
          

Heredity 81 (1998) 205–213 Received 16 December 1997, accepted 25 February 1998

RFLP diversity in the nuclear genome of
Acacia mangium
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Genetic diversity in the nuclear genome of Acacia mangium was estimated using 57 anonymous
RFLP loci for 10 individuals from each of 10 natural populations representing the geographical
range of the species. The level of genetic diversity varied significantly among the populations,
ranging from HE= 0.01 on the island of Ceram to HE= 0.21 in Muting, New Guinea. The
small, geographically isolated populations of Daintree, Townsville, Ceram and Sidei had low
levels of diversity (HE= 0.01–0.09) whereas the large New Guinea and the Cape York Penin-
sula populations had higher levels of diversity (HE= 0.16–0.21). There was evidence of genetic
differentiation between populations (y=0.35), 75% of which was attributable to differences
between four geographical regions of Cape York and Daintree–Townsville in Australia, New
Guinea and Ceram–Sidei. This may reflect restrictions to gene flow associated with past
expansions and contractions of rainforests which occurred with climate and sea level changes.
The level of variation detected with RFLPs was higher than previously detected with allo-
zymes, supporting speculation that allozyme coding regions are more likely to be constrained
by selection than noncoding regions. The distribution of variation within and among popula-
tions was consistent for the two marker types.
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Introduction

Acacia mangium Willd. is one of only nine acacias
with distributions extending from Australia to New
Guinea (Skelton, 1986). It typically occupies a
narrow ecotone between rainforest and sclerophyl-
lous forest in the seasonally dry tropics. Within
Australia, A. mangium has a discontinuous distribu-
tion, generally occurring at altitudes less than 100 m,
on rainforest margins from the central Queensland
coast (Townsville) to the Cape York Peninsula. In
the southern lowlands of New Guinea, populations
are more extensive and are associated with monsoon
vine forests and open savannah woodland. Isolated
populations occur in northern Irian Jaya (Sidei) and
the Moluccas (Sula, Ceram and Aru) (Fig. 1). Acacia
mangium has become an important forest tree in
south-east Asia where over 500000 ha of plantations
have been established for pulp and paper
production.
Studies of genetic diversity in A. mangium

revealed levels of allozyme diversity (HT= 0.025,
Moran et al., 1989a; HT= 0.070, Khasa et al., 1994)

that were too low to allow investigation of the
breeding system or to estimate gene flow among
populations. Standard electrophoretic techniques do
not detect all amino acid substitutions and may
therefore underestimate genetic variability when
compared with DNA markers (Lewontin, 1985).
Comparative studies of allozymes and DNA markers
from the nuclear genome of forest trees have
revealed similar or higher estimates of genetic diver-
sity. For example, Pinus resinosa (Mosseler et al.,
1992) and Thuja plicata (Glaubitz, 1995) have low
levels of allozyme variation and low RAPD and
RFLP variation, respectively, whereas in Eucalyptus
nitens (Byrne et al., 1998) and Pinus sylvestris (Karhu
et al., 1996) RFLP diversity was higher than allo-
zyme diversity. Differences have also been reported
in the distribution of variation using different
markers. Allozyme frequency profiles can result
from active selection rather than random genetic
drift (Lewontin, 1985; Bush & Smouse, 1992) and
may reveal patterns of variation different from DNA
markers because of different selective forces operat-
ing on the different marker loci (Mitton, 1994). In
Beta vulgaris a higher proportion of variation was
attributed to differences among populations based*Correspondence. E-mail: penny.butcher@ffp.csiro.au
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on RFLP data than on allozymes, indicating that
uniform balancing selection may operate to maintain
approximately equal allele frequencies among popu-
lations at allozyme loci (Raybould et al., 1997).
To investigate whether DNA markers could

provide additional information on the patterns of
genetic diversity and gene flow within and among
natural populations of A. mangium, populations
from throughout the geographical range of the
species were surveyed using RFLP markers.

Materials and methods

Plant material

Seed collected from 10 individuals in each of eight
natural populations and bulked seedlots from a
further two populations were used to represent the
species’ geographical range (Fig. 1). The location
and details of seedlots are listed in Table 1. All trees
sampled were mature individuals, at a minimum
distance of 100 m apart. One seed from each indivi-

Fig. 1 The current known natural distribution of Acacia mangium and location of seed collection sites.

Table 1 CSIRO seedlot numbers, location and altitude of sampled populations
of Acacia mangium

Population CSIRO seedlot Latitude °S Longitude °E Altitude (m)

Townsville 15694 18°57p 146°17p 20
Daintree 15687 16°16p 145°22p 12
Claudie River 18265 12°44p 143°16p 30
Captain Billy Road 18249 11°41p 142°42p 100
Pongaki 16589 8°40p 141°05p 30
Makapa 16931 7°56p 142°35p 15
Muting 17852† 7°20p 140°32p 40
Lake Murray 17866 6°51p 141°29p 55
Ceram 13621‡ 3°04p 128°12p 150
Sidei 13622 0°46p 133°34p 30

†Bulked seedlot from eight parent trees.
‡Bulked seedlot from nine parent trees.

206 P. A. BUTCHER ET AL.

© The Genetical Society of Great Britain, Heredity, 81, 205–213.



dual and 10 seeds from bulked seedlots were germi-
nated, grown in the glasshouse, and leaves collected
for DNA extraction.

DNA isolation

Total genomic DNA was extracted from 5 to 10 g of
leaves using a modified CTAB procedure (Murray &
Thompson, 1980). The concentration of CTAB in
the extraction buffer was increased to 3% and NaCl
to 1.8 M to minimize the precipitation of poly-
saccharides with the DNA. For samples which still
contained high levels of polysacchides, DNA was
digested with ‘Caylase’ following procedures
described by Rether et al. (1993).

Library construction

A random genomic library was constructed from A.
mangium total DNA (CSIRO seedlot 13229 —
Claudie River) using standard methods (Sambrook
et al., 1989). PstI-restricted DNA fragments ranging
from 0.5 to 2.3 kb were ligated into dephosphory-
lated pUC19 and transformed into E. coli. Trans-
formant colonies were selected for the presence of
recombinant plasmids using IPTG and Xgal and
screened to remove plasmids containing highly
repetitive DNA. Dilutions of overnight cultures of
bacterial colonies (1:50 in d H20) were denatured
and stored at µ20°C for PCR amplification.

RFLP procedures

DNA samples from the 100 A. mangium individuals
were digested with DraI, EcoRI, BglII and HindIII,
electrophoresed and transferred to nylon
membranes by capillary blotting. Probes were
prepared by PCR amplification of inserts and
labelled with 32P-dCTP using the random priming
method (Feinberg & Vogelstein, 1983). Hybridiza-
tion and autoradiography followed Byrne et al.
(1993) except that posthybridization washes were in
2ÅSSC, 0.1% SDS.

Probe selection

DNA from one individual in each of the 10 natural
populations was digested with each of four restric-
tion enzymes (DraI, EcoRI, BglII and HindIII). One
enzyme was selected for each of 50 probes which
showed banding patterns that were consistent with
simple Mendelian inheritance.

Data analysis

Bands detected by a probe were interpreted as
alleles at a genetic locus. Alleles were numbered
consecutively according to size and the largest sized
fragment designated allele 1. Allele frequencies
were calculated using BIOSYS-1 (Swofford &
Selander, 1989) and used to estimate the following
measures of genetic diversity: mean number of
alleles per locus (A); mean percentage of poly-
morphic loci (P); observed heterozygosity (HO); and
Hardy–Weinberg expected panmictic heterozygosity
(HE). The inbreeding coefficients (f ), total inbreed-
ing coefficient (F) and coancestry coefficient (y)
were calculated using the GDA program (Lewis &
Zaykin, 1997), based on the formulae in Weir
(1996). Deviations of F, f and y from zero were
tested using bootstrapping (1000 samples) to esti-
mate confidence intervals. To allow comparison with
published estimates from allozyme data the relative
degree of differentiation between populations (GST)
(Nei, 1973) was also calculated.
A hierarchical cluster analysis (UPGMA) was

performed using Nei’s (1978) unbiased genetic
distances and standard errors calculated using the
method of Ritland (1989). The distribution of
genetic variation among four geographical regions
was examined by calculating genetic diversity of each
region (HR) and the mean genetic differentiation
within and between regions (DSR and DRT, respec-
tively). The proportion of variation between popula-
tions which was attributable to differences between
regions (DRT/HT) could then be determined using
the formula

HT=HS+DSR+DRT.

Two indirect measures of gene flow were calculated.
The mean number of migrants exchanged between
populations per generation (Nm) was estimated
from the mean frequency of alleles found in only
one population [private alleles p(1)]. The formula
used for 10 individuals per population was (Slatkin
& Barton, 1989)

log10(p (1))=µ0.49 log10(Nm)µ0.95.

Results were compared with estimates using
Wright’s FST (equated with y in our calculations) and
the formula Nm=(1/FSTµ1)/4 (Slatkin, 1987).
Estimates of Nm are based on the assumption of

random mating and may be biased given evidence of
inbreeding. The data set was therefore subdivided
and gene flow examined between regions within
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which there was no evidence of nonrandom mating
(i.e. f not significant).

Results

Level of genetic variation

The bands revealed by the 50 probes were geneti-
cally interpreted as alleles at 57 putative Mendelian
loci. Forty-six loci were polymorphic in one or more
of the 10 natural populations. Allele frequencies
were calculated from all loci (data available from
the authors) and used to estimate genetic diversity
for the 10 populations (Table 2). The highest
measures of genetic variation (allelic diversity,
number of polymorphic loci and heterozygosity)
were observed in the New Guinea populations
(Pongaki, Makapa, Muting and Lake Murray).
Within Australia, diversity declined from north to
south with the Townsville and Daintree populations
having approximately half the genetic variation
detected in the Cape York populations (Claudie
River and Captain Billy Road). The lowest level of
genetic variation was recorded in Sidei and Ceram.
There was evidence of significant levels of

inbreeding (Table 2), with an excess of homozygotes
in the Townsville, Daintree and Claudie River popu-
lations. The distribution of alleles indicated
substructuring in the Townsville population with
four individuals being homozygous for a different

allele than the other six individuals at three loci. No
heterozygotes were detected at these loci.

Distribution of genetic variation

The level of differentiation among populations was
high (Table 3) and estimates of confidence intervals
for y indicate that significant divergence has occur-
red between the populations. This reflects differ-
ences in the identities of the most common allele
between populations and the localized occurrence of
rare alleles. At 18 of the 46 variable loci, different
alleles were most common in different populations.
Rare alleles were concentrated in the New Guinea
and Cape York populations and were not detected
in the Townsville, Sidei and Ceram populations.
Nei’s genetic distances between populations

ranged from 0.009 to 0.189 with a mean of 0.083.
This was an order of magnitude higher than
previous estimates from allozymes (Table 4) and was
higher than the mean of 0.045 reported from allo-
zyme data for conspecific populations (Gottlieb,
1977; Crawford, 1989). Cluster analysis grouped
populations into four distinct regions which corre-
spond with geographical discontinuities in the
species distribution (Fig. 2). The greatest genetic
distances separated the geographically isolated
Ceram and Sidei populations from all other popula-
tions. Differences between geographical regions
accounted for 75% of the variation between popula-

Table 2 Measures of genetic variation in Acacia mangium based on allele frequencies at 57 loci (standard errors in
parentheses), [upper and lower bounds of 95% confidence intervals in square brackets]

Mean no. Percentage of Observed Expected Inbreeding
alleles per polymorphic heterozygosity heterozygosity coefficient

Population locus (A) loci (P)† (HO) (HE)‡ (f )

Australia
Townsville 1.1 (0.1) 14.0 0.033 (0.018) 0.061 (0.020) 0.463 [0.917, µ0.125]
Daintree 1.3 (0.1) 26.3 0.063 (0.019) 0.087 (0.022) 0.287 [0.528, µ0.010]
Claudie River 1.5 (0.1) 42.1 0.125 (0.026) 0.156 (0.029) 0.207 [0.366, 0.044]
Capt. Billy Road 1.7 (0.1) 56.1 0.190 (0.032) 0.187 (0.030) µ0.017 [0.107, µ0.141]

New Guinea
Pongaki 1.7 (0.1) 54.4 0.186 (0.028) 0.183 (0.027) µ0.019 [0.096, µ0.130]
Makapa 1.9 (0.2) 54.4 0.198 (0.031) 0.203 (0.030) 0.029 [0.177, µ0.111]
Muting 1.9 (0.1) 56.1 0.209 (0.034) 0.211 (0.031) 0.008 [0.123, µ0.112]
Lake Murray 1.8 (0.1) 57.9 0.199 (0.031) 0.191 (0.027) µ0.043 [0.071, µ0.165]
Sidei 1.1 (0.1) 5.3 0.019 (0.012) 0.019 (0.012) 0.010 [0.250, µ0.286]

Moluccas
Ceram 1.0 (0.1) 1.8 0.012 (0.012) 0.009 (0.009) µ0.370 [µ0.370, µ0.370]

Mean 1.5 36.8 0.124 0.131 0.058

†A locus was considered polymorphic if more than one allele was detected.
‡Unbiased estimate (see Nei, 1978).
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tions. There was evidence of significantly higher
levels of divergence between populations in
Australia (GSR= 22%) than New Guinea (5%)
(Table 5).

Gene flow

The mean number of migrants exchanged among
populations per generation, estimated using the
private alleles method, (Nm=0.86) indicates that

gene flow has been below the level required to
prevent genetic differentiation through the effect of
genetic drift alone. Private alleles were concentrated
in the New Guinea populations. Of a total of 31
private alleles, four were detected in Pongaki, seven
in Makapa, eight in Muting, five in Lake Murray, six

Table 3 Mean and confidence intervals (95%) for
estimates of the degree of inbreeding within populations
of Acacia mangium (f), the overall inbreeding coefficient
(F) and the coancestry coefficient (y)

f F y

Mean for 10
populations

0.058 0.391 0.354

Confidence
interval

µ0.015, 0.133 0.293, 0.486 0.278, 0.432

Table 5 The distribution of genetic variation within and between regions of
Acacia mangium

Number of Number of
Region populations variable loci HR GSR (%)

Townsville/Daintree 2 18 0.092 18.6
Cape York 2 35 0.179 3.7
New Guinea 4 41 0.207 4.8
Ceram/Sidei 2 8 0.062 76.3

HR, mean genetic diversity within regions (weighted according to the number of
populations); GSR, proportion of variation among populations within a region.

Table 4 Comparison of genetic variation in Acacia
mangium detected using isozymes and RFLPs

AS HS DST HT GST D

Isozymes† 1.37 0.017 0.008 0.025 0.311 0.009
Isozymes‡ 2.50 0.064 0.006 0.070 0.086 0.007
RFLPs 2.76 0.130 0.065 0.195 0.331 0.083

AS, mean number of alleles per locus; HS, mean gene
diversity within populations; DST, differentiation between
populations; HT, total gene diversity; GST =DST/HT,
relative degree of gene diversity between populations
(Nei, 1973); D, Nei’s (1978) unbiased genetic distance
among populations.
†Moran et al. (1989a).
‡Khasa et al. (1994).

Fig. 2 Cluster analysis of populations
of Acacia mangium based on Nei’s
(1978) unbiased genetic distance and
the UPGMA algorithm. (Cophenetic
correlation= 0.909.) A cluster is sta-
tistically significant if the standard
error bar, depicted as a broad line, is
less than half the branch length.
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in Captain Billy Road and one in Sidei. None was
detected in Townsville, Daintree, Claudie River or
Ceram. Estimates of gene flow using Wright’s FST

method, which reflects differences in both common
and rare alleles, were lower (Nm=0.46).
Comparison of gene flow between geographical

regions (Table 6) showed evidence of restrictions to
gene flow between the Cape York and southern
Queensland populations and between Sidei and
Ceram and all other populations. However, it
appears that despite the geographical barrier of
Torres Strait there has been sufficient gene flow
between New Guinea and Australia to prevent
differentiation among these regions.

Discussion

The level of genetic diversity within populations of
A. mangium varied throughout the geographical
range of the species and was consistent with differ-
ences in their size and degree of geographical isola-
tion. Populations in New Guinea which are large
and widespread were characterized by relatively high
levels of genetic diversity, whereas those in the
Daintree–Townsville region, which tend to be small
and widely scattered (Harwood & Williams, 1992),
had low levels of diversity. The decline in genetic
diversity from north to south and the higher differ-
entiation between populations in Australia
compared with New Guinea may reflect decreasing
opportunities for gene flow between more isolated
populations of smaller size. Evidence of substructur-
ing in the Townsville population also indicates
limited gene flow which increases the opportunity
for consanguineous matings.
The extremely low levels of genetic diversity in the

geographically isolated populations of Sidei and
Ceram suggest that these populations have been
founded on a narrow genetic base or have experi-
enced a decline in diversity because of isolation and
small size. Bottlenecks associated with long-distance
founding events, the absence of repeated migration
as a source of genetic enrichment and the possibility

of novel selection pressures in new environments are
all likely to lead to a loss of genetic variation during
colonizing events, particularly those that involve
long-distance migration (Barrett & Husband, 1989).
The large genetic distance between Sidei, Ceram
and other natural populations argues against rela-
tively recent establishment from those sampled in
Australia or New Guinea. Sidei also contained a
common allele that was not detected in any other
population sampled, raising questions over possible
source populations. The populations on Aru and
Sula have not been genetically assessed.

Differentiation among populations

The level of differentiation among populations
(GST = 0.331) was high compared to the mean GST of
0.102 estimated from allozyme data for 73 woody
angiosperms (Hamrick, 1992); 0.264 for Australian
forest trees (Moran, 1992) and 0.162 estimated for
Eucalyptus nitens using RFLPs (Byrne et al., 1998). It
was within the range of 0.00–0.384 reported for 13
species of Juglans (Fjellstrom & Parfitt, 1994) and
was similar to that previously recorded for A.
mangium from allozyme data (GST = 0.311) by
Moran et al. (1989a). A lower GST estimate was
reported for A. mangium by Khasa et al. (1994)
(Table 4), but this may reflect the inclusion of intro-
duced populations which were of unknown and
possibly mixed origins. Although the genetic
distances between natural population of A. mangium
estimated from the RFLP data were an order of
magnitude higher than previously recorded from
allozymes, the distribution of variation within and
between populations was similar for both marker
types.
The relatively high level of divergence among

populations of A. mangium may reflect both barriers
to gene flow and diversifying selection. The current
distribution of A. mangium occurs entirely within the
Australian plate. The islands of Ceram, Aru and
Timor occupy extreme ends of a single tectonic unit,
rifted from north-western Australia in the Jurassic
(Michaux, 1991). The distribution of the species,
together with those of six other acacias from the
Juliflorae which occur in New Guinea and Australia,
suggest that the group was more widespread prior to
sea level rises which resulted in the Torres Strait
reaching its current extent 6500 years ago. The
occurrence of A. mangium at low elevations in
coastal or riverine environments would have
increased its susceptibility to sea level changes. Sea
level falls which accompanied glaciation during the
Quaternary period would have favoured its dispersal

Table 6 Gene flow (Nm) between regions, estimated from
private alleles (Slatkin & Barton, 1989) in populations of
Acacia mangium

Cape York New Guinea Ceram/Sidei

Daintree/Townsville 0.401 1.70 0.063
Cape York 3.01 0.192
New Guinea 0.841
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whereas rises would have reduced its geographical
range.
Radiocarbon dating of charcoal fragments under

rainforest has shown that much of the area currently
covered by rainforest in north-eastern Australia was
dominated by fire-prone eucalypt woodland between
27000 and 3500 years ago (Hopkins et al., 1993). In
the late Pleistocene the distribution of rainforest
appears to have been a highly fragmented version of
that which exists today, persisting in fire-proof topo-
graphic and edaphic locations. Existing rainforests
are therefore relatively recent, having reinvaded
from refugia. Palynological evidence also indicates
that decreases in rainfall and temperature which
occurred at the height of the glaciation 218000 BP

(Kershaw, 1989) favoured the expansion of Euca-
lyptus and rainforest displacement. During this time
A. mangium would have been restricted to moister
refugia and the edges of mesic forests in New
Guinea. The relatively low diversity and evidence of
substructuring in the Townsville and Daintree popu-
lations are consistent with founder effects associated
with the contraction into and expansion from
refugia. The lower level of gene flow among the
Australian populations than between Daintree–
Townsville and New Guinea could be explained if
diversifying selection occurred during and following
the species expansion from refugia.

Inbreeding

Species with wide geographical ranges generally
maintain moderately high levels of gene flow result-
ing in low levels of divergence among populations if
they have outcrossing mating systems (Hamrick,
1992). There have been no published accounts of
the breeding system in A. mangium, but Australian
acacias appear to be highly outcrossing (Moran et
al., 1989b; Muona et al., 1991; Khasa et al., 1993)
with self-incompatibility mechanisms (Kenrick et al.,
1986). Although the mean population fixation index
for A. mangium calculated from the RFLP data was
close to zero, there was evidence of significant
inbreeding in the Australian populations (f=0.17).
Either the effects of climate and sea level change
were more severe on these populations (Boland et
al., 1990) or inbreeding may be associated with frag-
mentation resulting from relatively recent changes in
land use. The Daintree and Townsville populations
have been affected by rural and urban development
resulting in barriers to gene flow which would facili-
tate an increase in consanguineous matings. In
contrast, there was no evidence of inbreeding in the
Captain Billy Road and New Guinea populations

which have been less affected by changes in land
use.

Comparison of markers

The level of genetic variation detected in A.
mangium using RFLP markers was three to eight
times higher than previously detected using allo-
zymes (Table 4). In contrast, several other species
with low allozyme variation also have low RAPD
variation, for example Amentotaxus formosana
(Wang et al., 1996) and Pinus resinosa (red pine)
(Mosseler et al., 1992) and low RFLP variation, for
example Thuja plicata (western red cedar) (Glaubitz,
1995) and Populus grandidentata (bigtooth aspen)
(Liu & Furnier, 1993). The low RFLP variation may,
however, be associated with the use of a single
restriction enzyme.
In A. mangium differences in sampling strategies

may have contributed to the lower level of diversity
in the allozyme surveys which focused on popula-
tions in Australia, with only two New Guinea popu-
lations represented. However, even the more
variable populations in New Guinea had consider-
ably lower allozyme variation (HE= 0.028–0.042)
than RFLP variation (HE= 0.183–0.211). The detec-
tion of higher levels of variation using RFLPs may
reflect fundamental differences between the marker
types. Allozymes are gene products and reveal
nonsilent differences in protein-coding genes
whereas RFLPs reveal differences directly at the
DNA level in both coding and noncoding regions
(Clegg, 1989). The probes used in this study, being
derived from a genomic rather than a cDNA library,
are more likely to uncover variation in noncoding
regions which accumulate mutations more rapidly
than coding regions (Devey et al., 1991).
The higher level of variation detected with RFLPs

in A. mangium may indicate selective constraints on
protein-coding genes in this species. This would lead
to a lower rate of (nonsilent) mutation at the loci
relative to the rate of (silent and nonsilent) muta-
tion at nuclear RFLP loci. It is conceivable that
allozyme and RFLP variation have been reduced by
a past population bottleneck but that RFLPs have
since recovered some of their variation because of
their higher mutation rate. Species that have low
variation at both allozymes and DNA markers may
have experienced more recent and severe bottle-
necks than A. mangium.
Alternatively, the recovery of DNA variation in A.

mangium and not in red pine, poplar and western
red cedar may be associated with differences in their
breeding systems. High rates of selfing have been
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reported in western red cedar (s=0.68) (El-Kassaby
et al., 1994) and poplars can reproduce clonally
(Cheliak & Dancik, 1982). Although there have
been no direct estimates of outcrossing in red pine,
high self-pollination has been observed in isolated
red pine trees (Mosseler et al., 1992). Lower RFLP
diversity was recorded in the populations of A.
mangium with evidence of higher levels of inbreed-
ing. This suggests that species or populations with
high levels of inbreeding or selfing maintain low
levels of both RFLP and allozyme variation follow-
ing a bottleneck whereas outcrossing facilitates the
recovery of RFLP variation.
The pattern of RFLP variation in A. mangium is

consistent with the species previously having a more
widespread distribution. Fragmentation of popula-
tions has been greatest in the southern portion of its
range resulting in a decline in genetic diversity and
increase in inbreeding. The extremely low genetic
diversity in Sidei and Ceram is consistent with a
bottleneck associated with long-distance founding
events or population contraction because of long-
term isolation. Although RFLPs detected a higher
level of genetic diversity than allozymes, the distri-
bution of variation within and between populations
was similar. The greatest discrepancy between
markers was in estimates of genetic distance which
were an order of magnitude higher for RFLPs. This
could reflect uniform balancing selective pressure on
protein-coding genes in a species adapted to a rela-
tively narrow ecological niche and a higher rate of
mutation at RFLP loci.
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