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ABSTRACT

Eucalypts are endemic to Australia where they are the dominant species in more than 40 million ha of natural forest and grow across a
large range of climatic environments and soil types. Due to its adaptability, extremely fast growth rate and excellent wood and fiber
properties, the genus became the most widely planted forest tree (18 million ha) at a world scale mainly for pulpwood and timber.
Eucalyptus globulus is the most planted species for temperate zone plantations (e.g. Portugal, Spain, Chile and Australia) while E. grandis
and E. urophylla are extensively grown in tropical and subtropical regions (e.g. Brazil, South-Africa, Congo). Adaptation to aridity is
considered a major factor in the evolution of the genus and resulting geographic distribution of the species. Apart from drought other
environmental stresses such as extreme temperatures, salt or excess light limit productivity which is often less than its very high potential.
Moreover frost, drought and competition are the major causes of mortality in juvenile plantations. Among biotic stresses the genus
Eucalyptus has to deal with a diverse range of invertebrate and mammalian herbivores that consume foliage and fungal diseases also
cause great losses very detrimental to economically important Fucalyptus species. This review describes the main studies conducted in
Eucalyptus on these different stresses and specific problems occurring in natural forests or in the plantations spread out around the world.
For each type of stress we describe the impact on the trees, the corresponding tolerance mechanisms developed by the plant and the
methods designed for protection or genetic improvement.
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INTRODUCTION perate areas is favoured because these trees are fast growing,
easily cultivated, adaptable and suitable for industrial plan-

Eucalyptus is the most valuable and most widely planted tations, agroforestry and community forestry.

genus of forest trees worldwide. Eucalypt plantation estab- Eucalypts are native to Australia, New Guinea and

lishment in tropical, subtropical and more recently tem-  neighboring islands (Fig. 1). With the exception of extreme
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Fig. 1 The “Cazneaux Tree”. Ancient (clearly stressed) Eucalyptus
camaldulensis Dehnh. (river redgum) near Wilpena Pound, Flinders
Ranges, South Australia. Photo: R. Wenzl-Bossinger. The photographer
Harold Cazneaux took a picture of this exact tree with the walls of Wil-
pena Pound as background, in May 1937. He regarded it as his most Aus-
tralian picture and called it the Spirit of Endurance. It won many awards in
Australian and International exhibitions. In May 1941 Cazneaux wrote:
“This giant gum tree stands in solitary grandeur on a lonely plateau in the
arid Flinders Ranges, South Australia, where it has grown up from a sap-
ling through the years, and long before the shade from its giant limbs ever
gave shelter from heat to white men. The passing of the years has left it
scarred and marked by the elements - storm, fire, water, - unconquered, it
speaks to us from a Spirit of Endurance. Although aged, its widespread
limbs speak of a vitality that will carry on for many more years. One day,
when the sun shone hot and strong, I stood before this giant in silent
wonder and admiration. The hot wind stirred its leafy boughs, and some of
the living elements of this tree passed to me in understanding and
friendliness expressing The Spirit of Australia.”

Fig. 2 Eucalypt forest in the Grampians (Gariwerd) National Park,
Victoria, Australia. Photo: R. Wenzl-Bossinger.

low temperatures, most climates of the world are repre-
sented over this geographic range. They occur naturally
from sea level to the alpine tree line, in high-rainfall and
temperate zones as well as in semi arid and hot arid regions
(Specht 1970; Eldridge et al. 1993) (Figs. 2-4). With about
700 species, the genus Eucalyptus contains a remarkably
wide range of species reflecting its adaptation to a wide
variety of sites. Adaptations to aridity, and consequently to
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Fig. 3 Eucalypt natural stand of Eucalyptus grandis at South Forster,
NSW, Australia. Photo: G. Moran.

drought, heat and salinity are considered major factors in
the evolution of the genus and the resulting geographic dis-
tribution of species. However, a number of eucalypt species
are currently showing decline in their natural range, prob-
ably related to climate change and increased drought (Potts
B., personal communication). In contrast to the relatively
high tolerance of many species to arid conditions, because
of Australia’s generally warm climate, the genus Eucalyp-
tus is not adapted to intense frost. In particular, a lack of
endodormancy and leaf persistence over winter make this
tree very exposed to freezing injuries (Fig. 5). Only a few
species from alpine habitats in southeast Australia are cold-
hardy and only at a moderate level.

Introduction of eucalypt species into very different
regions of the world was based on their distribution on the
Australian continent. In 2000, more than 10 million ha of
eucalypts were planted in Asia (mainly in India), around
five million ha in South America (mainly in Brazil) and
around two million ha in Africa (FAO 2004). Spread of
eucalypt plantations in Europe and North America is more
limited, mainly due to frost sensitivity. Currently, only a
relatively small percentage of the numerous eucalypt spe-
cies are commercially planted, the inclusion of more species
into breeding programs will however expand with time.
Four species, E. camaldulensis, E. grandis, E. urophylla, E.
globulus and their hybrids account for 80% of plantations
worldwide. Eucalyptus grandis is the most widely used spe-
cies in tropical and subtropical areas. Particularly with E.
urophylla as a hybrid, it is extensively grown in Brazil,
South Africa, Congo and China (Figs. 6, 7). Eucalyptus glo-
bulus is the preferred species for temperate zone plantations
in Portugal, Spain, Chile and Australia. Fucalyptus camal-
dulensis is the most adapted to arid and semi-arid lands and
is also one of the most variable species (Fig. 8). It is planted
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Fig. 4 Forest of Eucalyptus marginata and Eucalyptus calophylla near
Dwellinup, Western Australia. Photo: G. Moran.

Fig. 5 Juvenile leaves of the cold-sensitive E. camaldulensis under
frost, Lectoure, 32, France. Photo: M. Navarro.

in southern Europe and North Africa. Cold and drought are
the two main stress factors limiting eucalypt plantations and
species selection in Australia and around the world.

The physiology of many eucalypts is mostly directed
towards productivity or growth at the expense of particular
adaptive traits. Its fast growth rate is mainly based on a very
high potential productivity combined with opportunistic
development. Light-use efficiency values of eucalypts are
high when compared with a wide range of temperate and
tropical tree species. For example, the maximum value for
young E. grandis trees growing in plantations in Brazil ap-
pears to be the highest recorded for any woody vegetation
(Stape 2002) (Fig. 9). In contrast, for many natural com-
munities and at sites where water and nutrient supplies are
limiting, or where marked temperature extremes exist, pro-
ductivity is much lower. Opportunistic growth means that
growth periods are not interrupted by notable endodor-
mancy nor leaf drop. Growth rates correlate strongly with

Fig. 6 Forest of eucalypts, Colombo/PR, Brazil. Photo: C. Marque.

Fig. 7 Plantation of E. grandis x E. urophylla, Zulu Land, South Afri-
ca. Photo: C. Marque.

199

Fig. 8 Healthy (unstressed) Eucalyptus camaldulensis Dehnh. (river
redgum) Australia. Photo: R. Wenzl-Bossinger.

mean temperatures, however wide deviations occur in late
summer and early autumn, possibly attributable to reduced
water availability. Consequently, stresses limiting producti-
vity in order of importance are cold, secondarily drought
and then biotic or other abiotic stresses.

Introducing a eucalypt species into a new geographic
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Fig. 9 Plantation of E. grandis x E. urophylla, Aracruz/ES, Brazil.
Photo: C. Marque.

region presents the challenge of finding a good compromise
between adaptation to specific environmental conditions
and productivity. The most tolerant species (e.g. E. pauci-
flora to cold) are often less productive and vice versa. One
example was the introduction into South Africa of E. gran-
dis, the most productive eucalypt species at optimum
growth temperatures. The experience indicated that mean
temperature of the coldest months should be no lower than
11°C and mean daily minimum temperature of the coldest
months should be no lower than 4°C for optimum growth of
the species. At sites with lower minima, other eucalypt spe-
cies will be more productive (Eldridge ef al. 1993).

In addition to assisting in the genetic improvement of
eucalypts for adaptive traits, stress studies of a more funda-
mental nature are employing these trees as models for
studies of tolerance mechanisms in long lived plants. Many
species are exposed all year round to a variety of stresses.
Since they grow across a wide range of climatic environ-
ments and soil types, they are likely to have developed
unique and complex adaptive strategies. Moreover, with
one of the smallest genomes among woody plants (500
Mbp), eucalypts are suitable models for many genomics and
genetics studies. The Eucalyptus genome sequence is ex-
pected by 2010, the second tree genome sequence (after
poplar) to be completed thanks to a large international co-
operative effort (www.eucagen.org).

Until recently exotic eucalypts were renowned and ad-
mired for their strong resistance to pests and diseases where
they were newly introduced. Actually, they rather per-
formed well in the absence of their normal indigenous suite
of herbivores. In Australia, herbivorous species including
marsupials and insects were always the major problems par-
ticularly in young plantations. In addition, over recent dec-
ades, plantations of cloned forests in the tropics resulted in
an enormous reduction in the genetic variability and an ap-
parent increase in fragility and sensitivity to different biotic
stresses. Moreover, the worldwide deployment of eucalypt
species has created a mosaic of suitable host types through
which pests can spread. Some eucalypt-specific pathogens
were introduced into new geographic zones, together with
their hosts. Among the numerous examples are Phoracan-
tha semipunctata, and the redgum lerp psyllid, which ap-
peared in California respectively in 1980 and 1998 and be-
came a major pest (Paine et al. 2000, 2006), Thaumasto-
coris in southern Africa or Ophelimus eucalypti in southern
Europe and Africa. This introduction of insects and fungi
from Australia is still on the increase e.g. in New Zealand
(the number of introduced spp has increased from 26 since
2001). Finally, of particular concern, are pathogens which
do not currently occur in Australia and appear to have adap-
ted to eucalypts. These host jumps are common for fungal
pathogens, for example eucalypt rust is not known on eu-
calypt species in their native habitat. It apparently origina-
ted from native Myrtaceae in South America, is highly in-
fective on some eucalypt species and has become one of the
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most serious forestry diseases in Brazil. In the same way,
various species of Paropsisterna which are pathogens of
native Myrtaceae, are also devastating diseases of intro-
duced eucalypt species in South East Asia, South America
and Africa (Slippers ef al. 2005).

This review will deal with the major stresses reported in
the eucalypt literature, their economic impact on growth
and survival of eucalypts in their native range of distribu-
tion as well as their productivity where they are grown
commercially. Although other stresses have significant im-
pact on eucalypt growth and survival (e.g. soil nutrient defi-
ciency, water logging and interspecific competition), only
the major ones would be considered, drought, frost, salt,
herbivory and pathogens.

DROUGHT STRESS

The literature on plant responses to drought is vast and re-
cent progress, at the molecular and whole-plant levels, has
been comprehensively reviewed by Chaves et al. (2003). In
their constant struggle between managing water loss and
fixing carbon, plants respond differently to gradual and
slow water depletion over weeks to months than to sudden
water shortage within hours or days.

Passive avoidance, which is a consequence of reduced
nutrient availability resulting from limited water availability
upon soil drying, affects plant growth (carbon fixation) and
function (McDonald and Davies 1996). Tolerance to low
tissue water potential can involve osmotic adjustment (Mor-
gan 1984), more rigid cell walls, or smaller cells (Wilson et
al. 1980). The effects of drought and salinity on photosyn-
thesis and respiration have recently been reviewed by Fle-
xas et al. (2006). These authors suggest that metabolic res-
ponses to severe drought occur indirectly as a consequence
of oxidative stress, rather than as a direct response to water
shortage.

Of particular relevance for perennial plants is that me-
chanisms used during seedling development might differ
substantially from those employed by mature plants.

The ecological range of the genus Eucalyptus stretches
from regions with an annual rainfall of 250 mm in southern
and 350 mm in northern Australia to the wet sclerophyll for-
ests of eastern and south western Australia where rainfall
exceeds 1500mm/year (Merchant et al. 2006). Species of
the subgenus Symphyomyrtus are widely distributed across
the continent, particularly in more arid habitats and regions
subject to prolonged periods of water deficit. It was sug-
gested that the distribution of eucalypt species is particu-
larly dependent on the availability of water (Adams 1996).
However, while many species of the genus are known for
their tolerance of arid conditions, there has been little re-
search into attributes that might confer such tolerance.
Transpiration losses globally from eucalypts were found to
be similar to those of other forest trees, except in situations
where some species of eucalypts that do not have stomatal
regulation are planted in soils where the roots have free
access to ground water and evaporative demand is high
(Calder 1992).

Seedling responses to drought

Studies investigating eucalypt seedling responses to drought
stress measured seedling growth, dry matter allocation
(Ngugi et al. 2003a), transpiration efficiency, water use ef-
ficiency and carbon isotope composition (813C) (Ngugi et
al. 2003b). Stomatal closure, reduction of leaf area and
change in leaf orientation were identified as the main tole-
rance mechanisms in seedlings (Gindaba er al. 2004). A
decrease in soil water availability was found to cause a con-
sistent increase in 813C in all provenances tested (Ngugi et
al. 2003b). This stands in contrast to results by Schulze et al.
(2006) which investigated specific leaf area and isotope
ratio (613C) in leaves and samples of recent wood where
013C decreased with decreasing annual rainfall; however, in
lower rainfall areas (<300 mm) no statistically significant
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relationship was found. Rainfall affected 813C indirectly
through soil type (a surrogate for water-holding capacity)
across the rainfall gradient. Schulze et al. (2006) concluded
that species-specific traits are important in understanding
the response of Eucalyptus to rainfall and that the diversity
of the genus may reflect its response to the large climatic
gradient in Australia and to the large annual and inter-
annual variations in rainfall at any one location. Ngugi et al.
(2003c) found significant differences also between prove-
nances in osmotic potential at full turgor and water potential
at the turgor loss point. In seedlings of E. spathulata subjec-
ted to water deficit stress, the reduced osmotic potential was
found to be correlated with increasing concentrations of a
range of constitutive solutes (Merchant and Adams 2005). It
was also argued that increased concentrations of the cyclic
polyol quercitol, acting as osmolytes, were the likely means
of balancing accumulation of inorganic ions.

Upstream of these cellular changes induced by drought
stress are alterations of gene expression and synthesis of the
corresponding proteins. In order to investigate the initial
response of E. grandis to water stress deficit Labate CA and
co-workers (Andrade et al. 2007) recently analysed the
changes in the root proteome for six month-old plantlets.
After seven days of drought 66 proteins showed significant
changes in spot volumes with 49 having increased abun-
dance and 17 reducing their expression level. The functio-
nal categories of these proteins were identified as defence,
energy, metabolism, cell structure and signal transduction.

Rooted cuttings as an experimental system

Eucalyptus globulus rooted cuttings showed significantly
reduced evapotranspiration, leaf growth and maximum per-
meability when subjected to drought (Pita et al. 2003).
These authors showed that the most drought resistant clone
displayed higher drought-induced reductions in maximum
permeability than plants from other clones, had signifi-
cantly smaller leaves and maintained higher values of pre-
dawn leaf water potential as soil water content declined.

Drought responses in mature trees

In recent years studies on eucalypts have concentrated on
measuring the effects of drought stress on plant growth and
survival and mapping the mechanisms employed for drought
avoidance. Studies on mature eucalypt trees monitored im-
pacts on wood density (Searson et al. 2004), root distribu-
tion (Moroni ef al. 2003), stem mortality due to cavitation
(Rice et al. 2004), morphological responses including leaf
orientation and decrease in growth, reduced leaf area ratio,
specific leaf area, leaf-to-root area ratio. They indicate grea-
ter carbon allocation to the root system in response to
drought, in a drought-resistant clone, which also possessed
higher root hydraulic conductance and higher leaf-specific
hydraulic stomatal conductance (Costa e Silva et al. 2004).
Physiological responses were also measured, including sto-
matal conductance and net photosynthesis (Ngugi et al.
2004), dry matter accumulation and allocation, leaf guard
cell length, minimum daily leaf water potential, carbon iso-
tope composition (described as water-use efficiency) and
abscisic acid (ABA) concentration (Li and Wang 2003).
One species that responds to reduced water availability by
altering growth characteristics is E. camaldulensis which
was identified as a dehydration postponement species
because it uses mechanisms that delay growth while main-
taining turgor and water uptake (Lemcoff et al. 2002) (Fig.
10). Measurements of carbon isotope fractionation at sites
along rainfall gradients and estimation of the relationships
between leaf area, sapwood cross-sectional area and con-
ductance demonstrated homeostatic adjustment of hydraulic
properties in relation to growing conditions (Whitehead and
Beadle 2004). Metabolic responses in leaves and roots in-
cluded changes in concentrations of soluble and insoluble
sugars, proline, total protein and several antioxidant en-
zymes together with drought-induced reduction in growth
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Fig. 10 Eucalyptus camaldulensis Dehnh. (river redgum) growing in a
dry creek bed in the Flinders Ranges, South Australia. River redgums are
regarded as one of the species most tolerant to saline conditions. Its ability
to also withstand extreme temperatures as well as drought and periods of
water logging has enabled this tree to survive in this inhospitable environ-
ment for many decades. Photo: R. Wenzl-Bossinger.

and decreased osmotic potential (Shvaleva et al. 2005). In
these experiments glutathione reductase activity increased
significantly in response to water deficit, suggesting that
this enzyme plays a protective role in roots during drought
stress by catalyzing the catabolism of reactive oxygen spe-
cies (Shvaleva ef al. 2005).

A major response in Eucalyptus: osmotic
adjustment

Eucalypts respond to drought stresses by lowering cell
water potential which assists in maintaining cell water con-
tent and consequently turgor (Meyers and Neales 1986;
Lemcoff et al. 1994; Stoneman et al. 1994; White et al.
2000). Osmotic adjustment (Meyers and Neales 1986;
Lemcoff et al. 1994) and inherent osmotic potential (White
et al. 2000) however, vary greatly between different euca-
lypt species. Eucalypts from low rainfall areas generally
have lower leaf water potential at the point of turgor loss
and weaker stomatal responses to soil drying (White et al.
2003). Cyclitols, cyclic polyols characterized by a six-car-
bon ring with associated hydroxyl groups, have been sug-
gested as playing significant roles in the regulation of os-
motic potential (Paul and Cockburn 1989) and have been
isolated from an array of tree tissues (Popp et al. 1997).
One such osmolyte, quercitol, was found to account for
about 3% of dry weight in West Australian mallee eucalypts
and 5.5% in several Victorian mallee eucalypts, making sig-
nificant contributions to cellular osmotic potential (Adams
et al. 2005).

Such results warranted more detailed investigations into
the presence of compatible solutes in a variety of eucalypt
species from different ecosystems (‘mesic’ and ‘xeric’) and
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different sub-generic taxonomic groups (Merchant et al.
2006). These authors found that responses to water deficit
followed two distinct patterns: Eucalyptus species from
‘mesic’ environments adjusted concentrations of sucrose in
response to water deficit, whereas ‘xeric’ species increased
concentrations of quercitol. In root tissues, only species
from xeric environments contained high levels of quercitol
and mannitol, increasing under water deficit. Accordingly,
the mesic strategy was argued to be beneficial as response
to short-lasting drought conditions, because sucrose is ea-
sily metabolized, whereas the xeric strategy may relate to
an effective acclimation to longer-lasting drought. These
physiological response groups also were related to taxono-
mic groups within the genus (Merchant et al. 2006).

COLD STRESS

Extreme air temperatures, heat and freezing, can limit plant
productivity and sometimes cause their premature death.
High temperatures can have direct damaging effects asso-
ciated with hot tissue temperatures or an indirect effect
through plant water deficit that can arise due to high evapo-
rative demands. Heat stress studies in eucalypts seem to in-
dicate that this is not a major problem at a world scale.
Overall, eucalypt species are known to be reasonably tole-
rant to heat, for instance, the heat tolerance value of E.
camaldulensis leaves varies from 47.4 to 50°C (Karschon
and Pinchas 1971) while seedlings of E. obliqua are able to
survive a temperature of 80°C (Moore et al. 1977). More-
over, E. grandis micropropagated shoots exposed at 41°C
for three hours were able to recover after 24h whereas they
did not completely recover after a cold shock (0°C), (Souza

Fig. 11 Juvenile leaves of the cold tolerant E. gunnii under frost,
Lectoure, 32, France. Photo: M. Navarro.

Fig. 12 Young plantations of E. gunnii, Longages, 31, France. Photo: C.
Marque.

et al. 2004). In the same work, the metabolism, considering
especially soluble proteins and proline, appears to be more
affected by low than high temperatures although E. grandis
was found to respond to both classes of stimulus.

Exposure of plants to subzero temperatures results in
extracellular ice formation, efflux of water and cellular de-
hydration. Growing ice crystals can cause mechanical dam-
age to the cells and freezing temperatures can cause dena-
turation of proteins and disruption of macro-molecular com-
plexes. Consequently, freezing tolerance is strongly cor-
related with tolerance to dehydration also caused by drought
or high salinity. In fact many protective mechanisms and
related gene activity are shared between the three stresses.
Finally, low temperatures, especially in combination with
high light, can cause excessive production of reactive oxy-
gen species (ROS) and hence tolerance to frost also cor-
relates with effective scavenging systems for ROS to cope
with oxidative stress.

Eucalyptus is a genus of evergreen trees without endo-
dormancy. All the species of the genus are opportunistic and,
if other factors are not limiting, they continue growth
through the winter. Therefore, most species are quite sensi-
tive to frost, with the naked buds and leaves the primary or-
gans subject to freezing damage (Fig. 11). The frost tole-
rance of the Tasmanian subalpine eucalypts appears to be
amongst the greatest for any species within the genus. Eu-
calyptus gunnii and E. pauciflora are probably the hardiest;
however, after hardening they only tolerate -14 to -18°C
whereas boreal and temperate trees like birch are able to
survive below -70°C under dormancy and full cold acclima-
tion. Therefore the establishment of eucalypt plantations
outside of their native area is still limited to the most tem-
perate regions and growth characteristics of the hardiest
species make them unsuitable for commercial plantations.
Eucalyptus gunnii is cultivated in some cool European areas
like France as a pure species or for the introgression of frost

Fig. 13 E. dalrympleana trees, Longages, 31, France. Photo: C. Marque.
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tolerance into the more fast-growing commercial species
(Figs. 12-14). Unfortunately, the major productive or com-
mercially interesting species, E. grandis and E. globulus,
are highly frost sensitive (-6 to -8°C). Eucalyptus globulus
was successfully introduced into the Mediterranean basin
(mainly Spain and Portugal) and South America (mainly
Chile) but the expansion of the plantations is still limited by
the periodic occurrence of low temperatures during winter
(Scarascia-Mugnozza et al. 1989; Fernandez et al. 2006).

Frost tolerance of eucalypts is also an important issue in
their native continent where unseasonal or particularly sev-
ere frosts cause damage to both natural populations and
plantations. Frosts occur over many parts of Australia,
generally with increasing severity and frequency at more
southerly latitudes and higher altitudes. In Tasmania, one of
the coldest regions in Australia, a study of subalpine euca-
lypts suggests that their natural distributions was deter-
mined by rare exceptionally severe frosts (Davidson and
Reid 1985). Of the fast growing species, E. nitens is consi-
dered the most suitable for planting on high altitude sites in
Tasmania but significant expansion in the area of these
plantations has led to their establishment at altitudes that are
close to the upper limit of their planting distributions, re-
sulting in productivity losses.

Due to the underlying commercial implications, E.
nitens, E. gunnii and E. globulus constitute the main target
species in the studies on cold stress. The main investiga-
tions first focussed on genetic analyses and further aimed to
develop rapid and early laboratory tests of cold tolerance
along with biochemical, physiological and molecular gene-
tic studies. Since there was no comprehensive review on the
subject up to date, we will give an overview of research
over the last 20 years with a focus on recent molecular ge-
netics work.

Genetic studies

Pryor, one of the pioneers of cold tolerance genetics in
Eucalyptus considered that four lines of research should be

Fig. 14 A young E. gunnii x E. dalrympleana tree combining cold toler-
ance and productivity. Catonvielle, 32, France. Photo: C. Teuliéres.

explored in breeding eucalypts for freezing tolerance: asses-
sing species, provenances and families within species, natu-
ral hybrids and manipulated hybrids (Pryor 1957). All these
recommendations were addressed in subsequent decades.
Quantitative variation in freezing tolerance was first inves-
tigated at the intraspecific level. Although it was sometimes
shown to vary with seedling age over the first year of
development, as for E. delegatensis (Battaglia and Reid
1993), winter frost tolerance was a trait with considerable
variation within all the tested species as in E. nitens (Griffin
and Cotterill 1988) or E. globulus (Tibbits et al. 2006). This
indicates that considerable genetic gains may be made by
classical programs of recurrent or mass selection within
pure species. Moreover, when winter hardened E. nitens
seedlings from 198 families, representing five provenances
were studied for frost tolerance, provenance effect accoun-
ted for between 11% and 29% of the total variation, family
effect for 14.22% and seedling effects for 22 to 26% (Ray-
mond et al. 1992a). However, in this work, no strong rela-
tionship was found between frost tolerance and the altitude
of origin. These patterns indicate that genetic variation for
increasing frost tolerance may be evident at three levels:
provenance, family and within family. Heritability of frost
tolerance was also tested in controlled and open-pollinated
families of E. globulus and E. nitens (Volker et al. 1994). It
proved moderate to high for both species, ranging from
0.23-0.5 for controlled pollinated material and similar val-
ues were observed for open-pollinated families suggesting
that removal of selfing and other inbreeding effects have
occurred.

The use of interspecific hybridization was evaluated, as
a means of breeding more resistant strains of eucalypts or of
hybridizing fast growing species with highly resistant spe-
cies. Tibbitts and co-workers (Tibbits ef al. 1991) examined
the inheritance of freezing tolerance in interspecific F1 hyb-
rid families of eucalypts corresponding to 27 different spe-
cies combinations and a range of hardiness levels. The trait
was found to be inherited in a predominantly additive man-
ner, although there was a tendency in partial dominance
toward the more sensitive species in some combinations
(e.g. E. gunnii x E. globulus or E. nitens X E. globulus). The
full expression of this genetic variation appeared to increase
with the hardiness and in some cases appeared to vary with
ontogeny. These data validate this breeding strategy for the
introgression of frost tolerance into the commercial species
since interspecific hybrids can be produced which have
significantly greater freezing tolerance to that of the less
resistant parent.

The most recent strategy for improving frost tolerance
of eucalypts relies on the molecular marker approach. The
most relevant result concerns the identification of the two
first QTL influencing freezing tolerance in an outbred fa-
mily of E. nitens (Byrne et al. 1997). These QTL, based on
RFLP markers present on the same linkage group but loca-
ted 40cM apart, explain between 7.7 and 10.8% of the phe-
notypic variation. Unfortunately this mapping result, with
interesting implications for the improvement of freezing
tolerance in eucalypts, remains the only one reported to date.
More recently, RAPD and isozyme techniques were as-
sessed with regards to cold hardening on leaves of three eu-
calypt species (Kuzminski and Malvolti 1992). The tender
species, E. camaldulensis did not present any modification
for all the tested systems. However, the cold resistant E.
gunnii and E. dalrympleana showed different isoforms for
six enzymes in the hardened vs. the unhardened tissues sug-
gesting these patterns as potential markers of frost tolerance
for these species. When the RAPD technique was used to
differentiate 15 E. globulus clones (8 resistant and 7 sensi-
tive), one unique polymorphism was observed but without
any association with cold tolerance level. Undoubtedly, the
identification of molecular markers for frost tolerance and
mapping could help in the selection of the hardiest eucalypt
genotypes. Finally, association studies using single nucleo-
tide polymorphisms (SNPs) within the transcription factor
CBF (CRT/DRE Binding Factor) candidate gene have re-
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cently commenced in E. delegatensis, E. regnans and E.
gunnii (Reed et al. 2007).

Development of screening tests for frost tolerance

The development of reliable laboratory methods for non
destructive assessment of eucalypt cold tolerance, that are
more reliable than visual methods, was a major goal in
breeding programs targeting this trait. Such tests are neces-
sary for ranking genotypes and partitioning of total varia-
tion into components due to provenances, families and indi-
viduals. The main procedure, called the “electroconduc-
tivity” or “ion leakage” method measures leaf damage in
terms of the electrical conductivity of leaf discs exposed to
freezing temperatures, where the conductivity of the lea-
chate correlates with damage to the membranes. This pro-
cedure was first described for E. pauciflora seedlings (Har-
wood 1981) and proved very efficient since it is simple and
fast and provides results in good agreement with visual
classification and data more amenable to statistical treat-
ment and interpretation. The test, successfully applied to
other eucalypt species (Hallam and Tibbits 1988; Leborgne
et al. 1995) and further improved for better reliability (Ray-
mond et al. 1992b) is still extensively used for phenotyping
in breeding programs. Another test also based on the evalu-
ation of plasma membrane disturbance by measuring ethy-
lene/ethane ratios was assessed for measuring frost injury in
several species (Scarascia-Mugnozza et al. 1989; Kuzmin-
ski and Scarascia-Mugnozza 1992). Although this ratio pro-
vided very precise results and allows a sharp distinction
between stressed vs irreversibly injured tissues, the proce-
dure is not commonly used to date.

Other factors supposed to be representative of harden-
ing and cold tolerance were evaluated as criteria for early
selection. Electrical impedance, relative water content and
osmotic potential did not prove reliable enough to be used
as accurate predictors for frost tolerance, probably due to
differences in the physiological state of the tested plants
(Serrano and Pardos 1992).

Methods for assessment of cold tolerance were deve-
loped for E. gunnii using cell suspension cultures and pro-
toplasts under controlled freezing (Teuliéres et al. 1989). In
this case, damage was evaluated by the cell viability dec-
rease measured through TTC (Triphenyl Tetrazolium Chlo-
ride) reduction of cells or FDA (Fluorescein Diacetate)
staining for protoplasts. For both cellular systems, tolerance
was correlated with the degree of frost tolerance of the star-
ting clones. These tests constitute useful tools for investi-
gating the cold tolerance mechanisms at the cellular level.

Physiological, biochemical and biophysical
studies

Temperate plants develop a greater ability to withstand
freezing in response to a period of low but nonfreezing tem-
peratures through a complex adaptive process of cold ac-
climation. At the cell level, the most notable effect of cold
acclimation include the accumulation of compatible osmo-
lytes in the same way as for drought or salt adaptation and
changes in membrane lipid composition (for review see Xin
and Browse 2000; Kalberer ef al. 2006).

Literature on the environmental factors affecting the
cold acclimation process in eucalypts is rather poor to date.
The temperature regime commonly used for trees in con-
trolled conditions consists of a progressive cooling over 5 to
7 weeks down to 3 or 4°C night temperature for E. nitens or
E. globulus (Tibbits and Reid 1987; Davidson et al. 2004)
and 0°C for E. gunnii (Leborgne et al. 1995). Cell suspen-
sion cultures of E. gunnii were also able to harden when
cooled to 10°C (Leborgne et al. 1995). While for E. nitens
both hardening and de-hardening were dependent on the
temperature regime irrespective of the photoperiod (Tibbits
and Reid 1987), cold acclimation of E. gunnii slightly in-
creased under short days at low temperature (El Kayal et al.
2006). However, in this latter experiment, a strong predomi-
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nance of temperature over light was observed for the cold
adaptive response in agreement with previous observations
of Paton (Paton 1978) for a number of physiological res-
ponses in 12 eucalypt species. Characteristic of eucalypts
compared to many perennial woody plants, this low or un-
detectable effect of photoperiod on cold hardening is con-
sistent with the absence of endodormancy and temperature
dependent opportunistic development. Finally, as com-
monly observed for cold responses, the hormone ABA did
not prove to be directly involved in cold acclimation (Le-
borgne 1994).

Due to its opportunistic developmental features inclu-
ding a lack of dormancy and a persistence of the leaves over
winter, species of the genus Eucalyptus are likely to be sub-
ject to photoinhibition when the temperatures drop. Several
papers deal with this question. At low temperature, photoin-
hibition can be severe and is usually associated with high
levels of irradiance. In E. pauciflora, cold-induced photoin-
hibition was shown to limit the distribution of juvenile
plants due to the protective dissipation of absorbed light
energy rather than damage to photosystem II (Ball et al.
1991). Another species well adapted to low temperature, E.
nitens, is also susceptible to severe levels of photoinhibition
if planted out in periods associated with repeated frosts but
this phenomenon is no more significant following frost in
established saplings (Close and Beadle 2003). In any case,
E. pauciflora recovers more quickly from photoinhibition
than E. nitens, consistent with its occurrence in colder habi-
tats (Warren et al. 1998). For both species, cold hardening
was found to reduce photoinhibition resulting in a higher
photosynthetic capacity, lower level of non-photochemical
quenching and faster recovery (Warren ef al. 1998). The de-
creased susceptibility of photosynthesis accompanying the
development of cold tolerance was found to be due to a
higher photosynthetic capacity and a reduced demand for
non-radiative energy dissipation (Warren et al. 1998). More
recently, photosynthetic responses to overnight frosts were
investigated in E. nitens and E. globulus (Davidson et al.
2004). In the field, consecutive frosts had a cumulative ef-
fect, reducing maximum net photosynthesis. This decrease
is independent of photoinhibition but is associated with de-
creased quantum yield and stomatal conductance. In order
to separate the effects of light, temperature and CO,, conse-
quences of CO, enrichment on eucalypt freezing injury
were evaluated (Barker ef al. 2005). Elevated CO,-grown
plants had more necrotic leaf area following freezing events
than ambient CO, plants and also exhibited a lower stoma-
tal conductance.

Most of the physical and biochemical studies of cold
tolerance in eucalypts involve correlative analyses of dif-
ferentially tolerant genotypes or more commonly acclima-
ted vs. non-acclimated plant material. Biochemical studies
on eucalypt cold tolerance mainly deal with the accumula-
tion of compatible osmolytes in the cells. For E. globulus
and hybrids, a significant correlation between cold toler-
ance (LT50) and leaf osmotic pressure was observed during
hardening (Almeida et al. 1994). This increase, likely to
limit cell dehydration due to extracellular ice formation,
was predominantly a result of an accumulation of soluble
sugars. Interestingly, following this hardening period, pho-
tosynthetic capacity and quantum yield were not sig-
nificantly affected, indicating that feedback inhibition of
photosynthesis did not occur in the leaves despite carbohy-
drate accumulation. These results stand in contrast to obser-
vations in conifers where photosynthesis, and subsequently
growth, is completely suppressed during cold hardening
(Oquist and Huner 1991). When three subspecies of E. glo-
bulus were compared, Moraga and co-workers (Moraga et
al. 2006) also found a correlation between their level of
cold tolerance and total sugar content. In contrast, for three
eucalypt species (E. gunnii, E. dalrympleana and E. globu-
lus), although a good correlation was observed between
carbohydrate content and seasonal temperature fluctuations,
no difference could be detected between cold hardy and
sensitive species (Kuzminski and Scarascia-Mugnozza
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1992). In E. gunnii, carbohydrates and especially sucrose,
fructose and raffinose also accumulate in leaves during cold
acclimation both for trees in the field and young plants in
controlled conditions (Leborgne et al. 1995a). In this case,
the accumulation was correlated both with the level of basic
cold tolerance and acclimation, strongly suggesting a role
for these sugars in the protection. The two correlations were
confirmed in cell suspension cultures from the same species
(Leborgne et al. 1995b) and interestingly, in this simplified
system, the cold hardening could be mimicked by feeding
the cells with fructose and raffinose. The potential role of
the sugars in frost tolerance of E. gunnii was further partly
elucidated through these feeding experiments (Travert et al.
1997). The positive effect was found to be specific to cer-
tain carbohydrates and was not colligative since it was inde-
pendent of osmolality and total sugar content. Therefore,
the accumulation of sugars during the cold hardening of
these very cold-hardy eucalypt species does not play a role
in limiting cell dehydration but acts locally and specifically
to protect macromolecules and membranes.

The plant cell membrane is known as the primary site of
cold injury. Through two complementary biophysical ap-
proaches on the same E. gunnii cell suspension cultures,
membrane fluidity was investigated in relation to frost tole-
rance (Leborgne ef al. 1992). Both the tonoplast and plasma
membrane were found to exhibit a higher fluidity in the
frost tolerant cell lines and, in all conditions tested, the
tonoplast is more fluid, indicating better tolerance to freez-
ing injury. Altogether, these data and preliminary experi-
ments coupling sugar introduction and fluidity measure-
ments suggest a cryoprotector role for sugars in E. gunnii
cold tolerance through maintenance of plasma membrane
fluidity.

Molecular genetic studies

Cold acclimation is associated with wide and complex
changes in gene expression, particularly for cold-responsive
(Cor) genes encoding proteins directly involved in cell pro-
tection. The CBF transcription factors, which regulate a
large pool of genes involved in osmolyte synthesis or other
protective mechanisms, have emerged as mediators of cold
acclimation in higher plants.

Studies on eucalypts include global transcriptome ana-
lyses and in depth characterization of cold regulated genes.
As a first step towards the identification of genes involved
in cold tolerance, cDNA libraries were constructed inclu-
ding total cDNA libraries from leaves of cold-acclimated E.
nitens (Fullard and Moran 2003) or E. gunnii (Keller 2006)
of cold-treated E. globulus (Krauskopf et al. 2007) and a
subtractive ¢cDNA library (acclimated vs non-acclimated)
from E. gunnii cell suspension cultures (El Kayal 2004).
The E. nitens library was used to identify genes from E.
delegatensis differentially expressed in a range of natural
populations exhibiting distinct cold tolerance (Reed et al.
2006). From the 4946 E. globulus genes, 6% correspond to
the stress response (Gamboa ef al. 2007). From this library
the authors recently isolated one CBF gene and one ICE-
like (Inducer of CBF expression) gene (Rasmussen-Poblete
et al. 2007). When expression profiling was carried out on
the subtractive E. gunnii library, 52 differentially-regulated
EST were identified, most of them also responding to other
stimuli like NaCl, mannitol or ABA. These genes belong to
functional categories corresponding to signalling and trans-
duction, protection against stresses and metabolism. From
the E. gunnii cold acclimated leaf library, 11303 EST were
annotated and functionally classified (Keller, submitted)
while 1995 were analysed for expression profiles (Keller
2006). The library proved enriched for genes known to play
a role in cold acclimation such as detoxification enzymes or
LEA (Late Embryogenesis Abundant) with a very high
representation of dehydrins. The clustering of the genes
according to their kinetics of cold regulation resulted in
very distinct profiles differing by the earliness and duration
of the response. Taken together, these annotations and ex-

205

pressional data, a pool of potential candidate genes could be
defined containing unknown strongly regulated genes,
genes encoding effector proteins believed to participate in
adaptive mechanisms and finally genes encoding transcrip-
tion factors likely to control these “protector” genes.

Among this collection two E. gunnii genes were further
characterized. EgSXD1 encoding the tocopherol cyclase
involved in vitamine E synthesis was isolated from the cold
down-regulated library (El Kayal et al. 2006). Cold-in-
hibition of EgSXD1, confirmed by real time RT-PCR, leads
to a decrease in leaf tocopherol content. This was unex-
pected given that tocopherols are commonly reported to
accumulate after cold or salt stresses and to play an antioxi-
dant role. The alteration in tocopherol content in eucalypts
after a cold exposure is suggested to act as a signal because
of the modifications of the redox potential in the chloro-
plasts and would result in the activation of one or several
oxidative stress response pathways. These data were the
first to suggest the potential involvement of this gene in
cold hardening of plants. The second family of genes to be
studied in the context of Eucalyptus cold tolerance encodes
the CBF/DREBI transcription factors which are well-
known for their key role in the cold response of a number of
plants. Two CBF homologs EguCBFla and EguCBFl1b
were isolated from E. gunnii (El Kayal et al. 2006). Real-
time RT-PCR analyses showed a very strong and fast res-
ponse to cold. Both genes exhibited several similar features
such as the positive effect of dark conditions and cold inten-
sity on cold regulation. However, interestingly, their regula-
tion by cold differed and proved complementary in particu-
lar in terms of induction kinetics. The positive effect of
short day-length both on freezing tolerance and CBF trans-
cript accumulation suggests a potential involvement of
these genes in adaptive responses. In addition to the confir-
mation of CBF as good candidate genes of cold tolerance in
eucalypts, this study highlighted contrasting responses of
Eucalyptus CBF compared to Arabidopsis and other herba-
ceous plants suggesting significant structural and regulatory
differences. These differences may be related to the very
characteristic biology and physiology of eucalypts and
stresses the necessity of carry out such studies on homolo-
gous genes to determine candidate genes for breeding stra-
tegies.

Although at a very early stage, these molecular studies
of cold tolerance in the genus Eucalyptus already indicate
how specific and complex this taxa is in its adaptive res-
ponse. They open exciting prospects for revealing the mole-
cular mechanisms underlying its unique developmental fea-
tures. Combined with the mapping data of QTL influencing
cold tolerance, these genomics achievements and EST col-
lections should also within the next decade result in power-
ful new tools that can be integrated into breeding programs.

SALINITY STRESS

In many parts of the world, rising groundwater tables and
increasing secondary salinization are major land degrada-
tion problems (FAO 2005). As a solution to the problems,
revegetation of degraded catchments with deep-rooted per-
ennials, including trees tolerant of saline soils, has been
advocated (Akilan ef al. 1997; Niknam and McComb 2000).
Salt in soil water inhibits plant growth firstly because it
reduces the plant’s ability to take up water through a reduc-
tion in the water potential gradient (Thomson 1988) leading
to reduced leaf and, to a lesser extent, root growth (Munns
1993), similar to osmotic stress caused by drought. Sec-
ondly, salt may enter the transpiration stream and even-
tually injure cells in transpiring leaves (ion-excess). The
metabolic toxicity of Na' is largely a result of its ability to
compete with K~ for binding sites essential for cellular
function, as many enzymes are activated by K" and Na"
cannot substitute for this (Bhandal and Malik 1988). The
main mechanisms for salt tolerance are to minimize the
amount of salt taken up by the roots and to partition it at the
tissue and cellular levels so that it does not build up to toxic
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concentrations in the cytosol of transpiring leaves. Our
current understanding of how plants deal with and respond
to salinity stress has recently been comprehensively presen-
ted in an excellent review by Munns (2005). The hierarchi-
cal cascade of specific signals that bring about growth res-
ponses to salinity and their timing, be it hormonal control,
water status or photosynthate availability, are still being de-
bated. Anyway, genes that might be involved in the mole-
cular control of salt tolerance have been categorized into
three functional groups (Munns 2005) : (1) Genes that con-
trol salt uptake and transport, (2) genes with osmotic or pro-
tective function and (3) genes that allow plants to outgrow
adverse conditions.

Among the eucalypt species, E. camaldulensis has been
highly regarded for some time as a tree with useful toler-
ance of soil salinity. In a study of seedlings of 52 species of
eucalypts in saline solution, Blake (Blake 1981) found that
this species was the second most tolerant after £. woodwar-
dii. Moreover, variation of salt tolerance between provenan-
ces of E. camaldulensis was found to be considerable ran-
ging from 466 to 636 mM for NaCl concentration causing
mortality of seedlings in glass-house trials (seawater is
equivalent to ca. 550 mM) (Thomson et al. 1987). In this
work the salinity level in the root zone at the site of origin,
was not closely correlated with NaCl tolerance. These data
indicate that localized selection for tolerance has taken
place for populations growing at more saline sites, but high
levels of tolerance also exist in some populations growing
in soils of low salt content. As with frost tolerance, the
development of non destructive screening methods that
allow efficient monitoring of salt tolerance on very large
numbers of propagules was an issue for salt stress studies.
The use of chlorophyll fluorescence attributes proved useful
for the early detection of particularly susceptible or resistant
seedlings (Corney et al. 2003).

Long term adaptations

A range of physiological mechanisms have evolved in eu-
calypts to cope with the effects of excessive soil ion con-
centrations (Bell and Williams 1997). Germination is a cru-
cial stage for establishment of any individual plant, and
under saline conditions, it is strongly influenced by osmotic
pressure caused by salts in the soil solution (Bell 1999;
Madsen and Mulligan 2006), resulting in reduction of the
total number of seeds germinating and postponement of
initiation of the germination process (Kozlowski 1997).
Seeds of E. occidentalis, E. eremophila and Melaleuca car-
diophylla withstood the osmotic stress and ion toxicity
after imbibition, and germinated in 200 mM NaCl while for
most eucalypt species germination was severely limited at
these concentrations (van der Moezel and Bell 1987).

Morphological (and anatomical) responses to reduce
water loss due to salt stress were reported for specific E.
camaldulensis hybrids (James and Bell 1995). More salt
tolerant hybrids tended to have smaller but thicker leaves
with a thicker cuticle, which is typical of plants growing in
dry habitats. Cuticle thickness is often related to high light
environments, where plant leaves usually have greater den-
sity but smaller stomata (Ticha 1985; Igboanugo 1992)
enabling plants to be more flexible in regulating water loss
(Bolhar-Nordenkampf 1985). Salinity is assumed to reduce
the capacity of waterlogged plants to produce adventitious
roots while poor substrate aeration is also known to de-
crease salt tolerance (Bell 1999). E. camaldulensis and Ca-
suarina obesa have the ability to produce aerenchymous
roots under condition of freshwater flooding, but this abi-
lity may be lost as salinity levels are increased (van der
Moezel et al. 1988). A lack of adventitious roots was also
noted in saline waterlogged E. lesouefii plants (van der
Moezel et al. 1989). In contrast, a study on four eucalypt
species has found the formation of adventitious roots and
the swelling of the primary roots under saline-waterlogged
treatment (Marcar 1993).

In addition to these physiological and morphological
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adaptive mechanisms, responses of eucalypts to salt stress
in relation to growth, nutrient uptake and transport have
been analyzed in some detail (Sun and Dickinson 1993;
Dunn et al. 1994; Grieve and Shannon 1999; Marcar et al.
2003). Many ecucalypt species have evolved on salt-
affected and nutrient-poor soils, and variation in growth
between eucalypts grown in saline habitats is believed to
represent species-specific salt tolerance mechanisms (Nik-
nam and McComb 2000). Tolerance to saline conditions in
eucalypts has generally been measured in terms of their
survival and growth responses (recent examples include
James et al. 2002; Marcar et al. 2002; Mahmood et al.
2003; Marcar et al. 2003; Archibald et al. 2006; Madsen
and Mulligan 2006), as well as the ability to exclude Na"
and CI” both from organelles and plant tissues (Greenway
and Munns 1980; Thomson 1988), and improvement in
nutrient acquisition, uptake, use and retention (Kreidemann
and Cromer 1996; Marshall et al. 1997). Recent studies
have started to gather information also on eucalypt respon-
ses to salinity at the molecular level (Far1dah 2004) These
studies investigated the significance of Na'/H" antiporters
in trees by assessing gene expression levels in different
clones, in response to hydroponic salt treatment, over time
and in relation to leaf sodium accumulation. Results indi-
cated that the eucalypt antiporter gene EcgNaH (a homo-
logue of Arabldopszs thaliana AINHX1) was activated in
response to Na' accumulation and that sodium compart-
mentalization into vacuoles of leaf cells is in fact an
important salt tolerance mechanism in eucalypts (Faridah
2004).

Osmotic adjustment

Osmotic adjustment in eucalypts can be achieved by ac-
cumulation of ions (mainly sodium) in leaf tissue (Sands
1981; van der Moezel et al. 1988; Morabito et al. 1996) but
this varies greatly between species. E. camaldulensis for
example seems to be able to tolerate increased internal con-
centrations of sodium and/or chloride (Sands 1981) while
other species achieve tolerance via stomatal closure and salt
exclusion (van der Moezel and Bell 1990).

Protection against ion toxicity

Many eucalypt species have evolved on salt-affected and
nutrient-poor soils of Australia and may have developed ion
exclusion or ion partitioning mechamsms to cope with
potentially toxic elements, usually Na' and CI, that may
occur in the root zone (Marcar and Temaat 1990 Munns
2002). Metabolic toxicity of Na' is largely a result of its
ability to compete with K~ for binding sites essential for
cellular function (Su et al. 2002) and adverse effects of Na"
on K" concentration have been reported for various plant
species including eucalypts (Marcar 1993; Morabito et al.
1994; Chen et al. 1998; Grieve and Shannon 1999). Some
contributions to our current knowledge of the effects of sali-
nity on specific enzyme activities and for example chloro-
plast ultrastructure have in fact been made by research on
eucalypts (de Aragdo et al. 1997; Keiper et al. 1998).

To deal with ion toxicity, deposition of salts into bark,
ray cells, tracheid walls, and older senescent leaves have
been considered as tolerance mechanisms (Andolfatto et al.
1994; Niknam and McComb 2000). Removal of salts by
shedding older leaves that are primary sites for salt accumu-
lation has been observed in both halophytic (Weber et al.
1977) and glycophytic species including eucalypts (Marcar
1993; Munns 2002).

Related to tolerance of toxic Na' levels, studies on vari-
ous plant species have provided evidence for active Na'/H"
antiport systems in plants exposed to salinity (Barkla et al.
1995; Apse et al. 1999; Fukuda et al. 1999; Shi et al. 2000;
Hamada et al. 2001). Such systems make use of membrane
transport proteins that simultaneously transport in opposite
directions two different molecules across a membrane (in
contrast to symport systems, which transport two different
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molecules in the same d1rect10n) Gene transcripts homolo-
gous to known Na'/H" antiporter genes have been found to
be up-regulated in response to salinity also in eucalypts
(Faridah 2004) and their activity increased in the presence
of NaCl (Gaxiola et al. 1999; Hamada et al. 2001; Faridah
2004). Transcripts were present in root, shoot, leaf and
flower tissues both in Arabidopsis (Apse et al. 1999) and
eucalypts (Faridah 2004).

Despite obvious complexities in the regulation of over-
all plant metabolism, it seems that trees tolerate salt stress
in similar ways to crops and weedy model plants, e.g. by
mamtalmng low levels of Na“ in the cell cytosol through
Na' compartmentalization into the vacuoles and Na" exclu-
sion through plasma membranes.

Nutrient uptake

Acquisition of essential mineral nutrients from soils may
become difficult for plants when the soil solution contains
very low concentrations of available macro and micronutri-
ents, or if the environmental conditions (e.g. salinity, water-
10gg1ng, and drought) cause nutrients to become unavalla—
ble for uptake. Decreased levels of ions including Ca®
Mg and P were reported for eucalypt seedlings exposed to
high NaCl concentrations (Prat and Fathi-Ettai 1990; Mora-
bito et al. 1994; Sun and Dickinson 1995; Grieve and Shan-
non 1999).

It is reasonable to assume that to maintain P levels,
plants affected by salinity may activate phosphate uptake
and transport systems by regulating the activity of phos-
phate transporter genes. Supporting such assumptions, ex-
pression of a eucalypt phosphate transporter (EcgPT) was
found to be affected by salt treatment suggesting a direct
effect of sahnlty on phosphate uptake (Faridah 2004).

Also, Ca** plays an important role in altering plant tole-
rance to sahnlty, and an increase in Ca’" availability is con-
sidered to increase Plant tolerance (Thomson 1988). How-
ever, patterns of Ca™" content in relation to salinity are un-
clear. Some studies reported that increasing salinity in-
creased Ca”" content in eucalypt seedlings (Morabito e al.
1996), but other studies on the same species showed a
reduction of Ca®" with higher salinity levels (Grieve and
Shannon 1999).

Other stress due to soil quality

Calcareous soil may be stressful for eucalypts, either in iso-
lation or in combination with the above cited detrimental
conditions. Because Australian soils are mainly acidic, very
few eucalypt species are adapted to alkaline soils. Most of
them develop chlorosis on these soils, associated with de-
creased levels of chlorophylls a and b and carotenoids (An-
derson and Ladiges 1998). However, this stress is of major
concern especially in relation to frost tolerance since there
are no eucalypt species that combine a high level of tole-
rance to both cold and alkaline soils. Consequently, very
few papers address this subject. These studies mention in
particular the efficiency for absorbing Fe and holding it in
an available form as a tolerance mechanism (Anderson
1982) or the positive effect of an endomycorrhiza-ectomy-
corrhiza succession on this tolerance (Lapeyrie and Chilvers
1985). Very recently, a technique for in vitro selection of E.
camaldulensis according to their tolerance to alkaline soil
was described (Hinjan et al. 2007).

BIOTIC STRESS

Eucalypts occur in a wide range of ecological communities
and environments and there are vast numbers of other bio-
logical organisms that coexist with them and have co-
evolved with them. The main biotic groups that interact and
can cause biotic stress in eucalypts are mammals, insects,
fungi and bacteria. Clearly, there are many differences
between eucalypt species in their tolerance to both biotic
and abiotic factors. Evidence for genetic variation in resis-
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tance to herbivory and disease within eucalypt species is
being investigated with emphasis on the nature of the gene-
tic inheritance and the possible mechanism of resistance.
Foliar secondary metabolites have been implicated in herbi-
vory resistance in eucalypts and their roles in defence to
mammalian and insect attack are also being evaluated.
Traditional experimental approaches to herbivory and dis-
ease in eucalypts are limited by assessment of phenotypes
much more so than for abiotic factors. Other methods in-
cluding QTL analyses and gene-based studies are being
used to progress our understanding of the resistance mecha-
nisms involved. The resistances of eucalypts to vertebrates,
invertebrates and fungi in native populations and field trials
within Australian plantations are also being studied, as is
variation in susceptibility of eucalypt species in exotic plan-
tations to bacterial infection and exotic pathogens.

Plantations and biotic stress

A combination of lack of cold tolerance and susceptibility
to Mycosphaerella leaf blight has largely stopped planting
of E. globulus in Tasmania. Establishment of E. grandis
plantations in Australia has ceased because of extensive
mortality and reduced growth from a combination of exten-
sive damage from beetles (Stone et al. 1998) and fungi, es-
pecially Kirramyces epicoccoides (Carnegie 2007). In sou-
thern Australia susceptibility of several Monocalyptus spe-
cies to Phytophthora cinnamomi has limited their use as
plantation species while resistant Symphyomyrtus species
such as E. globulus have been used instead.

Growth can be a key factor in expression of a combina-
tion of stress responses in eucalypt plantation species. For
species with early rapid growth the advent of abiotic stress
such as drought can reduce canopy growth and increase
foliar damage from biotic stresses such insect herbivory
(Stone et al. 2001). Any selection within eucalypts for gene-
tic resistance to stress factors needs to account for appropri-
ate selection for growth as well.

Many eucalypt pathogens have much wider distribu-
tions beyond just Australia (Cielsa et al. 1996; Old et al.
2003). In many cases the pathogens, such as Cryphonectria
stem canker in Brazil, can be more important diseases in
exotic plantations than in Australia (Gadgil et al. 2000).
Mycosphaerella species have invaded plantation areas such
as in South Africa, New Zealand and Chile and limited what
can be planted where as in Australia (Cielsa et al. 1996;
Park et al. 2000). There are 26 insect species that have colo-
nised eucalypt plantations in New Zealand and have influ-
enced what species and populations can be established par-
ticularly in northern parts of New Zealand (Withers et al.
2001). For these cases selections of resistant species and
populations have been required for successful plantations,
yet in most cases the genetic basis of the resistance is not
known.

There are also exotic species which have invaded over-
seas eucalypt plantations. Guava rust, Puccinia psidii, is a
native of South America where it has spread to eucalypt
plantations and caused considerable damage to young trees
of various species. Many myrtaceous species are suscep-
tible and the impact of its introduction to the Australian
landscape could be very serious, especially in north eastern
Australia (see Glen et al. 2007 for recent review). Bacterial
wilt, Ralstonia solanacearum, although present in Australia
but as a non significant disease, causes significant disease
in South America and China. With both guava rust and bac-
terial wilt it is likely that eucalypt hosts have been exposed
to new pathogens or at least new biotypes of the pathogen
and hence no long term coevolution has occurred (Slippers
et al. 2005). It is of note that molecular analysis suggests
the presence a major gene for resistance to guava rust in eu-
calypts (Grattapaglia 2004). Will major resistance genes be
found in mirror situations such as recent exotic plantations
of E. globulus in Western Australia in the presence of ap-
parent native populations of the canker pathogen Botryo-
sphaeria australis (Burgess et al. 2006)?
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Vertebrates and herbivory of eucalypts

Leaves of eucalypts are a source of food for a variety of
herbivores primarily arboreal marsupials including koalas,
possums and gliders (Fig. 15). Young trees and seedlings
can also be a source of food for wallabies, the Tasmanian
pademelon and kangaroos. In forests and woodlands the oc-
currence of these herbivores can be very patchy (Braith-
waite 1983; Martin 1985) complicating assessment of herbi-
vory relationships between animals and eucalypts. The chal-
lenge is to demonstrate that there is variation in eucalypt
resistance to vertebrate herbivory, that it is heritable and to
determine the molecular basis of the resistance.

From both studies of mammalian herbivory in natural
populations and feeding trials with captive marsupials it is
evident that there is variation within and between species in
susceptibility to foliovores (Lawler ef al. 1998; McArthur et
al.2000; O’Reilly-Wapstra et al. 2002). Lawler et al. (1998)
found variation between trees in foliage of E. ovata and E.
viminalis eaten by the common ringtail possum and the
koala and that this variation was associated with amounts of
FPCs (formylated phloroglucinol compounds) in the trees.
The FPCs are a group of secondary compounds that were
recently characterised in eucalypts (Eschler et al. 2000).
Similarly in E. polyanthemos and E. sideroxylon greater
feeding on leaves by common ringtail possums was found
to be associated with lower levels of the FPC, sideroxylonal
(Lawler et al. 2000). In E. polyanthemos there was patchi-
ness in foliar concentrations of sideroxylonal between trees
within a population suggesting a mechanism by which eu-
calypt species resist to the biotic stress of mammalian her-
bivory. In a field trial of E. globulus there were significant
genetic differences in browsing damage of coppice shoots
by marsupials among populations and between open pol-
linated families. Populations from north-east Tasmania were
least resistant to browsing although the heritability of vari-
ation in browsing damage was low (O’Reilly-Wapstra et al.
2002). In koalas, foraging (as measured by tree visitation
rates) was influenced by FPC concentrations with trees for-
aged less if they had high levels of deterrent FPCs (Moore
and Foley 2005). Tree size and nitrogen levels also influ-
ence the amount of foraging. Similarly, in a population of E.
melliodora near Canberra, Australia the concentrations of
foliar sideroxylonal and 1, 8-cineole were collinear and
there was significant fine-scale spatial genetic structure for

both chemical traits (Wallis et al. 2002; Andrew et al. 2007a).

The variation between trees in the predicted foraging levels
of brushtail possums largely followed that of sideroxylonal.

These studies demonstrate that it is very difficult to
quantify directly phenotypic variation of mammalian herbi-
vory of eucalypts either in natural populations or even field
trials. The majority of the evidence for variation within eu-
calypt species in mammalian herbivory has come from ex-
periments with a limited number of captive animals and
only a comparatively small number of individual trees.

Fig. 15 The “eucalypvory” koala, Canberra/ACT, Australia. Photo: C.
Teulicres.

Only limited progress in understanding genetics and selec-
tion for mammalian herbivory tolerance in eucalypts will be
possible through quantitative genetic approaches since suf-
ficient phenotypic data is not easily obtainable.

On the other hand the differential feeding of marsupials
is at least in part explained by leaf concentrations of FPCs
(Wallis et al. 2002; Moore et al. 2004). These compounds
and other plant secondary compounds such as terpenes can
be measured comparatively rapidly in large samples of trees
within a eucalypt species. Other suites of chemicals in the
leaves or other biochemical mechanisms may also be in-
volved. As greater understanding of the biosynthetic path-
ways and the genes controlling these pathways emerge,
molecular genetic approaches may help elucidate the selec-
tive agents responsible for resistance of eucalypts to stress
of mammalian herbivory.

Invertebrates and herbivory of eucalypts

Eucalypts dominate most of the forest communities in Aus-
tralia and provide food resources for thousands of native
insect species which have coevolved with them and are
dependent on them (Majer et al. 1997). The most noticeable
are the leaf eaters, especially beetles, stick insects and lepi-
dopteran larvae (Ohmart and Edwards 1991). Other groups
include sap-feeding insects, gall insects, wood, bark and
seed feeders. However, only a comparatively small number
of these species have been recorded as pests in eucalypt
plantations in Australia (Carne and Taylor 1978; Strauss
2001).

Early studies by Pryor (1953) indicated variation in
resistance to leaf-eating scarab beetles within and between
some eucalypt species. Since then considerable variation in
resistance or susceptibility has been documented within and
between a number of mainly commercially important spe-
cies. In E. delegatensis the level of defoliation from insects
in provenance field trials was greater for Tasmanian popu-
lations than mainland populations (Ohmart et al. 1984).
Significant levels of genetic variation were found in pro-
geny trials of both E. regnans and E. nitens for levels of de-
fohatlon by the beetle, Chrysophtharta bimaculata (average
h*=0.3and 0.4 respectlvely, Raymond 1995). In E. globu-
lus, variation in resistance to several insect herbivores has
been found in a number of field trials (Farrow et al. 1994,
Floyd et al. 2002; Jones et al. 2002a, 2002b; Rapley et al.
2004). In general families and populations from the Victo-
rian part of the geographic range were more susceptible to
insect herbivory than material from Tasmania and the Bass
Strait islands. A number of insect species have been studied
including Mnesampela privata, Phylacteophaga froggatti,
Paropsisterna agricola, Perga affinis ssp. insularis and
several Anoplognathus spp. For instance, sawfly suscepti-
bility in E. globulus was greatest on average in populations
from the eastern Otways region in Victoria. The herltablhty
of sawfly damage from this study was high (4’ = 0.43)
(Jones et al. 2002a). In E. grandis there is significant varia-
tion between populations in susceptlblhty to defoliation by
the beetle Paropsis atomaria (average k= 0.31, Henery
2006). Similarly in the ironbark, E. tricarpa, the level of de-
foliation was found to vary widely between populations and
between families within some populations (Andrew et al.
2007b).

These studies have all been possible because of repli-
cated field trials and opportunistic assessment of defoliation
from insect outbreaks. It also highlights a major experi-
mental limitation of studies of biotic stresses in trees, parti-
cularly eucalypts. The lack of control of herbivorous spe-
cies such as mammals and insects in adequate sample sizes
in appropriate experiments has limited the ability to deter-
mine the genetic basis of herbivory in eucalypts.

A number of characters in eucalypts could be respon-
sible for constitutive defences against insect herbivory in-
cluding leaf characteristics, heterophylly of juvenile and
mature leaves, presence of oil glands and secondary com-
pounds (Ohmart and Edwards 1991). There is little evi-
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dence that tannin and phenol concentrations influence pat-
terns of insect herbivory. For oils such as terpenes their role
in defence or resistance of eucalypts is unclear. Some field
studies have found no relation between leaf oil concentra-
tions and insect damage (Morrow and Fox 1980; Patterson
et al. 1996) but other studies of natural populations of seve-
ral species have found a correlation between 1,8-cineole oil
levels and levels of defoliation (Edwards et al. 1993; Stone
and Bacon 1994). Moreover in some mosaic trees of E. mel-
liodora there is variation between branches in defoliation
by Christmas beetles (4dnoplognathus montanus), which has
been associated with different oil profiles (Edwards et al.
1990).

The plant secondary compounds, the FPCs, occur in
species of the major subgenera in eucalypts except the sub-
genus Monocalyptus (Eschler 2000). In E. tricarpa, trees
with low FPC concentrations were preferentially defoliated
by Christmas beetles compared to trees with higher concen-
trations (Andrew et al. 2007b). However, in E. grandis
there was no apparent relationship between FPC concentra-
tions and defoliation by the beetle, Paropsis atomaria (He-
nery 2006). Generally in eucalypts there has been found to
be a significant positive correlation between cineole and
FPCs (Moore et al. 2004; Andrew et al. 2005) and it is
thought that FPCs act as cues to foliovores so they can
avoid high levels of terpenes.

Fungi and susceptibility of eucalypts

A comprehensive account of the diseases and pathogens of
eucalypts was published in 2000 (Keane ef al. 2000). Many
hundreds of fungal species associate with eucalypt species
and many cause substantial biotic stress in natural popula-
tions of eucalypts and some severe damage in plantations.
Fungal pathogens can be associated with various parts of
the eucalypt tree including woody root rots such as Armil-
laria (Kile 2000), soil borne species such as Phytophthora
(Shearer and Smith 2000), cankers of stems (Old and
Davison 2000) and many foliar specific species like Myco-
sphaerella sp. (Park et al. 2000). Consideration will be limi-
ted to evidence of genetic variation in susceptibility of eu-
calypt species to fungal species of major significance in
Australian plantations.

Mycosphaerella cryptica and M. nubilosa are the most
significant foliar diseases of E. globulus in Australia and
worldwide. Genetic variation in susceptibility of E. globu-
lus to the Mycosphaerella disease on juvenile foliage was
found at the family and population level (Carnegie et al.
1994) and heritability estimates range from 0.12 to 0.6
(Dungey et al. 1997; Milgate et al. 2005). There is evidence
of variation in resistance to M. cryptica between blue gum
species with E. bicostata significantly more susceptible
than the other four blue gums assessed. Also, heritability of
the disease was low on adult foliage compared to that of the
juvenile foliage (Carnegie et al. 2005). It has been sugges-
ted that variation in tolerance to Mycosphaerella disease is
due to differences in cellular leaf structure (Smith 2006).
Two major QTL with high LOD and genome-wide signifi-
cance for Mycosphaerella cryptica leaf disease resistance
were recently identified in E. globulus (Vaillancourt et al.
2007 IUFRO). The resistance appears to be oligogenic and
controlled by Mendelian genes where resistance is domi-
nant, consistent with a gene-for-gene model. This hypothe-
sis is compatible with the moderate to high heritability for
Mycosphaerella leaf blight (Milgate et al. 2005a) and the
specialised associations that appear to exist between M.
cryptica and E. globulus (Milgate et al. 2005b). In E. pilu-
laris, a major plantation species in NSW, significant genetic
variation in both Mycosphaerella and Aulographina euca-
lypti leaf diseases was observed within and between popu-
lations in field trials (Carnegie et al. 2004).

Species of the genus Corymbia in southern Queensland
and northern NSW are susceptible to Quambalaria shoot
blight (Quambalaria pitereka) the most significant disease
of eucalypt plantations in subtropical eastern Australia (Car-
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negie 2007). Dickenson et al. (2004) showed substantial
variation in susceptibility between populations and species
in field trials. Possibly more resistant populations were
from higher rainfall regimes (due presumably to higher se-
lection pressures from the fungus) Substantial estimates of
heritability of resistance (4° = 0.44) for E. variegata sugges-
ted significant additive genetic variance in a field popula-
tion (King 2004). Of note there was no significant spatial
structure with regard to resistant and susceptible trees in
this population.

Phytophthora cinnamomi is a soil-borne pathogen that
causes the most damage to native eucalypt communities of
south-west and south-east Australia and is considered an
exotic species of south-east Asian tropical origin (Shearer
and Smith 2000). There is a clear difference in susceptibi-
lity between eucalypt groups with species of the subgenus
Monocalyptus more susceptible generally than species of
the subgenus Symphyomyrtus and the genus Corymbia.
Damage in Australian plantations has been minor since spe-
cies used, such as E. globulus, are resistant to P. cinnamomi.
There is variation in resistance within eucalypt species in
field trials (Shearer and Smith 2000). Genetic variation has
been shown in E. marginata from field trials and also seed-
ling trials in the glasshouse (Stukely and Crane1994) and
initial QTL locations have been characterized (Byrne ef al.
1997).

In the studies of fungal stress of eucalypts described
above, variation in susceptibility shows a quantitative distri-
bution, and with appropriate experimental material signifi-
cant heritability estimates were demonstrated. Eucalypt re-
sistance to native pathogens appears to be polygenic with
no evidence of major gene effects.

Bacterial diseases of eucalypts

The only reported bacterial disease of importance to euca-
lypts is bacterial wilt caused by Ralstonia solanacearum for
which several biotypes are known (Wardlaw et al. 2000).
This soil borne disease was first reported in Brazil and then
China and more recently in South Africa (Coutino et al.
2000). The pathogen infects roots of seedlings and young
trees and the disease can cause considerable mortality in
plantations (Ran et al. 2005). Resistance has been demons-
trated within and between some species (Dianese ef al.
1990; Ran et al. 2005) but comprehensive assessment of
resistance of material from across the geographic range of
any species is lacking. The genetic basis of resistance to
bacterial wilt was studied in eucalypt hybrid crosses (Gan et
al. 2005) involving three female parents of E. urophylla.
Resmtance to bacterial wilt was only moderately heritable
(4’ from 0.11 to 0.38) but with limited parents the genera-
lity of this result for eucalypts is not established. A single
dominant resistance gene has been found in a number of
plants such as in 4. thaliana (Ho and Yang 1999). With this
primarily exotic disease of eucalypt plantations the detec-
tion or otherwise of dominant major genes may be depen-
dent on a combination of more accurate assessment of the
disease phenotype and molecular genetic approaches.

Genetics of resistance to herbivory and disease

There is considerable variation between eucalypt species in
their tolerance to herbivorous and pathogenic species. With-
in a number of species variation in tolerance to insect or
fungal species has been shown to have a quantitative gene-
tic component. In theory, selection of genetically resistant
material in breeding programs should be possible, but a
major limitation is that measurement of the biotic tolerance
is field-based and largely uncontrollable. However, progress
may be possible through studies of the physiological, che-
mical or molecular mechanisms underlying the resistance.
The secondary compounds, terpenes and FPCs, have been
implicated in eucalypt defence to some animal herbivores.
The leaf content of terpenes and FPCs are quantitative traits
that are known to be highly heritable in eucalypts (Doran
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and Matheson 1994; Andrew et al. 2005; Henery 2006; An-
drew et al. 2007b). QTL analysis was carried out in a three
generation pedigree of E. nitens to dissect further the gene-
tic mechanisms responsible for these foliar compounds (He-
nery et al. 2007). A large number of significant QTL loci
were located across 9 linkage groups on the genetic map.
On linkage groups 7, 8 and 9 there was significant cluster-
ing of QTL loci. A surprising result was the co-location of
major QTL for terpenes and FPCs, which originate from
different biosynthetic pathways. Biochemical pathways for
terpenes (Huber and Bohlmann 2004) and availability of
genes from genomes of several model plant species is enab-
ling candidate genes to be co-located on the eucalypt gene-
tic map. Association studies with the candidate genes are
currently in progress to test what genes are responsible for
the qualitative and quantitative variation in terpenes and
FPCs in eucalypts and will further clarify the molecular
bases of the tolerance to biotic stresses in eucalypts.

It is apparent that there are a number of features com-
mon to evolutionary groups of eucalypts (e.g. susceptibility
of Monocalyptus species to P. cinnamomi, absence of FPCs
in Monocalyptus species, insect susceptibility of different
taxonomic groups) that could be relevant clues to the
coevolution of eucalypts and other biological organisms in
forest communities. Comparative molecular phylogenetic
and population genomic approaches to these co-adaptions
(Wade 2007) could help elucidate the genetic resistance
mechanisms to biotic stress in eucalypts. A caveat to much
of the work described in this review is that except for a few
species, such as P. cinnamomi (Shearer and Smith 2000),
little is known about the variation in herbivorous capacity
of vertebrates and invertebrates and pathogenicity of the
fungal species coevolving with eucalypts.

CONCLUSION

With many species adapted to arid conditions, eucalypts are
considered drought, salt and heat tolerant compared to other
plant species. Therefore they have attracted interest as a
model species to study the corresponding mechanisms of
tolerance. Studies on abiotic stresses in eucalypts have
mainly been physiological with the aim of understanding
how eucalypts adapt to drought, with less emphasis on the
genetic basis of drought tolerance. The response of euca-
lypts to drought differentially expresses in young seedlings
and mature trees, but in both cases, the passive avoidance
results in reduced growth. Physiological investigations in
seedlings reveal the importance of stomatal closure and in-
creased solute contents suggesting that osmotic adjustment
is one of the main responses to drought in eucalypts. In
mature trees, drought affects root distribution and wood
density, associated with a decrease of growth and producti-
vity.

In contrast, most eucalypt species are known to be frost
sensitive and a major commercial focus is improving freez-
ing tolerance of key eucalypt species so as to extend the
available areas for plantations. Previous efforts in studying
cold stress have largely concentrated on the design of ac-
curate phenotyping methods and more generally on genetic
improvement strategies. They have relied on the knowledge
of the specific stress-induced damage and the corresponding
adaptive mechanisms. In parallel with the genetic studies,
physiological and biochemical analyses confirmed the very
specific behaviour of eucalypts over winter, being able to
cold-acclimate without a strong dependency on light and
without stopping growth. Collections of frost tolerance can-
didate genes were recently made available both in Austra-
lian and European laboratories. Interestingly, the first gene
studies already suggest an advanced adaptive capacity for
the most tolerant species with promising prospects for de-
signing markers for selection and following the introgres-
sion of the trait. In addition, most of the biochemical and
molecular results reported in this review highlight how Eu-
calyptus is an interesting and suitable model studying cold
adaptive mechanisms in plants. Due to its unique develop-
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mental characteristics (opportunistic), acclimation mecha-
nisms can be distinguished from dormancy. In addition,
protective mechanisms as well as their regulation are expec-
ted to be more complex in these species compared to clas-
sical annual herbaceous models or deciduous trees.

Interactions between different stresses occur by causing
common or additive injuries, by leading to common adap-
tive responses or through interconnected pathways by cross-
talk. Like other plant species, a common response of euca-
lypts to salt, drought or cold stress was to limit the effects
of cell dehydration and oxidization which impair plant
growth and productivity. If this tolerance to abiotic stresses
shares some physiological mechanisms, the molecular basis
of protection appears to be different. First, the few data
concerning signalling reveal that the hormone ABA seems
to be involved in the drought response while it does not
mediate cold acclimation. In addition, sugar accumulation
looks like a general strategy in eucalypts to better tolerate
dehydration unless the accumulated sugars are distinct in
response to water deficit and frost. Interestingly, the role of
carbohydrate accumulation was suggested to be different
according to the stimulus with an osmotic adjustment
during drought and a specific non colligative protection of
membranes during cold. However, the induction of genes
encoding enzymes with an antioxidant activity seems to be
a common response of eucalypts to cold and drought
stresses. The mechanism of osmotic adjustment is again dif-
ferent for salt stress compared to drought since in this case
ions are accumulated instead of sugars. Finally, mechanisms
specific for salt stress were evidenced with the ion trans-
porters acting to prevent toxicity.

Many herbivores and pathogens contribute to biotic
stress of eucalypts in native environments. With appropriate
experimental material significant genetic components of
eucalypt tolerance have been found, for a number of herbi-
vores and pathogens. In these cases the genetic basis of the
tolerance is clearly polygenic. For some mammals and
Christmas beetles the tolerance of eucalypts appears to be
due to high levels of FPCs which act as cues to foliovores
so they can avoid high levels of terpenes. Whether these or
other secondary metabolites are used as avoidance mecha-
nisms for other herbivores is not known. The mechanisms
of resistance to eucalypt pathogens are generally little
known since the biology and identification of many of the
pathogens is in its infancy. Especially for herbivores, a
major limitation has been accurate measurement of varia-
tion in resistance of eucalypts.

Commonly, plants subjected to one stress are consi-
dered more fragile and subsequently more sensitive to other
stresses. For instance, Coleopteran and Lepidopteran stem
borers will become key damaging agents of eucalypt planta-
tions which are stressed from abiotic factors. However,
cross tolerances also can be observed. For instance, a water
deficit during summer proved to lead to better frost tole-
rance of E. gunnii due to acclimation to cell dehydration
(unpublished data). Although untested, a moderate drought
is also likely to increase salt tolerance since salt, drought
and frost all induce cell dehydration. At the opposite ex-
treme, drought associated with cold, occurring in winter on
hardened eucalypts could have cumulative negative effects
on growth. In addition, the most cold tolerant eucalypt spe-
cies, such as E. gunnii, are not amongst the most salt or
drought tolerant. Similarly E. camaldulensis, which occurs
mostly in the arid regions is not cold tolerant. These obser-
vations highlight the fact that responses of eucalypts to
abiotic stresses depend on the stress, for the gene regulation
pathway as well as for the molecules involved in protection
mechanisms. These environmental stresses have in common
a negative impact on eucalypt growth, as does biotic stress
or salinity. However, the response to cold and drought
stresses, acting in particular on photosynthetic rate, has a
direct limiting effect on eucalypt productivity. A correlation
was established between production and environmental
conditions, the most significant being the number of days
with rain (positive effect) and the number of days with frost
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(negatively correlated) (Pereira 1992). However, local vari-
ation in soils and geology may also influence this produc-
tivity. The complexity of environmental impacts on euca-
lypt growth was recently investigated (Costa e Silva et al.
2006) through studies on genotype by environment interac-
tions for growth of E. globulus in Australia. During summer
growth, subraces appear differentially adaptable to environ-
mental conditions promoting water and light stresses and, to
a lesser extent, temperature stresses. In addition, differential
susceptibility to biotic factors has also contributed to the
growth results.

Finally, the understanding of stress tolerance mecha-
nisms is in its infancy in eucalypts and the emerging mole-
cular data and tools should contribute strongly to providing
new insights in the next few years. With the urgency of glo-
bal climate change, the data on stress tolerance will become
more and more useful for industrial eucalypt plantations as
well as for understanding factors determining distributions
of natural populations of eucalypt species.
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