6.5

No. of transversions 22 28 b 14 10 15.8 9.2
No. of substitutions 37 49 10 24 17 27.4 15.7
No. of indels 77 82 19 68 68 62.8 25.2

No. of ts. sites 15 21 5 10 7 116 6.1

No. of tv. sites 22 28 5 14 10 15.8 9.2

No. of subst. sites 37 49 10 24 17 27.4 14.3

No. private subst. sites 6 9 2 2 1 4.0 34
No. of indel sites 77 82 19 68 68 62.8 25.2

No. of polymorphic sites 102 109 29 89 84 82.6 28.2
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4.3.8  Nucleotide diversity

One measure of genetic diversity is nucleotide diversity, a per-site or per-base
comparison of the sequences being compared. In calculating nucleotide diversity,
the entire length of the sequences can be compared or calculations can be limited
to only the polymorphic sites within these sequences. Nucleotide diversity of the
polymorphic sites of samples from each sampling area were calculated and the
results are presented in Table

The calculated nucleotide diversity values for I7S2 sequences for all the sam-
pling areas were uniformly high. While the population at MacRitchie Reservoir
had the lowest nucleotide diversity at 0.2102 and the population at Kota Tinggi
Waterfalls Resort had the highest at 0.3863, standard deviation values for these
measures suggest that these nucleotide diversity values are hardly different from
each other. Nucleotide diversity values are lower than any of the values of Nei’s
gene diversity (an analog of nucleotide diversity) computed from microsatellite
data. The low levels of nucleotide diversity are explained by the fewer number of
possible alleles (limited to the bases, A, C, T, G) in any of the sites of the ITS52
sequences. Nucleotide diversity is also affected by the number of samples available
for analysis and direct comparisons between sampling areas with different numbers

of samples must be made with caution.

4.8.4  Haplotype diversity

More interesting results are observed when whole sequences, ITS2 haplotypes,
are compared and analyzed (as against a per-base comparison of the sequences).
Of the 193 samples of A. papillatum analyzed, 65 different ITS2 haplotypes were
found. The diversity of these haplotypes is shown in Table |4.6|

Of the 65 haplotypes, 34 were unique to one individual sample and therefore

found in only one sampling area. Thirty-one haplotypes were found in more than



162

Table 4.5: Nucleotide diversity in ITS2 sequences of Acanthorrhynchium papillatum.

s.d. = standard deviation.

Sampling area Nucleotide diversity s.d.
SBRF 0.2392 0.1513
GBFR 0.3229 0.1710
KTP 0.3863 0.1296
BTNR 0.3002 0.1820
MACR 0.2102 0.1356
Total 0.2918 0.1539
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Table 4.6: Haplotype diversity of ITS2 in Acanthorrhynchium papillatum. Samples in
the same row have the same I'TS2 sequences and are different from those in other rows.
“Reference samples” are artificial designations for representative samples of a haplotype
and are labeled as such only for convenience.

Reference Matching samples

sample

APBKI1 APBK2, APBK3, APBK17

APBK4  APBKY7, APBK11, APBK35, APBK36, APBK41, APBK42, APBK43,
APBK44

APBKS APBK12

APBK9 APBK18

APBK10 APBK25, APBK39, APBK40, APBK45, APBL4, APBL18

APBK20

APBK26 APBK53, APBL9, APBL10, APBL35, APBL50, APBT17, APBT25,
APBT49, APMR60, APMR61, APMR63, APMR64, APMRG65,
APMR66

APBK31

APBK32

APBK33

APBK37 APBL62

APBK38

APBKA47

APBK50

APBKb52

APBL1 APBL45

APBL2

APBL3 APBLS

APBL6 APBL14, APBL33

APBL11  APBL56, APBL59

APBL12

APBL15 APBL37

APBL17 APBL21, APMR3, APMR4, APMR5, APMR6, APMR7, APMR24

APBL20

APBL22 APKT25, APKT28, APKT29, APBT1, APBT4, APBT50, APMRI18

APBL26

APBL28

APBL30

APBL31 APBL32, APBL61, APBL72

APBL34

APBL39

continued on next page
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continued from previous page

Reference Matching samples
sample

APBLA41

APBL42

APBL43

APBL44

APBL46

APBLA47

APBL51  APBL53, APBL57, APBL58

APBL52 APBL64

APBL65

APBL66

APBL68

APBL69

APBL71 APBT6, APBT7, APBTS, APBT9, APBT10, APBT11, APBT23,
APBT36, APBT37, APBT53, APMR9, APMR62

APKT1  APKT6, APKT7, APKTS, APKT9, APKT11, APKT12, APKT13,
APKT14, APKT15, APKT16, APKT17

APKT?

APKTS3

APKT4  APKT?22, APKT23, APBT18, APMRI19

APKT20 APKT24

APKT32

APBT15 APBTI6

APBT19 APBT20, APBT21, APBT22

APBT26 APMR27

APBT29 APBT30

APBT32

APBT35

APBT38

APBT44 APBT45, APBT46

APBTS51

APMR1 APMR2, APMR20, APMR21, APMR22, APMR23, APMR2S,
APMR29, APMR31, APMR58, APMR59

APMR10 APMRI11, APMR12, APMR13

APMR14 APMR30, APMR32, APMR34, APMR35, APMR36, APMR37,
APMR38, APMR39, APMR40, APMR41, APMR42, APMRA43,
APMR44, APMR45, APMR46

APMRI16

APMR25 APMR26

APMR47 APMRA4S
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one sample. Of these, 23 haplotypes were found within only one sampling area
(private haplotypes) and 8 were found in more than one sampling area. The 57
private (out of 65) haplotypes suggest the presence of haplotypic differentiation
among the different sampling areas, a hypothesis that will be more formally tested
later. However, the observation that 8 haplotypes were found in more than one
sampling area (up to 4 out of 5 sampling areas in the case of the haplotype
represented by APBK26) suggests the potential for dispersal of this moss to at
least as far as the sampling areas are distant from each other (approximately
100 km). The distribution of unique and replicated haplotypes is summarized in
Table 4.7

It is worth noting that samples deemed to be clonal copies of each other by
microsatellite analysis also had matching /752 haplotypes (or had 1752 loci that
could not be successfully sequenced). No conflicts between matching multi-locus
microsatellite genotypes and matching 752 haplotypes were therefore observed.
However, more matching /752 haplotypes are seen than matching multi-locus mi-
crosatellite genotypes. This observation corroborates the idea that microsatellite
markers have a greater ability to distinguish among samples.

Gene diversities at the haplotype level (analogs of nucleotide diversity) were
also calculated. Gene diversity at the haplotype level measures the number and
evenness of distribution of haplotypes. Gene diversities for each sampling area are
shown in Table [4.8]

Calculated values for gene diversity at the haplotype level were high for all
the sampling areas examined. This was probably due to the substantial numbers
of private haplotypes found in each area. Diversity was lowest (but still high)
in Kota Tinggi Waterfalls Resort at 0.7115 £ 0.0195 s.d. and highest in Gunung
Belumut Forest Reserve at 0.9675 £ 0.0086 s.d. Again, caution must be taken

when interpreting these numbers since gene diversity measures are affected by the



166

Table 4.7: ITS2 haplotype distribution and gene diversities at the haplotype level among
samples of Acanthorrhynchium papillatum. U — unique haplotypes, RP — replicated
haplotypes found only within the same sampling area, RG — replicated haplotypes found
in multiple sampling areas.

Sampling area Total U RP RG

SBRF 15 8 4 3
GBFR 31 18 8 6
KTP T 3 2 2
BTNR 13 4 5 4
MACR 11 1 ) )
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Table 4.8: ITS2 gene diversities, h, at the haplotype level for each sampling area. s.d.

= standard deviation.

Sampling area h + s.d.

SBRF
GBFR
KTP
BTNR
MACR

0.8958 £ 0.0360
0.9675 £ 0.0086
0.7115 £ 0.0195
0.8826 £ 0.0401
0.8447 £ 0.0299
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number of samples used in the analysis.

4.8.5 Genetic distance

The neighbor-joining tree constructed from the genetic distance matrix of all ob-
served ITS2 haplotypes is shown in Figure [4.1]

The many terminal branches found in the tree in Figure [4.1] illustrate that
the levels of ITS2 variation in Acanthorrhynchium papillatum were high (many
haplotypes). The considerable lengths of these branches illustrate that the degrees
of variation were also high (the differences between haplotypes were not due to
only 1 or 2 mutations). The tree topology also does not exhibit distinct clustering
of neighboring samples, or even samples from the same sampling area. Instead,
haplotypes from different sampling areas were commonly found clustering together

in the tree. These interesting results are discussed in the next section.

4.8.6  Population differentiation and genetic structure

The exact test of population differentiation performed at the global level sug-
gested differentiation of haplotypes among the populations (probability of non-
differentiation, P = 0). Exact tests of pairwise comparisons of populations yielded
the same results (all pairwise tests, probability of non-differentiation P = 0).
These results are probably explained by the overwhelming number (57/65) of pri-
vate haplotypes found in the data set.

The results of the analysis of molecular variance, AMOVA, at the haplotypic
level are presented in Table 4.9, The results reveal that about 81% of the variation
is found within populations, about 14% is found among populations within groups
and that about 5% of the variation in the data set is found among groups of
populations.

Fixation indices were also computed from the results of AMOVA. The compu-
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Figure 4.1: Neighbor-joining tree constructed from genetic distances of ITS2 haplotypes.

Scale bar indicates branch lengths. This tree is unrooted.
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Table 4.9: Results of analysis of molecular variance, AMOVA, from ITS2 sequence data
averaged over 131 loci. d.f.=degrees of freedom.

Source of d.f.  Sum of Variance Percentage of
variation squares  components variation
Among 1 167.025  0.69461 4.66

groups

Among 3 261.146  2.07644 13.94
populations

within groups

Within 188 2279.990 12.12760 81.40
populations

Total 192 2708.161 14.89866
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tations suggest that there is moderate genetic differentiation among populations
within groups, Fgo = 0.14619, and that this statistic is significantly different from
zero (P = 0). There is also great genetic differentiation among individuals among
populations and among groups, Fsr = 0.18599, and that this statistic is also sig-
nificantly different from zero (P = 0). Finally, there is little genetic differentiation
between the two groups of populations, For = 0.04662 but that this measurement
may not be significantly different from zero (P = 0.19). The data from AMOVA
therefore suggest that the moss samples are greatly differentiated from each other
and that populations in the different sampling areas are moderately genetically
isolated from each other.

Population pairwise Fgr values computed from I7TS2 sequences are shown in
Table [1.10] All Fsy values are significant (P = 1.0).

The results of the pairwise Fgr comparison echo the results of the AMOVA.
They generally suggest that there is moderate to great genetic differentiation

among the populations.

4.4 Discussion

The results of the experiments in this chapter help complete the second and third
objectives of the thesis. They provide baseline information on the genetic diversity
among clumps of Acanthorrhynchium papillatum as measured by ITS2 sequences.
High levels of ITS2 sequence variation, at both nucleotide and haplotype levels,
were found in this moss. The results also suggested lower levels of genetic di-
versity among clumps of A. papillatum in sampling areas with greater degrees of
disturbance. The results, while not unexpected, provide valuable empirical data
on the genetic diversity of this species. Moreover, the results generally echo the
findings of experiments using microsatellite markers. These independent sources

of evidence (microsatellite markers and I7'S2 sequences) strengthen the claim that
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Table 4.10: Pairwise Fsrs between populations using 1752 sequences.

SBRF GBFR KTP BTNR MACR

SBRF  0.00000

GBFR 0.08903 0.00000

KTP 0.22767 0.19939 0.00000

BTNR 0.23916 0.03490 0.30366 0.00000

MACR 0.28162 0.13324 0.30399 0.12325 0.00000
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although high levels of genetic diversity are found in A. papillatum, lower levels
are found in areas that are more disturbed.

There is more to the data on ITS2 sequences of Acanthorrhynchium papillatum
than just diversity, however. The data reveal other aspects of the biology of A.

papillatum.

4.4.1 High rates of mutation are seen in the I'TS2 region of Acanthorrhynchium

papillatum

One of the findings of the study using microsatellite markers is that the mutation
rates of microsatellites in Acanthorrhynchium papillatum were found to be high.
What do the data on the ITS2 sequences reveal about the mutation rate of this
locus? Are high mutation rates characteristic solely of microsatellite loci of the
species? Or are high mutation rates also seen in other loci? The data suggest that
high rates of mutation are also found in I7S2 in A. papillatum. This hypothesis
is supported by a number of observations listed below.

The discovery of a large number of private ITS2 haplotypes, haplotypes that
are found in only one sampling area, suggest that there are high mutation rates of
this locus in Acanthorrhynchium papillatum. Had the large numbers of haplotypes
been caused by other sources of variation, like gene flow from adjacent populations,
then the haplotypes would not be private. One could argue that perhaps adjacent
populations were missed in the sampling, and that if more extensive sampling
had been done, then haplotypes that were thought to be private may have been
found in other sampling areas. This, in effect, would negate their “private” status
(similar arguments to these are found in the discussion of diversity of A. papillatum
using microsatellite markers). While this is a valid argument, in the light of the
other evidence in the data, the alternative of high mutation rates is favored.

The different copies of ITS2 found in many samples of Acanthorrhynchium
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papillatum, as evidenced by these samples having ITS2 sequences with ambiguous
basecalls, suggest that high rates of mutation are seen in this locus. This is be-
cause the many copies of rDNA and its associated spacers (including /752) within
individuals of a species should have homogenous sequences caused by the action of
concerted evolution (Dover, [1986; Ruggiero & Procaccini, |2004; Smith, 1976)). The
presence of A. papillatum samples with different 17552 sequences (intragenomic or
intra-individual variability) suggests that the mutation rates in I7'S2 loci of A.
papillatum are faster than the homogenizing effects of concerted evolution.

While it can be argued that intragenomic variability of IT'S2 may be due to
some source of variation apart from mutation, other findings of the thesis project
corroborate the hypothesis that the variability is caused by high mutation rates
inherent in Acanthorrhynchium papillatum. If intragenomic variability of ITS2 was
influenced by external processes such as sexual reproduction, then different levels
of intragenomic variability should be seen in the different sampling areas. This
is because the moss populations in the different sampling areas have been shown
to rely on sexual reproduction in different degrees. However, the actual findings
show that the proportions of samples with intragenomic variability are the same
for all sampling areas (around 30%). This suggests that intragenomic variability
is not influenced by the degree of sexual reproduction found in a population. The
findings therefore strengthen the assertion that intragenomic variability is due to
mutation, as against other sources of variation.

The data show that some IT'S2 haplotypes are shared among the different sam-
pling areas. This observation suggests that the populations from these sampling
areas, at one time or another, shared genes. Why then are there so many private
ITS2 haplotypes in sampling areas that can share genetic material? The simplest
answer is that high mutation rates in IT52 create different haplotypes from those

that were once shared.
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4.4.2 TTS2 tree topology

The most noticeable finding in the topology of the tree constructed from genetic
distances of ITS2 haplotypes is that there is, at best, only weak clustering of moss
samples that are spatially adjacent in the field. This suggests that the dispersal of
the moss is relatively even within these sampling areas. Similar results were seen
in the trees constructed from allele-sharing matrices of the microsatellite markers.
Consequently, a similar hypothesis is proposed for this data set, that is, that high
rates of mutation in the I7TS2 locus of Acanthorrhynchium papillatum obscure

patterns of relationships of samples and contribute to the tree topology obtained.

4.4.8 Limitations

As a measure of genetic diversity of Acanthorrhynchium papillatum, the ITS2
locus has been shown to be a suitable marker to indicate the extent of variation
within and among different populations of the moss. However, if more information
is needed from the marker, then some limitations in I7'S2 can pose problems.

The multiple copies of ITS2 can prevent the marker from being successfully se-
quenced without resorting to cloning techniques. The presence of multiple copies
also impede the reconstruction of relationships of individuals of Acanthorrhyn-
chium papillatum (which copy of ITS2, if several different copies exist in an indi-
vidual, should be used when constructing a tree?).

The data also show that the levels of diversity in I7TS2 are lower than those
using microsatellite markers. I7'S2, in particular, cannot be used to identify indi-
viduals of Acanthorrhynchium papillatum the way microsatellite markers can. The
results therefore underscore the utility and importance of microsatellite markers
in population genetics studies. Nevertheless, as has been shown in this chapter,
ITS2 still provides a valuable molecular marker in measuring the extent of ge-

netic diversity in A. papillatum and in showing how genetic diversity is different
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between and among sampling areas of different habitat quality.

4.5 Conclusions

The second internal transcribed spacer, ITS2, was used to describe genetic varia-
tion in Acanthorrhynchium papillatum. High levels of variation were seen at both
nucleotide and haplotype levels using this marker. These results join those ob-
tained using microsatellite markers in again helping to disprove the early notions
that the genetic diversity of mosses are low. The results also suggested that levels
of diversity, particularly at the haplotype level, were reduced in populations from
areas of lower habitat quality.

ITS2 diversity is suggested to arise from high rates of mutation in this locus.
This hypothesis is supported by several observations and is seen in characterisitics
of the data.

Lower levels of diversity were seen in ITS2 loci compared to microsatellite
markers. These results underscore the utility and power of microsatellite markers.
However, ITS2 has been shown to be useful marker in describing the genetic

variability of Acanthorrhynchium papillatum.
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Chapter 5

PRELIMINARY STUDY OF GENETIC DIVERSITY
WITHIN CLUMPS OF ACANTHORRHYNCHIUM
PAPILLATUM AS MEASURED BY
MICROSATELLITE MARKERS

5.1 Introduction

In the earliest experiments to develop microsatellite markers for Acanthorrhyn-
chium papillatum, candidate markers were occasionally tested on samples belong-
ing to the same clump of moss. The trials were not exhaustive since the under-
standable priority at that time was to finish developing the markers. Moreover,
it was felt that to better gauge variability and thus, utility of the markers, they
needed to be tested on samples collected from spatially separated clumps, not
on samples from the same clump. However, the few early experiments did show
that samples coming from the same clump had the same multi-locus genotype and
therefore could be clonal in nature. This was a consistent observation (of the few
trials done) and seemed to be irrespective of the size of the clump and its source.

In the process of using the markers to determine the genetic variability among
clumps of Acanthorrhynchium papillatum, a better understanding of the properties
and utility of the markers was also gained. This includes understanding how the
markers have different expected heterozygosities and powers of discrimination (or
match probabilities) in each of the different sampling localities. Equipped with
these statistics, it was now possible to return to the early experiments and try

to conduct more meaningful experiments to determine genetic variability within



178

clumps of A. papillatum.

Unfortunately, several limitations prevented the exhaustive study of within-
clump variation of Acanthorrhynchium papillatum. These limitations stemmed
both from inherent characteristics of the species being studied and from the finite
time and material resources available in the project.

Acanthorrhynchium papillatum forms amorphous clumps of widely-varying size
and numerical composition of moss individuals. Some of these clumps are com-
posed of only a few strands of the moss. Other clumps seen in the field covered
much of the surface of large fallen logs, several square meters in area. Clumps of
even 200 cm? in area can be composed of over a hundred individuals.

It would therefore be hard to compare the genetic variability within clumps
when the clumps are highly variable in size and numerical composition of individ-
ual plants. To obtain adequate samples representative of even moderately-sized
clumps would be logistically forbidding. Multiplying these numbers by the num-
ber of replicates needed to create a suitable profile of the within-clump diversity of
an area only exacerbates this problem (and this is before even trying to compare
statistics among different sampling localities).

Exact counts are made even harder to determine since Acanthorrhynchium
papillatum is a creeping moss: teasing apart the tightly-matted clumps cause
breakage of strands no matter how carefully the attempt to unravel them is made.
This consequently muddles the accurate counting of the number of individuals and
their genotypes.

The creeping nature of Acanthorrhynchium papillatum also presents difficulties
in studying the orientation of individuals of different genotypes, or genets, within
clumps. The strands grow in every direction, overlap and form tight mats. The
initial spatial orientation of the genets is obscured as the strands grow and cannot

be compensated for by sampling. (If sampling in a grid is used on an intact clump



179

it is possible that a sample taken from one grid-square actually originated from
another many squares away).

Although an exhaustive study of the within-clump diversity of Acanthorrhyn-
chium papillatum could not be made within the timeline and resources of this
project, a preliminary investigation was performed that was nonetheless more
thorough than the earliest experiments. The levels of sampling that could be done
were not adequate to perform meaningful statistical comparisons at any level.
Nevertheless, the results here presented help complete the picture on the genetic
diversity of A. papillatum and are hoped to serve as seeds in future investigations

on the within-clump diversity of this and other species.

5.2 Materials and Methods

Many of the materials and methods used to study the within-clump diversity of
Acanthorrhynchium papillatum are the same as those described in earlier chapters.

Sampling areas, field selection/collection, and post-collection processing pertinent

to studies of within-clump diversity are described in Sections|3.2.1} [3.2.3] and3.2.4}

respectively. The molecular lab processes of DNA extraction, fragment analysis
runs, and the analysis steps of size-calling and allele-scoring have also all been
detailed in an earlier chapter.

Details on the methodology unique to this part of the thesis project follow:

5.2.1 Collection dates

Table [5.1] shows the collection dates of Acanthorrhynchium papillatum for samples

used to determine variation within clumps of this moss.
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Table 5.1: Collection dates of Acanthorrhynchium papillatum for studies on variation

within clumps of the moss.

Sampling area

Collection date

Sungei Bantang Recreational Forest
Gunung Belumut Forest Reserve
Kota Tinggi Waterfalls Resort
Bukit Timah Nature Reserve
MacRitchie Reservoir

19 March 2006
18 March 2006
2 July 2005

25 May 2006
25 May 2006
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5.2.2  Sampling within clumps to determine variation

Sampling within clumps was done in the laboratory on clumps brought in from
the field.

Field collections from Sungei Bantang Recreational Forest, Gunung Belumut
Forest Reserve, Bukit Timah Nature Reserve and MacRitchie Reservoir were done
nearly two years prior to the time this part of the project was started. New
collections from these areas needed to be made to ensure that the integrity of the
DNA in the samples was sufficient for microsatellite analysis. About 15 clumps
approximately 100 cm? in area from each of these areas were collected in a manner
similar to that described in Section [3.2.3] Since the original collections from Kota
Tinggi Waterfalls Resort were relatively fresher, it was decided that the samples
used for studying variation among clumps could also be used for studying within-
clump variation. This was done with some risk that the integrity of the DNA
would be insufficient for microsatellite analysis.

To test for the extent of variation within clumps of Acanthorrhynchium papil-
latum, 8 clumps were randomly chosen from those available from each of the 5
sampling localities. Four shoots from each of these clumps (160 strands and 40
clumps total) were randomly selected to form a set of samples. This was done by
either teasing apart all the strands from a clump and randomly selecting 4 strands,
or by laying a grid on the intact clump, randomly selecting 4 grid-squares, and
taking the strands directly under the squares. (The risk of breaking strands is
present in either method). To aid in later discussion, this sampling scheme and
the generated data will be designated “main”.

To test if more genotypes could be revealed from increased sampling within a
single clump, an additional clump was randomly selected from each of the sampling
areas for testing. From this clump 20 strands (5 clumps and 100 strands total) were

randomly selected for testing with the microsatellite markers using the techniques
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just detailed. Again, to aid in later discussion, this sampling scheme and its

generated data are designated “supplementary”.

5.2.3 Sample naming

Samples were named in similar fashion to those used in the study of variation
among clumps of Acanthorrhynchium papillatum. The new clumps from Sungei
Bantang Recreational Forest, Gunung Belumut Forest Reserve, Bukit Timah Na-
ture Reserve and MacRitchie Reservoir were sequentially numbered starting from
100 to easily differentiate them from those used for studying variation among
clumps, e.g., APBK101, APBL113, etc. Samples coming from the same clump
were suffixed with letters in sequence, e.g., APBK111A, APBK111B, etc. The
‘A’ samples of samples from Kota Tinggi Waterfalls Resort clumps are also the

original samples used for the analysis of among-clump variation.

5.2.4  Analysis

The numbers of multi-locus genotypes per clump were determined manually by
examination of the results.

Where applicable, pairwise genetic distances of samples within a clump were
calculated in order to estimate the similarity of the said samples. Genetic distances
were calculated in two ways. The first way was by counting the number of different

alleles between the two samples using the formula

where a?/xy is the genetic distance between samples x and y, L is the number of loci
and 0,,(7) is the Kronecker function, equal to 1 if the alleles of samples z and y

are identical for the ith locus and equal to 0 otherwise (Excoffier et al., [2006)).
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The second way was by computing the sum of the squared number of repeat

differences between the two samples (Slatkin) [1995)) using the formula

where dzy is the genetic distance between samples x and y, L is the number of loci
and az; and a,; are the number of repeats of the microsatellite for the ith locus for
samples z and y respectively. It is obvious from the formula and the description
that this measure of genetic distance assumes that the mutation of microsatellite
loci in Acanthorrhynchium papillatum proceeds in a stepwise manner. This as-
sumption, as already shown in previous chapters, is tenuous at best. It is used
here, however, just as an additional measure to try to further characterize the
data.

Genetic distances using either formula were computed with the aid of the

spreadsheet program ExcerL® (Microsoft, USA).

5.3 Results

Alleles of the microsatellite markers for the different samples used to study within-
clump diversity of Acanthorrhynchium papillatum are presented in Appendices [[]

and [M] Observations concerning the data are presented below.

5.8.1 Null alleles

An inordinate number of null alleles were found in both main and supplementary
samples. Most of these are from the marker APMS28 although many samples
also generated null alleles for the markers APMS14 and APMS4. (The rest of
the markers were null in only one or two samples). The presence of these null

alleles creates uncertainties in the computation of the within-clump genetic di-
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versity of Acanthorrhynchium papillatum, particularly in determining the extent
of vegetative reproduction within clumps of this moss. For reasons that will be
discussed later, null alleles were excluded from these computations. That is, multi-
locus genotypes and pairwise distances were determined by only considering the

contributions of the non-null alleles.

5.3.2  Multi-locus genotypes

Table summarizes the findings on the multi-locus genotypes of the main sam-
ples.

The results clearly show that the majority of the clumps are composed of
samples of single multi-locus genotypes. This was observed from at least half of
the clumps from each of the sampling localities to as many as 7 of the 8 clumps
in the localities in Singapore. Clumps with 2 or 3 multi-locus genotypes were also
found but were always fewer than those with a single multi-locus genotype for any
of the sampling localities. Only one clump, from Sungei Bantang Recreational
Forest, with 4 different multi-locus genotypes was found. Examination of the raw
data shows that samples from Kota Tinggi Waterfalls Resort that were different
from others within the same clump were only different at one locus. This is in
contrast to what was found in the other localities. In these localities, samples
having dissimilar multi-locus genotypes were different at two or more loci.

Data from the supplementary samples show that the single clumps picked from
Gunung Belumut Forest Reserve, Kota Tinggi Waterfalls Resort, Bukit Timah
Nature Reserve and MacRitchie Reservoir are all composed of single multi-locus
genotypes. That is, all 20 samples taken from the single clump from each of these
localities exhibit the same alleles for all eight markers tested on them. In contrast,
2 multi-locus genotypes were found in the single clump picked from Sungei Bantang

Recreational Forest.
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Table 5.2: Multi-locus genotypes of 4 samples taken from each of 8 clumps of Acanthor-
rhynchium papillatum. Header row indicates number of multi-locus genotypes. Entries

indicate number of clumps (out of 8 tested) that have these multi-locus genotypes.

Number of
multi-locus
genotypes
4 3 2 1
Sungei Bantang Recreational Forest 1 0 2 5
Gunung Belumut Forest Reserve 0 0 3 5
Kota Tinggi Waterfalls Resort 0 2 2 4
Bukit Timah Nature Reserve 0O 0 1 7
MacRitchie Reservoir o 0 1 7
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5.3.8  Pairwise genetic distances
Using the Kronecker function

Pairwise genetic distances of the main samples employing the Kronecker function
as described by [Excoffier et al| (2006) are shown in Appendix [N] Examination
of the data reveals that this method is helpful in rapidly showing which samples
within a clump share a common multi-locus genotype. This method can also be
used to show the number of loci at which two samples are different.

The maximum pairwise genetic distance using this method corresponds to the
number of loci at which two samples can be compared. If data are present for both
samples at all 8 markers, then the maximum difference between these samples is
8. If a sample is null at one marker, then only 7 markers can be used to compare
the two samples and the maximum difference is 7. By summing the pairwise
differences of samples within a clump the degree of variability with respect to the
number of loci at which the samples are different can be quantified. The effects
of the exclusion of null alleles can also be estimated by computing the sum of
the maximum possible pairwise differences (e.g., if data from all loci are present,
then this sum is equal to 8 x6=48). A summary of these sums are presented in
Table £.3]

Pairwise genetic distances restate the observations already made from the num-
ber of multi-locus genotypes but also add more information. Each of the four sam-
ples from APBK101 are different from the rest at 3-5 loci. Moreover, the sum total
of the pairwise differences for this clump are more than half the maximum possi-
ble value. Two samples from APBK111 share the same multi-locus genotype and
are different at two loci from the two other samples (which in turn also share the
same multi-locus genotype). Almost all the other clumps that show more than one
multi-locus genotype are represented by a single sample that differs from the rest,

albeit at two or more loci. Again, the data from pairwise genetic distances show
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Table 5.3: Summary of pairwise genetic distances of samples within clumps of Acanthor-
rhynchium papillatum. “Total” is the sum of pairwise genetic distances [computed as
described by [Excoffier et al.| (2006)] of samples within a clump. “Max” is the largest
possible total given the number of usable markers. Computations are further explained
in the text.

Clump name Total Max

APBK101 24 45
APBK102 0 30
APBK104 0 30
APBK107 0 48
APBK108 0 36
APBKI111 8 48
APBK113 15 48
APBK115 0 48
APBL102 0 48
APBL103 15 48
APBL105 0 48
APBL106 0 42
APBL107 0 48
APBL108 0 48
APBL109 12 36
APBL110 12 42
APKTO05 0 48
APKT10 3 48
APKT12 3 48
APKT15 0 48
APKT17 0 48
APKT18 0 42
APKT19 3 36
APKT28 5 48
APBT102 21 48
APBT103 0 48
APBT104 0 48
APBT105 0 48
APBT107 0 48
APBT108 0 36
APBT109 0 48
APBT110 0 48
APMRI103 0 48
APMRI105 0 48
APMR106 0 48
APMR108 0 36
APMR109 0 48
APMRI111 0 48
APMRI113 0 42
APMRI115 15 48
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how the multi-locus genotypes of samples from Kota Tinggi Waterfalls Resort, if
different from the rest of the samples from the same clump, are only different at a
single locus. This translates to low sums of pairwise genetic distances, much lower
than the maximum possible totals for the clumps in consideration.

Because the supplementary data show that only the clump from Sungei Ban-
tang Recreational Forest shows more than one multi-locus genotype, pairwise ge-
netic distances from only this clump are shown in Appendix [O] In this clump,
APBK112, 16 samples were found possessing one multi-locus genotype while 4
shared another. These two genotypes were different at 2 loci, APMS28 and
APBMS14. The total sum of pairwise genetic differences for this clump is 102

while the maximum possible is 1520.

Using sums of squared-differences

The method of |Slatkin| (1995) for computing pairwise genetic differences between
samples is also helpful in showing which samples within a clump share a com-
mon multi-locus genotype. However, the utility of the method comes to fore in
suggesting the degree of difference between alleles of the same loci of different
multi-locus genotypes. This is done by recalling that the stepwise mutation model
of microsatellite evolution suggests that larger differences in the number of repeats
of alleles of the same loci imply greater genetic distance between these alleles. By
summing these squared differences for all usable loci, the total becomes a measure
of the overall genetic distance between two samples when the stepwise mutation
model of microsatellite evolution is assumed.

Earlier data for the microsatellite markers used suggest that while most of the
markers are based on dinucleotide repeats (and therefore should have repeat units
that are 2 bases apart), many samples exhibited alleles that did not fall neatly

in multiples of 2 bases away from other alleles. As has been discussed before,
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this suggests that the mutation of these microsatellite markers may not be strictly
stepwise. In this regard, all the markers were assumed to have repeat units 1 base
apart. That is, the difference in the number of repeat units between two samples
for any marker corresponds to the base-pair difference in the fragment lengths of
the samples for that marker.

Pairwise genetic differences using the method of |Slatkin| (1995) are found in
Appendix [P} Large values were obtained for most of the pairs of samples that were
different. Although this can once again restate that the samples were different at
multiple loci, these values are better explained by the large base-pair differences
in fragment sizes at these several loci. While most of the base-pair differences
were found to be large, smaller values are seen for one clump, APKT10. In this
clump, only one sample differs from the rest and at only one locus and for only a
few repeat units.

Total sums of these pairwise genetic differences are presented in Table [5.4]
Since it is difficult to establish upper bounds of the fragment lengths for any of
the markers, maximum possible sums cannot be computed nor shown.

Concerning the supplementary sampling, data are again shown from only one
clump, APBK112. Pairwise genetic distances using the method of [Slatkin (1995)
are presented in Appendix|Q| The low values restate the observation that the two
multi-locus genotypes are different at only two loci and that at either locus, the

alleles are different by only 2 or 3 repeat units from the rest.

5.4 Discussion

The results of the experiments in this chapter are straightforward: Acanthorrhyn-
chium papillatum clumps are mostly composed of a single-multilocus genotype
regardless of the source of the clump. Vegetative reproduction seems to be more

important than sexual reproduction within clumps of A. papillatum. These de-
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Table 5.4: Summary of pairwise genetic distances of samples within clumps of Acanthor-
rhynchium papillatum computed using the method of [Slatkin| (1995). “Total” is the sum
of pairwise genetic distances of samples within a clump. Computations are further ex-
plained in the text.

Clump name Total

APBK101 3710
APBK102 0
APBK104 0
APBK107 0
APBK108 0
APBK111 4916
APBK113 4593
APBK115 0
APBL102 0
APBL103 4065
APBL105 0
APBL106 0
APBL107 0
APBL108 0
APBL109 3012
APBL110 1779
APKTO05 0
APKT10 48
APKT12 4563
APKT15 0
APKT17 0
APKT18 0
APKT19 386
APKT28 5763
APBT102 816
APBT103 0
APBT104 0
APBT105 0
APBT107 0
APBT108 0
APBT109 0
APBT110 0
APMRI103 0
APMR105 0
APMR106 0
APMRI108 0
APMR109 0
APMRI111 0
APMR113 0
APMRI115 4665
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ductions, however are weakened by the presence of null alleles that were found in
the data. Although null alleles introduced some complexity to the analysis, they
nevertheless strengthened ideas on the biology of the moss that were first seen in
earlier chapters. Another interesting finding is that a small amount of genetic vari-
ation was found within clumps of the moss. Null alleles and the genetic variation

found within clumps of A. papillatum are discussed below.

5.4.1 Null alleles

The large number of null alleles found in the data presented problems in determin-
ing the within-clump diversity of Acanthorrhynchium papillatum, that is, clonality
or the extent of vegetative reproduction was difficult to ascertain. Pairwise genetic
distances were also hard to compare between samples that had a full complement
of alleles and those that were null in one or more alleles.

Although multi-locus genotypes can be determined from mere examination of
the data, the determination of the exact number of multi-locus genotypes found in
a group of samples requires that alleles be present for all markers being considered.
This is because two samples can share the same alleles for 7 out of 8 markers, differ
in only one marker, and thus be of different multi-locus genotypes. If one or both
samples are null at one marker, it would be impossible to say for certain if the two
samples share the same multi-locus genotype or if they do not, precisely because
there is no information at the locus of the null allele.

However, knowing the ability of Acanthorrhynchium papillatum to reproduce
asexually, it would be reasonable to assume that two samples from the same clump
that share the same alleles for most of the markers but are null at one are products
of vegetative reproduction. Indeed, this assumption is further bolstered by the low
combined matching probability of the markers: unrelated samples have very low

probabilities of having the same alleles at multiple markers (see again Table |3.17))
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and thus the samples are most probably clones of each other.

Being products of vegetative reproduction would imply, however, that the sam-
ples should share the same alleles for all markers, including those that have been
empirically determined to be null. Null alleles do not necessarily conflict with this
assumption. After all, null alleles could be products of the same mutation in the
binding site of one of the primers and are therefore still the same allele that the
samples share. These would be reasonable assumptions that allow for the simplest
explanations. And yet the empirical data show that it is possible for two samples
to share the same alleles for 7 loci and yet be different at another. This is seen
in the clump APKT10. In this clump, the “A” sample has an allele of 126 at
locus APBMS3 while all other samples have an allele of 130. This is also seen in
the clump APKT12. In this clump, the “B” sample has an allele of 93 at locus
APBMS3 while all the others have an allele of 132. The simplest explanation, and
one that has already been implicated in earlier chapters of this thesis, is that these
differences in alleles may be explained by somatic mutation.

Pairwise genetic distances are also influenced by the presence of null alleles.
Since these distances are computed from sums of locus-to-locus comparisons of
two samples, the presence of null alleles prevent the full comparison of two sam-
ples and potentially reduce the total sum (by preventing two loci from being
compared) and computed genetic distance between the two. Obviously therefore,
genetic distance between two samples with null alleles can be higher than actually
computed. Hence, direct comparisons of genetic distance between sets of pairs
of samples would be inappropriate when null alleles are present. Assertions that
there is greater genetic distance between one pair than another cannot be made
when one or both pairs have null alleles because the pair with null alleles could
be more distant than the other. This is true regardless of the method used to

compute genetic distance [Excoffier et al.| (2006) or |Slatkin| (1995))].



193

How then do we compensate for the presence of null alleles?

Interestingly, as far as multi-locus genotypes are concerned, null alleles behave
somewhat like hypothetical markers that have not been used on the data: samples
may share similar or different alleles at these markers but they do not affect data
that are already present. Loci with null alleles can therefore be disregarded and
the number of multi-locus genotypes in a set of samples determined from data that
are available. No assumptions need to be made about the alleles. Excluding loci
with null alleles can be done without bias when looking only at samples within
the same set. The presence of null alleles, however, has to be taken into account
when comparing among sample sets that have differing numbers of usable loci.

The exclusion of loci with null alleles can also be done when computing genetic
distances between pairs of samples. Once again, the presence of the null alleles
have to be highlighted when comparing different groups of samples. Although not
conventionally done, one way this can be achieved is by computing the maximum
possible genetic distance between samples [again, this cannot be computed when
genetic distances using the method of [Slatkin| (1995) is employed as reasoned in
the results chapter|. Samples with null alleles will have lower values since the null
alleles cannot be compared. These values can serve to normalize the computed
genetic distances so that better comparisons can be made of groups of samples
with null alleles.

Overall, the presence of null alleles may complicate, but does not preclude
analysis of the data. However, their presence demands that caution must be
observed particularly when comparisons are made between different groups of
samples. This implies that the presence of null alleles, in addition to the relatively
small numbers of samples available in this experiment, limit the analysis to only

qualitative or, at best, semi-quantitative methods.
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5.4.2  FExtent of vegetative reproduction

One of the main objectives for conducting experiments in this part of the thesis
was to determine the extent of asexual or vegetative reproduction within clumps of
Acanthorrhynchium papillatum. The use of the microsatellite markers developed
earlier in this project helped in this regard. Their high combined power of dis-
crimination suggests that samples with the same or similar multi-locus genotypes
are derived from products of asexual reproduction.

Examination of the multi-locus genotypes of samples of Acanthorrhynchium
papillatum taken from the same clump suggests heavy reliance on asexual repro-
duction within clumps of this species. This is supported by findings from both
main and supplementary data. Nearly 3/4 of the main clumps surveyed were
composed of samples with a single multi-locus genotype. Moreover, nearly all of
the main clumps surveyed (38/40) had at least two samples with a single multi-
locus genotype. Supplementary data show that more extensive sampling within
a clump may not necessarily reveal more genotypes. In the supplementary data,
clumps from 4/5 sampling localities were found to be composed of samples of single
multi-locus genotypes. The single locality, Sungei Bantang Recreational Forest,
with a clump having more than one multi-locus genotype, had only two, with one
clearly dominating in number. The data also show that A. papillatum seems to
rely greatly on asexual reproduction regardless of the source and, by extension,
the quality of the habitat of the clump.

The data show, however, that the clumps are not purely composed of moss
strands with a single multi-locus genotype. A sample different from the rest of
the samples within the same clump was found in at least one clump from each of
the sampling localities. Most of these samples were different at several loci and
were genetically distant from the rest of the samples in the clump. This suggests

that these clumps were “seeded” at least more than once by samples of different



195

origins. Had these samples been different at only one locus then the variation
within the clumps could be explained in another way as suggested below.

Several clumps from Kota Tinggi Waterfalls Resort, had samples that were
different at only one locus. Since the high combined power of discrimination (or
low matching probability) of the microsatellite markers diminish the probability
that unrelated samples share the same alleles for the seven loci, it is suggested
that these samples are, in fact, related and are products of clonal reproduction. It
is further suggested that the differing alleles are products of somatic mutation, not
of sexual reproduction. Recalling that vegetative growth of mosses proceed from
a single meristematic cell, somatic mutations in this cell are easily propagated in
the younger tissues of the moss.

If somatic mutation is assumed to be the reason for deviations from complete
correspondence of all loci between two samples, then it is intriguing to note that
the differing alleles in these samples are not adjacent to the main alleles (see
again discussion on the clumps APKT10 and APKT12). This implies that the
assumption of stepwise mutation model of microsatellite evolution for this group
of samples may be false and that the markers are evolving in a different way.
However, more extensive testing needs to be done to confirm this and all the other
preceding suggestions.

The suggestions on somatic mutations also have implications on the treatment
of null alleles so pervasively found in the samples. If asexual reproduction can
give rise to two samples that share the same alleles in all markers except one (the
one where somatic mutation has taken place), then conversely, this implies that
two samples need not have the same alleles at all loci for them to be considered
products of asexual reproduction. This means that samples having null alleles
at a single locus can still be considered products of asexual reproduction. The

true alleles could be different or the same and it would not change this evaluation.
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There would be no need to assume the true alleles before deducing that the samples
are products of asexual reproduction.

The suggestions above may be true for samples that are null at only one locus.
Many of the samples, however, are null at several loci. Caution must still be
taken and confirmatory steps must be done in future experiments if adequate

comparisons are to be asserted for these samples.

5.4.83 Presence of multiple genets in a clump

The presence of multiple genets in a clump, whether from somatic mutations of
products of asexual reproduction or from sources exogenous to the clump, directly

contributes in maintaining variation in the population.

5.5 Conclusions

This chapter fulfills the fourth and last objective of the thesis in addition to
completing the picture on the genetic diversity of Acanthorrhynchium papillatum.

Notwithstanding the limitations of the sampling and the problems associated
with null alleles, the results on the experiments to characterize the genetic diversity
within clumps of Acanthorrhynchium papillatum still provide interesting insights
into the biology of the moss.

Asexual reproduction seems to be more important than sexual reproduction
within clumps of Acanthorrhynchium papillatum. This was evident while utilizing
two modes of sampling and three measures of genetic variation. Asexual repro-
duction seems to be the prevalent mode within a clump regardless of its source or
the quality of its habitat.

Clumps of Acanthorrhynchium papillatum are not always solely composed of
a single genet, however. Individuals of different multi-locus genotypes were de-

tected within clumps from each of the sampling localities. Individuals of different
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multi-locus genotypes may have originated exogenously or from somatic mutations
in mosses that originally were clonally produced. The number of loci where the
samples are different can offer clues on the origins of the differing genets: when
individuals are different at only one locus then there is statistical reason to con-
clude that the origins are from somatic mutation. Differences in multiple loci
could either be from somatic mutations or from exogenous sources and further
confirmatory experiments need to be done. Nevertheless, the presence of different
genotypes helps contribute and maintain genetic variation in the population.
Further experiments would be desirable to elucidate the true origins of the dif-
ferent multi-locus genotypes in clumps of Acanthorrhynchium papillatum. More-
over, better, more extensive sampling can perhaps be made and tests to see if
sample number, marker number, clump number are sufficient to draw quantita-
tive conclusions on the within-clump diversity of the species and how they compare

among the different localities.
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Chapter 6

GENERAL CONCLUSIONS AND FUTURE
PERSPECTIVES

This thesis project is the first report on the population biology of a moss indige-
nous to Southeast Asia in almost 25 years. Four main objectives were set at the
beginning of the study, each of them was fulfilled at the end.

The first objective was to develop microsatellite markers for a moss that was
native to the Southeast Asian tropics. Eight microsatellite loci were isolated, char-
acterized and evaluated to be suitable markers for studies on the genetic diversity
of Acanthorrhynchium papillatum. The markers were developed only after several
attempts and considerable optimization of laboratory techniques. Microsatellite
libraries were also constructed for three other species of mosses, Pogonatum cirra-
tum ssp. macrophyllum, Thuidium plumulosum and Thuidium cymbifolium. Mi-
crosatellite markers were developed for P. cirratum ssp. macrophyllum by honours
students. Markers could not be fully developed for T. plumulosum and T. cymbi-
folium because of limitations in time and other resources. A welcome offshoot in
the development of microsatellite markers, however, is that the lessons learned in
the process will make it easier to develop these markers for other species in the
future.

The second objective was to obtain baseline information on the genetic di-
versity among clumps of Acanthorrhynchium papillatum using both the newly-
developed microsatellite markers and I7T'S2 sequences. The third objective was to
determine if genetic diversity as measured by these markers was affected by the

quality of the habitat in which the moss is found. To address these objectives,
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samples of the moss were collected from habitats of different degrees of degradation
and examined using both markers.

Using the microsatellite markers, high levels of allelic and genotypic diversity
in Acanthorrhynchium papillatum were discovered in each area sampled. The
results obtained oppose the early notions that mosses have low levels of genetic
diversity. Such high levels of diversity were attributed to high mutation rates seen
in the microsatellite markers used. The comparison of genetic diversity among
clumps from different sampling areas revealed that areas that were qualitatively
determined to be of reduced habitat quality had slightly lower levels of allelic
diversity. Genotypic diversity in these areas was markedly reduced suggesting that,
in habitats of reduced quality, vegetative reproduction was the more important
mode of reproduction in A. papillatum. Somatic mutation in individuals that
are products of vegetative reproduction is hypothesized to allow the species to
maintain genetic variation when other sources of variation are restricted.

A small but important finding in the study using microsatellite markers is
that experimental conditions, including the type of instrument used, can affect
the data. While fragments of the same length are consistently sized using the
same instrument type, they may be sized differently when another instrument
type is used. Relative differences of different fragment lengths within one type of
instrument, however, remain the same. This allows similar statistical data to be
obtained when a different instrument type is used on the same data set. Within
one study, however, it is imperative that the same experimental conditions be
used.

Another molecular marker, sequence information from 752, was also used to
study the genetic diversity among clumps of Acanthorrhynchium papillatum to
supplement the data obtained using microsatellite markers. Considerable levels of

nucleotide and haplotypic variation were detected in this locus between and among
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the different samples studied, again belying the early assumptions that mosses are
genetically depauperate. Comparisons of IT'S2 measures of variation to their
analogs in microsatellite markers reveal that higher levels of variation is seen with
microsatellite markers than with I7'S2 sequences, underscoring the importance
and utility of using microsatellite markers in population genetic studies.

As measured by both markers, significant genetic differentiation and moderate
to high levels of genetic structure are seen among the populations studied. These
results suggests that the Acanthorrhynchium papillatum populations from the dif-
ferent sampling areas are genetically isolated despite the short distances between
and among these areas. However, the high rates of mutation particularly evident in
the microsatellite markers might mitigate any tendency towards allele fixation by
the creation of new alleles by way of mutation (instead of recombination through
sexual reproduction or through gene flow from neighboring areas).

The fourth and final objective was to describe the genetic variation within
clumps of Acanthorrhynchium papillatum using microsatellite markers. Branches
of this moss were selected from clumps sampled from the same areas and habitats
visited earlier and studied using microsatellite markers. Very low levels of diversity
were found within clumps of this moss regardless of the habitat quality of the
source of the clump. The results therefore show that vegetative reproduction is
the more important mode used by A. papillatum within clumps. Despite this
finding, low levels of allelic diversity were also found, corroborating the suggestion
that microsatellite mutation rates in this moss are high.

The high rates of mutation seen in both microsatellite loci and ITS2 sequences
of Acanthorrhynchium papillatum have interesting implications in the survival of
this species. In the absence of sexual reproduction or exchange of genetic material
through migration, genetic variation can be maintained in an isolated population

through somatic mutation. This source of variation, on top of the ability of the



201

moss to reproduce vegetatively, allows the moss to produce more individuals that
can themselves undergo somatic mutation. Thus, even an isolated population of
this moss may survive or even thrive as long as there are places for it to grow.
This finding, however, is not a license to disturb or destroy the remaining habitats
of this moss but rather is a testament to the ability of a species to survive in the
face of habitat destruction.

While the results obtained from this study answered the questions that were
set at the beginning of the project, improvements to many aspects of the project
are possible. No thesis project, however carefully planned and executed, is perfect.
This one, in particular, could have benefited in several ways:

Despite many attempts at isolating microsatellite loci and evaluating them as
markers, only 8 were successfully developed. If more microsatellite markers had
been found and used then they could have strengthened the data and lent more
rigor to the findings.

The microsatellite markers could have been better evaluated (particularly re-
garding linkage disequilibrium) if diploid (sporophytic) specimens of Acanthor-
rhynchium papillatum had been available for collection and analysis. Unfortu-
nately, few sporophytes were encountered in the field. Moreover, DNA extraction
attempts on these few specimens were unsuccessful. The collection of enough
sporophytic material and the development of a method for extraction of DNA
from these samples would help more fully characterize the microsatellite markers
developed for this species.

Overall, significant insights into the genetic diversity of the moss, Acanthor-
rhynchium papillatum, were revealed by this thesis project. However, it should
not be forgotten that Acanthorrhynchium papillatum was studied as a represen-
tative of pleuocarpous or creeping mosses in Southeast Asia. Thousands of other

pleurocarpous moss species under threat from habitat loss remain unstudied. The
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results from this study, while useful, only suggest what could be happening to the
population biology of other species; the only way to really know would be to study
these species directly. With the development of new techniques and the inevitable
improvement of technologies in the life sciences, the study of the genetic diversity
of mosses is now easier than when the project was first started. It is hoped that
the present project is only one of the first of many future enquiries into the genetic

diversity and population biology of mosses in Southeast Asia.
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Appendix A
“DIRTY” SEQUENCES

The following are the FASTA-formatted, “dirty” sequences from both APMS and
APBMS libraries. Sequences are dirty when too many uncertain base calls prevent
the accurate identification and trimming off of linker and cloning vector sequences.
(In two cases, the insert is a chimera of two microsatellite-enriched fragments and
is also classified as dirty). Where forward and reverse contigs of a given plasmid
were impossible to assemble (given the uncertainty of many of the base calls) only
one sequence, that from the primer end indicated, is presented.

>APMS13
GATTNTTTANAAGTTCCTGNTNGGGTTTTCGNCCCCTTNTNAANTTGAGGGGTCGATTTTTTTGGAT
TGNTCGTTCAGGGGGGGNGGAGNCNTATGGAAAAACGCCAGCAACGNGGNCNTTTTTACGGTTTCCT
NGNCTTTTTGCTGGCNTTTTGCTCACATGTTNTTTCNTGCGTTATCCCCTGATTCTGTGGATAACCG
TATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTG
AGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAAT
GCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTA
GCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTG
AGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCGCGCAATTAACCCTC
ACTAAAGGGAACAAAAGCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGCAAGGCCTTAGCACACAC
ACACACACACACACACACACACGCACACACACATACACTCACCCTGGTATCCTCCGTCAATGGTCCA
CTAATACCTTCAGCTTCTGCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCGATATCAAGCTTA
TCGATACCGTCGACCTCGAGGGGGGGCCCGGTACCCAATTCGCCCTATAGTGAGTCGTATTACGCGC
GCTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCT
TGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAA
CAGTTGCGCAGCCTGAATGGCGAATGGAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAA
TTTTTGTTAAATCAGCTCATTTTTTTAACCAATAGGCCGAAATCGGCCAAAATCCCTTATAATCAAA
AGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAANGAGTCCCCTATAAAGAACGGG
GGACTCCCACGTCCAAGGGGNGAAAAAACNGCNCTATNAAGGGGGGATGGGCCCACCTACGTGNAAC
NATCCCCCCTTAATCAAGTTTTTTTGGGGGGCNGGAGGGGGCCNTAAAAGNNNCTAAANCNGGNAAC
CCCTTAAAGGGNGNNCCCCCCGAATTTNTAAAANTTTTGACGGGNGAAAAAAACCCGGNCAANCCTG
GNCAGGAAAA

>APMS19 --T3 end

GCCNNNNGNNCANNGTTTGTANCTCNNNCCNNGNNGGANGNNNNNAAAGGGANNGNNNGGCNCTTNG
GNCCNNCTCGCNANACTGAAANNATNCNCNGNNNNNNCTNTGCCCNTCGCNCTNNANNNANNATNGN
CGAGCNNNCTTANATTATTNNCTTTTCCCCCGANNAANATTNTGNNTANGACCANAGCACTGCNNAN
GCAAGAATCNNTCNCNTGTATNTCTNNNNNCCCGCCCCGCTNNTNAACNTCNCNNCNNNNNAAACNA
NNACGCCTGNNNGNCTTNGGTNTNTATANAANNNGAAAGATNTTNNANGAACAGANTTGTTNNANGA
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NNGNGGGTGNGTNNNNGNTNANAGTANNNNCTNNCACTCCTNCCTCTTTGNCCNNNCACTNTTTGNA
ACCNNANNTNTAGNNATCGANGCNNNNANCGNNNGACNATTNNNTGNATNCAGNCTCTCTTNACNNN
TNNNATGCCTNTCNCNNCCANCNAACCTTANGTNNNNGCTCGTNTNNGTNCNTNGGCNNANTNCNGG
AGANNNNNAGACANGNAGCAAGNTNTNATNANANNTCTATTNNANGGGNNANGNGAGNAGANNCNGT
GGTGATACTTCCTCTNTTNAAGNNGTATNATAAAGNANGGANNGNNNANNGGNGNCAGGGNGANGAC
NNNTTCACCGNTNAANGNNGNTGNANCTNTNNCTTCTCTTCNNCNTTTCATCTCNATCTNTCTNGNG
NNTGTGGCTGNCNNNNNTNNNGNCNTCGCNAGNTATGTANANGNGTTNTNAGCTANTACATANAANN
GTNTATGAGNCTNAANANTNCTCGANTTNGTNNNCAGNNNTCGANNCTTNNGNNCNNCGTNNGNCGA
NNNTNNCNAANCCNATTCACNTCNNANCTCTNNGNNNNGAGGNNNGCTNTNATGTAANGNTGNGNNG
GTGGCNTCCGANGCTGANNCGTNCGTNCGNNNTGGCGCCGAGCNNAGAGNCTCGCAACNGGNCGNAG
ANNTCTACTNCCACNNGNNNACNTCNGNNCAANACNNANTNGNGANCAGTGTGCNAGTACTGNANTG
AGCANTCCANNNNNNCANTATATANCTATNATNTNNACNTNNTGTNNAGNGANNCNTATCANTGTTA
NGNACNGGTNNNTACNNCAGANCNTGTATATGTCNGTNNCTNNGNNATTNTCCCNCTNNNNANCACT
AGTNNCTCCCNCTGNTNCTNTGCNNTTNANTCNNTCCTNANTNNTCNTATNTCNCNTNTTNNNNGNT
NTNAGGNTNCNGNAGTNANGGCNTNNNANNNNNGNNTNTNNNTG

>APMS49 --T3 end
CCCCGGGGGGNAAANNANGANTTNNNNNCCTTAGGAGGAGNAAAAAGGGNGGANGCCCTTTTTTCCC
CCNATCNGNNGNAGAAAAAAANNTNGTNGANANGATNCNGNANNNACGCACANGGGNTCTACNGCCN
CNGGNGGANGATTGANNNCCNNCGAGNGGACGACTNTNNGCTNNCNNCGGANTACANATANANNTCN
AGAATCAGNGCANAGNAANTNGCTANGNNCNCNGNCNCCCNCNNGNTNGTCNANNCNTNNNCNTGGC
NANNNAANNGNNGNTATTACTANNACNATAGNTNTNNGNGNCAANANNCNNANNCNCANNNAGGATC
NGCGGGNGGTCNTNNNCNTGCTGNNGCNNGGAGNGNGNNTGGNCNNNCNGGCGGTANGNGAGGCGCT
ACNCNNAATNATAANCNTANTANNANAANNNNGANTANNAANNNANTGNNNGGNAGGCNTCANNTAG
NCNCNATTNNNTNANATGNNCGGNGCNNNNNATTGTTATCTANTTNANATANAAANGNANGNNGTNT
NNACTNAATNANNCCCGNNTCNNNNGCCTANNTNANAAGCGCCTNANANAGCGNNGGNNGAAGGNNA
GTNNNNNNCNCTACNCNTTNTNGACTCACGCNACNCTGGATNANATNNTGNTNNNTNGNGNCGGAAG
AANANANGACNNATGNTNNTANTTNCGCANNCAACANNANNNGAAGGGCGGTAGNNNANCNGTAGNN
TGNATNNNGNTAGNNCGTTNNNNCGGGGNGGCGGTAGGGNGTNNGNNAGNCAGNNGNGGNNAGAGNN
TGNCAGNNGAGNTNCNAGNGGAGTNNCGNGTGNNNTNACGCNATNANNNAAATAANTNATGCGNCNG
NGNNTANNTGTCNNTGGATCGAGAATGTTTTANANNNNAATTATATNNNNGTGCNNTNTNAGCTNNN
AAGAGGTGANTGNNNNGGATCATNCANTNCANGAAGGGNCNNNGTNANNNAGNCNNATNGANNTGTA
GCGGNAGNNGNNNNNGCATAGNGNNAGCAGCGNGNNCNCNNTCTNGTNNGCGNAGTCGGANNNCTAC
NAAGNGNAGACACNCNTNANNNANGTACGAAAGACNGAAANACNNTGCNAANGNACTGACNNNCNNA
CAGNANGANAAATGNNTCTTCTCNNNNCTNNCCTCTNNNCGCNCGCNCCTNGGCNCATNANTACNAT
CNAAAGCNAAGTANAGAGAANATNAANNGNNTNNNNNGNNNATNAGAGCCTNNCNACNTNCNNACCT
GACT

>APBMS9 --T7 end

NGNTNAGGNNGANAGGCNCGGGCTTTTTCCTAACACGGGGGAACAAAANAAANAGGGNGATGCNGAA
NGNTNGNCTNGTTATTGTCCANNCCCCCCAGGNNTCCGCCGCTGANNNGGGTNCGTATNGAGNGGGA
NGACNGCNGGCGNNCNANCTNTNNNNNNNTTNNAGNNNNNNGNTAAGNNNCNNNNNAAANAAAANAA
NCANNCNCGTCTTGNGANATNNNGAGTGGNNNNGCTNANCGCNATNCTCCCANGANGNNGCCGAGAA
CNANCCCCNATTTTTTTCNNGCNNGCCANNGCGNCNGGAGNACAAGANNANNCGCNCNCCAATCNNA
ANAGNNNGAAAGTCNTTTNNANNNNNCGCNGNCGCNCNNGNGNNAANTAANGNNNNNAGNNCGCGGC
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GGGGNNNNNNNNGTCTNTNNNNTTTNTGGTCNNCNNTNGCNGNNACCNNNGNGNGGNANAGGGNNGA
NNGNGNNNNTNGGGATGNGACANNTACNTNAGTAGANGNNTNTNNANNGNNNCANCTANNCNCCAGC
CTNGNTGNACCNNGCNACNANTNCACCCGCACNANGNNGGCCNNNTANCCCNCTCCCANTACTCNCN
ACACCNGCNNACANCNNCNCGCNTCNNCNNCCNNGCCCGGCNNNNCTNANAGCNNCCCCNNANNCNN
TCACNCNNTCCTCGNNTNGAGGGGGNTNGNTNANAAANNGNGCANNANTNNGANNNGNANNNNTGAC
NNNTGCNGCNCNNNNCNCCGNNNCCGNNTNCCCNAGGNNNGNNGANGCNCANNNCNGGGNGCGNNNC
GCNNGGNNGNCNNGNNNCNNNNNCAGNGNGGGNNANACGCGCCGCNNCCTACCCCACCNNCCCTCTN
AACCNNACCCNGCGGGNTCNAGACGNGGANNGGGGCCTNNAGGNNNNNAGGAGGAGNNAGNNNNNCG
CGGCGNNCCCNGNCGCNCTGNNGGCCCGNTCNGCAGNCGCAGNNANNANAGAATANTATCANANNNC
ATNGAATCNANCNTCGCNCGCCTNAGCNANGTATGTTCAGNNCATTTNTAGNTNAGTNNTNTNTNTN
NANCTAANANANCNATAAGAGCAAGTAGGNATGNAACAAANGAATNANNNGNTNTANCAGNACANNA
ANNNTCCANTGTGCANCNNAGCNCGTAGAGNCNGANCCNANCGAAG

>APBMS26 --T7 end
GGNAGACNCGNGCNTANNNNNGNNANGNACNGNCNNTNNGNGTNGTATTTNGGNNNAGAGTNANGNT
ANACTCAGNAGCNCGGNGCTACANCNANATNNNNNNCNNCNTNANNTNTNGGANCGNNATTTGANTN
ANNNNCANNNTNCCNAANTCNTGNTNGTCNGNNNNNATNCGTCTANNNNTNCNNNCNGNATAGTNAN
TANAANNTANNNTCGNGNNNGTCNNNNATGNAGGNTNNNTNNACNNCAGAGTANCNAGTNGNNCGNA
NNCAGNNTGAGACTGCGCACNNGANGCGGANTAAATGCNNNGGNNGGGTTCANNATGNCCCANNGTN
NNNCTCNCNTCGCTNACCNNNACGNGCNGCTNGGNCCNCNNNATCGGNGNGNNAGACCGNGNNNTGA
NNANNNNTANNNATNNTGNNNCTNANTNTGNANNNATTNTCGGGNTNNCNTNACGTCGCNAAANNCG
TNGTNTGCCAAGAGNNNTNNNCCANCATGACCNTTNTNNTCNCCNCNNNNAGNCTTNTCNNCNCNNN
NNNCGCNCNGNCNNCCTNNTCNNCCTNCTNCGTTNCCTCTNCGNACTNGATNNTNTCCTCNTNNNCC
NCNCGNNTCTNCCNGNCCTTNNNNTNTNTNNNNGNTTGATNTTGNTTNNTGTNGANTANTGNNNNTG
ANNGNNTCTCNATTTNNNNNGNNNATNCAAGNNAGNNNAAGGGANAANAATAAANACGAATAAAAAA
CAGNGTNNNAGANAAGNAAACGNANGNACNATNNCCNNTTGNGTGGNNGNNNNNNNANTNCACGNNN
GGANANTTGNCCNANNAAAAAGNNNAGNTNNGGCNTGGNNGGNGGANNNNNANACCCANNNGNAAAN
NAGGTGTGNNCNCGGNGNGNGTNNNCNTCNGGGTNNCGNNANGCAAGNGNNCGNCCNCCNNNANAGN
AAGAGCGNNNNNTNNNAACNAGCAANGNNTGATNTNNNNGAGCNNNGNNACCNNCACNNCNCANNGN
CGNNNNNGGNNATNGTNGGAGANNACGATGTNCGGCNGTTGTTANTNACNAACCACNAGACNCNAAN
NGTGGTGAGGCGNCCNNGGTCNCNNACAAACANNANATNNNNNCCCTACNNNATNNGTNNNACTNAG
GAGNGATATAGNGCNNAGNTNAGCAAGCNACAACGACNNNGCAACNACANNTNANNNGGAACACNAN
GAANTTNNCCNGTANCNNANGCACGCACATCNGCNCTNATGNGANATGANNCGNTNCCCGTCNCNNC
NCGNCCTCCGNGTCGGTNNNNCGGCGNGNNNNGANNGAGNTGGCNNACANNGCCACANNCNCNTTTT
GNGTTAGTGCGCNTNGANTGGGCTGATNNTAGATTACACGNGAGANAACTNANATAATAGATNNATG
ATAANNNACTNGNCNCANNTACNTACACTNAAAACANNATTACANCTCCCNNGGGCNGNNNTNGCNG
NNNACACANACTCNTNTNCCCNTGNACTNTGATGNCANNAGGNTNCGCGTNNGCNGCGANNNGGNNA
TAAGNNACNANNAAATNGAATGNTGGACNNN

>APBMS27 --T7 end

TCTCCCCGTTCNTCCCNCCCTCCCGNCNCTTCNTCNTNCCGCTCGNCNNNNANANCCNNNNCNNCNC
CGNNCCGANNANNACCCNACGANAANGCANGCCGNNGACTANNCTNNNGNANCNNNNCCGANGNGNG
NNANGNNNNTNCNATCCANNCATCTCNNNTCCCCGNANCNNCCTNCNANTTNNGGNCNTNCNNNNAN
TANTTNCCNCCNNCCCCGNNAACTCAGGNANNNCCGGNCNNGGCGTCNCGACCNGCACCCGNATCNN
NAANNGATNCCNNCANNNNNANAANANTNTNNTTTTNNTTACNTANCTNNTTTNTTTTNNTNGNTGN



223

CNNTNTNNNTNTTNNNCAGNNNNNNTNGNNNCNCNGNGCNGACCGCNACCCCNCCNNCCCCGCCTGC
CCANNCCNNNCTGTCTGTCNTNNTTCNGANNANANCNCATCATCCCTCNTNNTATNTACCCANTTCA
ANTNTTTGGNNNCNNNNTCNTNNGGGANNGCNNNGNNNTNGGNGTNGGATANNGNANCGNTATAGNN
NNTGNNNNTNTGANNNTGTNGCNNCCTCGATGNCCGGANNACNTANANNANNNNNNGNTGCNAGTGG
TAGTCGAATNTCTGGGNTAANNCGNAGCNTANCNANACTCANTANATNNGCNNTGANCGNTNCCCNG
GGNNGTGCANCNCNCCNCCNCNNNGNCCTNGTCGTNNGNCCCTNNTACNNNGACCGCTGNNCTANGC
NGACATGNCTNNANGCGANNTGCNNNNATANNGGNAAANNACTNGCTNCNCCGTTCNCGNTCTNNCT
CCNTNNTGTCCNNTCTANNCTGCNNCNGNCCNNCGCTCNGGNNNGNCNNTACTCCNTCNGCCTNGGC
CNCNCNNATCGNTTCTNCTCCATCTNTCGNCNGNCGCNNCCNGNTTNNNNNNATAGNACGNNGTNTG
CATNCCTNAATAAGCAANANCNNACANANAANNTNCANNAATCAGNCCGNCAACATCANTNANATNA
TNCNANATNNCNNNNANANTCNNNCNTNCCACGATNNGNACNNACCNGNTCNGCNNNNCGTCCNGAG
GTCTCTCNNCAANTGGANANCTGANNNCGTNTNCGNCNCTANTCCGCGCGACTCNNCNGCCTNTCTT
ACNGACTNACNTNACCTCNNNANTNNACNNCNCANNNNCANACANGGATCTGNGCNNNACANNGCNN
GNNANGGNAATCNANGNNNNNATAAACTNCTANCGTNCNGTGNNCGGNGCCNCACTCCTCNGCTCNN
NTCNNNCGCNNGNNTNNNTANNNNNACNNCTNGNCGNNNTGTNNGNGGCCGCNTGNGTCANGAGNGC
ACGAANNNNACATNGGACNCNNNTNGANNTCGANCCCANGANCNCTGAANAGCNNCTGTCANCANNN
NANCNGNCTATAGNGCGNAGCGCGNNNAGCNNCCCCGCCCNNNNCNCTCGANTTNCCNCCCACNCAN
GNNACNNGNNNCGNCACNCGCCAGGGGNNNTGCCCCAGCGCNANCNCTCCNGAGCTCNCACANGNNN
CGACACNNNGGNNNNTNGCCCAC

>APBMS28 --T7 end
CCCNNNNGTNNNNNCAACCTTGCNTNNGGNNTTTCNTGNNGTNNNGGGGGTTTCNTNNCNTNNCNCN
TCCANANNNCCTCCCCNCTNNTNCCTNTNANCCAAGTGNCAAGAGANANNAGGGAGAATTCNNNNNC
ANGNNNCTCCATTCTTCNGGNANTCNCCTCTATTGTNTCCCCNACTNTNCTNAGNAGTCTATTTNGA
GGAAANTGGANANNTGNCNTNAGANNGACNAGTGAANGGNAATGNCANNGGTTNGCNTNGGNNTCCN
CNCTGTTNGGGNTTTTTATCGNNNTGCCCGACNTGANNACTTCNTCTGNANGAGCNTCTGCTACAGN
GGNCGCCNNCGCGGGGGAGCTCCAGCTTTTGTNTNCTTNACCGNGGGTTAANTGGGCGCNTTGGNGT
NANNNTGGNGNNAGANNNNTCCNGTGTGAAACNGTTATGCAGCTCACNTTTTACNCACNATNATANG
ANCNNGAAGNATNAAAGNGTCCANNCTGGCGTGCCCCNANGNNTACNGCCCNNCNNCANNCAAAANG
GGNAGGNNCNNNAATGCCNNNNACTNCGNNANGGGNNANCCCNNCANCGACANNCNCCTTTNTGAAN
CTGTCCNNACTTANCCGGNANNCGCCGTCCTNNCANTTNNTNNCCNNCTTCTNGNTNNNTCGTTCNN
TTTATTNTTCTGTACATCGAATNNNTTTNNATTNTNGTCTTAACNTCGAANNCTNTCNNNTCNCAGG
GGGGTCGATTCTCTNTTATTNAGCANTATTNTAAGTNANNAAANGGCNACATATAACCCNGNTTACA
TAAANNGCCCGACNAAACNGCNGNNTCCCTGTNNNAAGNCNGNCNNNGTNGTNNNTTTCCCCTTACN
GNNCCTCCCCACTNANGGGGTNTNCGATTCATCNNTGTNNNGNNNCCAGCATAGNCTGCTCANGNCG
GGCNNTATCCNNNNNCTNNCNGNATTCCCTNTGNNNCGNCCCCCGTTNCTNTNANNCTTCTANNCNA
TTTCCCGNTATCNGTNNNCCTCTCNNTAGGNAGANANNTNTNTTNTGNANTACNNANNNTNNTATNN
ATTACNGTATCNCCTNNNCNNNTGNGTACNNNNCNCCCNNTTTTNCCTNTNNNTTTNAANANAATNN
CTNTGTGCTNCNNANNTNNNTTTTGCNCNGTNTNTANT

>APBMS33 --T7 end. Chimera

GCTTCAGGAACTCGTCCGCGGAGATCTTGCCCTGCATGACTCCGGTGGTGCCGCAGGCGAGCACGAC
CTTGACATCGGTGATGCCGATGAAGCCGAGGATGGCCTTGAGGTAGGGGGTCTCCTGGTTGTAGCCC
TCGATCGGTGAGCCCGGGGCATATTCGCCCCCGCTCGCGACGAGCAGCGTGGCCGTCTTGCCGGTGG
CCAGGCCGTGGTAGCCGGTCTGATCGACCTTGAAGGTGATATTGACGCGCACGATGTGGTCGATCCA
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TGCCTTGACGGCGGCGGGAATCGCAAAGTTGTACATCGGGGTGCCGAGAACGATCTCATCGGACTGG
AGCAGGCTTCTGCTAGCAGAAGCACTTCCATGACACATCTCCAGAGTTGCTCAGGCTTGCCGTGAAC
CACGGCAAGGTGCGCGCCGAATGGGCGCGAGAAGGTTAGTACTTCGCCGCGTAGGGCAGGAGCGCGA
TCGCGCGGGCCTGCTTGATGGCGCGCGTCAG

>APBMS35 --T7 end
GGCNCNTGATTCNNNGNCGAAGNCCTNCTNNCCNNNGTNTNNNCGGNCCNNNNCTTCNCCNTCTAGT
NTNCCGANNANTCCCNNCTAGCGCTNTNCCCNNCCCNGNNGGNTGTNNTNTTTTNGGNGNNNGNGNN
NNGAAAAGGGGNAAATNAACCGTTNCANNCTCCTNTTGTNNGNNGGNGNACNCNNNCNNNCGGGNTA
CGGNTNGGNNCNGNTTTNCCTTNCACNCCNNNNCNNNNGANNCCCTCNTNGCTCNANCCCCNNANCN
NNGCCGCCCATCATANNTNNTNTCTCNGTGGCNNTNTNNGNCNNNGCCTTTCCCCCCCCNTGCTTCN
CTCGNNNNGTNNGGNNNAATCCNNANTNNANTGANTACGNNNNGGTNNGNNNTNNAGNCTCCCATCT
NGANCGNAACGGNNANNNCCNGNGGGTNNNNTNTNANATNTCNTTNTGANNNNCTANNNGGANNNGN
NCNTGNCTGNGGCGNNNNGNNNCNNNNTCTACTNTGCNNTNNAANCNNACNNGNNNGACGTGCNCCA
CNNGGNNATNNCTNCNCCANAANTNTNNNGTANNCACTNAATCANTCCNTATANNANATNATNCCNC
TNNCAGACCTNGTTNNNGANTNTTACNCATGTGTGTTTNNNNTNNNNNNTCTNANCNNNNNCTAGNT
TTATANNCTNNCNCTTNNANNNCATNNTCNNCCNTCCGTNNTNCTNTNNAGCATCCTATTNGTTNNT
GNCNNANNGTGTTCNTCNNTNCCNACGNTTNTTNTTNNCNNNTANACAGAGANATANGCNNNANNCN
CNNNGCTNCANNTNTANAGGNNANTCNTNTNCNNNANGNNGNGCGNNCNNNNANTNNTAGNNNTNTN
CTNNNNTNATTNANNNCGANCNANGATTNNAGCNANNGGCAGNNNGNCACTGNCTCNCCCNAACANN
NNNNNNNNANGNANGANNTNNNGGANCNCCCNNNTTNTGGAAANNNGNCGNNGCTCTNGCTTNNNCN
TCACCGNNTCAGAGNGNTNCTTANNTCNCNNNNTGNCNTGCNNGGTNCTTTGTTTNGTNNNACCTNN
NAGTGGNTTCANNNNCTCGCCTCNCCNNCNCTNNCTCNCNAGCTANCCACGCATCCGACACCTNCAN
CCNCCNNGCGCNTCCCTCANGCGNNNGCNCCCCTNNTCTCNNTCCNNCCCNNACACCTACANCCGCC
NNNGCGTCNAANACCCNNCNNTANCNANNNCNGATCNNTNGANNNGNGNTNTCNCANGCNANN

>APBMS38 --T7 end

CNNNGGGNGNNGGNGGGTCGNCNCGANCNNGANNCNNNNNCNNNAGGNTNNCANCTTCTTAATTNCC
CCACNATNNCNTGTGTNTTNTNTNCTCNCTTNNNNNNGGGNGNGCGTANANAGTANCCNANAAGAAN
GNTGNGGGNNNNGNGTNNGNCCNNNNGNNNCTANCNTGTAAATGAANANNNANTNAAANNTTNNTTN
TNATNTGTTCTCTCTCTCNANTTCNGNTTNAANTAGNTNCCGCGGNAGGTNNANACACTNNTANTAG
CGNNNTNCACNNANNNTTNGNAAGANGGCNACNCANNNCCGCNGNTCNGAGCCNCCNNGCTGNGTNN
NNGNAGCNAAGTGGCAGNAGGNGANNNNCTGCNGCCGNTCNANTNNNAGGNNCANNNNTANTTTNNT
NTANANNNATNCTNCGNNAATACGNNGCGGTGNATNGAGGGCGNTNGANNTATNNTNCTNCNAAACA
NTNNTNNCATNNNCTNTGNCNANNNNNTANNAGTNTCCNGTNCNGNNNGCNTCTCTNCNNTCATCNC
ANNNNCCNGTCCNNNGGTTTTGCTNGCNCCTTNAGGGNNGGGGCNTCNGNAGCTGCNACTTGGCATT
NNTGTNNNAAANANTACTNNNNTCCNACAAGNNGGGTNGANATAGNNTAANNTNCATTNAAAANATN
TGCNNNCCNANNTNGNGTAGNCNGGNNNGNNNTTNNANNGGNNNAGGNNNNCGNNNGCNGTCATNAN
AGAAGCTGAANNANNANANNANANNAGGNNNTGCANTTACNNACCANTTGNNNANNTTNAANNANNT
NCNGTNAANCNANGNGGATGTAACNNNNNANNTATNTCTCNNTNNNANNNTGTNNNTGGGNNCGNAA
GGTGTCTNNNNGTTNTNGANTNCGNNNNNGNANANTNANNGTCNNNNTCTNNNGCTGTATCCCNNCT
NANTNNANNCNTCANNNGGNGTNTTGNCNTCTTTNATNTNNNNGNTNTATTTTTGTTTNNAGTTTGN
GGGTGTNTNGGTGTGTNGCNGTATGNNNNTAGTCNCNACAACCTCAATNTCTNNNCCTTGTNCATCC
TTATTTCTNTNTCTNNNTTCTCCTCCTCNCTCNCATCTNGNCNNCNNNTCGCGNTCTCNTCNNNCCN



225

CNTNNNNCNNNCNNCNNTNTNAANACAGTAACAATACNAANNCGGNNGATCNCGTNTCTANNCTAAT
TCAGACATGGNNCTTNNTANTNTTNGAANNTTNTTCTCGNNTNNNNTCTNTGNNNACNTCTATNATG
ANTNNCAAACNAAANCTCNNANCCTCGTNNNNANTCTAATACNTAGACAANNATANTAGNGCNGANN
CNTNANGGACNNANACNNNNTN

>APBMS43 --T7 end

GTCTANGGTATCNACTAAGNTTGATATCTGAATTCCTGCAGCCCGGGGGATCCACTANTTCTAGCAA
GGCCTTGCTAGAGCGGNCGCCACCGCGGTGGAGCTCCNGCTTTTGTTCCCTTTAGTGAGGGTTAATT
GCGCGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCAC
ACAANATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATT
AATTGCGTTGCGCTCACTGCCCGCTTTCCAGCCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATC
GGCCAACGCGCGGGGAGAGGCGGTTTGCGTANTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGC
NTGCGNTCGGTCGTTCGGNTGCNGCGAGCGGTTATCANCTCACTCAAAGGCGGGTAATACGGTNTAT
CCANAGAATCAGGNTGANAACGCANGANANANCATGNNGAGNAAAAGGCCAGCCAAAAGGCCNGGCA
ACCNTNAANAAGGGCCGCNGTTGNTGGCGNTTTNTCCATTAGGATCANCCCCCCCTGANGANGCATC
NCAAAANNTCGACGCGTCNAANTCAAGAGGNNGTCGANACCCCGACNAGGACTATAAAGANACCATG
GCNTNTTNCCCCTNNCAAGNCTCCCTCCGTNCGGCNTTNCTGGTNNCGACCCCTGGACCGCTTAACC
GGNNNCCTGTTCCGNCCTTTTACCACNTTCNGGNAAANGTGANNNNGCTTTTNNCNCANCGCCANGC
TGCANAGTAANTCNATATCNNNGGCNNGCTACGTTCCNCTTCCTANCNTGGGGNNNTTGANNCCNCA
NNNCCTCCNCATTNNNGNCCNGNNGGCTNGGGCNNNATCNAGGTAANTNTGTCTCTTGCGNTCAACC
GNNAAATAACNTATTNTNNCACNTNGAGAGTNACCNNNGGATAANGNTCCCAACANNGNAAGGCNNC
CGGANCCCCCGNNCTTGAGNNGGGCCNTANCNATNTNNNNAAAAANATNNTTTGTANTTCNNCCCGG
GACAGCANCACNGAANAGAGTGGCGTCNCCNGAAAAACCACNGNNGGGTGNTTNTTTNCACANNTTC
CNTAAAAGNNTANNCTNTTTANTTNAGGGNNGNNGGGAGNCCNCANGNGTGGNCNANATACNCNCNC

>APBMS45 --T7 end
NACNGANGACNGNTATCGATAANGCCNNGATATCNAATTCCTGCNTNCCNGGNGATCCACTAGTTCT
AGCNGAAGCAATTCACATNNCACAGANTTTNNNANACNCACGCGAGAGAGAGNGAGAGAGAGAGAGN
GAGAGAGAGACNGACAGCGACNNNGAGAGACAGAGAGAGACNATNAGAAATGAGAGAGGANCAGCGC
GGTNGCGCAAAGGAGCAACAACNCTCTTTCAAATCATTTGAACNGCCNTCCGCTAGAGCGGCCGCCA
CCGCGGNGGAGCTNCAGCTTTTGTTCCCTTTANTGAAGGTTAATTGCGCGCTTGGCGCAATCATGGN
CATAGCTGTTTCCTGTGNGANATTGTTATNCGCTCANATTCCACACAACATACGAGCCGGAAGCATA
AAGTGTNAAGCCTGGGGTGCCCTAANGAGGTGNGCTAACTCNNATTAATTGCGNNTGCGNTCACNTG
NCNCGNTTTTCNCAGANCGNGANAAAACTTGNTCGTGCNCAGCTGCCANTTAATTGNAATTGNNNCN
ANGNAGCGGGNNNGAGNCGGGTGTNGNCGCTAATTGCCGCCGCNCTTTCCGCTANNCNCNCCNNAAT
NAACTCNCATGAGNNTCGNNNCNCTACNTCTNCGNNNNCNGNCGGNCATCTNTNTCCCGTCNAANGG
AGGGTNATNACNTGNTTTTCCCCGGNAGNNNTGGTNTATAACGNNCNNGNAAACANACTNTTGTNGN
CNNACAGNCCNGCCNAANGGGCCAGGGAACNNNTACAAAGGGTNGGNTGTATTTGNGGNTTTTTTCT
NNTNGNNANNCGNCCCCACCGNNACGACNTNCCNAANATCGTCGTNTCAAATGNAANGNNGTGNANA
CCCGNACGGGAATATTAAGNATNNNAGCGGGNTTCNCCCNGGTAGTCACTNCTGCCNNCTCCCNGTT
TTCGNCCCNAGCGATTAANTGNANTNANNCTNNNTTTATNCCTTNNGGNGAANGCANCATTTCTNTA
TNTTCCTTGTTNCNNTATCTNTATTCGNGNTCCTTNCNTCNCATNCGGGGTGGGNNANNAACCCCNC
NTNNACATNNCCTCNCAGNCTNTANNNNTATTTCGANGNNNGACCNNGTAAGAATTCCCCTANCCTN
NGTNNGNANACANANCNACACTCAGCGCTNGCCTCTCTTTNGGGGNNNCACCCTCCANATANATCGN
ATGNTGNNNG
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>APBMS59 --T7
GCGAGNGGGNGNGAGGNNANCGGNNCTNNAGNGTGAANCTAGNNAAAANNAGACTNNNTGNTATGGA
AGNNNNGNGTGANNGNANACACCNTGCACTNANNT