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Abstract Eucalyptus is the second most widely planted
multipurpose woody tree species in the world. It is a
commercially important hardwood tree for paper and wood
industries. In the past two decades, various research groups
reported different genetic transformation protocols and
attempts towards development of transgenic eucalyptus.
Much of the work related to its genetic improvement
through transgenic technology has been undertaken by
private companies that keep the data confidential, patented
and often share only a part of the scientific information as
publications. The important areas which received scientific
attention are wood quantity, quality, stress resistance and
rootability. The present review deals with scientific
advancements and insights made through the development
of transgenic eucalyptus.
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eucalyptus - Transgene escape

Introduction

Eucalyptus are important hard wood trees, originated in
Australia and belongs to the family Myrtaceae. The
estimated plantation area covered by eucalyptus is 20
million hectares worldwide (GIT Forestry 2008). The genus
Eucalyptus comprises of more than 700 species and
hybrids, some of which bear their economic importance as
a source of paper pulp, wood, timber and essential oils
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(Eldridge et al. 1994). The ever increasing demand for
wood, timber and shelter poses a great threat to the natural
forest resources. Eucalyptus being a hardwood tree produ-
ces shorter fibers than softwoods like pines. Short fibers of
this genus make it more reliable for use in paper and
furniture industries due to its desirable surface character-
istics, smoothness, brightness and low tensile strength.
Further, eucalyptus plays an important role in plywood,
particle board making and furniture industries due to its tall
and straight timber which is of medium to high density.
Fast growing and high yielding eucalyptus plantations with
their short rotation period along with adaptation to a wide
range of environments offer enormous scope as an
alternative to meet the growing wood demands of the
world as well as to save the natural forests from
deforestation.

Need for genetic transformation of eucalyptus

The genus FEucalyptus is gaining economic significance
worldwide for its species are largely exploited as one of the
main sources of biomass. Among the 700 species and
hybrids, E. grandis is the most widely cultivated species in
subtropical and warm temperate regions. E. camaldulensis
is a common species of arid and semi-arid regions while E.
globulus grows predominately in temperate climates free of
severe frosts. The species E. urophylla is highly productive
whereas E. nitens is an important cold adaptable species
(Teulieres and Marque 2007).

Genetic improvement of plants through transgenic
technology enables introduction of specific traits of interest
into a desirable genotype. In conventional breeding ap-
proach, the traits of interest have to reside within the
species of the same genera. On the other hand, genetic
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modification based transgene technology enables the
transfer of selected genes across genera and kingdoms.
Further, the transfer of selected genes in a single generation
through transgenic technology is especially important for
eucalyptus, as its improvement by conventional breeding
approach is limited by long breeding cycles, high levels of
heterozygosity and incompatibility barriers (Machado et al.
1997). Except in few occasions such as the use of SNP
markers for ccr gene which determine reduced microfibril
angle (MFA) in E. nitens (Thumma et al. 2005), the
progress made by molecular breeding towards germplasm
improvement of eucalyptus through genomics approach is
minor, so far. Contrary to woody plants, food crops (example:
Sorghum bicolor) and commercial field crops receive much
research focus in the domain of genomics and genetic
transformation (Girijashankar and Swathisree 2009). There
are many scientific reports on successful introduction of
foreign genes into food crops. Unfortunately, forest trees
still remain a challenge to transgenic technology.

Moreover, transgenesis provides a powerful complemen-
tary approach enabling functional analysis of gene at specific
stages of tree growth. Genetic transformation as a tool to
understand plant development has been widely used in annual
plant species. With the advent of new molecular and in vitro
techniques, transgenic technology has become increasingly
available to study the basic question of plant biology in
woody perennials, such as eucalyptus (Spokevicius et al.
2007a; Vain 20006).

Genetic transformation of eucalyptus

The pre-requisites for plant transformation approach are: a)
gene construct carrying the polynucleotide(s) coding for
trait(s) of interest, b) reliable method to transform the
explants, c) selection of plant tissue harboring transgene
and d) an efficient plant regeneration protocol. Though the
above steps were successfully carried by various research
groups across the world, genetic transformation of euca-
lyptus is at its infancy. Commercial utilization of transgenic
eucalyptus is at its initial stage due to hurdles such as high
costs of generating transgenic plants, patents, lack of
information on transgene escape in forestry tree species,
variation in transgene expression patterns across age and
tissues etc.

Traits of interest and their related genes
Earlier studies, during the last two decades, towards genetic
enhancement of tree species have been mainly focused on

cellulose modification or biosynthesis (Shani et al. 2004),
increase in biomass and modification of lignin content.
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Other studies of importance include imparting tolerance to
biotic (pests and diseases) and abiotic stresses (drought,
cold and salinity) followed by enhanced phytoremediation,
sterility and rootability (Teulieres et al. 1994; Quoirin and
Quisen 20006).

Enhancing wood quantity and quality

Wood quality and biomass enhancement are of major
concern for wood based industries. Quality of wood is
determined by the strength and flexibility of the wood and
lignin content that dictates its suitability for paper making
and timber purpose. Secondary cell wall consists of
cellulose, lignin and other cellulose polysaccharides repre-
senting 90% of the wood dry weight that provides support
for the cell. Further, cell wall proteins and other compounds
also make their contributions in the cell wall structure and
function (Savidge 2000). Changes in the composition of
these elements qualitatively and quantitatively can lead to
changes in cell wall properties and are responsible for
variations in wood properties observed within and across
tree species (Spokevicius et al. 2007a).

Biomass enhancement

Biomass enhancement can be achieved through manipu-
lation of cellulose synthetase genes or precursors of
cellulose biosynthesis. Lignin content and cellulose fiber
angle are inversely related to cellulose content. Chd and
cell encodes for cellulose binding domain and endo-1,4-3-
glucanase, respectively. These are the two genes of interest
aimed to increase cellulose content. Cellulose binding
domains are shown to modulate the elongation of plant
cells in vitro while the gene cel/l is implicated in cell wall
enlargement. Native endo-glucanases are involved in cell
elongation through the hydrolysis of cellulose-xyloglucan
links allowing the cellulose chains to move freely. Over
expression of these genes in plants can induce elongation of
cells more rapidly which in turn results in faster growth and
development of transgenic eucalyptus trees. Shani et al.
(2003, 2004) developed 25 transgenic eucalyptus lines
carrying Chd and Arabidopsis thaliana endo-glucanase cell
fused to different promoters. They introduced these genes
into E. camaldulensis, E. grandis and its hybrids.

Other attempts towards biomass enhancement are at
preliminary stage. The expression of E. camaldulensis
transcription factor (EcHBI) genes related to xylem
development is examined by Sonoda et al. (2009). The
gene EcHBI1, encoding for a HD-ZIP class II protein driven
by CaMV 35S promoter, has been introduced into tobacco.
These transgenic plants showed greater fiber length (20%)
and increased plant height (50%) when compared to the
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wild type. The growth of leaves, roots and stem is
significantly enhanced in transgenic plants which also
showed a lower acid soluble lignin and hemicellulose
content than wild-type. Their results indicated that meta-
bolic flexibility might be involved in these improvements to
xylem cell wall biosynthesis in addition to providing a
growth advantage such modification might confer long
term structural integrity to the woody perennials. The gene
EcHBI should be the next level of transgenes, after Chd
and cell, working its way towards enhancing eucalyptus
biomass.

Micro fibrillar angle (MFA)

An important wood quality trait that determines the fiber
and wood stiffness/elasticity is the microfibrillar orientation
in the secondary fiber cell walls which is simply referred to
as micro fibril angle (MFA) (Long et al. 2000). Lesser the
cellulose MFA, higher is the mechanical strength of fibers
and vice versa. So far, various attempts were made to study
the genes involved in MFA determination. However, no
single complete transgenic eucalyptus plant is developed in
this direction.

The transformation studies conducted by Spokevicius et
al. (2007a,b) revealed that E. grandis (-tubulin gene
(EgrTUBI) is involved in determining the orientation of
cellulose microfibrils in plant secondary fiber cell walls.
This finding is based on RNA expression studies in mature
trees, where they identified and isolated EgrTUBI as a
candidate gene associated with wood fiber formation, and
by the analysis of somatically derived transgenic wood
sectors in E. globulus trees. They indicated that cellulose
MFA is correlated with EgrTUBI expression, and that MFA
is significantly altered as a consequence of stable transfor-
mation with EgrTUBI.

Other genes of interest which are found to influence the
microfibrillar orientation in the cellulose secondary cell
wall are FRAI coding for a kinesin-like protein with an N-
terminal microtubule binding motor domain and CCR gene
coding for cinnamoyl CoA reductase, a key enzyme in
lignin biosynthetic pathway. In Arabidopsis, inflorescence
stems, FRA1 is known to influence the mechanical strength
of fibers and is proposed to be involved in microtubule
control as well as cellulose microfibrillar order (Zhong et
al. 2002).

CCR allelic variation has been well correlated with
variation in MFA in E. nitens using association mapping
(Thumma et al. 2005). Genetic transformation of eucalyptus
with FRAI and CCR sequences can help in increasing the
mechanical strength of fibers by reducing the cellulose
MFA. Recently, Fasciclin-like arabinogalactan (FLAs)
proteins were identified to be specialized in stem biome-
chanics and cell wall architecture in eucalyptus. Using

phylogenetic, transcript abundance and promoter-GUS
fusion analyses, MacMillan et al. (2010) recently identified
a conserved subset of single FAS domain belonging to group
of FLAs in eucalyptus stem cells undergoing secondary cell
wall deposition. Thus, Fasciclin-like arabinogalactan
sequences can play a major role in generating transgenic
eucalyptus, especially for stem biomechanics.

Altering lignin pathway

Lignin is a heterogeneous phenolic polymer that provides
rigidity to cell walls; confers water permeability to xylem
vessels and forms a physio-chemical barrier against
microbial attack (Monties 1989). But high amount of lignin
is undesirable for paper manufacturing because the residual
lignin in the wood fibers results in discoloration and
decrease the brightness of the pulp (Chiang et al. 1988).
Hence, it is mandatory for paper industries to remove lignin
during pulping process without damaging the cellulose
polysaccharides, a process that requires huge amount of
sodium hydroxide and sodium sulphide along with other
bleaching agents that eventually pose a threat to the
environment as well as decrease the cellulose fiber
strength due to their chemical action. A genetic transfor-
mation approach to produce transgenic eucalyptus trees
with reduced lignin content or by modification of the
lignin composition could make its removal easy with
reduced usage of chemicals that might prove helpful to
overcome the hurdles in quality paper-making. The
monolignols, p-coumaryl, coniferyl and sinapyl alcohols
give rise to the lignin polymer units such as p-hydrox-
yphenyl (H), guaiacyl (G), and syringyl (S) respectively
that are linked by a series of ether and carbon-carbon
linkages (Higuchi 1990; Lapierre et al. 1999). Lignin rich
in S units are more desirable than lignin rich in G units as
the (3-O-4-linkages of S units are more susceptible to
chemical delignification process than the relatively stron-
ger carbon-carbon bonds of G-units (Chiang et al. 1988;
Lapierre et al. 1999).

Regulatory sequences and genes coding for different
enzymes of monolignol biosynthetic pathways are of
more interest to genetic engineers. The enzymes of
monolignol biosynthetic pathways comprising of cin-
namyl alcohol dehydrogenase (CAD); coumarate 3-
hydroxylase (C3H); cinnamate 4-hydroxylase (C4H);
coumaroyl-coenzyme A 3-hydroxylase (CCoA3H);
caffeoyl-coenzyme A O-methyltransferase (CCoAOMT);
cinnamoyl-coenzyme A reductase (CCR); caffeic acid O-
methyltransferase (COMT); ferulic acid 5-hydroxylase
(F5H); 4-coumarate:coenzyme A ligase (4CL); phenylal-
anine ammonia-lyase (PAL). Further the transcription
factors/regulatory sequences such as myb and lim genes
are used in transformation works.
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Chen et al. (2001) from Taiwan’s Forestry Research
Institute, successfully developed two transgenic E. camaldu-
lensis events harboring aspen C4H (cinnamate-4-hydroxylase)
gene both in sense and anti-sense orientation. With an
aim to alter the quantity and quality of lignin in
transgenic plants, this team used in vitro raised plantlet
leaves as explants and co-cultivated them with Agro-
bacterium tumefaciens containing binary construct carry-
ing Populus tremuloides +/— C4H, nptll and uidA genes.
Characterization of these two lines has been in progress
because of which further details are not well known. In an
another investigation, the genome of hybrid eucalyptus (£.
grandis * E. urophylla) is transformed with anti-sense
DNA sequence of cad enzyme (cinnamyl alcohol dehy-
drogenase) from E. gunni using Agrobacterium-mediated
transformation of young seedling leaves (Tournier et al.
2003). Among the 120 transformants which have been
recovered, 58% showed significant inhibition of cad
activity. Preliminary data on lignin from two promising
lines growing under glass house conditions revealed 26%
and 22% residual CAD activity which seems encouraging.
Using the same construct from E. gunni, Valerio et al.
(2003) transformed E. camaldulensis. A total of 44
transgenic lines were generated of which 32% exhibited
upto 83% reduction in cad activity. However, it had been
reported that after 10 months of growth in glasshouse,
none of the five transgenic lines tested, showed any
change in lignin profiles or cad activity when compared to
untransformed control plants (quantity, composition and
pulp yield).

So far in lignin modifying efforts, two different
transcription factors have been used in eucalyptus transfor-
mation works. Anti-sense construct of tobacco transcription
factor Ntlim1 that specifically binds to phenylalanine
ammonia lyase (PAL box sequence) and inhibit transcrip-
tion of few phenylpropanoid pathway genes such as
phenylalanine ammonia lyase (PAL), hydroxycinnamate-
CoA ligase (4CL) and cinnamyl alcohol dehydrogenase
(CAD), has been introduced into the genome of E.
camaldulensis. As expected, the transgenic events showed
down regulation of lignin biosynthetic pathway genes and
few of the transgenic events showed reduced lignin content
by 20-29% in cell wall residues of stem xylem tissues
(Kawaoka et al. 2003, 2006). Reduction of lignin content in
E. camaldulensis by the suppression of gene expression
using LIM domain transcription factor, Ecliml, isolated from
the E. camaldulensis is reported by Kawaoka et al. (20006).
LIM domain transcription factor is involved in lignin
biosynthesis that specifically binds to cis-acting element of
the PAL box sequence. These transgenic eucalyptus plants
grown in the greenhouse showed decreased expression of
several lignin biosynthesis genes such as PAL, C4H and 4-
hydroxycinnamate CoA ligase (4CL).
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Altering fertility

According to the US forest biotechnology company,
ArborGen, the greenhouse tests with transgenic tobacco as
well as with an early flowering model of Eucalyptus (E.
occidentalis), showed that the barnase gene demonstrated
100% efficacy in preventing viable pollen formation (ISIS
2010). Among the developing flower buds from (field
grown) transgenic FEucalyptus lines containing barnase
gene, 90% of lines showed complete pollen ablation.
Recent observations from the replicated field study con-
ducted in Alabama state it is confirmed that cold tolerant
trees allowed to flower did not produce any viable pollen
(US BRS permit, BRS # 06-325-111r-al).

Biotic stress resistance

Insect resistance/tolerance in plants can be imparted by
introducing cry genes coding for crystalline toxin proteins
from Bacillus thuringiensis. Transgenic E. camaldulensis
plants conferring resistance to Chrysomelid beetles and
tolerance to the herbicide ammonium glufosinate are
produced by Harcourt et al. (2000) via transformation of
2-week-old seedlings with insecticidal cry34 and bar
genes, respectively. Insect and herbicide resistant trans-
genic eucalyptus are likely to provide better pest and
weed control options in plantations, particularly during the
early vulnerable establishment phase, provided that any
adverse ecological impacts of releasing transgenic plants
into the environment can be assessed and minimized.
Shao et al. (2002) developed transgenic E. urophylla events
showing an increased resistance by 35% against the
bacterial wilt disease caused by the pathogen, Pseudomonas
solanacearum.

Abiotic stress tolerance

Genetic improvement of eucalyptus for tolerance to abiotic
stresses including salinity, acidity, drought and cold were
attempted. In order to impart salinity tolerance, Yamada-
Watanabe et al. (2003) introduced codA gene from
Arthrobacter globiformis into eucalyptus. This transgene
codes for choline oxidase, an enzyme that converts choline
to glycine betaine. These transgenic lines exhibited toler-
ance to salinity, high and low temperatures. Japan’s Oiji
paper industries, with an objective to improve inorganic
phosphate uptake by eucalyptus growing in acidic soils
attempted the introduction of a mitochondrial citrate
synthetase gene into the hybrids of E. grandis % E.
urophylla. Compared to control plants, in the transgenic
events, a five-fold increase in enzymatic activity is reported
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which in turn lead to a similar growth with colloidal
aluminum phosphate compared to sodium phosphate
(Kawasu et al. 2003). These transgenic events showed
enhanced phosphorus uptake even in acidic soils.

Another experiment that involved the over expression of
drebl gene, a transcription factor which regulates gene
expression during drought conditions, is introduced into
eucalyptus genome. The transgenic plants showed im-
proved tolerance to drought as well as saline conditions
(Kondo et al. 2003; Ishige et al. 2004).

In a recent report by Navarro et al. (2010), two cold-
induced transcription factors that specifically bind to C-
binding factor genes namely EguCBF1a/b are isolated from
E. gunni and constitutively over-expressed in a cold-
sensitive eucalyptus hybrids. In addition to the expected
improvement on freezing tolerance, the resulting trans-
genic lines exhibited a decrease in stomatal density and
over-accumulation of anthocyanins. Further, these trans-
genic events showed wax deposition on cuticle, reduced
leaf area, decreased cell size, retarded growth and better
water retention capacity under cold stress when com-
pared to control non transgenic plants. This study not
only revealed the CBF transcription factors role (first
signs of adaptive mechanisms controlled by CBR related
genes) but also generated cold tolerance eucalyptus
transgenic lines. Interestingly, this research opened up
new avenues for genetic improvement on eucalyptus for
freeze tolerance.

Improved rooting

Poor rooting capability of several eucalyptus commercial
clones having desirable traits is a well known rate limiting
factor for their success in clonal propagation. In an attempt
to improve rooting of in vitro propagated clones of E.
grandis, E. dunnii and E. nitens, Macraec and Van Staden
(1993) used hairy-root inducing Agrobacterium rhizogenes
strains and reported improvement in rootability of the
selected clones. The transformed shoots grew into root
cultures in hormone-free liquid medium with enhanced
growth rate, extensive lateral branching but lacks geotro-
pism. However, the transformed plantlets on transfer to soil
did not display the typical hairy root phenotype but they
grew normally with good secondary root development
along with a firm root plug. The potential use of A.
rhizogenes strains towards improving the rootability of in
vitro propagated explants from hard-to-root genotypes of
eucalyptus is well exploited.

Later, Machado et al. (1997) in their studies related to
improved rooting with Agrobacterium strain on E. grandis x
E. urophylla hybrids observed variations in susceptibility of
eucalyptus genotypes. They reported difference in root

growth rate and extent of lateral branching in roots which
varied with Agrobacterium strain and eucalyptus genotypes
being used.

Promoters, reporter genes and selection markers
Promoters

The efficient expression of transgene in the host system,
generally dictates the success of any genetic transformation
study. Selection of a suitable promoter that initiates high
levels of expression is, therefore, important. A plant
promoter is a regulatory sequence capable of initiating the
transcription of the polynucleotide in the plant cells. The
gene promoter and termination sequences may be endoge-
nous to the target host plant or exogenous derived from
other species capable of functioning in the target plant. The
class of non-constitutive promoters include tissue specific,
tissue preferred, cell type specific and inducible promoters
that directs transcription initiation in specific tissue such as
leaves, stem, roots, seeds, cell types, organs and stress
inducible, respectively. A constitutive promoter is active
under most environmental conditions and in almost all plant
parts. The frequently used promoter for wood transformation
studies is CaMV 35S. It has been found to produce larger
phenotypic changes when compared to wood-specific pro-
moters (Yahiaoui et al. 1998). This constitutive promoter is
also the most extensively used regulatory sequence in genetic
transformation studies of eucalyptus (Table 1).

Genes that are expected to express in certain plant parts
of interest or under stress conditions, when driven by the
strong constitutive promoter CaMV 35S can lead to
undesirable changes in transgenic eucalyptus. Dibax et al.
(2010) reported growth reduction in leaves and roots of few
transgenic E. saligna plants that expressed the abiotic stress
tolerance P5CS gene under CaMV 35S promoter. This was
attributed to the excess free proline accumulation that is
desired to be expressed only under cold stress conditions. In
E. camaldulensis, Kawaoka et al. (2006) reported abnormal
phenotypic changes in the line LG12 which showed a
maximum reduction of lignin content (upto 29%), in which
the transcript level of anti-sense Eclim1 under the control of
CaMV 358 is over expressed. Ecliml is one of the key
transcription factors involved in lignin biosynthesis. The
transgenic LG12 plants grew abnormally and exhibited
altered leaf shapes, dropping upper leaves etc.

Recently, Navarro et al. (2010) reported that (in compar-
ison with the control plants) the most altered transgenic line
(EguCBF1a-OE Al line) constitutively over expressing C-
repeat binding factor under the control of CaMV 35S
promoter exhibited reduced growth. These works on
transgenic eucalyptus caution the researchers on the
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Gurumurthi

2009

Dibax et al.
company

2010
2010

Transgenic events showed reduced Navarro et al.
cell size, growth. Enhanced water

retention & wax deposition

Reference
Futuragene

Reported transformation frequency Prakash and

of 21% for cotyledon and 14%

for hypocotyle explants
enhanced growth and biomass

Plant develops faster with
accumulation

Trait of interest
Cold stress tolerance

stomatal density & over accumulation

of anthocyanins
allowing cellulose chains to move

freely relative to one another

plants
Improved freezing tolerance, decreased

Successfully generated 8 transgenic
Proline content increased by 4 folds
Breaks cellulose-xyloglucan links,

Reported result

Pnos
promoters
expresses in
elongation
zones only

Pnos
cel 1 promoter

Promoter
CaMV 358,
CaMV 358,

domain), cell

transcription
(cell

factors
cbd (Cellulose
elongation)

nptll, uidA
P5CSF129A,
uidA, nptll
E. gunni EguCBF Constitutive
la/b cold
response
binding

Genes

Precultured
cotyledons &
hypocotyle

Cotyledonary
leaves

Different explants

Explant

Method of transformation
Agrobacterium tumefaciens
Agrobacterium tumefaciens

Eucalyptus
Eucalyptus sp.
& hybrids

hybrids
commercial

Eucalyptus
E. tereticornis

No species

E. cam: Eucalyptus camaldulensis; E. gr: E. grandis; E. uro: E. urophylla

Table 1 (continued)
31

32 E. saligna

33 Cold-sensitive

34 Major

S.

universal use of CaMV 35S promoter for genetic transfor-
mation studies.

To overcome such problems, tissue specific and inducible
promoters provide the alternative means (for vector design
and construction). The cell and tissue-specific expression
pattern of EgCAD?2 promoter (a lignin biosynthetic gene)
isolated from E. gunni is analyzed in a heterologus genome
namely poplar. The EgCAD?2 promoter can be viewed from
biotechnological perspective as a good candidate to target
transgene expression in vascular tissues, unlike the use of
constitutive promoters. This vascular specific promoter is
also wound-inducible as revealed from the studies on both
transgenic poplar and tobacco. Thus, this particular pro-
moter can be used to drive the expression of defense related
genes in order to enhance resistance against vascular
pathogens. Further, the delineation of the cis elements
required for vascular expression of EgCADZ2 promoter
allows transgene expression to be targeted at selected
tissues and will therefore be invaluable in genetic engi-
neering programs aimed at modifying lignin profiles
(Lauvergeat et al. 2002).

In poplar protoplast transformation experiments, the
CAD promoter was shown to be twice as efficient as
the 35S promoter (Feuillet et al. 1995). Serrano et al.
(1996), using biolistic approach transformed E. globulus
for the first time with CAD promoter isolated from
eucalyptus and studied GUS gene expression. Promoter
comparison studies with two tissue specific promoters
obtained from E. nitens namely EniPTUBI and EniP-
FLAI, known to play role during tension wood formation,
was carried out by Taylor et al. (2007). Using these
promoters they studied tissue specific GUS expression in
E. globulus and Pinus alba. The results from transgenic P.
alba indicated that EniPTUBI is associated with second-
ary cell wall deposition which is inline with the EgrTUB
genes role in MFA determination. On the other hand,
EniPFLAI promoter expression is found to be specific to
secondary cell wall deposition especially in xylem and
phloem tissues. It is observed that the number of trans-
formed sectors observed for the two promoters was greatly
reduced compared to the constitutively active CaMV 35S
promoter with similar patterns of GUS expression for the
three promoters.

Eucalyptus EniTUBI promoter activity was evident
during xylogenesis in developing wood of transgenic
tobacco plants. Further, little to no GUS activity is observed
in the cambium and adjacent cells, indicating that EniTUB1
expression is limited to latter stages of xylem differentiation
that include the deposition of the S2 secondary cell wall
(Spokevicius et al. 2007a). Thus, a total of four tissue
specific genes or their promoters have been functional
characterized. These four regulatory sequences namely,
EgCAD2, EgrTUB, EniTUBI and EniFLAIl can be used
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for direct stress related genes as well as alter lignin, MFA or
cellulose content via genetic transformation of eucalyptus.

Other successful heterogeneous inducible promoters
used in the eucalyptus transformation studies are cgMTI
and petE. Quisen (2007) evaluated the suitability of cgMT]
promoter isolated from Casuarina glauca Metallothionein
gene and transformed primordial leaves and cotyledonary
explants of E. camadulensis using Agrobacterium tumefa-
ciens co-cultivation approach. This promoter is useful in
transformation works aimed at phyto-remediation of soils
degraded or polluted due to heavy metal deposition.
Further, a tissue specific promoter from the Pea plastocy-
anin gene (petE) involved in photosynthesis was used to
direct the expression of the Bacillus thuringiensis cry3A
gene in green-chloroplast containing cells of E. camaldu-
lensis (Harcourt et al. 2000). Since expanding young leaves
are the parts commonly attacked by defoliating insects,
petE promoter forms the appropriate regulatory sequence to
guide the candidate gene expression in young leaves.
Identification and assessment of such promoters can pave
the way to manipulate transgene expression in the desired
developmental stages and plant parts.

Reporter genes and selection markers

A reporter gene helps in detection of the transformed cells.
Reporter expression analysis is used to determine suitable
method of transformation, transformation efficiency, pro-
moter strength, transgene expression and tissue specificity.
In eucalyptus, with few exceptions, the uidA gene coding
for the enzyme (-glucuronidase (GUS) was universally
used as a reporter gene. Unfortunately, uidA gene relies on
histochemical staining that demands destructive sampling.
Though other reporter genes are available, at least to our
knowledge, none of them has been used to transform
eucalyptus. This is a clear evidence for the slow pace of
advancement in the field of eucalyptus transformation.

In induced somatic sector analysis (ISSA), GUS reporter
system used to visualize transgenic tissue sectors, demands
the destruction of the sample, making the characterization
of transgene expression difficult. On the other hand, the use
of non-destructive reporter systems can enable us to
overcome this problem (Spokevicius et al. 2006). Sartoretto
et al. (2002) reported that the GUS-expressing transgenic
eucalyptus callus couldn’t regenerate into transgenic shoots.
Real time reports such as Green Fluorescent Protein (gfp),
Cyan Fluorescent Protein (c¢fp) and Yellow Fluorescent
Protein (yfp) have recently been modified to contain
peroxisome targeting signal peptides leading to successful
application in woody perennials (Nowak et al. 2004).

The expression of selection marker in transformed cells
allows its survival in selection medium. For selecting the
transformed explants, generally herbicides or antibiotics are

added to the tissue culture medium. Mostly in eucalyptus
transformation, antibiotic kanamycin resistant npfll gene
coding for neomycin phosphotransferase-Il or bar gene
from Streptomyces hygroscopicus—tolerant to ammonium
glufosinate herbicide were used (Table 1). Other selection
genes used for eucalyptus transformation studies are
acetolactone synthetase (ALS) and cat. Simultaneously,
transgenic eucalyptus resistant to herbicide could make the
control of weeds in plantations easier and economical,
particularly during the seedling establishment stage when
young trees are most vulnerable to competition from weeds
(Harcourt et al. 2000).

Type of explants

Explant is a plant cell or tissue that is used as a target for
genetic transformation. Different types of explants are used
in the in vitro and in vivo transformation studies on
eucalyptus plants. They include protoplasts, zygotic em-
bryos, young seedlings, cotyledons, hypocotyls, nodal stem
segments of mature trees, leaves from in vitro germinated
seedlings, in vivo wood-producing stem segments in
eucalyptus. Transformation and plant regeneration of
eucalyptus is generally more efficient with juvenile materi-
als, such as hypocotyls, cotyledons and leaf discs (from in
vitro grown seedlings). On the contrary, clonally derived
materials from field grown trees have poor regenerating
ability in tissue culture because of less percent availability
of meristematic tissues (Teulieres et al. 1994; Macrae and
Van Staden 1999).

Chen et al. (2001) demonstrated the advancement of
gene transfer technology for E. camaldulensis from using
juvenile tissues to the use of clonal tissues of mature elite
trees. Generally, the nodal segments from desirable mature
trees are cultured under in vitro conditions so as to generate
young juvenile tissues which are the future targets for
genetic transformation methods. Apart from generating
transgenic eucalyptus plants, different explants are used to
study the role of promoters and genes involved in wood
formation. They include in vitro transformation of apical
stem segments (Spokevicius et al. 2005), in vivo transfor-
mation of exposed cambial cells within mature stems
(Spokevicius et al. 2006; Van Beveren et al. 2006) and in
vivo transformation of developing stems after wounding of
dormant lateral buds (Spokevicius et al. 2006).

Methods of transformation
Various methods for delivering foreign DNA into eucalyp-

tus have been studied. They include electroporation,
biolistics, Agrobacterium-mediate and in vivo mature stem
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transformations approaches. Initially, transformation of E.
saligna using electroporation has been reported by Kawasu
et al. (1990). Further, cat and gus gene transient expression
has been studied in the protoplasts of Fucalyptus gunni and
E. citriodera obtained via electroporation = polyethylene
glycol (PEG) treatment (Teulieres et al. 1991; Manders
et al. 1992). Unlike cereals, even though eucalyptus plants
are known to be recalcitrant to genetic transformation,
biolistic transformation was less preferred.

The first attempt on optimization of biological and
physical parameters for particle bombardment in E. glob-
ulus was carried by Rochange et al. (1995). Based on
transient gus expression studies, they observed that both
gun powder and compressed-helium gas device exhibited
similar transformation efficiency and reported that 6-day-
old cultured embryos are best suited for genetic transfor-
mation of eucalyptus. Later, Serrano et al. (1996) for the
first time reported successful regeneration of a single E.
globulus plant following biolistic transformation of zygotic
embryos. Biolistic transformation was also carried on
hypocotyls and cotyledons of E. grandis x E. urophylla
hybrids (Sartoretto et al. 2002). However, this report sheds
light on the shortcomings associated with biolistic transfor-
mation approach. They reported that GUS-expressing calli
couldn’t regenerate into transgenic shoots and that the tissue
culture conditions favorable for in vitro regeneration hinders
the regeneration of transgenic tissues and vice versa. It is of
concern that researchers have neglected the benefits of
biolistic transformation method. Performing particle bom-
bardment of desired explants with low concentrations of
target nucleotide sequence i.e. 25 nanogram of linear plasmid
DNA per bombardment and removal of plasmid back bone
using restriction enzymes can solve the drawbacks of this
technique. Unfortunately, there are no reports of transforma-
tion work on eucalyptus in these lines where eucalyptus
specific transformation parameters have been optimized.

So far, Agrobacterium-mediated transformation is the
most followed and reported method in eucalyptus. First
report of Agrobacterium-mediated transformation is on E.
globulus and E. gunni by Chirqui et al. (1992). According
to Mullins et al. (1997), this indirect gene transfer approach
is preferred over biolistic procedures for long living tree
species as it is known to reduce the insertion of multiple
copies of the transgene, which can lead to gene silencing.

Machado et al. (1997) evaluated the susceptibility of E.
grandis * E. urophylla hybrids to twelve A. tumefaciens
wild strains. Different degrees of virulence have been
recorded using these stains, indicating the possibility of
transforming eucalyptus hybrids with Agrobacterium de-
rived vectors. The ability of Agrobacterium tumefaciens to
infect eucalyptus varies across species and genotypes.
Krimi et al. (2006) reported that E. occidentalis was more
susceptible to this bacterium than E. camaldulensis and E.

@ Springer

cladocalyx. Reports on Agrobacterium-mediated transfor-
mation in various eucalyptus species and hybrids are
summarized in Table 1. Sonication assisted Agrobacterium
transformation (SAAT) system was also employed in the
production of transgenic eucalyptus from E. grandis x E.
urophylla hybrid (Gonzalez et al. 2002). The report indicated
that germinated seeds and seedlings showed high percentage
of transient GUS expression when sonicated for 30 s and
presonication greatly enhanced the efficiency of transforma-
tion. The efficiency of the method was also assessed using a
chimeric construct containing the Lhchl2 gene of the 28 kDa
chlorophyll a/b binding pea protein from the LHCII
antenna. Using this construct, four stable transformants were
generated and confirmed with genomic blotting.

The latest advancement in eucalyptus transformation has
been reported by Gred Bossinger group from University of
Melbourne. They reported Agrobacterium-mediated in vivo
transformation of wood-producing stem segments in euca-
lyptus. Unlike the earlier three methods which leads to
generation of stable transgenic plants, this procedure is
more involved in generating transgenic sectors in growing
eucalyptus plants. The details of their investigations are
discussed below.

Functional characterization of genes involved in wood
formation using transgenic approach

Analysis of functional aspects of a gene during the process
of wood formation and wood quality in tree species
presents challenges compared to annual weedy and crop
species. This is due to their long generation and reproduc-
tive cycles coupled with heterozygosity. Further, when
investigating wood properties a number of physical and
biochemical limitations to microscopical and molecular
experimentation are few other causes. To overcome these
limitations, Kato et al. (2005) utilized transformed hairy
roots with desired constructs that made the functional
analysis possible within 1 to 2 months. With this system,
they worked on evaluating the effectiveness and impact of
promoters and genes in eucalyptus.

On the contrary, Agrobacterium-mediated in vitro trans-
formation of wood-producing stem segments in eucalyptus
can be readily deployed to introduce transgenes into growing
wood-producing tissue. Using Agrobacterium-mediated
methods, large numbers of independent transient transfor-
mation events can be obtained in situ within any cell type.
This system holds promise towards becoming a standard for
functional analysis of genes involved at various stages in the
wood formation process directly in the tissue of interest and
within a reasonable timeframe (Spokevicius et al. 2005). In
vitro systems in general require the establishment and
maintenance of tissues in aseptic conditions. This is
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technically demanding where time consuming where often
low efficiency is achieved (Spokevicius et al. 2005).

Systems using eucalyptus in vitro stem segments have
been developed in order to study de novo wood formation
from cambial cells in culture (Leitch and Bossinger 2004).
In these systems apical stem segments (ASS) or in situ
main stem explants (MSE) from E. globulus have been
used. Following an initial wounding response, cambial
activity resumes leading to the formation of secondary
tissue in timeframes of only a few months (Leitch 1999).
The extent of secondary growth in explants is found to be
affected by cambial age, position in the tree and seasonal
conditions at the time of harvest. In ASS system, most
cell types within the explants, including cambial initials
were shown to be susceptible to Agrobacterium infection
leading to the production of stably transformed de novo
wood sectors. These systems potentially allow the direct
comparison of transformed and non-transformed neighbor-
ing tissue within the same plant, under nearly identical
conditions, thereby reducing the inherent variation between
samples. Efficient use of these systems with Agrobacte-
rium-mediated transformation has been proven to be
difficult due to continued contamination following bacte-
rial inoculation which is difficult to control. This results in
a low recovery of stably transformed sectors and limited
sector size due to the reduced growth periods (Spokevicius
et al. 2005). Phenotypic characterization of candidate gene
function in these systems has not been attempted, till date.

In other in vivo transformation attempt, cambial cells at
various developmental stages within the growing stem are
targeted for transformation. In this method, cambial cells
are exposed by partial peeling of the bark and the
transformation procedure involves application of Agro-
bacterium suspension on to the exposed cells followed by
tight sealing, soon after the bark is positioned back in place.
Candidate gene effects are then determined in relation to
neighboring untransformed tissue. This method finds its
advantages in minimizing expertise and labor on in vitro
culturing techniques. As transgenic tissue sectors are
produced directly in the growing stem, the functional
analysis of genes can be studied during all stages of wood
formation (Spokevicius et al. 2007a). The efficiency of this
system has been demonstrated with experiments in euca-
lyptus describing the effects of a tubulin gene on MFA
orientation in transgenic wood sectors (Spokevicius et al.
2006).

Transgene escape
Recent research in the US has found evidence that genetically

modified crop plants can escape and establish in the wild,
possibly for decades (BBC News 2010). According to a

research team from University of Arkansas, that surveyed
countryside in North Dakota for canola growing on road-
sides, herbicide tolerant transgenes are present in 80% of the
wild canola plants and few of the plants analysed contained
two different transgenes, indicating that two different
transgenic canola series had cross-pollinated resulting in
canola resistant to both Roundup and LibertyLink (known
chemically as glyphosate and glufosinate). Similar findings
have been made in Canada, while in Japan, a study in 2008
found substantial amounts of transgenic rape—a close
relative of canola—around the port areas where GM varieties
have been imported.

Clearly, transgenes cannot be kept on leash and trans-
gene escape is a virtual reality from transgenic plantations.
It is unlikely that transgenes can be retracted once they are
out of bottle (Marvier and Von Acker 2005; Chapman and
Burke 2006). A typical example comes from transgenic
bentgrass. Despite the necessary precautions on field evalu-
ation of transgenic bentgrass at Oregon (USA), escaped
herbicide-tolerant transgenes were found at 3.8 km away
from control growing area (Reichman et al. 2006).

Ishii and Lu (2008) working on transgenic eucalyptus
reported the occurrence and amplification of npfIl gene
from the rhizosphere soils of three out of eight transgenic E.
camaldulensis trees grown for their experimentation. Inter-
estingly, this antibiotic resistance sequence is absent in the
soils surrounding the control non transgenic trees. Research
is underway as it is still unclear whether the DNA is in the
soil, soil bacteria or due to Agrobacterium contamination
which was used for transforming E. camaldulensis. This
research is expected to shed light on the possibility of
horizontal gene transfer arising due to genetic transforma-
tion, as very little is known regarding the transgene behavior
and escape in forestry trees.

Most Eucalyptus sp. blooms twice a year, producing
thousands of tiny pollen and seeds each flowering season.
Further, eucalyptus pollen is hardy, have viability for many
days at room temperature, tolerant to heat or immersion in
water (Heslop-Harrison and Heslop-Harrison 1985) etc.
These features could enable transgenic eucalyptus pollen to
be viable and disperse to long distances, favoring transgene
escape into related natural populations. Pollen and tiny seed
can disperse long distances (many kilometers) by wind and
biotic factors (especially insects) from plantations resulting
in considerable gene flow to the neighboring forest tree
populations (Slavov et al. 2009). This may very well
happen with transgenic eucalyptus because of proven
occurrence of natural interspecific hybrids in eucalyptus
(Potts and Wiltshire 1997).

The strong concerns about transgene dispersal are
illustrated by Petermann at the recent CBD meetings in
Bonn, Germany: “The incidents of contamination (with
genetic engineered agricultural crops) show that gene
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escape and GE contamination cannot be prevented once GE
plants are released. This in turn suggests that the widespread
planting of GE trees would over time lead to a persistent
contamination of the world’s native forests, with disruptive
ecological consequences (Arent Fox2006). Although various
strategies are known for containment of transgenes in the
forest plantations, it may not be entirely possible to achieve
100% reproductive sterility to stop the escape of transgenic
pollen and seed from transgenic trees (Ahuja 2009). Once
the transgene escapes from plantation, it could conceivably
displace the native forest tree genotypes or lead to
maladaptation (White et al. 2007).

Keeping in view the earlier transgene escape experi-
ences, comprehensive studies need to be undertaken before
the GM trees are released for commercialization. Consid-
ering the present research efforts, it’s quite clear that there
is no adequate knowledge on the behavior or escape
mechanisms of transgene at least in forestry trees. The well
equipped and adaptable transgenic trees can easily establish
in wild and displace the natural wild forest tree populations
which are the reservoir of vast genetic variability and
diversity.

Conclusions

Eucalyptus, due to its economic importance, is one of the
first trees after poplar to get benefit from new biotechno-
logical advancements. However, application of these tools
is confronted with the problems of the globally low
regeneration ability of the genus which eventually restricts
the availability of genetic transformation procedures to few
species and genotypes (Teulieres and Marque 2007). So far,
the advancements made in the genetic transformation
studies of eucalyptus are still in a state of infancy. The
knowledge gained from plant genomics from other tree
species and model plants has a long way to go in the
development of this hardwood tree in order to obtain plants
with desired traits for commercial utilization.

Use of tissue specific or inducible promoters in gene
constructs will be more relevant especially in the case of
eucalyptus where wood yield and quality are of main
concern. However, promoter selection is especially difficult
for trees where complex developmental phases occur with
increasing size and tissue complexity across years, making
it difficult to comprehensively study a given promoter
sequence. An example for this complexity is that the floral
tissue specific genes in poplar also show some degree of
vegetative expression and this can vary widely in intensity
across the annual cycle of growth alterations encompassed
with biotic and abiotic stresses across their lengthy life
cycles. Therefore, promoter fidelity and stability of trans-
gene expression have to be viewed at several different
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levels across space and time in the long-lived forest trees
like eucalyptus.

Recent findings by Spokevicius et al. (2007b) regarding
decrease in EgrTUBI expression in transgenic wood sectors
of E. globulus brings out the very fact of homology-
dependent gene silencing (HDGS). This type of silencing in
plants is triggered by high sequence homology between
exogenous against endogenous gene sequences, leading to
decrease in the expression of both homologues. On the
contrary, the very same construct could over-expressed in
wood sectors of Pinus alba, thus proving the fact that gene
from the same genus when transformed back into the parent
genome can lead to transgene silencing because of
sequence repetition or homology.

Eucalyptus tree has lengthy life cycle which in turn
affects the generation and selection of marker free trans-
genic plants. In such situations, lessons from the recent
work by Lu et al. (2009) from University of Missouri,
dealing with the development of marker-free transgenic
sorghum plants using Agrobacterium co-cultivation strate-
gy, should be helpful for eucalyptus researchers and can be
tried in future. Lu et al. (2009) used separate binary vectors
containing bar and target gene and co-transformed immature
embryo derived callus. Using mild selection pressure (in
order not to lose the transformed cells) in T, generation they
could finally obtain progeny plants harboring the candidate
gene only. Thus, they could eliminate the progeny sorghum
plants having marker gene co-segregating along with the
candidate gene of interest. This line of research could lead
the future eucalyptus transformation attempts towards a
fruitful result. Generation and screening of more number of
transgenic events should be the prime focus in order to meet
the goal of transformation. Except for few occasions, most of
the earlier transformation reports on eucalyptus did not meet
these requirements. Instead of working for transformation
successes in just few events, the researchers should focus
their efforts towards generating multiple events having
successful insertion of the transgene into eucalyptus genome.
This can form the platform for the remaining segregation and
bioassay studies that can eventually lead towards the
successful release of transgenic eucalyptus.

Over expression of transgenes in eucalyptus was known to
have detrimental effect on the morphology and growth of the
tree while lower expression levels may not serve the purpose
of intent. Use of mild Agrobacterium strains for co-
cultivation (like LBA4404) instead of hypervirulant strains
(such as C58 derivatives) can result in the development of
transgenic plants with single or lower copies of the candidate
gene. Further, necessary measures to reduce transgene
silencing phenomenon due to positional effect can be
avoided by flanking the transgene on either side with Matrix
Attachment Regions (MARs elements, if necessary). It is
important to note that by allowing the explants to spend less
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time in tissue culture regeneration medium i.e. following
direct embryogenesis or organogenesis pathways, the occur-
rence of somaclones and chimeras can be minimized. Studies
on transgene expression and behavior in transgenic eucalyp-
tus trees is still at preliminary stages because of multiple
growth phases that vary with time and space; hinders the
study of complete transgene expression. Transgene escape
into natural environment could be a constant threat in the
case of eucalyptus because of its hardy and viable pollen,
lengthy life cycle, perennial nature, large biomass, long
flowering seasons, entomophilous pollination and tiny seeds.
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