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ABSTRACT
Evolutionary genetic studies of forest trees:
Genetic structure of the boreal forest tree Pinus banksiana, and the
molecular phylogeny of the tropical tree family Dipterocarpaceae
Sandra Lucy Chiovitti

In order to contribute to our understanding of the evolution of forest trees, the
major structural life form of some of the most diverse ecosystems of the world, I
conducted studies on a) the genetic structure of Jack Pine (Pinus banksiana) and b) the
phylogeny of the tropical tree family Dipterocarpaceae.

Jack pine is one of the most widely distributed pine species in Canada and a
valuable natural resource. The purpose of the present study was to examine the range-
wide genetic diversity, population differentiation, inter-population migration, and genetic
distances within Canada. The maritime populations were genetically distinct from the
mainland populations. Genetic distance values for maritime populations ranged from
0.0504 to 0.0812 as compared to 0.0386 across all populations. The overall range-wide
genetic structure of this species likely resulted from multiple refugia events.

The members of the pantropical tree family Dipterocarpaceae dominate Asian
rainforests, and are considered an excellent model to study the evolution of high tree
species diversity characteristic of tropical rainforests. The objective of my study was to
decipher the evolutionary relationships among dipterocarps using the partial sequences
from the gene that codes nuclear 188 ribosomal RNA (N18S) sequence to determine the
phylogenetic relationships within the Dipterocarpaceae. Although the level of

polymorphism detected was relatively low, the overall phylogenetic relationships inferred

il



from the N18S data were congruent with chromosome number of each group, where

chromosome 7 is the derived state, and consistent with historical biogeographical events.
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General Introduction

Despite long-standing debates the mechanisms underlying the evolution of the
diversity of forest trees, the major structural life forms of some of the most diverse
ecosystems of the world, remain poorly understood (Newstrom et al. 1994, Ledig 1988,
Richardson et al. 2001, Webb 2000, Wen 1999). In order to contribute further to the
understanding of the evolution of forest trees, [ conducted studies on a) the genetic
structure of jack pine (Pinus banksiana), a widely distributed coniferous tree in the boreal
forests of North America, and b) the molecular phylogeny of the tropical tree family
Dipterocarpaceae based on partial nucleotide sequences of a nuclear encoded 18S
ribosomal RNA gene.

a) The genetic structure of jack pine (Pinus banksiana):

Jack pine is one of the widely distributed conifer species in North America.
Knowledge of population genetic structure in current natural populations is crucial for its
sustainable management and is an essential component required to understand how
phenomena such as genetic drift or historical refugia events have influenced the
evolutionary process. Genetic studies of jack pine based on traditional genetic markers
have indicated relatively high levels of polymorphism coupled with low levels of genetic
differentiation among populations suggesting an elevated level of gene flow between
populations (Schoenike et al. 1976, Wagner et al. 1987, Dong et al. 1994, Saenz-Romero
et al. 2001, Nkongolo et al. 2002, Ye et al. 2002). Most jack pine studies have restricted
their sampling range to hybrid zones or to local sites. The purpose of this study is to
examine range-wide genetic diversity, population differentiation, inter-population

migration, and genetic distances among natural populations across North America.



b) Phylogeny of the Dipterocarpaceae:

The pan tropical tree family Dipterocarpaceae represents one of the most species
rich tropical trees in the asiatic rainforests. Although chloroplast DNA based
phylogenetic studies of the Dipterocarpaceae are available, comprehensive phylogenetic
studies of the Dipterocarpaceae based on nuclear gene sequences are lacking, Thus, I
conducted a phylogenetic study of the Dipterocarpaceae based on partial sequences of
nuclear 18S rRNA gene and compare nuclear biparentally inherited data to chloroplast
uniparentally inherited data to elucidate the classification of various taxa and examine

post-glacial dispersal events.



I 1. Introduction
I 1.1 Jack Pine ecology and distribution

Jack pine, Pinus banksiana, is one of the most widely distributed pine species in
Canada, and its current natural distribution range extends from the provinces of Prince
Edward Island to Alberta. In the eastern part of its range, jack pine grows in a maritime
climate but elsewhere it is found in diverse continental climates characterized by short
and warm to cool summers to very cold winters with minimal rainfall. Jack pine can grow
on a very dry sandy and calcareous soil (pH 8.2) provided a normal mycorrhizal
association is present or on gravelly soils where other species can scarcely survive.
However, it grows best on well-drained sandy soils (Rudolph et al. 1990). Due to its
intolerance to shade, post-fire recruitment of jack pine is usually limited to a single even-
aged cohort of individuals established within a few years after a fire (Gauthier et al.
1993).

Jack pine is a monoecious species and “flowers” between late June and August.
Its ability to produce serotinous cones, requiring a temperature of 50°C to open, is a
crucial adaptation for regeneration in fire prone boreal forests (Gauthier et al. 1992,
Beland et al. 1993). Jack pine in the southern regions of its distribution range produces
nonserotinous cones (Rudolph et al. 1990). It is considered a pioneer species and invades
areas where mineral soil has been exposed to major disturbances such as fire (Rudolph et
al. 1990). In the absence of fire or other catastrophes, jack pine is succeeded by more
shade tolerant species.

The present distribution range of Jack pine was once covered by ice during the

last glacial period of the Pleistocene era (Marsella et al. 2000, Dyke et al. 2002). Thus,



the distribution of the species is believed to have resulted from re-invasion and migration
over a relatively short period of time (Rudolph et al. 1990). Additionally, the
paleobotanical evidence suggests that jack pine may have survived the recent glacial
maximum in the North Dakota region and migrated to the north and eastward through the
Mississippi Valley into Ontario, and westward toward Manitoba and Saskatchewan
regions (Rudolph et al. 1982). There is also the possibility that jack pine may have
survived during the last glacial period in refugia in eastern North America (Rudolph et al.
1982). Studies on range-wide genetic structure may elucidate the historical distribution
patterns of the species.

Although some studies have investigated the genetic and morphological diversity
of jack pine in its entire distribution range (Schoenike et al. 1976, Wagner et al.1987),
most studies were focused on hybrid zones or selected areas of the distribution range
(Dong et al. 1994, Saenz-Romero et al. 2001, Nkongolo et al. 2002, Ye et al. 2002). A
previous study, which included most of the populations across the natural distribution
range of jack pine, found a correlation between the morphological traits and the
geographic origins of the populations (Schoenike 1976). It also suggested that natural
selection has a significant role in shaping morphological and genetic diversity (Schoenike
1976).

The importance of jack pine as a source of wood coupled with the concomitant
reduction in genetic diversity resulting from various harvesting practices exerted on the
boreal forests, have led to a growing interest in formulating effective management
strategies for this species. Knowledge of population genetic structures, one of the

components used to estimate biodiversity, is crucial for designing programs for



sustainable management of biodiversity (Lindenmayer et al. 2000). To prevent loss of
biodiversity, protected populations are selected based upon genetic distinction, range
disjunction, and/or biogeographic distinction (Green 2005). Therefore, insights into the
genetic structure of a population are useful to identifyregions for conservation (Bangert
et al. 2005, Lindenmayer et al. 2000, Redford et al. 1999). The purpose of this study s to
examine range-wide genetic diversity, population differentiation, inter-population

migration, and genetic distances among natural populations.



I 1.2 Nuclear microsatellite markers

We used nuclear microsatellite markers to estimate the range-wide genetic
diversity and population structure of jack pine. Microsatellites, also known as simple
sequence repeats (SSR), are short segments of DNA composed of 10 to 50 copies of a
unique repeat motif, typically between 1 to 6 base pairs (bp) in length. Microsatellites
are further classified into three categories: perfect, interrupted, and compound repeats
(Hartl et al. 2000). It is assumed that these markers are uniformly and randomly
distributed throughout the eukaryotic genome at a high frequency, and rarely found in
coding regions (Hancock 1995, Baker et al. 2000).

Microsatellites are characterized by relatively high mutation rates per generation
and reported to vary between loci (Thuillet et al. 2002) and among organisms ranging
from approximately 10" in Escherichia coli (Levinson et al. 1987), and 107 in humans
(Weber et al. 1993), to 6x10° in Drosophila (Schug et al. 1997). The mutation rates in
plants vary from 2.4x10™ in durum wheat (Thuillet et al. 2002) to 7.7x10™ in maize
(Vigouroux et al. 2002). Mutation rates are influenced by several factors including: the
type of repeat (Ellegren et al. 1995, Chakraborty et al. 1997), gender (Primmer et al.
1998, Ellengren 2000), and the length of the microsatellite (Schlotterer et al. 1998). The
influence of microsatellite length on mutation rates has been reported in humans (Weber
et al. 1993) and plants (Thuillet et al. 2002, Vigouroux et al. 2002). Although rare, some
microsatellites have been shown to affect expression of nearby genes (Li et al. 2002).
Most commonly, tri-nucleotide repeats have been associated with the onset of various
human diseases such as fragile X-syndrome (CGC), myotic dystrophy (CTG), and

Huntington’s disease (CAG) (Klung et al. 2000, Kovtun et al. 2001). In most diseases



where microsatellites are implicated, repeat sequences reach a critical lengh after which
they become unstable and undergo an increase termed “dynamic expansion” (Groenen et
al. 1998, Smith et al. 1995).

There are two proposed mechanisms that may explain the relatively high mutation
rates observed in microsatellite markers. The most commonly accepted theory involves
DNA polymerase slippage during replication (Levinson et al. 1987, Hartl et al. 2000).
During replication, the template strand momentarily dissociates from the newly
synthesized strand whereby slippage occurs when and if the two strands re-associate out
of phase with each other causing an expansion or compression of the microsatellite (Hartl
et al. 2000). An alternate explanation for such elevated mutation rates involves unequal
crossing over or gene conversion events (Smith 1976, Jeffreys et al. 1994).

The use of nuclear microsatellite markers may address the weaknesses of
traditional genetic markers such as isozymes and RAPD that pose difficulties for fine-
scale genetic analysis of natural populations due to their low levels of polymorphisms or
limited reproducibility or inconsistent results (Jarne and Lagodo 1996). Microsatellite
markers are reportedly effective in assessing genetic diversity at various scales, including
quantifying seed and pollen-mediated gene dispersal as a function of geographical
distances (Epperson et al. 1997, Richardson et al. 2002), as well as estimating the effects
of harvesting practices on the genetic constitution of forest trees (Thomas et al., 1999)
due to their high mutation rates. Thus far, microsatellite markers have been successfully
used to assess genetic variability of plant species (Dayanandan et al 1998, Stacy et al

2001, Lemes et al. 2003), including Pinus contorta (Thomas et al. 1999), Pinus radiata



(Fisher et al 1998), Pinus sylvestris (Soranzo et al 1998), and Pinus resinosa (Boys et al
2005). However, no range-wide genetic studies were reported for Pinus banksiana.
I 1.3 Study objectives

The objectives of this study are (1) to isolate and characterize nuclear
microsatellite markers for jack pine, and (2) to use these markers to analyze population

genetic structure to gain insights into gene flow and post-glacial dispersal events.



1 2. Materials and Methods
I12.1 Samples

A total of 495 samples (seeds or needle samples) from seventeen jack pine
populations distributed throughout its distribution range within Canada were used for the
present study. Approximately 25 to 30 individuals from each of the 17 representative
natural populations were included in the analysis (Figure 1). The population NS1is a
group of half sib families collected from a single source tree. All other populations were
collected from several unique trees in a given location. The geographical locations of the
populations included in this study are given in Table 1 and in Figure 1.

One to two fresh needles, or 0.75g to 1.5¢g respectively, were obtained for DNA
extraction for each individual. Two to three milliliters (ml) of extraction bufter (31.9
grams of Sorbitol (FW 182.2), 1.9 grams of Sodium bisulfite, 50 ml of 1 M Tris (pH 7.5),
5.0 ml of 0.5M EDTA and filled with distilled water to a final volume of 500ml) was
added in a Ziploc plastic freezer bag containing the fresh samples. The needles were
crushed with rollers and the extract was transferred into a labeled microcentrifuge tube
and placed on ice until further processing.

Once a set of samples were crushed and transferred into the microcentrifuge
tubes, the set of tubes were centrifuged at 6000 rpm for 5 minutes at room temperature.
The supernatant was subsequently decanted and pellet(s) were re-suspended pellet with
600ul of Extraction/Nucleic Lysis (1:1) Buffer. To make 200 ml of nucleic lysis buffer
we added 23.4 grams of NaCl, 4.0 grams of CTAB (FW 364.5), 40.0 ml of 1 M Tris (pH

7.5), 20.0 ml of 0.5M EDTA and filled with distilled water to a final volume of 200ml.



To the 600ul of Extraction/Nucleic Lysis (1:1) Buffer, we added 120pl of 5% Sarkosyl
solution and mixed with a vortex mixer for several seconds. The tubes were incubated in
a 65°C water bath for a minimum of 45 minutes and were mixed about half way through
with a vortex mixer.

After the incubation, in a fumehood, we added 600ul of Chloroform/Isoamyl
Alcohol (24:1) mixture and gently inverted the tubes to form an emulsion. The samples
were subsequently centrifuged at 7000 rpm for 5 minutes. The upper phase was
transferred to a clean microfuge tube containing 600ul of Isopropanol, gently inverted
several times, and were left standing at room temperature for a minimum of 30 minutes to
allow the DNA to precipitate out of the solution. The samples were then centrifuged at
14000 rpm for 10 minutes and the supernatant was decanted. We washed the pellets with
70% ethanol and centrifuged at 14000rpm for 10 minutes. The supernatant was decanted
and the samples were left to dry overnight at room temperature. The next morning, to
dissolve the dried pellets we added 150ul of RNase treated TE Buffer (2.0pl of RNase
was added to every 1.5ml tube of TE buffer), mixed them on the vortex several times and

left in the fridge for at least 4 hours.
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I 2.2 Isolation and characterization of nuclear SSR markers

A partial genomic library of jack pine with DNA fragments ranging from 500 to
1000 base pairs was constructed and screened with (TC)ys, (AC)is, (AT)1s, (AC)is
synthetic oligonucleotide probes (Dayanandan et al. 1998). Aliquots of 50ul of DNA
from each of six randomly selected jack pine individuals were pooled (for a total of
300pl). The pooled samples were digested with the restriction enzyme Sau3al (Promega,
Madison, Wisonsin) in a total volume of 600ul for 6 hours at 37°C. The solution was
heated for 10 minutes at 65°C to deactivate the enzyme Sau3al. The digested DNA was
precipitated out with 1300ul of 95% ethanol, washed with 1000ul of 70% ethanol, and
dissolved in 30pl TE buffer (pH 7.4). One microgram of the M13 vector DNA
(M13mp19RF1, MBI Fermentas, Burlington, Ontario) was digested with the restriction
enzyme BamHI for 2 hours at 37°C and subsequently dephosphorylated by adding 0.5p1
(1 unit/pul) of calf intestinal alkaline phosphatase (MBI Fermentas, Burlington, Ontario)
and incubated for 1 hour at 37°C. The phosphatase was deactivated by adding 1.25ul of
0.1 M EDTA and heating to 75°C for 10 minutes.

Both digested DNA samples were electrophoresed on a 1% agarose gel. Jack pine
DNA fragments between 500 and 1000 bp were excised from the gel along with the M13
DNA in its entirety. The jack pine and M13 DNA were then purified with QIAquick gel
extraction kit (Qiagen, Mississauga, Ontario).

The ligation of jack pine and the vector was performed in a total volume of 20y,
with 4ul of each of the gel-purified DNA samples (approximately 80 ng of each DNA
sample) and 1 pl of T4 DNA ligase (Promega, Madison, Wisconsin), at 16°C for 16

hours. The ligated DNA was transfected into XL1 Blue MRF’ competent bacterial cells

11



(Strategene, California) following the manufacturer’s recommendations. The
transformation product was then plated on 137 mm culture plates with LB/tetracycline
agar, Xgal, and IPTG. A library of about 13000 clones with a density of nearly 500-1700
plaques per plate was prepared.

Plates were blotted with nylon membranes (Hybond N+, Amersham) for 1
minute. Membranes were baked at 80°C for 2 hours and then placed into a plastic
Tupperware containing 150ml of 2x SSC (diluted 10 fold from a solution of 20X SSC
that consisted of 175.3g of NaCl, 88.2g of sodium citrate and filled with distilled water to
1 liter) and then transferred to a new container containing 350l of the same solution.
Membranes were then washed with 5x SSC at 50°C for 1 hour and pre-hybridized
overnight at 50°C in a Tupperware containing 250 ml of hybridization medium.
Following pre-hybridization, the hybridization medium in the Tupperware was replaced
with 250 ml of fresh medium (consisting of 150 ml of 20x SSC, 5 ml of 100x Denhardts
solution, 5 grams of BSA, 20ml of 10% SDS, and filled to 500 ml with distilled water),
and then the labeled probe was added.

The oligonucleotides used as probes were (TC);s, (AC);s, (AT);s, and (AC);s. Each
probe (20 pmol) was end lablled with 1.11 x 10° Bq of y-AT(**P) (Amerisham) using T4
polynucleotide kinase(Fermentas, Burlington, Ontario) at 37°C for 1 hour in a total
volume of S0ul. The enzyme was inactivated by heating at 65°C for 20 minutes. The
labelled probe was purified using Qiagen Nucleotide Removal Kit (Qiagen, Mississauga,
Ontario) and denatured at 90°C before adding to the hybridization medium. The
Tupperware was subsequently placed in a shaking water incubator at 50°C overnight

(minimum of 3 hours). Hybridized blots were washed with 100 ml of 0.1% SDS/6x SSC

12



solution twice at room temperature, and once with 1000 ml of the sane solution at 50°C
for 30 minutes. The blots were rinsed with 6x SSC and exposed overnight to
autoradiographic film. Films were developed and positive clones were identified and
picked using a sterile pipette tip.

Clones that were well isolated were grown in 15 mli culture tubes containing 2.5
ml of LB/Tetracycline and 150ul of overnight grown XL1-blueMRF’ bacterial cells.
Tubes were kept in a shaking incubator at 37°C for 6 hours. Positive clones that were not
well isolated, due to high density of plaques per plate, were first re-plated and then
picked and grown following the method just described. Once grown, a fraction of each
cell culture was transferred to a 2 ml microfuge tube and spun at 14000 rpm for 5
minutes.

Positive clones were sequenced using the ABI Prism 310 Genetic Analyzer
(Applied Biosystems, Foster City, California) from either single-stranded DNA, isolated
from the Wizard M13 DNA purification system (Promega, Madison, Wisconsin), or
double-stranded DNA, isolated from the Qiaprep Spin Miniprep Kit (Qiagen,
Mississauga, Ontario).

The yield of isolated DNA was tested by electrophoresis on a 1% agarose gel with
ethydium bromide (0.33pg/ml). To make a 1% agarose gel, in a 250 ml flask we added 1
gram of agarose powder to 20 ml 5 X TBE (Tris-borate) and 80 ml dH,O. The mixture
was heated in a microwave for 2 minutes to dissolve the powder and then cool down
t055°C. We then added 3.3pl of ethydium bromide (10g/L) and swirled the flask several
times. The solution was poured into a 100 ml gel container and left in a fumehood at

room temperature to solidify.
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Oligonucleotide primers complimentary to the regions flanking the microsatellites
were designed and synthesized (Operon Technologies, Alameda, California). The
polymerase chain reaction (PCR) conditions were optimized for each oligonucleotide
primer pair and used for amplifying the target regions in the sampled individuals. PCR
reactions were performed in a total volume of 25 pl with 0.2mM dNTP, 2.0 mM MgCl,,
2.5 pl 10X buffer (1 ml of 10X buffer consisted of 200.0 pl of 1 M Tris (pH 9.5), 62.5 ul
of 4 M KCL, 5.0 ul of Tween, 1.0 mg of BSA, and filled to a final volume of 1 ml with
distilled water), 0.3 units of 7aq Polymerase, and 2.5 pmol of each primer. The thermal
cycling profile of PCR reactions consisted of an initial denaturation at 94°C for 3
minutes, followed by 35 to 40 cycles of: 94°C for 30 seconds (denaturation), 15 seconds
at the optimal annealing temperature as given in Table 2, and 72°C for 30 seconds
(extension). These parameters were followed by a 5 minute final extension period at
72°C.

The amplified products were visualized using the ABI 310 genetic analyzer and
size of each fragment was determined using Genescan and Genotyper software packages
(Applied Biosystems, Foster city, California). Since multiple DNA fragments per primer
pair were observed (Figure 4), possibly due to duplicated regions of the pine genome, we
were unable to establish co-dominant segregation patterns of alleles for each locus.
Although non-specific primer binding could also have contributed to amplification of
additional fragments, because the signal intensity of the fragments were consistent among
each SSR marker, the multiple fragments are likely resulting from additional SSR sites
than random regions of the genome. Thus, as in another study that faced the same

situation (Bockelmann et al. 2003), we scored the presence (1) versus absence (0) of

14



DNA fragments and each fragment was considered as a unique site. A minimum ratio of
3:1 signal intensity to background noise was used as a threshold for scoring the presence

of a given band.

15



I 2.3 Assessment of genetic diversity

The population genetic analysis software POPGENE (Yeh et al. 1997) was used
for analyzing the data. A pair-wise genetic distance analysis between populations (Nei
1972) was conducted to construct a dendrogram depicting genetic relationships among all
populations using the neighbor-joining algorithm of the PHYLIP software (Felsenstein
1989). One hundred trees were constructed, based on 100 distance matrices (SEQBOOT),
and a final unrooted consensus tree was subsequently constructed using the computer
program CONSENSE (Felsenstein 1989). Genetic distance results indicated a distinction
between mainland and maritime populations; therefore mainland and maritime
populations were treated as two distinct groups for some of the analyses.

The measure of genetic diversity demonstrates how much or how little variability
and in which population(s) genetic variation exists. The genetic diversity statistics
include the percentage of polymorphic loci, the effective number of alleles per locus, and
the expected heterozygosities for each population including the pooled mainland
population. These analyses were conducted under the assumption of Hardy-Weinberg
equilibrium (HWE).

Population genetic structure analyses include the estimation of F; among
populations located in the mainland and amongst all populations. The F-statistic (F)
provides a comparable numerical value representing the degree of genetic differentiation,
how different one population or groups of populations are from one another. This
parameter (Fy) is used for estimating the number of migrants N,, among the populations
of interest [N,= (1/ Fy - 1)/4]. This project compared 3 methods of estimating the number

of migrants; Wright’s (1969), Hudson’s (1998), and Yeh and Hu’s (2005) methods. Yeh
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and Hu (2005) provided a detailed comparison of each of these methods and are
discussed below. N,, estimates the number of migrants successfully entering a population
per generation; where N represents the effective population size and m the migration rate.
These three estimates of N, rely on the estimates of heterozygosity values. As we
were unable to elucidate the mode of inheritance of the amplified DNA fragments, we
scored the fragments as a binary code (presence or absence) and consequently analyzed
the data as information obtained from a dominant marker. This approach is similar to
microsatellite data analyzed by Bockelmann et al. (2003), and many RAPD marker based
population genetic studies. Dominant markers are unable to differentiate between two
states; homozygous dominant (in which 2 fragments of the same size are amplified from
a given region of the genome) and the heterozygous state (in which 1 fragment amplifies
from one chromosome but the equivalent region on the opposing chromosome fails to
amplify). In both states a single band or fragment would be amplified and scored as 1 for
presence. However, a third state exists (in which neither fragments on homologous
regions of the chromosome amplify — perhaps due to a mutation in the primer binding
region) referred to as the homozygous recessive state. This third state would be scored as
0 for absence. The relative measure of the homozygous recessive state is used in Hardy-
Weinberg equations to estimate the q2 value; where q2 represents the frequency of the
recessive genotypic sate. After taking the square root of q°, we used the equations from
Hardy-Weinberg, 1-q = p, so we can get our p value. The p-value corresponds to the
events when a band is amplified or the mean frequency of the dominant allelic state;
either homozygous dominant or heterozygous states. Finally, the heterozygosity value of

populations is obtained by multiplying 2pq (from Hardy-Weinberg equation). In each of
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the three methods, Wright’s (1969), Hudson’s (1998), and Yeh and Hu’s (2005), the
heterozygosity values are averaged among all pairwise comparisons for each fragment
analyzed (Yeh et al. 2005).

The spatial pattern of genetic variation amongst all populations and among the
populations in mainland was tested for evidence of isolation by distance. The estimates of

the ratios of F, /(1 — F,,) were regressed against the natural log of geographical distance,
i.e. F,/(1-F,)=a+b In(distance) where a and b are the intercept and regression

coefficients respectively (Rousset 1997). According to Wright’s formula, the ratio of

F, /(1-F,) refers to the inverse of the number of migrants. The geographical distance

here is two-dimension Euclidian distance based on latitude and longitude coordinates
between pairwise populations.

Due to different assumptions used in various models of population structure and
gene flow analysis (Yeh and Hu, 2005), three distinct methods were applied to estimate
the number of migrants from the mainland to the maritime regions: Wright’s F (Wright
1969), Hudson’s method (Hudson 1998), and the Yeh and Hu’s method (Yeh and Hu,
2005). The latter two methods are based on unidirectional gene flow assumption (from
mainland to maritime populations). Hudson’s method may overestimate gene flow
results, while Yeh and Hu’s method proves to be more realistic since it is based on a
more general condition of allele frequency distribution (Yeh and Hu 2005). With the Yeh
and Hu’s method the mutation effect is assumed negligible in the maritime populations
and effective population size is taken into consideration. The effective population size in
each population is assumed to be about 1000 individuals (Govindaraju 1988). The

effective population size of the pooled mainland population could be approximately
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calculated by Wright’s formula (Wright 1943) of LN /(1—F,,) where L is the number of

populations investigated in mainland and  is the effective size of each population in the

mainland.
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I 3. Results
I 3.1 Characterization of nuclear microsatellite markers

The partial genomic library constructed consisted of approximately 12000 clones.
The sequencing of 90 positive clones revealed 38 unique microsatellites (10 AC/TG; 4
AT/AAT/AAAT; and 24 AG/TC). A total of 18 oligonucleotide primer pairs
complementary to the flanking regions of the microsatellites were designed (Table 2).
Fifteen of these primer pairs produced consistent PCR amplification products. Eight
(PBA13, PBA15, PBA21, PBA22, PBA24, PBA26, PBA27, and PBA28) of those
showed polymorphism while the remaining six were monomorphic.

The five primer pairs that showed consistent PCR amplification with the most
polymorphism were selected for genetic analysis of population, and yielded a total of 40
polymorphic fragments or sites. The microsatellite marker PBA13 uncovered 8 unique
fragments, PBA15 uncovered 5 fragments, PBA22 uncovered 10 unique fragments,
PBA24 uncovered 6 unique fragments, and PBA28 uncovered 11 unique fragments

(Figure 5).
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I 3.2 Genetic distances

The average genetic distance within mainland populations (0.0217+0.0012) was
smaller than those among all populations (0.0386+0.0020) (Table 5). An unrooted tree
indicated that these maritime populations were genetically well separated from the
mainland populations (Figure 3). The average genetic distance across all populations
was 0.038610.0020, with the range from 0.0059 to 0.1205 (Table 5). The genetic
distances between mainland and maritime populations varied with the highest distance
between mainland and the Black brook NS1 population (0.0812+0.0063 and ranged from
0.0444 to 0.1205), and the lowest between mainland and the Grand lake NBI population
(0.0504:+0.0047 and ranged from 0.0265 to 0.0825). The distance between the mainland
and the Coal branch NB2 population (0.0504+0.0047) is comparable to that between
mainland and the Foxley river (PE1) population (0.0486+0.0033). The distance between
mainland and another Black brook population (NS2) remained relatively large,

0.0593+0.0043.
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I 3.3 Genetic diversity
None of the populations showed polymorphism at all of the 40 fragments (Table

1). The number of polymorphic loci (7, ) was variable from population to population,

with an average of 27 in the 12 mainland populations and 21 in the 5 maritime
populations. The percentage of polymorphic loci also showed differences among
populations, with an average value of 67.5% in the 12 mainland populations and 61.5%
in the 5 maritime populations. Similar results were observed among populations in the

number of observed alleles per locus (7, ), the expected number of alleles per locus (n,),

and the average gene diversity (#). Generally the values of these genetic statistics
demonstrate a tendency of greater diversity among the populations in mainland than in
those of the maritime (Table 1).

The Ewens-Watterson test for neutrality indicated that all estimates were within
the lower and upper 95% confidence limits suggesting that all 40 loci fits the hypothesis
of neutrality. No significant linkage disequilibria were observed among all pair-wise

comparison of loci.
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I 3.4 Population structure
Genetic differentiation varied with different loci, with F,, values ranging from

0.0164 to 0.4667 among all 17 populations, and from 0.0125 to 0.3057 among the 12
mainland populations (Table 3). In general, differentiation among all populations was
greater than that among mainland populations, with 16.62% variation among populations
for the former and 10.22% for the latter.

Regression analysis showed that the allele frequencies and expected
heterozygosities at a majority of loci, with few exceptions, did not show a correlation
with latitude and longitude (Table 4). The allele frequencies of three markers (PBA24-3,
PBA13-7, and PBA15-4) have significant correlation with both latitude and longitude.
The allele frequencies of the marker PBA28-1 showed a significant correlation with
longitude. The expected heterozygosities of the markers PBA13-7 and PBA15-1 showed
a significant correlation with latitude, while the expected heterozygosities of the marker
PBA28-3 showed a significant correlation with longitude (Table 4). No correlation
between the percentage of polymorphic loci and geographic location was observed. There
was weak, but not significant isolation by distance effect was noted among all 17
populations, F,, /(1-F,)=0.0629 + 0.0104In(distance) (P-value=0.0699; R?* =0.19;
Figure 2a). Also, there was no significant isolation by distance among all 12 mainland

populations, F,, /(1-F,,) =0.0389 + 0.0057 In(distance) (P-value =0.1508; R* =022;

Figure 2b).

23



I 3.5 Inter-population migration

Estimation of the number of migrants with Wright’s F; (migration from “migrant
pool”; Wright 1969) indicated more than one individual per generation was exchanged
between the pooled mainland population and individual maritime populations (Table 6).
The number of exchanged migrants per generation was large for the Coal branch NB2
(N»=3.21) and Grand lake NB1 populations (N,, =3.20), but small for the Black brook
NS1 (N, =1.39) and NS2 (N,, =1.74) populations. The number of migrants between
mainland and Foxley river (PE1) showed an intermediate value (N,, =2.64).

The results based on Hudson (1998) method indicated that the numbers of
migrants from pooled mainland to Black brook NS1 (=0.45) and NS2 (=0.77) populations
were small compared to the numbers of migrants to the rest three maritime populations
(Table 7). The numbers of migrants to the Coal branch NB2 (=2.78) and Grand lake NB1
(=1.56) populations were high and the number of migrants to Foxley river PE1 was about
3.16 per generation (Table 7).

Compared with the estimates based on Wright’s and Hudson’s methods, the
estimates of the number of migrants based on Yeh and Hu’s method were small (less than
1.0 individual per generation), but the overall pattern was similar. The numbers of
migrants were small to Black brook NS1 (=0.52) and NS2 (=0.55) populations, but large

to the Coal branch NB2 and Grand lake NB1 populations (Table 7).

24



1 4. Discussion
I 4.1 Genetic Diversity

The low recovery rate of microsatellites (sequencing of 90 positive clones
uncovered 38 unique microsatellites) reported in this study is typical of conifers and other
species with large genomes (Kostia et al. 1995, Pfeiffer et al. 1997, Fischer and
Bachmann 1998, Bérubé et al. 2003, Boys et al. 2005). It has been suggested that due to
genome duplication, a phenomenon common in species with large genomes, there are
multiple sites for primer binding and an increased probability of nonspecific primer
binding sites resulting in the observed low microsatellite recovery rate (Garner 2002).
With the exception of white pine (Echt et al. 1996), the greater number of TC/AG repeats
relative to AC/TG repeats in jack pine is consistent with many other tree species,
including Populus tremuloides (Dayanandan et al. 1998), Pinus radiata (Fisher et al.
1998), and Pinus resinosa (Boys et al. 2005).

Genetic diversity indices among mainland populations were greater than those
among maritime populations. In conjunction with the relatively low levels of gene flow
(discussed below), the maritime populations are genetically distinct from each other, as

well as from mainland populations (Figure 3).
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I 4.2 Population structure

The genetic differentiation values (F) obtained in our studyranging from 0.0164
to 0.4667 among all 17 populations (Table 3), is congruent with parameters obtained
from previous allozyme studies reporting low differentiation in western populations
(Dancik and Yeh 1983, Saenz-Romero et al. 2001, Ye et al. 2002). Population
differentiation values derived from allozyme markers ranged between 0.021 and 0.070
from Alberta (Dancik and Yeh 1983, Ye et al. 2002), Manitoba (Ross and Hawkins
1986), Ontario (Danzmann and Buchert 1983), Quebec (Gauthier et al. 1992), and
Wisconsin (Saenz-Romero et al. 2001). More recently, population differentiation values
obtained from minisatellite mtDNA analysis, representing several populations across jack
pine distribution within Canada, ranged from 0.265 to 0.597 (Godbout et al. 2005). The
higher values reported from Godbout et al. (2005), as compared to the other allozyme
studies mentioned, could be attributed to the eastern-most populations. When the
maritime populations were excluded from our analysis, the genetic differentiation
parameters decrease to values ranging from 0.0125 to 0.3057. When maritime
populations are included in the data set, significantly higher genetic differentiation is
observed in‘pine species (Godbout et al. 2005, Boys et al. 2005). These observations
suggest that the maritime populations are relatively more genetically distinct from one
another as compared to the mainland populations. Similar observations were reported for
black spruce, Picea mariana Mill., (Jaramillo-Correa et al. 2004). Based on four
polymorphic mitochondrial DNA loci, a significant subdivision of population genetic
diversity was detected, suggesting low levels of gene flow between populations

(Jaramillo-Correa et al. 2004).

26



The lack of a significant correlation between geographic distance and genetic
differentiation, F, values, among all 17 jack pine populations, as well as among the
mainland populations, suggests that multiple factors have contributed to the population
genetic structure of this species. Although reforestation efforts can influence the genetic
structure of populations, our samples were obtained from natural stands and therefore the
effects are unlikely attributed to human involvement. Multiple refugia events during the
last glacial maxima have been reported to influence the genetic structure of pine species
across their natural range (Boys et al. 2005, Godbout et al. 2005). Jack pine studies have
reported the possibility that three such events occurred during the Pleistocene era
(Godbout et al. 2005). Each of these events could have influenced the genetic constitution
of each region uniquely and consequently eliminated a geographical pattern across the

species’ entire distributional range.
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I 4.3 Inter-population migration

F1s a measure of genetic differentiation among subpopulations. Differentiation
levels between populations provide an indication of the degree of evolutionary
divergence. This measure is influenced by opposing effects of migration, such as forces
that tend to homogenize populations, while mutation or genetic drift can lead to
differentiation. The relatively high values of Fj, estimated in certain populations of this
study indicate that gene flow is limited in maritime jack pine populations as compared to
the mainland populations. As in Godbout et al. (2005), our overall values are still high for
all populations suggesting jack pine populations are relatively highly differentiated. This
is an unusual characteristic for most conifer species as long-distance seed and pollen
dispersal ability is facilitated by wind.

Nei’s genetic distance assumes an infinite alleles model with all loci having the
same rate of neutral mutation. F; estimates the degree of genetic differentiation among all
subpopulations and Nei’s genetic distance values estimate the degree of genetic
differentiation among all pairs of populations. The same trend was observed in both
measures; maritime populations are relatively more genetically differentiated from each
other than are the mainland populations (Figure 3).

Extensive gene flow among contiguous jack pine populations may have
contributed to the lower population differentiation among mainland populations. In
contrast, low gene flow due to discontinuous populations may have contributed to high
genetic distances among maritime populations. As maritime populations are separated by
physical barriers, gene flow is more restricted as compared to the mainland populations;

which are not physically separated. Similarly, Godbout et al. (2005) reported low levels
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of gene flow with N,, = 0.379 migrant per population for jack pine. The low level of gene
flow, in particular for the Nova Scotia populations, NS1 and NS2, is below that which is
necessary to counteract the effects of genetic drift, which should to be considered when
developing conservation programs. (However, the NS1 population is a group of half sib

families collected from a single source trees, therefore gene flow is expected to be low).
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I 4.4 Geological history

Patterns of genetic variation reported in this study could be attributed to
postglacial colonization of individuals from multiple refugia. Several authors have
suggested the likelihood of multiple, at least three southern and one northeastern,
colonization paths for various conifers within Canada (Boys et al. 2005, Godbout et al.
2005, Jaramillo-Correa et al. 2004). The postglacial recolonization into the present
distribution range of several North American trees has been constructed from fossil and
pollen records (Davis 1983, Webb 1988, Jackson et al. 1997). During the last glacial
maximum, the Pinus-dominated vegetation (mainly P. banksiana with local P. resinosa
and P. strobus) in the east occurred extensively to 34°N and possibly as far south as 30°N
and from the Atlantic coastal to the interior highland regions (Jackson et al. 2000,
Rudolph and Yeatman 1982). From 14000 to 10000 B.P., northern hard pines are
reported to have spread northwards and westwards from the central and western refuga
respectively (Davis 1983, Webb 1988, Jackson et al. 1997). In the midcontinent, Pinus
pollen in palynological records declined by 12000 B.P., but they remained high along the
Atlantic coast (Jackson et al. 1997). The distinct eastern coastal refuge reported for Pinus
resinosa (Walter and Epperson 2001, 2005, Boys et al 2005) and for black spruce
(Jaramillo-Correa et al. 2004), suggests that glacial populations would have initially
expanded inland from the coastal line establishing itself in Prince Edward Island, Nova
Scotia, and New Brunswick. Subsequently, based on Godbout et al. (2005), jack pine
would have been followed by a second wave of migrants from the southeastern glacial

populations of the Appalachian Mountains.
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Eastern and central glacial refugia may have contributed to the observed division
between mainland and maritime populations in our study. The central and westward
glacial refugia hypotheses are congruent with our data, which show a low genetic
differentiation and higher number of migrants per generation. Furthermore, the
suggestion that a third glacial refugia originating from the Atlantic coast is highly
probable due to the elevated genetic differentiation parameters reported from the
maritime to mainland populations. It has been proposed that the northern part of the
Appalachian Mountains and Adirondacks in the United States may have created a long-
lasting physical barrier limiting gene flow between eastern and western glacial
populations of the mountain range (Godbout et al. 2005). Mitochondrial DNA
minisatellite analysis in jack pine also reports three distinct refugial populations
corresponding to the western, central-eastern and eastern regions of Canada,
demonstrating the significant role of the northern part of the US Appalachian Mountains
as a factor of vicariance, a mode of speciation which occurs as a result of the separation
and subsequent isolation of fragments of an original unified population, during the ice
age (Godbout et al. 2005). Similarly, in red pine, coalescence-based analysis suggests that
northeastern and main populations likely became isolated during the most recent
Pleistocene glacial period, and the pattern of genetic structure reported could have arisen
from postglacial colonization by individuals from multiple refugia, including southern
Appalachian and northeastern refugia, forming an admixed population through secondary
contact (Walter and Epperson 2001, 2005, Boys et al 2005). The patterns revealed in this

study are in agreement with Godbout et al. (2005) and suggest that jack pine shared its
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geological history with other forest-associated North American species (Walter and

Epperson 2001, 2005, Boys et al. 2005, Jaramillo-Correa et al. 2004).
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I 5. Conclusion

The polymorphic microsatellite markers developed have been valuable in
assessing the genetic diversity of jack pine, one of the commercially exploited and widely
distributed boreal tree species. The use of microsatellite markers in elucidating fine-scale
genetic variability, as in other studies (Boys et al. 2005), likely due to their high mutation
rate is evident in our project. The microsatellite markers have been able to provide further
evidence that 1) the current population genetic structure of jack pine likely resulted from
range expansion from at least two glacial refugia, and 2) the maritime populations are
genetically distinct from the mainland populations. The information gained from this
study contributes to the understanding the evolution of forest trees in relation to forest
refugia events during Pleistocene era, as well as for planning and implementation of
genetically sound conservation and management practices for jack pine particularly for
the maritime populations; due to their higher levels of genetic differentiation and lower

levels of gene flow relative to the mainland populations.
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Figure 1 Distribution map indicating the locations of the seventeen Pinus banksiana

populations sampled. Abbreviations correspond to those described in Table 1.

34



Figure 2a Isolation by distance analysis among all 17 populations;
Fy /(1-Fg)=0.0629 + 0.0104 In(geographicdistance)

P-value=0.0699, R> =0.19, not significant

0.25
...
0.2 T L J Y
~ i * o 0'
> 015 ot e ° *
1 [ J Y t )
N o ® o of
s Oldje ° e e o
= /
[ ® % * J .."EQ
4 ® [ X ]
0.05 ] R :. o o® .:~... ‘.
0 + — -
0 1 2 3 4 5
Ln(geographic distance)

Figure 2b Isolation by distance analysis among the 12 mainland populations;
Fg I(1-Fg ) = 0.0389 + 0.0057 In(geographicdistance)

P-value=0.1508, R? =0.22, not significant.
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Figure 3 An unrooted consensus Neighbor-Joining tree based on 40 polymorphic sites.

Foxley river, PEI

Black brook, NS2
Coal branch, NB2

Grand Lake, NB1
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B: Hibbard, Qc3 2: Evelyn, Onl

C: Quetico, On2 3: Lac Pesetane, Qc2
4: Chicoutimi, Qcl
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Figure 4 Multiple DNA fragments per primer pair. The figure depicts the output file
from the ABI 310 Genetic Analyzer after genotyping a representative individual from one
of the 17 populations. The green trace outlines the number and sizes of each of the
fragments amplified with one SSR marker. The y-axis represents the signal intensity of
each peak (fragment) while the x-axis represents the sizes of the fragments in base pairs.
The program also provides a summary table indicating the sizes of each fragment to the
nearest tenth (not shown). This individual would have been scored for the presence (1) of
4 fragments and absence (0) for all other fragments found in other individuals. This
process was repeated with each of the 5 SSR markers included in the analysis and for all
of the individuals.

File  Edit En:nect ﬁarnple Seitings View . Windows Help
Q 200 : 220
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Figure S The binary matrix results of one SSR marker analysis from one population
(Chicoutimi, QC). The figure represents the binary matrix created for one SSR marker
(PBA22) from the analysis of one population. The first heading row indicates the name of
the SSR marker used to amplify the fragments. The second row indicates the fragment
number. In this case PBA22 uncovered 10 unique fragments from all the individuals
genotyped. The third row indicates the sizes of each fragment in base pairs. Each column
represents a unique fragment while each row, beginning at the forth, represents one
individual. A matrix was constructed for each of the 5 markers and each of the 17
populations in the same way. The matrices were subsequently compiled to create the
complete matrix (40 fragments by 495 individuals).

PBA22
Fragment! | Fragment? | Fragment3 | Fragment4 | FragmentS | Fragment6 | Fragment7 | Fragment8 | Fragment9 | Fragment10
168 181 195 200 207 216 226 232 238 248
0 1 0 1 0 0 0 0 1 1
1 0 0 0 0 0 0 0 0 1
0 0 0 1 1 0 1 0 0 1
1 I 0 0 0 0 1 1 0 0
1 1 0 0 0 0 1 1 0 0
1 0 0 0 0 0 1 0 0 1
0 0 0 0 0 0 1 1 0 1
0 0 1 0 0 0 1 0 0 1
0 ] 0 0 0 0 1 0 0 0
1 0 0 0 0 0 1 0 0 0
0 | 0 0 0 0 0 0 0 1
1 0 0 0 0 1 0 0 0 1
1 1 0 0 0 0 1 1 0 1
0 0 0 1 0 1 0 1 0 1
0 1 1 0 0 0 1 1 0 0
0 0 0 1 0 0 0 0 0 1
0 0 0 1 0 1 0 1 0 1
1 | 0 0 0 0 1 0 0 0
1 0 0 0 1 0 1 1 1 0
0 0 0 0 | 0 1 1 0 1
1 0 0 0 1 0 1 1 0 1
1 0 0 0 0 0 1 0 0 0
1 0 0 0 0 0 1 1 0 0
0 l 0 0 0 0 0 1 0 1
0 0 0 0 0 1 1 0 0 1
0 l 0 0 0 0 1 0 0 1

38




6¢

"ANsI0ATP Qud3 (€L61)
s 10N Y {($961) 'Te 12 vInwury 0} JuIpIodoe £ysogAzowoy Jo [e001d1001 Y} SAJEWNISI SII[[E JO JoqUINU SANIVYID - u ‘sopa[e
JO Joquinu paarasqo :u < (0f sTenba yoym) popIoda1 SIS JO JquINU [e10} 3} Aq “u oy} BUIPIAID WOIJ PABWNSI ST SIS

ooy, orydzowk[od Jo o8ejuadiad (94)d SNS 10, siydiowAjod Jo Joquinu : dy <oz1s ojdwes ;A ‘opmISuo] :H, OPMIE] 1N, +

P8I OFPOL0 LECOFI9T1 06V0FSTOT  ST9 ST 0€ W09 €9 (19d) 10aH £3[x0]
SLT0FSSI'0 6EC0F9STT vLVOFSLOT  SL9 LT 6T $0'99 LS'SY (TGN a3e] pueln
8SI'0FP61'0 8SCOTFITET €TWOFSLLT  SLL 1€ 0€ 01'S9 0T9 (ZdN) youriq [e0)
SOT'0FSIT0 6670FL8I'T 90S0OFO00ST 00S 0T 6C 6109 9¥'9 (ZSND Yooiq yoerq
S8I'0F8TI0 9PECOFLITI 90S0OF00ST  00S 0z 67 6109 9v9p (1SN Mooiq yoerg

ogﬁm.ﬁaz
OLI'OF991°0 SICOFIOCT 6EF0FOSL'T  0OSL 0¢ 0€ v1'76 6€8Y (ZNO) 010
9LI'0FT6I0 1TEOFHOET 6EF0FO0SLT  0°SL 0€ 62 00 18 Ob'8Y (INO) uAeAy
0910 FOLI'0 T8TOFISTT TSYOFSTLT STL 67 0 ISOIT  8E¥S (zdV) 1Y 1O,
ZLI'0FTSI0 SICOFI8TT 6EV0FO0SLT  0SL 0€ 97 $S'91T  LO'9S (1g9V) edueN
LSTOFEST0 98TOFIETT TSYOFSTLT  STL 67 0€ (1"IN) 10peiqe]
PLIOFOLI0 TICOFLLTL €8V 0FO0S9T 059 9z LT €0'901 YI°€S (Z31S) Meqre doutld
IST'0F091°0 LZEOTFSSTT HOSOFOSST 0SS 144 6T STTOl 1SS (131S) uow3ian)
6910 FELI'0 06TO0FLOTT vOFOFOOL'T  00L 8T 8T 156 20°IS (ZdIN) nessig
6L1'0F8SI'0 IZE0FESTT YOSOFOSST 0SS (44 0¢ - (19JN) I9ALI UBMIYIIBYSBS
VLIOFPSI0 EICOFVPTT 96V°0F009'T 009 vT 6T 00VL €SLY (€D0) pieqaiH
6ST'OFVSI'0 ISTOFCIETT VLVOFSLOT L9 LT 67 €189 St'6¥ (ZD0) duejesad o]
061°0F€81°0 SSECOFO00CT PLVOFSLOT L9 LT LT 00 1L 0€8Y (100) Twnnooy)

puejulel

Y U Py (o)d ‘4 N 9 No uorendod

Lparprs suonendod aurd yoel ermeu L1 343 Ut £)1S19A1p 210ULS pue suonedo] drydersoeny [IIqEL



LSOE0 69€C0 cIve o 6L6C0 96t 0 SSse0 ¢-8evdd

..... 0 0 vC80°0 ¥600°0 0100 y-8Cvdd
8¥80°0 £981°0 Se0T0 16LC°0 €0CT0 0¥0£°0 £-87vdd
SLOT°0 0LE0 Lyvy 0 €9TT0 6C7EE0 y0ev0 -8tvdd
9ve0°0 0¥y o LCSTO 1900 8810 0020 1-8¢vdd
10v0°0 11ST°0 919C°0 8¥90°0 969C°0 £88C°0 ¢-S1vdd
S9LT0 LESTO c0ceo L99%°0 LYSTO 9LLY O p-S1vdd
11L0°0 Y8LI'0 1261°0 GL800 Se81°0 £e0co e-S1vdd
9€81°0 108¢°0 SS90 <Lylo L96£°0 sov°0 ¢sivdd
cIero 910¢£°0 ILyE0 €01¢0 P8IL°0 919¥°0 1-S1vdd
SCI00 1860°0 €660°0 1650°0 98C1'0 L9ET0 8-€1vdd
9¥10°0 LO1T0 c0TT0o €Cs00 89L1°0 9981°0 L-¢1vdd
¢LT00 y191°0 991°0 6C£0°0 Ivv1°0 06¥1°0 9-£1vdd
¥9€0°0 6£L0°0 L9LO0 09¢0°0 €900 9%90°0 c-e1vdd
<0200 8IvC0 891C°0 £L£0°0 6£0C°0 811T0 y-e1vdd
0610°0 SIEL0 6LE£E0 SvL00 IPSE0 98¢0 e-e1vdd
681v0°0 0ET1°0 6811°0 900 0¢80°0 9L80°0 celvdd
0LETO 60820 189¢°0 885C0 LSYTO S1EE0 [-€1vdd
¢SIT0 z810°0 S020°0 0811°0 8C10°0 Sv10°0 9-vivdd
S6S1°0 1234UY 01500 S8CI1°0 9¢v0°0 6810°0 S-vevdd
0100 PS91°0 LOLTO 10S0°0 SS81°0 ¢s61°0 y-yvdd
¢CLo0 6£9v°0 000S°0 S180°0 G850 6610 evovdd
9v80°0 0ISy°0 LT6V0 $680°0 60vv°0 8y 0 vevdd
SCLTO 126¢°0 6€LY0 191C°0 8LYE0 Y0 I-vZvdd
B ‘H "o B ‘H "H 007}
suonendod puejurepy suonendod 11y

" PUBUTEW 3} UNIIM suonendod puvisyunq - ay3 Suowre pue suonendod

pupisyupq *J [1e 3uowe sayis orgdiowA[od fenpiarpur je suostreduiod osim-Ired uoam1aq 5.7 Jo sareuss 93eI0AY € IqE L



(44

0¥10°0
$Ts00
96170
ILSTO
15820
LOEL0
S610°0
1900°0

0
9100
890070
SLT00
0€50°0
82000
¢Z80°0
1€00°0

ev10°0
¥50°0
ceeTo
9¢91°0
676C0
69¢¢°0
00200
¢900°0
0
[S10°0
1L00°0
982070
6¢90°0
62000
6¥80°0
1€00°0

08200
vL20°0
1SL0°0
civ00
009C°0
16%0°0
8LS0°0
9910°0
0L10°0
€0e00
cov00
L10T°0
c00¢0
¥910°0
LyE00
£090°0

0910°0
€Ly00
€eLT o
¢8el0
8SLTO
€12ceo
(431000
£ev00°0
1200°0
YCI00
8100°0
0L£0°0
6580°0
02000
6590°0
¢e10°0

$910°0
9800
€L81°0
924%0
LTLEO
6LEE0
¢se00
¥¥00°0
1200°0
8C10°0
05000
¢iv00
8CCI0
0200°0
£890°0
¢r10°0

01-¢cvdd
6-ccvdd
8-ccvdd
L-7cvdd
9-ccvdd
¢-tevdd
y-cevdd
e-cevdd
¢evdd
[-cevad
11-8cvdd
01-81vdd
6-8¢vdd
8-8¢vdd
L-8¢vdd
9-87vdd



3%

06S1°0 00000 0€€0°0 0000°0 0000°0 0€00°0 9-8cvdd
000070 14144 1€8¥°0 00000 8810 VLTV O $-8¢vdd
00000 00000 06S1°0 00000 000070 00000 p-8¢vdd
LO1Y°0 8L1T0 ote0 1434Y 9001°0 cLero £-8¢vdd
00000 $86C°0 124144 0000°0 8744\ 9CLY 0 ¢-8¢vdd
eIv00 0€e00 €L60°0 $590°0 are00 8SYT0 [-8¢vdd
rivo 8¥8Y°0 [IEE0 t0LT0 ¢0L0°0 96¢C0 S-1vdd
CCLED 8Cel0 06S1°0 L66C0 Y10T°0 698¢°0 p-sivdd
$S90°0 eror1o rivo 00000 069¢°0 1981°0 e-Sivdd
core o L86V0 000S°0 14232Y Cl8v0 91vy 0 SIvdd
18¢+°0 96810 610 866V°0 000070 Peeeo I-s1vdd
19vC°0 L9€0°0 re0o (€120 822 %Y 00010 8-¢1vdd
0€¢0°0 IZy10 9001°0 $690°0 8691°0 LY1T0 L-e1vdd
vLICO 00000 9001°0 06S1°0 rce00 L991°0 9-¢1vdd
$690°0 9CL00 cre00 0000°0 000070 0LLOO G-¢1vdd
€L60°0 86¢C°0 61v61°0 0€€00 00000 12344\ r-e1vad
Y6610 €0LT0 S18C0 Y6610 016v°0 1€€€0 e-eIvdd
000070 69¢0°0 000070 0000°0 00000 (VARNY ceivdd
00000 601¢°0 65610 0000°0 000070 SSEr 0 [-€1Vdd
00000 00000 000070 000070 00000 61200 9-yTvdd
00000 re0o 00000 €5L0°0 ¢0L0°0 66100 S-vevdd
€L60°0 0€SCT0 6ve0 €5L0°0 ¥26¢°0 G891°0 y-Pvdd
140144 6851°0 14414Y Y6LT0 000S°0 L66V°0 £-rovdd
6CLY0 ceLov o woreo €60¢0 cLevo 168%°0 vevdd
12540 00000 9S0¥°0 00000 $90¢°0 9c6v°0 I-pTvad
Idd [dN AN SN ISN puejuie|y

"OpNII3UO] YJIM UONEB[ILIOO B JABY O} PUNOJ 9IoM PIUI[IIPUN AJUO 3SOY) J[TYM ‘Opninje] Yl UOTIR[oII0
© 9ARY 0] PUNOJ AI9M P[Oq UL SIDIRJA Opnii3UO] puR dpnirje] Yim UOTIR[ILI0D JURDIJIUSIS B 9ARY 0 PUNOJ 1dM PIUL[Idpun
pue p[oq ur siayIew jo saouanbaiy opaffy ‘suonendod suld yoel swnLew pue pueuIeW Ul SANIS034Z019)aY poadxH ¢ dqe],



144

00000
re00
LL900
6v61°0
685¢°0
685¢°0
LYyTTO
00000
0000°0
00000
00000
000070
6¥Ce0
00000
000070

1+01°0
Iv01°0
¢0L0°0
00000
Iv01°0
016v'0
000070
0000°0
$Se0°0
00000
00000
L66T0
00000
000070
000070

000070
$S€0°0
[+01°0
1010
£0Ce0
rivo
¢0L0°0
00000
000070
12340
00000
000070
S661°0
00000
0¢€€0°0

00000
0000°0
9001°0
9001°0
96810
6v61°0
00000
0000°0
00000
0000°0
00000
00000
0000°0
00000
€L60°0

000070
000070
000070
¢0L0°0
000070
123400
12344
00000
000070
000070
0000°0
0000°0
000070
0000°0
000070

£S10°0
8¥S0°0
12€C0
9510
00620
(443
91200
29000
0000°0
€S10°0
0900°0
89¢0°0
810
0¢000
61800

01-¢ccvdd
6-cTvdd
8-ccvdd
L-Tevdd
9-ccvdd
¢-tevdd
p-ccvdd
¢-tevdd
¢evdd
[-ccvdd
11-82vdd
01-81vdd
6-8¢vdd
8-8¢vdd
L-8cvdd



Table 5 Unbiased Nei’s genetic distances among the populations within the jack pine

mainland, and among maritime and mainland jack pine populations.

Average * Standard deviation

Range

Among all populations
Maritimes — mainland
NSI
NS2
NB2
NBI1
PE1
Within mainland

0.0386x0.0020

0.0812+0.0063
0.059340.0043
0.050410.0047
0.0416%0.0043
0.048610.0033
0.0217+0.0012

0.0059~0.1205

0.0444~0.1205
0.0379~0.0858
0.0265~0.0825
0.0233~0.0712
0.0350~0.0714
0.0059~0.0445
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Table 6 Estimates of the number of migrants between mainland and maritime
populations using the multiple loci estimates of F,, (Nm=(1/Fy-1)/4).

Maritimes-mainland Fy Nm
NS1 0.1521 1.39
NS2 0.1258 1.74
NB2 0.0723 3.21
NBI1 0.0724 3.20
PE1 0.0865 2.64
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II 1. Introduction
II 1.1 Tropical rainforests

The tropical rainforests are one of the most complex biomes in terms of structure
and species diversity. These forests are defined by their location in the tropics and the
presence of significant rainfall. Presently occupying approximately seven percent of the
world-wide land area, they are believed to contain nearly fifty percent of the world’s
species (Whitmore 1998). Although rainforests originally exhibited a much more
widespread distribution, they have been receding due to past and present threats -
particularly those from humans. There are four types of woody vegetation existing in the
tropics; they include rain forests, then progressively drier and more seasonal, monsoon
forests, savana forests, and thorn forests (Whitmore 1998).

Most species co-existing in rain forests are rare and endemic to particular regions.
For example the species Shorea cordifiolia, belonging to the genus Shorea section
Doona, is a locally abundant subcanopy species that can be found only in Sri Lanka’s
rainforests. About eighty percent of all green plants are angiosperms, most of which can
be found in tropical rainforests. Some scientists estimate that a given 2.5 acres of land in
these forests has the potential to contain over 750 types of trees and 1500 species of
higher plants (Whitmore 1998). A vast number of medications, approximately one forth
of those available today, as well as daily provisions, such as avocado, banana, or black
pepper, originated in the tropical rainforests (Whitmore 1998). There are several
components that contribute to the species richness of these biomes: interactions with
animals acting mainly as pollinators or dispersers, a forest canopy providing large

numbers of spatial and temporal niches, and a stable climatic history (Whitmore 1998).
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Despite the long-standing debates (Ashton 1969), the origin of high biological
diversity in tropical rainforests is still poorly understood. High rates of speciation or low
rates of extinction under optimal environmental conditions are two components that may
be responsible for the present day biodiversity in tropical rainforests.

The Malaysian forests have been categorized into 16 types with special reference
to the dipterocarps; represented by lowland, hill, and upper dipterocarp forests
(Symington 1943). The lowland dipterocarp forests are composed of approximately 130
species of dipterocarps that form a high proportion of the emergent and dominant strata.
The hill dipterocarp forests have representatives of all the main dipterocarp goups,
except Dryobalanops. The main difference between the hill and upper forest types is in
the specific composition of the constituents of the upper strata. Shorea curtisii is
predominant among these dipterocarps, and is a useful indicator of a hill dipterocarp
forest. The upper dipterocarp forests usually contain few species; the typical predominant
ones are Dipterocarpus costatus and D. retusus (Symington 1943, Pooma 2003).

Dipterocarps are confined to tropical climates with a mean annual rainfall
exceeding 1,000 mm, and/or a dry season of less than six months (Ashton 1982). Mean
annual rainfall and varying abiotic factors within different plots, are important factors in
explaining differences in floristic composition between locations (Slik et al. 2003). The
dipterocarps of South Asia are confined to tropical, moist, deciduous, and tropical
evergreen forests in Bangladesh, moist tropical forest in India, lowland wet evergreen and
highland wet evergreen forests in Sri Lanka, and tropical evergreen, tropical semi-
evergreen, and dry deciduous forests in Myanmar (FAO 1985). The Shorea spp. found on

the border between evergreen and the deciduous forest, attending the former state in very
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moist fertile localities and the latter state in less moist or dry situations (Pooma 2003).
Studies have identified five main floristic regions within the lowland dipterocarp rain
forests of Borneo, each of which had its own set of characteristic genera (Slik et al.
2003).

Phylogenetic studies of selected groups of co-occurring congeneric species are
extremely valuable to our understanding of the mode of speciation in rainforest
inhabitants. They can be used to visualize networks that represent historical interactions
between taxa resulting in the presently observed biodiversity. Phylogenetic analysis can
provide a means to describe biodiversity, reveal population processes and consequently
define conservation units in order to maintain lineages that represent the breadth of
evolutionary diversity (Moritz 1995).

Phylogenetic inferences that are consistent with other data, be it comparisons
among genetic information from various organelles or between molecular, temporal, or
ecological sources, provide greater value in evaluating their relative importance than
phylogenetic inferences alone. The significance of assessing the evolutionary history of
an organism in a temporal scale, using molecular dating analysis, was elegantly
highlighted using the Dipterocarpaceae family (Gunasekara 2004). Our approach to the
study of the biogeography of dipterocarps consisted of obtaining nuclear gene based
molecular data to reveal evolutionary relationships, comparing them to phylogenies based
on data from other organelles, and subsequently uncover possible explanations for the

presently observed disjunct distribution.
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I1 1.2 Phylogeny

Phylogenetic trees illustrate evolutionary relationships among genes or a given
segment of a genome, and species. These trees provide a graphical representation
depicting the degree of relatedness among a group of entities that are believed to share a
common ancestor. Although phylogenetic trees can be constructed based on
morphological characteristics, today they are most often constructed on the basis of
molecular data (DNA, RNA, or protein). Therefore, the associations from one entityto
another also depict the amount of genetic variation between them. Closely related taxa
would have less genetic variation between them as compared to more distantly related
ones, and would therefore cluster together. Since the data set is assumed to share a
common ancestor, evolutionary patterns can be observed based on the topology of the
tree.

There are three main methods of constructing phylogenetic trees, which differ
from one another in their assumptions and algorithms of character state optimization:
maximum parsimony, maximum likelihood, and distance-based methods such as
neighbour-joining (Felsenstein 1988, Huelsenback 1993). Each method has its own
advantages and limitations. Parsimony methods are commonly used in phylogenetic
analysis but can generate inconsistent results. Such scenarios can occur when the rates of
evolution among sequences show considerable variation or when the sequences are
highly divergent (Page and Holmes 1998) resulting in long branch attraction; a tendency
of species at the ends of long branches to be made artificially closer to each other than
their evolutionary relatedness. Compared to parsimony models, the maximum likelihood

model generally constructs consistent results, as parameters being estimated (branch
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lengths) do not change as more nucleotide sites are considered, and permits additional
statistical tests of evolutionary hypotheses. However, it is computationally intensive and
consequently limits its applications to relatively small data sets. The distance-based
methods are computationally highly efficient. Although their application to various data
sets 1s not limited, this strategy does not guarantee to produce a minimum evolution tree.

The parsimony analysis principle suggests that one seeks the topology that
minimizes the amount of evolutionary change, or the number of changes from one
character sate into another, required to explain the data (Kluge and Farris 1969, Fitch
1971). The maximum parsimonious (MP) tree is the one with the minimum number of
evolutionary changes (equivalent to the tree length) and the total number of changes
between any given two sequences is attributed to respective branch lengths (Felsenstein
1983, Page and Holmes 1998). Hence, these assumptions dictate that the tree that
minimizes change is probably the best estimate of the actual phylogeny. Parsimony
informative sites are identified when a given site provides information that distinguishes
different topologies from one another. When the observed substitution rate or transition-
transversion bias is low in the DNA sequence matrix, all characters are given equal costs
and equally weighed parsimony settings are used for analyses.

The maximum likelihood (ML) method infers phylogenetic relationships based on
the parameters, such as transition/transversion ratio, base frequencies, and rate of
variation among sites, of an evolutionary model. In other words, the evolutionary
associations are constructed based on finding the highest likelihood or probability ratio
that the proposed model and the hypothesized history would give rise to the observed

data set. Similarly to the MP method, ML analysis generates the tree with the highest
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likelihood through estimating branch lengths (number of changes among informative
sites between sequences), given a model of evolution. Therefore the tree that best fits the
observed data set as the most likely evolutionary outcome is regarded as the maximum
likelihood estimate of phylogeny.

In distance based methods, the goal is to create a distance matrix based on the
number of substitutions that have occurred between all pairs of taxa by applying a
specific evolutionary model that makes assumptions about the nature of evolutionary
changes. The neighbor-joining (NJ) method constructs phylogenetic trees based on a
matrix of pair-wise distances between taxa. It clusters pairs of taxa in an additive method
while minimizing the total branch length of each stage of clustering (Saitou and Nei
1987). For nucleotide sequence data, branch lengths are calculated from the fraction of
sites that differ between two sequences. Therefore the output that minimizes the total tree
length based on the calculated distance matrix, given an evolutionary model, is the

neighbor joining evolutionary reconstruction.
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II 1.3 Literature review

The tropical tree family Dipterocarpaceae, more commonly known as
dipterocarps, dominates the Asian rainforests. This familyis composed of over 500
species with co-occurring congeneric species groups. It is one of the region’s most
important resources due to their extreme species richness, economical value, and has
been used as a source of timber and non-timber forest products (Appanah 1998, FRA
2000). This particular family of the south East Asian lowland evergreen forest has been
of particular interest to investigators for their noticeably distinct groups (Ashton 1982,
Ashton 1988, Whitmore 1989, Whitmore 1998, Maury and Curtet 1998). The
classification of the three subfamilies, Dipterocarpoideae, Monotoideae, and
Pakaraimoideae, within Dipterocarpaceae has been accepted based on unique floral
characteristics, reproductive biology and anatomical features (Maguire and Ashton 1977,
Maury and Curtet 1998).

However, classification among genera within dipterocarps has been controversial.
The classical way of inferring phylogenetic relationships has been by comparing
morphological characteristics. Before estimating any historical relationship between
individuals, an understanding of the biological mechanism of change influencing the
species can be insightful. Fedorov (1966) discussed the role of genetic drift in dipterocarp
biology, and concluded that genetic drift, or the random change in allelic frequency
occurring by chance in small and isolated populations play a more prominent role in
dipterocarp evolution than natural selection. Since individuals of the same species do not
tend to aggregate together, they would each adapt to their environment and eventually

become distinct from one another. Even if pollinators or wind dispersal mechanisms are
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effective, mating will not occur because the two individuals will most likely develop
different flowering periods and thereby prevent cross fertilization (Fedorov 1966).

Ashton (1969) noted that tropical tree species are sometimes distributed in
clusters while other groups are more dispersed. Hence, dipterocarps may not necessarily
be as isolated as suggested by Federov (1966). Furthermore, Ashton (1969) pointed out
that flowering does occur at the same time between individuals thereby permitting cross-
pollination at great distances through long distance pollination by animal vectors. Ashton
(1969) suggested that the theory of natural selection influenced Dipterocarpaceae biology
more than genetic drift.

The classification of dipterocarps has been established based on morphological
data, fossil records and pollen analysis (Ashton 1982, Maury and Curtet 1998) and only
few molecular based approaches have been reported. Studies by Chase et al. (1993) and
Dayanandan (1996) placed the Dipterocarpaceae familyin the order Malvales based on
the rbcL chloroplast gene, which codes for the large subunit of RuBisCo (enzyme used to
incorporate CO;). Alverson (1998) supported this classification. Alverson’s study was
more comprehensive and included a large number of taxa which supported the Malvalean
affinity of the Dipterocarpaceae. Molecular tools, in particular sequence data, as four
nucleotide character states, are discreet and less homoplastic in contrast to morphologcal
features, and provide higher resolution power to decipher phylogenetic relationships
(Alverson 1998).

Based on rbcL sequence and morphological data, Dayanandan (1995) pointed out
that the African genus, Monotes, is more closely related to Asiatic dipterocarps than to

the Tiliaceae, and the genera Shorea and Hopea are poylphyletic. Furthermore, he
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suggested that certain groups of species are a result of recent diversification as evident by
relatively low level of rbcL sequence variation in Shorea section Doona.

Using restriction fragment length polymorphism (RFLP) methods on chloroplast
DNA, Tsumura et al (1996) examined genetic variation among 30 species from 10
genera. They obtained a strict consensus tree using the maximum parsimony method and
a similar neighbour-joining tree. The position of S. multifolia and slight differences in
positions of Parashorea and some Shorea species varied between the two tree topologies.
They were able to clearly differentiate between tribe Dipterocarpeae, chromosome
number = 11, and tribe Shoreae, chromosome number = 7. In addition to chromosome
number, the tribe Dipterocarpeae is characterized by valvate arrangement of the fruit
sepals and consists of more than 150 species in 8 genera (Dipterocarpus, Upuna,
Cotylelobuim, Stemenoporus, Anisoptera, Vatica, Vateriopsis, and Vateria). In contrast,
the tribe Shoreae is distinguished based on the overlap arrangement of the fruit sepals as
well as chromosome number and is composed of over 300 species classified within 6
genera (Hopea, Shorea, Balanocarpus, Neobalanocarpus, Parashorea and
Dryobalanops). Tribe Shoreae is shown to be monophyletic. Due to the observed
phylogenetic topology of the tree, Tsumura et al. (1996) concluded that the change in
chromosome number (x) must have occurred at the base of this taxon and from x= 11 to x
= 7. They were also able to show that there is a close affinity between Parashorea lucida,
Shorea, Hopea, and Neobalanocarpus species, and that Cotylelobium and Vatica are
closely related (Tsumura 1996). The authors found that from the 11 genes studied, 4

chloroplast genes, 7poC, rbcL, perB, and trnK, were the most suitable for molecular
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phylogenetic studies. Yet even those four were not variable enough to infer infrageneric
relationships V(Tsumura 1996).

Kajita et al. (1998) identified two potential problems in the study by Tsumura et
al. (1996). The outgroup selection, Upuna, was unreliable and unjustified. Secondly, no
confidence levels were reported for the potential phylogenetic topologies provided
(Kajita 1998). Using many of the same species, Kajita et al. (1998) sequenced the marK,
trnL/F, and trnL intron regions for 17 species among 11 genera. Maximum parsimony
analysis yielded 2 equally parsimonius trees, one tree was obtained from neighbor-joining
analysis, and bootstrap analysis provided confidence levels for each tree respectively
(Kajita 1998). The rate of evolution of marK was found to be higher than trn, due to
increased number of nucleotide substitutions; it has also been suggested that the marK 5°
end is more variable for lower taxonomic levels compared to its’ 3” end (Kajita 1998,
Hilu 1996). The phylogenetic relationship between Parashorea and other Shorea species
were resolved, whereas Tsumura et al. (1996) failed to produce a clear topology. Both
studies agreed that x= 7 was the derived state.

However inconsistent with previous classification based on chromosome number
(Tsumura et al., 1996), the species of Dipterocarpus, from the Dipterocarpeae tribe, was
considered a genus monophyletic with the tribe Shoreae (Kajita 1998, Dayanandan
1999). The genus Dipterocarpus has been reported as basal taxa of the sub-family
Dipterocarpoideae and the genus Dryobalanops has been recognized as intermediate
between the two sub-families (Meijer 1979, Maury and Curtet 1998). Dayanandan et al.
(1999), using the chloroplast gene rbcL, deciphered relationships among 35 species

representing 20 genera belonging to 5 families. This study had difficulties with
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establishing the species Dipterocarpus and Dryobalanops topologies. However, they
were able to resolve the relationships between the two tribes Dipterocarpeae and Shoreae.
Some infrageneric relationships were resolved but more studies involving representative
taxa from Hopea, Shorea, Dryobalanops, and Dipterocarpus are needed to further clarify
the phylogenetic relationships within Dipterocarpaceae. In light of these obscurities the
classification of Dipterocarpaceae should be reconsidered.

Recently, phylogenetic studies of the Ditperocarpaceae family have included the
use of nuclear genes (Kamiya et al. 2005), as well as molecular dating analysis
(Gunasekara 2004). Kamiya et al. (2005) reconstructed the phylogeny of dipterocarps
using the nuclear PgiC gene. The number of taxon used in this study was limited, but the

phylogenetic tree topology was consistent with cpDNA trees.
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II 1.4 Objectives

It should be noted that all the molecular studies, with the exception of the nuclear
gene PgiC based study (Kamiya et al. 2005), have examined data from the chloroplast
genome. Since chloroplast DNA is maternally inherited, the reported topologies might
not reflect the complete picture as other sources of genetic information can be obtained
from the other organelles representing paternal and biparentally inherited data. In
comparing the topologies gathered from chloroplast, mitochondrial, and nuclear DNA
can a comprehensive mode of evolution be proposed. The PgiC gene based phylogeny
(Kamiya et al. 2005) had limited taxa representation, therefore the objective of the
present study is to reconstruct a comprehensive phylogeny of Dipterocarpaceae based on

a nuclear 18S rRNA gene sequence data including representative taxa from all genera.
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Materials and Methods
II 2.1 Samples

Leaf samples were collected and dried for long-term storage. We followed the
classification of Ashton (1982). One to two individuals representing each genus or
section were used in the present study (Table 8). Total genomic DNA was extracted from
dried leaf samples using a modified version of the protocol outlined by Dayanandan et al.
1997.

We obtained dried leaf samples (either 1 to 2 leaves or 0.75gto 1.5g respectively)
and placed them in a clean mortar with a pestle. We added enough liquid nitrogen to
cover the leaves and the tip of the pestle. Once the liquid nitrogen had evaporated, we
vigorously crushed the leaves into powder. Then we added 0.03gto 0.04g of dried leaf
powder to a 1.5ml centrifuge tube containing 600ul Extraction/Nucleic Lysis (1:1) buffer
and 120ul 5% Sarkosyl. We inverted the tubes several times and placed all the samples in
65°C water bath for 3 hours and inverted the tubes intermittently. Following the
incubation period, we centrifuged the samples at 7000 rpm for 5 minutes and decanted
supernatant into a new 1.5ml centrifuge tube. In the fume-hood, we added 600pl
Chloroform/Isoamly (24:1) solution. The tubes were left at room temperature for 10
minutes while gently inverting tubes to form an emulsion intermittently.

The tubes were then centrifuged at 7000 rpm for 5 minutes and the upper phase
was transferred to a clean 1.5ml centrifuge tube containing 600l Isopropanol. The tubes
were gently inverted and the DNA was precipitated out of the solution at room

temperature for at least 2 hours. Then the tubes were placed in -20°C freezer overnight.
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The following day, they were centrifuged at 14,000 rpm for 10 minutes and the
supernatant was decanted. The pellets were washed with 250ul 70% ethanol and
centrifuged at 14,000 rpm for 10 minutes. The supernatant was subsequently decanted
and the wash was repeated is the pellets were darkly colored. The pellets were dried in a
vacuum spinner for 30 minutes at medium temperature. Finally, the dried pellets were
dissolved in 100ul TE buffer. Using the Qiagen DNeasy Kit the samples were purified
according to the protocol outlined in the manufacturer provided manual.

We amplified and sequenced a section of the nuclear 18S rRNA gene (hereafter
referred as the N18S segment) using the primers N18S1 and N18C18H (Bult et al. 1992).
The 18S rRNA segment has been used for phylogeny reconstruction among eukaryotes,
including most major groups of plants (Kuzoff et al. 1998) such as green algae (Chapman
and Buchheim 1991) and angiosperms (Soltis et al. 1997). PCR amplification reactions
consisted of 230 uM dNTP, 2.5 mM MgCl,, 10 uM each primer, 1 unit of Taq DNA
polymerase, and 2.5 pL bufter (0.2M Tris PH 9.5; 0.25 M KCI; 1 mg/ml BSA, 5 pl/ml
tween 20) in a total volume of 25 ul (Appendix 1, Protocol 5). The thermal cycling
profile of PCR reactions, consisted of an initial denaturation step at 94°C for 3 minutes,
followed by 40 cycles of: 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 2
minutes. These parameters were followed by a final elongation step at 72°C for 5
minutes. Amplified products were electrophoresed on a 1% agarose gel with ethium
bromide (0.33 pug/ml) at 5.5 v/cm for 35 minutes (Appendix 1, Protocol 4 for agarose gel
recipe). PCR products were then purified and sequenced using the same primers as those
used in the PCR reactions. Each individual was sequenced twice, at both forward and

reverse directions. The chromatograms of the DNA sequencing results were processed
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and analyzed using the Staden software package (Staden group, MRC Laboratory of
Molecular Biology, Cambridge, UK). The assembled contigs were aligned using
ClustalW (Thomson et al. 1994) multiple sequence alignment software. Alignments were
subsequently imported into MacClade 4.0 software (Maddison & Maddison 2001) for
verification and manual editing of the sequence alignments. The final data set included 27

taxa.

63



I1 2.2 Phylogenetic Analysis

The phylogenetic analyses of the present study were conducted using PAUP 4.0
beta 8 (Swofford 2001). For each data set 1000000 random trees were analyzed to obtain
the frequency distribution of tree lengths to assess the phylogenetic signal of the data
matrix by calculating the skewness (gl) and kurtosis (g2). The nucleotide frequency
distribution was examined by the chi-square test of homogeneity of base distribution
across all sequences.

Maximum parsimony phylogenetic trees were reconstructed through conducting a
heuristic search with equal character weights, gaps treated as missing data, multi state
taxa were interpreted as uncertainty, starting tree was obtained by stepwise addition, and
random sequence addition was used for the data set. Tree-bisection reconstruction (TBR)
was used as the branch swapping algorithm, and the consensus tree was obtained through
strict and 50% rules. The trees were rooted using Durio zibathinus species, from the
family tropical tree family Bombacaceae. To examine the confidence levels of the
branches, bootstrap analysis with fast-heuristic search based on 1000 replicates was
conducted to complete the analysis.

Modeltest v3.06 (Posada 1998) was used to find the optimal nucleotide
substitution model that fits the data set using hierarchical likelihood ratio test. The ML
analysis was performed through heuristic search with TBR branch swapping, addition of
sequences as-is and the Modeltest v3.06 (Posada 1998) parameters as nucleotide
substitution model. To examine the confidence levels of the branches, bootstrap analysis
with full-heuristic search based on 1000 replicates was conducted to complete the

analysis.
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We have selected the evolutionary model for our data set based on results from
Modeltest v.3.06 (Posada 1998) and applied the parameters to reconstruct phylogenetic
trees. Robustness of branches was tested by bootstrapping 1000 replicates with the
neighbor-joining (NJ) search algorithm. When more than one tree was generated from
any of the algorithms used, MP, ML, or NJ, two methods were used to obtain the
consensus trees. The strict consensus method means that only clades that show up in all
of the most parsimonious trees are recognized and retained. Whereas the majority-rule
approach only retains branches that occur more than 50% of the time in all of the most
parsimonious trees generated. When relationships are not maintained among all optimal
trees, the majority-rule analysis will reveal a more resolved tree; in the strict consensus

the branches are collapsed if they are not found in all of the trees.
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IT 3 Results
II 3.1 Preliminary data analysis

Direct sequencing of purified PCR products of the N18S rRNA segment was
followed by ClustalW alignment of all sequences and resulted in a 1030 character
(nucleotide) long data matrix. The data matrix was composed of 27 taxa with 27
parsimony informative sites. The frequency distribution calculated from 10° random
trees, yielded gl = - 0.437036, and g2 = 0.203389 suggesting a significant phylogenetic
signal in the data matrix. The chi-square test of homogeneity of base distribution across
all sequences was used to check if the observed nucleotide frequencies differed
significantly from the expected frequencies. This test revealed p = 1.0 allowingus to
accept the null hypothesis; the nucleotide frequency distribution is homogeneous and

consistent with the expected values.
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I1.3.2 Maximum parsimony (MP) analysis

Maximum parsimony analysis generated 277 equally parsimonious trees. The
50% majority rule consensus tree and the strict consensus tree differed in several
relationships. Most internal nodes were not supported by bootstrap analysis (Figure 4).
Although Monotes and Marquesia are grouped together, they are placed within the
Dipterocarpoideae subfamily as opposed to other studies, which have previously
classified them within the subfamily Monotoideae (Dayanandan et al. 1999, Ducousso et
al. 2004).

Distinction between tribes Ditperocarpeae and Shoreae based on chromosome
number is maintained. The associations of the tribe Shoreae in the strict consensus tree
are collapsed but maintained in the majority rule. Furthermore, the phylogenetic
relationships among taxa within this clade remain unresolved. Relationships between
Hopea odorata, Hopea brevipetiolaris, Hopea dryobalanoides, and Neobalanocarpus
heimii remain unresolved. Although they all belong to the same tribe, Shoreae, their
reported topology is intertwined. Hopea odorata, Hopea brevipetiolaris, and Hopea
dryobalanoides are considered different species belonging to the same genus, yet the
placement of Hopea dryobalanoides occurred as a sister taxa to Neobalanocarpus heimii,
genus Neobalanocarpus, and separated from the other Hopea species. The position of
Neobalanocarpus heimii in our study, Figure 6, suggests evidence of reticulate evolution;
this specie is likely a result of hybridization between Shorea and Hopea taxa.

Within the tribe Dipterocarpeae, relationships between species of the same genus
are maintained; V. venulosa and V. bantamensis, D. zeylanicus and D. glandulosus, in

addition to Stemenoporus gilimalensis and Stemenoporus sp. (collected from
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Sooriyakanda) group together within their genera Vatica, Dipterocarpus, and
Stemenoporus respectively. Two major clades are depicted within this tribe. The first
consists of the genera Dipterocarpus and Vateria. The second is composed of Upuna,

Stemenoporus, Vateriopsis, Cotylelobium, and Vatica.
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I1.3.3 Maximum likelihood (ML) analysis
Modeltest analysis suggested that the SYM+I+G (Zharkikh 1994) nucleotide
substitution model, with the following parameters, was the most suitable given our data:
a. Equal base frequencies
b. Rate matrix: (A-C)=0.2940; (A-G)=3.0287; (A-T)=1.4838; (C-G)=0.2326; (C-
T)=1.4278; (G-T)=1.0000
c. Among-site rate variation: proportion of invariable sites = 0.8372
d. Gamma distribution shape parameter = 0.5734

The maximum likelihood analysis was conducted with the above parameters and
yielded one tree. Similar relationships are maintained between ML and MP topologies.
With the exception of the genus Shorea, the ML tree is fully resolved. Bootstrap values
did not support most of the internal nodes (Figure 7) and are very similar to those
obtained under the parsimony criterion.

With the exception of the placement of the species S. cordifolia, and the species
from the subfamily Monotes, topologies within the tribe Shorea are identical to those
depicted under the parsimony criterion. The species S. cordifolia is placed basal in this
tribe in contrast to the parsimony topology where it nestled within the group. In the
parsimony analysis, the species from the subfamily Monotes is basal to the tribe
Dipterocarpeae in contrast to the tribe Shoreae and the species from the subfamily
Marquesia.

Within the major clade Dipterocarpeae, Upuna is placed basal to two subsequent

groups. The first contains the genera Dipterocarpus, Vatica and Vateria. The second
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group is composed of the following genera: Stemenoporus, Vateriopsis, and

Cotylelobium.
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I1.3.4 Neighbor-joining (NJ) analysis

Using the same parameters suggested by Modeltest for ML analysis, the NJ
algorithm retained only one tree. This tree does depict fully resolved relationships, and is
similar to those obtained from MP and ML analysis. Bootstrap values did support several
internal nodes (Figure 8) in comparison to the previous methods of analysis.

The subfamilies Monotoideae, Monotes sp. and Marquesia sp., are found basal to
the Dipterocarpoideae subfamily. Within the Dipterocarpoideae subfamily the same two
major clades, consistent with chromosome number distinction, exiét as in the previous
methods of analysis. Basal to the first clade, tribe Shoreae, is the species Shorea
siamensis. Similar relationships are maintained within the group as the MP and ML
methods.

Relationships within the tribe Dipterocarpeae are more resolved but overall
topologies are very similar to MP and ML analysis. The genus Upuna is depicted to be
ancestral to the genera Dipterocarpus, Vatica and Vateria. The taxa Stemenoporus,
Vateriopsis, and Cotylelobium are depicted as sister taxa. In cases where greater than one
species was sequenced per genus, such taxa cluster together; for example Dipterocarpus
glandulosus and Dipterocarpus zeylanicus, the two Stemenoporus individuals, and the

three Vatica individuals.
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I1.4  Discussion
11.4.1 Comparisons between MP, ML, and NJ topologies

DNA sequences and other molecular data compared among organisms may
contain phylogenetic signal, or they may be randomized with respect to phylogenetic
history. Some method is needed to distinguish phylogenetic signal from random noise to
prevent analyzing data that has been randomized with respect to the historical
relationships among the taxa being compared. Distributions of tree lengths with a left
skew indicate that relatively few solutions exist near the optimal solution compared to
elsewhere in the distribution (Hillis and Huelsenbeck 1992). This, in turn, is an indication
of correlation among characters beyond that expected at random. Comparison between gl
critical values (Hillis and Huelsenbeck 1992) and our result suggest that the performance
of analyses in finding the true phylogeny has greater than 99% chance of occurring,

Estimating the robustness of branches through statistical measures, such as
bootstrap, has been controversial (Brocchieri 2001, Henderson 2005). The bootstrap
method analyzes a set of nucleotide sites randomly, with replacement, and constructs a
new tree (Felsenstein 1985). This process is repeated, in our case 1000 times, and the
frequency of appearance of a particular node among the bootstrap trees is viewed as a
support or confidence value for deciding on the significance of that node. Recall that only
the informative sites provide information relevant to constructing phylogenetic trees. If
during resampling these sites are not selected, due to randomization effects, the same tree
will evidently not be re-produced. As our data set has a low proportion of informative

sites, our low bootstrap values can be expected.
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ML and NJ methods use explicit statistical models of nucleotide evolution to
estimate phylogenetic trees. The objective of model selection is to find the model that
will allow one to most accurately estimate unknown phylogenetic parameters while
avoiding bias and excessive variance (Bos and Posada 2005). Selection of the most
appropriate model for a given data set depends on several criteria; substitution rates (rates
of evolution between pairs of nucleotides), overall among-site rate variation at nucleotide
positions (gamma distribution), and nucleotide frequencies (Bos and Posada 2005).
Applying a specific model of nucleotide sequence evolution prior to constructing
phylogenetic trees, such as in NJ and ML analysis, will increase the chances of
generating a consistent tree; whereas both weighted and un-weighted parsimony methods
are generally less efficient than the NJ and ML methods even in the case where the MP
method gives a consistent tree (Tateno et al. 1993). When all the assumptions of the ML
method are satisfied, this method is slightly more efficient than the NJ method (Tateno et
al. 1993). However, when the assumptions are not satisfied, the NJ method with
incorporated optimal gamma distances is slightly more efficient in generating the correct
topology than is the ML method (Tateno et al. 1993).

Many phylogenetic relationships were not fully resolved in the MP analysis. With
the exception of Balanocarpus utilis, belonging to the tribe Dipterocarpeae, the
distinction between the two tribes of Dipterocarpaceae is maintained as is the distinction
in chromosome number in the majority rule topology. In the strict consensus version, the
clade corresponding to the tribe Dipterocarpeae is collapsed, but suggests that
chromosome 7 was derived. Genera Upuna, Vatica, Vateriopsis, Cotylelobium, and

Stemenoporus form a terminal clade. The grouping is consistent with other studies
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(Tsumura et al. 1996, Kajita et al. 1998, Dayanandan et al. 1999), but internal nodes
differ within the clade. Vatica and Cotylelobium have described as sister groups
(Tsumura et al. 1996, Kajita et al. 1998). In our analysis, Vatica is a sister taxa to Upuna
and gives rise to Cotylelobium. The relationship depicted in the MP majority rule analysis
between Stemenoporus and Vateriopsis, as well as those within the tribe Shoreae, are
consistent with other studies based on chloroplast DNA analysis (Tsumura et al. 1996,
Kajita et al. 1998, Dayanandan et al. 1999). However, the placement of Neobalanocarpus
hemii is controversial. MP analysis has placed it basal to the chromosome 7 clade that
consists of the genera Shorea and Hopea, whereas other studies place species from the
genus Shorea basal to the chromosome 7 clade. MP methods are effective when site-to-
site heterogeneity is moderate and the matrix contains enough parsimony informative
sites. As our matrix only generated 27 informative sites from over 1400 characters, it
likely impeded production of a consistent phylogeny.

While maintaining the same basal relationships in MP analysis, associations
within each major clade are more resolved in ML analysis. Inconsistencies such as the
division of Monotes and Marquesia, and V. bantanmensis and V. venulosa whom each
pair belong to a unique genus and whose associations are supported by morphological
and molecular features (Ashton 1982, Dayanandan et al. 1999), suggest that the proposed
topology does not reflect the most accurate evolutionary relationships (Gunasekara
2004).

Most phylogenetic relationships are resolved in the NJ tree. NJ analysis had the
highest probability of generating the most accurate topology. When the gamma correction

and other model parameters defined by Modeltest were incorporated in the NJ analysis, it
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became more efficient than the ML method in constructing the most accurate
phylogenetic tree since not all the assumptions were met (Tateno et al. 1993).
Assumptions were violated in the ML analysis due to limitations in PAUP*4; the
nucleotide substitution model defined by Modeltest to construct the tree was not
available.

NJ analysis divides the monophyletic tribe Dipterocarpeae into two major clades.
The first includes Stemenoporus, Vateriopsis and Cotylelobium while the other includes
Dipterocarpus, Upuna, Vateria, and Vatica. This division is consistent with the notion
that Stemenoporus, and Vateriopsis are the most recent ancestors within the tribe
Dipterocarpeae (Gunasekara 2004) and consistent with other studies suggesting that 7
chromosomes is the derived or most evolutionary recent state (Tsumura et al. 1996,
Kajita et al. 1998). Relationships within the monophyletic tribe Shoreae depict a close

affinity among Hopea, Neobalanocarpus, and Shorea.
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4.2 Phylogenetic relationships among dipterocarps

Disagreements concerning topology of Dipterocarpus and Dryobalanops remain
to be addressed (Kajita et al. 1998, Dayanandan et al. 1999). The differentiation between
chromosome numbers, that was once sufficient to classify the two tribes as monophyletic,
is no longer fully accepted. Classification of Dipterocarpus in our study is consistent with
chromosome number division (Tsumura et al., 1996). Although the phylogenetic tree
reconstruction results, particularly the classification of Dipterocarpus and Dryobalanops,
is consistent with the theory that dipterocarps originated in Gondawana and migrated
eastwards toward Southeast Asia, the relationships remain unresolved (Dayanandan et al.
1999). In light of this new evidence further studies, using several species from each taxa
and sequencing of other genomic regions, are required to elucidate the position of these
genera.

Gathering and examination of mtDNA or nuclear DNA in comparison with the
cpDNA information published will enhance our understanding and resolve the phylogeny
of dipterocarps. Although mtDNA is also uniparentally inherited, from the mother, when
the analysis is coupled with cpDNA and nuclear DNA, we would then be able to describe
the phylogeny of dipterocarps more precisely. The placement of Neobalanocarpus has
been debated. Our results place this species nested within Hopea and Shorea species.
This arrangement is congruent with the phylogeny based on PgiC (nuclear) and matK
sequence data analysis (Gunasekara 2004, Kamiya et al. 2005); providing further
evidence that Neobalanocarpus is derived via hybridization between Shorea and Hopea.

As can be seen in all the methods of analysis, terminal lineages within the genus

Shorea remain unresolved. Developing a method to resolve the relationships of such
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terminal lineages would be valuable for the understanding of how the species evolved in
their unique environment. Our attempts to decipher the relationships of such terminal
lineages, such as Shorea section Doona and Stemenoporus, demonstrated the close
degree of relatedness with little or no polymorphism suggesting a recent diversification of
these species groups. Phylogenetic studies in conjunction with ecological,
biogeographical and edaphic relationships among these species will be valuable to

understand the mode of speciation prevalent among tropical forest trees.
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4.3 Biogeography of Dipterocarpaceae

Plant geography has been described as the study of the distribution and biological
processes of plants in attempt to understand the geographical range of particular taxa or
floras as a means to elucidate their origin, evolution and dispersion (Tivy 1993).
Contemporary disjunct distributions of various taxonomic units reflect the historical
influence of geological and climatic events (Gunasekara 2004). It is widely held that
angiosperms evolved in west Gondwanaland and radiated into east Gondwanaland
(Australia) and through South America and Africa into Laurasia (Audley-Charles 1987,
Morley 1998, 1999, Pooma 2003).

The tropical tree family Dipterocarpaceae presently dominates the west Malesian
and Indian/Sri Lankan rainforests. Dipterocarp pollen first appeared in the fossil record of
west Malesia about 30 million years ago (Adams 1994, Pooma 2003). The timing of this
event follows the collision of the India-Ceylon plate with southern Asia during the early
Tertiary, specifically in the middle Eocene (Adams 1994, Pooma 2003). Many African
plant species dispersed into India, and many of their descendants subsequently dispersed
into Southeast Asia following the collision. This can explain the present distribution of
Dipterocarpaceae, originating from Africa, or possibly South American plate with
subsequent invasion from India (Morley 2001). The ages estimated as the point of origin
of dipterocarps are consistent with those of the origin of angiosperms based on rbcL and
18S rRNA sequences (Sanderson and Doyle 2001, Wikstrom et al. 2001, Gunasekara
2004). Evidence from dipterocarp pollen dated to the late oligocene and early miocene,

suggests that at this time dipterocarps were common in Southeast Asia.
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The split between the subfamilies Pakaraimoideae and Monotoideae, documented
to have occurred 119 Mya, and current distribution, support the existence of direct land
connections between the South American and African plates (Gunasekara 2004).
Pakaraimoideae is considered the most archaic subfamily due to its simplified pollen
structure as compared to the specialized walls and exine structures of the Monotoideae
and Dipterocarpoideae subfamilies (Gunasekara 2004). Fossil records from East Africa
suggest the presence of the Dipterocarpoideae subfamilyin African forests until the
middle Miocene, approximately 88 Mya (Bancroft 1935, Gunasekara 2004). Further
evidence supporting the notion that ancestors of Dipterocarpoideae existed in Africa
results from the chronological sequence of interplate movement; the Indian plate
separated from the Southern Gondwanaland (113-108 Mya) and drifted northward until it
was in close proximity to Madagasgar (74 Mya) thereby facilitating subsequent plant
dispersal from the African to Deccan plate (later renamed the lndian plate) (Morley 2003,
Gunasekara 2004).

Warm climates remained during the Miocene era and early Pliocene, while cooler
climates only occurred intermittently (Pooma 2003). These environmental effects
promoted the expansion of the Malaysian rain forests to extend to northern India, and the
flora of Southeast Asia began to take on its present form with Dipterocarpaceae
constituting a major component within moist rain forests (Pooma 2003). Consistent with
other molecular studies (Gunasekara 2004) our results (Figure 8) suggest parallel
evolution among Vateriopsis and Stemenoporus, as well as among Vateria and Upuna.
Divergence times reported for these taxa support the theory that they shared a common

ancestor during the Eocene era (Gunasekara 2004). The division between the two groups
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may be due to their independent evolution incurred during adaptation to their respective
microhabitats and microclimatic conditions during the historical range reduction
(Gunasekara 2004).

The most ancestral lineage of the genus Shorea is reported to be section Doona
based on morphological as well molecular data (Ahston 1982, Gunasekara 2004). As seen
in Figure 8, Shorea cordifolia of section Doona, is found basal to the Shorea group and
its’ position is congruent with other studies; with the exception of Shorea siamensis,
section Pentacme. Studies have reported that the estimated time of divergence indicate
that the common ancestor of Shorea section Doona existed in the Deccan plate prior to its

collision with Eurasia (Gunasekara 2004).
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I1.5 Conclusions

Although previous studies have investigated the relationships within
Dipterocarpaceae, we present a comprehensive investigation of the nuclear 18S (N18S)
ribosomal segment based phylogenetic relationships within Dipterocarpaceae by
including, with the exception of genera Dryobalonops and Anisoptera, at least one
representative individual per genus. Phylogenetic analysis revealed low levels of
polymorphism for the N18S segment, which can explain discrepencies such as the
classification of Monotes sp. and Marquesia sp., as compared to other studies. However,
the overall segregation of taxa based on chromosome number, with chromosome 7 as the
derived state, remains similar to other investigations. Furthermore groupings of taxa are
consistent with consistent with historical biogeographical events. Dipterocarpaceae
diverged into its genera and major sections by the end of the Miocene era and taxa, such
as Vateriopsis and Stemenoporus as well as Vateria and Upuna, reportedly share

common ancestors during the Eocene era suggesting parallel evolution.
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Table 8: Abbreviations and classifications of species included in the phylogeny of the

Dipterocarpaceae family using partial RNA sequences. Abbreviations represent those

seen in phylogenetic trees (Figures 6, 7, and 8).

Subfamily |Tribe Genus Section Subsection Species Name Abbreviations
Durio Durio zibathinus Durio zibathinus
Dipterocarpus Dipterocarpus zeylanicus D. zeylanicus
Dipterocarpus Dipterocarpus glandulosus D. glandulosus
Vatica Vatica Vatica venulosa V. venulosa
° Vatica Sunaptea Vatica bantamensis V. bantamensis
g Upuna Upuna borneensis U. borneensis
g Cotylelobium Cotylelobium lanceolatum C. lanceolatum
g*- Balanocarpus Balanocarpus utilis B. utilis
Vateriopsis Vateriopsis seychellarum V. seychellarum
Vateria Vateria copallifera V. copallifera
5 Stemonoporus Stemonoporus gilimalensis St. gilimalensis
-g Stemonoporus Stemonoporus sp. St. sp.
§ Shorea Richetioides Richetioides Shorea multiflora S. multiflora
%’»_ Shorea Brachypterae | Brachypterae Shorea pauciflora S. pauciflora
a Shorea Brachypterae Smithiana Shorea smithiana S. smithiana
Shorea Ovales Shorea ovalis S. ovalis
Shorea Pentacme Shorea siamensis S. siamensis
§ Shorea Rubella Shorea rubella S. rubella
'E Shorea Anthoshorea Shorea stipularis S. stipularis
Shorea Doona Shorea cordifolia S. cordifolia
WWeobalanocarpus Neobalanocarpus heimii N. heimii
Hopea Hopea Hopea Hopea odorata H. odorata
Hopea Hopea Hopea brevipetiolaris H. brevipetiolaris
Hopea Dryobalanoides{Dryobalanoides Hopea dryobalanoides H.dryobalanoides
Monotoideae Monotes Monotes sp. Monotes sp.
Monotoideae Marquesia Marquesia sp. Marquesia sp.
Pakaraimoideae Pakaraimaea Pakaraimaea dipterocarpacea | P. dipterocarpacea
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Figure 6: The maximum parsimony majority rule consensus tree of 277 equally
parsimonious trees based on the partial rRNA sequences. Numbers above branches depict
frequency of occurrence in 50% majority rule consensus, while numbers below the
branches indicate bootstrap % values. Numbers in brackets show branch lengths (the
number of nucleotide substitution).
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Figure 7: The maximum likelihood phylogenetic tree based on the partial IRNA
sequences. Numbers above branches depict frequency of occurrence in 50% majority rule
consensus, while those below branches depict bootstrap percentage values. Numbers in
brackets show branch lengths (the number of nucleotide substitution).
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Figure 8: Ditperocarpaceae neighbor-joining (NJ) tree based on the partial rRNA
sequences. Numbers indicate bootstrap percentage values; unless otherwise indicated
values are less than 50%. Branch lengths (based on the distance matrix) are proportional
to the number of substitutions.
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General conclusions

The population genetic study of jack pine, Pinus banksiana, has revealed that the
maritime populations are genetically distinct from the mainland populations and current
gene flow values indicate that maritime populations have a significant potential to
become genetically depauparate. This information is crucial for its sustainable
management. Furthermore, detailed genetic structure parameters have elucidated the
effects of various historical refugia events that have influenced the evolutionary process
of this species. At least 2 glacial refugia events have influenced the genetic structure of

jack pine.

The phylogenetic study of the Dipterocarpaceae based on partial sequences of
nuclear rRNA is among the first of its kind. Although these segments revealed low levels
of polymorphism overall segregation of taxa and divisions based on chromosome number
remained consistent with other research studies. Groupings of sequences are generally as
expected, with members of the same genus grouping together, and are consistent with

historical biogeographical events.
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