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High genetic identities between three oil
mallee taxa, Eucalyptus kochii ssp. kochii,
ssp. plenissima and E. horistes, based on

nuclear RFLP analysis

M. BYRNE
Department of Conservation and Land Management, Locked Bag 104, Bentley Delivery Centre, WA 6983, Australia

The eucalypt species Eucalyptus kochii ssp. kochii, E. kochii ssp. plenissima and E. horistes, are
harvested for oil production. The genetic diversity in these taxa and their phylogenetic rela-
tionships were assessed using anonymous nuclear RFLP loci. Variation was determined for 20
individuals from 10 populations representing the three taxa. The level of diversity in the taxa
was high compared to other species where RFLP surveys have been conducted, including
another eucalypt species. The populations showed little differentiation, low genetic distance
and high gene flow between them. Phylogenetic relationships reveal clustering of populations
consistent with their geographical distribution. This analysis suggests that genetically these taxa
represent a single widespread, variable species with some provenance delineation. Establish-
ment of a breeding programme based on all populations would allow progress in genetic
improvement for oil yield.
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Introduction

Eucalypt oil has traditionally been used for pharma-
ceutical, industrial, and perfumery and flavouring
purposes (Boland et al. 1991). Australia was
formerly a major producer of eucalypt oil but world
production is now dominated by China and total
world production is estimated to be 3000 tonnes
(ABARE, 1994). In Western Australia there is
considerable interest in developing oil mallees
(eucalypt species with multistemmed habit) to
remedy extensive dryland salinity through planting
trees that will provide a commercial return (Bartle et
al., 1996). Salinity currently affects some 9% of the
18 million hectares of agricultural land in the south-
west of the state and this is projected to expand to
32% within several decades (Ferdowsian et al.,
1996). Planting of deep-rooted tree crops will
improve water use and reduce the ground water
accumulation that causes salinity. The scale of plant-
ing necessary to be significant in terms of salinity
control requires a commercial return to the farmer.
To be commercially attractive much larger markets

for eucalypt oil will be required than the current
pharmaceutical markets. These are potentially avail-
able in industrial solvent markets where eucalypt oil
can be used to replace the discontinued hydro-
carbon, trichloroethane (Barton & Knight, 1997).
However, the price of oil in the industrial solvent
market is lower than the current pharmaceutical
markets. Bartle et al. (1996) show that such prices
can be met but this will require an increase in oil
yield and a reduction in the cost of production.
Genetic improvement has the potential to increase
yield and reduce costs; therefore a major breeding
programme has commenced.

The eucalypt oil industry in Western Australia is
centred on two groups of species, the Eucalyptus
kochii/E. horistes group and the E. loxophleba/E.
gratiae group. These species produce an average of
2.5% oil yield of which around 90% is 1,8-cineole.
An improvement programme is being developed
with the aim of increasing oil yield through selection
and breeding, whilst retaining any significant genetic
distinctness of taxa or ecotypes, and maintaining
appropriate levels of genetic variation in the produc-
tion populations. The degree of genetic diversity and
genetic relatedness within these groups of speciesCorrespondence. E-mail: margaretb@calm.wa.gov.au
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has not been investigated, and this information
would be valuable in the design and structuring of
the breeding programme.

In the E. kochii/E. horistes group there are three
taxa, E. kochii ssp. kochii Brooker, ssp. plenissima
Brooker and E. horistes Johnson & Hill, which are
closely related taxonomically. They belong to the
oleosa group of species which occurs in all mainland
states of Australia (Brooker et al., 1988). For ease of
reading the three taxa will be referred to as kochii,
plenissima and E. horistes from here on. The three
taxa are morphologically very similar. Kochii and
plenissima are distinguished by operculum shape;
kochii has a conical operculum whereas plenissima
has a short, obtusely conical operculum (Brooker et
al., 1988). Eucalyptus horistes has broader, glossier
leaves than kochii, and a longer, more pointed
operculum than plenissima (Chippendale, 1988).
The three taxa have allopatric but adjacent distribu-
tions (Fig. 1). Eucalyptus horistes occurs on lateritic
and sandy loam in mallee shrubland in the northern
wheat belt and gold fields regions. Plenissima occurs
on sandy loam in mallee shrubland in the north-
eastern wheat belt region and kochii occurs on sandy
soil in open woodland and is restricted to the
Wongan Hills–Dalwallinu area of the wheat belt.

An analysis of variation within and among the
three taxa was undertaken using RFLP loci. This
will enable determination of the genetic diversity in
the taxa in order to establish a breeding programme
that encompasses the genetic diversity of the species
group. The phylogenetic relationships between
populations of the taxa were determined, to assess
whether genetic distinctness exists within or among
the taxa, which would indicate the need for specific
structuring within the breeding programme.

Materials and methods

Plant material

Leaf samples were collected from two populations of
kochii, four populations of plenissima and four
populations of E. horistes. The distribution of the
species and the location of sampled populations is
shown in Fig. 1. Only two populations of kochii were
sampled because this taxon has a restricted distribu-
tion compared to plenissima and E. horistes. Collec-
tions were made of 20 individuals from each of the
10 populations, except that 18 individuals were
sampled from the Three Springs population and 22
from the Mullewa population. DNA was extracted
from the leaves of the 200 individuals as in Byrne et
al. (1998), digested with either BglII or EcoRV,
Southern blotted and hybridized with 38 RFLP
probes (c021, c030, c087, c092, c113, c115, c116,
c135, c136, c137, c170, c238, c288, c299, c333, c395,
c411, c451, g059, g067, g086, g095, g099, g121, g142,
g154, g174, g183, g195, g233, g243, g250, g256, g261,
g409, g421, g425, g474). The probes are those used
by Byrne et al. (1998) and hybridization was as in
Byrne & Moran (1994). The probes were hybridized
against DNA digested with BglII or EcoRV at
random. Any fragment pattern that was unscorable
with one enzyme–probe combination was reassayed
with the alternative enzyme.

Data analysis

Alleles were scored at each locus and numbered
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). A hierarchical cluster analysis was carried

Fig. 1 Distribution and location of
sampled populations of Eucalyptus
kochii ssp. kochii, E. kochii ssp. plenis-
sima and E. horistes.
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out using UPGMA, based on unbiased genetic
distance measures (Nei, 1978). A phylogenetic
analysis was carried out using the CONTML program
of PHYLIP (Felsenstein, 1993) and the consensus tree
following 100 bootstraps of the data was produced.
Estimates of gene flow as the mean number of
migrants between populations per generation (Nm)
were made using the FST method (Slatkin, 1987).
Regression of FST and genetic distance against
geographical distance was calculated and tested for
significance using a Mantel randomization test
(Mantel, 1967).

Results

Thirty of the probes produced interpretable frag-
ment patterns that were scored according to an
alleles/locus model. The remaining eight probes
produced multiple banded patterns, resulting from
hybridization to two or more loci, and were not
scored. One locus was monomorphic across all taxa.
Within single populations up to three loci were
monomorphic. The number of alleles detected at a
locus ranged from 1 to 26, with the maximum
number of alleles in any one population being 19.
The distributions of alleles in frequency classes
across loci for each population are shown in Table 1.
The observed distribution is U-shaped but strongly
skewed towards alleles with low frequency (s0.1).
The proportion of alleles in each frequency class was
similar in all populations.

The allelic diversity measures for each population,
and means over all populations and for each taxon,
are presented in Table 2. The values for mean
number of alleles per locus (A), mean number of
polymorphic loci (P), observed heterozygosity (Ho)

and the Hardy–Weinberg expected panmictic
heterozygosity (He) were high for each population.
The level of diversity is similar in all populations.
The allelic diversity measures over all populations
and for each taxon were high (Table 3) and were
similar for each taxon and overall. The number of
alleles was higher overall than for each taxon, indi-
cating the presence of some alleles specific to popu-
lations or taxa. A large number of alleles were
specific to each population: 22% of the total number
of alleles, with 4–12 specific alleles in each popula-
tion. All population-specific alleles were rare alleles.
There was only one allele that was specific to a
taxon and present in all populations of the taxon, E.
horistes. No alleles were specific to kochii, 4.5% of
alleles were specific to some but not all populations
of plenissima, and 2.4% of alleles were specific to
some but not all populations of E. horistes.

The fixation index was small and positive for all
populations indicating a small degree of inbreeding.
The differentiation between populations (FST) was
low overall, and low for each taxon (Table 4). Plenis-
sima had more diversity between populations than
the other two taxa. The estimates of the mean
number of migrants (Nm) are shown in Table 4.
Gene flow was high across all populations and for
each taxon, with the highest values in kochii which
has the closest populations geographically. The gene
flow in plenissima, although high, was less than in
kochii and E. horistes.

Unbiased estimates of genetic distance between
all pair-wise comparisons of populations were low,
with the highest distance (0.0853) between the
plenissima populations at Nukarni and Mt. Magnet,
and the lowest distance (0.0196) between the two
kochii populations (Ballidu and Nugadong).

Table 1 Allele frequency distribution for all RFLP loci for each population of Eucalyptus kochii ssp. kochii, E. kochii ssp.
plenissima and E. horistes. Percentages in parentheses

Population s0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5 a0.5

Nukarni 111 (65) 24 (14) 6 (4) 6 (4) 4 (2) 19 (11)
Kalannie 125 (68) 22 (12) 5 (3) 6 (3) 5 (3) 20 (11)
Mt Magnet 112 (64) 23 (13) 6 (4) 9 (5) 7 (4) 17 (10)
Paynes Find 135 (69) 22 (11) 12 (6) 3 (2) 6 (3) 17 (9)
Mullewa 161 (73) 24 (11) 9 (4) 4 (2) 5 (2) 17 (8)
Three Springs 93 (57) 29 (18) 13 (8) 5 (3) 5 (3) 18 (11)
Bowgada 114 (66) 21 (12) 10 (6) 6 (4) 4 (2) 18 (10)
Canna 110 (63) 25 (14) 9 (5) 8 (5) 4 (2) 19 (11)
Ballidue 115 (66) 25 (14) 7 (4) 4 (2) 3 (2) 21 (12)
Nugadong 104 (65) 21 (13) 8 (5) 3 (2) 3 (2) 20 (13)
Mean 118 23.6 8.5 5.4 4.6 18.6
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A UPGMA analysis of population relationships is
presented in Fig. 2. The populations of E. horistes
cluster together and the populations of kochii cluster
together. The populations of plenissima are spread
out and encompass the E. horistes and kochii popu-
lations. A continuous character maximum likelihood
analysis of population phylogeny is presented in
Fig. 3. The populations separate into two clusters,
one containing the two kochii populations, and the
other containing the E. horistes and plenissima
populations. Within the horistes/plenissima cluster
the two northern populations of plenissima form a
significant group.

There was a highly significant association between
FST and geographical distance, with a Mantel test
probability = 0.0021 for 10 000 iterations, indicating

isolation by distance for the populations. This result
was checked by testing genetic distance against
geographical distance, and the association was also
highly significant (P = 0.0008 for 10 000 iterations).
However, removing the most northern population,
Mt Magnet, from the analysis resulted in a nonsigni-
ficant association (P = 0.268), indicating that the Mt
Magnet population is isolated, whereas the remain-
ing populations are not.

Discussion

There is a very high level of variation in the nuclear
genome of the oil mallee taxa E. kochii ssp. kochii,
ssp. plenissima and E. horistes. The diversity in these
species is greater than the diversity detected in

Table 2 Genetic diversity parameters for populations and taxa of Eucalyptus
kochii ssp. kochii, E. kochii ssp. plenissima and E. horistes. A, mean number of
alleles per locus; P, mean number of polymorphic loci (0.99 criterion); Ho,
observed heterozygosity; He, Hardy–Weinberg expected panmictic
heterozygosity; FIS, fixation index. Standard errors in parentheses

Population A P Ho He FIS

Nukarni 5.6 (0.6) 90 0.475 (0.062) 0.480 (0.064) 0.005 (0.001)
Kalannie 6.1 (0.7) 93 0.508 (0.067) 0.511 (0.062) 0.019 (0.004)
Mt Magnet 5.8 (0.6) 93 0.502 (0.066) 0.516 (0.062) 0.026 (0.006)
Paynes Find 6.5 (0.7) 93 0.488 (0.063) 0.513 (0.063) 0.039 (0.009)
Mullewa 6.7 (0.8) 93 0.492 (0.070) 0.513 (0.067) 0.057 (0.013)
Three Springs 5.4 (0.6) 90 0.431 (0.067) 0.479 (0.068) 0.101 (0.022)
Bowgada 5.8 (0.6) 93 0.471 (0.067) 0.474 (0.065) 0.028 (0.006)
Canna 5.8 (0.7) 93 0.453 (0.063) 0.479 (0.066) 0.032 (0.007)
Ballidu 5.9 (0.7) 93 0.410 (0.061) 0.465 (0.064) 0.101 (0.023)
Nugadong 5.6 (0.6) 90 0.430 (0.064) 0.455 (0.067) 0.034 (0.007)
Means:
Overall 5.9 (0.1) 92 0.466 (0.011) 0.489 (0.007) 0.044 (0.010)
kochii 5.8 (0.2) 92 0.415 (0.010) 0.460 (0.005) 0.067 (0.033)
plenissima 6.0 (0.2) 92 0.493 (0.007) 0.505 (0.008) 0.022 (0.007)
horistes 5.9 (0.2) 92 0.462 (0.013) 0.486 (0.009) 0.054 (0.016)

Table 3 Genetic diversity parameters for taxa of Eucalyptus kochii ssp. kochii, E.
kochii ssp. plenissima and E. horistes. A, mean number of alleles per locus; P,
mean number of polymorphic loci (0.99 criterion); Ho, observed heterozygosity;
He, Hardy–Weinberg expected panmictic heterozygosity; FIS, fixation index.
Standard errors in parentheses

Taxon A P Ho He FIS

Overall 12.6 (1.1) 97 0.466 (0.019) 0.512 (0.021) 0.080
kochii 7.2 (0.8) 97 0.420 (0.043) 0.468 (0.047) 0.083
plenissima 9.8 (1.0) 97 0.493 (0.030) 0.527 (0.031) 0.058
horistes 9.6 (0.9) 97 0.462 (0.032) 0.501 (0.033) 0.080
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another eucalypt species, E. nitens (Byrne et al.,
1998). Both studies used similar sampling strategies
and the same RFLP probes, although the current
study analysed 30 loci whereas the E. nitens study
used 40 loci. The diversity in E. nitens was high in
comparison to other species that have been surveyed
with RFLP probes and analysed using a locus/allele
model, including the long-lived woody species
walnut, poplar and cocoa (Aldrich & Doebley, 1992;
McGrath & Quiros, 1992; Liu & Furnier, 1993;
Brubaker & Wendel, 1994; Fjellstrom & Parfitt,
1994; Lerceteau et al., 1997). The diversity detected
in each of the three oil mallee taxa here is higher
again than these species and E. nitens. It was
suggested that the high levels of diversity in E. nitens
may result from the large range and regional differ-
entiation of E. nitens (Byrne et al., 1998). The oil
mallee species have a smaller range and little
geographical differentiation in comparison to E.
nitens, yet maintain greater genetic diversity. The
high level of allelic diversity is caused by a large
number of alleles of low frequency, which appear to

be generated within populations but maintained at
low frequencies. The high numbers of rare alleles in
all populations may reflect a high mutation rate in
equilibrium with drift eliminating alleles and
preventing their elevation to higher frequency.

The level of diversity in each of the oil mallee
taxa is high yet the differentiation between popula-
tions within each taxon is low, probably because of
the high levels of gene flow. Plenissima, which has
the largest distribution of the three taxa, showed
slightly more differentiation and lower gene flow
than kochii and E. horistes. Over all populations the
level of differentiation is low and the level of gene
flow is high, indicating significant interaction
between the populations. The high level of alleles
present in only one population is suggestive of low
levels of gene flow. The alleles present in only one
population, private alleles, are all of low frequency
and estimates of gene flow based on private alleles
were similar to those based on FST. The differentia-
tion that does exist between the populations is prob-
ably because of the presence of the rare alleles
rather than a change in allele frequency of common
alleles.

The phenetic analysis shows close relationships
between most of the populations and some differen-
tiation of the two northern populations of plenis-
sima. This grouping reflects the geographical
distribution of the populations. The arc of popula-
tions from Mullewa to Nukarni essentially follows
the rainfall isohyet, with the north-eastern popula-
tions in the more arid zone. The isolation by
distance detected between the most north-eastern
population and the other populations is also consist-
ent with the geographical distribution. Although the

Table 4 Differentiation and gene flow for populations of
Eucalyptus kochii ssp. kochii, E. kochii ssp. plenissima and
E. horistes, and for all populations

Taxon FST Nm

Overall 0.045 5.2
kochii 0.017 14.2
plenissima 0.042 5.6
horistes 0.029 8.4

Fig. 2 UPGMA analysis of genetic
distance between populations of
Eucalyptus kochii ssp. kochii, E. kochii
ssp. plenissima and E. horistes.
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Mt Magnet population appears to be isolated, it
does not show strong genetic differentiation from
the other populations. The taxa are insect-pollinated
and pollen dispersal would be expected to be lepto-
kurtic. Although long-distance gene flow may be
infrequent it appears to be sufficient to prevent
genetic differentiation of the populations, even
where isolation may occur. The isolation by distance
of the Mt Magnet population also suggests that the
presence of the species in the arid north-eastern
area is not the result of recent colonization, but
rather indicates a more ancient presence in the area.

The phylogenetic analysis shows a close relation-
ship between the two kochii populations. The
remaining populations of plenissima and E. horistes
form a cluster within which the grouping of popula-
tions is quite variable, except for the close relation-
ship of the two north-eastern populations. The
historic association of the kochii populations may be
related to their close geographical distance;
however, there are other populations (e.g. Ballidu–
Kalannie, Three Springs–Bowgada) that have
similar geographical distances but do not show a
strong historic association. The close relationship
between the kochii populations may be because they
are recently derived from the main population
group, or they may represent the ancestral popula-
tions from which the rest of the group has spread.
Analysis of the chloroplast genome in these species
may indicate the direction of evolution within the
group.

The phenetic and phylogenetic relationships
between the populations suggest three groupings: (i)
the four E. horistes populations and the two

southern populations of plenissima; (ii) the two
kochii populations; and (iii) the two northern popu-
lations of plenissima. This grouping of populations
essentially reflects their geographical positions
where the E. horistes and southern plenissima popu-
lations form a central band, with the Mt Magnet and
Paynes Find populations to the north-east and the
kochii populations to the south-west.

The high diversity, high gene flow and low differ-
entiation between the populations, combined with a
correlation between populations and their
geographical positioning, suggests that they repre-
sent a single, large, genetically and morphologically
variable species. Within this taxon the grouping of
the populations could be considered as provenances
or subspecies.

There are several implications of considering
these taxa as a single species for the development of
a breeding programme. The high degree of genetic
relatedness between the populations implies that a
single breeding programme can be established
without genetic contamination of the current taxa.
This represents a substantial benefit, in terms of
both economy and effort, for the oil mallee industry.
The high levels of genetic diversity and low differen-
tiation between populations means that a large
proportion of the diversity of the taxa can be incor-
porated into the breeding programme through
standard collection practices without extra efforts to
make special collections. It would be advisable to
include all taxa (provenances) in the collections.
Although the average oil yield of kochii is higher
than plenissima and E. horistes, the variation in oil
production within populations is high and all popu-
lations have individuals with high oil yields. Herita-
bility of oil yield in kochii is high (h2 = 0.83) (Barton
et al., 1991). Breeding between high-yielding indi-
viduals from all populations would be expected to
result in substantial increases in oil yield.
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