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Abstract

« Context Corymbia F1 hybrids have high potential for
plantation forestry; however, little is known of their repro-
ductive biology and potential for genetic pollution of native
Corymbia populations.

« Aims This study aims to quantify the influence of repro-
ductive isolating barriers on the success of novel reciprocal
and advanced generation Corymbia hybrids.

« Methods Two maternal taxa, Corymbia citriodora subsp.
citriodora and Corymbia torelliana, were pollinated using
five paternal taxa, C. citriodora subsp. citriodora, C. torelli-
ana, one C. torelliana % C. citriodora subsp. citriodora hybrid
and two C. torelliana x C. citriodora subsp. variegata hybrids.
Pollen tube, embryo and seed development were assessed.

+ Results Reciprocal hybridisation between C. citriodora
subsp. citriodora and C. torelliana was successful.
Advanced generation hybrids were also created when C.
citriodora subsp. citriodora or C. torelliana females were
backcrossed with F1 hybrid taxa. Prezygotic reproductive
isolation was identified via reduced pollen tube numbers in
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the style and reduced numbers of ovules penetrated by
pollen tubes. Reproductive isolation was weakest within
the C. citriodora subsp. citriodora maternal taxon, with
two hybrid backcrosses producing equivalent capsule and
seed yields to the intraspecific cross.

« Conclusions High hybridising potential was identified
between all Corymbia species and F1 taxa studied. This
provides opportunities for advanced generation hybrid
breeding, allowing desirable traits to be amplified. It also
indicates risks of gene flow between plantation and native
Corymbia populations.

Keywords Corymbia - Hybrid - Backcross - Isolation -
Genetic pollution - Gene flow

1 Introduction

Corymbia (Myrtaceae), comprising over 113 tree species, is
a sister genus to Eucalyptus and is a major component of
tropical and subtropical woodland and forest floras across
northern Australia (Hill and Johnson 1995). Natural forests
dominated by spotted gum species (section Maculatae) oc-
cur widely throughout eastern Australia from high rainfall
areas on coastal ranges through to drier inland sites (CPBR
2006). Spotted gums are commercially very important and
are amongst the most commonly harvested native hardwood
timbers in the Australian states of Queensland and New
South Wales (Lewis et al 2010). Many eucalypt species
(Corymbia and Eucalyptus) are of global economic signifi-
cance with >19 Mha established as timber plantations
(Iglesias-Trabado and Wilstermann 2008). Corymbia spe-
cies and their F1 hybrids are of increasing importance to
eucalypt plantation forestry due to their wide adaptability to
marginal tropical and subtropical environments and high
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quality, durable timber (Lee 2007). Over 20,000 ha of
Corymbia plantations has been established across Australia
since the late 1990s (Barbour et al. 2008), primarily using
Corymbia citriodora subsp. variegata. Selected Corymbia
hybrids offer advantages over their parental species, such as
superior growth, disease, insect and frost tolerance,
exhibited across a wide range of environments (Lee 2007;
Lee et al. 2009; Verma and Sharma 2011). In Australia, F1
Corymbia hybrids are derived by controlled pollination
using Corymbia torelliana (section Torellianae) as the
maternal taxon and species from the spotted gum group
(section Maculatae); C. citriodora subsp. citriodora, C.
citriodora subsp. variegata or Corymbia henryi, as the
paternal taxon (Lee 2007; Dickinson et al. 2010). Many of
the areas in eastern Australia suitable for future Corymbia
species and hybrid plantations are in close proximity to
natural spotted gum populations. This raises concerns of
pollen-mediated gene flow from Corymbia plantations into
sympatric native populations.

Hybridisation results in gene flow between individuals,
contributing to plant speciation and evolution (Potts et al.
2003; Arnold and Martin 2010; Costa e Silva et al. 2012).
Hybridisation can also cause genetic pollution via the
pollen-mediated movement and introgression of foreign
genes from exotic populations into sympatric native popu-
lations (Schierenbeck and Ellstrand 2009; Barbour et al.
2010). Genetic pollution is an increasing global concern,
threatening the genetic purity of some native Populus spe-
cies in Europe (Vanden Broeck et al. 2005; Ziegenhagen et
al. 2008) and Eucalyptus (Potts et al. 2003; Barbour et al.
2006, 2007, 2010) and Corymbia (Barbour et al. 2008)
species in Australia. Gene introgression occurs first by
hybridisation and then by repeated backcrossing to one or
both parents. This results in the alteration of natural patterns
of genetic diversity and can potentially threaten the extinc-
tion of pure species (Vanden Broeck et al. 2005; Barbour et
al. 2010). Gene introgression is controlled by ecological and
genetic factors with hybrid populations often restricted to
narrow hybrid zones at native population boundaries
(Vanden Broeck et al. 2005; Barbour et al. 2006, 2010).
Small, fragmented native populations with low genetic di-
versity, often of rare and threatened species, are under the
greatest threat due to their vulnerability to reproductive
swamping (Ziegenhagen et al. 2008; Field et al. 2009).

Gene flow between individuals is controlled by environ-
mental and endogenous isolating barriers which act to in-
hibit hybridisation and maintain species integrity (Potts and
Wiltshire 1997). Endogenous reproductive isolating barriers
may be structural, such as disparity in flower morphology of
the parent species (Gore et al. 1990) or physiological,
whereby genetic combining irregularities between the pa-
rental species interrupt or impede reproduction and devel-
opment (Pound et al. 2003; Wallwork and Sedgley 2005;
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Suitor et al. 2008; Dickinson et al. 2012). Reproductive
isolation can continue after seeds are produced, resulting
in mortality and abnormal growth at germination, during
seedling development and as trees (Lopez et al. 2000;
Barbour et al. 2006; Volker et al. 2008; Lee et al. 2009;
Costa e Silva et al. 2012). The activity of endogenous
isolating barriers decreases with increasing taxonomic affin-
ity between parents (Griffin et al. 1988; Ellis et al. 1991).
Infrageneric Corymbia clades are closely related (Hill and
Johnson 1995; Parra-O et al. 2009) and have an unusually
high propensity to form interspecific hybrids across taxo-
nomic groups (Griffin et al. 1988; Dickinson et al. 2012).
Hybridisation may also be greater when F1 hybrids are
backcrossed with either parental species (Potts et al. 2000,
2003). A better understanding of the breeding system and
reproductive biology of Corymbia species and their F1
hybrids is required to minimise future gene flow risks
(Barbour et al. 2008).

Australian Corymbia hybrid programs have focused on
the production of F1 hybrids using C. forelliana as the
maternal parent and a limited number of spotted gum taxa
and families as the paternal parents (Lee 2007, Lee et al.
2009). Interspecific F1 hybridisation between C. forelliana
and other taxa is controlled by prezygotic isolating barriers,
with reproductive success increasing with increasing taxo-
nomic affinity of parental taxa (Dickinson et al. 2012).
There has, however, been little investigation of the repro-
ductive success of advanced generation C. torelliana
hybrids. Knowledge of the hybridising potential of C. cit-
riodora as the maternal parent is also poorly known, despite
its international importance as a forestry plantation species
and wide natural distribution across eastern Australia. This
study aims to quantify the reproductive success of reciprocal
C. citriodora subsp. citriodora and C. torelliana hybrids,
and advanced generation hybrids where both parental
species were backcrossed with C. torelliana x C. citriodora
subsp. citriodora or C. torelliana x C. citriodora subsp.
variegata F1 hybrid taxa. The activity and locations of
reproductive isolation for these novel crosses will be deter-
mined via the assessment of pollen—pistil interactions, embryo
development and seed germination. Improved knowledge of
the reproductive biology of C. citriodora subsp. citriodora, C.
torelliana and their F1 hybrids will benefit Corymbia hybrid
breeding and help quantify potential risks of pollen-mediated
gene into native Corymbia populations.

2 Materials and methods
2.1 Parent details

Three C. citriodora subsp. citriodora and three C. forelliana
maternal parent trees were crossed with five paternal taxon
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treatments, C. torelliana, C. citriodora subsp. citriodora, C.
torelliana x C. citriodora subsp. citriodora hybrid (CT x
CCC hybrid), C. torelliana x C. citriodora subsp. variegata
hybrid 1 (CT x CCV hybrid 1) and C. torelliana x C.
citriodora subsp. variegata hybrid 2 (CT x CCV hybrid 2)
during 2007-2008. All maternal parent trees were >8 m tall
and were selected from amenity plantings of unknown
genetic origin, near Mareeba, 17.00° S, 145.43° E,
Queensland, Australia. Pollen was collected from three indi-
viduals per taxon for the C. torelliana and C. citriodora
subsp. citriodora cross treatments (maternal parent trees
were not used as pollen parents) and one individual per
taxon for the three hybrid backcross treatments. Flowers
were collected prior to opening, placed in vases in the
laboratory and anthers harvested after operculum shedding.
The pollen was then extracted, dried for 72 h in a silica-gel
desiccator and stored in gel capsules at 4 °C until required.
A pollen polymix was made for the C. ftorelliana and C.
citriodora subsp. citriodora cross treatments. Pollen viabil-
ity was confirmed 2 weeks prior to pollination.

2.2 Pollinations

Controlled pollinations were conducted using the conven-
tional pollination method (Dickinson et al. 2010) on both
maternal parent species between August and September,
with flowers accessed using an 8-m elevated platform.
Each cross treatment was randomly allocated to three flower
bunches on each maternal parent tree. Flower bunches were
selected prior to pollination, if most buds were yellow and
within 0-3 days of natural operculum lift. Open flowers and
immature, overripe and excessive buds were then removed,
retaining approximately 50—100 buds per bunch. The retained
flowers were emasculated using pollination pliers and covered
with an exclusion bag. Flowers were pollinated approximately
7 days later when the stigmas had visible exudate. Exclusion
bags were re-applied and retained for a further 7 days, then
removed. Samples were collected 1 and 5 weeks after polli-
nation by randomly harvesting three to four capsules per
bunch. These were pooled to give 10 samples per cross treat-
ment for each maternal taxon, thus giving 30 replicates per
controlled cross combination for each time point sampled. All
remaining capsules for each maternal taxon were harvested at
maturity and assessed individually as described below.

2.3 Sample collection and assessment

Samples were collected 1 week after pollination for mea-
surement of pollen tube growth and embryo fertilisation.
Ten flowers per cross treatment were collected for each
maternal taxon, fixed in Carnoy’s solution (60 % ethyl
alcohol [95 %], 30 % chloroform, 10 % glacial acetic acid)
and stored at 4 °C. Samples were rinsed in distilled water

three times then softened by autoclaving at 121 °C for
20 min in a solution of 0.8 N—NaOH. Samples were then
rinsed in distilled water and stained in a solution of decol-
ourised aniline blue. Pistils were dissected from the devel-
oping capsule and cut longitudinally using a scalpel blade,
exposing the transmitting tissue and pollen tubes for pollen
tube measurement. Pistils were then squashed onto slides
with the cut surface of both halves facing upright and
viewed under fluorescence using a Zeiss Axioskop (2
MOT) microscope. The transmitting tissue midway along
the length of the style was examined and the number of
pollen tubes counted. One of the three locules in each flower
was randomly selected and the ovules dissected and counted
using a stereo microscope. Ovules were then mounted on a
slide and viewed using fluorescent microscopy. Fertilised
ovules were counted where pollen tubes were observed to
have penetrated the ovule micropyle.

Ten developing capsules per cross treatment were har-
vested at 5 weeks after pollination, fixed in FPA50 (90 %
ethyl alcohol [50 %], 5 % formalin, 5 % propionic acid) and
stored at 4 °C. Capsules were dissected and the number and
size of developing embryos were assessed. Developing em-
bryos were distinguished from other embryos by size
(>700 pum) and appearance, with developing embryos well
hydrated and yellow/white in colour. Mature seeds and
capsules were harvested and counted; 12 weeks after polli-
nation for C. torelliana and 21 weeks after pollination for C.
citriodora subsp. citriodora when the seeds were mature.
Percentage capsule retention at maturity was calculated for
each bunch (excluding subsets sampled at 1 and 5 weeks
after pollination) and averaged for each cross treatment.
Capsules were dried individually, seed extracted and the
seed number per capsule measured. Seed viability was
assessed for each cross treatment on each maternal tree, with
30 seeds x 3 replicates sown onto germination trays. The
trays were placed into a germination cabinet and incubated
at 25 °C for 10 days. Germinated seed was counted and
germination percent calculated.

2.4 Statistical analysis

All data was screened for assumptions of normality and
homogeneity of variance prior to analysis. Statistical analy-
sis was conducted using Genstat 11.1 statistical software
(Copyright 2008, VSN International Ltd). Measurement
parameters for each maternal taxon were analysed separate-
ly via a linear mixed model using restricted maximum
likelihood to estimate variance. Model inputs included: in-
dividual measurement parameters as the response variate,
pollen parent as the fixed effect and maternal parent as the
random effect. Error terms were automatically calculated
and added to models. Where significant differences in the
Wald statistic were detected, these were tested using the post
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hoc least significant difference test (P<0.05) allowing pair-
wise comparisons between means.

3 Results
3.1 C. citriodora subsp. citriodora maternal taxon

Our results show high fertility between all crosses at all
stages of development. High numbers of pollen tubes (45—
71 per flower) were found within the mid stylar region of the
C. citriodora subsp. citriodora females (Fig. 1a, b) for all
crosses examined. The most successful paternal cross treat-
ment was the intraspecific C. citriodora subsp. citriodora
cross, which recorded a significantly higher (P<0.05) num-
ber of pollen tubes than all crosses, except the CT x CCC
hybrid cross (Fig. 2a). High numbers of pollen tubes were
also observed to have penetrated the ovule micropyle (10.2—
17.7 per flower) for all crosses (Fig. 1c). The highest num-
ber of penetrated ovules was observed for the intraspecific
C. citriodora subsp. citriodora cross, which was significantly
higher (P<0.05) than all treatments, except the CT x CCV
hybrid 2 cross (Fig. 3a). All crosses had developing

Fig. 1 Fluorescent microscope
images. a Germinating pollen
on stigma surface and pollen
tubes in upper style, C. citriodora
subsp. citriodora x C. torelliana,
scale bar=500 pm. b Pollen
tubes in mid style, C. citriodora
subsp. citriodora % C. torelliana,
scale bar=500 um. ¢ Pollen tube
penetration of the ovule
micropyle, C. citriodora subsp.
citriodora * (C. torelliana x C.
citriodora subsp. citriodora
hybrid), scale bar=100 pm.
Light microscope images of
developing embryos within the
locule at age 5 weeks. d C.
citriodora subsp. citriodora x C.
citriodora subsp. citriodora,
scale bar=2,000 um. e C.
torelliana % C. torelliana, scale
bar=2,000 um

embryos 5 weeks after fertilisation (Fig. 1d). The intraspe-
cific C. citriodora subsp. citriodora cross had the most
developing embryos, significantly more (P<0.01) than all
other crosses (Fig. 4a). There was no difference in develop-
ing embryo numbers between the other cross treatments. All
crosses with C. citriodora subsp. citriodora as the maternal
parent produced seed at maturity, with a similar seed num-
ber per capsule for the C. citriodora subsp. citriodora, CT x
CCC hybrid and CT x CCV hybrid 2 crosses (Fig. 5a). The
C. citriodora subsp. citriodora cross had a significantly
greater (P<0.001) seed yield than the interspecific C. tor-
elliana cross. Poorest seed number per capsule was mea-
sured for the CT x CCV hybrid 1 cross, which was
significantly lower than all other crosses. Capsule retention
at maturity was not significantly different (Table 1). Seed
viability percentage (Table 1) was lowest (P<0.01) for the
CT x CCC hybrid cross (54.2 %), whereas all remaining
crosses were similar (72.0-83.5 %).

3.2 C. torelliana maternal taxon

Pre-zygotic reproductive success for the C. torelliana
females was initially high across all cross treatments, with
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Fig. 2 Number of pollen tubes in mid-stylar region for a C. citriodora
subsp. citriodora maternal taxon or b C. forelliana maternal taxon,
crossed with five paternal taxa. Treatment means (£ s.e.) with different
letters are significantly different (P<0.05)

similar numbers of pollen tubes observed in the middle style
region (Fig. 2b). Differences between treatments were ob-
served at the next stage of fertilisation with significantly
more ovules penetrated by pollen tubes (P<0.001) for the
intraspecific C. torelliana cross compared with all other
cross treatments (Fig. 3b). The number of penetrated ovules
for the interspecific C. citriodora subsp. citriodora and the
three hybrid cross treatments were similar. Five weeks after
fertilisation, reproductive success remained highest for the
C. torelliana cross, with the number of developing embryos
(47.4 per capsule) significantly higher (P<0.001) than all
other crosses (Fig. 4b). The number of developing embryos
per capsule also varied significantly between remaining
crosses, with the interspecific C. citriodora subsp. citrio-
dora cross significantly higher than the CT x CCV hybrid 1
and CT x CCV hybrid 2 crosses, but similar to the CT x
CCC hybrid cross. Twelve weeks after pollination, all
crosses produced seed (Fig. 5b), with highest yields for the
C. torelliana cross (P<0.001). The CT x CCC hybrid cross
had an intermediate seed yield which was significantly
greater than both the CT x CCV hybrid 1 and CT x CCV

5
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Fig. 3 Number of ovules penetrated for a C. citriodora subsp. citrio-
dora maternal taxon or b C. torelliana maternal taxon, crossed with
five paternal taxa. Treatment means (+ s.e.) with different letters are
significantly different (P<0.05)

hybrid 2 crosses. The interspecific C. citriodora subsp.
citriodora cross was not significantly different from the
three hybrid backcross treatments. Capsule retention percent
at maturity was not significantly different (Table 1). Seed
viability percentage (Table 1) was lowest (P<0.001) for the
interspecific C. citriodora subsp. citriodora cross (68.3 %),
whereas the intraspecific C. torelliana and three hybrid
backcrosses were uniformly high (93.9-98.3 %).

4 Discussion
4.1 Interspecific reproductive isolation

Interspecific and advanced generation hybrids were success-
fully created using C. citriodora subsp. citriodora or C.
torelliana as the maternal taxon, despite numerous prezy-
gotic reproductive isolating barriers. Prezygotic isolation
was observed early in the fertilisation process for the C.
citriodora subsp. citriodora females, with lower numbers of
pollen tubes in the style for the interspecific C. forelliana
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Fig. 4 Number of developing ovules 5 weeks after pollination for a C.
citriodora subsp. citriodora maternal taxon or b C. torelliana maternal
taxon, crossed with five paternal taxa. Treatment means (£ s.e.) with
different letters are significantly different (P<0.01)

and both the CT x CCV hybrid 1 and CT x CCV hybrid 2
crosses. Reproductive isolation was not recorded in the C.
torelliana females at the same stage. Early reproductive
isolation in eucalypts is recognised at several prezygotic
stages including impeded pollen adhesion and germination
on the stigma (Dickinson et al. 2012) and disrupted pollen
tube growth through the style towards the ovaries (Dickinson
et al. 2012; Ellis et al. 1991; Wallwork and Sedgley 2005).
The micropyle was an important site of reproductive isolation

C. c. citriodora CT x CCC CTxccVv1 CTxCCV2 C. torelliana

Paternal taxon

Fig. 5 Seed number per capsule for a C. citriodora subsp. citriodora
maternal taxon or b C. forelliana maternal taxon, crossed with five
paternal taxa. Treatment means (+ s.e.) with different letters are signif-
icantly different (P<0.001)

for both the C. citriodora subsp. citriodora and C. torelliana
females. Almost all interspecific and advanced generation
crosses had fewer ovules penetrated by pollen tubes than the
intraspecific crosses. The cross between the C. citriodora
subsp. citriodora female and the CT x CCV hybrid 2 male
was the only treatment with similar numbers of penetrated
ovules compared with the intraspecific cross. The micropyle is
one of the primary sites of interspecific reproductive isolation
in Corymbia, including C. torelliana % C. citriodora subsp.

Table 1 Capsule retention per-

cent at maturity and germination ~ Paternal taxon

Maternal taxon

percent for C. c. citriodora or C.
torelliana maternal taxon,

C. citriodora subsp. citriodora

C. torelliana

crossed with five paternal taxa

Capsule retention % Germination % Capsule retention % Germination %

C. citriodora subsp. citriodora 30.3 72.0 a 11.3 683 b

CT x CCC hybrid 34.0 542 b 22.6 939 a
Where F aap) values were sig- CT x CCV hybrid 1 23.4 723 17.0 96.1
nificantly different (P<0.05), vor : -8 ' e
treatment comparisons were CT x CCV hybrid 2 334 83.5a 12.0 -
conducted using the LSD test. C. torelliana 315 789 a 17.8 983 a
Treatment means with different P value 0.746 0.001 0.329 <0.001

letters are significantly different
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citriodora (Dickinson et al. 2012) and is a common site of
reproductive isolation in other eucalypt species (Ellis et al.
1991; Wallwork and Sedgley 2005). Reproductive isolation at
prezygotic, rather then postzygotic stages increases reproduc-
tive efficiency, conserving ovules for fertilisation by more
desirable pollen and minimising wastage of plant resources
via embryo abortion.

Postzygotic embryo development and survival varied
between the C. citriodora subsp. citriodora and C. torelli-
ana females. Early differences in prezygotic reproductive
success were carried through to seed maturity for the C.
torelliana females indicating little activity of postzygotic
isolation. The C. citriodora subsp. citriodora females, how-
ever, experienced substantial decreases in embryo numbers
between fertilisation and seed maturity. Resource allocation
is a major cause of postzygotic embryo degeneration and
abortion in eucalypts (Pound et al. 2003; Suitor et al. 2008)
and is likely the main cause of postzygotic abortion within
the C. citriodora subsp. citriodora females. The relatively
poor postzygotic reproductive success of the CT x CCV1
hybrid cross may also suggest some activity of postzygotic
isolation. Percentage capsule retention was not influenced
by cross treatment for either the C. citriodora subsp. citrio-
dora or C. torelliana females. Capsule retention in eucalypts
is controlled by fertilisation level and resource competition,
which justifies the commitment of valuable resources to
fruit and seed production (Suitor et al. 2008). Although seed
number per capsule varied between cross treatments in our
study, sufficient embryo fertilisation was achieved to ensure
a similar level of capsule retention for all crosses.

Our results show low germination for seeds resulting
from the C. citriodora subsp. citriodora female crossed with
the CT x CCC hybrid and the C. forelliana female crossed
with C. citriodora subsp. citriodora. Inviability in hybrid
progeny is often caused by the deleterious interactions of
genes from the same or different loci from the parental
species and is recognised as a major impediment to progress
in hybrid breeding programs (Potts and Dungey 2004; Costa
e Silva et al. 2012). Inviability is expressed by high mortal-
ity and as abnormal phenotypes at germination, seedling
development or as young trees (Lopez et al. 2000; Barbour
et al. 2006). Reduced hybrid seed viability of Corymbia
hybrids has also been identified for a range of interspecific
crosses (Dickinson et al. 2012), and F1 and F2 families
(Shepherd et al. 2007), when compared to intraspecific
controls.

4.2 Reciprocal hybridisation

Reciprocal interspecific hybridisation between C. citriodora
subsp. citriodora and C. torelliana was achieved utilising
either species as the maternal or paternal taxon. Bilateral
reproductive isolation is primarily caused by structural

differences in flower morphology between parent species,
particularly disparity in flower size (Gore et al. 1990). C.
torelliana and C. citriodora subsp. citriodora have relatively
similar flower size (CPBR 2006). Interspecific reproductive
productivity was, however, much lower for the C. citriodora
subsp. citriodora females (5.0 seeds per capsule) compared to
the C. torelliana females (19.4 seeds per capsule). Spotted
gums are recognised for their much lower seed numbers per
capsule than C. forelliana, with Lee (2007) suggesting hybrid
seed yields can be up to four times higher when C. torelliana
is used as the maternal taxon, rather than a spotted gum
species. The higher seed productivity of C. torelliana and a
propensity for more regular and prolific flowering are primary
reasons why large-scale Corymbia hybrid controlled-cross
pollination programs in Australia are conducted using C.
torelliana exclusively as the maternal taxon (Lee 2007;
Dickinson et al. 2010).

The ability to hybridise reciprocally between C. citriodora
subsp. citriodora and C. torelliana may provide opportunities
for the development of new genetic combinations with
desirable phenotypes. The direction of the cross can influ-
ence the heritability of traits within hybrid progeny (Assis
2000; Barbour et al. 2007; Rix et al. 2012) and the genetic
interactions which affect reproductive isolation and hybrid
inviability (Potts and Dungey 2004). Corymbia F1 hybrids
have partial dominance towards the C. torelliana parent for
the traits of increased rooting of cuttings (Assis 2000), frost
resistance and Quambalaria pitereka disease tolerance (Lee
et al. 2009) and towards the spotted gum parent for branch-
ing and straightness (Lee et al. 2009). C. citriodora subsp.
citriodora and C. citriodora subsp. variegata have some
desirable morphological characteristics which are superior
to C. torelliana, including wider environmental adaptability
(rainfall, 600—2,000 mm/year), more desirable tree architec-
ture (greater straightness, less branching) and better wood
quality (CPBR 2006; Lee 2007). A reciprocal cross utilising
a spotted gum species as the maternal taxon, may result in
progeny with desirable wood traits more closely associated
with spotted gum, which can be screened for plantation
forestry potential.

4.3 Advanced generation hybridisation

Advanced generation backcross Corymbia hybrids were
created with both the C. citriodora subsp. citriodora and
C. torelliana maternal taxon, when backcrossed with the C.
torelliana x C. citriodora subsp. citriodora hybrid and two
C. torelliana % C. citriodora subsp. variegata hybrid pater-
nal taxa. To date, only limited research has been conducted
on advanced generation Corymbia hybrids; with variable
survival and seedling performance of controlled-cross polli-
nated F2 families (Shepherd et al. 2007) or spontaneous F2
and F3 families (Verma and Sharma 2011). Advanced
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generation eucalypt hybrids including F2’s, backcrosses and
three-way crosses are often disposed to hybrid breakdown
due to disruption of co-adapted gene complexes, loss or
duplication of chromosomal segments and unfavourable
epistasis (Potts and Dungey 2004; Costa e Silva et al.
2012). In our study, variation in reproductive success was
identified between advanced generation hybrid crosses
within both maternal taxa. Variation in reproductive success
between hybrid pollen families may be due to specific
genetic combining interactions between individuals, known
as specific hybridising ability (SHA; Nikles and Newton
1991). SHA has resulted in variable reproductive success
and field performance between F1 hybrid families of C.
torelliana (Lee et al. 2009).

Advanced generation hybrid breeding is a strategy used
within hybrid tree improvement programs including Pinus
(Brawner et al. 2005) and Populus (Stanton et al. 2010). The
ability to create backcross advanced generation Corymbia
hybrids offers new opportunities for commercial Corymbia
hybrid breeding programs. Individual F1 Corymbia hybrid
families have shown great promise (Lee et al. 2009); how-
ever, there would be many desirable traits more closely
associated with individual parental species, which could be
amplified by hybrid backcrossing. Improving the amenabil-
ity of Corymbia hybrid clones to vegetative propagation is
recognised as a key priority for successful hybrid commer-
cialisation (Lee et al. 2009; Hung and Trueman 2011). C.
torelliana has higher amenability to vegetative propagation
than C. citriodora subsp. citriodora with the F1 hybrid
progeny of these parental species inheriting this trait with
a bias towards the C. forelliana taxon (Assis 2000). A
backcross between C. torelliana and an F1 hybrid pollen
parent could produce advanced generation hybrid progeny
with greater amenability to vegetative propagation and clon-
al deployment. Other desirable traits of C. torelliana which
could be amplified by backcrossing include disease toler-
ance to Q. pitereka and browsing resistance to some insect
pests (Lee 2007). Alternatively, the spotted gums have
greater structural timber properties including density, hard-
ness and strength and tree form and branching character-
istics than C. torelliana (Lee 2007). A backcross between C.
citriodora subsp. citriodora and an F1 hybrid parent could
produce advanced generation hybrid progeny with greater
wood quality.

The Corymbia hybrid breeding program initiated in
Australia in 1999 utilises a Reciprocal Recurrent Selection—
Selecting Forwards strategy. Parent species are improved via
recurrent selection in subpopulations, combined with con-
current screening of a wide range of F1 hybrid progeny
combinations (Lee et al. 2009). The development of a syn-
thetic breed using advanced generation hybrid breeding is
an alternative strategy (Brawner et al. 2005; Lee et al. 2009).
Advanced generation Corymbia hybrid breeding is still in its
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early stages and there are concerns of poor seed yields,
inviability and segregation, particularly in F2 families
(Shepherd et al. 2007). Advanced generation hybrid breeding
has proven a successful strategy within Pinus hybrid breeding
programs (Brawner et al. 2005); whereas in Populus hybrid
breeding programs, their use is limited to ventures which
compliment the mainstream RRS F1 strategy (Stanton et al.
2010). The results from our study suggest that advanced
generation backcross hybrids and the potential development
of a synthetic breed for the Corymbia complex are possible
future directions for Corymbia hybrid breeding.

4.4 Gene flow risks

Successful hybridisation and gene flow is controlled by
environmental pre-mating barriers (geographic and ecolog-
ical isolation), endogenous post-mating barriers (pre- and
postzygotic isolation) and interacting post-mating barriers
(hybrid fitness; Potts et al. 2003). Native spotted gum pop-
ulations occur throughout eastern Australia (CPBR 2006) in
areas where Corymbia plantation expansion is most likely
(Lee et al. 2010) and are at greater risk of genetic pollution.
Native C. torelliana populations are at a lower risk of
genetic pollution being restricted to far north Queensland
(CPBR 2006) well outside the areas anticipated for
Corymbia plantation development. Similarities in the repro-
ductive ecology of C. citriodora, C. torelliana and their
hybrids suggest some pollen flow could occur between
sympatric plantation and native populations. Flowering
times for native C. citriodora and C. torelliana populations
are partially synchronous (CPBR 2006). Cultivated C. citrio-
dora, C. torelliana and their F1, F2 and F3 hybrids have also
exhibited some flowering synchrony (Verma et al. 1999). C.
citriodora and C. torelliana flowers are also attractive to a
wide range of generalist pollinators including bats and birds,
which may facilitate pollen movement over long distances
between flowering populations (Barbour et al. 2008).

Infrageneric clades within the Corymbia are closely re-
lated, which is reflected in their unusually high propensity to
form hybrids across taxonomic groups (Griffin et al. 1988;
Dickinson et al. 2012). C. forelliana (section Torellianae)
and spotted gum species (section Maculatae) are classified
within subgenus Blakella and are closely related (Parra-O et
al. 2009). Our study shows that pre- and postzygotic endog-
enous isolating barriers between crosses of C. forelliana, C.
citriodora subsp. citriodora or their hybrids are relatively
weak and successful hybridisation is likely if environmental
pre-mating barriers are ineffective.

Inviability of F1 and advanced generation hybrids is an
expression of outbreeding depression and is primarily
caused by unfavourable additive x additive epistatic effects
which increase with plant age (Costa e Silva et al. 2012). In
our study, hybrid viability was assessed at the germination
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stage, with the seed germination percentage of hybrid
crosses generally equivalent to intraspecific crosses. The
only cases of reduced hybrid viability were the F1 cross
between C. forelliana and C. citriodora subsp. citriodora
and the backcross between C. citriodora subsp. citriodora
and the CT x CCC hybrid. Hybrid inviability at germination
has been reported for interspecific F1 (Dickinson et al.
2012) and advanced generation (Shepherd et al. 2007)
Corymbia hybrids. In many cases, however, germination
of eucalypt hybrid seed is as successful as intraspecific seed
(Ellis et al. 1991; Lopez et al. 2000). Hybrid inviability
expressed by high mortality and as abnormal phenotypes
is often most pronounced after germination during seedling
development or as trees (Potts and Dungey 2004; Volker et
al. 2008; Costa e Silva et al. 2012). F1 hybrid progeny
typically display poor average survival and growth when
compared to outcrossed parental controls; however, a small
proportion of F1 hybrid families can exceed the parental
performance when grown under optimum conditions (Potts
and Dungey 2004). Lee et al. (2009) describes high vari-
ability in survival and growth between F1 Corymbia hybrid
families to age 3 years. Hybrid inviability also varies widely
between advanced generation hybrid combinations, where
complex genomic interactions can result in considerable
variation in hybrid survival and fitness (Potts et al. 2003;
Costa e Silva et al. 2012). Eucalyptus backcross hybrids
have demonstrated growth and survival rates which are
superior to F1 and F2 hybrids and similar to parental species
(Potts et al. 2000, 2003). The reproductive success and
viability of Populus backcross hybrids, however, are often
poorer than F1 hybrids (Vanden Broeck et al. 2005).

The survival chances of exotic hybrid progeny regenerat-
ing within native habitats are expected to be lower than
within plantations due to harsh environmental conditions,
lack of adaptation to local environments and genetic incom-
patibilities (Lopez et al. 2000; Barbour et al. 2006, 2010).
Barbour et al. (2006) identified evidence of greater early-age
selection against exotic Eucalyptus ovata x Eucalyptus nit-
ens F1 hybrids in native habitats as compared to the same
hybrids in a cultivated environment. The survival chance of
Corymbia hybrids in native habitats is unknown. There have
been numerous observations of spontaneous C. forelliana *
spotted gum hybrids surviving within cultivated plantings
(Lee 2007; Verma and Sharma 2011) however observations
of spontaneous hybrids in native Corymbia populations are
rare (Hill and Johnson 1995).

5 Conclusions
Successful hybridisation was achieved for all interspecific

and advanced generation Corymbia hybrid crosses investi-
gated in this study. These results were obtained using a

limited number of maternal and paternal parents; however,
they provide valuable directions for future Corymbia hybrid
breeding and the management of gene flow risk. The crea-
tion of advanced generation Corymbia hybrids has breeding
advantages as it will allow for the amplification of numerous
desirable traits by breeding beyond the F1 hybrid genera-
tion, and may potentially allow the development of a
synthetic breed for the Corymbia complex. The high hybrid-
ising propensity of these Corymbia taxa, however, suggests
a risk of exotic gene flow from plantations of Corymbia
species and their F1 hybrids into sympatric native Corymbia
populations. Gene flow from F1 Corymbia hybrid planta-
tions into native spotted gum forests poses the greatest risk,
although the long-term viability of hybrids within native
habitats is unknown. Investigation of Corymbia hybrid seed
sowing and seedling trials in native forest areas to quantify
longer-term hybrid viability and the risk of gene introgres-
sion is recommended.
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