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Introduction 

This study investigated the level and structuring of genetic diversity within Western 

Australian Sandalwood, S. spicatum to provide information contributing to management 

stratgeies for natural populations, and development of an improvement program for planted 

stands. Nuclear RFLP markers were developed to allow inves ti gation of genetic diversity 

using co-dominant genetic markers . The diversity in the chloroplast genome was also 

investigated to give a historical perspective to the genetic st ructure in the species. This 

section summari zes the main findings of the study and the implications that arise . The 

technical detail for the study is provided in two scientific papers, one discussing the 

nuclear diversity and the other the chloroplast diversity in sandalwood. 

Outline of results 

Samples were collected from twenty three populations across the geographic range of 

Sandalwood in both the wheatbelt and rangelands areas. The diversity in the nuclear 

genome was assessed with RFLP probes which are specific for Santa/um and were 

deve loped for this study. These RFLPs assay random pieces of DNA throughout the 

nuclear genome of the species. The data generated we re analysed for geneti c parameters 

and genetic relationships between populations. The diversity in the chloroplast genome 

was assessed usi ng specific chloroplast probes. These probes identify changes in the length 

of DNA fragments that are caused by mutations. The presence and absence of mutations 

were analysed to determine genetic relationships between individuals and populations. 

Nuclear diversity 

Sandalwood showed moderate levels of diversity for a woody perennial (see Table 1 ). 

Each individual has two alleles at each locus (bit of DNA), one inherited from the mother 

and one from the father. The two alleles can be the same or different. Heterozygosity is 

when an individual has two alleles that are different and therefore has greater variation 

than if the alleles were the same. The number of alleles and the heterozygosity values, 

were generally lower in the wheatbelt populations than in the rangelands populations. The 

similarity between the observed heterozygosity and the expected heterozygosity means that 

the populations are essentially outcrossing with random mating and no inbreeding. 

However, this reflects the state of the adult population and there may be inbreeding at the 

point of seed production but the inbred seeds are selected against during juvenile stages of 

development 
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Table 1. Genetic diversity parameters for populations of Sandalwood. P, percentage of loci 

that are polymorphic (0.99 criterion); A, mean number of alleles per locus ; Ho, observed 

heterozygosity; He, Hardy-Weinberg expected panmictic heterozygosity ; f 1s , mean 

fixation index over all loci ; standard errors in parentheses. 

Population p A Ho He F,s 

Mean - Rangelands 68 2.1 0.216 (0.009) 0.220 (0.007) -0.041 (0.014) 

Mean - Wheatbelt 58 1.8 0.184 (0.013) 0.198 (0 .012) -0.008 (0.018) 

Mean-Total 63.5 1.95 0.201 (0 .009) 0.210 (0.008) -0.026(0.011) 

Table 2. Genetic diversity parameters for Sandalwood and other Australian tree species. 

Parameters for individual species are from RFLP studies , mean of Australian trees is from 

isozyme studies. Hr, mean estimate of total gene diversity, H5, mean gene diversity within 

populations, Gsr, relative degree of gene diversity between populations. 

Species 

S. spicatum 

E. nitens 

E. kochii 

E. loxophleba 

E. camaldulensis 

A. mangium 

Australian trees 

Hr 

0.233 

0.445 

0.514 

0.418 

0.530 

0.195 

0.254 

Hs 

0.214 

0.373 

0.502 

0.402 

0.130 

0.203 

Gsr(¾) Reference 

8.3 This study 

16.2 Byrne et al. 1994 

2.2 Byrne 1999 

3.8 Hines and Byrne 2001 

7.8 Butcher et al. 200 I 

33 .1 Butcher et al. 1998 

23.0 Moran 1992 

Comparison of genetic diversity in sandalwood and other Australian tree species (for 

which similar analysis has been carried out ) is given in Table 2. Hr represents total genetic 
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diversity and Sandalwood showed lower diversity than the eucalypts but higher diversity 

than the tropical Acacia mangium. The eucalypts have higher levels of diversity because 

they maintain a higher level of rare alleles of low frequency (which means they have a lot 

of different variants of that bit of DNA). Gs-r represents the proportion of diversity that 

exists between populations. Sandalwood maintained a relatively low level of diversity 

between populations, simi lar to the other widespread species Eucalyptus camaldulensis. 

The two eucalypt species with very low diversity between populations, E kochii and E. 

loxophleba , have more localised distributions in Western Australia, and the two species 

with high levels of diversity between populations, E. nitens and Acacia mangium, have 

disjunct distributions which contribute to the high levels of diversity maintained between 

populations in these species. The level of differentiation between populations was higher in 

the wheatbelt than in the rangelands. 

A test for association between genetic differentiation of populations and their geographic 

distance was not significant across the whole species (p = 0.131) or for the populations in 

the wheatbelt (p = 0.379). However, it was significant for populations in the rangelands (p 

= 0.021 ). This indicates that the rangelands popu lations have an equilibrium between drift 

and gene flow, whereas the wheatbelt populations did not show equilibrium. Drift 

(differences due to isolation) and gene flow (dispersal of pollen or seeds between 

populations) effect evolutionary processes which influence genetic structure. Drift and 

gene flow act as opposite forces, with drift increasing the differentiation of populations and 

gene flow decreasing the differentiation. Drift-gene flow equilibrium in the rangelands 

means that this region has experienced a stable environment for a long period of time. The 

pattern in the wheatbelt suggests more recent expansion in this area and/or fragmentation 

and isolation of populations in the region. 

A diagram of the relationships between populations is shown in Figure 1. There is no 

strong evidence of genetic structuring within S. spicatum, although the rangelands 

populations showed a greater degree of association than the wheatbelt populations. The 

majority of rangelands populations were grouped into a cluster, although two wheatbelt 

populations were also clustered in this group. Some pairs of wheat belt populations showed 

simi lar ities but the majority of populations were divergent and showed little association. 
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Fig. 1 Consensus tree for population phylogeny (continuous character maximum 

likelihood) analysis of populations of Santalum spicatum. 
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Chloroplast diversity 

A moderate level of chloroplast diversity was detected in sandalwood. There were 14 

mutations which were distributed over eleven haplotypes. A haplotype is a set of mutations 

found in the same individuals. There was one haplotype (B) that was more common than 

all others, occurring in 45% of the individuals sampled mainly from the wheatbelt 

populations. The level of diversity in the chloroplast genome of S. spicatum is high 

compared to other woody perennials but not as high as has been identified in other 

Australian tree species, including the main host, Acacia acuminata (Byrne et al. 2001 ). 

The relationships between the haplotypes show two groups (Figure 2), one containing the 

wheatbelt populations plus the rangelands populations of Burnerbinmah and Coolgardie, 

and the other the remaining populations from the rangelands. The group of wheat belt 

populations shows little divergence within the group, but the group of rangelands 

populations shows greater divergence between the haplotypes in the group. A nested clade 

analysis identified that the geographic structuring into two groups in the phylogeny was 

significant (p=0.000). Analysis of the pattern of relationships l~ads to an inference of past 

fragmentation as the main influence causing the geographic strncturing of these groups. 

Summmy 

In summary Sandalwood has moderate levels of genetic diversity with a significant level of 

differentiation between populations but no strong genetic structuring within the species. 

Whilst the wheatbelt and rangelands populations are not highly differentiated there are 

differences in the evolutionary history of these two regions and therefore differences in the 

genetic responses of the populations in the regions. The genetic analysis indicates that the 

rangelands populations have existed in a stable environment for a long period of time. The 

populations have higher levels of diversity than the wheatbelt populations, and higher 

levels of gene flow through pollen dispersal, although seed dispersal is limited to 

populations within broad areas. In contrast, the wheatbelt populations have had a more 

recent expansion of the species range, although they have been in place sufficiently long to 

experience fragmentation and isolation of populations. These populations have lower 

levels of diversity than the rangelands populations and greater divergence between 

populations due to more limited gene flow. The greater differentiation within the wheatbelt 

may also be related to the greater environmental gradiant across the wheatbelt compared to 
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Fig. 2. Phylogenetic tree of haplotype relationships in Santa/um spicatum. Numbers above 

lines refer to mutations. Numbers in italics below lines at nodes represent bootstrap 

confidence values(%). Numbers in brackets indicate number of individuals in each 

population with that haplotype. 
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the rangelands. The morphological differences between the rangelands and wheatbelt 

ecotypes most likely represent adaptation to environmental conditions, but may also reflect 

some effect of the different genetic processes associated with drift and gene flow that have 

occurred due to the divergence of the regions . 

Implications 

The results of this study have implications for the domestication of sandalwood, and for 

the management of natural populations of this important genetic resource. Whilst the level 

of differentiation between the rangelands and the wheatbelt forms of sandalwood are not 

large the different genetic history in the wheatbelt and the rangelands suggests that it may 

be prudent to establish planted stands in the wheatbelt region from germplasm collected 

from wheatbelt populations. This would also avoid any concerns about the possible genetic 

contamination of natural populations of sandalwood in the wheatbelt. There is sufficient 

diversity across the wheatbelt populations to ensure a broad genetic base for germplasm 

collections. The degree of differentiation of populations in the wheatbelt suggests that 

sampling strategies should encompass all of the current populat_ions, particularly the more 

divergent southern most populations, to capture the maximum genetic diversity. The level 

of differentiation between populations also suggests that crossing between populations 

th.rough establishment of seed orchards could lead to a heterosis effect which may be 

manifest in superior growth. Although there was no evidence of inbreeding in the adult 

populations that were assayed in this study, the low levels of diversity, particularly in the 

wheatbelt populations, suggest that inbreeding may be a significant factor in seed crops 

from small populations. 

Regeneration in populations in the rangelands region is one of the issues for management 

strategies of these populations. The level of differentiation between populations in the 

rangelands suggests that seed used in regeneration of natural populations should be used 

from local areas so as not to disturb the balance between drift and gene flow that occurs in 

these populations. There is considerable debate about how to define "local area" and such 

definitions are often quite arbitrary. However, in order to give some guidance a 

recommendation would be that seed collections be made from within a 10km radius of the 

place of planting. This is based on the maximum distances that rare long distance gene 

flow may be expected to occur in Sandalwood. 
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Abstract 

Western Australian sandalwood, Santa/um spicatum, is harvested for sandalwood oil. The 

species is widespread in the semi-arid and arid regions of Western Australian and there is 

some morphological variation suggestive of two ecotypes. The level and structuring of 

genetic diversity within the species was investigated using anonymous nuclear RFLP loci . 

Santa/um spicatum showed moderate levels of genetic diversity compared to other 

Australian tree species. The northern populations in the arid region showed greater levels 

of diversity and less population differentiation than the southern populations in the semi­

arid region. Equilibrium between drift and gene flow in the northern populations indicated 

that these populations have been established for a long period of time with stable 

conditions conducive to gene flow. In contrast the southern populations showed a 

relationship between drift and gene flow indicative of a pattern of fragmentation and 

isolation where drift has greater effect than gene flow. The different pattern of diversity 

between the two regions suggests that the ecotypes have experienced differences in the 

relative influences of genetic processes during their evolutionary history. 

Key Words : genetic diversity , RFLP , Sandalwood, equilibrium 
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Introduction 

Sandalwood is highly valued for the sequiterpene essential oil contained in the heartwood 

(Adams et al. 1975) which is mainly used in the perfume industry, but is also used for 

incense and joss stick manufacture and for carving (Rai 1990). The majority of commercial 

sandalwood is obtained from the Indian Sandalwood (Santa/um album) which is harvested 

from natural populations and plantations in India and Asia (Srinivasan et al. 1992). The 

Western Australian Sandalwood (S. .spicatum ) also produces aromatic wood sim ilar to 

Indian sandalwood (Adams et al. 1975) , and is exported from Western Australian to 

several Asian countries where it is used mainly in the manufacture of joss sticks (Jones 

2001 ). There are several other species of Santa/um that occur in Australia but they do not 

produce sufficient quantity of the sesquiterpenes that make up the Sandalwood fragrance to 

be commercially significant (Shea et al. 1998). 

Western Australian sandalwood has a broad distribution throughout the semi-arid 

(approximately 300 - 600 mm rainfall) and arid (approximately 150 - 300 mm rainfall) 

areas of Western Australia but is absent from the hi gh rainfall areas in the extreme south­

west and the tropical areas in the norlh . It is a slow growing root hemi-parasi te tree 

(Hewson and George 1984) which commonly occurs with nitrogen fixing plants such as 

Acacia or Allocasuarina that it uses as hosts (Loneragan 1990). Experimental data has 

shown Acacia acuminata to be a preferred host (Brand et al. 2000). Extensive harvesting of 

sandalwood, combined with poor recruitment and slow growth rate , have reduced the 

extent of naturally occurring Western Australian sandalwood and there is interest in 

commercial plantings of sandalwood in the agricultural areas of Western Australia (Shea et 

al. 1998). 

Western Australian sandalwood occurs across a wide range of environmental conditions 

and shows morphological variation suggesting the presence of two ecotypes within the 

species (Fox and Brand 1993). In the higher rainfall areas in the south of the distribution 

the species exhibits larger leaves and nuts, higher chlorophyll content and more of a tree 

habit than in the arid areas in the north of the di stribution (Fox and Brand 1993). Trees in 

the arid areas also show higher concentration of oil in the wood (Loneragan 1990). Thi s 

morphological variation probably reflects adaptation to environmental conditions but may 

also have some genetic basis. Variation in growth rate between provenances has been 

observed in a field trial (Brand et al. 1999) indicating some genetic influence on growth 
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characteristics, and genetic differentiation of two lineages has been observed in cpDNA 

(Byrne unpubl. data). 

Domestication and development of improvement programs are enhanced by a knowledge 

of the genetic structure of species in order to capture high levels of diversity in breeding 

populations and seed orchards. Appropriate management of natural populations and 

development of in situ conservation of genetic resources also requires information on the 

amount and distribution of genetic diversity. The domestication of Western Australian 

sandalwood for agroforestry will involve the development of an improvement program, 

and knowledge of genetic diversity and structure within the species will provide a basis for 

a selection program to identify superior germplasm. It will also provide information for the 

conservation of this important genetic resource, and the management of natural populations 

that are still harvested for sandalwood production. This study investigates the level and 

structuring of genetic diversity within S. spicatum. Isozyme analysis has proved unsuitable 

in this species (Brand 1993) therefore nuclear RFLP markers were developed to allow 

investigation of genetic diversity using co-dominant genetic markers. 

Materials and Methods 

Genomic library construction 

A random genomic library was constructed from S. spicatum using standard methods 

(Sambrook et al. 1989). Total genomic DNA from a single sandalwood tree was digested 

with Pstl , treated with Gene Clean (Geneworks) then ligated into Pst I digested, 

dephosphorylated pUCl 9 plasmid. Plasmids were transformed into competent cells of the 

bacterial strain Dha 101 (Gibco) by heat shocking. Transformed colonies containing 

recombinant plasmids were selected using ITPG/X-gal screening and maintained as 

glycerol stocks at -80°C. Probes were prepared by PCR amplification of the insert using 

M 13 universal primers and cleaned by passing through filter tips at 6000rpm in a 

microfuge, followed by ethanol precipitation. To screen for high copy DNA sequence, 

plasmid inserts were separated on 0.8% agarose gels, Southern blotted and hybridized with 

total genomic DNA. Inserts containing high copy sequence were discarded. Probe 

evaluation was carried out by screening 103 probes against DNA from six different 

individuals digested with each of three restriction enzymes, Bgl II , Eco RI , or Eco RV. 

Twenty-eight probe - enzyme combinations that showed scorable single locus patterns 

were selected to assess the diversity of populations. 
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Plant material and DNA procedures 

Leaf samples were collected from ten individual s, from each of 23 populations across the 

geographic range of the species in both the southern (semi-arid) and no rthern (arid) areas 

(Figure I) . Samples were also collected from ten individuals from each of two populations 

(one southern, one north-eastern) of the related spec ies S acuminatum (Quandong). DNA 

was extracted from the leaves of the 250 individuals following the methods outlined in 

Byrne et al. (1994) with the addition of 0 .1 M sodium sulphite to the extraction buffers 

(Byrne et al. 2001). DNA samples were digested with either Bgf II , Eco RI , or Eco RV, 

Southern blotted and hybridized with 28 RFLP probes . Hybridization conditions were as in 

Byrne and Moran ( 1994). 

Data analysis 

Data analysis was carried out at the species level for all populations and also at a regional 

level (southern/semi arid region versus northern/arid region) where appropriate . The 

population at Northampton has a semi-arid, coastal environment but is in the northern area 

and was included in the northern group of populations for the regional analysis. Alleles 

were numbered at each locus according to the size of the fragment, with the largest 

fragment designated allele 1. Allelic diversity parameters were calculated using Popgene 

(Yeh et al. 1997). Gene diversity parameters, mean estimate of total genetic diversity (I-I-r), 

mean gene diversity within populations (I-ls), mean gene diversity between populations 

(DsT) and the relative degree of gene diversity between populations (GsT) , were calculated 

according to Nei ( 1987) using FST AT. Population differentiation (0) was calculated using 

FST AT (Goudet 2000) for all populations and for the northern and southern populations 

separately. Regression of pairwise population differentiation against geographic distance 

was calculated and tested for significance using a Mantel randomisation test with I 000 

iterations (Mantel 1967) for all populations, and for the northern and southern populations 

separately . Where a significant result was obtained the residuals of the regression were also 

tested against geographic distance. Population relationships were determined using a 

continuous character maximum likelihood analysis in Phylip (Felsenstein 1993). The 

southern population ofNyabing was specified as the outgroup as it was one of the three 

populations that had the greatest average genetic distance from the rest of the populations . 

The significance of the population relationships was assessed by bootstrapping with I 00 
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replications. Banding patterns in the two populations of S acuminatum were unable to be 

scored and were not included in the data analysis . 

Results . 

Information derived from twenty-seven probes was used in the analysis , since one probe 

produced a banding pattern that could not be reliably scored. Polymorphism in S. spicatum 

was high, with only one locus monomorphic in all populations . There were no loci that 

were polymorphic in all populations. The number of alleles detected at a locus ranged from 

one to 10 with the maximum number of alleles in any one population being six. The 

distribution of alleles in frequency classes showed that the majority of alleles were 

common with frequency >0.5 (mean of all populations= 51 %) and the proportion of rare 

alleles of frequency <0.1 was much lower (mean of all populations= 17%). 

Measures of allelic diversity among populations of S. spicatum showed moderate levels of 

diversity for a woody perennial. The number of alleles per locus (A), observed 

heterozygosity (Ho) , and heterozygosity expected under Hardy-Weinberg equilibrium 

(He), were generally lower in the southern populations than in the northern populations, 

and were significantly lower than the majority of populations in two southern populations, 

Goomalling and Borden (Table 1 ). Borden is the southern most population at the edge of 

the species range, and is a very small population. The inbreeding coefficient, F1s, was small 

and negative for most populations suggesting a possible heterozygote advantage. 

The mean estimates of total genetic diversity (Hr) showed moderate levels of diversity 

with the majority of this diversity within populations (Hs), although some diversity was 

maintained between populations (Gsr = 8.3%) (Table 2). Although diversity between 

populations was not high, the level of population differentiation was significantly different 

from zero (0 = 0.087, 95% confidence interval 0.067 - 0.108). The level of population 

differentiation was higher in the southern populations (0 = 0.108, 95% confidence interval 

0.079 - 0.140) than in the northern populations (0 = 0.055 , 95% confidence interval 0.038 

- 0.074). There was no significant association between population differentiation (FsT) and 

geographic distance across the whole species as assessed by a Mantel test (g = 1.213 , p = 

0.131 ). There was also no significant association for the populations in the south (g = 

0.276, p = 0.379), however there was a significant association for populations in the north 
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(g = 2.167, p = 0.021 ). For the northern populations the residuals from the regression also 

showed a highly significant association with geographic distance (g = 7.546, p = 0.001). 

Unbiased estimates of genetic distance between all pairwise compari sons of S. spicatum 

populations were low, with the highest distance (0.073) occurring between the southern 

populations at Nyabing and Pingrup. The lowest genetic distance (0 .006) occurred between 

the northern populations of Ned ' s Creek and Cue. The average genetic distance across the 

whole species was low (0.057). 

A population phylogeny based on maximum likelihood analysis showed no strong 

evidence of genetic structuring within S. spicatum (Figure 2), although the northern 

populations showed a greater degree of association than the southern populations. The 

majority of northern populations were grouped into a clade, although two southern 

populations were also clustered in this clade. Some pairs of wheatbelt populations showed 

similarities but the majority of populations were divergent and showed little association. 

None of the nodes were significant with all bootstrap values less than 40% (not shown) . 

The related species S. acuminatum , showed multiple bands that were not consistent with a 

standard diploid allelic pattern . The Arthur River population (south) showed up to six 

bands at some loci which were all identical between individuals. The Goongarrie 

population (north-east) showed up to four bands in each individual and these were variable 

between individuals. 

Discussion 

The level of genetic diversity in S. spicatum is lower than that reported for most other 

Australian tree species that have been assessed using RFLP loci (Table 2). Santa/um 

spicatum showed lower levels of diversity than the eucalypt species studied but higher 

diversity levels than Acacia mangiwn. The lower level of gene diversity in S. spicatum 

compared to eucalypts is probably related to the distribution of allele frequency . Santa/um 

::,picatum had a high level of common alleles and low levels of rare alleles compared to 

eucalypt species where the frequency of alleles is skewed towards rare alleles (E kochii 

allele frequency <0.5 = I I% allele frequency <0.1 = 66% (Byrne 1999); E. loxophleba 

allele frequency <0.5 = 22% allele frequency <0.1 = 33% (Hines and Byrne 200 I) ; E. 

nitens allele frequency <0.5 = 19% allele frequency <0.1 = 28% (Byrne et al. 1998)). 
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Santa/um spicatum maintained a relatively low but significant proportion of diversity 

between populations, similar to the other widespread species £. camaldulensis. The two 

eucalypt species with very low diversity between populations have more localised 

distributions in Western Australia, and E. nitens and A. mangium have disjunct 

distributions which contribute to the high levels of diversity maintained between 

populations in these species . The level of diversity maintained between populations of S. 

spicatum was lower than the average for all other Australian tree species studied with 

isozymes (Table 2). 

Within S. spicatum there is evidence for some genetic differences between the northern and 

southern regions. Populations in the north showed higher levels of genetic diversity and 

less differentiation between populations compared with those in the south. The northern 

populations also showed isolation by distance which is indicative of an equilibrium 

between drift and gene flow, whereas the southern populations did not show equilibrium. 

Drift and gene flow, as well as population size, affect evolutionary processes which 

influence genetic structure. Drift and gene flow act as opposite forces, with drift increasing 

the differentiation of populations and gene flow decreasing the differentiation. When 

populations are at equilibrium between gene flow and drift, genetic differentiation is 

inversely related to gene flow. However, populations will only reach an equilibrium 

between gene flow and drift if suitable conditions exist for a long enough period of time 

(Hutchinson and Templeton 1999). Species where population structure has been influenced 

by recent historic events, such as range expansion since glaciation, will not be expected to 

show drift-gene flow equilibrium (Schaal and Olsen 2000). However, species occupying 

ancient landscapes that have had a stable evolutionary history , such as that in south-west 

Western Australia, may be expected to show drift-gene flow equilibrium and several 

species in south-west Western Australia do show drift-gene flow equilibrium (Coates 

2000). 

Detection of drift-gene flow equilibrium in the northern region implies that the population 

structure in this region has been stable for a long period of time . In contrast , lack of 

equilibrium in the southern region suggests that either the region has not been occupied for 

sufficient time to allow equilibrium to be reached or that stable conditions have not been 

present throughout the history of the region . Either of these scenarios are feasible. The first 

would suggest that the southern populations represent a recent expansion of the species 
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from the longer established populations in the northern region. The second scenario is 

consistent with proposals of climatic instability from cyclic expansion and contraction of 

the mesic and arid zones during the Plieostocene, leading to fragmentation and isolation in 

the intermediate areas (Hopper et al 1996). The southern region is between the mesic and 

arid zones of south-west western Australia in the region where the influences of climatic 

instability have been predicted and therefore would have experienced reduced gene flow 

due to historic fragmentation and isolation. The variance in estimates of divergence for the 

southern region show a wide degree of scatter independent of geographic distance which 

also indicates that drift has been more influential than gene flow, and thi s would arise if 

populations in the region had been fragmented into small isolated populations (Hutchinson 

and Templeton 1999). The population phylogeny is consistent with higher levels of 

differentiation between southern populations than between the northern populations. In 

contrast, the northern region would not have experienced such climatic instability and 

would have maintained suitable conditions for gene flow . This difference in genetic 

patterns between the regions implies that there have been differences in the relative 

influences of genetic processes in the regions , and supports the iclenti fication of southern 

and northern ecotypes based on morphol ogical variation . The pattern of differentiation in 

the southern region suggests that there may be variation in quantitative traits for which 

genetic gain could be achieved by a program of selection and breeding for sandalwood in 

this region . 

The genetic patterns observed in the related Quandong, S. acuminatum, are not consistent 

with a diploid genome and suggest that this species may be a polyploid. The patterns 

observed are not due to degradation or poor quality DNA since the same filters used in this 

study have been hybridized with chloroplast probes and there is no inconsistency between 

the cpDNA banding patterns observed in S. acuminatum and those in S. spicatum. There 

were also differences between the two populations of S. acuminatum in their genetic 

patterns . The patterns in the Goongarrie (north-east) population were consistent with the 

individuals being tetraploid, while the patterns in the Arthur River (southern) population 

had a greater number of RFLP bands suggestive of higher order polyploidy such as 

hexaploids. Chromosome counts for S. spicatum and S. acuminatum have not been made 

but S. album has been reported as having a diploid chromosome number of 2n=20 

(Kulkarni et al. 1998). There was also no variation between the individuals in the Arthur 

River population which suggests that there may be fixed heterozygosity at duplicate loci in 
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this population, or alternatively that all individuals are representative of a single clone . The 

Arthur River population is small and the ten individuals sampled were collected over a 

geographic range of 30 m and could be stems of the same clone. Clonality has also been 

observed in remnant isolated populations of S. lancelolatum at the edge of the species 

range in northern Victoria (Warburton et al. 2000). The different genetic patterns observed 

between the two populations of S. acuminatwn suggests that there is significant genetic 

differentiation within this species that would warrant further investigation . 
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Figure 1. Location of sampled populations of Santa/um spicatwn ( •) and Santa/um 

acuminatum (..&.) Dotted line indicates separation of rangelands (north) and wheat belt 

(south) regions. 

Figure 2. Consensus tree for population phylogeny (continuous character maximum 

likelihood) analysis of populations of Santa/um spicatum. 
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Table I. Al le lic diversity parameters for populations of Santa /um spicalum. P, percentage 
of loci that are polymorphic (0. 99 criterion); A, mean number of all e les per locus; Ho, 
observed heterozygosity; He , Hardy-Weinberg expected panmictic heterozygosity; F1s, 
mean fixation index over all loci; standard errors in parentheses. 

Population p A Ho He F,s 

Cobra 70 2.2 0.236(0.018) 0.247 (0 .017) -0.041 (0.027) 

Peron 67 2 .1 0 .230 (0 .017) 0.234(0 .017) -0 .087 (0.029) 

Ned ' s Creek 70 2.6 0.226(0.017) 0.230 (0.017) -0.050 (0.028) 

Wiluna 75 2.0 0.180 (0 .015) 0 .206(0.017) 0.005 (0.027) 

Murchison River 70 2.0 0.197 (0 .015) 0.212 (0.016) -0.031 (0 .027) 

Bil labong R 56 1.9 0.185 (0.018) 0.171 (0 .017) -0.114 (0.029) 

Cue 67 1.9 0.221 (0.017) 0.205 (0.017) -0 .106 (0 .024) 

Laverton 67 2.1 0.278 (0 .020) 0.2696 (0 .018) 0.021 (0.042) 

Northampton 67 2.0 0.222 (0.019) 0.2226(0.0 17) -0.010 (0.036) 

Burnabinmah 70 2 .0 0.160 (0 .014) 0.1875 (0 .016) 0.007 (0.027) 

Jeedamya 70 2.3 0.237 (0 .017) 0.2316 (0 .017) -0.086 (0.025) 

Coolgardie 70 1.9 0.224 (0 .017) 0.2280 (0.017) -0 .003 (0.030) 

Mean - Rangelands 68 2.1 0.2 I 6 (0.009) 0.220 (0.007) -0 .041 (0 .014) 

Koorda 70 2.1 0.237 (0 .017) 0 .243 (0.017) -0.039 (0 .025) 

Goomalling 48 1.6 0.126 (0 .016) 0.152 (0.016) 0.084 (0.050) 

Cairn Rock 63 1.9 0.167 (0.016) 0 .188 (0 .016) 0.008 (0.038) 

Kokerbin 67 1.8 0.174(0.016) 0.200 (0.016) 0.061 (0 .030) 

Hyden 60 1.7 0.217 (0.018) 0 .209 (0 .0172) -0.102 (0.023) 

Kulin 63 2.0 0.195 (0.016) 0.216 (0.0165) 0.017 (0 .036) 

Durnbleyung 63 1.8 0.157 (0 .015) 0.193 (0.0160) 0.071 (0.035) 

Pingrup 52 I. 7 0.191 (0 .018) 0.198 (0 .0173) -0.052 (0.045) 

Nyabing 63 1.9 0.225 (0.019) 0 .228 (0.0181) -0.076 (0 .03 2) 

Ravensthorpe 63 2.0 0.235 (0.02) 0.243 (0.0191) -0 .021 (0.033) 

Borden 30 1.4 0.104(0.0 17) 0.114 (0.0165) -0.042 (0.084) 

Mean - Wheatbelt 58 1.8 0.184 (0.013) 0 .198 (0 .012) -0.008 (0 .018) 

Mean - Total 63.5 1.95 0.20 I (0.009) 0 .210 (0.008) -0 .026 (0 .011) 
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Table 2. Gene diversity parameters for S. spicatum and other Australian tree species . 

Parameters for individual species are from RFLP studies, mean of Australian trees is from 

isozyme studies. HT, mean estimate of total genetic diversity, Hs, mean gene diversity 

\Vi thin populations, GsT, relative degree of gene di versi ty between populations. 

Species 

S. spicatum 

E. nitens 

E. kochii 

E. loxoph!eba 

E. camaldu!ensis 

A. mangiwn 

Australian trees 

HT 

0.233 

0.445 

0.514 

0.418 

0.530 

0.195 

0.254 

Hs 

0.214 

0.373 

0.502 

0.402 

0.130 

0.203 

23 

GsT (%) Reference 

8.3 This study 

16.2 Byrne et al. 1998 

2.2 Byrne 1999 

3.8 Hines and Byrne 2001 

7.8 Butcher et al. 2001 

33.1 Butcher et al. 1998 

-; ~ 0 ~ -; . Moran 1992 
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Abstract 

Western Australian sandalwood (Santa/um spicatum) is widespread throughout Western 

Australia across the semi-arid and arid regions. The diversity and phylogeographic patterns 

within the chloroplast genome of S. spicatum were investigated using RFLP analysis of 23 

populations. The chloroplast diversity was strnctured into two main clades that were 

geographically separated, one centered in the southern (semi-arid region) and the other in 

the northern (arid) region . Fragmentation due to climatic instability was identified as the 

most likely influence on the differentiation of the lineages. The lineage in the southern 

region showed a greater level of differentiation than that in the arid region suggesting a 

higher level of gene flow or a more recent range expansion of sandalwood in the southern 

region. The phylogeographic pattern in the cp genome is congruent with that detected in 

the nuclear genome which identified different genetic influences between the regions and 

also suggested a more recent expansion of sandalwood in the southern region. 

Key words: Sandalwood. cpDNA, phylogeny, phylogeography 
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Introduction 

There are five species of the genus Santa/um endemic to Australia. Of these Sant alum 

spicalum (Western Australian Sandalwood) is found in Western Australia and South 

Australia, whilst S lanceolatum (P lumbush), S acuminatum (Quandong) and 

S. murrayanum (Bitter Quandong) are distributed throughout Australia, and S obtusifolium 

is confined to the eastern coast (Hewson and George 1984 ). The Indian Sandalwood, S 

album also occurs in Australia in the most northern parts of the Northern Territory . Among 

the Australian endemic spec ies only Western Australian Sandalwood has commercial 

significance as it produces a sesquiterpene oil similar to Indian Sandalwood (Shea et al. 

1998). Western Australian sandalwood has been harvested commercially since 1845 and 

was a primary industry in the early years of european settlement in Western Australia 

(Loneragan 1990). 

Western Australian Sandalwood occurs across a wide range of environmental conditions as 

it has a broad distribution throughout the semi-arid (300 - 600 mm rainfall ) and arid ( 150 -

300 mm rainfall) areas of Western Australia . Morphological variation has been observed 

across the range suggesting the presence of two ecotypes within the spec ies (Fox and 

Brand 1993). In the higher rainfall areas in the south-west of the distribution the species 

shows larger leaves and nuts, has higher chlorophyll content and forms more of a tree habit 

than in the arid areas in the north and east of the distribution (Fox and Brand 1993). Trees 

in the arid areas also show higher concentration of oil in the wood (Loneragan 1990). A 

genetic study using nuclear RFLP markers showed some evidence of differen tiation of 

ecotypes but it was not significant (Byrne et al. 2002). However, the study did show show 

significant differences in the genetic influences within the two regions, with the northern 

region showing stable history with equilibrium between drift and gene flow, and the 

southern region showing no drift-gene flow equilibrium and variances consistent with 

fragmented, isolated populat ions under greater influence of drift than gene flow. 

This pattern of historic differentiation reflects an ancient landscape that has experienced 

geological stability with no major glaciation or extinction events, where fragmentation of 

populations has occurred through climatic instability during the Pleistocene due to cyclic 

expansion and contraction of the mesic and arid zones (Hopper 1979, Hopper et al. 1996). 

This has led to a naturall y fragmented system with a high level of endemisrn and both 

relictual and derived species . 
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Analysis of genetic variation in the chloroplast genome allows the elucidation of historical 

factors influencing genetic variation that are not confounded by the effects of recent gene 

flow (Schaal et al 1998). The reduced effective population size of haploid genomes 

combined with the restricted nature of gene flow through seed dispersal makes maternally 

inherited organelle markers more likely to record the effects of population history in 

present day genetic patterns than nuclear markers (Ennos et al. 1999). Analysis of cpDNA 

in widespread species , and restricted species with disjunct distributions , in Western 

Australia has revealed the presence of hi storical lineages that have been differentiated 

through isolation occurring during the Pleistocene (Byrne et al. 1999, Byrne et al. 200 I b, 

Byrne et al. 2001c). The presence of two ecotypes in Western Australian Sandalwood 

influenced by different genetic processes may represent similar patterns of historic 

separation in this species. 

This study investigates the evolutionary and phylogeographic patterns within S. spicaturn 

using RFLP analysis of the chloroplast genome. The mode of inheritance of chloroplasts 

has not been determined in Santa/um but is maternal in most angiosperms (Harris and 

Ingram 1991 ; Birky 1995). 

Materials and Methods 

Plant Collections 

Leaf samples were collected from twenty three populations of S. spicaturn. The distribution 

of the species and location of sampled populations is shown in Fig. 1. Collections were 

made of 10 individuals from each of the populations. Leaf samples were also collected 

from 10 individuals in each of two populations of S. acurninatum (Quandong) as outgroups 

(Figure 1). DNA was extracted from the leaves of the 250 individuals as in Byrne and 

Moran (1994) with the addition of 0.1 M sodium sulphite to the extraction buffers (Byrne et 

al. 2001a). DNA quality was good but the yield was low probably due to high levels of 

sesquiterpene oils. Initially 3 ug DNA from five individuals per population was digested 

with six restriction enzymes (Bell , Bg/II , EcoRI , EcoRV, Hindlll , Xbal) and hybridized 

with heterologous probes covering the majority of the chloroplast genome. Six petunia 

cpDNA probes were used, Pl , PJ , P4, P6, P8 , PIO, (details given in Sytsma and Gottlieb 

I 986), plus one tobacco cpDNA probes, pTBa 1 (Suguira et al. 1986, Shinozaki et al . 

1986). Restriction digestion and hybridisation were as described in Byrne and Moran 
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( 1994 ), and probe plasmids were linearized then labelled with 32P using the random 

priming method. After analysis of the data for the first 125 individuals , DNA of the 

remaining five individuals per population was digested with two of the enzymes (Eco RI 

and EcoRV) and probe-enzyme combinations for mutations detected in the first 125 

individuals were assayed for the second 125 individuals . 

Data Analysis 

Banding patterns obtained were interpreted in terms of restriction site or length mutations, 

and assessed as presence or absence of mutations (not presence or absence of bands) . 

Fragment patterns for consecutive cp probes were compared to ensure that each mutation 

was correctly interpreted and counted only once. Where a length mutation was detected by 

more than one restriction enzyme it was counted as only one mutation. Nucleotide 

diversity was calculated for restriction si te mutations using HAPLO (Lynch and Crease 

1990), and partitioned within and between populations. Haplotype diversity was calculated 

by considering haplotypes as alleles at one locus usi ng Nei's gene diversity measures (Nei 

1977). A parsimony analysis of haplotype re la tionshi ps characterised by presence or 

absence of each mutation was carried out usin g P !\UP (Swo fford 1991 ). Bootstrap analysis 

used 1000 replications and heuri sti c search with TBR branch swappi ng and MULPARS 

on. 

Results 

Variation in cp DNA 

This study analysed restriction sites in the cp genome and revealed polymorphism with all 

enzymes used . Within S. spicatum 14 mutations were detected , of these five were 

restriction site mutations and nine were length mutations (Table 1). Half of the mutations 

occurred in the small single copy region and half occurred in the large single copy region. 

The first assay of five individuals per population detected the majority of the mutations. 

The assay of an additional five individuals per population detected one additional mutation 

(number 14) which was restricted to three individuals from the Billabong population. 

The 14 mutations were di stributed over eleven haplotypes . There was one haplotype (B) 

that was more common than all others occurring in 45% of the individuals sampled. The 

remaining haplotypes occurred with frequencies ranging from 2.6 to 13%. The most 

common haplotype (B) was present in all southern populations except Nyabing and the 
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north-eastern population of Coolgardie. The remaining hap lo types occurred in one to three 

populations. [ ntra-population variation was present in two populations , Kokerbin in the 

south had two haplotypes present and Billabong in the north had three haplotypes within 

the population. 

There were 11 mutations that differentiated S. spicatum from the two populations of the 

related species S. acuminatum, three site mutations and eight length mutations. There was 

also eight mutations detected between the two populations of S. acuminatum, two 

restriction site mutations and six length mutations . Of these eight mutations fi ve were 

shared between the Goongarrie (north-eastern) population of S. acuminarum and all 

individuals of S. spicatum . The other three mutations were specific to either the Goongarrie 

population or the Arthur River (southern) population of S. acuminatum. 

Nucleotide and Haplotype Diversity 

Nucleotide diversity, the average number of nucleotide differences per site between two 

sequences (Nei 1978), can be determined for restriction site but not length mutations. 

Nucleotide diversity, averaged over all pairs of individuals in S. spicatum was 0.00097%. 

The mean diversity within populations was 0.0001 % and the mean diversity between 

populations was 0.00096%. The proportion of nucleotide diversity between populations, 

Nsr, was 99%. The mean diversity between lineages (see below) was 0.116%. 

A measure of haplotype diversity can be determined by treating the whole cp genome as a 

single locus with each haplotype as an allele . Total haplotype diversity (Hr) was 0.749 and 

haplotype diversity within populations (Hs) was 0.7014. The proportion of haplotype 

diversity between populations, Gsr, was 94%. 

Haplotype and Population Relationships 

A phylogenetic parsimony analysis ofhaplotypes gave one tree of length 32 , with a 

consistency index of 1.0. The cladogram showed all individuals of S. spicatum clustered 

into a clade clearly differentiated from the outgroup S. acuminatum (Figure 2) . Within this 

S. spicatum clade the tree shows a star pattern with an unresolved polytomy of six clades. 

One clade (I) shows structuring of four related haplotypes. This clade is differentiated from 

the other clades and characterised by three mutations, with an additional three mutations 

that differentiate the haplotypes within the clade. This clade contains the common 
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haplotype and occurs in a ll of the southern populations plus the northern populations of 

Burnerbinmah and Coolgardie. Two more clades in the polytomy (II and IV) show some 

structure, being characterised by one to two mutations, and having two hap lotypes 

differentiated by one mutation. These clades occur in the north west of the distribution. 

The remaining three clades (III - VI) show little differentiation, characterised by up to one 

mutation and containing one haplotype each . These clades contain the remaining northern 

populations. Doubling the number of individuals assayed did not result in a change to the 

distribution of the mutations among populations and did not change the structure of the 

phylogenetic tree except for a tip clade in the Billabong population resulting from the 

additional detection of mutation 14. Therefore the sampling in this study has been 

sufficient to detect the phylogenetic patterns with thi s spec ies. 

The phylogeny also shows that S. spicatum is not monophyletic in relation to the related 

species S. acuminalum since it shares mutations with the Goongarrie population of S. 

acuminalum (Figure 2) although there were a large number of mutations ( 12) that 

separated S. spicatum from S. acuminatum at Goongarrie . There was a high level of 

variation between the two S acuminatum populations with 8 mutations differentiating 

them . This is higher than the average number of mutations separating populations of S 

.spicatum (3 .6) although there was one pair of S spicatum populations which were 

differentiated by 8 mutations (Nyabing and Northampton). 

A nested clade analysis identified significant geographic structuring in the phylogeny of S. 

spicatum (p=0.000). The cladograrn showing the nested clades is presented in Figure 3 and 

the De and Dn values for the clades are shown in Table 3. All clades showed significant 

structuring. Analysis could not be carried out for Clade 1-5 as there was no populations 

variation in the clade. All other one-step and two-step clades identified restricted gene flow 

through isolation by distance as the main influence on the geographic structuring within 

these clades, except for Clade 1-4 where an inference of long distance colonisation was 

made. At the highest nesting level past fragmentation was identified as the main influence 

on the geographic structuring between the two two-step clades. These two clacles are 

geographically separated with Clade 2-1 contain haplotypes characterising the southern 

populations and Clade 2-2 containing haplotypes characterising the northern populations 

except for the Burnerbinmah populat ion which contains haplotypes nested in Clade 2-1. 

The two clades are also separated by a higher than average number of mutational steps. 
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Clade 2-1 is equivalent to Clade I in the parsimony analysis and Clade 2-2 is equivalent to 

Clades II - VI in the parsimony analysis (Figure 2). 

Discussion 

The level of diversity in the chloroplast genome of S. spicatum is high compared to other 

woody perennials but not as high as has been identified in other Australian tree species , 

including the main host of S. spicatum, Acacia acuminata (Byrne et al. 2001 b). Significant 

structuring of the diversity occurs with two main clad es that are geographically separated, 

one centred on the southern region and one centred in the north of the distribution. This 

differentiation of two lineages is consistent with the identification of differences between 

the regions in the influence of genetic processes on the nuclear genome (Byrne et al. 2002). 

It is also consistent with the identification of two ecotypes in these regions based on 

morphological variation. The level of differentiation between the lineages suggests that 

they have been isolated during the Pleistocene. Geographical structuring due to historical 

isolation has also been observed in a common host of Sandalwood, Acacia acuminata 

(Byrne et al 2001 b ). It has been proposed that cyclic contraction and expansion of the arid 

region in the north-east, and the mesic region in the south-west , during the Pleistocene led 

to fragmentation and isolation in the intermediate area between the arid and mesic zones 

(Hopper 1979, Hopper et al. 1996). This is a plausible explanation for the isolation and 

differentiation of lineages observed within the species that have been investigated. The 

large degree of differentiation between the southern and northern populations of S. 

acuminatum also suggests that there may be lineages within Quandong which have been 

differentiated due to historical isolation. The greater degree of differentiation suggests that 

the effects of isolation may be more pronounced in Quandong than in Sandalwood. 

There were differences in the level of differentiation within the two lineages in 

Sandalwood. The southern lineage had high similarity within the lineage with the majority 

of the populations having one of the four haplotypes present in the lineage. In comparison 

the northern lineage had greater differentiation within the lineage with the six haplotypes 

having lower frequencies and distributed into three main areas of geographical diversity , 

although populations within these broad areas show little differentiation. The higher 

similarity between populations in the southern lineage compared to the northern lineage 

could be due to a higher level of gene flow or recent establislm1ent of populations in the 

region. The seeds of S. spicatum are large nuts which would result in lo\v dispersal , 

33 



although emus are known to eat the seeds and would be a means of seed dispersal, and 

Havel (1993) hypothesised that the woylie, a small mammal, may have cached seeds which 

would increase dispersal. Emus and woylies were likely to have been more abundant in the 

southern region due to higher abundance of food source and may have lead to greater seed 

dispersal in the south than in the north. The populations sampled in the south are also 

geographically closer than those sampled in the north, an may have had a higher 

abundance of S. spicatum compared to those in the north. There are no direct comparisons 

of abundance of S. spicatum in the southern and northern regions at the time of settlement, 

but the tonnage of Sandalwood harvested from the southern region in the early years of 

settlement indicates that the species was abundant and greater than the current abundance 

in the northern region. Higher abundance and more continuous distribution would lead to 

greater gene flow and hence less differentiation between populations in the south. The 

greater similarity of the southern populations could also indicate a more recent range 

expansion of S. spicatum in this region compared to the north. The northern clade is the 

interior clade and the southern clade is a tip clade which indicates that the haplotypes in the 

northern clade represent the ancestral haplotypes in the species, and suggests that 

sandalwood may have evolved in the northern region and spread into the southern region 

more recently in evolutionary history. 

The genetic patterns in the chloroplast data are both concordant and discordant with the 

patterns identified in the nuclear genome . Genetic analysis of the nuclear genome 

identified an equilibrium between drift and gene flow in the northern region indicating that 

the region had existed under stable conditions of dispersal for a long period of time (Byrne 

et al. 2002). In contrast, the southern region showed a genetic pattern indicating that the 

populations have been more recently established, and that they have been fragmented and 

influenced to a greater degree by genetic drift than by gene flow. The southern region also 

showed greater differentiation between populations than those in the northern region . The 

genetic patterns in the nuclear and chloroplast genomes both suggest that the southern 

populations have been established more recently than the northern populations. However 

the nuclear genome showed greater differentiation in southern populations whereas the 

chloroplast genome identified greater differentiation in the northern populations. This 

suggests that the lower differentiation in the chloroplast genome is not likely to be a result 

of higher seed dispersal or greater abundance, but may be due to closer population 
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sampling and less time for fragmentation to influence divergence in the chloroplast 

genome. 

The phylogenetic analysis shows that S. spicatum and the northern form of S. acuminarum 

have a shared ancestry that distinguishes them from the southern populations of S. 

acuminatum. The shared ancestry of S. spicatum and the northern S. acuminatwn is 

consistent with a northern evolution of S. spicatum and a more recent expansion into the 

southern region. The level of differentiation between the southern and northern forms of 

Quandong, and the shared ancestry of northern Quandong and sandalwood suggests that 

the two forms in Quandong may represent different species. This is also consistent with the 

morphological differences that have been observed between the two forms of Quandong 

and the potentially different ploidy levels identified from the nuclear RFLP banding 

patterns (Byrne et al. 2002). 
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List of Figures 

Fig. 1. Location of sampled populations of Santa/um spicatwn ( •) and Santa/um 

acuminatum (.A.) Dotted line indicates separation of rangelands (north) and wheat belt 

(south) regions. 

Fig. 2. Phylogenetic parsimony tree of haplotype relationships in Santa/um spicatum . 

Consensus tree based on 1000 boot strap replications. Numbers above lines refer to 

mutations in Table 1. Numbers in italics below lines at nodes represent bootstrap 

confidence values(%). Numbers in brackets indicate number of individuals in each 

population with that haplotype. 

Fig. 3. Nested cladogram for haplotypes in S. spicalum . 
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1 Table I. Restriction fragment length polymorphisms detected in the chloroplast genome of 

2 Santa/um spicatum. Populations detailed possess the fragment sizes listed second . kb, 

3 kilobases. 

4 

5 
6 
7 

Probe/enzyme 

8 I. pTBa I / Hind III 

9 2. PS/Eco RV 

10 

11 

12 

13 3. P8/Eco RV 

14 4. P6/Pl0/Bc!I 

15 

16 

17 

18 5. PI /P4/ Eco RV 

19 6. pTBal /Eco RT 

20 

21 

22 

23 7. PG/Eco RI 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

8. PG/Eco RI 

9. Pl/P4/Bc! I 

IO. Pl/P4/Bcl I 

11. Pl /P4/Bcl I 

12. Pl/?4/Bgl II 

13 . Pl /P4/HindIII 

14. Pl /P4£coR I 

Mutation 
type 

Fragment 
sizes (kb) 

Population and 
individual numbers 

site 5.65 = 3.35 + 2.3 Northampton, Murchison, Billabong (3) 

site 5.2 + 2.8 = 8.0 Burnerbinmah, Goomalling, Hyden, 

Ravensthorpe, Pingrup, Cairn, Koorda, 

Nyabing, Borden, Kulin, Coolgardie 

Dumbleyung, Kokerbin 

site 8.0 + 2.3 = I 0.3 Billabong ( 1,2,4,5) 

site 4 .5 + 2.8 = 7.3 Burnerbinmah, Goornalling, Hyden, 

Ravensthorpe, Pingrup, Cairn, Koorda, 

Nyabing, Borden, Kulin, Coolgardie 

Dumbl eyung, Kokerbin 

site 9. 2 + 2 2 = 11.4 Peron 

length 2. 05 v 2.5 

length 1.9 v 1.5 

length 2.55 v 2.65 

length 5.1 v 7.8 

length 9.1 v 8.8 

length 9.1 v 8.9 

length 2.15 v 1.95 

length 1.4 v 0. 9 

length 4.2 v 3.9 

I3urncrbinmah , Goomalling, I-lyclcn , 

Ravensthorpe, Pingrup, Cairn, Koorda, 

Nyabing, Borden, Kulin, Coolgardie 

Dumbleyung, Kokerbin 

Burnerbinmah, Goomalling, Hyden , 

Ravensthorpe, Pingrup, Cairn, Koorda, 

Nyabing, Borden, Kulin, Coolgardie, 

Dumbleyung, Kokerbin (1,2,8,9 , 10) 

Kokerbin (3 ,4,5,6, 7) 

Northampton, Murchison, Billabong (3) 

Ned's Creek, Cobra, Wiluna 

Nyabing 

Burnerbinmah 

Northampton, Billabong (3) 

Billabong (7 ,8,9) 



1 Table 2. Restriction fragment length variation detected between the chloroplast genomes of 

2 Santa/um .spicatum and S acuminatum. Taxa detailed possess the fragment sizes listed 

3 second. kb, kilobases. 

4 

5 Probe - enzyme Mutation Fragment sizes (kb) Taxon and population 

6 

7 A. PS!Bgl II site 3.2 = 1.7 + 1.5 S. spicatum 

8 B. PS/Eco RV site 15.9 = 8.0 + 7.9 S. spicatum 

9 C. P6/Bgl II site 7.6 + 2.5 = 11.1 S. spicatum 

10 D. pTBal/Bel I length 3.75 V 2.65 S. spicatum 

11 E. pTBal/Bgl II length 6.5 V 6.0 S. spicatum 

12 F. pTBal /Eco R1 length 1.5 V 1.6 S. spicatum 

13 G. P3/Bel I length 7.8 V 5.2 S. spicatum 

14 H. P6/Eco RI length 3.3 V 2.45 S. spicatum 

15 I. PS/Eco RI length 2.9v3 .1 S. spicatum 

16 J. P8/EcoRV length 1.8 V 2.3 S. spicatum 

17 K. PIO/Eco RV length 17.0v8.3 S. spicatum 

18 L. P3/Bel I length 3.8 V 3.5 S. spicatum, S. acuminatum 

19 Goongarrie 

20 M .P3/Bgl II length 2.9 V 3.9 S. spicatum, S. acuminatum 

21 Goongarrie 

22 N. P3/ Hind III length 5.} V 6.7 S. spicatum, S. acuminatum 

23 Goongarrie 

24 0 . PS/Bel I length 9.2 V 6.5 S. spicatum, S. acuminatum 

25 Goongarrie 

26 P. P8/Xba I length 5.3 V 4.3 S. spicatum, S. acuminC/lum 

27 Goongarrie 

28 Q. pTBal /Bel 1 length 3.75 V 2.8 S. acuminatum Goongarrie 

29 R. PS/Xba I site 5.25 = 4.0 + 1.25 S. acuminatum Arthur River 

30 S. PIO/Bell site 6.8 + 1.6 = 8.4 S. acwninatw11 Arthur River 

31 
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1 Table 3. Levels of clade, nested clade and interior-tip distance in clades with significant 

2 geographic association in Santa/um spieatum . De clade distance (dispersion), Dn nested 

3 clade distance (displacement). L, probability of larger than expected value, S, probability 

4 of smaller than expected value. Significant probabilities in bold. 

5 

6 Nested clade Clade/I-laplotype De Probability Dn Probability 

7 

8 clade 1-1 hap B (interior) 151.7931 L0.0450 114.9499 0.0750 

9 hap C (tip) 0.0000 S0.0000 150.9620 0 .0750 

10 interior vs. tip 151. 7931 L0.0000 36.0122 0.0750 

11 clade 1-2 hap A (tip) 0.0000 0.0790 227.2059 L0.0010 

12 hap D (tip) 0.0000 S0.0010 113.6161 S0.0000 

13 clade 1-3 hap J (interior) 0.0000 S0.0000 99 .9913 S0.0000 

14 hap K (tip) 27 .2736 S0.0000 102.3298 L0.0000 

15 interior vs . tip -27 .2736 S0.0000 -2 .3385 S0.0000 

16 clade 1-4 hap E (interior) 207.2355 S0.0000 296.2069 0.4330 

17 hap G (tip) 0.0000 S0.0000 512.2734 L0.0000 

18 hap F (tip) 191.0068 S0.0000 232.6730 S0.0010 

19 interior vs. tip 63.9803 0.0510 -6 .3662 0.4330 

20 clade 2-1 clade 1-1 (tip) 147.8305 S0.0000 155 .0542 S0.0000 

21 clade 1-2 (interior) 151.4 793 0.3080 284.5015 L0.0000 

22 interior vs. tip 3.6488 0.3550 129.4473 L0.0000 

23 clade 2-2 clade 1-3 (tip) 101.2162 S0.0000 249.0229 S0.0150 

24 clade 1-4 (interior) 299 .8447 0.3430 323.0370 L0.0160 

25 clade 1-5 (tip) 0.0000 S0.0000 292.4753 0.3790 

26 interior vs . tip 228.9934 L0.0000 60.9784 L0.0160 

27 clade 3 clade 2-1 (tip) 169.9904 S0.0000 298 .3975 S0.0000 

28 clade 2-2 (interior) 304.7435 S0.0020 449.0316 L0.0000 

29 interior vs. tip 134.7531 L0.0000 150.6340 L0.0000 

30 
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1 Table 4. Phylogeographic inferences inferred from nested clade analysis of Santalum 

2 spicatum. Numbers in Key refer to options in inference key in Templeton et al. (1995) . 
,.., 
:) 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Nested Clade 

Clade 1-1 

Clade 1-2 

Clade 1-3 

Clade 1-4 

Clade 2-1 

Clade 2-2 

Clade 3 

Key Infe rence 

1, 2, 3, 4 no restricted gene flow 

1. 2, 3. 4, no restricted gene flow 

1,2,3 , 4no restricted gene flow 

1, 2, 5, 6, 13 yes long distance colonization 

1,2, 3,4no re stricted gene flow 

1,2, 3, 4no restricted gene flow 

1, 2. 3, 5, lSno past fragmentation 
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