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The Eucalyptus loxophleba complex comprises two tree taxa (E. loxophleba ssp. loxophleba and ssp.
supralaevis), two mallee taxa (E. loxophleba ssp. lissophloia and ssp. gratiae), and three rare mallee
species, of which one, E. blaxellii, is included in this study. The genetic diversity and phylogenetic
relationships between the taxa, particularly in relation to habit, were assessed using anonymous
nuclear RFLP loci. The level of diversity in the taxa was high and similar to that detected in other
eucalypt species. The populations showed low di�erentiation at both the subspecies and the species
levels. Phylogenetic relationships showed some genetic separation between the tree and mallee habit
but no separation of the two taxa within the tree habit or within the mallee habit. The genetic analysis
does not support the recognition of E. gratiae as a separate species. The geographically restricted
E. blaxellii showed similar levels of diversity to populations of the other widespread taxa of
E. loxophleba.
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Introduction

Many woody plants show variation in growth form,
often having both tree and woody clump forms. The
genus Eucalyptus has tree forms and multistemmed
clumps or `mallees', where several sparingly branched
stems arise from a main underground root stock
(lignotuber) (Wood, 1929). Eucalypts that do not form
a lignotuber have a tree growth form, but those that do
form a lignotuber can have a mallee habit or a tree habit
(Dean, pers. comm.). The presence or absence of a
lignotuber appears to be a heritable character and
therefore genetically determined (Pryor, 1957; Dean,
unpubl.). The habit (tree vs. mallee) of eucalypt species
is generally consistent within taxa, although habit can be
modi®ed in response to disturbance, particularly ®re
(Lacey, 1983; Lacey & Johnston, 1990). The mallee
habit occurs throughout the genus and is hypothesized
to have evolved numerous times (Hill, 1989). Mallees
occur in many ecological habitats but are dominant in
the semiarid regions and may be an adaptation to stress
resulting from climatic conditions (Martin, 1989) or
nutrient de®cient soils (Main, 1996).

Habit has been used extensively in the classi®cation
and taxonomy of eucalypt species and there are species
groups where habit is one of the main characters used to
de®ne the taxa (e.g. Brooker & Hopper, 1991). How-
ever, habit represents a single morphological character
and changes in expression of morphological traits can
result from small changes in one or a few genes
(Gottlieb, 1984; Doebley, 1993). Whilst there have been
numerous studies on the morphological and anatomical
di�erences between habits (Mullette, 1978; Bamber &
Mullette, 1978; Lacey, 1983; Lacey & Johnston, 1990),
the extent of genetic di�erentiation between related
eucalypt taxa with di�erent habits has not been inves-
tigated. Genetic di�erentiation has been observed
between growth forms of Picea englemannii and Abies
lasiocarpa at sites along the tree line at the edge of the
species' distribution in western North America (Grant &
Mitton, 1977; Shea & Grant, 1985).

Eucalyptus loxophleba Benth. is a species complex in
which all taxa form a lignotuber but where both the
mallee and tree habit are present in separate taxa. It is a
widespread species distributed across south-west West-
ern Australia, except for the extreme south-west coastal
areas (Fig. 1). Eucalyptus loxophleba Benth. has four
subspecies: ssp. loxophleba, a tree with rough bark to the
upper branches; ssp. supralaevis L.A.S. Johnson & K.D.
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Hill, a tree with a stocking of rough bark on the trunk
and smooth branches; ssp. lissophloia L.A.S. Johnson &
K.D. Hill, a smooth-barked mallee; and spp. gratiae
Brooker, a smooth-barked mallee with larger buds and
fruits than ssp. lissophloia (Hill & Johnson, 1992). When
describing ssp. lissophloia and ssp. supralaevis, Johnson
& Hill (1992) also raised ssp. gratiae to speci®c rank,
although this revision is not generally accepted and will
not be followed here. The mallee subspecies are found in
the south and east of the distribution in south-west
Western Australia, and the trees in the west and north of
the distribution (Fig. 1). In addition to di�erentiation in
habit, the subspecies also show di�erences in leaf
chemistry as the two mallee taxa both possess high
levels of the leaf oils, 1,8-cineole and 4-methylpent-2-yl
acetate (Grayling, 1996).
There are three other mallee species that are related to

E. loxophleba, and all have highly restricted distribu-
tions. The most closely related species based on
morphological similarity, E. blaxellii Johnson & Hill,
occurs in the Moresby Range north of Geraldton,
within the distribution of ssp. loxophleba and ssp.
supralaevis. The other two species, E. semota Macph.
& Grayling and E. articulata Brooker & Hopper, occur
in the inland desert region outside the range of
E. loxophleba.
In this study, RFLP analysis of the nuclear genome

was used to investigate the genetic relationships within
the E. loxophleba complex, particularly the level of
di�erentiation between the tree and mallee taxa.

Materials and methods

Plant material

Leaf samples were collected from 10 individuals, from
each of 20 populations. Populations where selected to
represent the geographical distribution of each taxon
(Fig. 1). Two populations were also selected as `inter-
mediate' populations, bearing features of more than one
taxon (Hill & Johnson, 1992; Grayling, 1996). A
population of the related mallee species, E. blaxellii
was also collected. Five individuals from the Wagin
population of E. spathulata, which is in a di�erent series
to E. loxophleba, were included as an outgroup in the
study.
DNA was extracted from the leaves of the 205

individuals following the methods outlined in Byrne
et al. (1998). DNA samples were digested with BglII,
DraI, or EcoRV, Southern blotted and hybridized with
30 nuclear RFLP probes from the eucalypt genetic
linkage map (Byrne et al., 1995; c030, c092, c113, c115,
c116, c135, c170, c238, c299, c333, c395, c411, c451,
g059, g067, g086, g095, g099, g142, g154, g174, g183,
g195, g233, g243, g250, g256, g261, g425, g474).
Hybridization was according to Byrne & Moran
(1994) and the probes were hybridized against
DNA digested with one of the three enzymes used.
Any fragment pattern not able to be scored using
one enzyme±probe combination was subsequently
re-assayed with another of the enzymes.

Fig. 1 Distributions of Eucalyptus

loxophleba and E. blaxellii and the
location of sampled populations. Popu-
lation numbers according to Table 1.
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Data 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 POPGENEPOPGENE (Yeh et al., 1997). UPGMAUPGMA

analysis was carried out, based on unbiased genetic
distance measures (Nei, 1978). The strength of the
population clusters within the UPGMAUPGMA was examined
using three-dimensional SSH (semistrong multi-dimen-
sional scaling) ordination, based on the same genetic
distance measures, using the computer program PATNPATN

(Belbin, 1993). A phylogenetic analysis of population
relationships was carried out using a continuous
character maximum likelihood algorithm in PHYLIPPHYLIP

(Felsenstein, 1993) using E. spathulata as the out-
group. Bootstrap support for nodes in the UPGMAUPGMA and
maximum likelihood analyses was estimated from 100
replications using the Seqboot algorithm in PHYLIPPHYLIP

(Felsenstein, 1993).

Results

Information derived from 25 probes was used in the
analysis, because ®ve probes produced banding pat-
terns that could not be reliably scored. Polymorphism
in E. loxophleba was high, with only two loci, c115 and
g195, monomorphic in all populations. Fourteen loci
were polymorphic in all populations, and nine loci
were monomorphic in one or more populations. The
number of alleles detected at a locus ranged from one
to 21 with a maximum number of 13 alleles in any one
population. The frequency of alleles was skewed
slightly towards alleles of low frequency; 33% of
alleles had frequencies of < 0.1, and 22% of alleles
had frequencies > 0.5.

The allelic diversity measures for each population of
E. loxophleba, and means over all populations and for
each taxon, are presented in Table 1. The values for mean
number of alleles per locus (A), mean number of
polymorphic loci (P), observed heterozygosity (Ho), and

Table 1 Genetic diversity parameters for populations and taxa of Eucalyptus loxophleba, E. blaxellii and E. spathulata.
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; FIS, mean ®xation index over all loci; SE in parentheses

Population Taxon P A Ho He FIS

1 Dumbleyung gratiae 80 3.8 0.372 (0.098) 0.388 (0.092) 0.056 (0.072)
2 Newdegate gratiae 72 3.8 0.400 (0.103) 0.387 (0.097) 0.000 (0.054)
3 Lake King gratiae 84 3.6 0.380 (0.093) 0.399 (0.093) 0.036 (0.064)
4 Dryandra loxophleba 68 2.9 0.348 (0.107) 0.353 (0.098) 0.097 (0.090)
5 Stirling Range loxophleba 72 3.4 0.444 (0.111) 0.394 (0.096) )0.001 (0.078)
6 Kulin loxophleba 80 3.7 0.320 (0.092) 0.373 (0.095) 0.129 (0.095)
7 Badgingarra loxophleba 88 3.2 0.375 (0.089) 0.405 (0.085) 0.078 (0.093)
8 Geraldton loxophleba 68 2.9 0.293 (0.092) 0.341 (0.093) 0.171 (0.108)
9 York loxophleba 76 3.0 0.327 (0.085) 0.344 (0.089) 0.041 (0.071)

10 The Pimple lissophloia 80 3.5 0.388 (0.110) 0.382 (0.095) 0.021 (0.081)
11 Nungarin lissophloia 88 3.6 0.416 (0.083) 0.405 (0.078) 0.009 (0.073)
12 Narembeen lissophloia 80 3.6 0.340 (0.090) 0.362 (0.096) 0.059 (0.053)
13 Kalgoorlie lissophloia 80 3.4 0.390 (0.092) 0.387 (0.087) 0.044 (0.068)
14 Koorda supralaevis 84 3.6 0.432 (0.095) 0.419 (0.086) )0.011 (0.047)
15 Murchison River supralaevis 84 3.9 0.380 (0.087) 0.388 (0.093) 0.015 (0.047)
16 Morawa supralaevis 84 4.1 0.400 (0.092) 0.427 (0.091) 0.099 (0.065)
17 Wubin supralaevis 80 3.3 0.364 (0.094) 0.351 (0.087) )0.041 (0.070)
18 Harrismith Intermediate 72 3.3 0.356 (0.110) 0.348 (0.100) 0.052 (0.096)
19 Wave Rock Intermediate 80 3.2 0.364 (0.088) 0.374 (0.089) 0.020 (0.048)
20 E. blaxellii 84 3.5 0.380 (0.091) 0.370 (0.088) )0.034
21 E. spathulata 56 2.4 0.304 (0.157) 0.310 (0.144) 0.001

Means
E. loxophleba 78.1 3.4 0.370 (0.009) 0.377 (0.009) 0.046 (0.012
ssp. loxophleba 75.3 3.2 0.351 (0.027) 0.368 (0.009) 0.086 (0.031)
ssp. supralaevis 83.0 3.7 0.394 (0.015) 0.397 (0.011) 0.016 (0.030)
ssp. lissophloia 82.0 3.5 0.383 (0.016) 0.384 (0.006) 0.033 (0.011)
ssp. gratiae 78.7 3.7 0.384 (0.008) 0.391 (0.002) 0.031 (0.017)
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gene diversity (He), were all high and similar both between
populations and between taxa, although ssp. loxophleba
had consistently lower values than the other taxa.
The ®xation index, FIS, was small and positive for

most populations but not signi®cantly di�erent from
zero indicating minimal inbreeding. At the taxon level
FIS was higher in ssp. loxophleba but again none of the
values were signi®cantly di�erent from zero. Di�erenti-
ation between populations (FST) was low, at both the
subspecies (0.046±0.081) and species (0.089) level, with
no strong di�erentiation evident within the species.
Di�erentiation was lowest in ssp. gratiae, re¯ecting the
smaller geographical distribution of this taxon.
The population of E. blaxellii showed similar levels

of genetic diversity to populations of E. loxophleba
(Table 1). The population of E. spathulata had lower
levels of diversity than populations of E. loxophleba, due
to the smaller sample size for this population (®ve
individuals vs. 10). The ®xation index, FIS, was close to
zero for both species.
Unbiased estimates of genetic distance between all

pairwise comparisons of populations of E. loxophleba
were low, with the highest distance (0.105) occurring
between the ssp. lissophloia population at The Pimple
and the ssp. loxophleba population at Geraldton. The
lowest genetic distance (0.014) occurred between the ssp.
lissophloia population at The Pimple and ssp. gratiae at
Dumbleyung. The average genetic distance between
E. blaxellii and populations of E. loxophleba (0.089)
was low for separation between species as distances
between conspeci®c populations are generally below 0.1
(Crawford, 1989). For E. spathulata, the genetic distance

from populations of E. loxophleba was large (0.222) and
the distance to E. blaxellii larger still (0.247).

UPGMAUPGMA analysis based on genetic distance shows the
main group of E. loxophleba populations split into two
clusters, although the genetic distance separating the
clusters is small (D� 0.057; Fig. 2). One cluster contains
populations of the mallee taxa, ssp. lissophloia and ssp.
gratiae, and the other contains populations of the tree
taxa, ssp. loxophleba and ssp. supralaevis, with neither
group showing separation of the taxa within them. The
two pairs of tree and mallee populations that are
geographically closest (ssp. lissophloia at Narembeen
and ssp. supralaevis at Koorda; ssp. gratiae at Dumb-
leyung and ssp. loxophleba at Kulin) do not show close
genetic distance. In each case the tree or mallee
population is more similar to other populations of the
same habit than to the geographically closest population
of the alternate habit. There are two populations placed
outside the two main clusters of populations. They are
geographically distant populations of the tree taxa
occurring in the northernmost and southernmost parts
of the range (ssp. loxophleba at the Stirling Range and
ssp. supralaevis at Murchison River). The two popula-
tions do not show strong genetic similarity (D� 0.063)
and both are distant from the remainder of the
populations (D� 0.069). The level of bootstrap support
for clusters within E. loxophleba was low (4±39%),
except for three pairs of populations with 60±82%
bootstrap support. Eucalyptus blaxellii is separate from
the populations of E. loxophleba (with strong bootstrap
support of 83%) and E. spathulata is quite distinct
(bootstrap support 100%).

Fig. 2 UPGMAUPGMA analysis of genetic dis-
tance between populations of Eucalyp-
tus loxophleba and E. blaxellii.
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The SSH ordination plotted in three dimensions
produced a stress value of 0.125 after 22 iterations,
indicating a fair ®t between the ordination and the data.
The ordination in two dimensions is presented in Fig. 3.
The relationship between populations in the ordination
plot shows a broad spread of the E. loxophleba
populations in both dimensions. The mallee populations
are grouped together with some separation from the tree
populations on the x- and y-axes. The Stirling Range
and Murchison River populations show little a�nity to
one another, and are distinct from the rest of the ssp.
loxophleba and supralaevis populations in both dimen-
sions and separate from the mallee populations on the
y-axis. There was prominent separation of E. blaxellii on
both the x-and y-axis.

A continuous character maximum likelihood analysis
of population phylogeny separated ssp. loxophleba and
ssp. supralaevis populations from ssp. lissophloia and
ssp. gratiae populations (Fig. 4). Eucalyptus blaxellii
was not separate from E. loxophleba and was placed in
the cluster of tree populations. The intermediate popu-
lation at Harrismith fell between the cluster of tree
populations and the mallee populations. The popula-
tions of tree forms were grouped into a speci®c cluster
compared to the mallee populations in which the cluster
was less well de®ned. The bootstrap support for all
nodes was low (6±63%) and indicated no support for the
di�erentiation of the mallee and tree clusters.

Discussion

The E. loxophleba complex is a highly variable group
that showed no clear genetic di�erentiation between the
described taxa although there was limited evidence for
genetic separation of the mallee and tree habit. The level
of allelic diversity present in the E. loxophleba complex
is similar to that found in other eucalypt species that
have been studied using similar sampling strategies
and the same RFLP probes, E. kochii (Byrne, 1999),
E. nitens (Byrne et al., 1998) and E. camaldulensis
(Butcher et al., 2001). Although there was high diversity
within the nuclear genome of E. loxophleba there was
little di�erentiation between populations. Eucalyptus
loxophleba ssp. loxophleba and ssp. supralaevis showed a
greater level of di�erentiation between populations than
ssp. lissophloia and ssp. gratiae, which would be
expected as they cover a larger geographical range. A
high level of diversity with little population di�erenti-
ation was also detected in E. kochii (Byrne, 1999) and
E. camaldulensis (Butcher et al., 2001).

There was no clear di�erentiation of the taxa in
E. loxophleba, with no separation between populations
of the mallee taxa, ssp. lissophloia and ssp. gratiae, or
between populations of the tree taxa, ssp. loxophleba
and ssp. supralaevis. However, there was some evidence

Fig. 3 Ordination analysis of genetic distance between popu-
lations of Eucalyptus loxophleba and E. blaxellii. Populations
are represented by numbers (see Table 1). The circles

surrounding populations indicate the tree (dotted line) and
mallee (dashed line) populations of E. loxophleba.

Fig. 4 Continuous character maximum likelihood analysis of
population relationships in Eucalyptus loxophleba and

E. blaxellii. Eucalyptus spathulata was used as the outgroup.
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of separation of the mallee populations from the tree
populations in all the analyses although the patterns
were not always consistent, and the level of con®dence
support was low. The distance and ordination analyses
showed a tighter cluster of the mallee form than the tree
form with some divergence of populations of the tree
form. In contrast, the maximum likelihood analysis
showed a tighter cluster of populations of the tree form
than those of the mallee form. The level of di�erenti-
ation between the mallee and tree habits suggests that
the evolution of the mallee habit in this species may be
recent in evolutionary history, and the in¯uence of
common ancestry is still evident in the overall similarity
within the species.
The lack of separation between the populations of

ssp. gratiae and those of ssp. lissophloia, is consistent
with previous analyses of both morphology and leaf oil
composition where there was no clear separation
between these taxa, but rather a clinal variation
across the range (Grayling, 1996). Based on this work,
Grayling (1996) proposed the maintenance of two taxa,
but with the demotion of ssp. gratiae from speci®c rank
to subspecies level. The genetic data presented here
indicate that the mallee forms comprise a single genetic
entity and maintenance of two separate mallee taxa may
be unwarranted.
Similarly to the mallees, there was a lack of genetic

separation between most of the populations of the two
tree taxa, ssp. loxophleba and ssp. supralaevis. The two
populations that were genetically distinct from the main
cluster of tree populations in the distance analysis were
the northern-most and southern-most populations sam-
pled. Populations at the northern end of the range of
ssp. supralaevis show some morphological variation,
having stouter trunks and branch angles nearing hori-
zontal. It is likely that the more distinct morphological
and genetic characteristics of the northern population
represent divergence at the edge of the species' range.
The second genetically distinct population in the

distance analysis was that collected from the Stirling
Range. The Stirling Range is of a di�erent geology and
higher elevation to that of the surrounding areas, and
the area is noted for the high level of local endemism in
the ¯ora (Hopkins et al., 1983; Hopper et al., 1996).
This area is the southern extent of the range of the
E. loxophleba complex and it is likely that divergence at
the edge of the range is also the cause of the di�eren-
tiation of this population from those in the main part of
the range. No distinctive di�erences in morphology or
leaf oil composition of another nearby population in the
Stirling Range were noted by Grayling (1996). The lack
of distinctness of both the Stirling Range and Murch-
ison River populations in the maximum likelihood
analysis also suggests that the di�erences in these

populations represent recent rather than ancestral
variation.
Two intermediate populations with features of more

than one taxon were included in the study. The
population at Harrismith has the mallee habit but has
a basal stocking of rough bark that is characteristic of
ssp. loxophleba. It occurs within the ranges of three taxa,
ssp. loxophleba, ssp. lissophloia and ssp. gratiae. This
population may be a population of ssp. loxophleba in
which disturbance, such as a severe ®re, has invoked the
mallee habit; however, it did not cluster with the tree
forms in either of the phenetic analyses indicating that it
does not share genetic similarity with other ssp. loxoph-
leba populations. The position of the population
between the mallee and tree clusters in the maximum
likelihood analysis and its similarity with the mallee
populations in the distance analysis suggests that it
represents an intermediate population in which the
di�erentiation of morphological characters is not
complete.
The other intermediate population at Wave Rock is

morphologically ssp. loxophleba but has an oil compo-
sition characteristic of ssp. lissophloia. It is an outlier to
the main range of ssp. loxophleba and occurs within the
range of ssp. lissophloia. This population clustered with
the tree forms in both the phenetic and phylogenetic
analyses con®rming its morphological identity as a
population of ssp. loxophleba.
The low genetic distance between Eucalyptus blaxellii

and E. loxophleba is consistent with them being closely
related species and suggests that they may represent
recent speciation (Crawford, 1989). Eucalyptus blaxellii
showed greater similarity to the mallee forms of
E. loxophleba than to the tree forms which is consistent
with the mallee habit of E. blaxellii, even though it is
geographically closer to the tree forms than to the
mallee forms. However, in the maximum likelihood
analysis, E. blaxellii showed a stronger relationship to
the tree forms than the mallee forms, which most likely
re¯ects coancestry with nearby populations of ssp.
loxophleba and ssp. supralaevis.
The pattern of genetic diversity in E. loxophleba

showed some evidence for genetic di�erentiation
between the tree and mallee habit, but this di�erentiation
was not strong. However, the intermediate populations
with a mallee or tree habit but other traits characteristic
of taxa of the alternate habit, showed genetic similarity
to other populations based on their habit rather than
other traits. This indicates that habit is representative of
genetic relatedness and that habit is a more reliable
character for identi®cation than other traits that char-
acterize the taxa. Furthermore, the closely related mallee
species E. blaxellii showed greater genetic similarity to
the mallee form than to the tree form of E. loxophleba.
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