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Abstract

Tropical forest is being cleared and fragmented at a rapid pace.
forestry practices are eroding natural resources where
they are badly needed and contributing to the decline of global
biodiversity. Increasingly, efforts are being made to address the
problem, through conservation of remaining forest and restoration of
areas of degraded land. However, for policies to be successful in the
long term, it will be necessary to understand the level and distribution
of natural variation within forest species and the effect that human
impacts may have on its maintenance. This thesis aims to use
molecular methods to investigate the genetic diversity and population
structure of two commercially important neotropical tree species in a
human-influenced Central American landscape.
Unsustainable

Red

Yemeri, Vochysia ferruginea Mart., is recommended as a
potentially highly useful species for forestry reclamation of degraded
land. Populations from throughout its range in Costa Rica were
analysed for both organellar (chloroplast specific PCR-RFLP) and
total genomic (AFLP) variation. All populations were fixed for one of
two chloroplast DNA (cpDNA) haplotypes identified. One haplotype
was distributed exclusively throughout the Atlantic watershed, whilst
the second was found only on the Pacific slope. AFLP diversity was
partitioned primarily within populations (80.5%) and small but
significant between-population differentiation was detected (®st =
0.195). The relationships between populations fitted an isolation by
distance model when an ecological distance metric linking populations
through suitable habitat was used, and indicated gene flow around a
central mountain range. In combination with the cpDNA data, these
data suggest that pollen flow around the mountain range is maintained
whilst seed flow appears to be more restricted and cpDNA structure is
more probably a consequence of historical population processes.

Spanish Cedar, Cedrela odorata L., is a globally important timber
species which has been severely exploited in Central America for over
200 years. Populations from throughout its range in Costa Rica were
analysed using PCR-RFLP and AFLP. Two cpDNA haplotypes were
identified and, in all but a single case, populations were fixed for one
haplotype. Generally, haplotypes were distributed exclusively between
different habitat zones (wet and dry), indicating the likely presence of
two ecotypes, as previous studies had concluded. AFLP analysis
(AMOVA) confirmed the genetic divergence of ecotypes (83.5%
between ecotypes) and showed that dry ecotype populations
maintained almost twice as much diversity as wet ecotype populations
(h = 0.093 and 0.056 respectively). Within the dry ecotype group,
located only in northwestern Costa Rica, diversity was partitioned

primarily within populations (79.8%) but a small and significant
substructure was apparent (®st = 0.202). Within the wet ecotype
group differentiation was observed between populations from the
Pacific and Atlantic watersheds. An isolation by distance model could
be fitted to the between-population variance component of the wet
ecotype group using an ecological distance metric linking populations
around the southern end of the mountain range, possibly reflecting a
historical colonisation from the south.
A Central American

rangewide study of cpDNA variation in C.
haplotypes. These formed three
groups reflecting geographic distribution, representing Northern-,
Central- and Southern-Central American populations. However, the
genetic relationships between groups did not follow the geographic
pattern. The Northern group was most strongly differentiated from the
other two, although it is morphologically similar, geographically
proximate and occurs in similar habitat to the Central type. This
divergence most likely reflects a very ancient colonisation event. In
the south, the Central (dry) type and the Southern (wet) group were
differentiated along environmental boundaries. Given the distributions
of the latter two cpDNA types and taking AFLP diversity into
account, it seems most probable that this pattern reflects colonisation
and extinction processes that would have accompanied the vegetation
and climate changes in the region during the glacial cycles of the last
odorata identified

a

total of five

million years.
The data obtained

these two

important species are discussed in
application to their conservation and sustainable use. In
particular, the identification of Evolutionarily Significant Units in C.
odorata will help to shape an effective policy for its long term
terms of

survival.
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1.0

Introduction.

Worldwide, natural habitats

are

still being degraded at a rapid pace

(Myers 1988; Finegan, 1992; Myers et al., 2000). The problem is
particularly acute in the tropics (Raven, 1987; Schemske et al., 1994),
where the total

populations

area

are

of

tropical forest is being diminished and forest

becoming increasingly fragmented. Within- and

among-fragment dynamics

now

play

an

important role in the life

history of many forest species (Nason & Hamrick, 1997). The effect of
such dramatic ecosystem
under

changes

on

individual species is currently

widespread investigation (Hall et al., 1996; Young et al., 1996).

The

rapid development in the

for

obtaining genetic information has increased understanding of the

range

and accessibility of molecular tools

importance of applying these data to urgent practical problems
(Newton et al., 1999a). Molecular tools provide
the level and distribution of natural variation in

a

rapid

way

populations, investigate

the mechanisms of maintenance of variation and hence

impact of interrupting such mechanisms
(Bachmann, 1994). As

populations has

grown

a

whilst
are

assess

the

future viability of species

on

result, the study of genetic diversity in plant

rapidly in scale and significance.

There has been considerable debate
the conservation of

to quantify

on

the role of

genetic diversity in

plant species. It is generally recognised

now

that

ecological and demographic characteristics of plant populations

important in the short-term (Lande,

sufficient levels of genetic
critical

diversity and the

1988), preservation of

means to

maintain it

are

of

long-term significance (Frankham, 1995; Avise, 1996; Schaal et

al., 1998). An assessment of the levels and distribution of intraspecific

diversity therefore, is important for the development of effective plans
for

a

species' long term survival and preservation of evolutionary

1
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potential. This is especially pertinent given recent
human-mediated climate

maintenance of

concern

regarding

change (Tilman & Lehman, 2001),

genetic diversity will determine

a

as

the

species' ability to

adapt and respond to changing conditions.
1.1.
As

Theoretical

background of genetic variation.

large amounts of new data have advanced the field of population

genetics,

an

understanding of the role of historical variation has also

developed (Soltis & Gitzendanner, 1999). Whilst population genetic
theory deals with changes in genetic variation
timescales that reflect

a

on

contemporary

species' life history, breeding system and

environment, phylogenetics reveals longer timescale processes of
evolution that reflect ancient
events.

and

a

speciation, migration and differentiation

Recently, there has been

a convergence

realisation of how information from

the other

between the two fields

one can

inform and enrich

(Comes & Abbott, 1999b). An increasing sophistication of

molecular tools and their

application has begun to allow

approach that disentangles ancient and contemporary

a

concerted

sources

of

variability within species. There remain significant differences in
philosophy and approach between the two fields and useful parallel

interpretation of both fields requires

an

understanding of their

contrasts.

1.1.1. Sources of variation.

Molecular level variation.
Variation in
variation

phenotype is produced by the interaction of genetic

with

environment.

However,

environmentally

induced

variation is not heritable and is not believed to contribute to the

evolutionary

process.

Also, measurement of genetic diversity levels

using quantitative characters is confounded by variation due to
environmental

heterogeneity (Hamrick et al.,

1992). Ultimately,

2
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variation is
of heritable

generated at the molecular (DNA) level. The

raw

material

variability within and between populations is the DNA

molecule

itself, the

statistical

sampling of the assorted varieties for

process

of replication of that molecule and the
any one

particular locus

through reproduction. Therefore, for assessment of genetic diversity,
the most direct route is to make measurements at the molecular level.

The

mechanisms

generating variety in the genetic code spring

principally from the process of replication. During replication, mistakes
can

be made

by, for example, substituting

single nucleotide for

a

another, transferring small additional sections of DNA into the new
strand or,

in the

case

of nuclear DNA (and plant mitochondrial DNA)

through recombination of entire sections of the chromosome. This
process

of mutation produces

of which

new

varieties of existing molecules,

persist in the population. Over time,

produced which comprises

a

a

some

pool of variants is

species.

Selectively neutral variation.
The

development of protein electrophoresis in the

discovered

mid-20th

century

relatively large amounts of genetic variation below the

species level. This discovery led to the development of the neutral
theory (Kimura, 1968, 1983). It states that the great majority of
evolutionary mutations at the molecular level

are

caused by random

fixation, through sampling drift, of selectively neutral (Kimura, 1968)
or

nearly neutral (Ohta, 1992) mutants. The neutral theory implies that,

overwhelmingly, intraspecific variation is maintained by
between the processes

mutation

balance

of random genetic drift (variation loss) and

(variation gain). This idea contrasted with the prevailing view

of the time which
driven

a

the fixation of mutations in

population

as

by positive natural selection, and intraspecific polymorphism

as

maintained

saw

a

by balancing selection.

'i tro du ebon
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supporting the neutral theory has accumulated, the principal

piece of which is the observation that
substitutions

occur

at

a

higher rate than

synonymous

(silent) base

non-synonymous

mutations

(Kimura & Ohta, 1974). This contrast, which reflects differing
selection constraint, is mirrored

by the difference in rates between

coding and non-coding regions of the
such

as

introns, mutation rates

are

genome.

In non-coding regions,

much higher. A mutation in

coding (and therefore non-expressed) part of the

genome

by selection. In other words, mutations in coding
likely to have

a

a non-

is unaffected

sequences are more

deleterious effect, and be eliminated by selection

(Kimura, 1991).

An

important

loci shed
those loci

no

of the neutral theory is that neutral alleles /

consequence

light

on

the

process

experience little

or no

of genetic adaptation. However,

selective

pressure,

they

are

as

ideal for

investigating geographic distribution of variation, patterns resulting
from stochastic events and
The

phylogenetic relationships (Avise, 1994).

assumption of neutrality for molecular markers is of fundamental

importance to contemporary population genetics.
1.1.2.
In

a

Population genetics.

population, genotype frequencies

are

the number of each genotype

relative to the total number of individuals in the

population. For

particular locus, polymorphism is the

of

occurrence

more

than

a

one

genotype. The number of genotypes is governed by the number of
alleles

(molecular variants) occurring at that locus. A population

thus be characterised for

can

genotypic and allele (or gene) frequencies.

The baseline model, which describes the behaviour of allelic and

genotypic frequencies in

a

population,

was

developed independently by

4
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G.H.

Hardy & W. Weinberg (Hartl & Clark, 1997) in the early

20th

century.
The

Hardy-Weinberg model.

The

Hardy-Weinberg model describes the expected relationship

between allele

frequencies in

an

idealised population and the genotype

frequencies derived from them. Although highly simplified, this model
allows formulation of theoretical genotype
framework

In

against which to test observed data. It forms

which much later

on

a

a

simple basis

population genetic theory was built.

population genetic terms
infinite number of

an

frequencies and provides

an

ideal population is assumed to consist of

diploid, sexually reproducing organisms with

non-overlapping generations, with

pure

random mating (panmixis).

The locus under consideration is assumed to have two alleles with

equal frequencies in males and females and be unaffected by selection.
The

population experiences no migration or mutation.

When these conditions

change

over

are

time and for

met, allele
a

frequencies at the locus do not

diploid locus with alleles A and

a,

the

genotype frequencies in each generation are given by:

AA

Aa

aa

P2

2pq

q2

where p

is the frequency of allele A and

and where p + q =

A

q

that of allele

a,

1.

population matching these proportions of genotypes is considered to

be in

Hardy-Weinberg equilibrium (HWE). In the absence of outside

forces,

a

population will reach these genotype frequencies in

a

single

5

rojuuanon structure ana pnyiogeograpny oj two neotropical trees

generation and thereafter will not deviate from them. Clearly, real

populations

population (although they
of deviations from HWE
factors

the assumptions made for the ideal

may never meet

affecting the

may

closely approximate to it) and analysis

provides

framework for understanding the

a

distribution

of genetic

variation

in

real

populations. The HW model for population genetics is easily extended
to

cover

multiple alleles at

a

locus and particular

cases

such

as sex-

linked genes.

Genetic

variation

in

population is often measured using two

a

parameters, the proportion of polymorphic loci and the level of

heterozygosity. The proportion of polymorphic loci is simply the
number of loci

showing

number of loci examined.
are

more

across

all loci examined. These

locus whilst

allele relative to the total

a

population at HWE relative to

genotypes), frequently reported

variation at two levels: for
a

one

Heterozygosity is the proportion of loci that

heterozygous (the value of 2pq in

the total number of

for

than

showing

measures

example,
a

a

as an average

provide information

population

may

on

be polymorphic

low level of heterozygosity.

Population subdivision.
Whilst

a

real

population

may

approximate to

a

Hardy-Weinberg model

population in number the assumption of panmixis
considered valid.
into

sub-populations and allele frequencies

processes

are

are

rarely be

substructured

exposed to stochastic

resulting from random sampling during reproduction. The

division of whole
may

Inevitably entire 'real' populations

can

populations

can

be caused by many factors. Structure

arise through mating system limitations (pollen / seed dispersal

factors

(habitat patchiness,

disruption of

distances),

ecological

continuous

habitat) and barriers (geographic, temporal). Isolation,

resulting in small population size, and in the absence of significant

6
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interactions, will lead to divergence of allele frequencies between sub-

populations, i.e. genetic differentiation.

To

analyse population substructure and its effects

it is useful to consider the
are

population

on

allele frequencies,

hierarchy. Sub-populations

as a

grouped such that the lowest level is the local interbreeding

population, and levels above progressively include greater numbers of
sub-populations according to the relevant grouping factor:
follow

a

geographic example - local sub-population, regional

sub-populations), rangewide
such

structuring

variation at

statistics.
this

can

(of

(all sub-populations). The effect of

level relative to that at

Using the level of heterozygosity

be

group

be analysed by comparison of levels of genetic

can

one

group

e.g. to

quantified,

as

another, the so-called Fas

the

measure

of variation

detailed by Wright (1921):

FSr = (Hr-Hs )/Hr

Frt

=

(Ht-Hr)/Ht

Fst=(Ht-Hs )/Ht
Where Hs

is the

subpopulations, F1r is the
within

heterozygosity

average

average

regions and Ht is the

in the total

heterozygosity

average

heterozygosity

among

individuals

among

individuals

population. The F statistics therefore represent the relative

loss of variation due to the presence

(Fsr), due to the

of Subpopulations within the

Regional

group

the Total

population (Frt) and due to the

within the Total

F-statistics

individuals within

among

presence

of Regional

presence

groups

within

of Subpopulations

population (Fst).

provide

a measure

of the reduction in variation at

hierarchical level relative to the variation present

one

in the population at

7
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higher levels. This gives
to which
as a

a

and informative

an easy

measure

of the extent

population is subdivided. Theoretically, because it is defined

ratio of diversity

F-statistics for

values, it is diversity-independent

data set should

a

molecular marker

so

estimates of

give similar values regardless of the

used, provided it is neutral (Pons & Petit, 1995).

However, in practice there may be significant effects of allele number
and results may

be technique-dependent. The value of this format for

analysis of population differentiation is clear from the persistence of
the

approach from its inception through to the present day.

Fst may also be estimated from allele frequency data using the
variances of the alleles in different
from the fact that unification of

whole

produces

a

sub-populations, which follows

sub-populations into

a

random-mating

reduction in the level of homozygosity (Wahlund

effect; Wahlund, 1928).
FsT

o2p/pi(l-pi)

=

where

a2p is the variance in allele frequency between sub-populations

and pj

is the mean frequency of the ith allele

A

particular

case

analogous to the
is of

case

of population substructuring, is inbreeding. This

population and the species

as

it has

as a

consequences

for the fitness of

a

whole. Inbreeding results from mating

occurring between close relatives

when

sub-populations.

of reduction in variation due to restricted mating,

particular importance

because of the

across

or

from restricted population size

higher probability of shared ancestry between mates

population size is small (Charlesworth & Charlesworth, 1987).

As for the F-statistics

above, levels of inbreeding can be defined by

considering the relative reduction in heterozygosity, in this
relative to that

case

expected under random mating. Thus the inbreeding

coefficient is

8
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F

=

(H0-H,)/Ho

where Ho is the

Hi is that in

a

frequency of heterozygotes under random mating and

sub-population of inbred individuals.

This is related to the

previous hierarchical analysis by defining

inbreeding coefficients relative to particular hierarchical levels. So the
inbreeding coefficient for the inbred individuals relative to the subpopulation is
Fis

=

(Hs-H,)/Hs

where Hs

is the frequency of heterozygotes in the subpopulation and Hi

that in the inbred individuals of that

And the

total

Fit

inbreeding coefficient for the inbred individuals relative to the

population is

=

(Ht - Hi) / HT

So, if 1-Fis

(1

-

subpopulation.

Fis)(l

Inbreeding

=

-

Hi / Hs and 1-Fn

Fst)

may

=

1

—

=

Hi / HT and 1-Fst

=

Hs / Ht then

Fit

be detrimental to the fitness of

organism but the

an

precise costs remain unknown (Crnokrak & Roff, 1999). The loss of
fitness known

as

'inbreeding depression'

increased manifestation
because of increased
fitness

of

occurs

of harmful recessive

homozygosity

or

through

due either to

alleles
an

an

(dominance)

inherently greater

heterozygotes relative to homozygotes (overdominance)

(Charlesworth & Charlesworth, 1987). There is

no

clear relationship in

experimental data between inbreeding and fitness

as

results

vary

substantially between species (Hedrick & Kalinowski, 2000). This
primarily indicates the complexity of species

response to

population

9
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erosion. For

example, where

a

population has been inbreeding

over a

long period of time, selection would be expected to have removed
many

harmful recessive alleles, minimising dominance inbreeding and

resulting in

better fitness

a

response to

future inbreeding than might be

expected. However, this depends strongly

deleterious effect of the recessive allele. A
will

under strong

come

the magnitude of the

upon

purging selection

strongly deleterious allele
and be eliminated

pressure

rapidly from the population. A mildly deleterious allele however, will
experience

a

population,

low selective

causing

pressure

prolonged

and be maintained in the

inbreeding

depression

populations which have experienced inbreeding
time.

over

will

always

have

reduced

fitness

in

long periods of

Alternatively, where there is overdominance

population

even

a

homozygous

relative

heterozygous population and will therefore always be at

a

to

the

selective

disadvantage under future inbreeding.

The

interpretation of population subdivision

as

partitioning of genetic

variation into hierarchical levels and calculation of the

formalised by Wright (1943)

heterozygosity

was

isolation

distance.

by

distribution of genetic
affect

it

has

This

framework

for

resulting loss of

as

his theory of

understanding

the

variation in populations and the processes which

persisted to the present and has been developed

significantly for

use

with

a

wide variety of data types and variable

sample sizes. Deviations of 'real' populations from the equilibrium
described

by the Hardy-Weinberg model

subdivision and the effect this has

on

the

are

caused by population

frequency of alleles and

genotypes. The principal processes which erode or increase the levels
of variation in
effect

are

roduc

populations and which

random

are

the

cause

of the subdivision

genetic drift, migration, mutation and selection.

10

/

opuiation structure and pnylogeograpny of two Neotropical trees

Genetic drift.
Random

genetic

drift arises

as

a

of population

consequence

substructuring, due to the reduction in population size (Wright, 1943).
When

populations

are

not infinite in size, random sampling of the

available alleles in the parent

generation produces alterations of allele

frequencies in the progeny generation. As population size decreases the
influence of random effects increases. With small

probability of
once

at

mutation

polymorphic allele going to fixation increases, and

a

fixation that allele cannot
or

significant

population size the

change in frequency

save

by

migration of novel alleles into the population. This has

consequences

for subdivided populations

as,

through chance

alone, isolated populations of the same species may lose variation and
become differentiated.

Sewall

Wright considered random genetic drift to be

one

of the most

important forces in evolution (Wright, 1943). It provided
whereby

the

random

reproduction in
selection

of

statistical

sampling

alleles

through

subdivided population could lead to the differential

a

genetic systems, potentially

mechanism for

of

a means

a

much

more

adaptive advance than selection acting

effective
on

entire

panmictic populations, the prevailing view of evolution at the time
(Hartl & Clark, 1997).
The effect of

genetic drift is enhanced by the

uneven

contribution of

individuals in

a

individual in

population contributes equally to the next generation,

a

population to the next generation. As not

the true size of the
the next

every

population with respect to the allele frequencies of

generation is different to the total size of the extant generation.

This, the effective population size, has important consequences for the

genetic variability of subsequent generations. The effective population
size is defined

as :

11
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1

/Ne

=

(l /t)(l/No+ 1/Ni + ....+ 1 /Nt_i)

where t is the number of

generations, Ne is the effective population

size, No is the population size of generation 0, Nj is the population size
of generation

Hence,
effect

a

1, etc.

single generation in which Nt is small will have
the effective

on

bottleneck.

A

population size,

genetic

a

significant

phenomenon known

significantly

bottleneck

a

as a

reduces

the

heterozygosity of subsequent generations by limiting the amount of
variation available from the

parental generation. It arises when the

reproductive population is reduced in size for

any reason,

loss of in situ

new

individuals, the migration to

number of founding

In
no

a

subdivided

individuals,

an

heavily biased

habitat of

sex

a

small

ratios.

population experiencing genetic drift, where there

other factors to be

When

or

for example

are

considered, all variation will ultimately be lost.

allele reaches fixation it is fixed

permanently, and

a

degree of

heterozygosity is lost. Over time all alleles reach fixation. Genetic drift
therefore

gradually

decreases

population

populations, drift is counteracted by the

variability.

processes

In

real

of migration and

mutation.

Migration.
Migration between subpopulations of a species
effectively

alleles

new

and

acts

subpopulations through drift. Given

can

against
an

provide

a source

differentiation

of
of

adequate rate of inter-

population migration, allele frequencies within subpopulations will
resemble that of the

avoided. In this

species

as a

within the

population

case

as a

whole and differentiation will be

the level of variation maintained within the

whole will be reflected by level of variation maintained

subpopulation and

a

minority proportion will be maintained

by differences due to variation between subpopulations. In the absence

12
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of barriers to

migration, species

of balance between

can

be considered

as

existing in

a state

migration and drift.

The island model describes

a

collection of subpopulations

only migration between them, with drift avoided

as

experiencing

subpopulations

are

infinitely large (Wright, 1951). It can be shown that
Fst = 1 / (1 + 4Nem)
where Ne is the effective
between

population size and

m

is the migration rate

subpopulations each generation. The product Nm

interpreted

as

can

be

the absolute number of organisms that migrate between

subpopulations in each generation.

Therefore,

intuitively

as

expected,

differentiation, FSt, decreases
Hence

and
acts

migration

even a

to

can

level

population

of

the level of migrants,

m,

increases.

substantially counteract population differentiation

small number of

prevent

as

the

migrants

per

generation (as few

differentiation being anything but

a

as

one)

minority

contribution to overall variation.

Mutation.
As noted

above, heritable variation in

a

species is ultimately generated

by mutation at the genetic level. DNA mutations generally
very

low rate (typically

10"4

to

10"6

new

mutations

generation, Hartl & Clark, 1997), although this
depending

on

per gene per

may vary

considerably

the locus under consideration. At coding loci for

example, at the first and second codon positions there is
rate relative to the third

selection

at a

occur

a

low mutation

position, due to the influence of purifying

(i.e. selection acting to

remove

deleterious alleles). When

considering purely neutral variation, however, the rate at which
mutations reach fixation in

a

new

population is entirely dependent

on

13
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sampling effects. The probability that
frequency

fixation is dependent

or

population (or

a

on

mutation will reach high

population size. In

subdivided one) there is

mutation will reach fixation (and

A

a new

a

a

smaller

greater chance that

a new

thereby reduce variation).

commonly used model for mutation in populations is the infinite

alleles model. This

uses

the fact that there is such

possible alleles available at
considered

as

producing

an

any

locus that

every

a

large number of
mutation

can

be

allele which does not already exist in the

population. Under the infinite alleles model, with neutral mutations,

population will reach
new

an

equilibrium between the rate of occurrence of

mutations and the rate of loss due to random drift. The

of

homozygous genotypes in

to

a

a

proportion

population at this equilibrium is given,

good approximation, by:

F= 1 /

(1 + 4Nep)

where Ne

is the effective population size and p is the rate of mutation,

and

hence, the level of heterozygosity at equilibrium is:

H

1-F

=

a

=

4Nep / (4Nep + 1)

Selection.
The fourth

principal force acting to influence the allelic frequency of

populations is natural selection. It

may

take

many

forms: stabilising,

balancing, disruptive, frequency dependent, etc. The detection of
selection in

populations is complex and by definition, impossible using

neutral

genetic variation. Selection must, however, be taken into

account

as a

potential influence

on

the observed patterns of distribution

in neutral variation.

An

important form of evolution in plants is adaptation to the local

environment

(Silvertown & Charlesworth, 2001). The genetic signal of
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local

adaptation cannot by definition be detected by analysis of

variation at neutral
environmental

genetic markers. To separate out the effects of

heterogeneity

the phenotype from those due to

on

genetic variation, practical experimentation is
different individuals

testing

The

or common

together in the

same

necessary,

growing

environment (provenance

garden experiments).

shifting balance theory (Wright, 1977) integrated random genetic

drift and local

adaptation (interdeme selection). Conceptually,

is divided into many
that each
allows

a

species

small subpopulations, with limited migration such

subpopulation is exposed to drift (Hartl & Clark, 1997). Drift

populations to explore

an

'adaptive surface' of enhanced fitness

peaks and reduced fitness troughs. Small population size and genetic
drift

provide

'discover'

a

a way

for populations to temporarily lose fitness and

different fitness

peak. A subpopulation reaching

peak increases in size and migrant frequency. Favourable
to

a

fitness

genes

spread

surrounding subpopulations and the total population gains fitness.

The

adaptation of organisms to different fitness peaks

conditions

can

therefore take

place through

a

three stage

or

local

process

of

drift, adaptation and migration.

The

theory is complex and has not been tested in its entirety although

components have been shown to work (e.g. Wade & Goodnight, 1991).
It has nevertheless been influential and

whereby random

processes

can

provides

a

theoretical model

interact with selection to

cause

adaptation to local environments.

Population genetic theory allows analysis of the mechanisms of

production and maintenance of genetic diversity. The

processes

of

drift, mutation, migration and selection interact to produce the
distribution

of

allelic

variants

observed

in

the

contemporary

15
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population. However, there is another component to the variability of
natural

populations which population genetic theory does not at present

take into account. The

evolutionary pathway taken by

a

species

over

time, and its interaction with the environment in which it lives has

an

input into the contemporary variability of that species. The history of a
species has

significant influence

a

and introduces

1.1.3.

a

on

its genetic diversity and structure

deeper level of variability into the population.

Phylogenetics.

Phylogeny is evolutionary history (Avise, 1994). The true phylogeny
documents the

history of life. Through detailed analysis of the shared

features of different
that

organisms it is possible to attempt to reconstruct

history, and recently the primary

reconstruction

has

construction of

a

never

be

more

been

genetic

source

data.

sequence

phylogenetic hypothesis based

than the best

for phylogenetic

on

However,

the

genetic data

can

possible estimate of the true phylogeny

(Felsenstein, 1988; Swofford et al., 1996). Using only the information
derived from extant molecules, any
be

possible evolutionary scenario

proposed by which that information

may

Therefore, to reconstruct the phylogenetic
necessary

may

have been derived.

'best estimate' it is

to define a priori rules by which to judge proposed

scenarios.

Phylogenetic methods fall broadly into two categories: those that

use a

specific algorithm to construct the final phylogenetic tree from initial
data and those that set target

criteria and use

phylogenetic tree with the best

score

an

algorithm to deduce the

by that target (Swofford et al.,

1996). The former include techniques such as Neighbour-Joining,
whilst

the

Likelihood.

latter

includes

Maximum

Parsimony and Maximum

Generally, criterion setting methods

are

preferred

as

it is

16
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possible to rank the resulting trees in order according to their

scores

against the original target.

The

algorithms used in each type of inference procedure

as

distance-based

methods

use

a

or

character-state

matrix of

raw

approaches

use

(in the

but

Distance-based

case

of sequences)

genetic data. The disadvantage of distance methods is that they

involve the loss of information: two sequences
third

be classed

pairwise distance comparisons to construct

trees whilst character state

the

approaches.

can

by different single mutations will be at the

differentiated from
same

a

genetic distance,

nothing is known about the type of mutation. However, distance-

based

approaches

allow

correction

for

multiple

substitutions

(homoplasy). Each method has advantages and disadvantages, which
must be

weighed

With all

phylogenetic techniques, however, there

and

up

and judged according to the data being analysed.
are

potential pitfalls

problems which must be taken into account when attempting to

draw conclusions.

One

important aspect of the interpretation of phylogenetic hypotheses

is the difference between gene trees

and species trees (Avise, 1994;

Doyle, 1997). A tree based, for example,
the

lineage of that particular

between that

gene

on

cpDNA represents only

and major discrepancies

lineage and the species lineage due to

can occur

processes

such

as

introgressive hybridisation and stochastic lineage sorting (Avise,
1994). Although both trees represent actual historical events and
neither should be considered
gene

'wrong', it is important to be

aware

that

a

tree simply provides information on one aspect of the species

evolution and is not exclusive. A fuller

picture of the organismal

phylogeny requires consideration of other data

sources.
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The field of
the

systematics aims to reconstruct phylogeny and elucidate

evolutionary

processes

that generate biological diversity (Soltis et

al., 1992). To date this has principally focused

interspecific

on

phylogeny, investigating the evolution of species diversity. The recent
increase in
detailed
to

a

availability and accessibility of molecular data has allowed

investigation of intraspecific phylogeny. This has given birth

number of

fields of

new

investigation, in particular in relating

geographic patterns to phylogenetic process.
Phylogeography.
The patterns

of intraspecific genetic variation that

revealed

were

data became widely available often showed

sequence

clear

a

relationship between geographic location and genetic type.
particular, the (usually) maternally inherited molecules
cpDNA

-

provided

cases,

the clades

field

was

a

clear, interpretable phylogeny

were

termed

on

-

as

In

mtDNA and

which, in

many

geographically localised (Avise, 1994). The

new

'phylogeography' (Avise et al., 1987). These

geographic genetic types reflect the historical migration and isolation
of populations

Due to

a

within a species.

historical event, such as continental drift or habitat

change

(due to glaciation, for example) populations of a species would become
fragmented in separate geographic localities. During isolation, genetic
drift would

cause

the differentiation of these

particularly effective in haploid

genomes

populations

-

a process

due to their lower effective

population size. Migration from the differentiated populations would
then leave

a

distinct

genetic footprint,

occurred between once-isolated

even

when secondary contact

populations. In plants, the migratory

'footprint' is often particularly evident due to their sessile nature and
relatively limited dispersal ability. In
accumulation of mutations allows

Introduction

a

some cases,

the regularity of

rough calibration of the time
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elapsed since isolation of populations
where the

timing

can

-

the 'molecular clock'

be matched to abiotic events

clear

a

and

-

process can

then be inferred.

Phylogeographic hypotheses

most

are

comparative. Where similar patterns
different

can

effective when they

are

be shown to exist in several

species the hypothesis gains strength. The strength of

comparative phylogeography is emphasised by recent calls for greater
numbers of

comparative analyses (Schaal et al., 1998). Alone,

intraspecific phylogeny has all the weaknesses of
hypothesis, but when several coincident patterns
in

different

conclusions

Further

species,

over

the

same

any

an

phylogenetic

be demonstrated

can

geographic

range,

strong

be drawn.

can

strength

can

be gained from

a

combination of phylogenetic /

geographic information and population genetic analysis (Comes &
Abbott, 1999b). Data which indicate the extent of phylogenetic

relationship between populations

may

population differentiation despite the
flow

reveal the
presence

presence

of historical

of contemporary

gene

(Comes & Abbott, 1998). In plants the joint analysis of

phylogenetic and population genetic data

can

be particularly useful for

assessment of the relative contributions of seed and

pollen flow to

population structure (Ennos, 1994; McCauley, 1994). The contrasting
properties of the three genomic molecules in plants provide the
to obtain information on both

means

contemporary and historical processes.

1.1.4. Theoretical differences between

plant

genomes.

Plants possess

three distinct genomic molecules. There is, for most

higher plants,

a

which

undergo

biparentally inherited set of nuclear chromosomes
recombination

between

genes

on

homologous
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chromosomes

(Ennos et al., 1999). There

molecules present

are

also

a

pair of organelle

in the cytoplasm in multiple copies.

Organelle DNA.
The

chloroplast DNA (cpDNA) is

a

small, highly conserved circular

molecule, which undergoes little recombination and evolves at

a

generally slow rate, primarily through the accumulation of small
insertions and deletions of
most

genetic material in non-coding regions. In

angiosperms the cpDNA is inherited maternally, in

it is inherited

paternally and

cases

of biparental and paternal 'leakage'

have been documented. The mitochondrial DNA

generally much larger than the cpDNA and
internal rearrangement
sequence
even

in

gymnosperms

(mtDNA) molecule is

may

undergo substantial

through conformational changes. Its rate of

evolution however, is slower still than the cpDNA molecule

non-coding selectively neutral regions. As with the cpDNA in

angiosperms, mtDNA is generally maternally inherited and

so may

provide replication in organellar data provided sufficient variation

can

be found.

The

uniparental inheritance and effectively haploid nature of organellar

markers has

important

consequences

for the interpretation of their

patterns of variation. The effective population size for a haploid marker
is smaller than that for

equilibrium the

HE

=

=

diploid nuclear

gene.

At drift / mutation

diversity for a diploid nuclear marker is:

4Nep/(4Nep+l)

whereas for

He

gene

a

a

haploid organelle marker it is:

2Nep / (2Nep +1)
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where p

is the mutation rate

generation and Ne is the effective

per

population size (Ennos et al., 1999).

As

a

result, organelle markers

are

much

more

drift and fixation of new alleles will be much
mutation rate is the

same

susceptible to genetic

more common.

for both nuclear and

organelle

When the

the

genomes,

equilibrium diversity level will be lower for the organelle marker.

The mutation rate is lower for

coding regions of plant organelle

genomes,

relative to both plant nDNA and the organelle

animals,

with the plant mtDNA having

substitution rate. As

a

result,

a

the slowest

of

sequence

lower level of diversity is expected at

equilibrium for the coding regions of organelle
that

genome

compared to

genomes

expected for nuclear DNA. In the non-coding, selectively neutral

regions, mutation rates

may vary

significantly depending

particular type of mutation being examined but organelle
appear

on

the

genomes

still

to evolve more slowly than nDNA. For example, the plant

mtDNA

genome

undergoes

considerable

internal

structural

rearrangement despite having the lowest coding sequence substitution
rate.

Due to the
occurrence

move

non-recombining nature of the organelle
of

a

selectively advantageous mutation

to fixation of all the alleles on that

completely linked. This

molecule

a

total loss of genetic

as

they

are

rapid

in effect

sweep to

fixation will

diversity for that locus.

The unusual characteristics of
to

can cause a

the

also affect the diversity levels in the

can

organelle population. A successful selective
result in

genomes,

organelle DNA provide the opportunity

probe both long term population processes and contemporary gene

flow.

They have been particularly effective in identifying the

'oduetion
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recolonisation

pathways of species expanding from refugia occupied

during glacial maxima. The fragmentation of the population

as

retreats in the face of increased

may

isolate
new

glaciation and climate change

it

populations for long periods of time. In these subpopulations,

organelle mutations

arise and increase rapidly in frequency

may

due to the increased exposure

of the haploid locus to genetic drift.

During reexpansion of the species'
ability of the
stopped

as

new

range as

mutation to colonise

new

the climate

warms,

the

territory is effectively

it encounters previously established populations from other

refugia, seed dispersal being ineffective where local competitors exist.
Thus

a

footprint is left in the population. This footprint is much harder

to detect in nDNA due to its

greater dispersal ability

pollen flow is

much less restricted at

zones

therefore

unique insight into past patterns of vegetation

can

provide

a

change. It also provides

of

-

a way

secondary contact. Organelle DNA

of potentially identifying evolutionary

lineages which could be valuable for conservation issues.

It is

important to bear in mind that the low rate of mutation in the

organelle

genomes

evolutionary
years

that

means

any

observed diversity reflects

long period of time, probably millions of

processes over a

(Ennos et al., 1999). As

a

result, the contemporary distribution of

organelle types probably only reflects the most recent assortment of

previously

evolved

alleles.

The interpretation

relationships between these types
inference

of phylogenetic

therefore be highly complex and

may

requires caution.

Nuclear DNA.
Plant nuclear DNA is

This is due to total

genomes.
structure

vastly

(genome packaged

associated

more

genome
as

complex than the organellar

size, the mode of inheritance, the

set of duplicate chromosomes) and the

possibility of interchromosomal recombination.

Total
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nuclear

size

genome

can vary

substantially between species and

apparent morphological complexity is

In most

trees

indication of genome scale.

no

species, nDNA is transmitted biparentally through both the

pollen and the seed. Due to the complications of recombination,
information derived from the nuclear genome
caution. In
and

single

particular phylogenetic information cannot easily be derived
regions

copy

approaches such

nuclear genome

are

chosen preferentially. However, certain

targeting microsatellites

as

entire set of chromosomes

overcome

or

randomly sampling the

the difficulties of dealing

with the

directly. Furthermore, by comparison of data from

both the nuclear and

contributions to gene

The

has to be treated with

organelle

genomes

it is possible to disentangle the

flow of migration via pollen and seed.

contrasting modes of inheritance of plant nuclear and organellar

DNA offer the

genetic
within

ability to probe both phylogenetic and population

processes.

Phylogenetic analysis

can

provide information

on

species variability due to long term historical events. Population

genetic analysis of extant allele frequencies
distribution of

genetic variation and the

can

describe the extent and

processes

which maintain that

diversity. In both fields, most of the theoretical framework
in the

early

20th

was

in place

century, based on Mendelian genetic theory and

observable inherited characters,

such

as

morphology, colour and

biochemistry. In the 1950s the discovery of the structure of DNA
indicated the
was

new

direction that both of these fields would take. All that

necessary were

1.2.
Classic

the tools to investigate.

Tools for

analysing genetic variation.

analysis of genetic variation used phenotypic characters such

morphology. A great deal of progress

was

as

made using these expressed
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genetic

characters,

but

always

complicated

by

the

potential

confounding effects of environmental heterogeneity and selection.
They also tended to show relatively low levels of variation. The first
new

approach

to

analysing

genetic

variability

protein

was

electrophoresis, invented by Tiselius (1937) and developed during the
1940s and 1950s

(Smithies, 1955; Kohn, 1957; Raymond & Weintraub,

1959). Following the discovery of the structure of the DNA molecule
in 1953

(Watson & Crick, 1953) attention turned to developing tools

that could

probe the molecule directly. First, restriction analyses (Linn

& Arber,

1968) and later DNA sequencing (Maxam & Gilbert, 1977;

Sanger et al., 1977) provided direct

access to

molecular variation. Most

recently the polymerase chain reaction (PCR; Mullis & Faloona, 1987)
has

produced

molecular

a

genetic tools.

1.2.1.

Protein

rapid expansion in the number and accessibility of

Early genetic markers.

electrophoresis (allozymes).

Initial molecular work

on

intraspecific diversity

was

carried out using

protein electrophoresis. This takes advantage of the fact that allelic
variants of individual
from mutations

proteins

carry

differential charges. Resulting

causing replacement of individual amino acids, the

variation in net

charge of the molecule allows alleles to be separated by

application of

an

electric current (usually applied

acrylamide gel). Proteins

are

across a

starch

then detected by histochemical stains,

specific to individual genetic products. The variants at

any

particular

locus stem from nucleotide substitutions in the DNA sequence
for that

protein (although there

the fact that

or

protein expression

are

coding

practical complexities arising from

may vary

in different tissues and life

stages).

Intrpduct
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The data collected

by allozyme analysis

are

typically the allele

frequencies for several (5-20) protein loci. The data
homo-

and

detectable
may

heterozygotes

may

codominant:

are

be distinguished. Given sufficient

variation, all of the classic population genetic parameters

be estimated, including levels of population subdivision and

inbreeding.

On the other hand,

allozyme data rarely provide

phylogenetic information. Allozymes have currently fallen behind
other

techniques in popularity primarily because of the generally low

levels of variation detected.
the

Despite their cheapness,

of

ease

and

use

quality of the data derived it is this lack of available variation that

has contributed most to their decline. However,

they still provide

a

highly useful tool for which the basis of variation is relatively well
understood and remain

Restriction
The

widely used.

Fragment Length Polymorphism (RFLP).
development in technique followed the discovery of

next

restriction endonucleases
DNA molecules at
The enzyme

(Linn & Arber, 1968). These

specific four, five

(hundreds

are

as

are

be applied directly

then visualised using

one

of

gel electrophoresis, silver staining

Southern

blotting. The latter is usually used

subset of

fragments (by using

number

can

target species, cutting it into thousands of

fragments. The fragments

variety of methods, such

cut

six base pair recognition sites.

currently available)

to the extracted DNA of the

small

or

enzymes

sequence

as

a
or

it allows selection of a

specific probes) from the vast

produced in restriction digestion. The probes allow specific

targeting of cp, mt

or

nuclear DNA, particular regions such

as

mini-

or

microsatellites, and multilocus genotypes.

Variability between individuals is detected
due to insertion
restriction site

Introduction

or

as

fragment length changes

deletion of DNA sections (hence the name RFLP) or

changes due to point mutations in the DNA

sequence or
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sequence rearrangements.

codominant

As for protein electrophoresis, data

are

(when derived from nuclear DNA and not organelle

genomes) and highly informative. In comparison to allozymes,
however, they produce
number

be

(many

a great

information, in terms of

more

markers) and location (noncoding DNA

more

accessed) although they

consuming to

deal

are

significantly

can

also

expensive and time

more

use.

1.2.2. PCR-based markers.
Much of the
The

success

of modern molecular

ecology is based

PCR.

technique has revolutionised the utility of molecular methods,

particularly sequencing applications, by providing
simple

way

minute

quantities of starting material.

The

on

a

relatively quick,

to obtain large quantities of homologous target DNA from

development of PCR

as a

viable practical technique

was

due to the

discovery of a DNA polymerase stable and active at high temperatures

(Saiki et al., 1985, 1988; Mullis & Faloona, 1987). The polymerase

(commonly known

as

Taq polymerase)

was

isolated from Thermus

aquaticus, a bacterium found in hot springs, and is now produced

commercially using Escherichia coli expressing
gene.

a

cloned T. aquaticus

It allows the combination of in vitro synthesis of target DNA

with repeated cycles of high temperature to denature / anneal

sequences

DNA, giving PCR the speed and simplicity required to become a useful

practical method.

PCR takes

advantage of the natural reaction path of DNA polymerase

synthesis (Fig. 1.1). DNA polymerases act by identifying single
stranded
a

(denatured) DNA and binding to sites immediately adjacent to

double stranded section. In the presence

enzyme

of suitable reagents, the

catalyses the binding of deoxynucleotide triphosphates

on
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(dNTPs) to the single stranded 'template' DNA. The polymerase then
moves

to the

subsequent site and repeats the

process.

The action of the

polymerase is unidirectional in the 5'—>3' direction, thus it
synthesise

on

can

either strand of a complementary section of DNA, but in

opposite directions.

DNA
to be

duplex
amplified

\
\

o o

nth cycle
2" copies

o o

\

Primer

oligonucleotides

Second

cycle

Third

cycle

Figure 1.1: Schematic representation of the polymerase chain reaction (PCR).
The DNA template is denatured, short primers are annealed and DNA synthesis
is initiated. The process is then repeated cyclically, exponentially amplifying the
numbers of target DNA fragments in the mixture. Diagram from Hartl & Clark
(1997).

To take

advantage of this

process

and synthesise

a

specific section of

DNA, reaction 'primers' have been developed. These short (10-30

nucleotides) sections of DNA, when annealed to denatured strands of
target DNA, provide initiation sites for the synthesis of a new strand by
the

polymerase. Use of two primers which

sites close to

one

another but

on

are

designed to anneal at

complementary strands allows

synthesis of the section of DNA between them. Repeated cycles of the
denaturation, primer annealing and extension steps in the presence of

suitably

excessive

quantities of dNTPs results in exponential
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amplification of the target DNA
sequence

sequence.

a

between the primers is the dominant

reaction mixture.

Thus, in

DNA sequence can

be produced from

few hours,

a

DNA. Subtle refinements to the
as

In

starting with

decreasing

an

a very

sequence

present in the

large amount of

a

single

small quantity of template

cycling procedure

can

be made (such

initially high annealing temperature and gradually

'Touchdown PCR') to

-

a

short time the 'bridging'

precisely copied and

assumes

ensure

that the target region is

overwhelming dominance in the final

product.

Sequence data.
The PCR

technique forms the basis of most of the widely used

contemporary techniques. One of the main fields in which PCR has
been influential is in direct DNA

sequencing where it allows

preparation of high concentration,

pure

ease

of

sequences

in

DNA template. The

application of PCR has greatly facilitated the

use

of

biology. The rapid expansion in the number of available

easy

led

sequences

directly to the development of the field of molecular systematics
well

as

others

information

on

such

phylogeography. A

as

variability at

of effort and data

a

sequence

as

provides

single locus and is generally, for reasons

analysis limitations, collected for relatively small

numbers of individuals. This has limited the

application of direct

sequencing in population biology.

A

development of the RFLP technique, which has been particularly

PCR to amplify short target

successful

for

sequences.

Then, rather than sequencing, the sequences are digested

plant studies,

using restriction
of restriction

as

This quickly and easily reveals the

site mutations

resolution is not

regions such

enzymes.

as

fine

as

uses

or

presence

insertion / deletion events.

The

for direct sequencing, but for low variability

the plant cpDNA where variation typically consists of a
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small number of indels

Currently,

a

an

equal amount of information is obtained.

substantial number of 'universal' primers have been

prepared which target the plant organellar

genomes

and amplify

across

species. The time-consuming step of developing species-specific
primers has been removed and the technique is

a very

useful and

technologically straightfoward tool.
Microsatellites.
PCR

amplified microsatellites (Tautz, 1989; Weber & May, 1989)

offer

one

of the best

new

population genetic tools. Microsatellites

are

short

regions of usually tandemly-repeated DNA, which frequently

show

high levels of variability within species. Originally studied using

RFLP

methodology, it is

now more common

to design specific PCR

primers to amplify DNA fragments containing microsatellites directly.
Development of

new

microsatellite primers is relatively labour

intensive, requiring preparation of

a

large library of cloned repeat

and then screening for regions which show useful levels of

sequences

followed

variability,

by

sequencing

and

testing

of primers.

Increasingly, however, suitable microsatellite primers have already
been

published for the target

or a

closely related species. Cross-generic

amplification is also relatively common (e.g. White & Powell, 1997).

The

apparently high mutation rate of microsatellites is both

advantage and
allow very

a

limitation. The high levels of polymorphism

per

locus

precise parentage analysis, determination of levels of gene

flow and calculation of other

achieved

a great

population genetic estimates. This

can

using relatively few loci given sufficient variability

be
-

approximately six is enough to allow accurate paternity analysis. At the
same

time the

rapid mutation rate and unique mode of mutation

prevents homoplasic events

from being distinguished. Therefore

phylogenetic inference is difficult and at hierarchical levels above the

Introduction
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local

population, the technique

quickly become misleading.

can

Microsatellite data is codominant however, and is

leading to
the most

ever greater

being widely applied

numbers of available primers. Hence it remains

popular current technique for population genetic studies.

Random multilocus methods.
An alternative

approach sacrifices information

sample of the whole

genome.

locus for

per

a

wide

A widely used method is random

amplified polymorphic DNA (RAPDs; Williams et al., 1990), which
uses

short

(usually 10 base pair), arbitrary

fragments from throughout the
reverse

a

annealing site

were

sequence

genome.

primers to amplify

Wherever

located within 50-1000bp

forward and

a

the

on

sequence,

fragment could be amplified. This commonly produces

fragments

per

primer set and therefore,

widely available,
very

be

a

as

the primers

large number of fragments

short time. The data obtained

are

may

are

up to

30

cheap and

be obtained in

a

dominant (heterozygotes cannot

distinguished) and the arbitrary method of amplification conceals

information

regarding the location of each fragment

Dealing with dominance in molecular data requires

on

a great

the

genome.

deal of care,

particularly when applying classically derived population genetic
theory. A number of assumptions about the data, particularly the
marker

independence,

Additionally there

are

may

not

always hold for random loci.

often-reported problems with replication and

reliability of RAPD data allegedly due to low stringency PCR
conditions.

However, if appropriate care is taken, the ease of application of the
RAPD

technique (no prior

sequence

knowledge required) and the

unique genome-wide sample of genetic variation make it an ideal tool
for

analysis of the levels and distribution of diversity in populations.

Many of the technical limitations of RAPDs have been addressed by
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development of amplified fragment length polymorphism (AFLPs:

Vos et

al., 1995);

an

amalgamation of early RFLP methodology with

PCR. Initial restriction
sequence

digestion of the

genome

and ligation of known-

adaptors to the resulting fragments is followed by

high-

a

stringency two-step amplification procedure, using arbitrary primers.
The

technique combines the advantages of not requiring

knowledge and producing

a

large random sample of the

sequence

genome

with

demanding amplification conditions, making the technique robust and
reliable.

The above
molecular

examples

cover most

techniques. Others

are

of the widely used contemporary
available but

general popularity and alternatives

are

none

with

as

much

usually only refinements of

existing methodology rather than significantly different approaches.
1.2.3. Selection of

appropriate markers.

The selection of which molecular tool to
and

requires

a

some cases,

single marker type to provide information

resolution, but

must be made with

more

often, markers

are

it will be possible for

across

different levels of

appropriate for relatively

specific types of analysis. Selection of a marker involves
of its level of resolution. At the

flow, dispersal and
necessary,
structure

markers may

A simulation

an assessment

population level, for studies of

gene

parentage, where individual identification is

high levels of polymorphism
and

care

clear definition of project aims (Bachmann, 1994;

Cruzan, 1998; Parker et al., 1998). In
a

use

are

needed. For population

diversity analysis less precise but greater 'volume'

be better.

(Mariette et al, 1999) compared microsatellites (highly

polymorphic) with AFLPs (high volume) for estimating diversity in a
model genome.

In. oduction

Approximately 50 polymorphic microsatellite loci were
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required to achieve the
AFLP loci. Given the
be

same accuracy

ease

of diversity estimate

numbers of microsatellite loci the former

In

necessary to

develop large

technique would

seem to

be

diversity measurement.

general, there is

a

balance which has to be met between information

content of individual markers and the

obtained. It is

200

with which such numbers of AFLP loci may

obtained, relative to the potential effort

most suitable in

as

quantity which

can

be easily

currently relatively straightforward to obtain >200 loci

using AFLP techniques but these have the associated limitations of
randomly sampled dominant markers. The codominance of the data
obtained

using techniques such

provides

a

much greater

parameters but the

scope

as

allozymes and microsatellites

for analysis of population genetic

effort required to obtain high numbers of

polymorphic loci is limiting.

Another consideration is the mode of inheritance of the marker /
genome.

Organellar

genomes

in both plants and animals, commonly

display uniparental cytoplasmic inheritance and therefore provide
particular insights into population dynamics (Avise, 1994). Plant
chloroplast DNA is maternally transmitted in most angiosperms.
Provided suitable levels of variability can
direct method for

a

estimating levels of gene flow via seed. In animals,

the mitochondrial DNA is

levels of

be identified, this provides

usually maternally inherited and shows high

variability. It has proved to be

a

valuable tool for analysis of

intraspecific phylogeny with few of the complications of nuclear
sequences,

such

as

recombination; its main limitation being that it is

a

single locus reflecting only the maternal lineage of that gene (Avise,
1994).
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1.2.4.

Measuring variation from marker data.

Analysis of population diversity and substructure.
The framework for

analysing population substructure developed in the

mid-20th century by Wright and others has had to advance in time with
the

expanding field of molecular biology. As
became available

sources

deal

with

the

so

new

refinements of the

techniques and data

theory

were

required to

particular characteristics of molecular data from

populations. Masatoshi Nei derived formulae for the calculation of
population genetic parameters from molecular data basing his work
that of

Wright. Much of this dealt with the effects of making

estimations from limited

He

proposed

called gene

an

h

=

2n

where

or

(1

n

S

genes

as

the probability

(Pons & Petit, 1995). It is given by:

X;2 ) / (2n-l)

is the number of individuals

the average

of h

called gene

identity, J.

across

a

sampled and

locus. The

x,

is the population

average gene

diversity, H, is

all loci sampled. The inverse of h (i.e. 1-h), Nei

Wright's work, this analysis is extended for hierarchical

distribution of gene

frequencies by breaking the levels of variation into

their within and between
gene

heterozygosity which he

different and is equally well adapted to haploid,

frequency of the ith allele at

As with

average

diversity (Nei, 1973) which is defined

polyploid

-

samples.

unbiased estimate for

that two genes are

diploid

on

population components. He showed that the

diversity in the total population, HT, could be broken down into

components of the gene diversities within and between subpopulations
related

by:
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lation

HT

structure and

Hs + Dst

—

where Hs

is the average gene diversity within subpopulations and DSt

is the average gene

The relative
then

Gst
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diversity between subpopulations.

magnitude of gene differentiation

among

subpopulations is

given by:

=

DST / Hj

This is Nei's
extent of

(1973) coefficient of differentiation and

measures

subpopulation differentiation relative to the extent of

the

gene

diversity in the total population. This coefficient is analogous to

Wright's Fst and is directly applicable to all types of molecular genetic
data.

An alternative

approach

He based his derivation

was
on a

developed by Cockerham (1969, 1973).
classical

analysis of variance (ANOVA)

structure and defined F-statistics in terms of the variance of gene

frequencies. Nei considered this inappropriate for analysis of natural

populations
from

a

as

it

assumes

existing subpopulations

population consisting of

an

are a

random sample

infinite number of replicate

subpopulations, applicable to controlled experiments but invalid when
applied to populations with independent evolutionary histories.
However, under certain conditions both approaches give essentially the
same

result

and

Cockerham's

approach is widely used today

(particularly Weir & Cockerham, 1984).
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A further refinement of the ANOVA
et

al.

approach

was

made by Excoffier

(1992) called AMOVA (Analysis of MOlecular VAriance). This

evaluated hierarchical levels of variation

between

determining

sums

distance metric

partitioned into hierarchical levels by

of squared deviations (SSDs, the multidimensional

equivalent of

sum

matrix) for each level,
within

a

individuals, calculated by comparison of, for example,

restriction site data. Variation is

vector

using

region and

of squared differences between pairs in

e.g.

among

variance components

within population,

among

a

populations

regions. Mean squared deviations and

for each level

can

then be determined allowing

the calculation of correlation statistics, which

they called O-statistics,

analogous to the F-statistics of Wright, Nei and Cockerham. The value
of the AMOVA

approach is that the original distance metric

varied and chosen to be most

can

be

applicable to the required assumptions of

mutation, dependent on the particular type of data being examined. For

example, in the
a

as

distance
the

case

measure

reason

for

of dominant data it would be appropriate to select

which counted only shared presence

fragment absence is unknown.

Genetic variation in real populations:

1.3.
of

application

theory and molecular tools.

Molecular markers have revolutionised the
New

of fragments,

insights have been gained in

study of plant populations.

many areas

of plant biology

including levels and patterns of gene flow, hybridisation, patterns and
distribution

of

variability,

characteristics of plant

and

biogeography.

The

particular

genetics have facilitated this development: three

genomic molecules, with varying mutational and inheritance modes

provide information
This has

on

different timescales and pathways of evolution.

brought significant advances from the traditional use of

selectively-influenced phenotypic markers and allowed detailed,
selectively neutral data to be gathered on intraspecific variation in
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plants. The growing literature
search for patterns

plants. At the

individual species has encouraged the

through interspecific comparison. Some advances

have been made into

breeding system

on

understanding the influence of life history and
the patterns of genetic diversity distribution in

on

same

time however,

research have arisen and

new

questions and routes for

promise continued rapid development in

understanding plant genetic variation.
1.3.1. Life
Now that

a

history.

substantial number of

molecular data it has been

species have been studied using

possible to search for generalisable patterns

in

diversity. Reviewers compared results from large numbers of studies

in

an

attempt to identify species characteristics that could account for

common

patterns of diversity distribution. J.L. Hamrick & various

coworkers have carried out the most

comprehensive reviews of plant

diversity studies using allozymes, of which there is

now a

considerable

literature base.

A series of wide

ranging reviews of all available plant species

(Loveless & Hamrick, 1984; Hamrick & Godt, 1989; Hamrick & Godt,
1996b) examined the effect of several life history parameters on levels
of

genetic diversity. Four genetic diversity

percentage of polymorphic

loci, P,

mean

measures were

number of alleles

per

used:
locus,

A, expected heterozygosity, He and level of population differentiation,
Gst- A number of life history parameters were examined: most

importantly taxonomic group, life form, geographic range, regional
distribution, breeding system, seed dispersal mechanism, mode of

reproduction and successional status.

In

general, they found that 50% of plant allozyme loci are

polymorphic, with mean genetic diversity, He, of 0.15. Most variation
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partitioned within populations

was

(78%)

with the

remainder

accounting for population differentiation. Generalisation

species disguises

a

values influenced
assessed. In
in

across

all

wide variation however, with individual species

strongly by several of the life history parameters

particular, geographic

range

accounted for most variation

diversity at the species level, with wide ranging species having

greater levels of diversity. Within species, at

breeding system played

geographic

However,

important role, in combination with

diversity levels than selfed

outcrossed

species

had

populations than selfed species. It
taxonomic status

population level, the

Predominantly outcrossed species

range.

have greater

an

a

was

or

less

were

found to

mixed-mating species.

differentiation

among

also found that, regardless of

(gymnosperm, monocotyledon, dicotyledon) woody

species maintained most diversity (Hamrick et al., 1992).

These broad conclusions

which included greater

were

not

significantly altered by later updates,

numbers of studies (1491

vs

653; Hamrick &

Godt, 1996b). The results indicate a generally important role of genetic

mobility in determining levels of diversity. Those species with the
ability to physically spread

genes

through the population

more

quickly

(e.g. tall, long-lived, outcrossers) maintain more diversity at a species
level
the

-

i.e. alleles

same

time

are more

easily spread throughout the population. At

they show less structure at the sub-population level,

barriers between

populations

are

smaller. There is also

an

as

element of

diversity that is determined by exposure to a wide range of habitat
conditions. Hence

widespread, outcrossing, woody species maintain

highest diversity levels, but with diversity partitioned primarily within

populations rather than between. This was further extended to show
that, within woody species, long-lived species with wind or animal

ingested seed have more genetic diversity (Hamrick et al., 1992, 1993)
again indicating the importance of genetic mobility.
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important caveats to the Hamrick reviews. Firstly in all

composite analyses, there

was

species data. The general results had
and the most robust conclusion

a

wide variation in individual

relatively low predictive ability

was

that

diversity partitioning is

strongly species dependent. Secondly, it was consistently found that the
majority of variation in diversity
traits
in

was not

examined, although they did explain around half of the variation

population-level diversity partitioning

the

explained by the life history

among

evolutionary history of a species plays

structure of
account in

a

species. It is likely that

significant role in level and

diversity (Hamrick & Godt, 1996a) and must be taken into

analysis.

1.3.2.

Evolutionary history.

The component

of diversity unexplained by life history characters is

largely due to the species' evolutionary history. Ancient patterns of

population fragmentation and isolation produce
which

often remain

Differentiated gene

zones

of differentiation

long after the physical barriers have

pools provide

a source

gone.

of diversity within species

deeper level than the substructuring of continuous populations seen

at

a

in

population genetic analyses. Using molecular data it is possible not

just to detect the deeper levels of diversity but also to understand how
they have arisen and been maintained. One of the most successful

applications of this approach has been in the study of fragmentation
and recolonisation of populations

The

due to glacial cycling.

approach of comparing nuclear and organellar DNA patterns has

been used

successfully to study plant species affected by glacial cycles

in both northern Europe

and the USA. North-south zonation reflecting

recolonisation in Europe

from refugia in Iberia, Italy and the Balkans

has been shown for several

species, although precise recolonisation
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routes vary

depending

on

the particular ecology of the species. The best

studied group

is the oaks. The species pair Quercus robur / Q. petraea

exhibited

strong

a

north-south

zonation

in

cpDNA haplotype

distribution

(Dumolin-Lapegue et al., 1997b). This

the nDNA

although

an east-west

cline

Zanetto, 1997). Significantly, no difference
for

was

observed (Kremer &

was

found between species

species. This suggested

The

species

are

a

regional level, strong

found for cpDNA (Petit et al., 1997)

both

a

reflected in

was

cpDNA types, indicating hybridisation. At

patch structure

was not

-

identical for

mechanism of colonisation.

known to have

a

strong asymmetric hybrid association:

shade-tolerant

Q. petraea successfully pollinates the pioneer Q. robur.

Asymmetric

hybridisation

colonisation patterns are
maintained whilst
into

provides

a

route

whereby

ancient

established by the pioneer (Q. robur) and

introgression of shade-tolerant Q. petraea nDNA

pioneer populations gradually establishes its nDNA type whilst

expressing the established local cpDNA type. Importantly, both nuclear
and

chloroplast data

were

needed for the conclusion to be successfully

drawn.

Similar studies have
North American

successfully identified recolonisation routes in

Quercus (Whittemore & Schaal, 1991), and in

European Pinus sylvestris (Sinclair et al., 1999), Fagus sylvatica
(Demesure et al., 1996) and Picea abies (Scotti et al., 2000) amongst
many

others. There has also been renewed confidence in validating the

theory of tropical glacial refugia since the start of work examining
patterns of molecular
Multilocus data for

variation in several tropical tree species.

Mahogany (Swietenia macrophylla) found patterns

of variation consistent with colonisation from
in Central America

■oduction

postulated glacial refugia

(Gillies et al., 1999). Chloroplast DNA patterns
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expansion in the

range

of

Dicorynia guianensis (Caron et al., 2000) in northern South America.

The contribution of historical events to the contemporary

diversity in

a

species is significant. Population fragmentation, isolation

and recolonisation have
many

levels of

played

plant species. These

periods of time. Yet

a

role in the maintenance of diversity in

processes

one

have occurred repeatedly for long

of the most

fragmentation of plant populations is, for

substantial and rapid

many

species, occurring

today, through human influence.
1.3.3. Effects of
Reduction of
become

a

fragmentation

on

plant populations.

population sizes and loss of continuous habitat have

significant

concern

for conservationists (Templeton et al.

1990; Barrett & Kohn, 1991; Ledig, 1992) and for the preservation of

biodiversity in general (Hamrick & Nason, 1996). Fragmentation is
likely to be exacerbated for plant populations due to their sessile habit,
variety of breeding systems, interaction with animal and insect

pollinators and possibility of

gene

flow via both pollen and seed

(Young et al., 1996). The response is likely to be highly species-

specific; if there is little genetic structure prior to fragmentation, little
genetic diversity is likely to be lost (Fig. 1.2 A); if diversity is

significantly structured prior to fragmentation, then the potential for
diversity loss is greater (Fig. 1.2 B, Hamrick & Nason, 1996). In the
reduced

populations created by disturbance, the potential for loss of

diversity will be correspondingly greater.

population size

may

result in

a

Severe reduction in

genetic bottleneck, dramatically

reducing variability in the subsequent generations. Additionally, if

population sizes remain small, the probability of loss of alleles due to
genetic drift is increased, further reducing diversity levels.

troduclion
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However, the individual species response is complex and depends on

factors including, for example, the behaviour and species-

many

specificity of pollinators. In Pithecellobium elegans,
small

fragmented populations

were

tropical tree,

a

analysed for allozyme diversity and

population differentiation (Hall et al., 1996). A clear reduction in
diversity

was

found with decreasing population size, and population

differentiation increased with
reserve

increasing distance from

a

protected

population. This fits the theoretical expectation and

(A) Low genetic structure

Low

GS[
fx

x 1

X

Fragmentation

fx. 7s

(B) High genetic structure

High Gst
fxx

r«i

Fragmentation

Figure 1.2: The effect of habitat fragmentation on the maintenance of genetic
diversity. A - the original population had little genetic structure within it: most
of the diversity is retained in the fragmented population. B - the original
population had high intrapopulation structure: diversity is lost following
fragmentation. Figure from Hamrick & Nason (1996).

shows

genetic erosion of populations due to fragmentation. An actual

loss of fitness

(through reduced seed set) has been described for some

fragmented species (Aizen & Feinsinger, 1994).

Conversely, in Caryocar brasiliense (Collevati et al., 2001) a tree

species suffering fragmentation due to loss of the cerrado vegetation in
Brazil,

no

loss of heterozygosity or increase in inbreeding could be
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only reflect the recent timing of

fragmentation, with insufficient time for negative

consequences to

arise.

However, for

some

species fragmentation

appears to

Symphonia globulifera (Aldrich et al.,

increase diversity.

1998) is

a

widespread

neotropical tree. Examining diversity levels in both adult and
generations it

found that diversity

was

was

progeny

higher in fragment

populations than in continuous forest. Bats disperse seeds in this
species and the preferential deposition of droppings into forest
fragments appeared to account for increased diversity levels in
fragments.

Spondias mombin presents another, possibly intermediate
& Hamrick,
showed

a

case

(Nason

1997). For this species small fragment populations also

fitness loss due to reduced seed set.

However, the

same

fragments and single isolated trees appeared to produce elevated
numbers of outcrossed progeny.

In experimental tests (Newman &

Tallmon, 2001) it has also been shown that fragmentation can have
beneficial effect

on

It is clear then that

that it is
tools

are

a

population fitness.

species

response

important for individual

to fragmentation is complex, and

cases to

be assessed fully. Molecular

ideally placed to provide detailed analyses of levels and

distributions of
increase the

genetic diversity and population structure and thereby

understanding of habitat fragmentation. Ultimately this

should facilitate the

development of strategies for the protection of

natural levels of genetic

diversity, with policies designed to account for

the

of individual species. In plants, molecular

unique

responses

methods have revealed

new

and useful information concerning life and

evolutionary history and provided a way to monitor the effects of
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contemporary habitat fragmentation. Due to their ability to shed new

light

on

all of these

conservation

1.4.
The

they

areas,

are

increasingly being applied to

problems.

Conservation genetics.

importance of

genetic element in conservation

a

came

prominence following work by Frankel & Soule (1981). It
recognised that in addition to urgent protection

measures

to

was

based

on

ecological and demographic factors, consideration would have to be
given to the genetic impact that population erosion

was

Attention focused

reduction of

initially

on

the

consequences

genetic variation in species (principally
this

was

where the

problem

was

rare

of

a

having.

and endangered species

as

most acute, Holsinger & Gottlieb,

1991). An understanding developed of the ability of inbreeding
depression to

populations to increased risk of extinction

expose

through lowered potential to respond to changing environments
(disease, climatic etc.; Bawa & Dayanandan, 1998). The link between
inbreeding and population viability is complex however and still under
debate

(Ellstrand & Elam, 1993; Avise, 1994), although it is widely

recognised

The

as

detrimental to species survival.

general value of genetic data in conservation has been questioned

(Lande, 1988) and it has been argued that, due to the critical nature of
the current decline in

biodiversity,

resources are

better dedicated to

demographic and ecological factors rather than costly genetic analysis,
not

least because small

extinction

are

susceptible to stochastic

(Gilpin & Soule, 1986).

Lately however,

a more

balanced understanding of the value of genetic

information in many areas
there is

populations

of conservation has developed. Importantly,

recognition of the wider role of molecular data as tools for
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understanding the distribution and maintenance of biodiversity rather
than

simply

as a means to measure

heterozygosity and seek inbreeding

depression. But perhaps the most important contribution of genetic data
to conservation has been its

use

differentiation of populations,

in

understanding the structure and

describing the mating

or

reproductive

system or determining other evolutionary or ecological information
unrelated to selective differences

(Hedrick et al., 1996).

1.4.1. Use of markers in conservation.
Molecular data have

now

been used in

a

address conservation issues in the broadest
defines

a

wide
sense.

variety of
Avise

series of

categories in which genetic data

system,

population

breeding

boundaries and

structure,

that molecular data

-

can

be valuable:

hybridisation

&

species

pure

genetic

inbreeding, but also the insight

bring into patterns of

can

to

(1994, 1996)

phylogeny. This considers not only the

of population reduction

consequence

ways

gene

flow, mating,

diversity partitioning and distribution. The structure of variation within
a

species,

as

well

as

evolutionary distinctiveness, play

role in the assessment of a

an

important

species' conservation priorities.

Inbreeding.
Inbreeding,

as

has been outlined above, is

a consequence

of repeated

mating between close relatives and results in a loss of heterozygosity in
a

population. Inbreeding

different

species. Some

appears to

are

exact a widely varying cost from

apparently able to bear significant levels of

inbreeding without suffering significant loss of fitness, whilst others
show real

and measurable fitness loss. A substantial amount of

literature records

negative

consequences

of inbreeding in captivity

(Ralls et al, 1988; Crnokrak & Roff, 1999) but very few have
documented

inbreeding depression in the wild (but see Sacchieri et al.,

1998). This variability of response to inbreeding is because its

magnitude and specific effects depend strongly on the genetic
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constitution of the

species

or

interact with the environment

One

of the

main

aims

management of small

Although there is

a

or

of two Neotropical trees

populations and how these genotypes

(Hedrick & Kalinowski, 2000).

of conservation

genetics has been the

fragmented populations to prevent inbreeding.

great variability of response across species it seems

likely that populations which have long been outcrossed will suffer
decreased fitness from
markers

can

an

increased incidence of

inbreeding. Molecular

be used in the first instance to understand and

quantify

breeding systems and thereby identify and monitor populations at risk
of inbreeding.

Potentially this data

likelihood of inbreeding may

A

can

also identify

be diminished

or

ways

in which the

the effects minimised.

potential complication of conservation genetic action to prevent

inbreeding is the introduction of foreign alleles
allele

populations. This effect, known

occur

in two ways:

as

or

dilution of local

outbreeding depression,

can

loss of local adaptation via introduction of foreign

genotypes (loss of adaptation) or break up of adapted gene families

through recombination with foreign chromosomes. This is of particular
concern

to conservation because it may occur as a

incursion
crop

on a

species)

human-mediated

natural

landscape (for example the introduction of a new

or as a

result of attempts to maintain small populations

(restoration ecology through introduction of foreign variants of a local
species).

Diversity.
A second aim of conservation
This

assumes

that for the

genetics is preserving genetic diversity.

long term survival of a species, to maintain its

evolutionary potential, a considerable amount of genetic variation must
be

present. In other words, a diverse

with the necessary

genetic base provides

a

species

options to respond to changing environmental
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conditions be

abiotic
into

they biotic (new competitors, pathogens, predators)

(climate change). Hence the volumes of research carried out

assessing levels of diversity within species.

In many

species with reduced population size, diversity levels have

been found to be reduced, but
rule.

or

Many species

levels of

appear

by this is by

no means a

generalisable

in fact to survive perfectly well with low

genetic variability. In general the link between molecular

diversity and population fitness has not been firmly established. The
reasons

for this may

Molecular markers

he within the approach itself.

are

neutral:

they reveal non-adaptive variation. By

definition, the variability observed is not exposed to selection and
cannot therefore be

fitness.

Furthermore, there is the question of whether or not variability

observed
across

directly linked to characters affecting population

using

the

a

molecular marker is representative of variability

whole

genome

(Hedrick,

variation in neutral markers reflects
related characters.

variability in expressed fitness-

Finally, there is the problem of interspecific

comparisons. To be able to

assess a

is necessary to

idea of

have

1986) particularly whether

some

species

an

as

having low diversity, it

'average' species diversity. Yet

interspecific comparisons of molecular data are fraught with difficulty:
non-standard

application of techniques, variation in conditions, sample

sizes, locus numbers etc. There is no true 'absolute' measure of

diversity available at present. Measuring diversity for its own sake has
limited

applicability,

save

for localised, intraspecific, between-

population comparisons.

Where

diversity

measures can

really contribute is in the analysis of

population structure and the mechanisms of maintenance of that
structure

(i.e. levels of gene flow). Species can be analysed to

duction
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determine how

diversity is partitioned between hierarchical levels. The

extent of population

likely

sub structuring

consequences

can

A further element of the

be calculated and from this the

for

measures

be developed.

structuring of diversity in populations

using intraspecific phylogeny. Phylogenetic data

indication of the

an

can

of fragmentation and appropriate

population maintenance

determined

pnyiogeograpny of two Neotropical trees

can

can

be

give

significance of population subdivision. Where

population structure examined using multilocus molecular techniques
and

population genetic analysis

can

indicate contemporary diversity

partitioning, i.e. that maintained despite current
identify

can

zones

may

A

a

sources

an

species due to isolation and drift.

necessarily represent reproductively isolated

indicate major
1.4.2.

flow, phylogeny

of deep population structure, i.e. those reflecting

evolutionary divergence within
These may not

gene

of diversity within

a

groups

but

species.

Evolutionarily significant units.

development of the analysis of intraspecific phylogeny was the

concept of evolutionarily significant
idea aimed to group

units (ESUs; Ryder, 1986). This

populations with long-term, distinct evolutionary

history into units which could be viewed as the important sources of

diversity within

a

species. It provides

strategy development

a

clear route for conservation

in that distinct subclasses of a species can be

targeted for protection, although there have been problems adequately
defining parameters by which the ESU is described (Moritz, 1994).

The
for

is

difficulty arises in specifying precisely the classification system

identifying appropriate units, in other words 'how much difference

enough ?' (Avise, 2000; Fraser & Bematchez,

species

may

2001). For example,

a

be clearly differentiated on organellar markers, forming

distinct and

apparently ancient evolutionary lineages, but show little

Introduction
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differentiation at nuclear loci.

Clearly, assigning absolute values to

genetic distance, branch length etc
However,

as a

nuclear and
1994

can

practical starting point

only
a

and... significant

"reciprocal

be

an

arbitrary value.

general concordance between

organellar markers provides

suggests

ever

a

monophyly

sound basis (e.g. Moritz,

for

mtDNA

alleles

divergence of allele frequencies at nuclear loci") and

beyond this, the greater the intraspecific differentiation the better
(Avise, 2000). The applicability of the ESU concept becomes stronger
when it
when

can

be

applied to assemblages of regional flora and fauna,

patterns overlap. Then the strength of the argument for targeted

conservation

measures

is

strengthened and clarified. The development

of the ESU has derived

directly from the growth of phylogeography

(usually ESUs will have

a

geographical component) and has

grown

in

prominence due to the focus it brings to conservation efforts.

Crandall

only

on

et

al.

genetic criteria, particularly neutral molecular criteria, will not

address many
such

(2000), amongst others, has pointed out that ESUs based

as

of the real problems of conservation. Ecological factors

frequency-dependent mating, pollinator interaction and

changed species-linked environmental conditions must also be taken
into account. As with most

things in ecology, the best strategy lies in

a

compromise: integration of genetic and ecological factors would
provide the best possible standard on which to set practical guidelines.

It is clear that whilst

picture, they

can

genetic data alone cannot provide the whole

certainly give

a

valuable and otherwise unattainable

insight into the functioning of populations and species. The techniques
are

applicable to

fields.
into

every

living thing and

are

being applied in diverse

They allow rapid assessment of population structure, insights

population dynamics and can provide a sound basis on which to

develop long term policy for protection of genetic resources.
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Study location and species.

1.5.1. Central America.
Central America has

recently been identified

conservation action

a

other

-

as a

priority

area

for

biodiversity "hotspot" (Myers et al., 2000). In

words, it has unusually high species diversity combined with

a

high rate of habitat destruction. The history of Central America has
been

a

turbulent one, characterised

contemporary Isthmus

was

by repeated disturbance. The

formed by several periods of separation and

linkage between North and South America, mountain uplift and final
(most recent) connection, via the Panama land bridge, followed by
climate and sea-level

produce

a very

wide

change. These

range

processes

have combined to

of habitat, from dry to wet, from

thousands of meters altitude. The

sea

level to

repeated disturbance and adaptation

of the Central American biota have resulted in

today's highly diverse

environment.

Most

recently, human influence has been strong. The land has been

occupied and habitat altered for at least the past 4000

years.

In

some

parts, such as the Darien in Panama (Bush & Colinvaux, 1994) and the
Yucatan in southern Mexico and Guatemala

has been

(Hodell et al., 1995) there

large-scale disturbance of the landscape such that today's

forest is in

reality quite

young.

The past 50

years

have

seen

the most

rapid and widespread habitat degradation as population increases,
demand for

agricultural land and increasing urbanisation lead to

clearance of forests.

1.5.2.

Study species.

The

tropical tree species Cedrela odorata and Vochysia ferruginea

have

significant but contrasting relevance to conservation in Central

America. The former is

a

well-studied tropical hardwood of the late
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secondary and primary forest, which is of global economic value and
has been

exploited heavily for

many years.

The latter is

pioneer species, currently only locally valuable
acclaimed

as

timber species but

rapid, highly tolerant regenerative ability of V.

ferruginea it has been suggested that
substitute for the other in

species

are

some

one

might

prove a

suitable

sections of the timber market.

long-lived and wide-ranging. C. odorata is

monoecious outbreeder and therefore should fall into the
low

secondary

having great potential. In the light of the overexploitation

of C. odorata and the

Both

as a

a

a

high diversity,

population differentiation category identified by Hamrick's

reviews

of

allozyme variation.

hermaphrodite species with
Hamrick's

a

V. ferruginea

is

reportedly

mixed-mating system.

a

Following

reasoning again, it might be expected to maintain lower

levels of overall

diversity but display

a more

significant population

differentiation.

C.

odorata

has

experienced heavy exploitation for

many

years,

particularly in Central America. Whilst the species is not endangered
when the whole of its range
suffered

significant population erosion and habitat fragmentation. For

conservation purposes,
a

is taken into account it has certainly

species'

range,

genetic studies should represent the majority of

otherwise genetic differentiation

may

be seriously

underestimated

(Hamrick & Nason, 1996). As has been outlined above,

data from both

organellar and nuclear

genomes

would provide the most

complete picture of population diversity and structure.

V.

ferruginea is currently being studied for its potential as a

reforestation

species and therefore an understanding of its population

genetics, levels and distribution of diversity would be valuable. As for
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nuclear

study, it would be of value

to

of two Neotropical

trees

analyse the organelle and

DNA, simultaneously.
1.5.3. Justification of

There is

currently

each of which

a

wide

provides

analytical approach.

range

of different molecular tools available,

access to

information

different types of

on

genetic variation within species (Karp et al., 1996). The selection of an

appropriate tool is crucial and will depend
level of variation

In this

on

the specific hierarchical

being targeted.

study, the levels and distribution of genetic diversity within

individual

species will be determined. Information

of variation within and between

on

the partitioning

populations of the two species in

question will be obtained. In addition, intraspecific variation in C.
odorata at

rangewide scale will be determined. The techniques

a

required will provide the maximum amount of variability in whole and
organellar

genomes

to differentiate populations whilst not necessarily

providing information
such

as

gene

organellar

on

the detailed population genetic parameters

flow. By comparing data from markers specific to the

genome

with that from whole

idea of the relative extents of seed and
For this purpose

genome

markers

pollen flow

may

a

qualitative

be obtained.

two techniques will be used: amplified fragment

length polymorphism (AFLP) and PCR-restriction fragment length
polymorphism (PCR-RFLP).
1.6.

Aims.

The value of molecular data to studies of
clear. A great

revealed and

plant genetic diversity is

deal of previously inaccessible information has been

new

insights have been gained into the mechanisms of

production and maintenance of that variation. This new data has been
successfully applied to academic,

agricultural and conservation

questions. It has also been seen that the ecology and life history of any

traduction
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species

only

can

distribution of
and

go

diversity. To obtain

historical

data

are

application of more than

To

a

fuller picture both contemporary

necessary,

and usually this will involve

one

technique.

study the levels and distribution of diversity,

genome
as

far to explain the observed levels and

so

is

is

necessary, to

give

as accurate a

a

wide sample of the

picture of the whole

possible. Currently the best available tool for this

AFLP. For historical

gives

access

Whilst there

to

are

information, the

use

genome

purpose

is

of universal cpDNA primers

uniparentally inherited, non-recombining locus.

a

phylogenetic limitations, slow evolutionary rate (hence

possibly convoluted evolutionary history) and low variability, this
marker

provides

opportunity to

an

uncover

large scale geographic

patterns at an evolutionarily deep level. In combination these tools
should

provide information about both historical and contemporary

processes

these

This

and allow

a

full understanding of the structure of diversity in

species.

study will

use

AFLP and cpDNA-specific RFLP to investigate the

levels and distribution of

genetic diversity in the tropical tree species,

C. odorata and V. ferruginea.

general requirements of
genetic variation, and

on

a

The data they provide will address broad

need for increased information

on

plant

tropical species in particular. It will attempt to

emphasise the value of placing genetic diversity at the population level
in

a

context of

genetic variation within

a

whole species,

over a

wide

range.

Specifically the study will:

1.

Analyse, using chloroplast DNA markers, the variation in C.
odorata

odiiction

throughout its Central American range.

Given the
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information from cpDNA accrues,

the

variation within the species will be discussed in

light of the historical

events that have

shaped the Central

American Isthmus.
2.

Analyse at

a

regional level, i.e. within Costa Rica, the levels and

distribution of genetic
both whole genome

diversity estimates,
gene

4.

(AFLP) and organelle-specific (PCR-RFLP)
a

qualitative assessment of relative levels of

flow due to seed and pollen will be obtained. The extent and

causes

3.

diversity in populations of C. odorata. Using

of population

substructuring will be discussed.

Assess the levels and distribution of

diversity in C. odorata in

Costa Rican

populations in the context of the rangewide structure.

Discuss the

implications for the conservation and management of

genetic

of C. odorata in the light of the findings of

resources

genetic diversity analysis.
5.

Analyse at

a

regional level, i.e. within Costa Rica, the levels and

distribution of

genetic diversity in populations of V. ferruginea.

Using both whole

genome

RFLP) diversity estimates,
levels of gene
extent and

6.

a

qualitative assessment of relative

flow due to seed and pollen will be obtained. The

causes

Discuss the

(AFLP) and organelle-specific (PCR-

of population

substructuring will be discussed.

implications of the genetic diversity data for V.

ferruginea, in particular the consequences of population diversity
levels for
7.

In

Discuss

doing

of the

so,

understanding of secondary forest regeneration.

proposals for future work, based on the results obtained.

the appropriateness of the techniques used, the usefulness

measures

employed and the ability of a molecular viewpoint to

provide useful information on population structure and diversity in two
important tropical timber species will be discussed.
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Materials and Methods.

2.1.

Study species.

The levels and distribution of

genetic diversity in two commercially

important timber species of the Central American Neotropical
lowlands, Vochysia ferruginea and Cedrela odorata, will be analysed.

They

complementary

are

as

the former,

a

secondary forest species has been suggested
timber for the latter

(Chudnoff, 1984),

a

relatively unexploited

as a

potential substitute

long exploited species of

global importance in the timber market. V. ferruginea is

a

secondary

pioneer, characteristic of regenerating forest throughout the Costa
Rican lowlands and identified

by Finegan (1996)

as a

species with

great agricultural potential. C. odorata is a highly valuable timber

species (Lamb, 1968), heavily exploited and in demand worldwide. Its
population numbers have been severely reduced and populations
fragmented throughout its
considered

range.

are

In parts of Central America it is

endangered. Both species will be analysed using molecular

tools to determine levels and distribution of

genetic diversity and

explore population structuring. The results will be considered in the
light of conservation and sustainable use of these important resources.
2.1.1.

Vochysia ferruginea Mart.

Taxonomy.
Commonly known

ferruginea

is

a

Red Yemeri

as

200

Mayo Colorado (Spanish), V.

member of the primarily Neotropical family

Vochysiaceae (Flores, 1993)
over

or

species. The

genus

and Methods
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a

large family, with seven

genera

and

Vochysia is the largest in the family with
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around 100

species, almost all of which

are

Neotropical (Oliveira &

Gibbs, 1994).

V.

ferruginea is

emergent, evergreen tree, reaching 50 m with a tall

an

cylindrical trunk and

wide, spreading

a

canopy

simple and opposite (Fig. 2.2) with

are

The flowers
dark-brown

are

or

intense

a

(Fig. 2.1). The leaves

bright

green upper

surface.

yellow and hermaphrodite, producing small

black fruits. Each fruit contains up to

six winged seeds.

Ecology & distribution.
Most

Vochysia family members

although species

occur

occur

in humid

evergreen

forest

in seasonal woodland and the Brazilian cerrado

(Oliveira & Gibbs, 1994). V. ferruginea is distributed widely in the

Neotropics, from Nicaragua to Brazil

on

both the Atlantic and Pacific

watersheds

(Croat, 1978). It is

Costa Rica

(along with V. guatemalensis, V. allenii, V. hondurensis and

V.

one

of five Vochysia species found in

megalophylla) and it is restricted to the wet lowlands of the Atlantic

watershed and parts

The tree is
It is

a

of the southwest.

typical of the

in moist lowland forest below 1500 m.

fast-growing species and in regenerating forest,

monospecific stands
species such
other

canopy

as

Vochysia

or

may

form dense,

characteristic secondary forest patches with

Hyeronima alchorneoides, Pentaclethra macroloba and
spp.

(Flores, 1993).

Reproductive biology.
The

species is hermaphrodite and flowers between April and June and

to

lesser extent

a

during October and November in Central America

(Flores, 1993). Stands of V. ferruginea may flower monosynchronously
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Figure 2.1: A stand of V ferruginea growing at Penjamo, Costa Rica. The site is
regenerating naturally following clear-felling approximately 20 years ago. Inset
pictures show (top) the sampled stand in the dry season April, 1999 and
(bottom) the stand in flower, May 1999. Almost all trees flowered at the same
time.
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Figure 2.2: The leaves and inflorescence of Vochysia ferruginea. Flowers are an
intense yellow and pollinated by hummingbirds and insects (from Flores, 1993).
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(Fig. 2.1), particularly when they
may

even-aged although populations

bloom in different months (Navarro, pers. comm.). The timing of

the annual

rainfall

flowering is probably influenced by annual changes in

(Flores, 1993).

Vochysia ferruginea is reported
and

are

may

as

self-compatible (Bawa et al, 1985a)

be predominantly autogamous. Flowers

are

visited by

hummingbird and insect pollinators (mainly large bees, butterflies) in
search of nectar

(Flores, 1993). The seeds

and may scatter over a

are

primarily wind-dispersed

considerable distance. Birds predate

fruits, but this primarily affects the immature fruit and
reduction rather than seed

upon

causes crop

the

size

dispersal (Flores, 1993).

Uses.

Vochysia ferruginea is

a

locally important timber species (Finegan,

1992; Butterfield & Fisher, 1994). It is used in Central America for
internal carpentry

boxes,
form

veneers

a

native

and general construction

as

well

as

fence posts,

and matches. It has been suggested that the timber could

suitable

replacement for C. odorata (Chudnoff, 1984) and

a

replacement for Gmelina arborea (Flores, 1993). Today, it is a

promising species for the commercial use of secondary growth forest
due to its fast

growth rate and tolerance of low-nutrient, acid conditions

(and high aluminium and iron concentrations). In particular it may be
suitable for forest

regeneration

on

degraded land and slopes (Finegan,

1992; Herrera & Finegan 1997; Flerrera et al, 1999).
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reforestation species, it may also play a useful role in maintaining

a

faunal

diversity (Flores, 1993). It is visited by

during the flowering and fruiting
bees and butterflies and

a

wide

range

of species

including nectarivorous birds,

season,

frugivorous birds such

as

parrots, toucans and

trogons. A range of mammal fauna is also reported to predate on the
fruits

including peccaries, tapirs,

opossums,

spider- and howler-

monkeys.

In traditional medicine V.

bark and leaves

are

ferruginea is occasionally used, where its

boiled to

produce

for treatment of ulcerated wounds,
tissues

mucous

an

infusion. The remedy is used

particularly those localised in the

(Flores, 1993). The species' ability to accumulate

aluminium in the leaves makes them useful
which V.

planted

as

a

fixer for

dyes, for

guatemalensis is also used (Flores, 1993). Today it is also

as an

ornamental species, due to its dramatic yellow flowers

(Flores, 1993).
Current research.
To

date

a

limited amount of work has been carried out

on

V.

ferruginea. The principal focus of the research has been to examine the
species' potential

as a

commercial

crop

in secondary and regenerating

carried out

on a

regenerating stand of forest in

forest.

Two studies have been

Costa Rica. Herrera &

Finegan (1997) determined the distribution of V.

found
species dominated steeper slopes with raised acidity and

ferruginea according to the preferred substrate conditions. They
that the

lowered nutrient levels. Herrera et

Materials and Methods
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affecting site productivity for the species in regenerating secondary
forest.

They established that the species

fertility, acid soils and apparently
favourable sites

adapted to growth in low

was most

productive

on

the least

(in terms of nutrient availability). These characteristics

recommended the

species

as a

significant

low nutrient, acid soils and denuded

The

was

physiological data

crop

due to the prevalence of

slopes in the moist neotropics.

complemented by

was

regenerative ability of V. ferruginea. On

a

a

study

on

the

hurricane-disturbed site in

Nicaragua, Boucher et al. (1994) found that the species had suffered
severe

mortality, with almost all individuals being killed in the forest,

but that it recovered well and in

density in regeneration. This

some cases

recovery

regenerative strategy of the species
such

as

human

on

appeared to achieve greater

pattern reflected the observed

sites disturbed by other events,

activity, and further served to identify V. ferruginea as

a

potentially highly useful crop species.

To

date the

species has not been studied genetically. Given the

increased interest in its commercial
the

levels

and distribution of

exploitation,

an

understanding of

genetic diversity is

a

priority. In

particular, data is required on the post-disturbance dynamics of the

species, to

assess

how rapidly it would recover following harvesting

and the mechanisms

for generation

and maintenance of genetic

diversity within individual populations.
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2.1.2. Cedrela odorata L.

Taxonomy.
Commonly known

Spanish Cedar, Cigar-box Cedar

as

(Spanish), C. odorata (Fig. 2.3) is

a

or

Cedro

member of the tropical hardwood

family Meliaceae (subfamily Swietenioideae) and is the type species
for the genus

The genus

Cedrela (Pennington & Styles, 1975).

Cedrela consists, in its latest revision (Pennington et al.,

1981) of eight species, all confined to the neotropics. It
considered to have

1982)

a

centre of

distributed

are

diversity in Central America (Gentry,

endemic there, plus the

occurrence

in Central America prior to the formation of the

Panamanian Isthmus

(Graham, 1991; Burnham & Graham, 1999)

although the reliability of pollen characteristics
members of the Swietenioideae is poor

Of the extant
found

altitude, endemism

forests.

(Pennington & Styles, 1975).

from 1400

tonduzii

from 1100

-

South America

occurs,

Examples of this

-

-

contemporary

species, the two most widespread (C. odorata, C. fissilis)

oaxacensis

C. lilloi

among

throughout South and Central America. Wherever the land

to

montane

of two other widely

species (C. odorata, C. fissilis). Cedrela is thought to have

been present

ascends

be

three of the eight species (C. tonduzii, C. Salvadorensis, C.

as

oaxacensis)

are

may

-

-

are

with species restricted to

found in both Central (C.

2000 m, Sierra Madre del Sur, Mexico; C.

2800 m,

Chiapas, Mexico to Panama) and

(C. montana - from 1400 - 3100 m, Venezuela to Peru,

from 1000

-

3400

m,

Peru to Argentina) (Pennington et al.,

1981).
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Figure 2.3: Examples of C. odorata growing in Central America. Main image:
growing on farmland where it has been left following forest
clearance. Bottom right: young tree in leaf on Barro Colorado Island, Panama,
natural regeneration. Centre left: the different coloration of the young leaves in
the trees growing in Costa Rica - the red leaves are from seedlings of trees in the
dry northwest, the green leaves are from seedlings from trees on the Atlantic
leafless mature tree

watershed.
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Members of Cedrela

deciduous trees, with

are

of two Neotropical

paripinnate leaves (Fig.

2.4), and unisexual flowers borne in thyrses. Fruits

woody and form

a

pendulous,

separated taxonomically by

are

very

few

including: leaflet shape, variation patterns of the calyx,

inflorescence form and distribution of
number of taxonomic
where

are

capsule containing the winged seeds (Pennington &

Styles, 1975). The species
features

trees

pubescence. This has caused

problems, particularly with the widespread taxa

species have been described purely

remoteness: at

neotropical

a

on

their geographic

present many "local" forms have been united

species

C.

odorata

and

many

as

problems

the

pan-

remain

(Pennington, T. pers. comm.). C. odorata is characterised by the smell
of garlic,
This is
the

possibly

as a

result of the presence of an anti-predation agent.

given off by the flowers

name

or

odorata. However, even

when the leaves

are

crushed, hence

this character is variable within the

species.

Ecology & distribution.
Cedrela odorata is found from the north Pacific coast of Mexico
as

26 °N and the Atlantic Mexican coast from 24

Yucatan and all of lowland Central America

America

as

far south

Chile. It is also found

The tree grows

as

on

as

far

°N, throughout

(Fig. 2.5) and South

northern Argentina (28 °S), although not in
most of the

Caribbean islands.

in both dry and moist lowland areas where soils are not

flooded, up to around 1200 m altitude.

Lamb (1968) notes that, in

general, Cedrela species are rare in evergreen forest and prefer sites
with

a

marked dry season.

C. odorata is a fast growing, light-

demanding species (Lamb, 1968) reaching 40 m in height and 120 cm
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Figure 2.4: Morphology of C. odorata Top left: Fruit capsule, open and winged
seed. Centre: the characteristic compound paripinnate leaf. Right: section
through the flower (from Pennington et at., 1981).
diameter. It is often found
in cleared

areas

such

lived and has been

as

as a

farmland

reported to

Materials and Methods

pioneer species in regenerating forest
edges

grow to as

or

or

along roadsides. It is long-

much

as

200-300

years

old.
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Figure 2.5: The distribution of C. odorata in Central America and the
Caribbean (from Pennington et aL, 1981). The species is also found in South
America as far south as northern Argentina.

Reproductive biology.
As with other

Meliaceae, the species is monoecious (flowers

unisexual, Pennington et al., 1981) and pollinated by small bees,
and moths
year

(Bawa et al., 1985b). Flowering

old trees, and

a

good seed

crop

occurs

are

wasps

annually in 10-15

is produced

every

1-2

years

(ICRAF Agroforestree database). The amount of fruiting is influenced
by local competition and is usually plentiful on isolated trees. When the
capsule

opens,

seeds disperse

travel considerable distances.
seed

dispersal

may

away

from the maternal tree and

Fruiting

occurs

in the dry

season

may

and

be aided by run-off following the first rains. Natural

regeneration is reportedly most prolific in years when the first rains
come soon

after seed

dispersal (Lamb, 1968).
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Uses.
Cedrela odorata is

a

globally important timber product, producing

pale to red-brown wood. It has

cigar-boxes, in which the

a

wide range of uses, most famously for

scent of the wood

was

reported to lend extra

fragrance to the cigars. It has also been used in

panelling, chests, and construction. Due
durability, it

was

once

a

veneers,

to its strength for

furniture,

weight and

used in construction of the Oxford and

Cambridge rowing boats (Lamb, 1968).

The value of C. odorata has resulted in
the

significant over-exploitation of

species in its natural habitat for two centuries (Newton et al.,

1993 a)

and although it is not endangered thanks to its good

regenerative ability, overall numbers, population
distribution have been

age structure

and

impacted. Such is the value of the wood that

often, when forest is cleared, C. odorata is left standing to be harvested
for future

profit (Fig. 2.3). This has allowed considerable natural

regeneration in agricultural
provides

an

areas

where

open,

disturbed vegetation

ideal site for colonisation.

Current research.
Around the world, C.
considerable

odorata has been studied in

some

detail for

a

period of time. Previous work has focused on three,,

complementary

areas: provenance

testing, intraspecific variation and

phytochemical properties.

Due to its
into

value,

a

considerable amount of work has been carried out

agroforestry methods for C. odorata. As with a number of other

Meliaceae

species, it is attacked by the shoot-borer, Hypsipylla
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grandella (Newton et al., 1993b), which

causes

branching in saplings and has limited its

use as a

natural range.

plantation tree in its

In West and East Africa the problem is much less

despite the

presence

monospecific

provenance

& Lamb,

deformation and early

1971). The

of

a

local shoot borer (H

severe,

robusta), and

stands have been grown successfully (Burley

converse

has been

seen

for exotic Meliaceae

planted in the neotropics (e.g. Australian Toona ciliata in Brazil, da
Silva

et

al., 1999) that have

attack, indicating

a

grown

well without suffering H. grandella

native host-pest relationship. Work is continuing to

attempt to locate varieties of C.

odorata with resistance to its native

pest or systems of growing (such as mixed-crop agroforestry), which
will allow local

exploitation (Navarro & Vasquez, 1987; Guevara-

Marroquin, 1988; Ramos & del Amo, 1992; Newton et al., 1993b,
1999b).

Allied to this has been
been

phytochemical work. Cross-species grafting has

attempted, between C. odorata and T. ciliata, to transfer the

exotic pest

resistance to the native species (da Silva et al., 1999).

Grafting has had

some success

(Grijpma & Roberts, 1975) and the

chemical limonoids which appear to
drawn interest

as

be responsible for resistance have

potential commercial products. Limonoids are natural

compounds produced in many plants and are characteristic of many of
the Meliaceae

(Kubo & Klocke, 1986). They have a wide range of

biological properties

as

antifeedants, growth-reducers and insecticides

(Jimenez et al., 1997; Veitch et al., 1999). In some cases, these
chemicals have become

commercially produced extracts for biological

pest control (Chiu,

1995). Several limonoids have been isolated from

C. odorata and

being assessed for possible applications (Veitch et

are
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al., 1999). The functional basis for the pest-resistance in C. odorata has
not

The

yet been determined and work is continuing.

variability of response to the shoot borer by C. odorata
trials and phytochemical studies led to efforts

provenance

the extent of
dominance

differentiation

a

in the

to determine

intraspecific variation in the species. Work

using Costa Rican specimens with

within the

seen

on

apical

known morphological

(Fig. 2.3) established the genetic basis of variation

species (Newton et al., 1995). This work

using RAPDs in

an

was

expanded

analysis of the levels and distribution of genetic

diversity in the Costa Rican populations (Gillies et al., 1997). The
species

was

found to be subdivided geographically and, in Costa Rica,

localised in two

contrasting habitat

date the extent of this variation
been studied and finer scale
observed. There is

a

zones: a

dry and

a

wet region. To

throughout the species

range

has not

population subdivision has not been

clear need for this work to be

expanded and,

ultimately, allied to the measured variation in pest resistance to
advance efforts to

develop plantation methods. At the

extent of variation

within the

to allow

of its

species

as a

same

time, the

whole must be characterised

implementation of a species-wide policy for the maintenance

genetic

2.2.

resources.

Sampling.

Samples of both C. odorata and V. ferruginea were collected in Central
America

during 1998 and 1999, using the following method. An ideal

population

was

apart (to avoid

defined

as a group

of trees, each of more than 100 m

sampling likely half-sibs, Callaham, 1964; Burley &

Wood, 1976), but within a
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they could potentially be in direct reproductive contact. In

this

was

not

possible and samples

were

some

simply collected where

a

suitable number of trees could be found. In all cases, 20 individuals
were

sampled per population.

Samples
were

was

were

collected

either leaf or cambium tissue. Leaf samples

as

placed immediately in silica gel and thoroughly dried. Cambium

sampled by punching

a

cm2 plug from the bark

1

thin slice of internal tissue before

suspended in

and cutting off a

replacing the plug. The slices

were

storage buffer (70:30 absolute ethanol: 2X Cetyl

a

trimethyl ammonium bromide (CTAB) extraction buffer containing:
100 mM

2%

Tris-HCl, pH 8.0, 20 mM EDTA, 1.4 M NaCl, 1% PVP-40T,

CTAB) in 1.5 ml Eppendorff tubes.
Molecular methods.

2.3.

Two molecular

reaction
Taberlet

-

et

techniques

restriction

used in this study, polymerase chain

were

fragment length polymorphism (PCR-RFLP:

1991) for specific analysis of chloroplast DNA

al.,

(cpDNA) and amplified fragment length polymorphism (AFLP: Vos et
al., 1995) for a broad random sample of the

entire

genome.

components of these techniques are described here with

The main

specific detail

provided in the relevant chapters.
2.3.1. Extraction of
Genomic DNA

was

genomic DNA

extracted from leaf and cambial material using a

mini-prep protocol modified from Harris (1995). A 1
cambium disk

was

ground to

a

cm2 leaf /

powder in liquid nitrogen in a 1.5 ml

Eppendorf tube using a sterilised plastic grinder. 1 ml of pre-warmed
extraction buffer

(100 mM Tris-HCl, pH 8.0, 20 mM EDTA, 1.4 M
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NaCl, 1% PVP-40T, 2% CTAB, 0.2% P-mercaptoethanol)
to

the

mins.

Samples

debris

were

cooled and 2 pi RNAse A

was

removed

chloroform:octan-1 -ol and
DNA

washed with aqueous
was

room

enzyme

(1

mg

/ ml)

was

temperature for 30 mins. Protein

by two washes with 500

centrifugation at 13000

rpm

pi

24:1

for 2 mins.

precipitated by addition of ice-cold isopropanol and

was

centrifugation at 13000

pellet

added

powder, the mixture homogenised and incubated at 65 °C for 30

added and allowed to stand at
and

was

rpm

for 5 mins and the resulting pellet

was

ethanol (76%) then absolute ethanol (96%). The

air-dried and resuspended in TE buffer (10 mM Tris-HCl,

pH 7.6, 1 mM EDTA)
2.3.2.

or water,

and stored at -20 °C.

Analysis of chloroplast DNA.

Background.
The

chloroplast DNA molecule is highly conserved in structure (Fig.

2.6, Palmer & Stein, 1986). It shows no recombination and effectively
functions

as

a

single genetic locus. It is

a

remnant of an ancient

symbiotic relationship and contains 40-80 genes involved in the

photosynthetic pathway (Avise, 1994). It is composed of three main
sections: the

large and small single copy regions and a large inverted

repeat (Fig 2.6). The

total

genome

size varies between 120 and 217

kilobases, with variation due primarily to differences in the length of
the

inverted

repeat region.

It is maternally inherited in most

angiosperms (Harris & Ingram, 1991) although cases of bi-parental
inheritance have been recorded

(Metzlaff et al., 1981) and it is

generally paternally inherited in conifers (Ennos et al., 1999). It has
relatively low levels of polymorphism (Wolfe et al., 1987) and as a
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Figure 2.6: Structure and gene content of the chloroplast molecule of Tobacco,
Nicotiana tabacum. The molecule is 155,939 bp and is organised along the highly
conserved lines of almost all

plant chloroplast genomes: long single copy region
(LSC), short single copy region (SSC) and two inverted repeats (IRa and IRb)
(molecule drawing by T. Tsudzuki, Grivet et aL, 2001)
result had until

recently been used predominantly for the analysis of

interspecific relationships (Soltis et al., 1992; A vise, 1994).

The

development during the 1990's of universal primers targeting

coding regions of the chloroplast
Demesure et

genome

non-

(Taberlet et al., 1991;

al., 1995; Dumolin-Lapegue et al., 1997a) provided
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simple

new

to this

analysis of the chloroplast

trees

tool for the study of intraspecific variation in plants. Prior

species-specific determination of
the

of two Neotropical

genome

sequence

involved either laborious

information

or

isolation of

chloroplast alone to allow total restriction digestion of the

molecule.

A

new

limitations and

technique (called PCR-RELP) removed these

permitted analysis of cpDNA, using total genomic

extracts, for species that had never been previously studied. In a range
of

studies, considerable intraspecific variation has

now

been detected

(Avise, 1994; Demesure et al., 1995; Dumolin-Lapegue et al., 1997b)
providing
in

valuable

a

new

insight into the contrasting levels of diversity

organellar and nuclear

genomes.

detect variation in both genomes

flow due to

One advantage of being able to

separately

was

that it allowed

gene

pollen and seeds to be easily distinguished (Ennos, 1994).

Technique.
The

technique is essentially simple (Fig. 2.7). Currently, primers

available which target

almost

every

region of the chloroplast

are

genome

(Taberlet et al., 1991; Demesure et al., 1995; Dumolin-Lapegue et al.,
1997a; Hamilton, 1999). To identify variable regions, a wide selection
of these

primers is applied to the species in question, although as the

numbers of

completed studies rises, certain regions are emerging as

priority targets for variation. In reality, the screening procedure
finding all of those regions that will successfully amplify

involves

using PCR. Due to variations between species and dependent on the
quality of the DNA extract, not all of the available primer sets will
produce

a

useful amplification product.
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Figure 2.7: Schematic representation of the PCR-RFLP technique. The circular
chloroplast DNA molecule is targeted using universal primers in the PCR
reaction (step 1), where a small section of 200-5000bp of the DNA is copied and
amplified many times. This fragment is then digested using restriction enzymes
(step 2) to produce smaller fragments in which mutations will be more easily
visible on polyacrylamide gel. This fragment has six restriction sites (A-F)
producing the gel image (bottom left). There are four different individuals
represented on the gel (plus a size ladder, centre). The two on the left have a site
mutation (loss / gain of C), producing the single longer fragment seen in their
fingerprint.
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Once
are

a

substantial number of PCR

digested using

a

products visualised

products have been obtained, they

variety of restriction

enzymes

polyacrylamide gel. In

on

trees

and the digestion

some cases,

the PCR

fragment is of sufficiently small size that digestion is not necessary and
mutations

can

be

easily resolved using

non

denaturing polyacrylamide

gel electrophoresis (e.g. Hamilton's primers which
base

pair (bp) size

thousands of base
and

digestion is

A range

range,

absence of

necessary to

-

-

800

enzymes

are

5000 bp, Demesure et al., 1995)

allow small length mutations to be

is used

suitable restriction

a

in the 400

Hamilton, 1999). Usually, the fragments

pairs long (2500

of restriction

are

as some

site) and

some

seen.

will not cut (due to

will cut but fail to

produce adequately small fragments to allow resolution of mutations.
There is also

variety in the

four-base

six-base

or

enzyme

restriction site (different

sites) and the sensitivity of the

sequences;

enzyme to

DNA

methylation, which produces variety in the fragment pattern following
digestion.

In the

majority of

deletions

cases,

mutations

appear as

small insertions

or

(indels; Gielly & Taberlet, 1994) of DNA (Fig. 2.8 B). This

produces fragments of variable size and allows characterisation of
different
a

haplotypes (Fig. 2.9). Occasionally, polymorphism appears as

restriction site mutation

individuals. It appears,
indels

-

this

can

(Fig. 2.8 A), causing non-digestion in some

however, that these are usually also due to

be determined by

between individuals

comparison of fragment sizes

(i.e. when the summed sizes of the restricted

fragments differs from the total size

ials and Methods
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Figure 2.8: Forms of mutation for PCR-RFLP
fingerprints. Box A
restriction site mutation.
(Indicated fragment in the two left hand lanes is
digested in the two right hand lanes, producing two
new fragments). Box B Length mutation.
-

the

majority of

mutations

restriction

cases,

tfa....

fragment

easily interpretable.

are

Ufa.,.-,.*..

*4 Imi

Strengths & weaknesses.

The

primary advantages of the PCR-RFLP

technique

are

its simplicity and its universal

applicability. Relatively little technical ability is
required to
little

or

the system successfully and with

prior knowledge of the specific

no

genome a

easily

run

large amount of the chloroplast

explored.

The

developed and published,
are now

if

available in

do

several

not

differences between

primers
are

have

be

been

cheap to buy and

large numbers
work

can

due

so

to

that,

even

mutational

species for example, there

are

usually several

more

that will work.

The

nature

of the

information derived from PCR-RFLP is also

important for its interpretation. It is specific to the chloroplast
and

therefore

provides

a

genome

locus with contrasting and simplified

properties relative to nuclear markers. The basis of variation in the
chloroplast

genome

is also straightforward to interpret - at fine
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Figure 2.9: Graphical representation of characterisation of haplotypes from
polyacrylamidc gel image.
taxonomic

a

separation it is most often due to indels (Gielly & Taberlet,

1994), with occasional site mutations. It is

a

haploid molecule and

heteroplasmy is only sporadically detected in plants (Avise, 2000). It is
inherited

through the maternal line in most angiosperms and therefore

provides

an

because it

insight into

generally has

long timescale

a

processes

The drawbacks to the

gene

flow due to seed dispersal. Finally,

slow rate of evolution it

such

as

can

be used to study

migration in trees.

technique

come

from the

same sources as

its

advantages. The cpDNA molecule is slow-evolving and of low
diversity. Therefore, particularly intraspecifically,
and effort may
the available
different

a great

deal of time

be required to detect mutation. It is possible that most of

primers

restriction

may

have to be screened, using

enzymes,
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variety of

small number of
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mutations. As time goes on certain

regions of the

higher levels of polymorphism and

can

Neotropical trees

genome are

revealing

be preferentially targeted, but

screening will often be laborious.

Finally, the correct phylogenetic interpretation of indels is problematic
and there have been arguments

Simmons et

1995) their
the
its

for (Freudenstein & Chase, 2001;

al., 2001) and against (Golenberg et al., 1993; Ford et al.,
use.

Indels

appear to

dominate the mutation mechanism in

cpDNA molecule at the intraspecific level but this has not limited
usefulness

in

systematic and phylogeographic

studies.

The

chloroplast has been used widely and successfully for interspecific
systematics and
available

as

a

robust interpretation of indel evolution

the amount of completed

may

become

research increases.

Protocol.
The PCR

technique

was as

specified in Demesure et al. (1995)

employing their universal chloroplast-specific primers and those of
Taberlet et al.

(1991), Dumolin-Lapegue et al. (1997a) & Hamilton

(1999) to amplify fragments of non-coding cpDNA. PCR mixtures of
25

pi contained: 20

ng

genomic DNA, 0.2 pM dNTP (Promega), 0.2

pM of each primer (Pharmacia Biotech), 1.0 pM MgCl2, 2.5 pi 10X
PCR buffer

Reactions

(Promega), 0.5 U Taq DNA polymerase (Promega).

were

covered with mineral oil and

PTC-100 Thermal

run on an

MJ Research

Cycler for 1 denaturing step of 94 °C for 5 mins

then 40

cycles of denaturation 94 °C for 30 sees, annealing 54 °C for

30 sees,

extension 72 °C for 60 sees and a final extension step of 72 °C

for 7 mins.

(Table

Annealing temperatures varied according to the primer used

2.1).

PCR products were

and Methods
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satruncde

Populatin

(1a9l.5) (1a9l.5) (1a9l.5) (1a9l.5) (1a9l.5) (1a9l.5) (1a9l.5) Du(m1oliaen9-Laplgt7.a) Du(m1oliaen9-Laplgt7.a) Du(m1oliaen9-Laplgt7.a) Du(m1oliaen9-Laplgt7.a) Du(m1oliaen9-Laplgt7.a) D(um1oaelin9-Lapltg.7a) (M19.B) (M19.B) (M19.B) (M19.B)

Refrnce Demesutr Demesutre Demesutre Demesutre Demesutre Demesutre Demesutre

idnfotp4wgrhuloeresnsazcw-yticmy

iAtcuphhnslarommupeldaifsyset.HAE6HP-cblnaoueRI\:VI,;,

L2o.is1ft: HMisnpfll,,

Table base:

Hamilton. Hamilton, Hamilton, Hamilton,

5'-CGAT3 5'-CAGT3 ATG-3'-GATC ACTG-3' 5GTCA-3' AGCT-3' GCTA-3' CTAG3 5'-ATGC3 5'-GACT3 5'-ATCG3 AGTC-3' GCTA-3' 5CGAT-3' ACT3-GACT 5'-GTCA3 5'-CGAT3
'-ACGT3 5'-GTCA3 5'-CAGT3 5'-ACTG3 5'-GTCA3 '-CGAT3 5'-TGCA3 AGCT3 '-GACT3 5'-GCTA3 5'-GACT3 5*-CTGA3' 5-CGAT3' 5-ACTG3' 5-GCTA3' 5-TGCA3' ATGC-3'-GTAC

2Primer

5'

5'

-CTA

5'

-AG

5

5'

-CGA

5

5'

5

P1rimer

5

5

5

'-TA

5'

5

An ealing tempratue

62.0

Fragment

1690bp 2580bp 30 0bp 180 bp 1680bp 150 bp 290 bp 3075bp 3086bp 3236bp 5108bp 3492bp 3850bp

Ab rvn.

size

°C 53.5°C °C58.0 54.5°C 57.0°C °C57.5 59.0°C °C47.5 °C56.5 °C52.5 47.5°C 57.5°C 57.5°C 53.0°C 52.0°C °C53.0 53.0°C

ML
HK

KK

DT
CD

CS
ST

K2Q

QR
TC

fMA

VL

FV

495bp 844bp 884bp 853bp

HamA HamB HamC HamD

site trnH- K. trnK-trnK trnC-trnD trnU-trnT psbC-trnS trnS-trnT trnM-bcL trnK2- Qr trnQ- Rr trnl- C tmfM-psbAi trnF- Vr trnF-bcLr trnH-psbA trnS-trnG rrpl20-5'ps\2 psbB- F

Primer

Meathnodds
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1% agarose gels. Amplified product

6-base restriction endonuclease in

a

15

°C

65

or

°C,

visualised
SE600
V for

sealed with

optimal for the

as

8%

on

were

enzyme,

5 pi PCR

layer of oil and incubated at 37

enzyme.

Digested fragments

non-denaturing polyacrylamide gel in

a

were

Hoefer

electrophoresis unit using Tris borate EDTA buffer (IX) at 300

approximately 3 hours. Gels

and scanned under UV

stored

a

digested by

pi reaction containing: 1.5

pi 10X reaction buffer (GibcoBRL), 5 U restriction
product. Digestions

was

on

light by

a

were

stained with ethidium bromide

UVP transilluminator. Images

were

compact disk.

Analysis.
For

chloroplast data, haplotype population frequencies

populations
(Gst)

GSt

was

were

calculated and the level of population sub-structuring

determined using the approach of Pons & Petit (1995).

Equation 2.1

ZiVi/hx

=

where V; is the

variance of the ith allele and hT is the total diversity in

the data set. These values

of the

were

calculated from the actual frequencies

haplotypes using the program HAPLONST, available free from

R. Petit

The

for all

(http://www.pierroton.inra.fr/genetics/labo/Software/Haplonst/).

number of mutational

counted and

differences between haplotypes were

haplotype relatedness was then determined using the

MINSPNET program

minimum-spanning

(Excoffier & Smouse, 1994). This produces a
network,

minimising the

haplotypes. Haplotype frequencies for all

Is and Methods
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plotted using ArcView GIS 3.2 software. Base

data sets

were

Institute

maps

and physical

obtained free from the Environmental Systems Research

website (http://www.esri.com)

and the GIS Data Depot

(http://gi sdatadcpot.com). The distributions of haplotypes were plotted
and examined in

conjunction with topography and environmental

variables.

2.3.3.

Amplified fragment length polymorphism.

Background.
The

development of RAPD markers in the early 1990s showed the

power

and utility of

a

high marker number, multilocus molecular

technique. The large numbers of markers generated provided
a

much greater

was

level of variation than had been

genome sequence.

technique had drawbacks in

of

previously and it

widely adopted due to low cost and the fact that it required

prior knowledge of

the

seen

access to

a

no

However, the simplicity of the

reported lack of reproducibility due to

low-stringency PCR conditions (Vos et al., 1995) and general lack

flexibility in the fingerprints produced. In latter part of the 1990s the

technique

was

widely supplanted by more reliable techniques, such as

microsatellites and AFLPs.

The

amplified fragment length polymorphism (AFLP) technique was

developed by Vos et al. (1995) as a combination of the RFLP
(restriction fragment length polymorphism) and PCR (polymerase
chain
the

reaction) techniques. This incorporates RFLP's reliability into

simple and powerful PCR technique (Mueller &

1999). It generates large numbers of markers
RAPDs, again requiring no
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'tuning' the PCR amplification to produce

clearly interpretable banding patterns.

Technique.
AFLP
a

fragments

are

pair of restriction

enzymes: one

base- restriction site
three sets of

produced by first digesting the entire
with

a

genome

four base-, the other with

with
a

six

(Fig. 2.10). With complete digestion this produces

fragments, with varying frequencies. They

are:

those

produced by two 4-base sites at high frequency, those produced by two
6-base sites at low

frequency and those produced by

site at intermediate

fragments,

a

a

6-base

groups

of

clear fingerprint should be available. Variability is

(insertion

or

or

gain of restriction sites and the

presence

of

deletions) in the DNA fragments.

The entire set of digested
the

4- and

frequency. By targeting the latter two

generated by the loss
indels

a

ligation of known

fragments is prepared

sequence

as

template for PCR by

adaptors to either end. This produces

fragments with known end sequence (i.e. Adaptor+Enzyme restriction

sequence) and primers for PCR can therefore be prepared. By
employing

a

6-base

sequence

primer and

a

4-base

sequence

primer and

labelling only the 6-base primer (using either fluorescence- or radiolabelling), the required groups of fragments can be visualised by
denaturing gel electrophoresis. Further selectivity of the PCR stage can
be achieved

by the addition of 'selective' nucleotides to the primers,

following the enzyme restriction site sequence.
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adaptor

Mse I

5'-CTCGTAGACTGCGTACC

adaptor

3'-GACGATGAGTCCTGAG

C ATCTGACGCATGGTTAA-3'

AFLP

T ACTCAGGACTCAT-5'

primers

CORE

ENZ

5'-GACTGCGTACC

AATTC

Mse I

5'-GATGAGTCCTGAG

TAA

Restriction
AATTCCAC
GGTG

SEL.

.

£coRI

NNNN-3'

NN-3'

fragment
-TCGT

AGCAAT

Adaptor ligation

CTCGTAGACTGCGTACCAATTCNNNN—
CATCTGACGCATGGTTAAGNNNN—

-NNTT ACTCAGGACTCAT

-NNAATGAGTCCTGAGTAGCAG

Primer

annealing

fcoRI- 4 primer

GACTGCGTACCAATTCNNNN
CATCTGACGCATGGTTAAGNNNN
CTCGTAGACTGCGTACCAATTCNNNN

PCR

NNAATGAGTCCTGAGTAGCAG
NNTT ACTCAGGACTCAT
NNAATGAGTCCTGAGTAG
Mse1+2 primer

amplification

Figure 2.10: Schematic representation of the AFLP technique (from Vos et al.,
1995). Top box - AFLP adaptors; Middle box - AFLP primer design, primers
consist of a core sequence, an enzyme specific recognition sequence and a
selective extension. In this study, primers always consisted of the LcoRI primer
plus 4 selective nucleotides (NNNN) and MseI primer plus 2 selective nucleotides
(NN). Bottom box: the two step process of marker generation: the restriction
fragment produced by digestion of the genomic DNA is extended and converted
to PCR template by ligation of known-sequence adaptors. PCR amplification of
those fragments follows, by annealing of primers and extension by Taq DNA
polymerase.
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primers have been selected PCR amplification of the template is

two-step

process,

employing

a

primary pre-selective amplification

using primers of low selectivity followed by

a

secondary selective PCR

using primers with the full complement of selective nucleotides. This
produces the required fragment set in high enough concentration for
visualisation

by electrophoresis.

Strengths & weaknesses.
The AFLP
range

technique has only recently started appearing in

of studies. It has been used (and

was

a

wide

originally developed for)

high density genetic mapping (Lu et ol., 1998; Zhu et al., 1998) but has
since been

employed in studies of diversity and variation (Russell et

al., 1999; Erschadi et al., 2000; Gaudeul et al., 2000), hybridisation

(Beismann et al., 1997; Rieseberg & Linder, 1999) and germplasm
identification
The

(Perera et al., 1998;

advantages

which

they

evaluated

are

can

van

Treuren, 2001) amongst others.

relatively clear but the drawbacks, and the extent to

bias results obtained using AFLP

are

still being

(Robinson & Harris, 1999).

The

primary advantage of AFLP is the large numbers of markers that

can

be

generated (high multiplex ratio, Powell et al., 1996). This is

essentially limited only by the data handling capacity of the software
used to

analyse it. Data sets of well over 500 markers have now been

reported several times (e.g. Barker et al., 1999; Breyne et al., 1999;
Cresswell et al.,
for the

provide

2001). These large data sets are the principal reason

widespread adoption of the technique across many fields, and
a great

resolving power for individuals and populations

(Powell et al., 1996). It also has the same advantage as RAPDs of
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as soon as

samples

can

be

generate large data sets relatively quickly because data

large number of loci

are

techniques like sequencing

produced simultaneously, compared
or

microsatellites. Finally, it has

apparently much higher reproducibility,

an

tested in multi-lab

as

experiments (Jones et al., 1997) due to the greater stringency of its
PCR conditions

The

(Vos et al., 1995), compared with RAPDs.

disadvantages of AFLP start with what is not known about the

data.

Firstly, the markers

are

generally dominant (Mueller &

Wolfenbarger, 1999), although codominant markers have been found at
frequencies of 4-15% (Waugh et al., 1997; Lu et al., 1998; Boivin et
al., 1999; Mueller & Wolfenbarger, 1999). As
cannot be

distinguished and

a

a

result, heterozygotes

level of information is unavailable. As

for RAPDs, marker dominance

limits the usefulness of AFLP for

population genetic studies. Some analytical techniques have been
devised to allow estimation of

population genetic parameters (e.g.

Lynch & Milligan, 1994) but ultimately it is probably an irresolvable
weakness

-

at least with current

random nature of the markers, a

technology. Additionally, due to the
contribution to the fingerprint from

organellar (cp & mt) DNA is possible. Due to the relative size of the
organellar and nuclear genomes, it is unlikely that this would be a

major

source

contribution
inherited

of
is

error,

but with high numbers of markers a small

likely. As the organellar genomes are generally

uniparentally in contrast to the nuclear genome, treating all

markers alike may

introduce bias into the data. It also introduces error
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pollen flow analysis is attempted using AFLPs and

a

chloroplast marker.

Secondly, the basis of variation for individual fragments is unknown.
Although the general mechanism is clear - restriction site loss / gain
indel

mutation

neglected)

-

it is not known for

fragment. There
cause

/

variation at

gain of

a

(if artefactual variabilities due

are
a

five possible

locus: loss /

indel
the

is

a

a

restriction site is lost and

causes a

small size

loci

the above mechanisms

an

fragment
a

indel. Depending

may

be scored

fragment is lost)

a new

The third

can

or

on

once

(e.g.

twice (e.g.
as

the

an

absent at

locus). In other words there

of loci. As AFLP loci

generally assumed to be independent, this

into estimates of similarity or

are

specific polymorphic

change and the fragment is scored

risk of non-independence
are

technique

gain of a restriction site leading to loss

original locus, but also present at

a

ways

fragment (4 possibilities) and

particular mechanism at work,
when

any one

to

or

are

dominant and

may

introduce bias

distance.

problem for AFLPs is the assumed homology of co-migrating

fragments. Experiments have shown that a substantial minority (~5%)
of

co-migrating fragments detected by AFLP may be non-homologous

(Rieseberg, 1996; Rouppe van der Voort et al., 1997). However, this
problem is probably proportional to the taxonomic level being
analysed: the closer the relationship between the individuals being
studied

(ideally conspecific) the smaller the likelihood of non-

homology. At low taxonomic levels, AFLPs have in fact been found to
be

phylogenetically informative (Lerceteau & Szmidt, 1998; O'Hanlon

& Peakall, 2000;

Giannasi et al., 2001).
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The final drawbacks associated with AFLP

inherent:

they

can

be expensive and require

competence. However, these

biology and

can

be

are

incidence and where

AFLP

employed for studies of intraspecific variation

offer

can

be assumed to be low-

population genetic parameters

are

not being

(for example by careful choice of similarity /

measure), in studies of diversity

can

problems in molecular

potential bias of results due to non-independent loci is

taken into account
distance

high degree of technical

not unusual

genetic mapping, where non-homology

estimated. If the

a

practical rather than

overcome.

Ideally then, AFLPs
or

are

are

a

powerful

source

or

population differentiation

of information.

Protocol.
The AFLP

protocol followed that specified by Vos et al. (1995). The

EcoRl / Msel enzyme

insensitive to

combination

was

chosen because EcoRI is

cytosine methylation and therefore provides

a more

complete and random sample of the genome, when compared with

methylation-sensitive
involved four steps:

enzymes

(Cresswell et al., 2001). The protocol

(all primers and adaptors were supplied by MWG

Biotech, Table 2.2).

-

Enzyme restriction of genomic DNA with EcoBl

and Msel and

ligation of adaptors. 50 pi reaction volume containing: 250-500 ng pure
DNA, 5 U £coRI (GibcoBRL), 5 U Msel (New
10X buffer

England Biolabs), 5 pi

(NEB), 5 pmol adaptor EcoRl, 50 pmol Msel adaptor, 0.2

and Methods
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(Sigma), 1 U T4-DNA Ligase (GibcoBRL). Reactions

were

incubated at 37 °C for 4 hours, then diluted 1:4;

Pre-amplification using primers with

-

nucleotides 20

ligation), 3.75
dNTP

Selective

(in this

ng

Eco+0 primer; 3.75

ng

Mse+NN primer, 2 pi 5 mM
MJ Research PTC-100

were run on an

Cycler for 30 cycles of 94 °C for 30

72 °C for 60
-

reduced number of selective

pi reaction containing: 5 pi template DNA (digestion-

(Promega). Reactions

Thermal

a

sees.

Reactions

were

sees,

56 °C for 60

sees,

then diluted 1:10;

amplification using primers with all selective nucleotides
EcoRI primer+2 nucleotides and MseI+4 nucleotides). 20

case

pi reaction containing: 5 pi diluted preamplification reaction, 2 pi 1 OX
PCR

buffer, 1 U Taq DNA polymerase (Promega), 0.2 mM dNTP, 5

IR-labeled Aco+NN

primer, 30

selective nucleotide. Reactions
sees,

18

ng

Mse+NNNN primer, where N

were run

for 13

ng
=

cycles of 94 °C for 30

65 °C (| 0.7 °C /cycle) for 30 sees, 72 °C for 60 sees followed by

cycles of 94 °C for 30

Reactions

were

sees,

56 °C for 30

sees,

72 °C for 60

sees.

stopped using 20 pi formamide dye and frozen at -20

°C;
-

Visualisation of the AFLP

electrophoresis.
sequencer,

Fingerprints

fingerprint using polyacrylamide gel
were

visualised

on

a

LICOR-IR

with only the AcoRI selective primer labeled for IR

fluorescence. Reactions

were

denatured for 5 min.s at 95 °C prior to

loading, then 2 pi of reaction was loaded onto a 6% denaturing

polyacrylamide gel (LongRanger™ Gel solution, FMC Bioproducts)
prepared according to manufacturers instructions and including
treatment with

AG®501-X8 resin, filtration and degassing prior to

polymerisation. Gels were run at 1500 V and 45 °C for 2.4 hours. Gel
images

were

stored

as

image files on compact disc.
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Table 2.2: Details of enzymes and oligonucleotides used in AFLP
selective amplification stage (for selective primers see relevant

trees

analysis to
chapters).

Restriction

pre-

Enzymes

EcoRl

Mse I

Restriction sites

:

5'-GAATTC-3'

5'-TTAA-3'

3'-CTTAAG-5'

3'-AATT-5'

Adaptors:
5'-CTCGTAGACTGCGTACC-3'

5 '-GACGATGAGTCCTGAG-3'

3 '-CATCTGACGCATGGTTAA-5'

Preselective

3 '-TACTCAGGACTCAT-5'

amplification primers:

Eco+0: 5 '-GACTGCGTACCAATTC-3'

Mse+AC: 5'-

GATGAGTCCTGAGTAAAC-3'
Mse+AT: 5'-

GATGAGTCCTGAGTAAAT-3'
Mse+TA: 5'-

GATGAGTCCTGAGTAATA-3'

Analysis.
AFLP

fragments

presence

were

/ absence

scored by hand to form

scores

a

binary matrix of

for all individuals, for every band in the data

set.

Linkage disequilibrium.
The data set

was

tested for linkage

variance in distribution of

loci at which each

disequilibrium by analysis of the

pairwise mismatch values (the number of

pair differs). By comparing the observed variance

(VD) with that expected at equilibrium (VE) an
can

be calculated which

provides

a measure

index of association (IA)

of linkage disequilibrium,

using the equation:
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1 / (L

-

1)

•

((VD / Ve) - 1)

where L is the number of loci

The

approach

was

Equation 2.2

analysed.

devised by Brown et al. (1980) to study population

structure in Hordeum

spontaneum and refined by Maynard-Smith et al.

(1993) for the study of clonality in bacteria. An index of association of
zero

indicates

different from

analysis

was

complete linkage equilibrium; values significantly
zero

indicate the presence

of linkage equilibrium. The

carried out using the software LIAN 3.0 (Haubold &

Hudson, 2000), available at http://kiwi.ice.mpg.de/lian/. The null

hypothesis of linkage equilibrium (Vd
Carlo simulation

=

Ve)

was

tested by Monte

(resampling the data set without replacement) using

100 iterations.

Genetic

diversity.

Genetic

diversity levels

Nei's

were

determined for both species using both

(1973) estimate and Shannon's information index (Shannon &

Weaver, 1949)

Nei's method

.

originally derived for

was

use

with (codominant)

proteins, where it is a measure of expected heterozygosity. For
dominant data the concept
estimate becomes

of heterozygosity is not applicable and the

'gene diversity', simply a measure of genetic

variability but still of statistical value (Nei, 1987). So, for each locus:

Gene

diversity, h = 1

-

X
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where

(in the dominant case)

allele

(1 and 0) at locus i. The

this

quantity

across

Xj

of two Neotropical trees

is the population frequency of each

average gene

diversity is the

average

of

all loci. The value is adjusted for variation in

population sizes (Nei, 1978) by multiplication by 2n / (2n-l) where

n =

population size.

Shannon's
as

index, H, (Shannon & Weaver, 1949) originally developed

a measure

of entropy

used statistic for

a

widely

quantifying levels of diversity (Lewontin, 1972). It is

general and

very

in information theory, has become

may

be applied to

any

linear

array

of symbols

(Morowitz, 1971), hence it is robust to the problems of dominant data
(Dawson et al., 1995; Gillies et al., 1997).

H

=

-

X

In pi

Pi

where pj =

Equation 2.4

the frequency of each allele (1 and 0) at

a

polymorphic

locus, i. A population value of H is the average across all loci. It has
been used for

a

number of genetic

studies using dominant data and was

computed here to facilitate comparison and provide
the pattern

are

confirmation of

observed for the Nei index.

Both indices
values

a

weight genetic diversity estimates,

so

that high diversity

given to populations with intermediate frequency alleles (see

Fig. 2.11). Therefore populations with high numbers of high frequency
alleles

are

considered to be of low diversity. Nei's index produces

values from 0-0.5 and Shannon's
the natural

produces values from 0-0.73, when

log is used. It is important to note, particularly when

attempting inter-specific comparisons, that there is variability in the
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published technique for calculating Shannon's index. Many authors
a

base 2

logarithm, which, whilst producing the

gives values

on an

conversions may
have been

be attempted between indices, provided the authors

explicit in their methods (Fig. 2.11). However, interspecific

subtle variations in

can

pattern,

entirely different scale (0-1.06). Approximate

comparison should be treated with

studies in

same curve

use

extreme caution not

only because of

analytical method but also variations between

sample size, marker numbers, and primers used. All of these

contribute to variations between

species and make comparative

analysis difficult.

Figure 2.11: Possible values of Nei's genetic diversity and Shannon's diversity
(calculated using both natural and base 2 logarithms). The model curves
assumed dominant data, i.e. two alleles, 1 and 0 with frequencies x and (1-x),
respectively.

index
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genetic diversity estimates

were

calculated

populations and whole species using POPGENE

v. 1.32

(Yeh etal., 1999).

Standard deviations for the
POPGENE vl.32

n

were

calculated by

using the following formula:

standard deviation

where

diversity estimates

V ((n£x2 - (£x)2) / n(n-l))

=

is the number of loci and

x

is the

diversity estimate (Nei

or

Shannon) for each locus.

Similarity measures and clustering methods.
Estimates of genetic
Jaccard's

were

made using

same

principle

as

similarity estimation (e.g. Nei & Li, 1979) and relies

on

similarity

others used in

similarity for AFLP fingerprints
measure,

F. This is based

on

the

the number of shared bands between any two

individuals,

as

a

proportion of the total number of bands those two individuals display.
So,

F

=

Equation 2.5

Mxy / (Mt - Mxyo)

where, Mxy is the total

number of shared bands between accessions x

and y,

Mt is the total number of bands in the data set and,

Mxy0 is the total number of bands in the

data set not found in either x or

y-
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particularly appropriate for analysis of dominant

marker data because it relies
Reasons for the absence of

a

only

shared

on

dominant marker

presence

are

of bands.

difficult to

clearly

establish and therefore shared absence is not considered in estimates of

similarity from dominant data (Gillies et al., 1997). The reciprocal of
the

similarity

(1-F) gives

measure

estimate of genetic distance.

an

Pairwise matrices of Jaccard's distances

were

constructed from AFLP

data

using GENSTAT 5, release 4.1 (1998).

The

similarity matrix of all pairwise comparisons

basis

of

multivariate

a

statistical

can

be used

as

the

analysis. Multivariate methods

simultaneously consider variation in several variables of a data set and
reduce the number needed to describe it

multivariate method for

(Manly, 1994). A popular

explorations of large data sets is Principal

Components Analysis (PCA). Components
covariance

or

correlation matrix of the

coefficients for components are

of the components.

a

original data set (Thorpe, 1983):

the eigenvectors, equal to the variances
an

relationships between

n

individuals in (n-

such that the variation in each dimension is

(Digby et al., 1989). When the variation in a given data set

is such that the
axes,

space,

a

importance of the component to variation in

the data set. PCA defines the

maximised

calculated from

The magnitude and sign of the eigenvector give

indication of the relative

1) dimensional

are

majority

can

be accounted for by the first two or three

scatter plot of these axes

informative.

against each other is highly

Principal Coordinates Analysis (PCO) can be considered a

general form of principal components analysis (Mardia et al, 1979;
Gauch, 1982), but specifically based on a
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similarities (such as genetic
unaffected

A

distance) and flexible enough to be

by deviations of data from normality.

dendrogram of individual-based relationships

the

constructed, using

Neighbour-Joining (NJ) algorithm (Saitou & Nei, 1987) in the

program
and

was

MEGA v2.1 (Kumar et al., 2001). Neighbour-Joining (Saitou

Nei, 1987) is

a

simplified and less time-consuming version of the

Minimum Evolution method

(Saitou & Imanishi, 1989; Rzhetsky and

Nei, 1992). The technique is distance based, and constructs

producing, at each step of the analysis,

a

tree by

distance matrix (transformed

by adjusting branch lengths between each pair of nodes
mean

a

on

the basis of

divergence from all other nodes) which is then searched for the

minimum value

(Avise, 1994). The individuals separated by this

minimum distance

are

joined by

an

internal node and the

process

repeated, until the tree is complete. Felsenstein (1993) reports that the
main

advantage of Neighbour-Joining is its speed, particularly when

carrying out bootstrapping.
Analysis of molecular variance (AMOVA).

Analysis of Molecular Variance, was developed by Excoffier et al.
(1992)
to be

as a

framework for analysis of molecular data flexible enough

applicable to

a

wide variety of different data types without

violating the assumptions inherent in previous analytical treatments
(e.g. independence of molecular loci; non-recombinant DNA;
due to

genetic drift alone; no migration) such as those developed by

Lynch & Crease (1990) and Takahata &
better than Nei's
when

variation

Palumbi (1985). AMOVA is

(1973) Gst for the analysis of population structure

using dominant data because it does not

Methods
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allelic

frequencies. Calculation of frequencies requires the assumption

that each locus may
allele
This
that

be treated

as a two

allele system, with a single

being amplified by PCR, i.e. fragments

assumes

a

of two Neotropical trees

can

be treated

as

alleles.

knowledge of the underlying mechanism of variation (i.e.

null allele does not appear on a

gel because either

a

mutation in

the

primer site prevented amplification

the

fragment beyond the limitations of the PCR conditions). Freedom

from these

assumptions is

an

indel increased the size of

important strength of the AMOVA

technique. The technique produces
which describe the

or an

a set

of statistics

a

on

analysis

was

-

the calculation

genetic distance matrix and the particular distance metric

selected for the system
The

the O-statistics

partitioning of variation between the different

hierarchical levels of the data set. AMOVA is based
of

-

can

be

being analysed, with appropriate assumptions.

carried out using WINAMOVA 1.5 software

(Excoffier et al., 1992).

The

genetic distance matrix, and appropriate program-specific data

files for WINAMOVA

1998). This

program

were

prepared using AMOVAPREP (Miller,

is designed to prepare dominant genetic data for

analysis using WINAMOVA. It provides several different distance
metrics, but that of Huff et al. (1993), D, was used here. This is a

slightly modified version of the Nei & Li (1979) distance estimate and
differs

only slightly from a basic Euclidean distance measure. It is a

simple count of the number of differences between two
patterns and assumes no
different types, as

D

=

100

banding

knowledge of the relationships between the

appropriate for dominant data:

[ 1 - (2nxy / (nx + ny))]

ind Methods
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2nxy is the number of bands shared by the two accessions

x

and

and ny are the total numbers of bands in x and y respectively.

Significance levels for the AMOVA results

were

computed by

non-

parametric permutation of the data set with 1000 permutations. O
statistics

also

were

generated. These correlation statistics

analogue of the F-statistics (Cockerham, 1969, 1973), and
from the variance components
express

are a

are

-

direct

derived

computed during AMOVA. They

the correlation of a pair of individuals drawn at random from

particular subgroup of the dataset relative to that of
individuals drawn from

a

wider

a

a

pair of

grouping, indicating the relative

partitioning of diversity between the hierarchical levels being analysed.

<&st

=

(aa2 + ab2) / (J2 ;

Equation 2.7

gives the correlation of samples within populations relative to samples
from the whole dataset.

Oct

=

oa2 / a2

Equation 2.8

;

gives the correlation of samples within a group of populations relative
to

samples from the whole dataset

Osc

=

cfb2 / (ab2 + ac2)

;

gives the correlation of samples within
from that

Equation 2.9

populations relative to samples

subgroup of populations.
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where aa

variance component between groups;

component between populations and

populations and a2

To

corroborate

structuring based
statistic, 9 based
to

Ost and

be done

variance

variance component within

=

the

O-statistics, which analyse population sub-

genetic distances,

on

allelic frequencies,

an

alternative sub-structuring

was

calculated. 0 is analogous

be calculated by estimating the unknown allele

can

frequencies using marker frequencies from
can

=

aa2 + ob2 + ac2.

=

on

oc2

cy,2

using

a

dominant data set. This

Taylor expansion technique (Lynch & Milligan,

a

1994) and the analysis

can

be carried out using the software TFPGA

(tools for population genetic analysis; Miller, 1997).

Isolation

by distance.

A test for isolation

by distance

was

carried out using the matrix of

pairwise <3>st distances between all populations generated by the
AMOVA
matrices

for the

analysis. The matrix of genetic distance
representing Euclidean

or

was

compared with

ecological distance

species in question. Matrices

were

as

appropriate

compared using

a

simple

Mantel test,

performed using the software smt vl.2 (Bonnet, 1996). The

Mantel test

procedure

assesses

show correlation. A test

whether the elements of two matrices

statistic,

r,

is calculated for the two matrices

provided and compared with the distribution of r that is obtained when
the calculation is

the matrices

observed
level

can

r

performed repeatedly with randomisation of

one

of

(Manly, 1994). Hence a positive correlation will show an

greater than the randomised

distribution and

be obtained. The Mantel tests

a

significance

performed here used 1000

randomisations.
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3.0

Levels

and

distribution

Vochysia ferruginea Mart.

of

diversity

in

(Vochysiaceae) in

Costa Rica.

3.1.
In many

Introduction.

parts of the neotropics, primary forest is being cleared

or

degraded. This has implications not just for the survival of species and
habitat but also for the economies of Latin American countries. The

wide

variety of products obtained from forest species makes them

valuable natural
as

less

resource.

Traditionally, secondary forest has been

seen

valuable, and the pioneer species that establish regeneration

less useful

or

desirable than late successional

as

as

species. However, it is

becoming recognised that secondary forest growth

important

a

may

be at least

as

primary forest in commercial and ecological terms. When

managed correctly, secondary forest has

a

significant potential to both

provide sustainable income for forest-dependent communities and
maintain habitat for forest

In

a

recent

species.

review, Finegan (1992) has illustrated the potential of

secondary forest growth
successful
the

as an

economic

resource.

Using

a

highly

example, the Trinidad Shelterwood System, he emphasised

potential of secondary lowland rainforest in the neotropics.

Secondary forest species are characteristically abundant and fast-

growing (Hartshorn, 1983) and the majority of late pioneer species are
utilisable

(Finegan, 1992). Sixteen species in particular, including

Pentaclethra

macroloba,

Simarouba

amara,

Laetia

procera,

Stryphnodendron excelsum, Vochysia maxima and V. ferruginea are
typical of secondary growth throughout the neotropics and are
recommended
conditions

as

commercially viable

crops.

Given suitable market

(i.e. adequate demand for the product) and in the light of

gional diversity in Vochysia ferruginea
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continued

degradation of primary, old-growth forest it is

a resource

for

the future.

In

general, lowland rainforest soils

maintain forest

growth only through

are

a

of poor basic fertility and

continual shallow recycling of

nutrients. Where land is cleared and cultivated, the soils may
a

reasonable nutrient level,

(Jordan, 1985), but

over

maintain

particularly when the forest is burned off

time will become depleted and will eventually

require continual addition of fertiliser. One aspect of this depletion is
decrease in

pH and consequent build

Aluminium

(Al) and Iron (Fe). Species that

and prosper

in degraded land may be of particular value.

In Costa
any

of toxic elements such

up

can

cleared for

agriculture

of Costa Rica's

or

as

tolerate such elements

Rica, it is becoming increasingly clear that in the

forest remaining outside of reserved

a

areas,

near

future,

will be disturbed

or

construction (Leonard, 1986). The proportion

unprotected forest that will consist of regenerating

secondary growth is going to increase considerably (de Jong et al.,
2001). It is important and pertinent therefore that effort is expended to

fully understand those species that will form the greater part of this
forest and those which offer the best chances for future economic

benefit.

Costa Rica.
Central America, the land
American

continents, has recently been identified as a priority area for

conservation action
defined
with

a

bridge connecting the North and South

as

a

-

a

biodiversity "hotspot" (Myers et al., 2000),

region with unusually high species diversity combined

high rate of habitat destruction. The diverse geography, tropical

climate, small land area and location at the
much

boundary between two

larger biological zones combine to make it an area

and habitat

(Gentry, 1982).

rich in species

Population

Costa Rica

structure and phylogeography

(Fig. 3.1) is

one

of two Neotropical

trees

of the most diverse countries in Central

America. It is small, with a total land

area

(Boucher et al., 1983) but rises from

sea

of around 5 million hectares

level to almost 4000

m.

Its

tropical location, between 8 and 11°N, combine with its mountainous
geography to produce
to paramo

a

wide

range

of habitats, from

mangrove

dwarf vegetation.

The country

is geologically young, having formed during the closure of

the Panamanian Isthmus and built up

through continuing volcanic

activity (Coney, 1982). Today the country is bisected by
mountain ranges:
2028

forests

a

series of

the Cordilleras de Guanacaste (maximum altitude

m), Tilaran (1850 m), Central (3432 m) and Talamanca (3819 m)

increasing in geological
Of these,

age

and altitude towards the south (Fig. 3.1).

only the Cordillera de Talamanca is not currently volcanically

active.

Habitat types

generally follow the interaction of rainfall patterns and

altitude. Twelve 'Life zones'
Rica:

(Holdridge, 1947)

recognised in Costa

dry, moist and wet forests in tropical, premontane, montane and

subalpine

This habitat diversity has produced species diversity,

areas.

in oaks for

example, where different species groups tend to occupy

different Life Zones

(Gentry, 1982). In general, the lowland vegetation

of the Pacific northwest is dominated
forest with

by savannah and dry deciduous

pockets of wetter vegetation, whilst the Pacific southwest

and Caribbean
clearance for
the

are

slopes

are

dominated by moist and wet forest, where

agriculture has not taken place. Ascending the mountains,

vegetation grades through lowland forest to montane forest, oak

forest and, at the

highest elevations, elfin forest, paramo and bamboo.

tonal diversity in
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Figure 3.1: Map of Costa Rica.

Vochysia ferruginea.
A dominant

lived

species of the secondary forest in Costa Rica is the long-

pioneer V. ferruginea. It is occasionally found as a canopy tree in

old-growth forests, usually on slopes or less fertile soils and quickly
colonises disturbed
from

areas.

It is widely

distributed in the neotropics,

Nicaragua to Brazil on both Pacific and Atlantic watersheds. In

Costa Rica it is limited to the Atlantic lowlands and parts

of the

southwest, and does not occur in the dry northwest, Guanacaste region.
It is

a

hermaphrodite species with a reported mixed-mating system

Regional diversity in Vochysia ferruginea
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(Flores, 1993). It is primarily insect-pollinated (usually bees and
butterflies, although hummingbirds also visit flowers) and has wind-

dispersed seed.

In Central America it is of

is used for

significant commercial importance where it

light construction, cabinetry, toothpicks and plywood

(Morales Vargas et al., 1987). The timber is of sufficient quality that it
has been

suggested

suitable substitute for Cedrela odorata in

as a

carpentry, furniture and interior trim (Chudnoff, 1984). The species
abundance in Costa Rica in combination with its
value has resulted in several studies to date,

species'

regenerative

ability,

potential commercial

focussing primarily

productivity

and

on

the

physiological

characteristics.

Two

particular traits of V. ferruginea make it of interest for managed

secondary forest. Firstly, it has
other words it has the

disturbance, such
clearance.

In

a

as

a

natural resilience (Liddle, 1975). In

ability to

recover very

hurricane damage, fire

study of

a

or

well from extreme

human activities like

hurricane-damaged site in Nicaragua,

Boucher et al.

(1994) examined the post-disturbance status of two

members of the

Vochysiaceae - V. ferruginea and Qualea paraensis. In

contrast to

Q. paraensis, for which many adult trees survived the storm,

ferruginea adults had snapped off and appeared dead.

almost all the V.

However, four years later, population numbers of V.
increased from the

ferruginea

were

pre-hurricane situation and its distribution had

spread. The population had significantly changed in age structure,
consisting primarily of young trees, growing quickly from the seed
bank and contributions from
otherwise

might be

surviving undamaged specimens, but

healthy. Boucher et al. (1994) suggested that this strategy
an

surviving Q.

adaptation to cope with smothering by vines. The
paraensis became heavily infested by vines,
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trees

created by the storm, resulting in reduced

growth rates. However, the young V. ferruginea trees were unaffected.

The second distinctive trait is

a

tolerance for low nutrient levels and

high concentrations of toxic elements

such

as

species (e.g. Cordia alliodora), these elements

A1 and Fe. In other
cause

growth rates and inhibit uptake of vital nutrients such
and

potassium.

reduced root
as

phosphorus

V. ferruginea is tolerant of both A1

and Fe,

accumulating them in the foliage (Finegan, 1992; Butterfield & Fisher,
1994),

a

relatively primitive adaptation (Oliveira & Gibbs, 1994).

Therefore V.

ferruginea is found flourishing

where A1 concentrations have built up

species and

on

on

abandoned farmland,

above levels tolerable by other

slopes and degraded land, where nutrient levels

are poor

(Herrera & Finegan, 1997).

Both of these characteristics mark out V

ferruginea

as an

important

species for future commercial exploitation in secondary growth forests.
It is
a

important therefore, that this species is studied thoroughly and that

complete understanding of the levels and distribution of genetic

diversity, reproductive mechanisms and life history dynamics is gained.
This will enable the

development of consistent and properly grounded

management strategies for the sustainable use of the

species.

Aims.

the level and distribution of genetic diversity

This

study aims to

in V.

ferruginea throughout its natural range in Costa Rica. By using a

assess

combination of AFLP and
of diversity
In

chloroplast-specific PCR-RFLP, the levels

in both the nuclear and organelle genomes will be assessed.

addition, the distribution of diversity in both genomes will be

analysed to determine the level of population substructuring at a
regional scale. These data will provide information on the contributions
of contemporary gene

Kesio.

flow and historical colonisation to existing

sitv in Vochysia jert
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population structure. In addition they will allow

an

level of influence of

flow (e.g. mountain

ranges)

on

gene

the maintenance of diversity in the species.

3.2.
Ten

potential barriers to

Methods.

populations

were

selected, covering the species' whole

Costa Rica. Each

population of V. ferruginea

individuals. Trees

were

names

estimation of the

and locations

are

sampled

as

was

range

in

sampled for 20

specified in Ch. 2. Population

given in Fig. 3.2 and further details

are

presented in Table 3.1.

Figure 3.2: Names and locations of populations of V. ferruginea sampled in
Costa Rica (see Table 3.1).
Extraction of

genomic DNA, and PCR-RFLP were carried out as

specified in Ch. 2. Screening for mutations was undertaken in two
steps: initially one

populations

was

individual from each of the ten Costa Rican

analysed for variation in all of the regions targeted by
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Table 3.1: Names, locations and
sampling methods for populations of V.
ferruginea used in the regional analysis of levels and distribution of genetic
diversity.

Latitude

Longitude

Sampling

Altitude

(N)

(W)

method

(m)

La Marta

9°77'

83°68'

leaf

850

cleared 50 ya

Penjamo

10°33'

84°48'

leaf

400

cleared 15-20 ya

Tirimbina

10°40'

84°10'

leaf

200

Coto Bras

8°88'

83°08'

leaf

250

Volcan

9°20'

83°45'

leaf

400

Brasillea

11°03'

85°36'

leaf

300

Osa

8°75'

83°34'

leaf

100

Puriscal

9°66'

84°37'

leaf

330

Cano

10°94'

84°70'

cambium

55

Population

Negro

the universal
base:

Characteristics

disturbed

secondary forest

logged/disturbed
isolated forest
disturbed

fragment

secondary forest

selectively logged
disturbed
no

secondary

extraction, fire in 1998

primer sets (Ch. 2) using several restriction

(4-

enzymes

HinfL, Mspl, A ltd, HaelU; 6-base: EcoRN, Pstl, Hindill). Once

polymorphic markers

identified (in this

case

trnS-trnG and psbB-

psb¥ both digested using Mspl), all samples

were

screened using these

markers.

Details

polymorphisms

were

of

was

primer /

identified

are

enzyme

combinations in which

given in Table 3.2. Analysis of

population subdivision (Gst), haplotype relationships, haplotype

frequencies and distribution was carried out as specified in Ch. 2.

Table 3.2: Details of

Fragment

polymorphic fragments identified in V. ferruginea.

Abbrevn.

Reference

Approx.

Restriction

No.

size / bpt

enzyme

variants

psbB-psbF

HamD

Hamilton (1999)

853

Mspl

2

trnS-trnG

HamB

Hamilton (1999)

844

Mspl

2

fbased on genome of Nicotiana tabacum.

The AFLP

protocol

was as

detailed in Ch. 2, using the selective primer

combinations listed in Table 3.3. Due to technical
the

difficulties during

analysis, two data sets were obtained: one with 157 markers for two

populations; the second with 61 markers for 9 populations. The five
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Table 3.3: Details of oligonucleotide combinations used in AFLP analysis of V
ferruginea. Each Eco primer was used together with the Mse primer listed to its
immediate right All five combinations were used to obtain the 157-marker data

set; combination Eco+CG / Mse+CACG

was

not used in the 61-marker data set

Restriction Enzymes
/tcoRI

Selective

MseI

primers

Eco+CG: 5' -GACTGCGTACCAATTCCG-3'

Mse+TACT: 5' -GATGAGTCCTGAGTAATACT-3'

Eco+CG

Mse+CACG: 5' -GATGAGTCCTGAGTAACACG-3'

Eco+GC: 5'-GACTGCGTACCAATTCGC-3'

Mse+CTGC: 5' -GATGAGTCCTGAGTAACTGC-3'

Eco+GC

Mse+CACA: 5' -GATGAGTCCTGAGTAACACA-3'

Eco+CC: 5'-GACTGCGTACCAATTCCC-3'

Mse+CACA: 5' -GATGAGTCCTGAGTAACACA-3'

primer combinations Eco+CG / Mse+CACG; Eco+CG / Mse+TACT;
Eco+GC

/

Mse+CACA

Mse+CTGC;
were

Eco+GC

Eco+CC

/

used to obtain the 157-marker data set. All of these

except the Eco+CG / Mse+CACG
61

/ Mse+CACA;

marker data set. Both sets

combination were used to obtain the
were

analysed for population-level

diversity to investigate the effect of marker numbers on the magnitude
of

diversity estimates. The 61 marker set was further analysed for

marker

independence (using an index of association based on variance

in the distribution of

pairwise mismatch values) and substructuring

(partitioning of diversity: AMOVA, 0) as specified in Ch. 2. A

the

dendrogram of individual relationships was constructed using

Neighbour-Joining algorithm and bootstrapped using 1000 randomised
data sets. The

relationship between population differentiation and

geographic distance (isolation by distance) was then
a

simple Mantel test. The test was carried out

vl.2

using the program smt

(Bonnet, 1996). A matrix of pairwise <DSr

populations
matrix of

was

investigated, using

values between all

prepared. This was tested for correlation against a

pairwise geographic distances between all populations.

A

generated by random
permutation of the Ost matrix, 1000 randomisations were used. Two
significance level for the test statistic, r, was
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geographic distance matrices
distances and the other used

a

were

prepared:

one

used real straight-line

"linearised" version of the real distances,

representing the ecological distance between populations through
suitable habitat
ranges

—

i.e. around rather than

(Fig. 3.3). Linearisation

was

over

achieved by reflection of the

positions of west coast populations through
representing the centre of the

most

the central mountain

a

coordinate point

northerly east coast population

(11°03'N, 85°36'W).
3.3.

Results.

3.3.1. cp
Two

DNA analysis.

cpDNA primer /

enzyme

combinations

were

found to be

polymorphic in V. ferruginea: both identified small insertion / deletion
mutations

(Figs. 3.4 and 3.5). The mutations always segregated

together and
3.4). In all
1.00

so

characterise only two haplotypes in Costa Rica (Table

cases,

populations

were

(Table 3.5). One haplotype

the mountain ranges

fixed for

was

a

single haplotype, Gst =

found exclusively to the west of

(Atlantic) and the other exclusively to the east

(Pacific, Fig. 3.6). Even in the northwest of the country, where the
mountain barrier is lowest, east / west
to difficulties with PCR

characterised for

segregation was maintained. Due

amplification, population Cano Negro

was not

cpDNA haplotype.

3.3.2. AFLP

analysis.

During the AFLP study, difficulties were encountered whereby the

digested-ligated fragment reactions appeared to degrade over time.
Additionally, the extraction protocol resulted in DNA samples
containing significant amounts of co-precipitates, which caused

problems during PCR reaction. It is possible that this is connected with
the

species' known ability to accumulate toxic elements such as A1 and

Fe in the

foliage. If these were retained, even in small quantities, in the

DNA extract,

it

may

have inhibited the enzyme (Taq DNA polymerase)
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Figure 3.3: Distribution of populations for distance matrices used in Mantel
Top: true geographic distribution of populations, line shows approximate
position of mountain ranges, where V ferruginea is not found. Bottom:

tests.

populations after linearisation through a point in the centre of
population. Represents the ecological distance between populations.

distribution of
Brasillca
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Figure 3.4: The length mutation in chloroplast fragment trnS-trnG (HamB) after
digestion with restriction endonuclease MspL From left to right: lOObp DNA
size ladder, Samples from - Volcan, Penjamo, Tirimbina, Coto Brus, Perez
Zeledon, Volcan (rpt), Brasillea, [drop-out], Puriscal.

Figure 3.5: The length mutation in chloroplast fragment psbB-psbF (HamD)
after digestion with restriction endonuclease MspL From left to right: Samples
from
La Marta, Volcan, Penjamo, Coto Brus, Coto Brus (rpt), Brasillea, Osa,
Puriscal, Puriscal (rpt).
-

Table 3.4:

Description of haplotype mutations identified.

Polymorphic fragments (bp)
Haplotypes

HamB

HamD

type

Pacific

300

750

length

Atlantic

290

730

length

employed in PCR. However, despite these difficulties, two distinct data
sets

were

obtained,

one

scored 157 markers for two populations; the

second scored 61 markers for nine

populations. The two data sets

were

compared to investigate the effect of marker number on diversity
estimates and to obtain

a

confidence level for the reduced marker

number data set.
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Table 3.5: Distribution of Atlantic and Pacific

haplotypes within Costa Rican

populations of V. ferruginea.

Haplotypes
Population

Pacific

Atlantic

Total

La Marta

17

17

Tirimbina

13

13

Penjamo

9

9

Brasillea

10

10

Volcan

19

19

Coto Brus

20

20

Osa

11

11

Puriscal

13

13

Total

83

Figure 3.6: Relief map of Costa
haplotypes in V. ferruginea.

49

132

Rica showing distribution of chloroplast DNA
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Both data sets

unbiased

were

measure

analysed for diversity levels, using Nei's (1978)

(h) and Shannon's diversity index (I). The first data

set contained 157 markers from five

scored for two

primer combinations (Table 3.3),

populations (La Marta & Penjamo) and

individuals. Both populations were from the
group.

same

a

total of 38

cpDNA haplotype

For the whole sample, 121 (77.1%) of the markers

polymorphic (Table 3.6), although this conceals
difference in the level of

a

were

considerable

diversity between populations (68.1% for La

Marta and 23.6% for

Penjamo). The corresponding diversity values

reflected this with

total

a

diversity of h

individual

population diversity levels of h

and 0.112,

respectively.

=

=

0.276, I

=

0.404, but

0.213 and 0.076,1

=

0.314

Table 3.6: Levels of

genetic diversity for nine populations of V ferruginea from
using both Nei's (1973) and Shannon's estimates for calculating
diversity. Estimates were obtained using POPGENE vl.31 software (Yeh et al,
1999).
Costa Rica,

Population

Population

No. of

%of

size

polymorphic

polymorphic

Standard

Standard

loci

loci

deviation

deviation

h,

hf

I|

I,

157 marker data set

La Marta

18

107

68.1

0.213

0.198

0.314

0.275

Penjamo

20

37

23.6

0.076

0.152

0.112

0.223

All

38

121

77.1

0.276

0.197

0.404

0.273

La Marta

18

45

73.8

0.217

0.194

0.333

0.268

Penjamo

20

20

39.3

0.143

0.207

0.208

0.292

Tirimbina

19

21

34.3

0.127

0.189

0.189

0.274

populations

61 marker data set

6

34

55.7

0.208

0.210

0.308

0.298

Volcan

20

45

73.8

0.276

0.213

0.404

0.292

Brasillea

20

45

73.8

0.254

0.201

0.378

0.281

Osa

16

42

68.8

0.233

0.201

0.349

0.282

Coto Brus

Puriscal

19

42

68.8

0.245

0.209

0.363

0.291

Cano

20

43

70.5

0.169

0.162

0.271

0.236

16

20

31.7

0.112

0.179

0.168

0.262

158

61

100.0

0.315

0.158

0.476

0.199

Negro

La Marta*

All

populations3

f - Nei (1973) measure of genetic diversity.
| - Shannon (1949) information index (measure of genetic diversity).
*
La Marta differentiated group (see Fig. 3.9 and text).
-

a
-

does not include final La Marta estimate
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The second data set consisted of 61

combinations
was

not

Table

between
in

missing data) and

a

total of 158 individuals.

individuals, 61 (100%) of the markers

3.6).

primer

(Table 3.3), scored for nine populations (Perez Zeledon

considered due to

Across all

markers from four

Again this concealed

a

polymorphic,

were

difference in diversity levels

populations (Fig. 3.7), with low numbers of polymorphic loci

Penjamo and Tirimbina at 39.3% and 34.3% respectively, and the

remaining populations between 55.7-73.8%. Population diversity levels
varied

correspondingly.

Tirimbina

were

The diversity levels for Penjamo and

lower than those for the other

and 0.127,1 = 0.208 and 0.189,
lower

populations, h

respectively. Penjamo

significantly

was

significantly

(at 95% confidence level) than all populations other than Cano

Negro, which

was

intermediate. The remaining populations had

diversity estimates in the
The

0.143

(at 95% confidence level) than all populations other than Cano

Negro, La Marta, Coto Brus and Osa. Tirimbina
lower

was

=

range

diversity of the collection

100

h

as a

=

0.169

-

0.276, I

0.271

-

0.404.

whole was h = 0.315,1 = 0.476.

□% polymorphic loci

90

=

T

♦diversity, h

0.3
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80
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Figure 3.7: Percentage of polymorphic loci (left axis) and Nei's diversity
(h, right axis) for populations of V ferruginea sampled in Costa Rica.
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Although Cano Negro had

an

the other

0.169, I

populations, h

=

intermediate diversity level compared to
=

0.271, it is distinct from the low

diversity populations. The number of polymorphic loci in this
population
and

was

similar to that

seen

than double that in the low

more

This indicates that it is the type

causing

as a

a

a

similar overall

greater number of fragments with high frequency

(Fig. 3.8). The frequency of band

whole

Cano

of variation in Cano Negro that is

polymorphic loci to the other high diversity populations,

Negro has

presence

diversity populations (Fig 3.7).

low diversity estimate. Although it has

a

number of
Cano

in the higher diversity populations

presence

bimodal but biased towards

was

rare

for the collection

fragments (Fig. 3.8).

Negro has fewer mid-frequency (40-70%) fragments than the

majority of populations. So it is distinct from the other low diversity
populations in that it is

a

number is still

high) that

and Shannon's

estimates,

the level of

frequency difference (polymorphic fragment
causes
as

the loss of diversity. Using both Nei's

the frequency of band

presence

increases,

diversity decreases (Fig 2.11). Penjamo and Tirimbina

differ from Cano

Negro in that it is

a

decrease in the number of

polymorphic fragments which causes the low diversity estimate.

The

high marker-number data set generally confirmed the figures

in the low marker-number data set. The percentage
was

not

seen

of polymorphic loci

significantly different (at the 95% confidence level) for

population La Marta in both data sets (68.1% and 73.8%, respectively)
and

diversity

was

0.314 and 0.333,
of polymorphic
the

correspondingly close (h

=

0.213 and 0.217, I

=

respectively). For population Penjamo, the percentage

loci increased more substantially (23.6% to 39.3%) and

diversity estimate more than doubled (h = 0.076 and 0.169,

significantly different at 95% confidence level). This is probably a
relative effect due to the very

the ranking of the populations remains the same. The

Penjamo

-

analysis

was

Keg

low absolute level of diversity in

therefore continued using the 61-marker data set only.
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Figure 3.8: Frequency of band presence for all bands used in the AFLP analysis
of V. ferruginea. The distribution is bimodal and biased towards rare fragments
(with frequencies of 0-10%). The distribution for population Cano Negro is
particularly biased towards low frequency fragments.
Levels of
removal of

random

diversity

analysed

primer sets) to

sample and

no

bias

ensure

was

found to be

per

primer set (by consecutive

that the data set provided

occurring due to
less

any one

a

truly

primer set.
across

all

primer combinations, thus subsequent results report analysis

on

The variation
four

were

was

the full data set

more or

evenly distributed

(Table 3.7).

Analysis of marker independence was carried out using the LIAN 3.1
software

(Haubold & Hudson, 2000; Table 3.8). All individual

populations and the data set as a whole showed very low indices of
association

(Table 3.8; IA= 0.0021-0.0730 and IA= 0.0818, respectively;

IA= 0 indicates complete

independence). La Marta showed

a

relatively

high index of association, IA = 0.2201, approximately four times that of
the other

populations. In all populations, however, the probability of

acceptance of the

null hypothesis (linkage equilibrium) was 1% (p =

Regional diversity in J ochysia ferruginea

114

115

Std

Nettoropwhylpgiecasrlaf
an,stdruce

Populatin

All

Std

dsaet

(VfebPrftoparurspnswighumoewilalqmytiutenvsdn.ldayfropeumvckltg A/SPhreFmiLovtd)

flDeoivrrsstytchoaruenied
3.7: anlysi

Table

and

Population

Dev

primer
Dev

/Eco+GC Mse+CTG
Std

Dev

/Eco+CG Mse+TAC
Std

Dev

/Eco+C Mse+CA
Std

Dev

/Eco+GC Mse+CA

sets

0.194 0.207 0.188 0.210 0.213 0.201 0.201 0.209 0.162

0.158

0.217 0.143 0.127 0.208 0.276 0.254 0.233 0.245 0.169

0.309

0.187 0.202 0.192 0.196 0.198 0.191 0.197 0.201 0.152

0.156

0.200 0.129 0.146 0.208 0.319 0.277 0.251 0.279 0.196

0.333

0.195 0.170 0.164 0.204 0.208 0.203 0.206 0.209 0.176

0.165

0.218 0.087 0.086 0.215 0.295 0.268 0.242 0.231 0.194

0.316

0.197 0.202 0.186 0.199 0.210 0.204 0.192 0.203 0.167

0.158

0.239 0.161 0.119 0.207 0.258 0.252 0.211 0.218 0.167

0.309

0.192 0.219 0.198 0.197 0.214 0.194 0.202 0.212 0.165

0.160

0.221 0.176 0.143 0.201 0.273 0.269 0.225 0.253 0.175

0.322

Marta Penjamo Tirmbina Brus
La

Volcan Brasilea
Coto

Osa

Puriscal

Cano

Negro

All
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Table 3.8: Tests for

carried out

linkage disequilibrium among markers. The tests
using the software LIAN 3.1 (Haubold & Hudson, 2000).

N

Sample

No.

Distn.

Expected

flndex of

of

variance

variance

association

loci

vD

Ve

Ia

were

Hypothesis test, VD

=

Ve

Var(VD)

P

95%C.I.

La Marta

18

61

116.5294

8.2015

0.2201

120.3589

0.01

12.5031

Penjamo

20

61

22.2347

4.6768

0.0626

3.2303

0.01

5.3295

Tirimbina

19

61

8.2892

3.6674

0.0210

0.5901

0.01

4.5598

Coto Brus

6

61

31.9810

7.9644

0.0503

14.4661

0.01

13.6952

Volcan

20

61

43.0193

9.9914

0.0551

11.7477

0.01

11.6168

Brasillea

20

61

39.1918

9.3185

0.0534

9.7856

0.01

10.8405

Osa

16

61

31.0655

8.7999

0.0422

7.5528

0.01

11.5025

Puriscal

19

61

45.4789

8.4578

0.0730

16.2553

0.01

11.3613

Cano

20

61

10.2166

9.0698

0.0021

0.6421

0.07

10.2166

All individuals

262

61

68.1270

11.5291

0.0818

32.1313

0.01

12.5387

All individuals

244

61

42.2551

10.2964

0.0517

10.4083

0.01

11.0183

Negro

except La Marta

t - Index of association = 0 indicates linkage equilibrium.

0.01, except population Cano Negro, p = 0.07). This result indicates
some

linkage disequilibrium in the data set, although of relatively low

magnitude.

Individual-based
examined
NJ

relationships in the reduced marker data set

were

using Neighbour-Joining (MEGA; Kumar et al., 2001). The

dendrogram (Fig. 3.9) revealed one principal point of interest. The

majority of the La Marta individuals were clearly and strongly
differentiated from the rest of the collection. Two of the La Marta

individuals

were

grouped

away

from this differentiated group and

together with the rest of the collection. Aside from
differentiation of the
was

evident in the

the clear

majority of La Marta individuals, little structure

dendrogram. The differentiated La Marta cluster was

subsequently analysed for diversity level and found to have the lowest
estimate of any

population (h = 0.112,1 = 0.168, Table 3.6) and

diversity in Vochysia ferruginei
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Figure
3.9:
Bootstrapped
Neighbour Joining tree for all
individuals of V. ferruginea
(1000 bootstraps). Constructed
using MEGA v2.1. Individuals
highlighted in red are from
population La Marta. Only
bootstrap values greater than 50
are

shown.
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and
a

significantly lower than the estimate

whole

(h

=

0.225,1

A 3-level AMOVA
west

for the La Marta population as

0.336).

was

calculated

using

groups

assigned

as east

and

coast, following the chloroplast haplotype data. No structure

(Table 3.9)
component
was

=

trees

due

was
=

evident between

-0.88,

p =

groups

for this species (variance

0.5754), thus all discernible genetic structure

only to partitioning of variation between and within

populations. AMOVA

repeated without prior grouping (2-level)

was

and determined that 31.57%

between-population

(p < 0.001) of diversity

differences,

with

the

was

remainder

due to

(68.43%)

partitioned within populations. However, both of these values
incorporate the substantial contribution from the strongly differentiated
individuals from La Marta. When the 2-level
without La Marta the

was

repeated

proportion of diversity maintained between

populations drops to 19.49% {p < 0.001). It
influence

analysis

of La Marta is

seems

clear that the

disproportionate and in the following

discussion, population statistics will refer to the data set without La
Marta included unless

®

statistics

explicitly stated.

indicated that

significant population structuring

was

present: for the 2-level analysis ®st = 0.195, p < 0.001 (the estimate
obtained

using allele frequency estimates was higher, 0 = 0.272).

However, the pairwise ®st
the matrix in Table

Marta)

was

Neighbour-Joining tree (Fig. 3.10, based

on

3.10) showed that only a single population (La

substantially differentiated from the other populations,

reflecting the results from the individual based tree. It was rooted using
this

population to emphasise structure amongst the remaining

populations.

in
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structure and
phylogeography

on

The

tree

suggested

further

population

of two Neotropical trees

sub-structure,

in

that

geographically proximate populations clustered together: i.e. (Volcan,
Coto

Brus) and (Brasillea, Tirimbina, Penjamo). To clarify this,

AMOVA

was

repeated with the removal of the outlying La Marta

population to determine if

structure

was

present between groups and

being masked by the influence of La Marta, but this
significant (®st

=

-0.007,

p

=

differentiation between groups was
NJ

tree

in

which

little

was

non¬

0.2957, Table 3.9). The lack of

anticipated by the individual-based

structure

apparent other than the

was

differentiation of most of the La Marta

population from everything

else.

Finally, the data
isolation

was

analysed for population differentiation under

by distance model, using

Population La Marta

was

a

simple Mantel test (Table 3.11).

omitted from the analysis

as

it is strongly

genetically differentiated from the other populations and there
taxonomic

populations,

be

no

represent the Euclidean geographic distance between

significant relationship

(<J>st) and geographic distance (r

was

may

complications with these individuals (see below). Using

distances which

relationship

an

=

was

identified between genetic

-0.0630; p

=

0.3935). However, the

significant and positive when the distance matrix used

was

transformed

by linearisation to represent ecological distance (r

=

0.3878;p = 0.0073). The analysis was repeated omitting Cano Negro as
this

population may distort the relation between geographic and genetic

distance due to its low

diversity level. The repeated analysis

gave

approximate doubling in the magnitude of the positive correlation and
an

increase in the level of significance

(r = 0.6929, p

=

for the ecological distancematrix

0.005).
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Tirimbina

Penjamo

Brasillea

—

-

Puriscal

Osa

Volcan

Coto Brus

Cano

Negro

La Marta

Figure 3.10: Neighbour Joining tree constructed by NEIGHBOR from the
PHVI.TP package using a pairwise ®St
matrix generated in AMOVA155.
AMOVA was carried out on a pairwise distance matrix of all individuals using a
modification of Nei & Li's (1979) genetic distance (Huff et aL, 1993). Tree is
rooted with population La Marta.
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Table 3.10: Below

diagonal: pairwise ®St distances between all populations,
production of the Neighbour Joining tree in Figure 3.10. Above
diagonal: probability that a random <DST value is greater than the calculated
figure (obtained using 1000 iterations).
used for

La

Cano

Marta

La Marta

-

Coto

Penjamo

Tirimbina

Brasillea

Negro

Brus

Volcan

Osa

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.033

0.000

0.024

0.000

0.000

0.000

0.000

0.000

0.160

0.043

0.104

0.000

0.000

Penjamo

0.674

Tirimbina

0.716

0.280

Brasillea

0.552

0.112

0.210

Negro

0.502

0.377

0.410

0.220

Coto Bras

0.572

0.297

0.369

0.115

0.252

Volcan

0.510

0.223

0.269

0.092

0.180

0.030

Osa

0.547

0.219

0.286

0.059

0.164

0.056

0.048

Puriscal

0.563

0.179

0.209

0.074

0.226

0.049

0.077

-

-

-

Puriscal

Cano

Table

3.11:

Results of Mantel's

matrix

-

-

-

0.156

-

0.021

randomisation

tests, using pairwise <J>ST
populations (except exclusions) generated in AMOVA155 and a matrix
of pairwise geographic distances representing either Euclidean distance or linearised
'ecological' distance taking account of the topography of Costa Rica. Distribution of
populations for each distance matrix is shown in Fig. 3.3.
distances for all

Distance

Data Set

r

P

matrix

All except

La Marta

Euclidean

-0.0630

0.3935

All except

La Marta

Linearised

0.3878

0.0073

All except

La Marta & Cano Negro

Euclidean

0.0467

0.3829

All except

La Marta & Cano Negro

Linearised

0.6929

0.0005

The
=

relationship

was

again non-significant for the Euclidean data set (r

0.0467, p = 0.3829). The

linearised matrices

was an

significance level of the correlation for the
order of magnitude greater than that for the

Euclidean distance matrices. In other words,
between

populations

between them
distance

(i.e.

are more

the genetic relationships

closely related to the ecological distance

(i.e. around the mountains) than the direct geographic

over

the mountains).
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3.4.

Discussion.

3.4.1. Data validation.

Number of A FLP markers.
The

problems with sample stability and AFLP analysis prevented the

optimal AFLP data set being obtained (> 200 markers). As
these

complications, two data

(157 markers)

a

sets were obtained. The first,

result of

larger set

scored for just two populations whilst the second

was

(61 markers) covered nine populations. Although not ideal, this
situation did allow

comparison of results, which provided

a

'validation' of the smaller data set and
marker number

size

were

an

diversity estimates. The

on

similar for the two

consequences

of data set

populations (Table 3.6): in both
a

higher diversity

However, at the 95% confidence level, diversity estimates

from the two data sets for

population Penjamo

different whilst those for La Marta
due to the fact that estimates
of

of

insight into the effect of

populations, greater marker numbers resulted in
estimate.

a means

are

polymorphic loci is small,

disproportionate influence

derived

any

on

were

same

significantly

not. The contrast is

as

means, so

probably

when the number

increase in the number of loci has

a

the diversity estimate. Despite this

variation in absolute estimate values, the
remained the

were

ranking of populations

with both data sets so, whilst comparison with

diversity estimates for other species is unlikely to be informative,
discussion of the relative

diversity levels of populations is valid.

Linkage disequilibrium, selfing and structure.
Of greater
of the

significance for understanding of the species were the results

linkage disequilibrium analysis. This clearly rejected the

possibility of linkage equilibrium for the data set, although the extent

small. From controlled pollination experiments,

of

disequilibrium

V.

ferruginea is known to be self-compatible (Bawa et al., 1985a) and

has been

reported

was

as

autogamous (Flores, 1993). A degree of selfing

Population

would

structure and phylogeography of two

produce disequilibrium

as

Neotropical trees

allele frequencies would deviate from

Hardy-Weinberg proportions. Further evidence that selling has
occurred

is

apparent in the contrast between the estimates for

population structuring. If populations
genetic distances) and 0 (based

on

were

in HWE, 0St (based

on

allele frequencies estimated by

Taylor expansion) would be expected to give similar estimates.
However, the estimate of 0 is much higher than the ®st estimate. As
the allele

frequency estimation procedure

dominant data
when this

assumes

HW

necessary to

derive 0 from

proportions, the estimate will be incorrect

assumption is violated. If the level of homozygosity

higher than expected at HWE (as would be produced by

a

was

degree of

selling), the estimate of population substructuring would be biased
upwards. This is exactly

as

observed and, in conjunction with the

linkage disequilibrium data implies that populations of V. ferruginea do
produce

some

selfed progeny.

The extent to which

without

a

selfing will bias the data is difficult to evaluate

direct estimate of the level of

absolute level of

linkage disequilibrium is low (from indices of

association). Furthermore,
to

inbreeding. However, the

as

AMOVA

uses

pairwise genetic distances

analyse hierarchical substructure, assumptions of HWE are avoided.

Hence the

analysis of population differentiation is likely to be robust.

Outliers.

Throughout the analysis populations Cano Negro and La Marta stand
out

as

exceptions. Population Cano Negro was unusual as it had an

intermediate

diversity level between Penjamo / Tirimbina and the other

populations, but similar numbers of polymorphic loci to the high
diversity sites (in fact more than Osa and Puriscal, Table 3.6). This was
due to

a

frequency difference between the polymorphic loci in Cano

Negro and the other high diversity sites
technical

iesionai

(Fig. 3.8) and is probably

a

problem rather than a real effect. Cano Negro was the only

rsitv

in

vochvsic

124

Population

structure and phyiogeography

of two Neotropical trees

population collected using the cambium sampling technique, which

produced specific problems for DNA extraction, probably

as a

result of

poor

preservation. In particular, obtaining concentrated DNA samples

was

difficult. As

a

result, the PCR amplification of Cano Negro

samples

was

the low

frequency of the polymorphic loci in this population is due to

inconsistent
Cano

less reliable than for other samples. It

seems

probable that

fragment amplification in certain samples. For this

reason,

Negro will be left out of subsequent discussion.

The other outlier
consistent

with

La Marta.

was

those

individual-based

seen

in

analysis showed

Initially diversity levels appeared
other

a

populations. However, the

clear differentiation of the majority

of these individuals from the rest of the collection

individuals clustered with the main
cluster

collection). When the differentiated

analysed for diversity it

was

diversity of

any

(two of the La Marta

was

found to have the lowest

of the populations (Table 3.6). This suggests

a

population bottleneck sometime in the past.
La Marta

was

cleared for coffee

plantation during the first half of the

20th century but has been allowed to regenerate naturally
50-60 years

and is

clear whether V.
as

protected

ferruginea

shade trees for

but the

now

example,

was
or

as a

over

the past

secondary forest reserve. It is not

continually present

on

the plantation,

just survived in nearby forest fragments,

regeneration of the population has certainly occurred from

a

relatively few adult trees. The extreme differentiation of this population
may

therefore represent

one

effect of extreme disturbance events

on

diversity.

However, La Marta is distinct from the other
ways.

populations in several

It is located at significantly higher altitude than all others and

experiences by far the most rainfall. (Table 3.1) This may be due to a
sampling bias

-

La Marta is accessible, despite being in the mountains,

zgional diversity in Vochysia ferruginea
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whereas other mountain populations may

be much harder to reach in

comparison to, for example, regenerating forest
farmland.

But

there

are

also

on

abandoned

reported morphological differences

between the trees at La Marta and the rest of the collection, and a

possible taxon, V. allenii, has been suggested (Navarro,
To

date, this differentiation has

the trees

are

comm.).

taxonomically confirmed and

indistinguishable to foresters. However, it

likely that this
the very

not been

pers

highly

seems

distinct ecotype of V. ferruginea at

group represents a

least and it is possible that they

may

be considered

a

distinct

species. La Marta will also be omitted from the rest of the discussion.
3.4.2. Levels of
The level of

diversity.

cpDNA diversity in V. ferruginea

population diversity
overall. These data

was
are

was

low. No within

detected, and only two haplotypes

comparable to those

seen

were

found

in other tropical tree

species (e.g. Gliricidia sepium, Lavin et al., 1991; Aucoumea
klaineana, Muloko-Ntoutoume et al., 2000) The rate of cpDNA
evolution is known to be slow relative to the nuclear genome

(Wolfe et

al., 1987). Also, the reduced effective population size for the (haploid,

maternally inherited) cpDNA molecule
mutations

going to fixation in

a

means

that the likelihood of

population is greater (Ennos et al.,

1999). In combination these characteristics imply that low diversity is
to be

expected for the chloroplast molecule and published results

generally verify this expectation.

In contrast,
rates

of

data set (AFLP) showed relatively high

diversity between populations, which may to be related to

population history. In particular, populations Penjamo and

Tirimbina showed
other

genome

within-population diversity. This conceals a substantial

variation in
individual

the whole

distinctly low diversity levels in comparison to most

populations (Fig. 3.7). Penjamo is known to have been clear-

felled in the recent past

(approximately 30

years

ago) and has
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regenerated naturally from the seed bank and neighbouring forest

(Wilson et al., 2001). The stand is dense, monospecific and
and detailed

is

aged

spatial analysis indicates that it probably represents the

of a small number of mature

progeny

even

trees

(Wilson et al., 2001). This

clearly in line with the known natural regeneration strategy of V.

ferruginea (Boucher

et al.,

1994) following disturbance. It has

natural resilience and has been observed to

disturbance.

storm

Despite

suffering

recover

well

considerable

a

strong

following
mortality,

populations regenerate rapidly from the seed bank and remnant trees
and may
as

little

show increased population numbers and expanded distribution

as

All other
Cano

four years

after disruption.

populations showed similar, higher levels of diversity (except

Negro, La Marta

but

-

see

conclusions from the contrast in
and what is known and

above). It is tempting to draw

diversity levels between populations

be inferred about their age

can

and successional

stage. The dense, monospecific stand at Penjamo is known to have
been cleared and is in the
other stands
more

cover

larger

early stages of pioneer regeneration. The
have lower density and generally

a

It is possible that this demonstrates

a

areas,

diverse age structure.

genetic aspect to the regenerative ability of V. ferruginea, for example,
by initial colonisation from

low number of mature trees

a

or a

seed

bank, followed by gradual introgression of new genotypes as the stand
ages.

This

may occur as

arrival of migrants (Austerlitz et al., 2000)

or

through pollination of the new established population from nearby
sources.

However, the historical data for the other populations does not

match that for
and

Penjamo and

a

firm correlation between population

age

diversity is not possible. To further investigate this process, it will

be necessary

to monitor the

development of diversity in the pioneer

population, to determine if levels increase with age and successional
stage. To attempt to

link stand age and successional stage to diversity

level it would be informative to

<nai
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identify other stands in the

same

region
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Penjamo, with contrasting histories. This would allow the

as

production of
events

time series demonstrating the effect of disturbance

a

diversity in V. ferruginea. Finally,

on

a

much

more

detailed

analysis of the Penjamo population would identify the mechanism of
regeneration: the

source

of the pioneer trees and the level of influence

of nearby mature trees.

It is

important to note that the sampling scheme

effect

on

the observed

scale of the

may

have

a

significant

diversity levels. In particular, the geographic

sample must be consistent between populations. This is of

particular importance for V. ferruginea
successional stage

it is

as

a

pioneer species. The

of the population will have implications for the

density of trees, the distance which must be travelled to obtain 20
individuals and hence the estimated
when V.

ferruginea is

stands, diversity

colonist and forms high-density, monospecific

be locally low,

may

At this stage,

occurs.

a

diversity level. At early stages,

obtaining

a

rapid population expansion

as

population sample of 20 individuals is

simple. In later successional stands, when other species have colonised
and the V
may

ferruginea population is

more

dispersed, diversity levels

be higher, but obtaining the population sample will also

necessitate

covering

wider geographic

a

potential bias dependent
colonisation. It
would

seems

develop from

on

In this

case,

there is

a

the precise nature of the original

unlikely that
a

area.

a

large

area

of monospecific forest

single adult tree. More likely,

a

patchwork of

monospecific stands would have developed: a structure that gradually
breaks down

as

later-successional species outcompete the pioneer. At

an

early stage, patches are generated from a small number of adults, so

if

sampling is carried out at this stage a genetically low diversity

sample

may

sampling
patches

be taken. Later, as the density of the stand decreases,

may

as a

incorporate individuals from several of the original

single population, and the diversity estimate would be

higher. Thus when a mid-successional forest is sampled, just

"sitv in Vochysi
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a

sufficiently large sample size

It is

may

unavoidably bias diversity levels.

possible that this form of sampling bias plays

diversity levels observed
succession and V.

Tirimbina and the

role in the low

Penjamo, where the forest is in early

at

ferruginea is dense. However, the
reasons

a

behind its low

same

is not true of

diversity estimate

are

Comparing the levels of diversity in V. ferruginea to those
other

unclear.

in

seen

species (Table 3.12) illustrates the inherent risk in making

interspecific diversity comparisons. Taking the total value calculated
for the whole

population, the species

appears to

have

a

high level of

diversity, relative to other species. However, comparing individual
population values, the species could be described
between low and

as

high diversity. The classification of the species is

strongly dependent

on

the population studied, and the

analysed (Fig. 2.11). For example, Nei's

measure

heterozygosity and has

a

a

variability. Although this is not inherently

that

the data is
was

a measure

of

clear interpretation. When applied to

dominant data the estimate becomes

makes

way

of diversity

originally derived for codominant data, where it is

more

being anything

simple

measure

of genetic

wrong,

it incorporates much

uncertainty into the absolute diversity values calculated and

interspecific comparison risky. At best it seems possible to say

diversity levels in V. ferruginea are similar to those seen in other

species.
3.4.3. Distribution of
AFLP

diversity

was

diversity.

partitioned primarily within populations (80.51%).

This is consistent with the

partitioning found for other widespread

tropical tree species (Hamrick & Godt, 1989, 1996b; Gillies et al.,
1997) and is probably due to the high genetic mobility associated

with

species naturally found at low density (particularly tropical tree
species, Turner, 2001). According to the predictions of Hamrick's
allozyme reviews, fully outcrossed

species should show lower levels of
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population subdivision and higher within-population diversity than
those with
Bartish

mixed-mating

(2000)

on

or

selfing reproductive systems. Nybom &

the other hand, reviewing RAPD studies, found

little difference between the levels of

very

population subdivision (®st) for

species with mixed and outcrossed breeding systems.

As

reported above,

a

degree of selfing

in the AFLP data for V.

was

expected and is detectable

ferruginea. The tree species Prunus mahaleb

(Table 3.12) also has hermaphrodite flowers and is expected to have

significant degree of selfing. In
Godoy (2000) obtained

a

a

study using RAPDs, Jordano &

population differentiation estimate of 0St

=

0.193, in very close agreement with the result for V. ferruginea (0St

=

a

0.195). In contrast, and in agreement with predictions, the outcrossing

tropical tree species Swietenia macrophylla (Gillies et al., 1999), Ilex
paraguarensis (Gauer & Cavalli-Molina, 2000) and Calycophyllum
spruceanum

(Russell

al.,

et

differentiation components

had

1999)

between

population

of 0.120, 0.150 and 0.094, respectively

(Table 3.12, obtained using dominant data). The level of population
subdivision in V.

ferruginea

appears to

be generally consistent with

predictions and with expectations based
However, without

a

on

its breeding system.

direct estimate of the level of inbreeding

conclusions must be tentative. Other mixed

mating species, such

as

Euterpe edulis (Cardoso et al., 2000), show much higher levels of

population differentiation (0ST = 0.426). Also the mean 0St estimate
obtained for mixed

mating species by Nybom & Bartish (2000) was

0.27, substantially higher than

obtained here for V. ferruginea. The

degree of population subdivision will depend on the level of selfmg
and

potentially, the extent of selfing in a species may in turn depend on

particular population characteristics (Richards, 1997), e.g. density,
successional stage.

In this case the observation that pollinators of V.

/ o!'illation structure and
phylogeography

ferruginea
for the

are

highly gregarious (Janzen, 1983)

may

trees

partially account

relatively low levels of population subdivision.

At the

regional level, AMOVA did

structuring between
using

of two Neotropical

groups. However,

Mantel test identified

a

a

identify

not

any

significant

analysis of isolation by distance

correlation between

genetic and

geographic distance (Fig. 3.4). The relationship between genetic
distance and Euclidean distance
was

a

was

non-significant. However, there

strong positive and significant correlation (r

0.0005) when the geographic distance

was

=

0.6929,

manipulated to represent

ecological distance: effectively, assuming the mountains form
to direct

of

p =

a

an

barrier

reproductive contact in V. ferruginea. Similar manipulations

geographic data to take landscape features into account (Sork et al.,

1999) have been used successfully elsewhere (e.g. Kudoh & Whigham,
1997, 2001).

The

precise implication of this correlation depends strongly

distance estimates

Correlating this with

a

dispersal of seed allowed

a

is

a

cumulative

gene

an

assessment of the
case

importance of

of AFLP, direct

flow cannot be obtained and the level of subdivision

measure.

be substantial gene

Importantly, this implies that whilst there

flow taking place

population differentiation;

prevent

direct estimate of

distance accounting for the hydrological

hydrochory to population structure. In the
estimates of gene

the

being employed, however. Kudoh & Whigham,

(1997, 2001) used allozyme data to obtain
flow.

on

on a contemporary

on a

may

timescale to

longer timescale population

structuring has occurred. It follows therefore, that the mountains do not
represent an insurmountable
timescale

played

a

barrier to

gene

flow

on a contemporary

(contact may be maintained around the barrier), but have
part in the

formation of population structure in the past. For

example, during the process of colonisation, the mountains would have
divided the

colonising front producing two isolated subpopulations,

■•ersitv iff
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which

eventually

isolation
a

came

into secondary contact north of the barrier. The

by distance effect

therefore represent the imprint of

seen may

northward colonisation.

The

cpDNA data

they

are

appear to support

unambiguous in defining

this hypothesis. At
a

regional level

a

boundary between

groups

1.00). The distribution of cpDNA haplotypes indicates
subdivision of the
been

in

seen

colonisation is
low

species

across

the central mountain

a

ranges.

=

clear

As has

European Oaks, cpDNA structure laid down during
more

temporally robust than nDNA structure due to the

probability of immigration of foreign seed

established

(Gst

once a

population is

(Petit et al., 1997). In contrast, the high relative vagility of

pollen and the lack of competitive barriers to migration
imprint of colonisation is erased much

more

rapidly and

mean
a

the

graded

pattern of isolation by distance is created (Kremer & Zanetto, 1997).
Similar patterns

emphasising the greater migration ability of pollen

relative to seed have been
and isolation

seen

in Senecio

(Comes & Abbott, 1999a)

by distance in RAPD data has been reported for Swietenia

macrophylla (Gillies et al., 1999).

The

cpDNA differentiation itself may have occurred through a variety

of routes. If, as the

ferruginea

are

combined data indicates, the patterns

seen

in V

the result of a colonisation process, the cpDNA

haplotype distribution may reflect colonisation from different source

populations
the

or a process

same source

of lineage sorting between haplotypes from

(Avise & Wollenburg, 1997). In the reduced effective

population sizes that isolation of the colonising front would produce,
the loss of

one or more

of the ancestral lineages would have increased

probability. Confirmation of the mechanism of colonisation will
require investigation of the species at a rangewide scale.

Regional diversity in Vochysia ferrugi.
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3.4.4. Conclusions and future work.
The

genetic diversity levels and distribution

expectations for
seems

a

broadly in line with

long-lived, widespread, woody, tropical species. It

probable, given the substantial

between

are

populations, that recent

contrasts in

events have been

a

diversity levels

strong influence, in

particular disturbance history. The level of population subdivision is
somewhat lower than

might have been expected for

a

species with

reported autogamous reproductive component. However, without

a
a

specific indication of the level of selfmg it is difficult to draw
conclusions.

Despite selfing playing

some

role in reproduction, V.

ferruginea must have

an

mechanism to minimise

population differentiation in the absence of

effective enough pollination dispersal

physical barriers.

It is clear that the central mountain ranges represent a
gene

barrier to direct

flow in the species. Although the collection showed no significant

differentiation between Atlantic and Pacific coasts in AMOVA, there
was

a

clear isolation

landscape features
and

were

accounted for. Correlation between genetic

ecological distance indicated that

than
the

by distance effect, most strongly evident when

over

the mountains. The barrier

gene

flow

occurs

was even more

around rather

strongly evident in

chloroplast data, with complete differentiation between coasts. A

stronger effect would be expected
the decreased likelihood of

for seed, given its lower vagility and

immigrant seed being able to outcompete

locally extant populations. Such a distinct pattern in the chloroplast
data would also suggest

that the mountains have probably been a

barrier in this

a

species for

considerable period of time. In fact, the

cpDNA pattern and isolation by distance may represent the footprint of
an

ancient colonisation of the

It will be

region by V. ferruginea.

important to examine the population level dynamics of

regeneration in

more

detail. The source of regeneration - seed bank or

sifv in Vochvsk
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neighbouring mature trees, needs

to be established

contribution that extant mature trees make to
determined. Also, the rate of recovery

monitoring of subsequent generations
useful to

clearly and the

more

diversity levels should be

should be investigated, through
at

Penjamo. It would also be

identify populations of known history, preferably in close

proximity to Penjamo, to

create a time-series for

diversity level

recovery.

A

thorough analysis of the individuals at La Marta should be

conducted, including
taxonomic

status

garden experiments, to verify the

common

of

the

morphological data indicate

population there.
a

genetic

and

strong differentiation of the population

but the classification of this group
a

Initial

wider context in which to judge

is difficult without greater detail and

them.

Finally, the scale at which the species has been studied to date

comprises only
from

a

small part of the full distribution. The

range

extends

Nicaragua, through Central America into South America as far

Brazil. A full

rangewide

survey

of genetic variation within the species

should be carried out. This will allow
between Costa Rican

as

comparison of levels of diversity

populations and those in South America and

preparation of an intraspecific phylogeny, to provide a timescale for the
divergence within the cpDNA and a context in
differentiation observed.

which to understand the
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4.0

Levels and distribution of
odorata L.

diversity in Cedrela

(Meliaceae, Swietenioideae) in Costa

Rica.

4.1.
Genetic

Introduction.

diversity provides the potential for species to adapt to changing

environments, resist pests and avoid the negative

of

consequences

inbreeding (Newton et al., 1993a, 1999a; Bawa & Dayanandan, 1998).
Current

rapid rates of forest destruction threaten to erode the genetic

resources

available to many

species and risk them being unable to

respond to future change (Nason & Hamrick, 1997). The problem is

particularly acute in the tropics where deforestation is occurring at
rate of 15.2 million hectares

a

annually (FAO, 2001), resulting in loss

and

fragmentation of forest populations. Habitat destruction depletes

the

genetic diversity of tropical tree species in several ways: removal of

distinct

populations, disruption of

gene

flow and isolation leading to

inbreeding (Bawa & Dayanandan, 1998).

In the

case

of

commercially important species, there is the additional

danger of uncontrolled selective logging. The constant, long term
removal of the best

(tallest, straightest) phenotypes

variation for the desired characters is

may,

if the

genetically controlled, represent

dysgenic selection i.e. erosion of the genetic resource base leaving only
inferior types

(Rodan et al., 1992) and reducing the fitness of remnant

populations. The loss of genetic resources in commercially important
species will have long term consequences for the economies of the
tropical countries in which they are found; in many cases it is a loss
that

first

can

be ill afforded. It is therefore

assess

a

priority that action is taken to

and understand the levels and distribution of

ity in

genetic
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diversity in tropical tree species and then develop conservation and
management strategies for their long term maintenance.
4.2.

Cedrela odorata

Cedrela odorata is
is monoecious,
as a

timber

centuries

(Spanish Cedar).

fast-growing, light demanding neotropical tree. It

a

insect-pollinated and has wind-dispersed seed. Its value

species has resulted in significant over-exploitation for two

(Styles & Khosla, 1976). Genetic erosion of the species

throughout its natural distribution has already occurred and trees of

good form

rarely found except in isolated

are now

areas

(Styles &

Khosla, 1976; Pennington et al., 1981). C. odorata is also severely
attacked

by the shoot-borer pest Hypsipylla grandella, and it is likely

that the loss of the best
as

attack affects

phenotypes represents

a

loss of pest resistance

growth form (Newton et al., 1993b). In addition to

genetic erosion, continuing rapid deforestation in
range

parts of its

many

threatens remaining populations (Bawa & Dayanandan, 1998).

The economic

importance of C. odorata has prompted

amount of research

silvicultural

particular

over

the past

50

years.

Initially this focussed

on

finding Hypsipylla-resistant types to facilitate plantation

agriculture (Lamb, 1968). A major international

provenance

trial

by the Oxford Forestry Institute identified accessions from

Costa Rica and Belize
grown as

significant

practices and timber properties (Styles & Khosla, 1976), in

on

coordinated

a

as

most

promising in terms of growth rate when

exotics outside Latin America (Chaplin, 1980). However, few

successful trials

were

shoot-borer attack.

established in the Neotropics due to problems of

More

recently, research has been directed at

intraspecific genetic variation in
strains and to

an

attempt both to identify resistant

quantify the levels and distribution of diversity in extant

populations (Newton et al., 1995, 1999b; Gillies et al., 1997). These

>ersity in Cedrela odorata
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studies have focussed

the

on

known variation and the

As

a

included

species in Costa Rica, where there is

throughout Costa Rica, below around 1000

result of forest
as

fragmentation and exploitation it has been

priority species for conservation in the Costa Rican

a

Biodiversity Action Plan (Calvo, 1990). It is

now rare to

odorata in the forest in Costa Rica and it is most often
trees

on

farmland

or

light-demander, it
manifest

trees

species is considered endangered.

Cedrela odorata is found
m.

of two Neotropical

regenerating

prospers.

primarily

as

on

seen as

disturbed land, where,

find C.
remnant

as a

strong

The species shows significant adaptability,

tolerance for both dry and moist habitat

(Pennington et al., 1981) and both forms

are

present in Costa Rica. The

country therefore provides an ideal and high priority region in which to

begin genetic assessment of the species.
4.2.1. Environmental variation in Costa Rica.
The interaction of climatic

phenomena with the convoluted geography

of Costa

a

Rica

environments. In

produces

complex and varied pattern of local

general, the prevailing northeast Trade Winds keep

the Caribbean coast and east

(windward) side of the mountains wet

as

they meet the mountains, rise and deposit their moisture. In the north,
where the mountains
west

are

lower

a

dry, seasonal climate results to the

(leeward) side of the Cordillera de Guanacaste (Fig. 4.1) due to

the low moisture content of the trade winds. In the

mountains

are

much

south, where the

higher, the northeast winds produce

a vortex

effect

(Fig. 4.2; Janzen, 1983) and the moist air drawn in from the Pacific
results in

a

much

higher annual rainfall than in the northwest (Fig. 4.3;

Coen, 1983; Stiles et al., 1989).

ity in Cedrela od<
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Figure 4.1: Map of Costa Rica.
The movement of the
seasonal

Intertropical Convergence Zone (ITCZ) induces

changes (Coen, 1983). These are most pronounced in the

Pacific northwest,

which experiences

(less than 50

rainfall

mm

per

a

five to six month dry

season

month). In the Pacific southwest, the

picture is complicated by the local geography, but in general, the dry
season

is shorter

(3-4 dry months) and wetter than in the north. The

eastern side of the
a

mountains is always wetter

distinguishable dry

season occurs

Regional diversity in ('edre/a odorata

than the west, and when

there is still significant monthly
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Figure 4.2: Vortex effect caused by Trade Winds crossing the mountain ranges
(from Janzen, 1983). 1A Cordillera de Guanacaste - dry season; 2A - Cordillera
de Talamanca
dry season; IB Cordillera de Guanacaste - wet season; 2B Cordillera de Talamanca
wet season. Right to left = east to west.
-

-

rainfall

(over 150

mm

/ month). C. odorata is found in all of these

regions.
4.2.2. Genetic studies of C. odorata.
Newton et al.

(1995) examined genetic variation in apical dominance

experiments, with

a

view to identifying genetically superior strains for

plantation development. The
out in

common

garden experiment

was

carried

Turrialba, in the wet Atlantic region. The study established

a

significant difference in vigour between specimens from the dry
northwest of the country

Rica.

compared to those from other parts of Costa

Samples from the wetter regions showed significantly increased

early bud activity, but

a

reduced apical dominance, compared to

'sity in Cedrela
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Figure 4.3: Rainfall patterns in Costa Rica.

specimens from the drier regions. Enhanced apical dominance of
progeny

result,

from the dry northwest

here generally show

as trees

forked and

in
an

some respects a

surprising

inferior growth form, with

highly branched individuals. Most importantly however, the

study detected

Gillies et al.

a

genetic basis for the variation in Costa Rica.

(1997) used RAPD analysis to study genetic diversity

levels in 10 small
two

was

intraspecific

habitat. This

populations throughout Costa Rica. They identified

groups

with geographic distributions correlated with

finding further indicated that the species

differentiated and that the forms could be considered

Regional diversity in Cedrela odorata

was
as

genetically

two

separate
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ecotypes. Within ecotype groups, variation

found to be primarily

was

partitioned within rather than between populations,
for other

as

had been found

woody, outcrossed tree species (Hamrick & Godt, 1989,

1996b). No geographic substructuring of populations

was

obvious

within the ecotype groups, not even where substantial barriers to gene
flow existed

(i.e. between wet-zone populations from the east and west

coasts in the south of the

ranges). It
between

was

country

-

separated by the central mountain

concluded that effective

gene

populations within the ecotype

found to be similar to those of other

significant difference
groups.

was

Diversity levels

groups.

were

tropical tree species and

no

noted between levels in the two ecotype

They recommended that further,

out to establish the extent of the

their ranges

flow must be taking place

more

detailed work be carried

partitioning between ecotypes and

and to examine these sub-groups for the influence of

barriers to gene

flow.

A second provenance

trial examining the two ecotypes

was

carried out,

looking specifically for variation in susceptibility to Hypsipylla attack
(Newton et al., 1999b). Again carried out at Turrialba in the Atlantic
zone,

the

trial

provenances
provenance

noted

significant

differences

between

from the dry and wet regions of the country. The wet

showed increased growth rate and

abscise its leaves

during the dry

few shoot-borer attacks
in the

several

season.

a

zone

decreased tendency to

It also experienced relatively

(possibly linked to higher tannin concentrations

foliage) and achieved higher initial growth rates. The variation in

performance between ecotypes confirmed the genetic basis of the
differentiation between them. However, as the

reciprocal experiment

growing both ecotypes together in the dry zone

-

was

was

not

was not

-

carried out it

possible to establish whether the difference in performance

adaptive.

structure

and phylogeography

All three studies revealed considerable
the

of two Neotropical trees

intraspecific variation within

species and the RAPD analysis showed that,

outcrossing tropical woody species, diversity
within

was

with other

as

partitioned primarily

populations (Hamrick & Godt, 1996b). The RAPD study

unable to discern
distinction

was

genetic structure within the species below the clear

between

ecotypes nor make any distinction between

diversity levels in organellar and nuclear DNA.
4.2.3. Aims.
This

study aims to

in C. odorata

the level and distribution of genetic diversity

throughout its natural

combination of
of diversity

assess

range

in Costa Rica. By using

chloroplast-specific PCR-RFLP and AFLPs, the levels

in both the organelle and total

genomes

addition, the distribution of diversity in both

will be assessed. In

genomes

to determine the level of

population substructuring at

These data will allow

reassessment of the

identified in

a

will be analysed
a

contribution of contemporary gene

regional scale.

ecotypic differentiation

previous studies and provide information

on

the relative

flow and historical colonisation to

population genetic structure. In addition the data will allow
estimation of the level of influence of

(e.g. mountain

a

ranges,

potential barriers to

environmental regimes)

on

gene

an

flow

the maintenance of

diversity in the species.
4.3.
Ten

Methods.

populations

were

Costa Rica. Each
individuals. Trees
names

selected, covering the whole species range in

population of C. odorata
were

and locations

are

sampled

as

was

sampled for 20

specified in Ch. 2. Population

given in Figure 4.4 and further details

are

presented in Table 4.1.
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Figure 4.4: Locations of C. odorata populations sampled in Costa Rica.

Extraction of

genomic DNA, and PCR-RFLP

specified in Ch. 2. Screening for mutations
steps: initially one

populations

was

was

carried out

as

undertaken in two

individual from each of the ten Costa Rican

analysed for variation in all of the regions targeted by

the available universal
enzymes

were

primer sets (Ch. 2) using several restriction

(4-base: Hinfi, Mspl, Alul, HaeWl, 6-base: EcoRN, Pstl,

HindllT). Once polymorphic markers were identified (in this case trnHtrnK, trnF-trnV, trnS-trnG, all digested using Hinfi), all samples were
screened

using these markers. Details of primer / enzyme combinations

in which

polymorphism

of

was

identified

are

given in Table 4.2. Analysis

population subdivision (Gst), haplotype relationships, haplotype

frequencies and distribution was carried out as specified in Ch. 2.
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Table 4.1:

Names, locations and sampling methods for Costa Rican populations
regional analysis of the levels and distribution of genetic

of C. odorata used in

diversity.
Latitude

Population
Horizontes

Longitude
(W)

Sampling

Altitude

(N)

method

(m)

10°73'

85°59'

leaf

200

Characteristics
Disturbed

secondary

forest
Jimenez

10°20'

83073,

leaf

240

Isolated trees

on

farmland
Puriscal

9°92'

84°25'

leaf

900

85°00'

10°22'

leaf

100

Secondary forest, along
river

Canas

Isolated trees

on

farmland

Palo

85°35'

10°34'

leaf

50

Natural remnant

Verdef

on

farmland

Pacifico

8°60'

82°90'

cambium

40

Natural remnant

Sur

on

farmland

Perez

9°34'

83°65'

cambium

700

Natural remnant

Zeledon

on

farmland

Upala

10°86'

85°02'

cambium

150

Hojancha

10°07'

85°40'

cambium

250

Trees in

Talamanca

9°77'

82°90'

leaf

75

Trees in

Disturbed, trees in

grassland
grassland, dry
climate

grassland, wet

climate

f

- Only one individual could be
omitted from diversity analysis and

Table 4.2: Details of

Reference

HK

trnF-trnV

FV

trnS-trnG

HamB

this population is

Restriction

No.

size / bpf

enzyme

variants

1800

HinJI
Hinjl
Hinjl

2

Approximate

Demesure et at.

trnR-trnK

so

polymorphic fragments identified in C. odorata.

Abbrev.n

Fragment

analysed from Palo Verde
AMOVA.

(1995)
Dumolin-Lapegue et at. (1997a)
Hamilton (1999)

3500
844

tbased on genome of Nicotiana tabacum.

The AFLP

protocol

was as

specified in Ch. 2, using the selective

primers detailed in Table 4.3. As for V. ferruginea technical difficulties
were

encountered

obtained:
and

one

during the analysis, and

with 297 markers for

so two

data sets

were

populations Horizontes, Jimenez

Puriscal; the second with 145 markers for populations Horizontes,

Jimenez, Puriscal, Canas, Pacifico Sur, Perez Zeledon, Upala,

Regional diversity in Cedrela odorata
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Table 4.3: Details of

Restriction

oligonucleotides used in AFLP analysis of C. odorata.

Enzymes

EcoRI

Msel

Selective

primers

Eco+CC: 5'-GACTGCGTACCAATTCCC-3'

Mve+ACAG: 5'-GATGAGTCCTGAGTAAACAG-3'
Mve+ATAG: 5 '-GATGAGTCCTGAGTAAATAG-3'
Mve+ATAT: 5 '-GATGAGTCCTGAGTAAATAT-3'

Eco+GT: 5'-GACTGCGTACCAATTCGT-3'

Mve+TACT: 5'-GATGAGTCCTGAGTAATACT-3'
Mse+TACC: 5' -GATGAGTCCTGAGTAATACC-3'

Horizontes, Jimenez and Talamanca. The five primer combinations
Eco+CC

/

Mve+ACAG;

Eco+CC

/

Mve+ATAG;

Eco+CC

Mse+ATAT; Eco+GT I Mse+TACT; Eco+GT / Mse+TACC
to obtain the 297-marker data set.

combination

was

were

/

used

Only the Eco+CC / Mse+ACAG

used to obtain the 145 marker data set. Both sets

were

analysed for population-level diversity to investigate the effect of
marker numbers
marker set

was

the

on

further

magnitude of diversity estimates. The 145

analysed for linkage disequilibrium (using

index of association based

mismatch

values) and

A MOV A,

0)

relationships

on

variance in the distribution of

an

pairwise

substructuring (partitioning of diversity:

as

specified in Ch. 2. A dendrogram of individual

was

constructed using the Neighbour-Joining algorithm

and

bootstrapped using 1000 randomised data sets. A PCO analysis

was

carried out

of the

1st

vs.

on a

2nd

pairwise Jaccard matrix, using GENSTAT 5. Plots

and

1st

vs.

3rd principal

axes

of variation

were

prepared.

The

relationship between population differentiation and geographic

distance

(isolation by distance) and physical barriers was then

investigated, using
haplotype B
Zeledon

-

group

see

page

a

simple Mantel test. Only populations from the

(Talamanca, Jimenez, Upala, Pacifico Sur and Perez
150) were analysed as the haplotype A group (page

150) sample had too few degrees of freedom to permit the analysis (a
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structure

and phylogeography

simple plot of pairwise genetic distances
distances
out

was

using the

all

vs.

program smt

against

pairwise Euclidean

vl.2 (Bonnet, 1996). A matrix of pairwise

prepared. This

was

was

tested for

matrix of pairwise geographic distances between

a

populations. A significance level for the test statistic,

generated

trees

prepared for the haplotype A group). The test was carried

©st values between all populations
correlation

of two Neotropical

by

random

permutation

of the

©ST

was

r,

matrix,

1000

randomisations

were

prepared:

used Euclidean distances and the others used

one

used. Three

"linearised" data set,

geographic distance matrices

were

representing the ecological distances between

populations through suitable habitat
central mountain ranges

-

i.e. around rather than

(Fig. 4.5). Ecological distances

over

were

south. 'North' linearisation

populations through

centre of the most

a

was

by reflection of the positions

coordinate point representing the

achieved by reflection of the

Perez Zeledon and Pacifico Sur

publication and subjected to

AFLP data set. The

which made

of the

original analysis had used

a

same

transcribed

analyses

as

the

phenotypic approach

comparison with more recent, genotypic methods difficult.

4.4.1.
A total of 79

the

some

was

Results.

4.4.

approx.

longitudes of

through 8.5°N (Fig. 4.5).

addition, the RAPD data set of Gillies et al. (1997)

from the

the

northerly east coast population (10°50'N, 85°03'W).

'South' linearisation

In

achieved

was

the

taken

around the mountains to the north and then around the range to

of west coast

a

cpDNA analysis.
primer /

enzyme

combinations

were

used to examine

38,000 bp of the C. odorata chloroplast genome (considering

total

length of all amplified fragments). This revealed 76

monomorphic patterns and three clearly polymorphic patterns. The
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Upala
4

Jimenez
Tala manca

\
♦
Perez

Zeledon

\

Pacifico < >
Sur

Pacifico

♦

Perez

Upala

Zeledon

Jimenez
♦

1 alamanca
♦

♦

Jimenez

♦

Perez

Talamanca

Zeledon

♦
♦

Pacifico
Sur

Figure 4.5: Distribution of populations used for distance matrices in Mantel
Top: Euclidean geographic distribution, line shows approximate position
of mountain ranges, where C. odorata is not found. Middle: distribution after
'north' linearisation through a point in the centre of Upala population. Bottom:
distribution after 'south' linearisation by reflection of the longitude of Perez
Zeledon and Pacifico Sur through 8.5°N.

tests.
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polymorphic loci comprised
characterised two
Table 4.4:

fragments

one

site mutation and two indels, which

haplotypes (Table 4.2 & 4.4) in Costa Rica.

Description of types of mutation and haplotypes identified. All
digested with enzyme HinfL

were

Polymorphic fragments (bp)

Almost all

only

HK

FV

HamB

Haplotypes

site

indel

indel

A

230 / 270

380

320 / 400

B

510

360

320/410

populations

were

fixed for

a

single haplotype (Table 4.5). In

within-population variation found. This population,

one case was

Upala, is located at the edge of a transition between populations fixed
for

one

type to populations fixed for another, in a region of Costa Rica

(Guanacaste) where
descend below 600

passes

through the central mountain

ranges

m.

Table 4.5: Distribution of

haplotypes within populations of C. odorata in Costa

Rica.

Haplotype*

Population
A

B

Total

Costa Rica
Horizontes

20

20

Puriscal

20

20

Canas

20

20

Palo Verde

20

20

Hojancha

20

20

Jimenez

20

Talamanca

20

20

19

20

Pacifico Sur

20

20

Perez Zeledon

20

20

99

200

Upala

Total
*see Table 4.4 for

1

101

20

haplotype description.
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The level of population

subdivision

was very

high, Gst

=

0.98 (Pons &

Petit, 1995) reflecting the very low level of within-population variation
observed.

The

geographic distribution and population frequencies of the

haplotypes
structured

plotted in Fig. 4.6. The distribution is clearly highly

are
as

was

seen

for V.

ferruginea in Ch. 3. For clarity, and

because their distributions appear to
these

groups

match environmental differences,

of populations will be referred to separately. One

haplotype is confined to the Pacific northwest of the country, west of
the Cordillera de Guanacaste
other is found

(henceforth called "haplotype A"). The

throughout the Atlantic watershed, to the east of the

mountains, but also in the Pacific southwest of the country, west of the
central

Cordilleras

and

south

of San

Ignacio (henceforth called

"haplotype B").
4.4.2. AFLP
Difficulties

were

analysis.

encountered

during the AFLP analysis with rapid

degradation of the digested-ligated fragment reactions. Due to the
limitations

of cost

populations

were

and

time, this meant that whilst the initial

screened successfully, the latter populations proved

increasingly unreliable and could only be scored for
The result
five

was

two distinct data

a

single primer set.

sets; one scored for 297 markers across

primer combinations but for only three populations, the second

scored for 145 markers from

a

single primer combination, but for nine

populations. By comparison of the two data sets, a confidence level for
the

single primer data set and

number

on

an

indication of the influence of marker

diversity estimates could be obtained.

in
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Figure 4.6: Relief map of Costa Rica showing distribution of chloroplast DNA
haplotypes found in Costa Rica. Red = haplotype A; Yellow = haplotype B.
Charts are proportional to number of individuals characterised.

Initially, both data sets
consisted of 297

analysed for diversity. The first data set

were

markers, obtained from five primer combinations,

specified in Table 4.3. This data set contained
and three

populations:

from the

haplotype A

one

from the

group.

cp

a

as

total of 39 individuals

haplotype B

group

and two

216 (72.73%) of the markers

were

polymorphic (Table 4.6). Genetic diversity levels were low for
individual

populations (h

=

0.038-0.078; I

higher for the total sample (h

(haplotype B) had
confidence

a

=

0.287; I

=

=

0.092-0.113) but much

0.411). Population Jimenez

significantly lower level of diversity (at 95%

level) than the two haplotype A populations.
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The second data set consisted of 145 markers obtained from

primer combination: EcoM+CC I MseI+ACAG. The data
121 individuals from nine of the ten

Palo Verde failed to
excluded from

set contained

populations sampled. Population

amplify apart from

a

single individual

so

it

population analyses. 116 (80.0%) of the markers

polymorphic (Table 4.6). Again genetic diversity levels
individual

single

a

were

was

were

low for

populations (h = 0.020-0.085; I = 0.031-0.127) and much

Table 4.6: Levels of

genetic diversity for nine populations of C. odorata from
Rica, using both Nei's (1973) and Shannon's estimates for calculating
diversity. Estimates were obtained using POPGENE vl.31 software (Yeh et aL,
1999). Two data sets were obtained from AFLP analysis, the first with 297
markers, from five primer combinations, the second with 145 markers from a
single primer combination. The 145 marker data set was analysed in total, as
sub-groups reflecting the distribution of cpDNA haplotypes and by individual
Costa

population.
Population

Gp.

Population

No. of

%of

size

polymorphic

polymorphic

Std.

Std.

loci

loci

devn.

devn.

hf

h,

I-t

I,

297 marker data set

Horizontes

dry

13

57

19.19

0.062

0.143

0.092

0.207

Jimenez

wet

14

42

14.14

0.038

0.110

0.058

0.162

Puriscal*

dry

12

67

22.56

0.078

0.157

0.113

0.227

39

216

72.73

0.287

0.217

0.411

0.300

13

27

18.62

0.056

0.132

0.083

0.194

17

32

22.07

0.069

0.142

0.103

0.211

All

populations
145 marker data set

Horizontes

12

33

22.76

0.084

0.164

0.121

0.237

Canas

dry
dry
dry
dry

13

43

29.06

0.085

0.157

0.127

0.227

Pacifico Sur

wet

16

21

14.48

0.035

0.105

0.054

0.155

Per. Zeledon

wet

10

15

10.34

0.036

0.111

0.052

0.162

Upala*

wet

12

12

8.28

0.027

0.100

0.039

0.144

Jimenez

wet

14

13

8.97

0.020

0.079

0.031

0.117

Talamanca

wet

14

26

17.93

0.054

0.123

0.081

0.186

121

116

80.00

0.280

0.218

0.406

0.295

38.62
56
0.066
0.124
0.108
65
Haplotype B 1
31.03
0.056
45
0.114
0.092
41
Haplotype B2
44.14
64
0.093
0.155
0.147
56
Haplotype A
f - Nei (1978) unbiased measure of genetic diversity.
f - Shannon information index (measure of genetic diversity, Shannon & Weaver,

0.188

Hojancha
Puriscal*

Total

1949).
*

-

Anomalous individuals

were

removed from Upala & Puriscal populations for

diversity analysis (see text).
1 Including South Pacific populations.
2 Excluding South Pacific populations.
-

-
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higher when the collection

as a

whole

was

considered (h = 0.280; I =

0.406). Diversity levels in the populations with haplotype A

were

significantly (at 95% confidence level) higher than those with

haplotype B (mean diversity h

=

0.093, 0.066; I

0.147, 0.108,

=

respectively, Fig. 4.7).
35

30

polymorphic loci

♦diversity, h

t

0.09
0.08
0.07

25
0.06
20

0.05
0.04

15

0.03
10
0.02
5

0.01
+

&

J"

J J J* J* J

J*' ^•

*

+

0

<3*

if

Population

Figure 4.7: Percentage of polymorphic loci (left axis) and Nei's diversity levels
(A, right axis) for populations of C. odorata sampled in Costa Rica. Analysis
carried out

on

removed from

Nei's

the 145 marker data set. *

parallel. Both indices
a

Anomalous individuals

were

Upala & Puriscal populations for diversity analysis (see text).

(1978) and Shannon's diversity

suggested

-

gave

the

same

measures were

calculated in

ranking of populations, and

generally low level of population diversity. The values

found also indicate that two levels of polymorphism were present
data. The data

in the

primarily consists of markers discriminating haplotypic
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with

groups,

Loci that

many

polymorphic within

were

frequencies

-

of these loci being monomorphic within
groups

either high frequency

groups.

tended to exhibit extreme

presence or

145- and 297-marker data sets the apparent

absence. In both the

anomaly between total

diversity levels and those for individual populations is due to this
heavily biased partitioning of markers toward segregation of the two
groups

In

defined by the cpDNA haplotypes.

general, the results for the 297-marker, multiple-primer data set were

similar to those for the 145-marker,
V.

ferruginea,

increase in the
diversities

an

was seen

for

increase in the number of loci analysed produced

an

diversity levels. For both sets, the individual population

were

low, and the total diversity much higher. Also, the

population ranking
differed

single-primer set. As

was

the

same.

The absolute diversity values

slightly for the two northwest populations, Horizontes and

Puriscal, but not consistently. The diversity level for Jimenez nearly
doubled when
the

analysed using the 297-marker data set (probably due to

disproportionate effect of adding new loci to

low numbers of

a

population with

very

polymorphic loci), but the level of diversity remains

significantly lower than that of the other two populations. It was noted,
however, that in the analysis of the 145-marker data set, Jimenez had
the lowest
any

diversity value and that

a

doubling of the diversity level in

of the other haplotype B populations would have brought them into

line with the levels in the

haplotype A populations. It

was

decided to

continue

analysis using only the 145-marker data set, whilst bearing in

mind the

possible effects of the reduced marker number.

Analysis of allele frequencies for linkage disequilibrium was carried
out

using the LIAN 3.1 software (Haubold & Hudson, 2000; Table

4.7). All individual populations and the two groups defined by cpDNA
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linkage disequilibrium among markers. The tests
using the software LIAN 3.1 (Haubold & Hudson, 2000).

were

Table 4.7: Tests for
carried out

N

Sample

No.

Distn.

Expected

flndex of

of

variance

variance

association

loci

VD

Ve

Ia

Horizontes

13

145

5.9214

Hojancha

17

145

11.4255

Puriscal*

12

145

Canas

13

Pacifico Sur

Hypothesis test, VD

=

Ve

Var(VD)

P

95%C.I.

5.4425

0.0006

1.5545

0.31

7.5837

5.9773

0.0063

1.7441

0.01

8.1070

8.6228

7.2654

0.0013

1.8812

0.17

9.2298

145

12.8252

8.6114

0.0034

4.8923

0.07

12.8252

16

145

7.2560

3.7336

0.0066

0.6799

0.01

5.1048

Per. Zeledon

10

145

4.7455

3.3363

0.0029

0.6566

0.07

4.7455

Upala*

12

145

5.0210

2.2548

0.0085

0.5343

0.01

3.6671

Jimenez

14

145

1.3433

2.2019

-0.0027

0.4794

0.97

3.4322

Talamanca

14

145

20.1128

5.3936

0.0190

3.4242

0.01

7.8017

All individuals

12

145

1002.17

23.69

0.257

9573.44

0.01

24.78

Hap. B populations

68

145

111.19

8.29

0.086

106.63

0.01

10.19

Hap. A populations

57

145

18.47

9.23

0.007

1.80

0.01

11.02

.

f - Index of association = 0 indicates linkage equilibrium.

haplotype showed

very

low indices of association (Table 4.7; Ia=

0.0006-0.0190; U= 0 indicates complete independence). As was seen
in the

analysis of diversity levels, consideration of the data set as a

whole

emphasises the differentiation between the regional groups, with

a

10-fold increase in the index of association. The null

hypothesis of

linkage equilibrium could be accepted for five of the nine populations:
Horizontes, Puriscal, Canas, Perez Zeledon and Jimenez. For the

remaining four populations the null hypothesis had to be rejected.

Individual-based
examined

relationships in the

145-marker data set

were

using Neighbour-joining (MEGA; Kumar et al., 2001). The

separation between the haplotypic groups was immediately apparent
(Fig. 4.8)

as

the most significant differentiation in the AFLP data.
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A

Talamanca
Jimenez
Pacifico Sur

Upala
Perez Zeledon

Palo Verde
Canas

Puriscal

Horizontes

Hojancha

Haplotype B

1""

I

Haplotype A

Figure 4.8: Bootstrapped Neighbour
Joining tree for all individuals of C.
odorata (1000 bootstraps). Constructed

83

'

with the program

54

1

I'WHWIH

PHYLIP

53

'

■HUH

84

.

—

NEIGHBOR from the
package using a pairwise Jaccard
distance matrix generated in GENSTAT 5.
Analysis carried out on the 145 marker

OBHH

data set

J
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There

two other

were

principal points of interest:

First, population substructure
groups.

clearly evident in both haplotype

was

In the haplotype B branch there

are one

clear subgroup: this

comprises most of the southwest Pacific populations Perez Zeledon and
Pacifico

Sur and

Talamanca. The
structure

clustering together of most of the rest of the

Talamanca individuals. In the
structure evident

individuals,

population

remaining individuals in this branch show little

for the

save

individuals from the Atlantic

some

was

away

the

haplotype A branch the only informative

clustering together of most of the Hojancha

from the rest of the

group.

Otherwise, little

population differentiation was apparent.

Second, there
#183

number of anomalous individuals. One of these,

were a

(Fig. 4.8),

was

noted in the cpDNA analysis and

was

located in

population Upala yet expressed haplotype A. This individual also has
an

AFLP

A group

profile predominantly similar to individuals of the haplotype
although sharing

from the

#147

haplotype B

a

small number of markers with individuals

group.

Several other individuals #189 (Upala),

(Palo Verde) and #44 (Puriscal) (Fig. 4.8) showed

shared with individuals from outside their
of these had the

clustered

in

haplotype

some

group

markers

although all

expected cpDNA haplotype and, in the NJ tree,

the

branch

same

as

other

individuals

from

their

populations. Populations Upala and Puriscal are at the extreme edges of
their

haplotype

haplotype
near

range so

groups

it would be expected that any mixing of the

would be most obvious here. However Palo Verde is

the centre of the

distances involved

are

haplotype A

small

although the geographical

(~50km). The anomalous individuals (183,

189, 147, 44) were omitted from the

rsity in Cedrek

zone,

.Jf

„„

lorcttci

diversity and structure analyses
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they would produce

a

trees

clear bias in analysis of individual haplotype

groups.

AMOVA confirmed the

partitioning of variation, indicated by both

cpDNA and diversity results,
In

a

3-level

as

primarily between haplotype

analysis (within- and between-population and between-

ecotype group) 83.47% of the total variation

(Table 4.8), Oct

groups

variation

was

the 0St result

=

(0St

=

partitioned between

0.835, PO.OOl. A considerable amount of

0.888, PO.OOl) indicating

high and significant

populations from different ecotypes. The

remaining variation, 5.37%,

haplotype

a

although this is substantially influenced by the

differentiation between

2-level

was

partitioned between populations (11.16%) emphasised by

level of sub structuring,

When

groups.

was

groups were

partitioned within populations.

analysed in isolation from each other in

analysis (within- and between-populations only), the haplotype

A group

showed 79.80% partitioning of variation within populations

with the remnant due to differences between

within the

populations. However,

haplotype B populations, only 52.61% of the variation

was

partitioned between populations. Examination of the <T>st Neighbour
Joining tree (Fig. 4.9, based
that the

reason

for this

the matrix given in Table 4.9) suggests

discrepancy

haplotype B populations
evident:

on

across

may

be further substructuring of

geographic barriers. Two clusters

populations Perez Zeledon

are

and Pacifico Sur (Pacific

southwest) and populations Jimenez and Talamanca (Atlantic). The
remaining population, Upala, is equidistant from both.

ersity in Cedrela odo
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Figure 4.9: Neighbour Joining tree constructed by NEIGHBOR from the
package using a pairwise d>Sx matrix generated in AMOVA155. The
matrix was based on AFLP variation in nine C. odorata populations. AMOVA
was carried out on a pairwise distance matrix of all individuals using a
modification of Nei & Li's (1979) genetic distance (Huff et al, 1993). Tree is
PHYLIP

unrooted.
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Table 4.9: Pairwise ®st distances for C. odorata AFLP 145 marker data set.
Below diagonal: pairwise d>ST distances between all populations, used for

production of the Neighbour Joining tree in Fig. 4.9. Above diagonal:
probability that a random <DSt value is greater than the calculated figure
(obtained using 1000 iterations).
Horizontes

Puriscal

Canas

Jimenez

Hojancha

P. Sur

Perez

Upala

Zeledon
Horizontes

0.000

-

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

Puriscal

0.220

Canas

0.178

0.099

Hojancha

0.190

0.314

0.179

Jimenez

0.919

0.892

0.884

0.910

Pacif. Sur

0.900

0.874

0.864

0.890

0.544

P. Zeledon

0.896

0.867

0.855

0.887

0.656

0.227

Upala

0.912

0.884

0.872

0.902

0.578

0.466

0.627

Talamanca

0.880

0.850

0.844

0.876

0.264

0.442

0.474

The

-

-

-

-

-

-

-

0.418

population sub structuring is clearly evident in the plots of the first

three

axes

of variation from the PCO

analysis (Fig. 4.10), which

accounted for 71.13% of the total variation in the data set
4.25% & 2.69%
low level

large number of axes. The first axis represents the

separation of haplotype

groups

identified clearly in the AMOVA. The

second accounts for variation within the

southwestern

(64.19,

respectively). The remaining variation is distributed at

across a

haplotype B populations. The

populations (Perez Zeledon and Pacifico Sur) form

distinct separate

a

cluster to the Atlantic populations (Jimenez and

Talamanca) with Upala distributed between the two. Some of the
variation accounted for

by the third axis is due to structure in the

haplotype A populations with the most geographically separated
populations (Puriscal and Hojancha) at opposite extremes of the
cluster. The anomalous individuals

are

evident,

as

circled Puriscal and

Upala individuals. The single Palo Verde individual was also displaced
from the

dry cluster, again due to the presence of several markers

shared with

T'
manca

haplotype B individuals.
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Figure 4.10: Plot of first three axes of principal coordinates analysis (PCO) for
10 populations of C. odorata. From top, X axis first, Y axis second: 1st vs. 2nd; 1st
vs. 3rd. The first three axes account for 71.13 % of the total variation: 64.19 %,
4.25 % and 2.69 % respectively. Analysis carried out using GENSTAT 5.
Circles indicate anomalous individuals (page 157).
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Analysis of the correlation between genetic and geographic distance for
the wet

ecotype populations showed

weak and not

0.1542,p

=

a

positive relationship. This

significant when Euclidean distances

were

was

used (r =

0.3855, Table 4.10). When the northern ecological distance

(representing the distance between populations around the mountains to
the

north)

was

used the correlation increased but

significant (r = 0.3512; p

=

was

still

non¬

0.1689).

Table 4.10: Results of Mantels matrix randomisation tests, using pairwise ®ST
distances for all Haplotype B populations generated in AMOVA155 and a
matrix of

pairwise geographic distances representing either Euclidean distance
'ecological' distance taking account of the topography of Costa
Rica. Distribution of populations for each distance matrix is shown in Fig. 4.5.
or

linearised

Distance

Data Set

r

P

Euclidean

0.1542

0.3855

Ecological (N)
Ecological (S)

0.3512

0.1689

0.5833

0.0683

matrix

Haplotype B populations (wet)
Haplotype B populations (wet)
Haplotype B populations (wet)

Interestingly, the correlation
distance transformation
the mountains to the

was

south,

was

strongest when the ecological

carried out

r =

using

0.5833, p

=

a

southerly point (around

0.0683) although again non¬

significant. This suggests that there has possibly been
contact between wet

ranges.

ecotype populations to the south of the mountain

A relationship

distances

more recent

was apparent

in the plot of pairwise Euclidean

against pairwise genetic distances for the haplotype A

group

(Fig. 4.11). However the low sample size made it difficult to draw
conclusions.
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Figure 4.11: Plot of pairwise genetic distance (<1>St) versus Euclidean distance
(km) comparisons for four populations from the Haplotype A group (dry
ecotype) of C. odorata in Guanacaste region, Costa Rica. A relationship between
genetic and geographic distance is evident, although the sample size is too small
to show significance level.

4.5.

Discussion.

4.5.1. Data validation.

Number of AFLP markers.
As for V
AFLP

ferruginea (Chapter 3) two data sets

were

analysis and analysed in parallel. Both sets

obtained in the

were

scored for

a

large number of loci (297 & 145 markers, respectively) but the 145
marker set

represented fragments from a single primer combination

only. Diversity levels derived from both data sets were compared to
validate the
contained

a

use

of the 145 marker set for further

larger number of populations) and to investigate the effect
diversity estimates. As for V ferruginea,

of increased loci

on

markers led to

increase in the

three

analysis (as it

an

more

diversity estimate. However, for the

populations analysed for both data sets, the two diversity
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estimates

not

were

significantly different, and population ranking

remained the

same.

primer sets

opposed to the 145 marker set's

estimates
to

as

were

not

The 297 marker data set

one

derived from five

and yet the diversity

significantly different. It therefore

that the data set derived from

assume

was

a

seems

justifiable

single primer combination

provides valid estimates of diversity levels.

Linkage disequilibrium.
Analysis of marker independence allowed acceptance of the null
hypothesis of linkage equilibrium for five of the nine populations
analysed. In the remaining four populations, the null hypothesis could
not be
cases

accepted, although the extent of disequilibrium
IA

0.019).

was

small: in all

less than 0.01, except for population Talamanca (IA

is

It

was

possible

disequilibrium values in

that
some

detection of these
of the populations is

an

small

linkage

artefact of the

co-dominance of AJFLP data. As discussed in Ch. 2, loci may

incorrectly scored

as

differ in size. As

a

independent when they
result

are

=

be

in fact associated but

apparently independent loci will tend to

segregate together, producing linkage disequilibrium. Alternatively,
there may

be

an

influence of organellar

markers in the AFLP

linked loci, could also produce linkage disequilibrium.

data

which,

The

primer combinations used

as

genome

were

checked for the influence of

organellar DNA by screening against the published Arabidopsis
thaliana

organelle

genomes

(Appendix 1.0), but the fact that

a

single

primer set has been used for this analysis may have inadvertently
targeted

The

an

organellar

sequence.

substructure within and between the

haplotype

groups

was

emphasised by the linkage disequilibrium data for the combined data
sets. In all cases,

the null hypothesis was rejected. Where sub-data sets
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showing divergence of allele frequencies
sets

will show

ecotypic

are

linkage disequilibrium. As

combined, the total data
was

seen

and for populations within these

groups

population differentiation. Hence, combined data

for both the

groups,

sets show

there is

linkage

disequilibrium.

In

general, C. odorata is thought to be

level of inbreeding
a

is likely,

so

an

obligate outcrosser and

a

low

linkage disequilibrium is unlikely to be

major factor and is most likely

an

artefact of the technique used. The

comparison of the population subdivision statistics calculated using
distance methods

(®st) and allele frequencies (0) further strengthens

this conclusion. At all hierarchical levels, estimates obtained

techniques

not

were

between two

using both

significantly different. The correspondence

quite different analytical methods suggests that the

assumptions of HWE
frequency analysis

necessary

are not

to be able to carry out the allele

violated. For the subsequent discussion, it

will be assumed that the presence

of disequilibrium is of a low extent

robust to any

violations of assumptions that this

and that results
may

are

produce.
4.5.2. Levels of

diversity.

Regional level - Costa Rica.
The level of diversity
is low overall, but

revealed in the chloroplast

marks

a

genome

of C. odorata

profound genetic differentiation. Only two

detected within Costa Rica, identifying the ecotypes

haplotypes

were

detected in

previous studies of the species (Newton et al., 1995; Gillies

et

al., 1997). The two haplotypes were characterised by consistent

segregation

of three

differentiation in

a

indel mutations.

This

slowly evolving molecule such

ity in Cedrela odoruU

level
as

of genetic

cpDNA indicates
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significant divergence within the species (Dumolin-Lapegue et al.,

1997

b; King & Ferris, 1998; Dutech et al., 2000).

A similar pattern

data. The

of ecotypic differentiation

was

observed in the AFLP

majority of the 145 markers scored segregated primarily

between the two ecotypes.

In general, within-population and within-

ecotype variation was accounted for by low frequency absence of
markers which otherwise

segregated only between ecotypes. Across all

populations, diversity levels

were

relatively high compared to other

species and in close agreement with the RAPD result of Gillies et al.
(1997; Table 4.11). However,
differentiation of
indicated

haplotype

a

total value takes into account the

groups.

Given the extreme separation

by both the AFLP and cpDNA data sets,

value may

give

a

an

false impression of species-level diversity. To

understand

population diversity levels the haplotype

considered

separately.

Within each group

overall diversity

groups must

be

the level of diversity for AFLP is relatively low,

particularly in comparison to that obtained using RAPDs (Gillies et
al., 1997; Table 4.12). A couple of procedural questions must be asked
before this

diversity level

can

be considered from

an

ecological

viewpoint. Firstly, the data set used for the majority of this analysis
was

based

on

markers derived from

a

single primer set. Although

a

single primer should theoretically produce a random sample from
throughout the genome, the possibility of having targeted a single,

repetitive

or

haploid (and therefore low variability) genomic region

should be considered. The
additional information

using
was

a

problem

sources.

can

be dealt with using two

Analysis of

a

subset of populations,

larger 297-marker data set derived from a range of primer sets

carried

out.

The results
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Table 4.12:

Reanalysed levels of genetic diversity for 10 populations of C.
Rica, using both Nei's (1978) and Shannon's estimates for
calculating diversity. Estimates were obtained using POPGENE vl.31 software
(Yeh et at., 1999). Data set was that published in Gillies et al (1997), obtained
using RAPDs.
odorata from Costa

Population

Gp.

Population

No. of

% of

size

polymorphic

polymorphic

h|

h.
Standard

If

I,
Standard

loci

loci

Upala

Wet

7

47

48.45

0.19

0.22

0.28

0.31

San Carlos

Wet

14

68

70.10

0.24

0.20

0.36

0.28

Talamanca

Wet

4

49

50.52

0.20

0.22

0.30

0.31

Guapiles

Wet

5

42

43.30

0.16

0.20

0.24

0.29

LaFortuna

Wet

7

57

58.76

0.23

0.21

0.33

0.30

Southern

Wet

5

39

40.21

0.15

0.20

0.22

0.29

Dry
Dry
Dry
Dry

6

56

57.73

0.18

0.19

0.28

0.27

6

69

71.13

0.25

0.20

0.37

0.28

6

56

57.73

0.21

0.20

0.31

0.29

deviation

deviation

Zone

Carmona
Canas

Hojancha
Cobano
All

8

64

65.98

0.22

0.20

0.34

0.28

68

96

98.97

0.33

0.16

0.49

0.19

42

84

86.60

0.27

0.19

0.43

0.25

37

83

85.57

0.27

0.19

0.41

0.27

26

88

90.72

0.27

0.18

0.41

0.29

populations
Wet
Wet

ecotype1
ecotype2

Dry ecotype
f - Nei (1978) measure of genetic diversity.
f - Shannon (1949) information index (measure of genetic diversity).
1 Including Southern Zone population.
2 Excluding Southern Zone population.
-

-

differentiation and low

diversity,

Additionally, the primer
published organellar

as

sequences

genomes

had the single primer data set.

used

were

tested against the

of A. thaliana and found to produce

no

ampliftable fragments (see Appendix 1.0). Finally, only a low linkage
disequilibrium effect
or

primer set bias had

was
any

detectable. So, it is unlikely that haploid loci
major effect

on the

data set.

Secondly and potentially more serious was the screening process used
to

identify suitable primer sets for analysis. Primers were selected by

screening

a

large number of primer combinations, using a subset of 10

samples of C. odorata, drawn from each of the 10 populations to be
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analysed. Those selected for full population screening
that

were

the primers

appeared most polymorphic. A side effect of this selection

process

have been to draw out the primers that preferentially identified

may

variation between the ecotypes. However, there are two

points in

mitigation. The AFLP primer sets that were rejected showed little
variation and
within

or

or no

certainly did not reveal significant levels of diversity

between ecotypes

-

otherwise they would have been retained

-

(this has been checked retrospectively). Also, the process that led to the
selection of RAPD

primers by Gillies et al. (1997) is unlikely to have

been

substantially different (although published details of the work do

not

specify the primer selection process).

conclusions
exhaustive

remain:

seems

involved,

latter conclusion

If the low

the

AFLP

screening

process

enough to identify the variable regions picked

screening, which
markers

that

Only two possible

or

the most

diversity levels

addressed is the

by RAPD

highly unlikely given the relative numbers of

that the low diversity levels

seems

up

not

was

are a

real effect. The

likely.

are

real, the first question that must be

discrepancy between the AFLP and RAPD results.

Although the two methods give similar estimates of diversity for the
whole

sample, within-population estimates

are

quite different. Both

techniques should, theoretically, reveal similar levels of variation
both

as

produce high numbers of.markers and are random sampling

approaches. The contrast might be due the different levels of accuracy
of the two

techniques. RAPDs

conditions and
resolution
and

long

run

bands

on

screened using low stringency PCR

electrophoresis using

technique. AFLPs

fragments

are

are

are

agarose

gels,

a

fast but low

screened using high stringency PCR

separated by polyacrylamide electrophoresis using

a

time. It is possible to detect very small differences between
acrylamide gels and it is simple to discriminate between

in Cedrela odo,
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bands.

Agarose

discriminate

electrophoresis

bands, and therefore

has
runs a

much

a

lower

ability

much higher risk of incorrect

homology assignment. If this

was

have been

low-frequency presence alleles in

incorrectly scored

as

the

case, some

RAPD loci could

populations when AFLP would have distinguished them
appearance

The

to

as

some

single

bands and excluded them from scoring due to uncertainty.

population diversity levels calculated using RAPDs might thus be

artificially high. Incorrect homology assignment could also explain the
reduced discrimination of ecotypes

Ecological

in the RAPD analysis.

for low absolute population diversity levels within

reasons

C. odorata ecotypes are

difficult to identify. It is risky to undertake

comparisons between species for

many

different

reasons:

variable

analytical conditions, techniques, sampling, etc. In general, according
to reviews

(Hamrick & Godt 1989, 1996b; Nybom & Bartish, 2000), C.

odorata should

diversity levels
tree

satisfy the criteria for the highest within population
as

it is

species. Although

within ecotype

a

an

outcrossing, widespread, long-lived tropical

whole sample estimate satisfies this prediction,

estimates do not. As the differentiation between the

ecotypes is so profound, they cannot

be part of

a

single mating

population. Hence C. odorata must be considered an exception to the
general prediction. However, diversity estimates vary widely between
species,

even

within the

general expectation

A

same

ecological category and exceptions to the

are not uncommon

(Hamrick & Godt, 1989).

couple of additional factors may point to possible causes for the low

observed

diversity levels. Firstly, it is notable that other members of the

Meliaceae have also been found to have low

diversity levels. Swietenia

macrophylla (Lowe el al., submitted) was found to have low diversity
in

a

study using 215 AFLP markers (hT = 0.147; hs = 0.108), as was

sitv in Cedrela
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Carapa guianensis (heterozygosity, H
analysed using allozymes, although C.
=

=

0.12; Hall et al., 1994b),

procera

had higher diversity (H

0.20; Doligez & Joly, 1997), using allozymes. The family is famous

for its hardwood
some

extent

quality and all species within it have been exploited to

(Styles & Khosla, 1976; Newton

possible that human impact has had
be

a

new

al., 1993a), so it seems

influence. Secondly, there

edge effect. Central America is at the

range

C. odorata's range,

of

an

et

or

northern limit of

which is primarily in South America. Colonisation

territory by

founder effects

very

may

a

species

may

result in lowered diversity due to

population bottlenecks during migration events

(Austerlitz et al., 2000). However, without data from the rest of the

it is difficult to draw firm conclusions. In general it is

range,

informative to confine discussion of
within

more

population diversity levels to

species comparisons.

Ecotypes.
Comparison of diversity levels within the two
cpDNA haplotypes reveals

a

groups

identified by the

clear and significant difference, with

higher diversity levels found in populations from the dry northwest.
Similar contrasts between

geographic
alliodora

zones

diversity levels of populations in these

have been noted in other species, e.g. Cordia

(Chase et al., 1995) and S. macrophylla (A. Lowe et al.,

submitted). Chase et al. (1995) speculated that the reasons for this
could be greater

habitat diversity in the dry region, where there is

significant local complexity in water availability within sites. Also, C.
alliodora may

have had

a

longer evolutionary history in the dry zone

(Boshier, 1992). Alternatively, the wet zone may have been colonised
more

recently by C. alliodora and related species, possibly under

human

influence

(Boshier, 1992). A relatively recent and rapid

lal diversity in Cedrela ode
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founder effect and result in the lowered

a

population diversity estimates in the wet ecotype.

It is difficult to
odorata

identify the

without

data

reasons

from

for the low diversity levels in C.

populations

throughout the

range,

particularly those in South America. What is clear is that
profoundly distinct

groups are present,

organelle and nuclear markers

as

4.5.3. Distribution of
The distribution of

well

two

showing differentiation at both

as

in allele frequencies.

diversity.

diversity observed in C. odorata in this study has

a

number of

interesting characteristics. Firstly, and most significantly,

variation is

partitioned between the ecotypes - true for both cpDNA and

AFLP markers. Within Costa

important

source

Rica, ecotypic differentiation is the most

of intraspecific variation for the species and has been

noted in at least two other studies

1997)
et

as

al.,

well

as

being

seen

(Newton et al., 1995; Gillies et al.,

for other species (Cordia alliodora, Chase

1995; Enterolobium cyclocarpum, Rocha & Lobo,

Swietenia

1996;

macrophylla, Lowe et al., submitted). Whilst extremely

important for the Costa Rican conservation policy

on

the species, the

ecotypes will have to be investigated from a phylogenetic point of view
to establish their relative

divergence with respect to that between C.

odorata and other members of the genus.

Where this

study has made the greatest advances in the knowledge of

genetic variation in this species is at the sub-ecotype level. Previous
studies have been unable to detect any
groups

substructure within the ecotypic

(Gillies et al., 1997). However, as indicated by the diversity

partitioning data and the PCO plots, both of the haplotype groups were
substructured.
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group.

Haplotype A populations, from the dry region of Guanacaste, analysed
in

isolation, partitioned nearly 80% of variation within populations,

indicating
fits

very

low population differentiation. This is

a

high value but

predictions for outcrossing woody species (Hamrick 1989, 1996b;

Nybom & Bartish, 2000), particularly given the geographic

dry populations
is

-

distributed

over

potential reproductive contact. For example,

local

geographic scale

on

the

(greatest interpopulation distance

180km). At these distances it is likely that the populations

within
on a

are

range

a

are

study carried out

variation in four tropical trees in Costa

Rica found, in all cases, that over 96% of variation was maintained
within
on

populations (Schierenbeck et al., 1997). Also, studies conducted

the Costa Rican Atlantic coastal

plain examining populations of

Carapa guianensis (Hall et al., 1994b) Pithecellobium elegans (Hall et
al., 1996) and Pentaclethra macroloba (Hall et al., 1994a) found
similar levels of population

differentiation to the value obtained for C.

odorata, for all species (Fst = 0.05, 0.10 and 0.22, respectively).

For this group

there is

small scale, but interesting population

a

substructuring evident in the third plot from the PCO (Fig. 4.10), of the
1st

versus

the

3rd

axis. This axis accounted for only 2.69% of the total

variation, although the between population differentiation value is

significant, ®st
populations

are

=

0.202, P0.001. On the

3rd

axis, haplotype A

distributed such that the furthest inland population,

Puriscal, is most distant from the peninsular population, Hojancha, with
all other

Golfo do
occurs

populations in between. Potentially, this may indicate that the
Nicoya represents

a

around the coast of the

barrier for pollinators and that

gene

flow

bay.
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The

of two Neotropical trees

group.

haplotype B populations from the wet Atlantic and Pacific

southwest,

were

much

more

strongly substructured. AMOVA indicated

than 47% of variation

more

contrast

between this

suggested that

partitioned between populations. The

and the result for the

This result

mountains

are

populations and PCO confirmed that

differentiated

were
was

not

across

likely to be

a

primary pathway for

gene

species is largely found below 800

of Costa Rica rise to nearly 4000

Mantel

The

region north to Upala and then south

the Atlantic coastal plain
test

m.

m

flow is highly likely to be around the

mountains: from the South Pacific

The

ranges.

barrier to the pollinators, although they did

and the mountains in this part

across

the Central mountain

unexpected: Gillies et al. (1997) suggest that the

not detect differentiation. The

again

group

hierarchical level of population structure had not been

a

accounted for. The NJ tree of

populations

haplotype A

identified

the

or

to the south through Panama.

strongest

relationship between

populations around the mountains to the south, possibly suggesting

an

original northward colonisation. In combination with the cpDNA data
(undifferentiated within the haplotype B group) and the known retreat
and

re-expansion of moist forest vegetation in this region (Gentry,

1982; Hewitt, 2000), the AFLP data appears consistent with a

climatically-induced northward migration.

The substructure in the AFLP data contrasted with the lack of structure

in the

chloroplast data. Whilst the differentiation in the AFLP

fingerprint

clearly implies that the mountain ranges

contemporary barrier to gene

cpDNA implies

a

historical

form

a

flow via pollen, the slower evolving

common ancestor.

It

seems

unlikely that

a

geographic barrier sufficient to obstruct insect-dispersed pollen flow
would

not

also

obstruct

wind-dispersed seed flow.
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conjunction with the rangewide chloroplast data, the indication is that
this

geographic barrier is probably playing

differentiation of the

4.5.4.

species.

Ecotypic hybridisation.

By definition, ecotypes
conditions

in

which

are

adapted to the particular environmental

they live. In the absence of phylogenetic

information, it is difficult to be
There
to

are a

new

sure

how this differentiation has arisen.

number of possibilities,

including: dispersal and adaptation

environments, allopatric divergence,

effect, lineage sorting

The process

or

give

the

haplotype

selective

sweep,

founder

genetic drift.

some

indication of the extent of the differentiation between
groups

in C. odorata (which

ecotypes). In certain parts of the

range,

geographical proximity. Contact

the two

a

is unclear and will require further investigation, but the

data

close

role in contemporary

a

ecological

the Cordillera de

zones,

for the ecotypes

the ecotypes

occurs on

be considered
come

into

very

the boundary between

namely along the northern mountain ranges

Guanacaste, and in the south,

to local environmental

may

near

-

San Ignacio. Due

complexity in this region it is certainly possible

to disperse and survive at the edges of the other

ecotype zone, as evidenced by the single haplotype A individual (#183)
at

Upala. However, this displacement does not indicate interfertility

between the

ecotypes, merely a seed-dispersal ability and some

tolerance for habitat variation. The

region of Costa Rica west of the

Cordillera de Guanacaste is noted for its intermediate conditions

Fig. 4.3), and there
from

one

are

(e.g.

documented accounts of introgressions of flora

region into the other through the low mountain passes

(Janzen, 1983).

Regiona
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In the AFLP data

bands with the

however, tree #183 clearly shared

haplotype B trees, which

a

small number of

were not

seen

in other

haplotype A individuals (Fig. 4.12). The

presence

markers suggests

interbreeding between the

that there has been

some

of these shared

ecotypes in the past. Whether this pattern indicates crossing between

widely dispersed populations with subsequent seed dispersal
tree #183 is the crossed progeny

is unclear and would

Individual #183

was

require
the

or

that

of a previous haplotype A immigrant

more

exhaustive sampling in the region.

only example of

an

immigrant cpDNA

haplotype but several other trees in haplotype A populations shared
markers with the

haplotype B

group,

although these were not in such

Figure 4.12: Example of Upala (left, wet ecotype) and Hojancha (right, dry
ecotype) AFLP bands. Most individuals consistently segregate according to their
ecotype. Tree #183 (marked lane), geographically located within Upala
population, shows bands shared with both ecotypes. Shared dry ecotype bands
are indicated by arrows.
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close
al.

geographic proximity to the haplotype B populations. Gillies

(1997) in fact noted several shared RAPD

markers between

haplotype A and B populations well inside the ecotypic
suggesting

a

et

zones,

far-reaching effect may exist.

Although the status of biological compatibility between the ecotypes is
unclear,

couple of general points

a

zone' between the

can

be made. Across the 'hybrid

ecotypes, both pre- and post- zygotic reproductive

barriers

are

likely to be present. C. odorata flowers in

onset of

the

dry

and moist
and

season

response to

the

(Janzen, 1966) and seasonality between the dry

regions of Costa Rica is quite different. It is likely that wet

dry ecotypes of C. odorata

are

in phenological isolation from each

other.

Away from the edges of the ecological

zones

there is probable post-

zygotic selection against crossed individuals (Barton, 2001), effectively

preventing introgression. The break-up of gene complexes that would
result from

hybrid

hybridisation is likely to represent

progeny as

the adult generation

are

a severe

loss of fitness to

adapted to quite different

environmental

regimes (Ennos et al., 1999). The shared loci that

observed may

then represent the result of repeated back-crosses of F1

are

hybrids from the boundary regions to individuals of their maternal
ecotype.

The

potential existence of

different environments is

a

hybrid

zone

between ecotypes adapted to

important to considerations of C. odorata

conservation. It has been shown that stable
maintained

hyrid

zones may

be

by selection against hybrids (Barton, 2001) and therefore

present at least a partial

barrier to

gene

flow. Also, whilst most hybrid

genotypes may be less fit, some may be more fit and could contribute

Regional di
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to evolution in the

valuable

source

conservation,

species. The hybrid

of future

an

zone may

therefore represent

genetic variation and should be

a

target for

a

approach advocated recently by Schneider et al.

(1999).
4.5.5. Conclusions and future work.
This

study has built

Gillies

et

al.

on

the results of Newton

(1997) who found

within Costa Rican C. odorata
the ecotypes seen

a

et al.

(1995, 1999b) and

distinct intraspecific differentiation

The extreme differentiation between

.

in other studies has been confirmed and exists in both

organellar and nuclear DNA. The cpDNA loci identified

are

potential

simple diagnostic markers for discriminating ecotypes. It is clear
that the Central mountain range
gene

it

of Costa Rica is

a

now

significant barrier to

flow between Pacific and Atlantic populations of C. odorata and

likely that substructuring within the haplotype B

is

a

relatively recent phenomenon, possibly representing the result of

a

seems

group

northward colonisation.

The

reproductive compatibility between the ecotypes is unknown, but

pre-

and post-zygotic breeding barriers probably exist, in phenological

differentiation
presence

of

and
a

consequences

hybrid weakness, respectively. The potential

hybrid

for the conservation of mechanisms which maintain

variation and this will
of the ecotypes must

require further investigation. The compatibility

be established and

environmentally intermediate
carried out, to

7J>

.

on a I

may

breeding strains

target area for in situ

J\t

zones

a more

detailed

survey

of the

between dry and moist should be

look for the presence of natural hybrids. If ecotypes are

interfertile, then there
commercial

within the species has important

zone

be opportunities for development of
as

well

as

identification of

an

important

conservation.
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for future work have been identified.

Clearly further data need to be gathered to understand the significance
of the

population diversity levels observed in Costa Rican C. odorata.

Specifically, comparisons with material collected from populations in
South America will have to be carried out to establish whether

low

population diversity levels

species,

a

are a

conservation and management

may

not

rangewide characteristic of the

founder effect due to colonisation

impact. If it is the latter, there

or

or a

be important

result of human

consequences

for the

of the species.

Finally, the study needs to be expanded to investigate the extent to
which barriers such

contemporary

as

the Cordillera de Talamanca

are

affecting

differentiation in the species. To investigate the

dynamics of gene flow it would be valuable to obtain direct estimates,
using microsatellites for example. Also, the present study was only able
to encompass

Costa Rican populations, thereby failing to follow the

Cordillera de Talamanca to its full extent, a further 100 km south into
Panama. An extension of the survey to cover

should

provide

an

Panamanian populations

insight into the role that the mountain ranges play in

shaping the lowland flora of southern Central America.
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Cedrela

(Meliaceae, Swietenioideae) in Central

America.

5.1.

Introduction.

Population structure is the product of both historical and contemporary
influences

(Hewitt & Butlin, 1997). For

C. odorata it is necessary to
which

have

a

a

widespread species such

broad geographical context against

population structure at smaller scales

wide distribution

structure of the

processes

such

may

be understood. A

implies that large scale events such

movement, and climate

as

change will have had

some

as

geological

influence

on

the

rangewide population. The interaction of population

as

migration, mutation and drift with these events acts

to

shape contemporary population structure. Using appropriate tools, it

is

possible to detect the imprint of those changes in the distribution and

relationships of the variants within

a

species.

Phylogeographic analysis synthesises genetic data and information
from

many

independent

archaeology (Avise,

be understood

influence

on

e.g.

geology, palynology and

1987; Bermingham & Moritz,

historical events that have

geographical frame

sources:

1998). The

shaped the region of interest provide the

which the phylogeny of the study organism

may

(Dumolin-Lapegue et al., 1997b). Importantly, the

of historical processes

of vicariance and dispersal

on

phylogeny is most likely to be successfully dealt with at large scales,
where

the

confounding factors of contemporary

gene

flow and

are

less likely to obscure the phylogenetic signal. This has

been illustrated

clearly in studies of European Oaks (Dumolin-Lapegue

homoplasy
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al., 1997b) and North American Liriodendron tulipifera (Sewell et

al., 1996) amongst others.

A

phylogeographic

differentiated

approach

also

can

identify

genetically

geographic regions, particularly when the analysis is

comparative (Schaal et al., 1998). Phylogenetically distinct clades
within

species

can

be

targeted

for

conservation

efforts

as

Evolutionarily Significant Units (ESUs, Ryder, 1986; Moritz, 1994)
and

geographic patterns

can

be defined, which

can

help focus regional

strategy. Therefore, to develop the most effective policy, it is necessary
to

interpret the contemporary population structure of

the context of the

species within

long term history of the region in which it

5.1.1. Central American
The

a

grows.

history.

region of interest in this study is tropical Central America between

southern

Mexico

and

northern

Colombia,

encompassing Belize,

Guatemala, Honduras, Nicaragua, Costa Rica and Panama (Fig. 5.1).
Present
more

day Central America is

than

a

a

region rich in diversity: there

are

still

quarter of a million square kilometres of primary

vegetation, around 24,000 plant species (of which

some

endemic) and nearly 3000 vertebrate species (of which

over

5000

are

1000

are

endemic, Myers et al., 2000). Central America is one of the most
biodiverse

regions in the world and

a

primary target of global

conservation efforts.

Four main historical influences have

America: the
the

shaped contemporary Central

separation of the North and South American land

masses;

uplift of the Andes and proto-Central American mountains; the rise

of the Isthmus of Panama and the climatic

changes of the Pleistocene

epoch (Burnham & Graham, 1999; Fig. 5.2). To fully understand the
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current

diversity of Central America and the patterns of variation

within and between its

species,

a

geological context is required.

Geological history.
In the

pre-Cretaceous period the African, North and South American

continental

plates had formed and begun to disperse with the
(ir.iu.fe
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Figure 5.1: Relief map of Central America, showing country locations. Regions
of mountainous territory are evident in central Costa Rica, Honduras and
southern Guatemala. Inset: location of Central American region shown in main
figure.

Rangewide diversity in Cedrela odorata

183

i.

Population

appearance

structure and phylogeography

of the

precursors

of two Neotropical

trees

of the Gulf of Mexico and Atlantic Ocean.

During the early Cretaceous (120 Mya), oceanic expansion continued
and South and North America
were

separated by

Africa

were

a

(including the proto-Central America)

deep oceanic basin, although South America and

still in contact

across

the nascent southern Atlantic. It is

likely that at this time the early Antillean islands had begun to form to
the south of Mexico and

by the late Cretaceous, offered

chain" land link between South and Central America

From the Eocene

would

(Fig. 5.3).

(50 Mya) onwards the plate movements began which

a

stationary region of crust,

was

passed by westward

movement of the North American and South American

(greater) Antilles

effectively pushed through the

were

North and South America and towards their

submarine volcanic

arc

American continental

around 30 Mya.

plates began to

plates. The

gap

between

present-day position in the

northeast Caribbean Sea. The Lesser Antilles would

Pacific

"island

produce today's Caribbean region. The 'Caribbean plate',

essentially

a

an

At the

come

begin to form from
same

time, the two

into contact with the

plates, causing the subduction of the Pacific plates beneath the

American and the

gradual uplift of the western edges of the American

plates. The final stage of the formation of present day Latin America
was

the continued formation of Central America

southward, until

collision between this

growing land

movement of the South

American plate formed the Panamanian land

mass

and the northwestward

bridge between 5 and 3 Mya (Coney, 1982; Burnham & Graham,
1999).
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formation of contemporary Central America (from Janzen, 1983). The Isthmus
of Panama was finally closed between 3-5 Mya.
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A

quick

summary

of Central American geological history largely

ignores the significant complexity of the region:
that

trees

many

of the

processes

produced the current formation remain unclear. To briefly

summarise: North and South America became
around 200

allowing

Mya;

a

chain of volcanic islands

some contact

became the Greater

South American

separated by

arose

ocean

around 70 Mya

between North and South America, these later

Antilles; the uplift of the western edges of the

plate and mountain-building in proto-Central America

produced the Andes and Central American mountains and finally
collision

of the

South

American

plate with Panama formed

a

continuous land link between South and Central America.

Pleistocene climate
The fourth

change.

major historical influence to have significant impact

on

the

species makeup of Mesoamerica was the series of climatic changes that
accompanied the glaciations of the boreal latitudes during the
Pleistocene
from

(1.6-0.01 Mya) (Prance, 1982; Toledo, 1982). It is clear

several

sources

of evidence

that

the

tropics experienced

significant climatic change during these events, despite the
held

opinion that the tropics represented

Pollen data from Colombia
Costa Rica

areas

once

widely

of stability (Bush, 1994).

(Van der Hammen & Gonzalez, 1960),

(Islebe & Hooghiemstra, 1997) and Guatemala (Leyden,

1984) make clear that the mountainous regions of the Mesoamerican

tropics became colder and the tree line descended by as much as 1500
m.

Evidence also exists for

environment

significant

sea

level (Golik, 1968), local

(Leyden, 1984; Hodell et al., 1991) and vegetation change

(Toledo, 1982; Leyden, 1984; Islebe & Hooghiemstra, 1997).

Although the glaciations did affect the tropics, the precise nature of
those

changes is disputed. The geological record clearly shows the
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temporal coincidence of vegetation and sea-level change with increased
glaciation at high latitude, but the effects of these changes
of the time must be inferred

environment. There is
and faunal

the flora

by comparison with the contemporary

disagreement

as to

how particular extant floral

assemblages would respond to climatic change and what

those responses

The

on

would mean for the past.

consequences

of climatic

change

for

Mesoamerica

were

significant. A major reduction in the extent of the moist rainforest
occurred

(Williams et al., 1998; Hewitt, 2000) and it probably

fragmented into refugia in southern Mexico and northern Colombia,
following

significant

a

aridity increase in the Honduran and

Nicaraguan uplands (Leyden, 1984) and in
dryness such

as

areas

of contemporary

Guanacaste in northwest Costa Rica. A detailed

analysis of the distribution patterns of several forest species has been
carried out

by Toledo (1982), and he pinpoints several

southern Mexico where rainforest may

areas

of

have persisted in refugia (Fig.

5.4). He notes several anomalies in the floral inventories of the region
such

as

the

high number of dry-tolerant species in rainforest

the presence

substantial

areas

and

of montane elements in lowland forest, suggesting

vegetation change. Similar work has been done in the

Choco, northern Colombia, currently one of the worlds' wettest and
most

species rich

areas.

Gentry (1982) noted the region's

very

high

diversity and particularly high endemism and suggested that rainforest
has very

climate

probably persisted here, in

a

refugium, throughout periods of

change. The isolating influence of the Andes on the flora of

northwest Colombia is also
here is with Central

clear, in that the overriding species affinity

America, rather than Amazonia.

liversity in Cedrela
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Figure 5.4: Sites of postulated forest refugia in Central and northern South
America (Gentry, 1982; Prance, 1982; Toledo, 1982)- The sites have been
proposed on the basis of current species endemism and climate factors.

It

seems

likely that Pleistocene climate change,

the historical
of the most
the

as

the most recent of

perturbations of the Mesoamerican tropics, would be

significant influences

one

the contemporary flora. Many of

on

species influenced by the vegetation changes of the period are

unlikely to have yet had time to fully recover. Certainly, as it is only
approximately 600 generations (for a tree species maturing in 20 yrs)
since the end of the last

glaciation,

a

genetic imprint of the post-glacial

migration is unlikely to have become obscured.
Human
Human

impacts.
impact has been the most recent and possibly most significant

event to affect

is

Central America. Human colonisation of the Americas

thought to have occurred during the ice ages when routes into North
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America would have been open

(Williams et al., 1998). Immigrants

then continued southward into Central and South America. From

ca.

10,000 BC modern humans have been present in Mesoamerica (Robin,

2001). Major technologically sophisticated civilisations such
Olmec

as

the

(southern Mexico Gulf coast) Maya (Yucatan, Guatemala, Fig.

5.5) and Aztec (Central Mexico) flourished in this region until the
European conquest began in the
Central America the native

fragmented in smaller
Costa

16th

peoples

groups

century. In the southern parts of

were

such

as

less well organised and

more

the Chorotegas (Guanacaste,

Rica), Fluetares and Talamancas (Atlantic slopes and Central

valley of Costa Rica, Boucher et al., 1983).

Figure 5.5: The region of Central America occupied by the Mayan civilisation
(Robin, 2001).

In the forests of Central

America, these cultures primarily practised

shifting "slash and bum" agriculture

-

clearing

areas

for

crop

growing

(Janzen, 1983) and then moving on after one or two seasons to a new

Rxmgewide diversity in Cedrela odorata
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site, allowing the cleared
allowed cultivation

on

what

areas to
were

regenerate. Shifting agriculture

relatively nutrient-poor soils. In

areas

however, relatively large scale deforestation

taken

place. Pollen

Darien in Panama

cores

(Bush & Colinvaux, 1994) indicate that, prior to the

were grown

dramatic decline in the
to

have

from Guatemala (Leyden, 1984) and the

European conquest of the region, substantial
(maize, beans)

appears to

some

areas

of agricultural

crops

where today there is mostly forest. The

indigenous population following conquest due

persecution and disease (Parsons, 1975) resulted in the reversion of

these cleared

to

areas

forest in around 350 years. However,

the

contemporary richness of these forests suggests that local biodiversity
was

maintained

during the agricultural period (Bush & Colinvaux,

1994).

The most
50 years.

significant impact of human activity has been
In this time,

has been removed
consequences

a

or

over

the past

total of 80% of the original primary vegetation

disturbed

(Myers et al., 2000), with unknown

for the native ecosystems. The potentially sustainable

system of shifting agriculture has largely given way to widespread

permanent clearance. In combination, the long history of human

occupation of the region and the dramatic effect of recent human
impacts have the potential to severely confound any geographically
based

study. However, with

strategy it should be

a

careful selection of marker and sampling

possible to reduce these influences.

5.1.2. Evolution oftaxa and historical events.
The

geological and climatic processes that have shaped neotropical

ecosystems have left

their mark

but the effects have been very
number of

on

the distribution of flora and fauna,

different for different life forms. A

biogeographical studies have been carried out for Central
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America. For

reptiles, Savage, (1982) proposed

vicariance and

complex pattern of

dispersal following the connection, separation and

rejoining of the North and South American land
that the

a

masses.

He suggested

contemporary Central American reptile fauna showed

distinction from the Southern families
isolation of

resulting from

a

a

clear

period of

tropical forms in the proto-Central American region by

cooler climates to the north,

prior to formation of the Panamanian land

bridge.

The

findings for reptiles contrasted with the patterns

seen

for mammals

(Savage 1974; Webb, 1978; Marshall et al., 1979). No distinct Central
American element exists for mammals,

dispersal ability. The pre-Isthmian fauna
and

following connection there

was

probably due to
was

an

a

greater

clearly North American

"extensive and balanced

exchange" of North and Southern American elements. A greater

speciation rate amongst the migrants from the north however, resulted
in

an

asymmetrical pattern of extant species, with 53% of South

American

species derived from northern immigrants compared to only

10% of North American fauna derived from the south
Burnham &

(Webb, 1991;

Graham, 1999).

The historical

biogeography of freshwater fish has been investigated

thoroughly in the lower Central American region (Costa Rica to NW
Colombia) and is summarised by Bermingham & Martin (1998). They
examined

intraspecific genetic variation in three genera of freshwater

fish, using sequence data from the mitochondrial genome. A striking
outcome of their

results is the differentiation between the Pacific and

Atlantic watersheds: the limited
a

clear effect and

dispersal ability of freshwater fish has

subsequent to initial colonisation of Panama,

populations evolve in isolation from each other. They were also able to

sity in Cedrela oa
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discern

original colonisation from South

an

followed

to Central

America,

by isolation and re-invasion after the rise of the Isthmus of

Panama.

For

angiosperms, Raven and Axelrod (1974) found that,

the North and South American landmasses

were

formation of the Panamanian

was

Isthmus, there

of flora between them. A later

finding, pointing out that
endemism

in

Central

whilst

separate, prior to the

considerable exchange

study (Gentry, 1982) backed this

few taxa

very

even

America.

appear to

From

have

a centre

of

family comparisons, the

contemporary angiosperm flora is primarily of South American

affinity. However,
neotropical

many

questions regarding the biogeography of

flora remain unresolved.

neotropical species

A

significant number of

distributed pan-neotropically, yet remain

are

taxonomically coherent species
dispersive mating ability

or a

-

but whether this reflects highly

recent and rapid range expansion is

unresolved.

The influence of

geological events and climatic changes

the distributions of

a

are

evident in

number of different Central American groups.

In

particular, it is clear that dispersal from South to North America
occurred for many

different

Isthmus of Panama. In
then isolated in the

a

number of

a

many

cases

these

tropical families

were

subsequent formation of the land bridge

substantial invasion of

general, for

prior to the formation of the

proto-Central American peninsula by the temperate

environment to the north. The

brought

groups

new

migrants for all

groups.

In

of the flora and fauna of Central America, distinct

biogeographic patterns have been revealed reflecting the significant
influence of vicariance and

dispersal, extinction and colonisation

on

the

populations of this dynamic and diverse region.

Rangewide diversity in Cedrela ode

193

Population structure and phylogeography of two Neotropical trees

5.1.3. Cedrela odorata

Spanish Cedar (C. odorata) is

(Spanish Cedar).
neotropical member of the hardwood

a

family Meliaceae (Swietenioideae), well known for high quality and
high value timber. The species (and the family) has
human

exploitation and is still

a

a

long history of

valuable commodity, used in furniture

making and construction (Lamb, 1968). C. odorata is distributed from
the Mexican Pacific coast at 26°N and the Mexican Atlantic coast at

24°N, throughout Yucatan and all of lowland Central and South
America to

northern

Argentina at 28°S, including most of the

Caribbean islands.

The tree is deciduous and grows

where soils

are

not

in both dry and moist lowland

areas

flooded, up to around 1200 m altitude. It is a fast

growing, light-demanding species (Lamb, 1968; Chaplin, 1980; Valera,
1997) reaching 40
Meliaceae,

the

m

in height and 120

cm

is monoecious

species

diameter. As with other

(flowers

are

Pennington et al., 1981, and pollinated by small bees,

unisexual,
wasps

and

moths, Bawa et al., 1985b). Flowering occurs annually in 10-15 year
old trees, and a

good seed

crop

is produced

every

1-2

years

(ICRAF

Agroforestree database). Seed dispersal is by wind.

The value of C. odorata has resulted in
the

species in its natural habitat for two centuries. A number of studies

have been carried out
the known
as

on

the species

within Costa Rica, focussing

on

intraspecific variation within the species, manifest primarily

tolerance for both

dominance
et

significant over-exploitation of

dry and moist habitat. Genetic variation in apical

experiments (Newton et al., 1995) RAPD analysis (Gillies

al., 1997) and Hypsipylla grandella resistance (Newton et al.,

1999b) identified two types within the species in Costa Rica, correlated
with habitat. These studies

diversity in C

(Newton et al., 1995, 1999b; Gillies et al.,
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1997) indicated that the environmental 'tolerance' has

a

genetic basis

and that

ecotypic differentiation has occurred within the species. To

date,

work has been done

no

intraspecific variation on

a

on

characterising the extent of this

rangewide scale.

5.1.4. Aims.
This

study aims to investigate the phylogeographic structure of the

Central American
markers will be

population of C. odorata. Universal chloroplast

employed to identify patterns of population structure

reflecting the seed dispersal history of the species. The geographic
extent of the

population subdivision

1997 and Ch.

causes

for this

taking into account the history of the

Central American Isthmus and other

Trees

in Costa Rica (Gillies et al.,

4) will be assessed, and possible

differentiation will be determined

5.2.

seen

potential contemporary influences.

Methods.

were

sampled

as

specified in Ch. 2. Four populations

were

sampled from each of Mexico, Guatemala, Honduras and Nicaragua.
Three
were

populations

sampled from Panama and ten populations

sampled from Costa Rica. All populations

individuals.
and

were

were

sampled for 20

Population details and locations are specified in Table 5.1

Fig. 5.6.

Extraction of

genomic DNA and PCR-RFLP

were

carried out

as

specified in Ch. 2. Screening for mutations was undertaken in two
steps: initially one

populations

was

individual from each of the ten Costa Rican

analysed for variation in all of the universal cpDNA

primer pairs (Ch. 2) using several restriction enzymes (4-base: HinfI,
Mspl, Alul, HaeIII; 6-base: EcoRN, PstI, Hindlll) to find polymorphic
markers

which

would

enable resolution

at

the

smallest scales.

Subsequently the whole collection was screened using the polymorphic
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Table 5.1:

Names, locations and basic environmental data (FAO, 1985) for
populations of ^ odorata use(j jn rangewide analysis of chloroplast diversity.
Latitude

Population

(N)

Longitude
(W)

Sampling

Altitude

No. of

Precipitation

Mean

method

(m)

dry

/mmyr"1

annual

months

temp
/°C

Panama
o

Gualaca

OO

Las

8° 20'

to OO

82° 24'

cambium

150

4

4000

26.9

81° 86'

cambium

20

4

3500

26.9

<N

80° 98'

cambium

100

4

2500

26.7

Horizontes

10° 74'

85° 59'

leaf

200

5

1500

27.0

Puriscal

9° 93'

84° 29'

leaf

900

5

2400

25.0

Lajas

OO

San

o

Francisco
Costa Rica

Canas

10° 20'

84° 95'

leaf

100

5

1829

27.0

Palo Verde

10° 35'

85° 35'

leaf

50

5

1824

27.0

Hojancha

10° 09'

85° 37'

cambium

250

5

2232

27.0

Jimenez

10° 21'

83° 61'

leaf

240

1

4465

22.1

Talamanca

9° 63'

82° 85'

leaf

75

0

2467

25.6

Upala

10° 79'

85° 03'

cambium

150

4

2558

25.0

Pacifico

OO

82° 85'

cambium

40

0

4089

26.8

9° 33'

83° 65'

cambium

700

4

2934

23.3

Ometepe
Masatepe

11° 49'

85° 49'

leaf

40

6

1500

27.3

11° 90'

86° 14'

leaf

450

6

1880

27.3

Wabule

12° 88'

85° 68'

leaf

600

6

1750

27.3

La Trinidad

12° 99'

86° 23'

leaf

600

6

1700

27.3

Meambar

14° 83'

OO OO

o

o

leaf

600

1

2425

22.0

Taulabe

14° 83'

OO OO

o

b

leaf

633

1

2425

22.0

Comayagua

14° 15'

87° 62'

leaf

579

5

1052

24.4

La Paz

14° 42'

87° 05'

leaf

726

3-4

1976

22.0

14° 25'

90° 28'

leaf

737

6

1552

23.6

o

Sur
Perez

Zeledon

Nicaragua

Honduras

Guatemala
Los

Esclavos
ElIdolo

14° 43'

91° 38'

leaf

300

5

3010

26.0

Tikal

17° 23'

89° 62'

leaf

250

5

2500

30.0

San Jose

17° 18'

89° 86'

leaf

235

5

1300

26.0

Calakmul

18° 45'

88° 32'

leaf

300

5

1450

24.5

Bacalar

18° 29'

leaf

15-300

5

1450

24.0

19° 36'

89° 15'
88° 02'

leaf

50

5

1450

24.0

18° 40'

90° 90'

leaf

100

5

1198

24.0

Mexico

Zona

Maya
Escarcega
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markers identified in the Costa Rican

samples, namely trnK-trnK,

trriF-trnV, trnS-trnG, all digested using Hinfi. Due to amplification

problems, not all populations could be screened for all 20 individuals
and those from Guatemala and Panama

individuals. Pons & Petit
studies of population
as

were

assessed

(1995, 1996) emphasise the importance, for

subdivision, of increased numbers of populations

opposed to increased within-population samples,

sets from Guatemala and Panama

All individuals

were

using only five

were

characterised for

so

the reduced data

included.

haplotype and the data set

was

analysed for within-population (hs) and total (hx) diversity and level of
population subdivision for unordered (Gst) alleles using the
HAPLONST.

A minimum

spanning network

was

program

constructed in

MINSPNET, by scoring fragments as unordered multistate characters
and

preparing

a

pairwise distance matrix between the haplotypes.

Incorporating the phylogenetic information from the network into the
analysis,

an

estimate of population subdivision for ordered alleles (NSt)

was

obtained, where:

N$x

=

1

—

(Vs / v-r)

(calculated using HAPLONST), where vs is the average within
population diversity, and

vT

is the total diversity, taking into account

phylogenetic relationships. A test statistic, U, comparing the values of
Nst and Gst was also produced (Pons &

Environmental data for each of the

precipitation,
temperature)

mean

were

Petit, 1996).

population sites (mean annual

number of dry months and mean annual

investigated by grouping sites according to their

population haplotype and carrying out a one-way analysis of variance
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(ANOVA) using MINITAB 13,
for

to look for

possible ecological

causes

population subdivision.
5.3.

Results.

A total of 79
approx.

the total

primer /

enzyme

combinations

were

38,000 bp of the C. odorata chloroplast

used to examine

genome,

considering

length of all amplified fragments. Examining Costa Rican

individuals

only, this revealed 76 monomorphic and three clearly

polymorphic restriction patterns (Figs. 5.7-5.9). The polymorphic sites
comprised nine indels
characterised five

(insertion / deletion

mutations),

which

haplotypes (Tables 5.2 and 5.3).

Figure 5.7: The site mutation in chloroplast fragment trnU-trnK (HK) after
digestion with restriction endonuclease Hinfl. The two samples on the left,
without the restriction site, are from the Pacific Northwest of Costa Rica. The
four samples to the right are from the Atlantic watershed of Costa Rica.

Rangewide diversity in Cedreta odorata

199

Population structure and phylogeography of two Neotropical trees

* as# m •*(

a*

tea#

bj'SSl

*te»-ss#

»■■»«# %"■ «t

<
<
<

tew#

Figure 5.8: The indel mutations in chloroplast fragment trnF-trnV (FV) after
digestion with restriction endonuclease Hinjl. The samples are, from left, 100 bp
size ladder (Promega), Samples from Panama; Northwest Pacific Costa Rica;
Atlantic Costa Rica; Escarcega, Mexico; Zona Maya, Mexico; La Trinidad,
Nicaragua; Masatepe, Nicaragua; Honduras.

Figure 5.9: The indel mutations in chloroplast fragment trnS-trnG (HamB) after
digestion with restriction endonuclease HinfL The samples are, from left, lOObp
size ladder, samples from Panama (x2), Atlantic Costa Rica, Honduras,
Nicaragua (x2), Guatemala (x2), Mexico.
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Table 5.2:
genome

Details of

polymorphic fragments identified in the chloroplast

of C. odorata.
Abbrvn.

Fragment

Reference

Restriction

No.

enzyme

variants

3500

Hinjl
Hinfl

3

800

Hinjl

5

Approximate
size /

trnU-trnK

HK

trnF-trnV

FV

trnS-trnG

FlamB

Demesure et at.

bp1

1800

(1995)
Dumolin-Lapegue et at.
(1997a)
Hamilton (1999)

3

tbased on genome of Nicotiana tabacum.

Table 5.3: Description of haplotypes identified. 1,2,3 indicate character state of
fragment present, in decreasing order of size (bp). Mutations are also labelled in
decreasing order of size - e.g. FV1, FV2.

Polymorphic fragments
HK1

FV1

FV2

HarnBl

1-510

1-380

1-370

1 -410

1-390

2-240

2-360

2-340

2-400

2-330

3-390

3-320

indel

indel
2

3-230

Haplotypes

indel

indel

indel

HamB2

1

2

1

1

1

2

2

1

1

3

1

3

1

2

2

1

3

4

3

1

2

2

3

5

3

1

2

2

2

Almost all of the

populations

were

fixed for

a

single haplotype (Table

5.4), hence within-population diversity was very low, hs = 0.03.
However, the total diversity was relatively high, hT = 0.70 (Table 5.5).

Only three of the 29 populations screened showed any within-

population diversity: San Francisco in Panama, Upala in Costa Rica
and Los Esclavos in Guatemala. Of these the former two are 'border'

populations at the edge of a transition between populations fixed for
one

a

type to

populations fixed for another. The latter is the only case of

private haplotype (i.e. occurring in only one population) detected

during the study. The level of population subdivision, analysed using
HAPLONST,

was very

of within-population

high, GSt

=

0.96 reflecting the very low level

variation observed.
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Table 5.4: Distribution of

America.

Haplotypes

are

haplotypes within populations of C. odorata in Central
detailed in Table 5.3.
Haplotypes

Population
1

2

3

4

5

Total

5

5

Panama

Gualaca
Las

Lajas

5

San Francisco

1

5
4

5

Costa Rica
20

Horizontes

20

Puriscal

20

20

Canas

20

20

Palo Verde

20

20

Hojancha

20

20

Jimenez

20

Talamanca

20

20
20

Upala

19

20

Pacifico Sur

20

20

Perez Zeledon

20

20

Ometepe
Masatepe

20

20

20

20

Wabule

20

20

La Trinidad

20

20

1

Nicaragua

Honduras

Meambar

20

20

Taulabe

20

20

Comayagua

20

20

La Paz

20

20

Guatemala
5

1

Los Esclavos

4

El Idolo

5

5

Tikal

5

5

San Jose

5

5

Mexico
20

Calakmul

20

Bacalar

20

20

Zona

20

20

Escarcega

20

20

Total

99

Maya

1

259
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9
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Table 5.5: Mean levels of population and total diversity and level of population
subdivision, for 29 populations of C. odorata throughout Central America,
standard errors are given in brackets. All estimates were calculated using the
software HAPLONST. NSt is based on the minimum spanning network in Fig.

5.10.
Number of Populations:

29

Arithmetic

16.4

Harmonic

mean

mean

pop.

pop.

size:
size:

hs
hT
Gst

11.60

0.03 (0.02)
0.70

0.96

(0.05)
(0.03)

0.01

Nst

(0.01)
(0.04)
0.98 (0.01)

u

1.41

vs

0.70

Vt

Using the number of mutational steps between haplotypes and
assuming

a

most parsimonious route of evolution, MTNSPNET

(Excoffier & Smouse, 1994)

was

used to construct

a

minimum

spanning network of haplotype relationships (inset in Fig. 5.10). There
are

three

haplotype lineages,

as seen

One is in Mexico and Guatemala

called 'Northern'

(including two haplotypes; henceforth

lineage), the second in Honduras, Nicaragua and

northwestern Costa Rica
eastern

in the geographical relationships.

(a single haplotype; 'Central') and the third in

and southwestern Costa Rica and Panama

(including two

haplotypes; 'Southern'). The two haplotypes within the Northern
lineage and the two within the Southern lineage are each separated by a

single mutational step, and the Northern and Central lineages are each

distinguished from the Southern by three steps. The network does not
reflect the
was more

geographical distribution exactly,

as

the Northern lineage

closely related to the Southern than to the geographically

proximate Central lineage.

Rangewide diversity in Cedrela odorata
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Haplotype 1
Haplotype 2
Haplotype 3
Haplotype 4
Haplotype 5

-~r>
*

»

•v. \

Precipitation (mm / yr)
0-100
101 -200
201

-

400

401

-

600

Costa Rica

601 -1000
1001 -1400
1401 -2000

2001
2801

-

2800

-

4000

4001

-

5600

5601

-

8000

Pacific Ocean

8001 -10000

10000-12000

200

0

200

400

Miles

Figure 5.10: Main: The geographic distribution of cpDNA haplotypes in C.
odorata, circles are pie-charts representing numbers of individuals sampled
(large = 20, small = 5). The haplotypes are superimposed upon the annual
rainfall map of Central America, showing the restriction of the 'Northern' and
'Central' lineages to areas of lower rainfall. Inset: Network of the cpDNA
haplotypes. Bars on connecting spans indicate minimum numbers of individual
mutations (see Table 5.3 for details): a - HamBl (state 1 - state 3), b - HamB2
(1-2), c
HamBl

HK2 (1-2), d - HamBl (1-2), e
(1-2), h - HK1 (1-3), I - FV1 (1-2).

-

Rangewide diversity in Cedrela odorata

-

FV2 (1-2), f

-

HamB2 (2-3),

g

-
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The Nst estimate

(Nst

=

0.98)

different from the Gst estimate

greater than and significantly

was

(Gst

=

0.96, Table 5.5, U

0.01; Pons & Petit, 1996), although both values
value greater

than Gst

tend

distributed

be

to

may

were very

=

1.35,

p

<

high. An Nst

be obtained when divergent haplotypes

between

populations, rather than within

populations (Lynch & Crease, 1990). When haplotypes found in the
same

population

closely related, Nst will be close to 1.00 and the

are

genetic distance between haplotypes from different populations gives
an

&

indication of the extent of differentiation between

Petit,

1996). In other words, the geographic distribution of

haplotypes has

a

phylogenetic component. This is the

odorata in Central America:

regions

populations (Pons

are

case

for C.

populations from different geographic

strongly differentiated and the divergence corresponds with

phylogenetic differences.

A number of environmental variables

number of dry

(mean annual precipitation,

months and mean annual temperature)

were

mean

examined in

conjunction with the distribution of haplotypes. To determine if any of
these correlated with the described

for all

phylogeographic pattern, site data

populations (Table 5.1) within each of the three haplotype

lineages (Fig. 5.10)

were

pooled and

group means

and variances

compared (population Upala was classed as being of the Southern
lineage). Two variables in particular showed significant differences
between sites:

mean

annual rainfall and number of dry months.

Populations with Northern and Central lineage haplotypes were found
to

experience generally lower annual rainfall (mean = 1738 and 1884

mm

/ yr,

respectively) and

annual number of dry

wetter, with shorter
For the

Rangewu

mean

months,

dry

more

pronounced seasonality (greater

mean =

seasons

4.04). Southern

(means

=

3314

mm

annual rainfall data, Southern lineage

livers itv in Cedreh.

/

group

yr,

sites

were

2.6 months).

populations

were
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significantly different from the Northern and Central
populations (Figure 5.11, ANOVA: F
freedom

2). The contrast

=

distributions onto

illustrated by plotting haplotype

of Central American annual rainfall patterns

mean

number of dry months, Southern and Central

lineage populations
populations

significantly different, but Central lineage

were

significantly different from Southern lineage

were not

populations. (Figure 5.11, ANOVA: F
freedom

=

2). The

mean

substantially

were

17.60, p < 0.000, degrees of

map

a

(Fig. 5.10). For the

was

=

lineage

5.92,

=

p <

0.008, degrees of

values for the Central and Southern lineages

different

however,

(4.6

and

2.6

months

respectively).

Populations possessing Northern and Central lineage haplotypes
generally located in

zones

are

of lower annual rainfall, separated by the

very

wet region from Southern Belize to Pacific Guatemala. There is

also

a

significant wet and mountainous region separating the Mexican

populations from those
two

on

the Pacific coast of Guatemala. However the

disjunct Guatemalan populations found on this coast show the

same

haplotype

levels of

as

the Yucatan populations, and the sites have similar

seasonality (5-6 dry months). The distribution of Southern

type populations starts

where the

zone

of higher rainfall begins in the

Pacific northwest of Costa Rica.

5.4.

Discussion.

5.4.1. Level and distribution of
A

diversity.

high level of variation was detected in the C. odorata cpDNA

genome

0.03)

(hT

=

0.70) although the within-population diversity (hs =

was very

low. Due to this strongly biased partitioning of

variation, the level of population differentiation was very

high (Gst

=

0.96). Three clear haplotypic lineages were detected with populations

ity in Cedrela
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Hon structure

Southern

and phylogeography

Central

Haplotype

of two Neotropical trees

Northern

group

I

Southern

Central

Haplotype

Northern

group

Figure 5.11: Above: Group means and 95% confidence intervals for annual
rainfall

for all

populations in the three principal haplotype regions. Below:

Group means and 95% confidence intervals for number of dry months for all
populations in the three principal haplotype regions. Results from the
corresponding ANOVA are given in the text.
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distributed in three distinct

trees

geographic regions (Northern, Central and

Southern).

Chloroplast DNA has shown strong population differentiation in other
species,

e.g.

European Oaks (GST

=

0.828, Dumolin-Lapegue et al.,

1997b, Table 5.6). The level of population differentiation within C.

odorata, however, is
from the

cpDNA

one

of the highest yet obtained. Partly this stems

particular population genetic characteristics of the angiosperm
(haploid, maternally inherited). The reduced effective

genome

population size results in
differentiation

rapid fixation of

more

of isolated

populations

may

new

occur

mutations

more

so

quickly.

Additionally, where colonisation of new territory has taken place, the
reduced

migratory ability of seed relative to pollen

footprints of the

range

may

leave

expansion in the distribution of cpDNA

haplotypes. Given the extremely high population differentiation in C.
odorata, it
has

a

seems

strong historical component.
5.4.2.

At

a

highly likely that the distribution pattern observed

Rangewide diversity: pattern and possible

rangewide scale, there

are

causes.

three lineages: Central, Northern and

Southern, the latter two of which consist of two haplotypes. The

lineages

are

directly separated from each other by at least three

mutational steps

with the Northern and Central being the most strongly

The distribution of

differentiated.

geographically structured.
involved
to

approx.

1500 km) relative

pollen dispersal distances in the species (maximum

approx.

panmictic, and

Range>

Considering the geographic distances

(maximum interpopulation distance

seed and

distance

haplotype lineages is strongly

hundreds of metres), the collection cannot be

some

genetic structuring

liversity in Cedrela odorata

was to

be expected due to
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genetic drift. However, several aspects of the haplotypic distribution
indicate

The

divergence from a neutral pattern of isolation by distance.

haplotypes

are

distributed with two quite distinct boundaries

between them and very

north,

between

little intergradation. The first boundary is in the

Central

Honduras

and

possessing Northern and Central lineages
but

are

divided

5.1) and there

a

are no

is in the south,
Pacific

by

occupy very

are

there is

an

significantly different in annual rainfall and seasonality

the other lineage in wetter

only mixed population (Upala)
two

area,

corresponding to the genetic divergence.

a

clear relationship, with

lineage in regions of low annual rainfall with

season,

similar habitat

along the mountain ridges that divide the northwest

(number of dry months, Table 5.1). This is
one

trees

mixed-lineage populations. The second boundary

region from the rest of Costa Rica. In this

regions

Here,

broad, mountainous region of higher rainfall (Fig.

environmental differentiation
The

Guatemala.

areas,

occurs

with

a

a

distinct, long dry

short dry

season.

The

at the boundary between these

ecozones.

Furthermore, the genetic relationships of the haplotypic lineages do not
fit

explicitly their geographic distribution. The Northern and Central

groups,
are

despite geographical proximity and similar ecological niches,

genetically the most distinct. The combination of lineage

relationships and the population differentiation estimates provide some
insight

as

to the processes that have produced the observed pattern.

In Mexico and

Guatemala, two haplotypes form a group at almost

complete fixation (one haplotype is a private allele) in populations
from the Yucatan across to the Pacific coast. South of this a

single

Population structure and phylogeography of two Neotropical trees

haplotype is found, at fixation in all populations until northern Costa
Rica. These

lineages (Northern & Central)

differentiated, yet

are

strongly genetically

broadly similar habitat. Quantitative work

occupy

has been carried out for these

populations (Navarro,

pers.

comm.) and

they have been shown to exhibit similar morphological characters.
There

is

apparent environmental barrier to mixing of these

no

populations, but they
and

a zone

of high

are

separated by the relatively rugged topography

rainfall extending from Southern Belize to Western

Guatemala.

The differentiation of the

cpDNA

morphological and ecological
that, whilst seed flow
flow does
reason

occur.

why

gene

analogous to that

1997b) where
southern

a

may

congruence

no

of the two lineages suggests

seen

zones,

clear ecological

flow via pollen should not

occur.

or

pollen

physical

The situation is

in European Oaks (Dumolin-Lapegue el al.,

recolonisation of northern Europe occurred from three

refugial populations. In this

in

when compared with the

be restricted between these

Certainly there is

population differentiation
distinct

genome,

nuclear

was seen

data

case,

a

distinct pattern of

in cpDNA data yet

(Petit et al.,

was

much less

1997). The contrast in

differentiation of the genomes

reflects the reduced migratory ability of

seed relative to

a

pollen. Once

migration event, it is

population
et

as

very

population is established following

a

difficult for foreign seed to colonise the

it is outcompeted by the local established progeny (Petit

al., 1993). In oaks, northward colonisation occurred from three

differentiated

refugia in parallel and significant mixing of haplotypes

occurred

contact

at

zones.

somewhat different. No

In

C.

odorata the situation appears

mixing is evident, suggesting that, rather than

a

simple colonisation, the pattern represents secondary contact between
an

established

population and

Rangewide diversity in Cedrela
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cpDNA haplotypes provides evidence of a colonisation footprint whilst
the

morphological and ecological

convergence suggests

there

may

be

reproductive contact via pollen between the haplotype lineages.

So, if the northern boundary represents

a zone

what caused the initial isolation of the

populations ? The extent of

differentiation between the
isolation

considerable

was

emphasised by the

of secondary contact,

lineages indicates that the period of

(King & Ferris, 1998; Dutech et al., 2000),

presence

of a private haplotype within the Northern

lineage. In each type there is complete fixation of several mutations,

suggesting

a

1999). Such
the

timescale
a

on

the order of millions of years (Ennos et al.,

period of time would permit

proto-Central American Isthmus

was

bridge formed, via long distance dispersal
arc

leading to

an

a

hypothesis under which

colonised before the land
or

through

an

early island

isolated Central American population. C. odorata is

currently distributed throughout all of the Antillean islands, which

may

represent remnants of an ancient colonisation route or at least an
effective

dispersal ability. A pattern of exchange from South to Central

America, prior to land bridge formation has previously been noted in

biogeographical studies of the flora (Raven & Axelrod, 1974) and
fauna

(Savage, 1982). Later colonisation of the land bridge from the

south

(as occurred for most lowland Central American flora, Gentry,

1982; Burnham & Graham, 1999) would then account for appearance
of

new

lineage producing the front seen today. If both contemporary

populations originated from the same southern source population,
evolution of the observed pattern

haplotype in

one or

oaks isolated in

would require loss of the ancestral

both populations

as

has been

seen

for European

refugia (Dumolin-Lapegue et al., 1997b). Alternatively

the colonisations may

have occurred from different

sources.

Population structure and phylogeography of two Neotropical trees

The observed

land

morphological

convergence

bridge dispersal scenario

would also

some

with

a pre-

if the distribution pattern is the

as,

footprint of post-Isthmian colonisation, the
been in existence for

agree

zone

of contact will have

time. In the absence of

reproductive

barriers, pollen exchange could have reduced differentiation in the
nuclear genome. In
nuclear markers,

oaks, there is little population differentiation at

reflecting the dispersal ability of pollen (Petit et al.,

1997) and the footprint of colonisation could only be detected
isolation

by distance effect from east to west

across

as an

Europe (Kremer &

Zanetto, 1997). It would be informative to analyse the northern C.
odorata

populations with nuclear markers to look for

an

analogous

pattern.

The contrast between the Central and Southern
different. Here the

lineages

occupy

terms of both annual rainfall and

5.1). Again, both lineages

are

lineages is quite

significantly different habitats in

seasonality (Figs. 5.10 & 5.11, Table

significantly differentiated, suggesting

a

long timescale process.

There

probably two main hypotheses to explain how this

are

divergence
new

arose.

Firstly,

one type may

be newly evolved, adapted to

and different habitat. This scenario would be

AFFP data

Central

(Ch. 4) which shows

a greater

a

supported by the

level of diversity in the

lineage populations in Costa Rica than in the Southern lineage

populations. The discrepancy could be accounted for by a hypothesis
which has the

colonising

new

Southern lineage evolving more recently,

territory and hence maintaining less diversity due to

founder effect. For this to be the case would
ancestral

rapidly

require loss of the

haplotype in all Southern populations and subsequent

reproductive isolation of the haplotypic lineages.

Rangewide diversity in Cedrela odorata
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repeated colonisation of the Isthmus

with known fluctuations in vegetation type (Williams et al.,

1998; Hewitt, 2000) during the climatic changes of the Pleistocene.
The Central

lineage

have colonised early, during

may

expanded dry vegetation. The Southern lineage
more

recent northern colonisation of

Southern American

a

then represent

a

wet-adapted ecotype from

a

may

population. Again this explanation would

source

correspond with the AFLP diversity contrast (Ch. 4)
Central type

population would have

and be able to maintain

colonisation

by

a

a

expanded

greater effective population size

a

South American ecotype could impact diversity and
indigenous ecotype. The glacial

an

(and corresponding dry periods in the tropics)

longer than the minima (Hewitt, 1999),
of the

as an

greater level of diversity whilst recent

result in reduced levels relative to
maxima

period of

a

so

were

temporally

the expanded population size

dry ecotype would also have lasted for long periods. In species

which have colonised

diversity levels

are

new

territory since the last glacial maximum

likely to be lower than in the refugial

2000). Either of these two scenarios
difficult to

may

areas

(Hewitt,

have occurred and it is

distinguish between them with the present data. However,

there is certain additional information which may

indicate the

more

likely hypothesis.

Firstly, initial colonisation is highly likely to have come from a source

population in South America. Cedrela is an old genus and has been
recorded in
years

pollen samples from at least the Eocene (40-50 million

before present, Morley, 2000) when worldwide tropical forest

cover was

much

present in the

more

extensive. The genus has also been recorded as

proto-Central American Isthmus during the Oligo-

Miocene around 30 million years ago

Rangewide diversity in Cedrek
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been noted that there may

be

Cedrela in Central America
of

lack of

a

a

contemporary centre of diversity for

(Gentry, 1982) this is probably the result

species characterisation in South America rather than

Central American

origin (Pennington, T.,jvers. comm.). The species C.

odorata is distributed

widely throughout the neotropics but has

centred in South America and therefore
has

a

probably

arose

a range

in the south and

subsequently colonised northwards.

Secondly, the Central American Isthmus has probably been colonised
in "waves"
& Martin,

by other species, for example, freshwater fish (Bermingham
1998). This study found strongly differentiated

within several

groups

species of Neotropical freshwater fish, with apparent

shared histories and concluded the

fronts of colonisation. The

likely

occurrence

tropical moist forest

repeatedly fragmented into refugial

areas

was

of successive

substantially and

throughout this region of

southern Central America and northern South America

(Gentry, 1982;

Prance, 1982; Toledo, 1982; Fig. 5.4). Hence, it seems likely on
balance that the pattern

of distribution of haplotypes in Central

America is most

probably caused by repeated colonisation northward

from

several different South American

a

single

or

source

populations.

Repeated colonisation would account for both the genetic evidence and
the additional information

provided by previous biogeographic and

genetic studies.

Another aspect
the

of the haplotype distribution that requires explanation is

apparently disjunct distribution of Northern lineage populations.

From considerations of habitat

the

populations from the Pacific Guatemalan coast would be expected

to be
are

affinity and parallels with other species

Central

lineage. For example, in Gliricidia and Swietenia there

distinct Pacific and Atlantic coast types. In

Ranyewide diversity in Cedn
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Yucatan type,
recommended

species

are

showing cpDNA and morphological variation

was

species status (Lavin et al., 1991). In Swietenia two

recognised, S. macrophylla restricted to the Atlantic

coast

and moist forest and S. humilis restricted to the Pacific coast and

seasonally dry forest (Pennington et al., 1981). The comparison with
Swietenia is

particularly pertinent

Meliaceae and there is

some

doubt

it is also

-

as

a

member of the

to whether S. humilis should be

recognised at the species level (Navarro, pers. comm.). It is therefore
direct

parallel to the

case

of C. odorata. In addition, there is

a

a

single

disjunct population of S. humilis found in southern Yucatan, indicating
some

potential for dispersal

mountainous

One
of

the barrier formed by the wet

region of central Guatemala.

possible influence was the

an

over

ancient and

presence

in the Yucatan and Guatemala

important human civilisation (Fig. 5.5). The Mayan

period lasted for around 1000

years

and had

a

major impact

on

the

region. Janzen (1983) attributes the increased density of S. macrophylla
in Yucatan forests to the
This created gaps

such

S.

as

which, when abandoned,

were

exploited by species

macrophylla. Archaeological records from Ceren in

Guatemala note the
et

Mayan system of slash and burn agriculture.

use

of C. odorata,

possibly for construction (Lentz

al., 1996). It is even recorded as having significance in religious or

medicinal

use

amongst present-day Mayan descendants in Guatemala

(Arvigo & Balick, 1998). Certainly the fact that the wood has such
value

today suggests the possibility that it

was

of value in ancient

times. The

disjunction of populations and homogeneity of haplotype

distribution

across a

material

clear barrier may therefore be due to movement of

throughout the region occupied by the Maya. It

seems

highly

unlikely that the species would ever have been cultivated for forestry in
the contemporary sense,

given its natural regenerative ability and

Rangewide diversity in Cedrela odorata
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ubiquity throughout the forests of the

but perhaps seed of superior

area,

strains could have been traded. Further

light would be shed

on

this

question by the collection and analysis of material from further north in
the range

in Mexico, to establish the haplotypes of populations beyond

the known extent of

Guatemala

Mayan influence. If a boundary similar to that in

found north of the

were

Mayan

area,

it would suggest

human influence.

5.4.3. Conclusions and future work.
C. odorata is
There

five distinct

are

lineages

clearly and strongly differentiated in Central America.

are

distributed in three geographic

and Southern, with
events that have

involve

haplotypes, forming three lineages. These
zones:

clearly defined boundaries. It

produced these boundaries

are

Northern, Central

seems

likely that the

of different origins and

complex interactions of geology, climate and dispersal.

The northern

boundary is most probably

a

reflection of ancient

of vicariance and dispersal. The Northern and Central

processes

similar morphologically and

similar habitats, yet

lineages

are

they

genetically quite distinct. The observed pattern corresponds

are

with that
contact

following

mutations
a

expected from
a

a process

occupy

of colonisation and secondary

long period of isolation. The high number of fixed

distinguishing these two lineages,

as

well

as

the

presence

of

private allele in the Northern lineage, emphasises the length of time

the

populations

mechanism

were

isolated and suggests

a

geological timescale. The

by which this isolation occurred is therefore most probably

colonisation of Central America
of Panama either

s

prior to the formation of the Isthmus

by long distance dispersal

ity in Cedrela odi

or

through

an

island chain.
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The southern

boundary (between Central and Southern lineages) is

ecotypic. The distribution of the
reflects the distribution of

lineages in Central America

two

dry and moist habitat. The distribution of

populations possessing the dry-adapted Central lineage suggests that
colonisation

first

occurred

rainforest extent,

during

The

time of restricted (refugial)

during the Pleistocene glaciations. The northward

colonisation of the Southern type
the most recent

a

is

more recent,

probably following

glacial maximum.

discovery of considerable subdivision of the Central American

population of C. odorata explains to

some extent

the considerable

taxonomic

uncertainty surrounding the species. The monograph of the

Meliaceae

(Pennington et al., 1981) unified

C. odorata,
and C.

a

number of local forms of

including, from Central America C. mexicana, C. longipes

angustifolia. To

C. odorata is

a

very

an

extent this unification was unsatisfactory as

widespread species and exhibits

of

a range

morphological forms and several unresolved systematic problems
remain. For

example it is likely that

forms will be elevated to
pers.

a

number of South American

species status in the future (Pennington, T.,

comm.). Of greater significance to the present study, however, is

the confident identification of

around which
sources

of

a

evolutionarily significant units (ESUs)

regional policy for the conservation of historical

genetic variation in Central American C. odorata

can

be

areas

in

based.

The results of the

which

further

rangewide analysis identify

work

would be

of value.

a

number of

The

taxonomic

work

(Pennington et al., 1981) noted that C. odorata was unified because
there is

a

although

a

continuum of morphological

traits

across

the

range.

So,

partial consideration of the range may offer apparently clear

Rangewide diversity in Cedrela odorc
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explanations, conclusions cannot be drawn until the whole distribution
is studied. Hence, the
the

priority for this species has to be

phylogeographic and diversity analyses to

an

expansion of
the South

cover

American and Caribbean range.

With

comparative data from the whole

range

the significance of the

divergences in the Central American populations could be assessed. In
addition the levels of

cpDNA diversity would be placed in

level context. It would also be informative to prepare an

phylogeny, using samples from throughout the species
from nuclear

as

well

as

organellar

genomes.

a

species-

intraspecific

range

and data

The timing and relative

significance of within-species differentiation could then be fully
elaborated. A

phylogeny should also shed light

on

the mechanism of

colonisation of Central American Isthmus and would
information

on

the

species'

responses

help to provide

to long term environmental

change.

Rangewide diversity in Cedrela odo.
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Principal findings, applications and future

work.

The

continuing rapid degradation of much of the world's primary

vegetation presents
Bawa &

a

significant problem (Nason & Hamrick, 1997;

Dayanandan, 1998). As has been widely acknowledged, the

tropical regions face probably the most immediate threat, with
widespread and largely uncontrolled deforestation (Raven, 1987;
Schemske

et

al.,

1994). Many species, particularly those with

commercial value, are

experiencing loss of census numbers, population

fragmentation and genetic erosion (Rodan et al., 1992; Nason &
Hamrick, 1997; Newton et al., 1999a). As

an

initial step, the

importance of understanding the levels and distribution of genetic
diversity in populations has become widely recognised (Frankham,
1995; Avise, 1996; Schaal et al., 1998; Newton et al., 1999a).

Additionally, the necessity of taking into account the role of historical
events in

producing the patterns of diversity

has been

adequately demonstrated (Avise, 1987; Dumolin-Lapegue et
Hewitt,

1997b;

al.,

1999).

Recent

seen

in extant populations

calls for

new

and wider

phylogeographic studies of plants, particularly in the tropics, emphasise
the

point (Schaal et al., 1998; Hewitt, 2000).

Given the

importance of a genetic viewpoint for understanding species

diversity, it is

necessary to

understand the available tools and the data

they provide and endeavour to design studies appropriately. For longlived

plant species, there is a need to employ tools which reveal

information from both historical events and contemporary
processes

population

(Schaal et al., 1991; Newton et al, 1999a). A combined

approach is both more informative and less prone to misinterpretation.
In addition it is necessary

where gene

Discussu

to evaluate species at both a population level,

flow via seed and pollen dispersal is important and at the
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level, where historical

played

processes

of two Neotropical trees

of vicariance and dispersal will

significant role.

a

This thesis aims to evaluate the extent of

genetic variation in two

commercially important tropical tree species to

answer

specific

questions regarding the conservation and utilisation of forest genetic
Using molecular markers specific to the chloroplast in

resources.

combination with

whole genome

a

tool provides the ability to

patterns of genetic variation due to both historical and
The

events.

molecular

results

obtained have

demonstrated

the

assess

more recent

value

of

a

approach to understanding tropical tree species and have

significantly advanced knowledge of the ecology of both Cedrela
odorata and

6.1.

Vochysia ferruginea.

Vochysia ferruginea

6.1.1.

Principal findings.

The levels and distribution of diversity
line with

in V. ferruginea

were

broadly in

expectation from previous reviews of allozyme (Hamrick &

Godt, 1989, 1996b) and RAPD (Nybom & Bartish, 2000) data. An
element of

selfing

was

inferred from the AFLP data, from analyses of

linkage disequilibrium and comparative calculation of population
differentiation

diversity

was

using distances and allele frequencies. In general,

partitioned within populations (80.51%) and the extent of

subdivision (®st =
for

0.195)

was

slightly higher than estimates obtained

fully outcrossed species (e.g.

®st

=

0.120 for Swietenia

macrophylla, Gillies et al., 1997). Absolute levels of diversity tended
to be

high within populations, but varied considerably, apparently

dependent
known

to

on

the population disturbance history. Those populations

have

been

significantly disturbed showed markedly

decreased levels of diversity.

Discussio
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The

imprint of historical population isolation

isolation

was

apparent in a clear

by distance effect, correlating genetic distance with

an

ecological distance connecting populations around the central mountain
of Costa Rica. The differentiation of the Costa Rican

ranges

populations

was

further apparent in the

complete fixation of

populations either side of the mountain barrier for different cpDNA

haplotypes. With this organellar data and taking into account the fact
that the dominant nature of AFLP data does not

contemporary gene flow but gives

a

provide

an

estimate of

time-averaged estimate of

population differentiation, the implication is that the mountain
has

played

isolating

a

a

historical role in population subdivision, by dividing and

colonising front. However, contemporary

pollen is probably effective around this barrier
structure

was

range

evident in the AFLP data when

gene

as

flow via

significant

no

analysed using pairwise

©st distances and Neighbour-Joining.
6.1.2. Future work.
The data obtained for V.
avenues

ferruginea have identified

for future work that will contribute to

a

number of

a

sustainable

policy for

exploiting the species commercially.

It is

seems

likely that disturbance has

a

significant effect

on

population

diversity levels. Regeneration of populations following logging
to

appears

produce stands of low diversity. However, due to the lack of

complete historical data for many of the populations analysed in this
study it

was

not possible to infer a causative relationship. As an

extension of this work it would be informative to locate
stands of known

history, preferably in the

same

a

number of

general locality,

including undisturbed and regenerating, disturbed stands and obtain
diversity estimates for all. The comparison of diversity levels through
the time series of regeneration

would then give

an

indication of the rate
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at which the
use

diversity of a population

for commercial

Allied to

this,

information

on

which will be of direct

forestry.

detailed population analysis would provide

a more

the

recovers,

trees

spatial dynamics of regeneration. With

planned study, it should be possible to trace the
recolonisation, including seed

sources

a

carefully

process

of

and pollen flow.

Finally, V. ferruginea is distributed from Nicaragua in the north to
northern

Brazil, with the major part of the

obtain

fuller

a

range

in South America. To

picture of the species level and partitioning of diversity

it would be useful to

analyse

a

series of South American populations,

again employing both nuclear and chloroplast-encoded markers. A

comparison of diversity levels would provide
understand the Costa Rican

a

context in which to

population data more fully. Also, through

phylogeographic analysis of cpDNA polymorphism, it
to trace the colonisation

may

a

be possible

history of the species in Central America.

Cedrela odorata.

6.2.

6.2.1.
The most

Principal findings.

significant result for the Costa Rican regional study of

diversity in C. odorata

was

the ecotypic differentiation between

populations in dry and wet regions of the country. Whilst this had been
seen

in

previous studies (apical dominance, pest resistance

-

Newton,

1995, 1999b, RAPDs -Gillies, 1997), it had not been shown as present
in both

organellar and nuclear

of variation between ecotypes

genomes.

In this study, the partitioning

accounted for the major component of

diversity within the Costa Rican range.

Within the ecotypes,

the absolute levels of diversity appeared low

although dry ecotype populations maintained significantly greater
levels than wet ecotype

populations. In both sub-groups, diversity

was
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partitioned primarily within populations (dry
as

-

79.80%, wet

-

trees

52.61%)

expected for long-lived, outcrossing woody species. However, the

wet

ecotype populations

level,

across

were

the central mountain ranges,

ferruginea populations. In the
was

substructured at another hierarchical

case

had been

for V.

seen

of C. odorata, the differentiation

present only in the AFLP data and

markers. An isolation

as

by distance effect

was

was

not

for cpDNA

seen

detected, correlating

genetic and ecological distance most strongly when populations
connected around the mountains to the south. This pattern

were

suggested

colonisation from the south, with a front divided and isolated

a

by the

Costa Rican mountain ranges.

An

five

analysis of populations from throughout Central America identified
cpDNA haplotypes, grouped by geographic region into three

lineages. Present
Central

northern lineage in Mexico and Guatemala;

were a

lineage in Honduras, Nicaragua and Costa Rica, and

lineage in Costa Rica and Panama. The northern lineage

a

a

Southern

was

most

strongly differentiated from the Central lineage, despite being

geographically proximate and occupying similar habitat. It

seems

that this represents a zone

pre-Isthmian

of secondary contact between

colonising population and

a

a

likely

second lineage colonising from the south

following the formation of the land bridge. The Central lineage

corresponded with the dry ecotype found in Costa Rican populations
and therefore shed
differentiation

seen

the Costa Rican

light

some

on

the likely nature of the ecotypic

there. In combination with the data obtained from

study, showing greater levels of diversity in dry

ecotype populations, and

the distribution of the Southern lineage (wet

ecotype) populations, it seems likely that the wet ecotype in Costa Rica
represents a northward
Southern
observed

colonising front. The recent expansion of the

lineage would account for decreased levels of
as

well

as

providing

lineage) populations have

Discussiot

a

a

diversity

scenario in which dry ecotype (Central

longer evolutionary history in Central
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America and

previously larger population size, thereby maintaining

greater levels of diversity.
6.2.2. Future work.
C. odorata has
northern

Central
AFLP

wide distribution, from northern Mexico

very

Argentina. It is

collected from

provide

a

clear priority therefore, that further data is

a

throughout the species

a context

in which to

American

assess

Rangewide data would

range.

the levels of diversity

seen

in the

populations, particularly the within-population

diversity which

characteristic

be extremely low. A species wide

seems to

context would go some way

natural

to

towards indicating the

due

or

to

human

source

of this:

a

impact? A rangewide

phylogeography could also clarify the colonisation hypotheses put
forward here to

explain the pattern of cpDNA distribution observed in

Central America. It would also be informative to

rangewide species using

with the

cpDNA data to

highly variable nuclear locus, such

a

internal transcribed spacer

investigate the
as

the

of the ribosomal DNA (ITS), in conjunction

prepare a

robust intraspecific phylogeny. The

significance of the differentiation within the Central American

populations could then be assessed in systematic terms and the timing
of differentiation events would

help to accept

or

reject the colonisation

hypotheses for Central America.

Additionally, and of particular importance for Costa Rica, is

investigation of the extent to which hybridisation

occurs

between

ecotypes in the northwest of the country. In populations from this

region, there

was a

limited

populations from different

occurrence
ecozones.

introgression of markers from
show

a

closer

a

Discussion

These markers

one ecotype to

another

may

indicate

or may

simply

genetic relationship between sympatric populations.

Migration and survival of
found in

of shared markers between

single

case

one ecotype

in another environment

was

but this only highlighted the intermediate nature
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of the

region and

no

hybrids

definitively identified. Unambiguous

were

confirmation of the existence of

hybrid

a

ramifications for both the commercial
the effective conservation of its

6.3.

trees

zone

would have important

exploitation of the species and

remaining resources.

Conservation and management implications.

Taking account of a species' levels and distribution of genetic variation
is of critical

importance to development of successful conservation

or

management strategies (Holsinger & Gottlieb, 1991; Newton et al.,

1999a). Detailed information
enables

on

diversity and population structure

planning of efficient and effective in situ and

ex

situ

management of genetic resources (Grattapaglia et al., 1998). At the
same

time,

understanding of the distribution and maintenance of

an

variation will facilitate sustainable

exploitation of commercially useful

species.

Conservation

genetics to date has focussed

on

the detection and

prevention of inbreeding depression in small populations (Bawa &
Ashton, 1991). The fragmentation and depletion of populations makes

inbreeding

a

real danger for

rare or

endangered species (Holsinger &

Gottlieb, 1991). However, species with widespread and more numerous

populations
erosion

may

also suffer from the effects of habitat

can

maintenance of the
of

population

(Millar & Libby, 1991; Bawa & Dayanandan, 1998) and

molecular data

case

or

indicate practical methods for the long term

genetic

resource

base (Newton et al., 1999a). In the

widespread species, the greatest risks

are not

generally to the

species existence but to the integrity of the native gene pools (Millar &
Libby, 1991). Indeed, many tropical tree species may be particularly

susceptible

to

population erosion because they

outcrossing and often

occur

are

primarily

at low density (O'Neill et al., 2001).
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Management approaches to maintenance of genetic variation

generally classed in situ (or circa situ, Lowe
2001)

situ. Genetic data

or ex

can

et

are

al., 2000; O'Neill et al.,

inform both methods. In situ

management essentially consists of the designation of reserve areas.
The

reserve

constitution

acts

of

constitution of

as

a

pool for genetic variation and

source

for

re-

degraded populations. Knowledge of the genetic

populations

can

locate appropriate

areas

of high

diversity, provide markers for identification of intraspecific strains and
facilitate
data

monitoring of exploitation activities. Additionally, genetic
help to describe the mechanisms (breeding system, dispersal

can

ability, population structuring) by which diversity is maintained in the
reserved

population.

Potentially the most critical component of in situ management
techniques is the selection of the appropriate scale at which to
formulate strategy.

Often, and particularly in the

case

of widespread

species, this will be defined by political considerations. From
scientific

a

viewpoint the evolutionarily significant unit (ESU, Ryder,

1986; Moritz, 1994) provides a framework for approaching practical
issues of

genetic

resource

maintenance, particularly for preserving the

evolutionary potential of species. The technique assigns units for
conservation based

on

their historical isolation, characterised by, for

example, monophyly at organellar loci accompanied by significant
divergence of allele frequencies at nuclear loci (Moritz, 1994).
Alternative

approaches involve assigning units based

on

frequency data alone, neglecting historical distinctiveness

allele

(e.g.

Management Unit (MU), Moritz, 1994). In reality, the best approach
will

probably involve

contemporary

compromise between preserving historical and

diversity and political requirements.

Circa situ methods

generally focus

Di.

a

on

intimately involve local

user

participation and

commercially useful species (Leakey & Tomich,
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1999; Lowe et al., 2000). The philosophy simply encourages utilisation
of

locally available (and hopefully therefore locally adapted) material,

planted in

a new,

but quasi natural environment (O'Neill et al., 2001).

Techniques currently employed include agroforestry, domestication
and woodlot
ensure

forestry. In these fields, genetic information

can

maintenance of sufficient amounts of variation within

provenances

and help prevent

help

planted

of poor-quality maladapted strains

use

(O'Neill et al., 2001). Applying these

measures

should help to avoid

problems with inbreeding depression in managed populations and
avoid the
can

susceptibility to pests

encourage

disease that low levels of variation

or

(Newton et al., 1993a, 1999a; Bawa & Dayanandan,

1998).
Ex situ methods

all of the many

cover

germplasm storage

can

be carried out

possible
away

ways

in which

from the natural

environment. These include

living

cultures and DNA libraries

(Millar & Libby, 1991; Lowe et al., 2000).

Several
can

gene

banks, cold stored seeds, tissue

practical considerations for maintenance of these collections

be

addressed

by applying genetic tools. Firstly, ensuring

a

representative sample of the variation present within a species would
be made

significantly easier by carrying out

collection. In

particular, ESUs

can

a

genetic

survey

prior to

be targeted in parallel with in situ

efforts. Genetic characterisation of collections should also facilitate

replenishment and enhancement when necessary (Millar & Libby,
1991). When

a

living

gene

bank has been established, it will be

important to monitor diversity levels, especially if the collection is
established outside the native range of
collected. Gene flow from local or

the species and seed is to be

nearby exotic varieties

but should be detectable

using appropriate markers.

Several other

measures

practical

may occur,

for sustainable exploitation of plant

species exist including seed collection systems, tree registration and
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classification (O'Neill et al., 2001; Kremer &

zone

All of these

depend

on

trees

Goenaga, 2002).

careful documentation of existing

resources

and

monitoring of movement and planting of new material. The long term
aim is to preserve

the genetic

ensuring that plantation
samples.

Additional

uses

resource

base of exploited species, whilst

suitably adapted and genetically diverse
such

concepts

key

as

or

index

species,

agroecosystems and multistrata agroforestry, extend the application of
sustainable

exploitation of individual species to the maintenance of the

health of whole ecosystems.

All

may

benefit from the incorporation of

genetic data.
6.3.1.

Application of genetic data for management of V.

ferruginea & C. odorata.
The data obtained from the

analyses of V. ferruginea and C. odorata

have

applications

several

immediate

for the conservation and

management of their genetic resources. Both species
and

are

exploited although V. ferruginea has been touted

plantation species, whilst C. odorata has
impact and is

a more

a

widespread

as a

potential

long history of human

urgent conservation priority. The practical

requirements for each differ in that V. ferruginea primarily needs data
to enable successful

long term establishment of plantations whilst C.

odorata needs in and
situ

ex

situ

replenishment. In both

protection of existing

cases,

resources

and circa

however, the data obtained here

can

be of use.

Principally, for both species, there are clear ESUs within Costa Rica.
The delineation could not be clearer for C.

book definition is

odorata, where the text

essentially satisfied (with modification for tree

species): differentiation at cpDNA loci, with significant divergence of
allele

frequencies for nuclear loci (Moritz, 1994). The ecotypes defined

within Costa Rica form strong
Rican conservation strategy

candidates for local ESUs and Costa

for this species should take this into
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account. The

cpDNA markers identified should form clear markers for

identification of ecotype. Preservation of populations

ecotypes would maintain the strongest
Costa Rican

source

within each of the

of diversity within the

population. The divergence of allele frequencies in Pacific

and Atlantic coast

populations for AFLP loci

be used to identify

may

management units below the level of ecotype classification. Formal
identification of this sub-stratum of population organisation will be of
value for

exploitation of the species,

populations within
allele

frequencies

managed

as

an

are

groups

can

be assumed that

evolutionary lineage, which show divergence of

demographically isolated and should therefore be

quite separate units (Moritz, 1994). The definition is

distinct from that of ESU
the two

it

as

sub-groups

as

the separate

may not

be

preservation of material from
The Atlantic and Pacific

necessary.

within the C. odorata wet ecotype

can

therefore be considered

MUs.

The subdivision of the Costa Rican V.

Pacific and Atlantic units also

seems

ferruginea population into

appropriate. The classification of

these units is less clear than for C. odorata

as

differentiation of allele

frequencies for AFLP loci is slight. Flowever, the divergence of
cpDNA haplotypes is clear and the Pacific and Atlantic types should

probably be separated as ESUs. The overlap between the divergence of
Pacific and Atlantic types

in both species makes

recognition of these

within Costa Rica as separate regions for the

purposes

zones

a

strong argument for

of preservation of genetic resources.

The extension of the subdivision of C. odorata into ESUs, to the

rangewide

scale within Central America,

appears

appropriate.

Extending the Costa Rican situation, the Southern, Central and
Northern

lineages should be recognised separately at the evolutionary

level. The

divergence of cpDNA loci between the Northern and Central

lineage is stronger than between the Costa Rican lineages. However,

Discussi
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the

confirmation

of this

policy will require assessment of the

divergence between Central and Northern lineages at nuclear loci, for
populations without obvious ecological

biological barriers to

or

reproduction.

The

ex

Centro

situ conservation of C. odorata has

already been started, at the

Agronomico Tropical de Investigacion

Turrialba in Costa Rica. Elere

ensure

that

a

Ensenanza (CATIE) at

specimens from throughout Central

America have been collected and grown

6.1). To

y

in

a

living

sample representing the

gene

bank (Fig.
of genetic

range

variability within the species has been collected the
be assessed

gene

bank should

using the markers identified here and additions made

appropriately. The accessions collected for the CATIE
however been made based

on

the variation in

gene

bank have

quantitative characters,

which neutral markers cannot track. Therefore additional work should
be carried out to

identify useful quantitative genetic loci that could be

used for identification and
Navarro et

monitoring of locally adapted strains (e.g.

al., in press).

Finally, the information collected for both species has provided
baseline dataset which

can

be used for future

a

monitoring of diversity

levels in

populations. Particularly for V. ferruginea, it will be useful to

continue

sampling

have

a

over

time at populations such

clear and recorded disturbance

as

Penjamo, which

history, to study the dynamics of

regeneration. Changes in diversity at this site will indicate whether
heavily impacted, but naturally recolonised land can establish unaided
or

will

the

produce low diversity, vulnerable populations, unsustainable in

long term.

Discussioi,
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Figure 6.1: The C. odorata gene bank at CATEE, Turrialba, Costa Rica.
Specimens of Cedro from throughout Central America are grown here, with
marked morphological differences between individuals from different parts of
the Isthmus. Using data obtained in this study, material from the gene bank can
be accurately characterised to ensure a representative genetic sample has been
taken.

6.4.

Conclusion.

The

application of molecular techniques to these two important tropical

tree

species has provided significant

understand their
in

the

a

combined

new

population structure. The

information with which to
use

of molecular techniques

approach has revealed significant differences between

partitioning of diversity in different genomes of each species. Also

the mechanisms

responsible for the production and maintenance of

genetic diversity have been explored. Finally, several significant new
directions for future
contribute to the
variation in

study have been identified, all of which will

knowledge and understanding of plant genetic

general and the preservation of genetic

resources

for these

species in particular.

Within the scope

of this thesis, selectively neutral

measures

of genetic

diversity have been demonstrated to provide significant information on

intraspecific variation and population structure. It is not yet clear at a

Discussion
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general level whether deriving conservation and management policy
based

on

such

measures can

adequately protect diversity in quantitative

phenotypic traits and studies exist both supporting and criticising such
an

approach (Milligan et al., 1994; Petit el al., 1997; Moritz & Faith,

1998; Hellberg et al., 2001; Reed & Frankham, 2001). However, the
value

of neutral

markers

for the

identification of

evolutionarily

significant units at the intraspecific level and the understanding of

population diversity level and structure is clear.
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Appendix 1.0: AFLP primer screening of organellar
genomes.

A

primary

concern

regarding their

about AFLP markers is the lack of knowledge

source.

One of the potential problems is the inclusion of

organellar markers within
assumed

to

introduce

a

markers in

be

an

AFLP data set. As all AFLP loci

independent, inclusion of organellar loci would

level of

linkage disequilibrium. To be able to

use

AFLP

conjunction with RFLP-derived cpDNA data to differentiate

patterns of pollen and seed flow, it is necessary to have
of the extent of organellar

The different genomes

some

indication

influence in the AFLP data set.

of plants evolve at different rates (Wolfe et al.,

1987). Plant organelle
DNA

are

genomes

evolve slowly relative to the nuclear

(nDNA), in contrast to the situation for mammals where

organellar DNA evolves
mitochondrial DNA
at the sequence

to five times faster than nDNA. In plants,

up

(mtDNA) evolves around five times

more

slowly

level than nDNA. However, plant mtDNA undergoes

frequent rearrangement and is highly variable in size. Therefore, the
use

of information from

one

plant mtDNA

genome

allows only

a very

rough inference of the contribution that would be made by the mtDNA
of other

plant species.

In contrast,
rate of

In

plant chloroplast DNA (cpDNA) evolves at around half the

nDNA, although the rate of mutation varies

across

the

genome.

particular, the inverted repeat region of the cpDNA molecule has

a

silent mutation rate three times slower than the rest of the molecule.

However,

the

molecule

is

conservative in

size

and

structural

arrangement. Between different plant species there is a relatively low

divergence in the chloroplast
a

non-synonymous

genome, e.g.

Wolfe et al. (1987) estimate

substitution rate of 3.12% between Tobacco and
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Pea, and 2.12% between Tobacco and Spinach. A low divergence rate
within the

chloroplast

related taxa

implies that it should be possible, with good data from

genome,

species, to draw conclusions

between

sequencing

becoming possible to examine the complete
The

only species

so

relatively distantly
one

of other plant species.

across a range

With the advent of whole genome

even

programmes

sequences

for

some

far with both cpDNA and mtDNA

it is

plants.

sequences

published in full is Arabidopsis thaliana. In A. thaliana, the total size
of the

genomic material is approximately 120 Mb (Wilson et al., 2001),

with

a

cpDNA size of over 150 kb and

The

published

influence that
DNA

sequences

a

mtDNA size of over 350 Kb.

of A. thaliana

were

organellar DNA might have

on a

used to

assess

the

random multilocus

screening technique. Data derived from the A. thaliana cpDNA
will provide

genome

good indication of the contribution of other

a

cpDNA molecules to

a

given multilocus fingerprint, whilst the A.

thaliana mtDNA genome can

provide only

a

rough estimate.

Method
The AFLP

primers used for analysis of Cedrela odorata and Vochysia

ferruginea

were

A.

thaliana

screened against the published 5'-3'

chloroplast and mitochondrial

sequence

genome

of the

(Table Al).

carried out by simple text-matching of the primer

Screening

was

sequences

(Table A2) against the published genomic

sequences

of the

organelles, obtained from GenBank (http://www.ncbi.nlm.nih.gov/).
The

principle of the search

sites in the two

was

organellar

first to identify all possible restriction

sequences.

Then all possible primer

annealing sites which would yield amplifiable fragments

were

detected

by screening for the forward complement of the first primer and the
reverse

annealing site of the second primer (only the 5'-3' strand of the

organelle

Appe

sequence was

screened). The process was repeated using the
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Table Al: Total numbers of restriction sites in

Arabidopsis thaliana organellar

DNA, detected by simple text matching, and accession data.
Genome

GenBank

Reference:

Length/

Total #EcoKl

Total number

bp

restriction sites

MseI restriction

Accession

sites

no.

Chloroplast

AP000423

Sato et al. (1999)

154478

\\1

2809

Mitochondrial 1

Y08501

Giege & Brennicke

200000

115

1576

166924

105

1241

(1999)
Mitochondrial 2

two

primers in

second

reverse

primer and the

screening
selective
a

Y08502

as

Mitochondrial 1

order: i.e. the forward annealing site of the
reverse

complement of the first primer. The

first searched for pre-amplification primers

process

amplification would take place without the initial

as no

presence

of

pre-amplification primer annealing site.

Where

complementary pre-amplification annealing sites

within

size

the

limits

for

electrophoresis procedure (10

fragments
-

were

detected by the

detected
AFLP

2500 bp) it was assumed PCR

amplification could potentially take place. As pre-amplification primer
annealing sites require the

presence

of selective nucleotides it is

possible for potential PCR amplifiable fragments to be disrupted by the
of internal restriction sites. Only PCR amplifiable fragments

presence

detected that
appear

were

not

disrupted by

an

internal restriction site would

in the AFLP fingerprint and only these fragments were reported.

Additionally, only fragments produced by a combination including at
least

one

primers

Eco

Eco

primer

primer

seen

in electrophoresis,

fluorescently labelled. The Mse primer

were

combination

primer would be

was

-

excluded. The primer

-

only these

Mse primer

combinations screened

Eco primer and Eco primer

sequences

as

-

were

Mse primer, using the

listed in Table A2.
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Results.

The

genomic

thaliana

yielded

were

for the chloroplast and mitochondrion of A.

searched for numbers of restriction sites. The search

total of 117 £coRI sites and 2809 Msel sites for the cpDNA

a

and 220 EcoRA sites and 2817 Msel sites for the mtDNA

genome
genome

sequences

(Table Al).

Table A2: Details of enzyme

screening of A.
Restriction

restriction sites and oligonucleotides used in

thaliana organellar genome sequences.

Enzymes

EcoRl

Msel

Restriction sites

:

5'-GAATTC-3'

5'-TTAA-3'

3'-CTTAAG-5'

3'-AATT-5'

Adaptors:
5 '-CTCGTAGACTGCGTACC-3'
3 '-CATCTGACGCATGGTTAA-5'

Preselective

5 '-GACGATGAGTCCTGAG-3'

3 '-TACTCAGGACTCAT-5'

amplification primers:

Eco+0: 5'-GACTGCGTACCAATTC-3'

Mse+AC: 5'GATGAGTCCTGAGTAAAC-3'
Mse+AT. 5'GATGAGTCCTGAGTAAAT-3'
Mse+TA: 5'-

GATGAGTCCTGAGTAATA-3'
Selective

amplification primers:

Eco+CG:

Mse+TACC:

5 '-GACTGCGTACCAATTCCG-3'

5 '-GATGAGTCCTGAGTAATACC-3'

Eco+GC:

Mse+TACT:

5 '-GACTGCGTACCAATTCGC-3'

5 '-GATGAGTCCTGAGTAATACT-3'

Eco+CC:

Mse+CACG:

5 '-GACTGCGTACCAATTCCC-3'

5 '-GATGAGTCCTGAGTAAC ACG-3'

Eco+GT:

Mse+CYGC:

5 '-GACTGCGTACCAATTCGT-3'

5 '-GATGAGTCCTGAGTAACTGC-3'

Mre+CACA:
5 '-GATGAGTCCTGAGTAAC ACA-3'
Mse+ACAG:
5 '-GATGAGTCCTGAGTAAACAG-3'

Mse+ATAG:
5 '-GATGAGTCCTGAGTAA ATAG-3'

Mse+ATAT:
5' -GATG AGTCCTGAGTAAATAT-3'
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The sequences were then screened for those restriction sites which
would

yield potential annealing sites for first the pre-amplification

primers and subsequently the selective amplification primers, using the
sequences

of all of the primer combinations used in the screening of

both V. ferruginea

For all
some

and C. odorata.

primer combinations potential annealing sites

of these close

were

enough together to have potentially yielded

amplifiable fragment that would have been detectable
gels screened (10

-

fragments contained
of the selective

identified,

on

a

PCR

the AFLP

2500 bp). However, almost all of these potential
an

internal restriction site (that did not match

any

primer annealing sites), which would have prevented

amplification. In only two

cases

(Table A3), for selective primer

combinations: EcoRI + CG / MseI + TACT and EcoBA + GC / Msel +
TACG

(both used for screening V ferruginea)

fragments identified. The latter would produce

a

were

non-disrupted

mtDNA fragment of

only 12 bp which would be unlikely to be scored. The former targeted
52

bp fragment located in

a repeat

a

section of the mitochondrial

genome.
Table A3:

Sequences of amplifiable fragments identified in the organellar

genomes of A. thaliana: (MSEREV
ECOFORD - forward complement of
site of EcoRI

primer)

1. Located in mt genome

1

searching combination EcoB1
+

CG /

Msel

- reverse site of the Msel primer;
the EcoRI primer; ECOREV - reverse

^ -MSEREVAGACATGCGAGTGCTCCGTTCGTCAG

+ TACT :
TA AGCGAAAGAGACTGAAACCTGGGA

-ECOFORD-3'

...

2. Located

in

mt genome

„

2

with£'c«RI + GC/MseI+
TACG

Append,

:

5'-ECOFORDCGCCTCGAGCAG
-ECOREV-3'
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It is

possible that this single fragment would have been included in

scoring, although it is at the lower end of the size
the

trees

fragments

genomes can

were

range.

In both

located in the mtDNA and extrapolation to other mt

only be tentative. No PCR amplifiable fragments

detected in the

cases

chloroplast

were

genome.

Conclusions

Firstly, it should be stressed that, although the organellar
thaliana

can

provide

a

evolution is sufficient to
be

disrupted in

an

comparison is simply
the

organelles

rough guide,

slow rate of

annealing sites in

one

of A.

sequence

species to

unrelated species. Therefore the interspecific
an

attempt to estimate the likely contribution of

significant

as

suitable

cause

even a

genomes

or

negligible when employing random

multilocus genome

sampling methods.

However, it

likely that, for both V. ferruginea and C. odorata, if

seems

the A. thaliana genomes can

organelle

genomes

be regarded

given the relative sizes of the
genomes are,

nuclear genome

agrees

with the intuitive expectation

genomes

in question. The A. thaliana

in total, approximately 0.5 Mb whilst the

is of the order of 120 Mb. It is to be expected

therefore, that if AFLP fragments
vast

are a

majority will originate in the nuclear

240 would be contributed

only

likely analogue, the

contribute little, if anything, to the AFLP

fingerprints obtained. This result

organelle

as a

genuine random sample, the
genome

and only around 1 in

by the organellar DNA. For C. odorata, the

of the species analysed in this study for which data is

one

available, the total genome size is of a similar order of magnitude to
that of A.

thaliana, (90 Mb, Wilson et al., 2001). If the organellar DNA

is also of

a

molecule at
AFLP

similar size (a

reasonable assumption for the cpDNA

least) then the frequency of organelle contributions to

fingerprints should also be in the region of 1: 240.
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For V.

ferruginea, the total

size has not been estimated.

genome

However, if the chloroplast genome is as conserved in this species as in

others, it

can

be expected that the cpDNA has little contribution to the

AFLP dataset.

In both
made

species, it is difficult to have

a

good idea of the contribution

by the mtDNA without significant further evaluation.
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