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Abstract Avicennia marina is an important mangrove
species with a wide geographical and climatic distribu-
tion which suggests that large amounts of genetic diver-
sity are available for conservation and breeding pro-
grams. In this study we compare the informativeness of
AFLPs and SSRs for assessing genetic diversity within
and among individuals, populations and subspecies of
A. marina in Australia. Our comparison utilized three
SSR loci and three AFLP primer sets that were known to
be polymorphic, and could be run in asingle analysis on
a capillary electrophoresis system, using different-
colored fluorescent dyes. A total of 120 individuals rep-
resenting six populations and three subspecies were sam-
pled. At the locus level, SSRs were considerably more
variable than AFLPs, with a total of 52 alleles and an
average heterozygosity of 0.78. Average heterozygosity
for AFLPs was 0.193, but all of the 918 bands scored
were polymorphic. Thus, AFLPs were considerably
more efficient at revealing polymorphic loci than SSRs
despite lower average heterozygosities. SSRs detected
more genetic differentiation between populations (19 vs
9%) and subspecies (35 vs 11%) than AFLPs. Principal
co-ordinate analysis revealed congruent patterns of
genetic relationships at the individual, population and
subspecific levels for both data sets. Mantel testing
confirmed congruence between AFLP and SSR genetic
distances among, but not within, population compari-
sons, indicating that the markers were segregating inde-
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pendently but that evolutionary groups (populations and
subspecies) were similar. Three genetic criteria of impor-
tance for defining priorities for ex situ collections or in
situ conservation programs (number of alleles, number
of locally common alleles and number of private aleles)
were correlated between the AFLP and SSR data sets.
The congruence between AFLP and SSR data sets
suggest that either method, or a combination, is applica-
ble to expanded genetic studies of mangroves. The co-
dominant nature of SSRs makes them ideal for further
population-based investigations, such as mating-system
analyses, for which the dominant AFLP markers are less
well suited. AFLPs may be particularly useful for moni-
toring propagation programs and identifying duplicates
within collections, since a single PCR assay can reveal
many loci at once.

Keywords Avicenniamarina- Mangrove -
Microsatellite - SSR - AFLP - Genetic diversity

Introduction

Mangrove forests are a feature of the intertidal zone of
the tropical and subtropical coastlines of the world. They
comprise some 80 higher-plant species in several taxo-
nomic groups. About half of these species occur in
Australia, which is believed to be near one of the centres
of mangrove evolution (Hutchings and Saenger 1987,
Saenger 1998). Mangrove forests al over the world are
heavily exploited for wood and fish-pond operations, as
well as other activities. This exploitation of mangroves
has resulted in the loss of valuable wood resources, that
in turn may have led to losses of genetic diversity as
well. To overcome these losses, mangrove reserves,
afforestation schemes and enrichment plantings are now
being established (Qureshi 1990; Saenger and Siddiqi
1993). In order to have a successful mangrove conserva-
tion program breeding program, or afforestation scheme,
attention needs to be paid to the genetic structure within
and between populations, and to the methods by which



germplasm is collected and maintained. Because of the
dynamic nature of the mangrove habitat, survival of
mangrove seedlings is generally poor and replacement-
planting often needs to be undertaken for up to 3 years
(Saenger and Siddigi 1993), adding to the demand for
available germplasm. In addition, some mangrove spe-
cies produce seeds which are only viable for a short
time, leading to further difficulties in the collection and
maintenance of germplasm.

Avicennia marina (Forsk.) Vierh., is an important man-
grove species because it can grow and reproduce across a
wide range of climatic edaphic, and tidal conditions. It is
the most-widely distributed of all mangrove tree species,
with an Indo-West Pacific distribution across the latitudes
from 25°N to 38°S. The structure of A. marina-stands var-
ies from gnarled shrubbery on dry coastlines and coral
atolls, to closed estuarine forests up to 40-m tall within
larger systems of wet coastal tropical regions (Duke et al.
1998). The wide geographical and climatic distribution of
A. marina indicates that there is a large amount of genetic
diversity available, which can be exploited for conserva-
tion, breeding programs and afforestation schemes.

Among commercially important crop and tree species,
two contrasting PCR-based techniques for assessing ge-
netic diversity are now widely favoured over other PCR-
and non-PCR-based genetic marker methods: amplified
fragment length polymorphisms (AFLPs) and microsat-
ellites or simple sequence repeats (SSRs).

AFLPs are detected as dominant multilocus DNA fin-
gerprints that are based on the selective PCR amplifica-
tion of restriction fragments from total digests of genom-
ic DNA. They combine the reliability of the RFLP tech-
nique with the power and ease of the PCR technique
(Jones et al. 1997). Therefore, AFLPs are applicable to
DNA of any origin or complexity without prior sequence
information, primer synthesis, library construction or the
characterisation of DNA probes (Zabeau and Vos 1993;
Vos et a. 1995). As a consequence of these features,
AFLPs are being used to investigate genetic variation in
a growing number of microorganisms, plants and ani-
mals (Janssen et al. 1996; Karp et a. 1997; Mueller and
Wolfenbarger 1999, O’ Hanlon and Peakall 2000).

SSRs consist of tandemly repeated units of short
nucleotide motifs, 1-6-bp long. These regions occur fre-
guently and randomly throughout the genomes of plants
and animals, and typically show extensive variation
within and among individuals, populations and species
(Jarne and Lagoda 1996). As multialelic single-locus
codominant genetic markers, both homozygotes and het-
erozygotes are detected, improving the ease of scoring
and the information content per locus over AFLPs. This
feature of SSRs combined with their hypervariability
make them ideal for a wide range of applications in
forensics, plant and animal breeding, conservation genet-
ics, population genetics and molecular ecology (Chase
et a. 1996; Jarne and Lagoda 1996; Karp et al. 1997,
Goldstein and Schiétterer 1999). One drawback of SSRs
is that library construction, DNA probing, DNA se-
guencing and primer synthesis is required to develop the
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SSR assay. Fortunately, there is generally some cross-
species transferability of SSRs among closely related
species that can help defray the initial development costs
(Peakall et al. 1998; Maguire et al. 2000a).

Comparative studies of AFLP and SSR markers in a
range of crop species, including soybean, maize, barley,
wheat and coconut, have generally revealed good congru-
ence between the genetic patterns revealed by the two
genetic markers (Powell et a. 1996; Russell et al. 1997,
Pejic et a. 1998; Donini et a. 2000; Teulat et al. 2000).
One additional consistent and contrasting pattern has been
observed. At the per-locus level, AFLP markers were con-
siderably less variable than SSR loci, but on a PCR assay
by assay basis the AFLP method consistently reveas
many polymorphic loci per-PCR assay, compared with the
usual single locus per-SSR assay (e.g. Powell et al. 1996).
This difference in efficiency between AFLPs and SSRs
can be partialy offset by fluorescent-based multiplexing
of SSR loci within PCR assays and/or gel lanes. Even so,
with the potential to produce 10-100s of polymorphic loci
per lane, the AFLP method may still surpass SSRsin effi-
ciency. This efficiency, and the ease to which the tech-
nigque can be applied to any organism will ensure that
AFLPs remain a method of choice for arange of different
studies (Mueller and Wolfenbarger 1999).

Maguire et a. (2000a) have previously described the
characterisation and analysis of 16 SSR loci in A. marina
and related species. Subsequently, the three most infor-
mative SSR loci were used to assess population genetic
variation throughout the worldwide range of A. marina
(Maguire et a. 2000b). Worldwide, a total of 70 alleles
were detected at these three loci, but allelic diversity was
not distributed equally across the species with popula-
tions at the extreme of the species distribution showing
reduced heterozygosity and significant inbreeding. Over-
all, high levels of genetic differentiation were observed
among-popul ations, with some 40% of the total variation
representing among population differences. The finding
of strong genetic structure refutes the hypothesis of
widespread dispersal, despite the extensive distribution
of the species.

To complement the SSR study of Maguire et al.
(2000b) and given the efficiency promised by the AFLP
technique, the aim of this study was to compare the pat-
terns of genetic diversity in the mangrove A. marina as
dected by AFLPs and SSRs. Since highly informative
patterns of genetic variation were detected with just
three SSR loci in the earlier study, we chose to compare
the results at these loci with three AFLP primer combi-
nations that were known a priori to be highly polymor-
phic. In this way, our comparison of the two methods in-
volved an equivalent genotyping effort.

The specific objectives were to: (1) assess the levels
of genetic diversity in A. marina within Australia at pre-
selected AFLP and SSR loci, (2) to compare the infor-
mativeness of the chosen AFLP and and SSR loci at the
level of individuals, populations and subspecies, and (3)
to identify any implications of our findings for future
mangrove conservation and breeding programs.
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Materials and methods

The study species and sampling

A. marina has wide variation in morphological characters, some of
which appear to be influenced by ecological and environmental
factors (Duke 1990). Three intraspecific groupings have been re-
cognised based on morphological characters (Duke 1991; Everett
1994), athough there remains some question as to whether these
groupings truly represent subspecies or other intraspecific forms,
or are simply variants influenced by environmental factors (Duke
et al. 1998).

Within Australia, the subspecies australasica is clearly defined
in distribution and morphology and is distinguished from the other
two subspecies by having grey fissured and pustular bark, instead
of the chalky green, smooth, and sometimes flaky bark of the
others. The calyx also has narrow glabrous margins, whereas the
other two subspecies have pronounced glabrous margins. The ratio
of the width of the margin to the length of the calyx is less than
0.2, in comparison to the other two subspecies, having a ratio
greater than 0.2 (Duke et al. 1998). Differences between the sub-
species eucalyptifolia and subspecies marina are, however, more
subtle.

Plant sampling and DNA isolation

A total of 120 individuals of A. marina, representing six diverse
natural populations, were sampled throughout its range in Austra-
lia. Leaf material from 20 randomly selected trees at each location
were collected. The locations were as follows: (1) Darwin
Harbour, Northern Territory (NT), (2) Moody Creek, Cairns,
Queensland (QLD), (3) Ballina Reserve, New South Wales
(NSW), (4) Bunbury Reserve, Western Austraia (WA), (5)
St Kilda Reserve, South Australia (SA), and (6) Port Albert,
Victoria (VIC). All three subspecies were represented by this sam-
pling. A. marina subspecies australasica, was represented by the
SA, VIC and NSW populations. The subspecies eucalyptifolia was
sampled in NT and QLD, while the subspecies marina was repre-
sented by a single population from WA.

Leaf material was stored at —80°C for later analysis. Total ge-
nomic DNA was isolated from leaf tissue using a modified CTAB
method (Maguire et a. 1994).

Genetic analysis

Primer sequences and PCR conditions for the three SSR loci, M3
(TGy5), M40 (AG3,) and M47 (CA,3), are given in Maguire et a.
(2000a, b). During PCR the three SSR loci were fluorescently
labelled in different colors (FAM, TET, HEX), alowing them to
be analysed simultaneously via capillary electrophoresis on a PE
Applied Biosystems 310 Genetic Analyser as described by
Maguire et a. (2000b).

For the purpose of this comparative study, we restricted the
number of AFLP primer combinations to three, each labelled with
a different color, such that the combined AFLP profiles could be
run in a single analysis. In this way, three PCR reactions were
required for each AFLP assay (following initial ligation and pre-
selective amplification), matching the number of PCR reactions
required for the SSR assay.

The fluorescent-based Perkin Elmer AFLP Plant Mapping Kit
for regular plant genomes (500-600 Mb) was used according to
the manufacturer’s instructions, with one exception. The reaction
volume was halved for the selective amplifications, resulting in
identical AFLP patterns and cost savings. This kit includes eight
EcoRI and eight Msel primers, with atotal of 64 primer combina-
tions available. Initially, 21 primer combinations were examined
for three individuals of A. marina, representing three distinct natu-
ral populations. All 21 primer combinations produced a large pro-
portion of polymorphic bands, with relatively few monomorphic
bands. The average number of bands detected per primer combina-

tion ranged from 23.6 to 56.3 with a mean of 42.3 (size range 50
to 500 bp). From this pilot study, the three primer combinations
that produced the most polymorphic bands were selected and
applied to all 120 individuals of A. marina. The selected primers
were EcoAAC/MseCAA, EcoAAG/MseCAA and EcoACA/
MseCAT, which were fluorescently labelled with TAMRA, JOE
and FAM respectively (Perkin ElImer Applied Biosystems). The
primers were also tested for reproducibility across different re-
striction-ligation digests of the same individuals, as well as pre-
amplifications and selective amplifications. We found the AFLP
technique to highly reproducible, both in peak height and position,
as detected using the ABI 310 Genetic Analyser (data not shown).

Data scoring, allele frequency and heterozygosity

Following capillary electrophoresis, GeneScan and Genotyper
software (PE Applied Biosystems) were used to aid the scoring of
the SSR and AFLP profiles. The multilocus AFLP profiles were
scored for band presence (1) or absence (0) to create binary matri-
ces. For the SSR loci, homozygous and heterozygous genotypes
were inferred from the banding patterns and allele frequencies cal-
culated directly from these genotypes. For the AFLP data, where
only two states (present and absent) can be distinguished at each
band position, it was assumed that each band corresponded to a
locus with two aleles. Presence represents a dominant homozy-
gote (AA) or heterozygote (Aa), and absence represents a reces-
sive homozygote (aa). The unbiased estimator of Lynch and
Milligan (1994) was used to estimate the allele frequency of p (A)
and g (a). This estimator assumes independent nuclear loci and
Hardy Weinberg equilibrium. The later assumption, is known to be
violated in some populations of A. marina, including several
populations sampled in this study, where some inbreeding appears
to be occurring (Maguire et a. 2000b).

Mean expected heterozygosity values (H) were calculated for
both SSRs and AFL Ps and multiplied by the number of loci analy-
sed simultaneously (in each gel lane) to give the marker index
(MI) as defined by Powell et al. (1996).

Comparisons of genetic patterns

In most studies that have compared codominant SSRs with domi-
nant markers, such as RAPDs and AFLPs, the SSR data is ssmply
coded as binary data so as to match the binary dominant data
set(s). This approach for coding SSR data violates assumptions of
independence among loci and results in a loss of information
when genotypes are highly heterozygous. Fortunately, these con-
cerns are likely to be minimised for studies of predominantly in-
bred lines (Powell et al. 1996), a condition that characterises most
comparative studies to-date (eg. Powell et al. 1996; Russell et al.
1997). In contrast, mangroves are predominantly outbreeders and
therefore require an alternative approach for coding the codomi-
nant data.

Peakall et al. (1995) introduced a method for calculating indi-
vidual by individual genetic distances from codominant markers.
This in turn enables a common pathway for subsequent statistical
analysis of both dominant and codominant data sets. For example,
cluster analysis, correlation analysis by Mantel testing and an
analysis of molecular variance (AMOVA) are based on these
genetic distance matrices. All analyses were performed within
GenAlEx V5 (Peakall and Smouse 2001) which provides a com-
mon pathway for the analysis of both dominant and codominant
data sets.

Individual genetic distance metrics

The calculation of genetic distances for the AFLP data set fol-
lowed the method of Huff et al. (1993) and Peakall et al. (1995)
as.

E = n [1-(2nxy/2n)],



where n is the total number of polymorphic bands and 2nxy is the
number of markers shared by two individuals. Both band-presence
and band-absence are considered informative in this analysis. This
is a true Euclidean metric as required for the subsequent analysis
of molecular variance. Genetic distance matrices for each AFLP
primer-set on their own, and the total data set (three primer sets
combined) were calculated. In addition, a total genetic distance
matrix was constructed based only on those bands that had a fre-
quency of band presence =0.05 in the total data set.

Pairwise individual by individual genetic distances for the co-
dominant SSR data set were calculated following the method of
Peakall et al. (1995) and further explained in Smouse and Peakall
(1999). In brief, for a single-locus analysis of an SSR marker, with
i-th, j-th, k-th and I-th different alleles, a set of squared distances
is defined as d2(ii, ii)=0, d(ij, ij)=0, d2(ii, ij)=1, d(ij, ik)=1,
d2(ij, k=2, d(ii, jk)=3, and d(ii, jj)=4. Genetic distance matrices
for each SSR locus and the total, summed across loci under the
assumption of independence, were cal cul ated.

Analysis of molecular variance

For the AFLP and SSR data sets, the individual pairwise genetic
distance matrices were analysed by the analysis of molecular vari-
ance (AMOVA) approach first developed by Excoffier et al.
(1992) and extended to codominant data by Peakall et al. (1995)
and Michalakis and Excoffier (1996). Total genetic variation was
partitioned into three levels. among subspecific taxa, among popu-
lations within subspecies, and among individuals. Our nomencla-
ture follows that of Peakall et al. (1995) with the exception that
the term ‘regions’ is taken here to mean subspecies. Variation was
summarized both as the proportion of the total variance and as
@-Statistics or F-Statistic analogues; @pg, @rr and Qor. Pog repres-
ent the correlation between individuals within a population rela-
tive to that of individuals from the same subspecies, @ is the cor-
relation of individuals from the same subspecies, relative to that of
individuals from the species, and @g is the correlation between in-
dividuals within a population, relative to that of individuals from
the species. The relationship between values of @is given by:

(1-@or)=(1- Qo) (1~ @), See Peakall et al. (1995).

Statistical significance was tested by random permutation, with
the number of permutations set to 1000.

Note that for the codominant SSR data it is also possible
to partition variation within individuals (Peakall et al. 1995;
Michalakis and Excoffier 1996), but this option was suppressed,
since an equivalent analysis is not possible for the AFLP data set.
In addition to the above calculations, pairwise @ values amongst
all population pairs and among the three subspecies pairs were
calculated.

Cluster analysis of individuals and populations

In order to more-effectively view the patterns of individual and
population genetic distance, principal co-ordinates (PCO) analysis
of both the individual genetic distance and population @z matrices
for both the AFLP and SSR data sets were performed. Patterns
revealed by the first two principle coordinate axes were found to
be representative of higher order axes, and so only the first two
dimensions were plotted in this paper.

Correlation between AFLPs and SSRs

The correlation between AFLP and SSR genetic distance matrices
was investigated at three levels by the Mantel test of matrix corre-
spondence (Mantel 1967; Smouse et al. 1986; Peakall et al. 1995):
individual genetic distance, population @ distance and subspe-
cific @pr distances. Statistical significance was determined by
random permutation, with the number of permutations set to 1000
for each test.
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Results
Molecular marker variation

Within the 120 individuals of A. marina, a total of
52 SSR alleles were detected across the three polymor-
phic loci, with the number of alleles per locus ranging
from 9 to 32 (mean=17.3). The inferred number of SSR
repeats per locus ranged from 3 to 18 for locus M3, from
5 to 52 for locus M40, and from 5 to 15 for locus M47.
The three AFLP primer sets detected a total of 918
bands, with the number of bands ranging from 298 to
319 (mean=306). No monomorphic bands were detected.
Many of the AFLP bands were only encountered at low
frequency, with 317 of the total bands (34.5%) occurring
at a frequency of less than 0.05 in the total data set. The
remaining bands more or less evenly represented the full
range of possible frequencies, with the exception that
only three bands were found with a frequency >0.95
(data not shown).

For SSRs, the expected heterozygosity (H) for each
locus was 0.715, 0.904 and 0.716 for M3, M40 and M47
respectively, with a mean of 0.778 and a marker index
(M1) of 2.34. For the AFLPs, the average heterozygosity
for each primer combination was 0.168, 0.206 and
0.207 for the primer sets ECOAAC/MseCAA, ECoACA/
MseCAT and ECOAAG/MseCAA respectively. The aver-
age heterozygosity over the AFLP primer sets was 0.193,
and the marker index was 177. Average heterozygosities
for SSRs versus AFLPs were significantly different
(F=83.1, P<0.000, df=5).

Cluster analysis of individuals

The results of PCO analysis of the pairwise individual
genetic distance matrices are shown in Fig. 1 for AFLPs
and SSRs. For the AFLPs, the first two axes only explain
15% of the variation; nevertheless, distinct clusters are
apparent. With one exception, all samples from subspe-
cies marina (W) from Western Australia form a distinct
group. Individuals representing subspecies australasica
(S) from SA form a distinct cluster adjacent to the inter-
mixed group of samples of the same subspecies from
NSW (N) and Victoria (V). Sample of subspecies eu-
calyptifolia from QId (Q) and NT (T) are partialy inter-
mixed, but show little overlap with the other subspecies.
The first two axes of the PCO analysis for the individ-
ual SSR distance matrix explain 42% of the variation
(Fig. 1). Yet in contrast to the AFLP results, the clusters
are less discrete (reflecting greater variation amongst the
individuals) although the genera patterns are similar. With
one exception, individuals of the subspecies marina from
WA are distinct. On the other hand, the placement of
South Australian (S) individuals of subspecies australa-
sica range from close to individuals of subspecies marina
to intermixed with NSW (N) and Victorian (V) samples of
australasica. As for the AFLPs, the individuals of subspe-
cies eucalyptifolia from Queensland (Q) and the Northern
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Fig. 1 PCO plots of the first two axes based on the individual AFLP
and SSR distance matrices. The circle encloses a cluster of individu-
as from Victoria and one individual from South Australia. Popula
tions are coded as (N) New South Wales, (Q) Queendand, (S South
Austrdlia, (T) Northern Territory, (V) Victoria, (W) Western Australia

Territory (T) were intermixed and largely distinct from the
subspecies australasica.

Analysis of molecular variance

Figure 2 summarizes the results of analysis of molecular
variance for the total AFLP and SSR data sets. For
AFLPs, 11% of the genetic variance was accounted for
by variation among the subspecies, with a further 9%
accounting for variation among populations within sub-
species, with the remainder (80%) represented among in-
dividuals within populations. By contrast, for SSRs, 35%
of the total genetic variance represented subspecies dif-
ferences and a further 19% variance among populations
within subspecies, with only 46% of the total variance

~Among Sub Spps.
11%
Among Pops./Sub

Spps.
9%

AFLP

Indiv./Within Pops.
80%

SSR

Among Sub Spps.
0,

35%
Indiv./Within Pops. ’
46%

Among Pops./Sub

Spps.
19%

Fig. 2 Results of AMOVA for the total AFLP and SSR data sets
showing the percentage of variation apportioned among subspe-
cies, populations and individuals

Table1 Results of AMOVA

for AFLP and SSR data sets AFLPs Total P1a p2b P3¢ Freq >=0.05
o e e Y™ nBands 018 298 301 319 601
species, populations and indi- . % % % % %
vidualsfor individual AFLP ~ AAmong subspecies 1 13 ? 12 12
primer sets, individual SSR loci  AMONg pops./subspecies 9 8 1 9 10
and the total Indiv./within Pops. 80 79 80 79 78
Orr 0.114 0.133 0.089 0.122 0.120
Por 0.106 0.092 0.117 0.105 0.111
@or 0.208 0.213 0.196 0.214 0.217
SSRs Total M3 M40 mM47
nAlleles 52 11 32 9
% % % %
Among subspecies 35 45 12 50
Among pops./subspecies 19 14 27 16
Indiv./within Pops. 46 41 61 34
aPrimer set ECOAAC/MSECAA  oFT 8%8% 8‘2‘32 8%12 83%
bPrimer set ECOAAG/MSECAA R ' ' ‘ '
mer Gor 0.547 0.594 0.393 0.659

cPrimer set ECOACA/MseCAT




Table 2 Outcomes of Mantel tests for correlation (r) between
AFLPs and SSRs at the individual level for populations, subspe-
cies and the total, and the probability of statistical significance (P)
based on the outcomes of 1000 random permutations

Item r P
Population

SA -0.060 0.665
NSW 0.092 0.147
VIC 0.116 0.160
QLD 0.255 0.027
NT 0.050 0.363
WA -0.062 0.627
Subspecies

australasica 0.207 0.013
eucalyptifolia 0.152 0.023
marina -0.062 0.627
Total

All Pops 0.381 0.001

among individuals within populations. Thus, the AFLPs
detected less subspecies and population differentiation
than the SSRs.

Table 1 summarizes the outcomes of the analysis of
molecular variance for each AFLP primer set and for
each SSR locus. There was little difference among the
three AFLP primer sets in the distribution of genetic
variance, and the results for the subset of bands with a
frequency =5% was similar to the total data set. Thus,
while 317 of the 918 (35%) banding sites where charac-
terized by band presence at 5% or less frequency, the in-
clusion of these low-frequency bands in the data set has
little impact on the final results (Table 2). Greater varia-
tion was detected amongst SSR loci compared with the
AFLPs. Most notable, were the results for the M40
locus. This locus exhibited approximately 3-times as
many alleles as each of the other SSR loci and detected
considerably less genetic variation among the subspecies
(12%) and more variance among the populations within
subspecies (27%) than the other two loci.

At the population level, pairwise @ values, while of
different magnitudes, revealed congruent patterns of re-
lationship between AFLPs and SSRs (Fig. 3). With both
AFLPs and SSRs, the Northern Territory and Queens-
land populations of eucalyptifolia clustered together,
while the Western Australian population of marina was
an outlier. Within australasica there was some variation
in the placement of three populations between AFLPs
and SSRs, but all three populations representing this
taxon formed a group.

Correlations between AFLPs and SSRs

A significant and positive correlation (r=0.381, P<0.001)
was found between linear AFLP and SSR individua
pairwise genetic distance matrices (Fig. 4, Table 2).
However, this positive correlation is somewhat mislead-
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Table 3 Outcomes of Mantel

tests for correlation (r) between Individual level Population level

AFLP primer sets and between

SSRloci at the individual and r P r P

population level, and the proba-

bility of statistical significance =~ AFLPS

(P) based on the outcomes of Pilays p2b 0.677 0.001 0.857 0.001

1000 random permutations P2 vs P3¢ 0.752 0.001 0.945 0.001
P2 vs P3 0.698 0.001 0.871 0.001
SSRs

“Primer s ECOAACIMSRCAA 113 V2 147 0305 0001 0603 0054

b Primer set ECOAAG/MseCAA ’ ’ ' )
M40 vs M47 0.179 0.001 0.567 0.063

¢ Primer set ECOACA/MseCAT

0.9
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Fig. 5 Comparisons of the interpopulation (@s;) AFLP and SSR
genetic distances

ing. The within versus among population comparisons
are graphed separately in Fig. 4 where it can be seen that
any positive correlation in the total data set is largely due
to the among population components. Further subdivi-
sion of the data set also shows this positive relationship
between AFLPs and SSRs is largely absent at the popu-
lation level (with the exception of Queensland), and
weaker at the subspecies level (Table 2). This suggests
that, at the individual level, there is little or no meaning-
ful correlation between AFLP and SSR diversity as as-
sessed by the loci used in this study.

Population @ distances showed much stronger cor-
relation between AFLPs and SSRs (r=0.628, P<0.002,
Fig. 5), than for the individual by individual correlations.
The correlation between @ distances at the subspecies
levels was also high (r=0.998, P<0.137) although the
small number of data points prevent a meaningful test of
significance.

Collectively, the results from Mantel tests and com-
parisons of PCO plots at the population level (Fig. 5)
suggest that while individual by individual correlations
are poor or non existent, both the AFLP and SSR loci
used here are detecting congruent patterns of genetic di-
versity at the population and subspecific levels.

Correlations between AFLP primer sets and SSR loci

Each AFLP primer set produced a large number of poly-
morphic bands. To test if the genetic patterns detected by

one AFLP primer set were congruent with the patterns
detected by another primer set, Mantel tests were per-
formed at both the individual and population levels. The
results are shown in Table 3. For each of the AFLP prim-
er sets, a high and significant correlation was observed at
the individual levels (r=0.67 to 0.74), with even higher
correlations at the population levels (r=0.86 to 0.95). By
contrast, for the SSR loci, the correlations between loci
were much lower, but significant (r=0.18 to 0.30) at the
individual level; with higher (r=0.46 to 0.60), but non-
significant values at the population level. Thus, the ge-
netic patterns at a single SSR locus are poorly predicted
at other SSR loci, athough over sufficient loci we might
expect stronger correlations to emerge, at least at the
population levels.

Discussion
Polymorphism and marker efficiency

In this study we have assessed the patterns of genetic
diversity within and among Australian populations of
A. marina based on pre-selected sets of three SSR loci
and three AFLP primer combinations. Although the
genotyping effort, as defined by the number of PCR
reactions and number of lanes required, was equivalent
between the methods, many fold more loci were
obtained by the multilocus AFLP. At the locus level,
however, the multiallelic SSR loci were considerably
more variable than the biallelic AFLP loci. The restric-
tion in this study to a small set of pre-selected SSR
loci may introduce bias in our comparison of
AFLPs and SSRs, and therefore some caution is
required when generalising beyond these specific
loci. Nevertheless, while as yet there appear to be no
other comparative studies of AFLP and SSR diversity
at the individual and population levels within natural
populations, our finding are matched by other compara-
tive studies of these two genetic markers in agricultural
plant systems. This suggests that our findings may well
be general.

For example, the level of polymorphism detected by
the mangrove SSRs and AFLPs was significantly differ-
ent, with the SSR loci showing higher levels of heterozy-



gosity than the AFLP loci. Thisis aso a consistent find-
ing of other studies (e.g. Powell et al. 1996; Russell et al.
1997; Pejic et al. 1998; Teulat et al. 2000), and probably
reflects two major differences between the genetic
markers. First, as typically dominant markers, AFLPs
ordinarily only detect two aleles per locus, which re-
duces the maximum levels of heterozygosity possible to
0.5. Second, SSR regions are well known to exhibit
much higher levels of mutation than other parts of
the genome (Jarne and Lagoda 1996; Goldstein and
Schittterer 1999). The more-common genomic regions
with lower mutation rates than SSRs, are likely to be
frequently targeted by the AFL P method.

The overall utility of a given marker system is a
balance between the level of polymorphism detected
and the extent to which an assay can identify multiple
polymorphisms. Despite lower average levels of poly-
morphism per locus, the AFLP method was the most-
efficient marker, with over 900 polymorphic loci detect-
able in a single gel lane, compared to three SSR loci
with 52 aleles. As a consequence the marker index (MI)
was almost 100-fold higher for AFLPs (177) than SSRs
(2.3).

While there is scope to expand the number of SSR
loci that can be multiplexed in a single lane, AFLPs
typically show a high marker index in comparison
to SSRs (Powell et al. 1996; Russell et al. 1997; Pejic
et a. 1998; Bohn et a. 1999). The multiplex ratio
of AFLPs can be further adjusted by altering the re-
striction enzymes and the degree of 3' nucleotide exten-
sion on the PCR primers; which offers a high degree
of flexibility to the experimenter (Zabeau and Vos
1993).

Population and subspecific structure

At both the AFLP and SSR loci significant genetic struc-
ture was found between populations and subspecies.
However, the degree of genetic differentiation differed
between the markers. For AFLPs, 80% of the total
genetic variation was accounted for by variation among
individuals within populations, with the remaining vari-
ance split among subspecies (11%) and populations
(9%). By contrast, across the three SSR loci there was
considerably more genetic differentiation among the sub-
species (35%) and populations (19%), with less than
50% of the variance distributed among individual s with-
in populations (Fig. 2).

Thus, while both markers revealed significant differ-
ences at the population and subspecific levels, the degree
of difference varied. Peakall et al. (1995) found a similar
pattern when comparing population and regiona differ-
ences in Buffalograss with allozymes and RAPDs. In
this case, the most-variable genetic marker (RAPDS)
showed the highest degree of population and regional
differentiation. This may well reflect a consistent pat-
tern, in which the most-variable marker system will
show the most differentiation.
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Congruence of taxonomic relationship

In general the PCO analysis for both individuals and
populations (Figs. 2 and 3) were congruent between the
AFLP and SSR loci. The subspecies marina represented
by the population from WA was clearly distinct in all an-
alyses. The two populations, NT and QLD representing
the subspecies eucalyptifolia, cluster together and sepa-
rately from the other subspecies. Representatives of
australasica from NSW and VIC were aso grouped to-
gether. However, in both individual AFLP and SSR ana-
lyses, individuals from the SA population of australa-
sica were intermediate between australasica from NSW
and VIC and marina from WA. Close inspection of the
individual Principal Coordinate plot for SSRs (Fig. 1)
further reveals that the placement of individuals varied
from within the WA cluster to within the NSW/VIC clus-
ter. Geographically, SA is located between the VIC and
WA populations; thus, this population may share genetic
characteristics from both subspecies and perhaps sug-
gests that continuous variation occurs between the sub-
species. Clearly more individuals and populations need
to be sampled to clarify the taxonomic relationship of
this population in SA. Expanding the number of SSR
loci used may also aid in the clarification of relation-
ships.

Broad congruence between the taxonomic patterns
revealed by AFLPs and SSRs has been found in other
comparative studies. However, the genetic relationships
revealed by AFLPs correlated better with known
pedigree relationships in barley (Russell et al. 1997)
and maize (Pejic et al. 1998) than the relationships re-
vealed by SSRs. Similarly, AFLPs showed a better res-
olution of genetic relationships than SSRs in coconut
(Teulat et al. 2000). Thisfinding in several comparative
studies of crop species has led to the conclusion that
SSRs may be less suitable for defining relationships
than other markers (Russell et al. 1997; Teulat et al.
2000).

Several features of SSRs may contribute to a lower
correlation between patterns of relationship than other
methods. These include constraints on allele size, and
rapid and complex mutational processes within the SSR
and flanking regions that result in size homoplasy
(Peakall et al. 1998; Fisher et al. 2000). Both these
factors are likely to lead to underestimates of genetic
diversity between more-distantly related taxa, which
may limit the application of SSRs to defining relation-
ships at lower taxonomic levels than for other markers
(Peakall et al. 1998). The high levels of genetic diversity
revealed by SSRs may further contribute to the lack of
correlation, since genetic similarities will be typically
lower with SSRs than other markers (Powell et al. 1996;
Russell et a. 1997), potentially reducing the statistical
power to define relationships. However, these factors are
likely to be minimised by increasing the number of SSR
loci used. In most studies to-date, a smaller number of
SSR loci are used compared with many more loci from
multilocus systems such as AFLPs.
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Congruence at the individua level

Despite strong concordance between AFLP and SSR loci
at the population and subspecies levels, there was little
concordance of inter-individual AFLP and SSR genetic
distances in mangroves (Fig. 4). On close inspection, it
is apparent that any correlation for the total data set re-
flects only a positive correlation between comparisons
among the populations and subspecies, since within
subspecies, and populations there was no concordance
between SSR and AFLP diversity (Table 3). This lack of
congruence may in part reflect the small number of SSR
loci included in this study. However, a similar lack of
inter-individual correlation between genetic markers was
reported by Powell et al. (1996) within soybean. Genetic
similarities based on 36 SSR loci showed no correlation
with AFLP, RAPD and RFLP genetic similarities within
Glycine max and Glycine soja comparisons, athough
pairwise comparisons between G. max and G. soja were
correlated (Powell et al. 1996). This parallels our find-
ings in mangroves in which there is a correlation only
between more-distantly related comparisons. Interesting-
ly, a similar pattern of correlation was found when allo-
zymes and RAPD patterns were compared in buffalo-
grass (Peakall et al. 1995). This may suggest that, in gen-
eral, different marker systems are segregating indepen-
dently, but the ecologically and evolutionarily important
groups are similar between different markers (Peakall
et al. 1995).

Implications for mangrove conservation
and breeding programs

Knowledge of the genetic variation and genetic relation-
ships between individuals and populations can be an
important consideration for the efficient rationalisation
and utilisation of mangrove germplasm resources. The
genetic goal of both ex situ germplasm conservation and
in situ population conservation is to maximise the pro-
tection of genetic diversity as efficiently as possible
(Schoen and Brown 1993). Severa different (but related)
genetic criteria have been used to identify both germ-
plasm accessions and natural populations of high conser-
vation value. Allelic richness, or the number of aleles
per locus, was first proposed by Marshall and Brown
(1975). This criterion has since been widely used in
many ex situ germplasm programs (Brown and Briggs
1991; Schoen and Brown 1993) and also to identify
natural populations for conservation (Petit et a. 1998).
Marshall and Brown (1975) further proposed that the
most-important alleles to target in any sampling strategy
are ‘locally common alleles’ That is, aleles that are
common in one to several populations, but not the spe-
cies as a whole. While less-commonly used as a genetic
criterion the number of rare, or unique alleles, has some-
times been advocated (Brown and Briggs 1991; Falk
1991). This criterion assumes rare aleles maybe evolu-
tionarily important, but requires equivalent and intense
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Fig. 6 Relationships between AFLP and SSR data sets for the
number of alleles, number of locally common alleles and number
of private alleles. Populations are coded as (N) New South Wales,
(Q) Queensland, (S South Australia, (T) Northern Territory,
(V) Victoria, (W) Western Australia

genetic sampling amongst populations to ensure that the
rare alleles are adequately sampled (Falk 1991).

In Fig. 6 we show the correlation between the AFLP
and SSR loci investigated in A. marina for these three
genetic criteria. A strong significant positive relationship
between the number of AFLP bands per populations and
the number of SSR alleles (R2=0.83, F=20.02, P=0.01
df=5) was found. The NT population showed the highest
number of alleles, and the VIC population the least, for
both AFLPs and SSRs. A positive and significant rela-
tionship still holds if AFLP bands with a frequency
<0.05 are excluded (R?2=0.75, F=11.91, P=0.02 df=5).
There is also a positive relationship between the number
of localy common aleles (R?=0.59, F=5.9, P=0.07
df=5), defined here as AFLP bands or SSR alleles with
frequency =0.05 and restricted to one or two popula-
tions. Finally, although not significant, there is a trend



towards a positive relationship for the number of private
alleles (R2=0.45, F=3.03, P=0.15 df=5), defined here as
AFLP bands or SSR alleles restricted to a single popula-
tion. Based on any one of these criteria, for either the
AFLP or SSR data sets, the same priority populations
for germplasm collections or in situ protection are identi-
fied. Clearly, within the subspecies eucalyptifolia the
NT population is the most-genetically diverse, while
within australasica the NSW population contains the
most genetic diversity when evaluated across the three
criteria

Despite the small number of SSR loci used in this
study, the general congruence between the AFLP and
SSR data sets and their broad agreement with the mor-
phological groups suggest that either method, or a com-
bination of both, are applicable to expanded genetic
studies of mangroves. Nevertheless, there are different
strengths and limitations of the two systems, and knowl-
edge of these may be used to guide the choice of marker
system for a given question. For example, in this study
the SSRs revealed considerably greater differences
among populations and subspecies than the AFLPs; con-
sequently, they may represent the best system for devel-
oping assays to quickly assign unknown individuals to
populations or subspecies. The codominant nature of
SSRs also makes them ideal for further population-based
investigations, such as mating-system analyses, for
which the dominant AFLP markers are less well-suited.
On the other hand, AFLPs may be more useful for defin-
ing taxonomic relationships amongst mangrove species
than SSRs. AFLPs may also prove useful for monitoring
propagation programs and for identifying duplicates
within collections, since a single PCR assay can reveal
many loci at once.
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