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ABSTRACT

Biotechnology provides important tools for the sustainable development of agriculture, fisheries and forestry,
and can be of significant help in meeting an indispensable part in the rise of human civilization. It is indeed
often considered as one of the fields of scientific research in which the most rapid advances have been
made in recent years. It includes the unique roles and functions that trees, major structural constituents of
forest ecosystems have, their special biological characteristics, and their importance in the provision of
environmental, social and economic goods and services. Forest trees have unquestionably entered the
genomic era. Biotechnological tools viz., transgenic technology, RNA interference, functional genomics,
marker assisted selection, QTL and tissue culture etc. have paved road for successful exploitation and
integration of scientific fields with an increased sense of urgency for delivery of cutting edge research in tree
biotechnology, both in academia and industry. Advances and integration of such fields will have a great
impact in many respects, and will continue to provide new information, thereby offering exciting prospects
for future tree improvement programs worldwide.
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INTRODUCTION

Establishing forest plantations to meet the ever-increasing
demand for tree products has been a long standing tradition
in the tropics (Evans 1999). Apart from alleviating the pres-
sure on the valuable primary forests, plantations offer con-
tinuous production of wood materials through intensive
management practices. Besides the direct economic ben-
efits, the ecological dimensions of plantation forestry have
attained greater importance in the recent times in view of
the invaluable contribution they provide in regulating at-
mospheric CO

2
 emissions and thereby playing a dominant

role in mitigating climate change (IPCC 2007). Forestry has
been enormously benefited from the development and im-
plementation of improved silvicultural, forest management
practices and breeding techniques, which have contributed
significantly to the improvement of forest tree species in
the past, and will continue to have a substantial impact on
the genetic gain and productivity of economically impor-
tant tree species by providing better germplasm and im-
proved management practices for plantation forests. Al-
though good progress has been made in breeding trees for
altered xylem-fibre lengths and lignin content, which is
valuable to the paper and pulp industries (Turnbull 1999,
Heilman 1999), much less progress has been made in im-
proving timber quality, precisely because the wood forma-
tion is so poorly understood (Lev-Yadun & Sederoff 2000,
Plomion et al. 2001). It is probably one of the most com-

plex phenomena facing plant biologists today, with perhaps
40,000 genes being involved (Lorenz & Dean 2002), so with-
out biotechnological tools to gain a better understanding of
the process, markers for wood quality traits will remain a
distant prospect.

Traditional breeding methods are often constrained by
the long reproductive cycles of most tree species and the
difficulty in achieving significant improvements to the com-
plex traits such as wood properties, disease and pest con-
trol, and tolerance to abiotic stresses. The state of food and
agriculture reported that biotechnology is more than genetic
engineering (FAO 2004). In fact, 81% of all biotechnology
activities in forestry over the past ten years were not related
to genetic modification (Wheeler 2004).

Genetic engineering has the potential to boost global
wood production in many ways (Sutton 1999, Sedjo 2001).
Applications currently under consideration, for plantation
forests, include resistance to biodegradable herbicides, al-
tered lignin properties for reduced downstream processing
costs or improved burning, resistance to selected pests, al-
tered reproductive mechanisms for faster breeding or ge-
netic containment, phytoremediation of polluted sites, and
the production of novel chemicals or pharmaceuticals
(Strauss 1999, Strauss et al. 2001, Yanchuck 2001). It might
also be possible to manipulate wood-quality traits, photo-
synthetic efficiency, and tolerance to abiotic stresses such
as drought.
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The term “biotechnology” broadly defined, it is anything
that combines technology and biology. More narrowly de-
fined, modern biotechnology focuses on such things as
DNA-level analyses, transfer of single genes from a differ-
ent species, and cloning by somatic embryogenesis. Bio-
technology is an adjunct to the long-established traditional
tree improvement practices and one that utilizes fundamental
discoveries in the field of plant tissue culture for clonal for-
estry, gene transfer techniques, molecular biology, and
genomics. These new discoveries now provide an extended
platform for the improvement of traits that have previously
been considered impractical via conventional breeding meth-
ods. Biotechnology provides exciting opportunities to fur-
ther expand our understanding of genome organization and
functioning of genes associated with complex value-added
traits, and to transfer such genes into economically impor-
tant tree species. This will lead to the development and de-
ployment of trees ready to meet the future demand of the
world’s ever-increasing population for timber and other for-
est products, while preserving natural forests for future gen-
erations.

Only limited studies are available on the role of bio-
technology in plantation forests (Fenning & Gershanzon
2002), economic benefits resulting from the introduction of
forest biotechnology (Sedjo 2001) and ecological issues as-
sociated with the deployment of genetically modified for-
est tree species (Van Frankenhuyzen & Beardmore 2004).
In this article, we cover recent innovative technologies,
which will provide the basis for acceleration in the improve-
ment of forestry through biotechnology. Over the past few
decades, conventional tree improvement programs, which
involve selection, genetic crosses and recurrent testing, have
been used around the world to improve plantation forestry
yields and have certainly proven useful. Unfortunately, the
recognition of the potential of biotechnology in the forest
sector is much more limited. However, it is becoming an
increasingly important component of the processing sector,
such as pulp and paper production, and it also plays an im-
portant role in various stages of the production chain, from
planting to harvesting. One of the first applications of bio-
technology in forestry was the inoculation of seedlings with
symbiotic organisms (specifically mycorrhizae) with the
objective of increasing seedling growth. Since then, tremen-
dous progress has been made in the field of forest biotech-
nology, which currently focuses on main areas such as propa-
gation, genetic transformation, transgenic approaches, In
vitro culture, abiotic stress resistance, biotic stress resist-
ance, modification of lignin, RNAi interference, marker
assisted selection and QTL mapping and future directions
in forest tree genomics research.

PROPAGATION

Plant cloning has been used for centuries for tree breeding
and propagation using grafts and cuttings. Chinese fir
(Cunninghamia lanceolata) has been propagated by cuttings
for clonal forestry in China for more than 800 years (Li &
Ritchie 1999) and Japanese cedar (Cryptomeria japonica)
has been propagated clonally by cuttings in Japan for plan-
tations since the beginning of the fifteenth century (Toda
1974). Some tree species are easier than others to propa-
gate by cuttings. Easy to root hardwood species, such as
poplars (Populus spp.), willows (Salix spp.) and some eu-
calypt (Eucalyptus) species, and conifer species, such as
spruces (Larix spp.), redwood (Sequoia sempervirens), and
some pines (Pinus spp.), are widely planted as cuttings in
family or clonal plantations (Ritchie 1991, Ahuja & Libby
1993, Assis et al. 2004, Menzies & Aimers-Halliday 2004).
In the future, the use of vegetatively propagated trees for
intensively managed, high yielding plantations are expected
to increase in all regions of the world. While the main use
of propagation technologies has been for forest establish-
ment of genetically-improved families or clones, there is
also a conservation use for those species that are at risk,
rare, endangered or of special cultural, economic or eco-
logical value (Benson 2003). Integrating traditional meth-
ods such as in situ conservation and seed storage with bio-
technologies such as micropropagation and cryopreservation
can provide successful solutions.

GENETIC TRANSFORMATION

Biotechnology has tremendous potential in tree improve-
ment. Genetic transformation not only complements the
conventional selection and breeding of superior trees, but
also makes a major contribution to overcome constraints
like long breeding cycles, species barriers and narrow ge-
netic pools in cultivated commercial tree crops. The first
successful transformation in trees was achieved by Fillatti
et al. 1987. Since then progress has been slow but steady
and has witnessed many new inventions and techniques over
the past decade, which have been reviewed extensively
(Merkle & Dean 2000, Pena & Seguin 2001, Herschbach &
Kopriva 2002, Diouf 2003, Gallardo et al. 2003, Gartland
et al. 2003). The main theme to attempt genetic transforma-
tion in trees is the improvement of productivity and qual-
ity. The potential of production of trees with novel traits is
one of the most distinct benefits of genetic transformation.
The idea of using several dozen species, most of which be-
long to the genera Eucalyptus, Pinus, Picea, Populus and
Rubber for molecular farming of desired products is also
gaining momentum.



Nature Environment and Pollution Technology  Vol. 14, No. 3, 2015

647APPLICATION OF BIOTECHNOLOGY IN FORESTRY

TRANSGENESIS

A wide diversity of sources of transgenes and regulatory
elements, and intended traits, have been tested, including
expression of reporter genes; insect, disease, and herbicide
resistance; modified wood properties; modified flowering
and fertility; and modified growth rate and stature
(Viswanath et al. 2011). Procedures for genetic transforma-
tion of forest trees differ little from those for other plant
species and are mainly confined to the use of Agrobacterium,
with a few reports on particle bombardment-mediated trans-
formation. Differentiation of transformed cells is a prereq-
uisite to obtaining transgenic plants and two systems are
being used in forest trees: organogenesis and embryogen-
esis. Such transformation procedures, including the use of
selectable markers and screening methods, are well estab-
lished. It is possible to introduce one or more perfectly char-
acterized new characters without, in theory, adversely af-
fecting the overall genetic make-up of the plant. This ap-
proach also offers the possibility of overcoming the genetic
barrier between species, in a relatively shorter time frame
than through conventional tree breeding. The major obsta-
cles to efficient production of transgenic trees are: (i) diffi-
culties in plant regeneration from Agrobacterium-infected
or particle-bombarded explants; (ii) incomplete develop-
ment beyond the in vitro stage of rooted plants for estab-
lishing field trials; and (iii) transgene instability during the
long life-span of forest trees, including transgene silencing
and somaclonal variation (Harfouche et al. 2011). Once
transgenesis is performed at the cell level, in vitro culture
techniques can be used to regenerate the entire tree.

IN VITRO CULTURE

This technique involves propagating plant tissues (units as
small as a cell) in a controlled environment free of microor-
ganisms. Approximately 34% of all biotechnology activi-
ties reported in forestry over the past ten years related to
propagation (Chaix & Monteuuis 2004, Wheeler 2004). An
entire tree can be regenerated from a single cell. In vitro
culture can be used to reproduce seedlings and to
cryopreserve cell lines from which it will be possible to re-
generate other copies of the same seedlings in the future. In
in vitro plant culture, regeneration occurs via two main path-
ways: organogenesis and somatic embryogenesis. Organo-
genesis is the regeneration of plants through organ forma-
tion on an explant or from cell masses, and for somatic em-
bryogenesis it is done through the formation of embryo-like
structures. Organogenesis has been the method of choice
for species such as poplar and eucalyptus, and embryogen-
esis has been used very successfully with conifers (Park et
al. 1998). Both processes provide the means to clonally

propagate large numbers of elite trees for research and re-
forestation. One drawback of somatic embryogenesis is that
it is fully applicable only using juvenile material as initial
explants (embryos but difficult to carry out with needles).
To capture maximum gains a two-step procedure must be
established. Firstly, while testing new lines produced with
replicated clonal trees, tissue lines must be cryopreserved.
Secondly, once the best clone has been identified after a
few years of testing, cryopreserved tissue of the best lines
are put back into in vitro culture for tree multiplication and
propagation. In vitro culture is also essential to genetic en-
gineering or transgenesis work because it provides the ma-
terial on which the technology can be carried out.

ABIOTIC STRESS RESISTANCE

Drought, which is often associated with osmotic or salinity
stress, is a major factor involved in the decrease in forest
productivity. Enhancing drought and salinity tolerance is
of particular importance when reforesting marginal arid and
semi-arid areas, which are prone to degradation. Molecular
control of plant response to abiotic stress is complex, usu-
ally involving coordinated expression of several genes. The
use of known abiotic-stress-associated genes from other
species to enhance tolerance in forest trees has been lim-
ited. However, recent studies in genomics, transcriptomics
and proteomics in several forest tree species, as well as re-
lease of the draft Eucalyptus grandis genomic sequence
(www.eucagen.org), have provided new tools for improv-
ing abiotic stress tolerance in trees (Harfouche et al. 2011).
Over expression of a pepper ERF/AP2 transcription factor,
CaPF1, in eastern white pine resulted in a significant in-
crease in tolerance to drought, freezing and salt stress (Tang
et al. 2007b). The increased tolerance was associated with
polyamine biosynthesis. Moreover, over expression of the
choline oxidase (codA) gene from Arthrobacter globiformis
resulted in increased tolerance to NaCl in several lines of
Eucalyptus globules (Yu et al. 2009).

BIOTIC STRESS RESISTANCE

The use of genetic engineering to improve tree resistance
to insects and microbial pests has been the subject of inves-
tigation in several laboratories. For example, at Natural
Resources Canada (NRC), researchers introduced the gene
corresponding to the toxin Bacillus thuringiensis (B.t.) into
white spruce (Picea glauca [Moench] Voss). White spruce
is susceptible to spruce budworm (SBW), an insect that has
caused the defoliation of large areas in Canada. The
transgenic trees obtained were tested for their toxicity to
SBW and complete resistance was observed in several trees
(Peña & Séguin 2001). This research is part of the develop-
ment of a research model and is not aimed at the commer-
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cialization of such a product. Similarly, in several parts of
the world, fungal and bacterial infestations cause substan-
tial forest losses. These losses are very often underestimated,
as compared to the damage caused by insects, because the
damage is less visible. However, it is possible to induce re-
sistance by introducing genes associated with the produc-
tion of antifungal or antibacterial proteins (e.g.,
endochitinase, PPO) (Séguin 1999). Various approaches,
which are currently in the experimental stage, will be used
to assess the effectiveness of these strategies for forest trees
(Peña & Séguin 2001).

Genetically engineered insect resistance can be envi-
ronmentally beneficial because of the reduced need for syn-
thetic insecticides. Hybrid triploid poplars [(Populus
tomentosa × P. bolleana) × P. tomentosa] transformed with
a cowpea trypsin inhibitor gene (CpTI) exhibited resistance
to three defoliating insects: forest tent caterpillar
(Malacosoma disstria), gypsy moth (Lymantria dispar) and
willow moth (Stilpnotia candida) (Zhang et al. 2005). For-
est trees play host to a wide range of fungal, bacterial and
viral pathogens. Trees engineered for disease resistance can
provide both environmental and commercial benefits. En-
hanced disease resistance has been achieved using a vari-
ety of genes derived from plants and microorganisms, with
varying degrees of success. For example, Chinese white
poplar (P. tomentosa) expressing a chitinase gene from
Beauveria bassiana (Bbchit1) exhibited increased resistance
to a pathogenic fungus (Cytospora chrysosperma) (Jia et
al. 2010). Testing for disease resistance in a natural setting
is imperative and multi-year field trials will be needed to
verify the durability of resistance against ever-evolving
pathogen populations.

MODIFICATION OF LIGNIN

During chemical pulping of wood, one of the most expen-
sive and environmentally hazardous processes is to sepa-
rate lignin from cellulose and hemicellulose (Pilate et al.
2002). The production of plant material with lower contents
of lignin would mean a significant reduction of cost and
pollution to the paper industry. It is now possible to develop
transgenic trees that have lower lignin content, but do not
have unfavourable physiological characteristics. Biochemi-
cal pathways in lignin synthesis have been the subject of
numerous investigations, and several genes responsible for
the enzymes involved have been characterized (Tzfira et
al. 1998, Merkle & Dean 2000). One of the approaches to
obtain reduced lignin forest trees has been the down regu-
lation of lignin biosynthesis pathways (Hu et al. 1999). The
main genes involved with genetic transformation targeting
lignin reduction are 4-coumarate: coenzyme A ligase
(Pt4CL1) (Hu et al. 1999), cynnamyl alcohol

deshydrogenase (CAD-the final enzyme in the biosynthe-
sis of lignin monomers) (Baucher et al. 1996) and caffeate/
5-hydroxyferulate O-methyltransferase (COMT-enzyme in-
volved in syringyl lignin synthesis) (Lapierre et al. 1999).
After cellulose, lignin is the most abundant organic com-
pound in the biosphere and makes up 15 to 35% of the dry
weight of trees. By manipulating the expression of these
genes, it has been possible to modify the lignin content or
structure.

Tremendous efforts have been devoted to the current
tree biotechnology emphasis on low lignin quantity must
be expanded to include greater lignin reactivity and, ulti-
mately, a combination of low and reactive lignin traits.
Lignin quantity and reactivity [which is associated with its
syringyl/guaiacyl (S/G) constituent ratio] are two major
barriers to wood-pulp production. To verify our contention
that these traits are regulated by distinct monolignol bio-
synthesis genes, encoding 4-coumarate-CoA ligase (4CL)
and coniferaldehyde 5-hydroxylase (CAld5H), we used
Agrobacterium to cotransfer antisense 4CL and sense
CAld5H genes into aspen (Populus tremuloides). Trees ex-
pressing each one and both of the transgenes were produced
with high efficiency. Lignin reduction by as much as 40%
with 14% cellulose augmentation was achieved in antisense
4CL plants; syringyl/guaiacyl ratio increases as much as 3-
fold was observed without lignin quantity change in sense
CAld5H plants. Consistent with our contention, these ef-
fects were independent but additive, with plants expressing
both transgenes having up to 52% less lignin, a 64% higher
S/G ratio, and 30% more cellulose. A S/G ratio increase also
accelerated cell maturation in stem secondary xylem, point-
ing to a role for syringyl lignin moieties in coordinating
xylem secondary wall biosynthesis. The results suggest that
this multigene cotransfer system should be broadly useful
for plant genetic engineering and functional genomics (Li et
al. 2003). The antisense 4CL (4-coumarate: CoA ligase) gene
was transformed into triploid Chinese white poplar (Populus
tomentosa) mediated by Agrobacterium tumefaciens (Lee et
al. 1997). PCR and Southern blot analysis indicated that
antisense 4CL gene had been integrated into the genome of
the transgenic Chinese white poplars and found repression
of 4CL expression could result in a remarkable reduction of
lignin content in transgenic poplars, with most reduction of
41.73% compared with that of wild type (Caihong et al.
2004).

RNA INTERFERENCE

RNA silencing is a novel gene regulatory mechanism that
limits the transcript level by either suppressing transcrip-
tion (transcriptional gene silencing [TGS] or by activating
a sequence-specific RNA degradation process
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(posttranscriptional gene silencing [PTGS]/RNA interfer-
ence [RNAi] (Agrawal et al. 2003). Although there is a
mechanistic connection between TGS and PTGS, TGS is
an emerging field while PTGS is undergoing an explosion
in its information content (Baulcombe 2000, Matzke et al.
2001). Double-stranded RNA-mediated gene suppression,
also known as RNA interference (RNAi), was first reported
in Caenorhabditis elegans a decade ago (Fire et al. 1998).
It is currently the most widely used methods to down-regu-
late gene expression. It can be used to knock out all copies
of a given gene, thus providing insight into its functional-
ity. However, it does not always result in complete inhibi-
tion of a gene’s expression. Recent advances in targeted
gene mutagenesis and replacement using the yeast RAD54
gene (Shaked et al. 2005) or zinc-finger nucleases (Lloyd
et al. 2005, Wright et al. 2005) may eventually lead to effi-
cient methods for engineering null alleles in trees.

The natural function of RNAi is referring to the mecha-
nism involved in cellular defence against viruses, genomic
containment of retrotransposons, and post-transcriptional
regulation of gene expression. RNAi can specifically silence
individual genes, creating knockout phenotypes, either in
transformants that can produce the required hairpin RNAs,
or upon infection with recombinant RNA viruses that carry
the target gene (VIGS, viral-induced gene silencing) (Tenea
2009). The mechanism of RNAi was reviewed and then some
of its applications in plants discussed (Table 1).

The efficiency and stability of RNA interference (RNAi)
in perennial species, particularly in natural environments,
are poorly understood.  Li et al. (2008) studied 56 independ-
ent poplar RNAi transgenic events in the field over 2 years.
A resident BAR transgene was targeted with two different
types of RNAi constructs: a 475-bp IR of the promoter se-

quence and a 275-bp IR of the coding sequence, each with
and without the presence of flanking matrix attachment re-
gions (MARs). RNAi directed at the coding sequence was a
strong inducer of gene silencing; 80% of the transgenic
events showed more than 90% suppression. In contrast,
RNAi targeting the promoter resulted in only 6% of
transgenic events showing more than 90% suppression.
Results suggest that RNAi can be highly effective for func-
tional genomics and biotechnology of perennial plants.
RNAi technology has enabled the creation of varieties of
Coffee that produces natural coffee with low or very low
caffeine content, thus bypass the need of extraction (Van
Uyen 2006)

MARKER ASSISTED SELECTION AND QTL
MAPPING

The primary goal of tree breeding is to increase the quan-
tity and quality of wood products from plantations. Major
gains have been achieved using recurrent selection in ge-
netically diverse breeding populations to capture additive
variation. However, the long generation times of trees, to-
gether with poor juvenile-mature trait correlations, have
promoted interest in marker-assisted selection (MAS) to
accelerate breeding through early selection. MAS relies on
identifying DNA markers, which explain a high proportion
of variation in phenotypic traits. Genetic linkage maps have
been developed for most commercial tree species and these
can be used to locate chromosomal regions where DNA
markers co-segregate with quantitative traits (quantitative
trait loci, QTL). MAS based on QTL is most likely to be
used for within-family selection in a limited number of elite
families that can be clonally propagated. Limitations of the
approach include the low resolution of marker-trait asso-
ciations, the small proportion of phenotypic variation ex-

Table 1: Application of RNAi interference in plant systems.

Sr. no. Application Case study Authors

1. Increasing the Reduction of lysine catabolism and improving seed germination Zhu & Galili (2003), Tang et al. (2007b)
level of lysine generating a dominant high-lysine maize variant by knocking out the

expression of the 22-kD maize zein storage protein
2. Coffee RNAi technology has enabled the creation of varieties of Coffee Davuluri et al. (2004)

that produces natural coffee with low orvery low caffeine content

Flower color modification

3. Gentian Producing white flowered transgenic gentians by suppressing the Van Uyen (2006)
chalcone synthase (CHS) gene using antisense technology

4. Pest control Combining Bt technology with RNAi would both enhance product Goldstein et al. (2009)
performance and further guardagainst the development of resistance to
Bt proteins
Down regulation of lignin biosynthesis pathways.

5. Wood and fruit Producing transgenic hypoallergenic apples and a possible solution for Hu et al. (1999), Teo et al. (2006)
quality the undesirable separation of juice into clear serum and particulate Amancio José de Souza et al. (2007)

phase by using RNAi
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plained by QTL and the low success rate in validating QTL
in different genetic backgrounds and environments. This has
led to a change in research focus towards association map-
ping to identify variation in the DNA sequence of genes
directly controlling phenotypic variation (gene-assisted se-
lection, GAS). The main advantages of GAS are the high
resolution of marker-trait associations and the ability to
transfer markers across families and even species
(Guimarães et al. 2007). Association studies are being used
to examine the adaptive significance of variation in genes
controlling wood formation and quality, pathogen resist-
ance, cold tolerance and drought tolerance. QTL mapping
in forest trees has been applied to numerous species and
traits for more than 20 years. The traits that have been most
intensively studied are complex and are usually related to
the fitness of trees. Regardless of species, they fall into four
categories: growth and biomass, apical bud phenology, re-
sistance to biotic or abiotic stresses, and wood properties
(Neale & Kremer 2011). The lack of resolution in mapping
candidate genes and QTL alleles can be overcome by asso-
ciation genetics, using natural populations in which the long
evolutionary history has broken up the linkage between
markers and genes (Neale & Savolainen 2004) A prerequi-
site is the presence of large allelic variation in the popula-
tion. Sequencing alleles in a range of candidate genes in
eucalyptus, pine and aspen demonstrate that such variants,
including single nucleotide polymorphisms (SNPs) and
indels, can readily be found (Poke et al. 2003, Gill et al.
2003, Brown et al. 2004, Ingvarsson 2005). In the loblolly
pine germplasm, linkage disequilibrium (LD) decays in the
order of the physical length of a gene, and in European as-
pen LD extends only a few hundred base pairs, indicating
the potential of association genetics to identify genes re-
sponsible for variation in the trait (Brown et al. 2004,
Ingvarsson 2005). Single nucleotide polymorphisms (SNPs)
in these gene sequences that are significantly associated with
trait variation can then be used for early selection. Markers
for SNPs can be transferred among individuals regardless
of pedigree or family relationship, increasing opportunities
for their application in tree breeding programmes in devel-
oping as well as developed countries. Significant reductions
in genotyping costs and improved efficiencies in gene dis-
covery will further enhance these opportunities.

TISSUE CULTURE

The theoretical basis for plant tissue culture was proposed
by Gottlieb Haberlandt, German Academy of science
in1902 on his experiments on the culture of a single cell. 
The term plant tissue culture (micropropagation) is gener-
ally used for the aseptic culture of cells, tissues, organs
and their components under defined chemical and physi-

cal conditions in vitro. The basic concept of the plant body
can be dissected into smaller part termed as “explants”
and any explants can be developed into a whole plant.  Tis-
sue culture is a process that involves exposing the plant
tissue to a specific regimen of nutrients, hormones, and
lights under sterile, in vitro conditions to produce many
new plants, each a clone of the original mother plant, over
a very short period of time.

Advantages of Tissue Culture Planting Material

• True to the type of mother plant under well manage-
ment.

• To produce Free for viral, fungal and bacterial pathogen
of quality seedlings.

• Uniform growth and increases yield (20-30%).
• Shorter crop rotation with minimum cost of cultivation-

maximum land use is possible in a low land holding coun-
try like India.

• New varieties can be introduced and multiplied in a short
duration.

• Planting possible as seedlings are made available
throughout the year.

• High multiplication rate per unit area.
• A quick way for breeding and production of excess

plants.
• Homogeneity in plant growth and timing of flowers and

fruits.
• No staggered harvesting.
• Faster diffusion of improved varieties.
• Easy transfer of seedlings and availability throughout

the year.

Plant tissue culture techniques are of tremendous poten-
tial value to forest tree improvement. The technology is en-
visaged as playing a complementary role to traditional meth-
ods through exploiting spontaneous or induced genetic and
epigenetic variability in culture, by use of haploidy and by
the use of protoplasts. Clonal propagation is an integral part
of any tree improvement program, and in addition can play
an independent role in reforestation, clonal orchard estab-
lishment and in energy foresting. We have not given up on
the possibility of growing haploid tissues of pines and
hardwoods because of the extremely important application
of these procedures to forest genetics. With the production of
haploid tissues, followed by chromosome doubling, and the
formation of plantlets (roots and buds), a homozygous line
would be effectively produced. Geneticists have always at-
tempted to create genetic options for the future. If we look
carefully at where these current and future biotechnologies
are heading in forestry, it is obvious that the research and
development will largely be used in support of advancing
clonal forestry. Therefore, it is in the context of appropriate
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clonal forestry that most of the issues need to be examined
and evaluated.

FUTURE PERSPECTIVE

Biotechnology application in forestry has made tremendous
strides in the past decade. Many tree species engineered for
expression of a variety of traits are already under extensive
cultivation in many parts of the word. The status of bio-
technology in India is very encouraging and the future back
on with many opportunities. All modern biotechnologies
require large research and development investments. The
allocation of funds, through either private or public agen-
cies, needs to achieve a balance between building scientific
capabilities and knowledge and supporting more applied,
well proven forestry technologies. From a genetic perspec-
tive, concerns that biotechnology is “unnatural” ignore the
dynamic changes in the genetic code that occur within and
across species genomes through modification of transpos-
able genes or elements by virus vectors and through muta-
tion. Tissue culture or genetically modified trees will be
substantial managers with time to evaluate many of the is-
sues being faced in agriculture, the economic realities of
relatively long generations will continue to be a major chal-
lenge for investors in biotechnology in forest trees. It ap-
pears that genetic modification will therefore become a re-
ality only for particularly novel and valuable traits in short-
rotation species in intensively managed plantations. Other
forest management decisions with potentially more serious
ecological consequences, including large-scale species in-
troductions or inappropriate use of provenances or improved
trees from even conventional breeding, need to be evalu-
ated by foresters, managers and regulatory agencies in the
same way as the products of modern biotechnology. How-
ever, while those in the forefront of any technology will
promote its potential benefits, in the end it will be the eco-
nomic and regulatory systems of governing bodies at the
national and global levels that must evaluate the technolo-
gy’s relevance and appropriateness.

CONCLUSION

This article has sought to address the main issues that should
remain relevant to the use of any modern biotechnology in
forestry, now and in the future. Many cultures have a pow-
erful attachment to forests, and concern over their destruc-
tion has driven much of the growth of environmental groups.
Their activities have done much to highlight the problems
of deforestation worldwide, but the solutions they offer for
stabilizing the world’s wood supply have sometimes been
less than helpful. For the world to be supplied with the wood
it needs on a long-term sustainable basis, it needs to invest
much more in the development of high-yielding, short rota-

tion plantation forests. Biotechnology is essential to achiev-
ing this goal. The alternative is that the world’s remaining
natural forests will continue to be degraded, probably at an
accelerating rate, and/or pollution from wood substitutes
will increase. Those who oppose plantation forests either in
any form, or the application of biotechnology to their de-
velopment, need to be clear what the choices really are,
rather than what they might like them to be. The logic of
plantation forests is so strong that they will undoubtedly
play a major role in achieving global sustainability. The only
real question is how much more damage will be done to
Earth’s natural forests before the essential contribution of
plantation forests is fully recognized. Genetic engineering
is becoming a routine method in forestry. Although the pos-
sibilities in agriculture are much better because of the
broader knowledge available and background breeding in-
formation, forest trees are also clearly in the focus of re-
search. The ability to transfer genes into the genome of trees
offers ample opportunities in the field of breeding research.
Based on the Indian government’s aim to enlarge the total
area covered by forests to 23% by 2010 and to 33% by 2020,
biotechnology is going to play a central role to tackle spe-
cific challenges. Trees are long living organisms and often
surrounded by their wild relatives, which causes a risk of
gene flow from transgenic stands into natural populations.
Research is still needed to investigate the problems related
to transgenic trees, e.g. concerning all aspects of biosafety
including efforts to prevent the escape of transgenes into
natural populations. Approval for the commercial use of
transgenic trees and their easy vegetative propagation by
cuttings (e.g. in poplar, Eucalyptus, casuarinas and Salix)
can cause a rapid distribution of transgenic plant material
in the near future.

REFERENCES

Agrawal, N., Dasaradhi, P.V.N., Mohmmed, A., Malhotra, P., Bhatnagar,
R.K. and Mukherjee, S.K. 2003. RNA interference: Biology, mecha-
nism, and applications. Microbiology and Molecular Biology Reviews,
67: 657-685.

Ahuja, M.R. and Libby, W.J. (Eds.) 1993. Clonal forestry II: Conservation
and Application. Springer-Verlag, Berlin and Heidelberg, Germany.

Amancio José de Souza, Beatriz Madalena Januzzi Mendes and Francisco
de Assis Alves Mourão Filho 2007. Gene silencing: concepts, appli-
cations, and perspectives in woody plants. Scientia Agricola, 64(6):
645-656.

Assis, T.F., Fett-Neto, A.G. and Alfenas, A.C. 2004. Current techniques
and prospects for the clonal propagation of hardwoods with emphasis
on Eucalyptus. In: Plantation Forest Biotechnology for the 21st Cen-
tury. Research Signpost, Trivandrum, India, pp. 303-333.

Baucher, M., Chabbert, B., Pilate, G., Doorsselaere, J. V., Tollier, M.T.,
Petit-Conil, M., Cornu, D., Monties, B., Van Montagu, M., Inze, D.,
Jouanin, L. and Boerjan, W. 1996. Red xylem and higher lignin ex-
tractability by down-regulating a cinnamyl alcohol dehydrogenase in
poplar. Plant Physiol., 112: 1479-1490.

Baulcombe, D. 2000. Unwinding RNA silencing. Science, 290: 1108-1109.



Vol. 14, No. 3, 2015  Nature Environment and Pollution Technology

652 Vikas Kumar et al.

Benson, E. 2003. Conserving special trees: Integrating biotechnological
and traditional approaches. In: Forest Biotechnology in Europe: Im-
pending Barriers, Policy and Implication. Institute of Forest Biotech-
nology, Edinburgh, UK, 23-24.

Brown, G.R., Gill, G.P., Kuntz, R.J., Langley, C.H. and Neale, D.B. 2004.
Nucleotide diversity and linkage disequilibrium in loblolly pine. Proc.
Natl. Acad. Sci. USA, 101: 15255-15260.

Caihong, J., Huayan, Z., Hongzhi, W., Zhifeng, X., Kejiu, D., Yanru, S.
and Jianhua, W. 2004. Obtaining the transgenic poplars with low lignin
content through down-regulation of 4CL. Chinese Science Bulletin,
49(9): 905-909.

Chaix, G.  and Monteuuis, O. 2004. Biotechnology in the Forestry Sector.
In: Food and Agriculture Organization.

Davuluri, G.R., Van Tuinen, A., Mustilli, A.C., Manfredonia, A., Newman,
R., Burgess, D., Brummell, D.A., King, S.R., Palys, J. and Uhlig, J.
2004. Manipulation of DET1 expression in tomato results in
photomorphogenic phenotypes caused by post transcriptional gene si-
lencing. Plant Journal, 40: 344-354.

Diouf, D. 2003. Genetic transformation of forest trees. African J.
Biotechnol., 2: 328-333.

Evans, J. 1999. Planted forests of the wet and dry tropics: their variety,
nature, and significance. In: Planted Forests: Contributions to the Quest
for Sustainable Societies, pp. 25-36, Springer, Netherlands.

FAO 2004. The State of Food and Agriculture 2003-2004. Agricultural
Biotechnology: Meeting the Needs of the Poor? FAO Agriculture Se-
ries, No. 35. Rome.

Fenning, T.M. and Gershanzon, J. 2002. Where will the wood come from?
Plantation forests and the role of biotechnology. Trends Biotechnol.,
20: 291-296.

Fillatti, J.J., Selmer, J., McCown, B., Hassig, B. and Comai, L. 1987.
Agrobacterium mediated transformation and regeneration of Populus.
Mol. Gen. Genet., 206: 192-199.

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E. and Mello,
C.C. 1998. Potent and specific genetic interference by double-stranded
RNA in Caenorhabditis elegans. Nature, 391: 806-811.

Gallardo, F., Fu, J., Jing, Z.P., Kirby, E.G. and Caovas, F.M. 2003. Genetic
modification of amino acid metabolism in woody plants. Plant Physiol.
Biochem., 41: 587-594.

Gartland, K.M.A., Crow, R.M., Fenning, T.M. and Gartland, J.S. 2003.
Genetically modified trees: production, properties and potential. J.
Arboric., 29(5): 259-266.

Gill, G.P., Brown, G.R. and Neale, D.B. 2003. A sequence mutation in the
cinnamyl alcohol dehydrogenase gene associated with altered
lignification in loblolly pine. Plant Biotechnol. J., 1: 253-258.

Goldstein, D.A., Songstad, D., Sachs, E. and Petrick, J. 2009. RNA inter-
ference in plants. Monsanto. http://www.monsanto.com

Guimarães, E.P., Ruane, J., Scherf, B.D., Sonnino, A. and Dargie, J.D. 2007.
Marker assisted selection: Current status and future perspectives in
crops, livestock, forestry and fish. Food and Agriculture Organization
of The United Nations, Rome, pp. 283.

Harfouche, A., Meilan, R. and Altman, A. 2011. Tree genetic engineering
and applications to sustainable forestry and biomass production. Trends
in Biotechnol., 29(1): 9-17.

Heilman, P.E. 1999. Planted forests: poplars. New Forest, 17: 89-93.
Herschbach, C. and Kopriva, S. 2002. Transgenic trees as tools in tree and

plant physiology. Trees, 16: 250-261.
Hu, W.J., Harding, S.A., Lung, J., Popko, J.L., Ralph, J., Stokke, D.D.,

Tsai, C.J. and Chiang, V.L. 1999. Repression of lignin biosynthesis
promotes cellulose accumulation and growth in transgenic trees. Na-
ture Biotech., 17: 808-812.

Ingvarsson, P.K. 2005. Nucleotide polymorphism and linkage disequilib-
rium within and among natural populations of European aspen (Populus
tremula L. Salicaceae). Genetics, 169: 945-953.

IPCC, 2007. The Physical Science Basis. Contribution of Working Group

I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Mar-
quis, K. B. Averyt, M. Tignor and H. L. Miller (Eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY,
USA. 996p.

Jia, Z., Sun, Y., Yuan, L., Tian, Q. and Luo, K. 2010. The chitinase gene
(Bbchit1) from Beauveria bassiana enhances resistance to Cytospora
chrysosperma in Populus tomentosa Carr. Biotechnol. Lett.,  32: 1325-
1332.

Lapierre, C., Pollet, B., Petit-Conil, M., Toval, G., Romero, J., Pilate, G.,
Leple, J.C., Boerjan, W., Ferret, V., De Nadai, V. and Jouanin, L. 1999.
Structural alterations of lignins in transgenic poplars with depressed
cinnamyl alcohol dehydrogenase or caffeic acid O-methyltransferase
activity have an opposite impact on the efficiency of industrial kraft
pulping. Plant Physiol., 119: 153-163.

Lee, D., Meyer, K., Chapple, C. and Douglas, C.J. 1997. Antisense sup-
pression of 4-coumarate: Coenzyme a ligase activity in arabidopsis
leads to altered lignin subunit composition. Plant Cell, 9: 1985-1998.

Lev-Yadun, S. and Sederoff, R. 2000. Pines as model gymnosperms to
study evolution, wood formation and perennial growth. J. Plant Growth
Regul., 19: 290-305.

Li, J., Brunner, A.M., Shevchenko, O., Meilan, R., Ma, C., Skinner, J.S.
and Strauss, S.H. 2008. Efficient and stable transgene suppression via
RNAi in field grown poplars. Transgenic Res., 17: 679-694.

Li, L., Zhou, Y., Cheng, X., Sun, J., Marita, J.M., Ralph, J. and Chiang,
V.L. 2003. Combinatorial modification of multiple lignin traits in trees
through multigene cotransformation. PNAS., 100(8): 4939-4944.

Li, M. and Ritchie, G.A. 1999. Eight hundred years of clonal forestry in
China: I. Traditional afforestation with Chinese fi (Cunninghamia
lanceolata (Lamb.) Hook). New Forests, 18: 131-142.

Lloyd, A., Plaisier, C.L., Carroll, D. and Drews, G.N. 2005. Targeted muta-
genesis using zincfiger nucleases in Arabidopsis. Proceedings of the
National Academy of Sciences of the United States of America, 102:
2232-2237.

Lorenz, W.W. and Dean, J.F.D. 2002. SAGE profiling and demonstration
of differential gene expression along the axial developmental gradient
of lignifying xylem in loblolly pine (Pinus taeda). Tree Physiol., 22:
301-310.

Matzke, M., Matzke, A., Pruss, G. and Vance, V. 2001. RNA-based silenc-
ing strategies in plants. Curr. Opin. Genet. Dev., 11: 221-227.

Menzies, M.I. and Aimers-Halliday, J. 2004. Propagation options for clonal
forestry with conifers. Plantation Forest Biotechnology for the 21st
Century, pp. 255-274.

Merkle, S.A. and Dean, J.F. 2000. Forest tree biotechnology. Curr. Opin.
Biotechnol., 11: 298-302.

Neale, D.B. and Kremer, A. 2011. Forest tree genomics: Growing resources
and applications. Nature Reviews Genetics, 12(1): 111-122.

Neale, D.B. and Savolainen, O. 2004. Association genetics of complex traits
in conifers. Trends Plant Sci., 9: 325-330.

Park, Y. S., Barrett, J.D. and Bonga, J.M. 1998. Application of somatic
embryogenesis in high-value clonal forestry: deployment, genetic con-
trol, and stability of cryopreserved clones. In Vitro Cell. Dev. Biol.
Plant, 34(3): 231-293.

Pena, L. and Seguin, A. 2001. Recent advances in the genetic transforma-
tion of trees. Trend Biotechnol., 19: 5000-5506.

Pilate, G., Guiney, E., Holt, K., Petit-Conil, M., Lapierre, C., Leple, J.C.,
Pollet, B., Mila, I., Webster, E. A., Marstorp, H. G., Hopkins, D. W.,
Jouanin, L., Boerjan, W., Schuch, W., Cornu, D. and Halpin, C. 2002.
Field and pulping performances of transgenic trees with altered
lignification. Nat. Biotechnol., 20: 607-612.

Plomion, C., Leprovost, G. and Stokes, A. 2001. Wood formation in trees.
Plant Physiol., 127: 1513-1523.

Poke, F.S., Vaillancourt, R.E., Elliott, R.C. and Reid, J.B. 2003. Sequence
variation in two lignin biosynthesis genes, cinnamoyl CoA reductase



Nature Environment and Pollution Technology  Vol. 14, No. 3, 2015

653APPLICATION OF BIOTECHNOLOGY IN FORESTRY

(CCR) and cinnamyl alcohol dehydrogenase 2 (CAD2). Molecular
Breeding, 12(2): 107-118.

Ritchie, G.A. 1991. The commercial use of conifer rooted cuttings in for-
estry: A world overview. New Forests, 5: 247-275.

Sedjo, R.A. 2001. From foraging to cropping: The transition to plantation
forestry, and implications for wood supply and demand. Unasylva,
52: 24-27.

Séguin, A. 1999. Transgenic trees resistant to microbial pests. For. Chron.,
75: 303-304.

Shaked, H., Melamed-Bessudo, C. and Levy, A.A. 2005. High-frequency
gene targeting in Arabidopsis plants expressing the yeast RAD54 gene.
Proceedings of the National Academy of Sciences of the United States
of America, 102: 12265-12269.

Strauss, S.H., Boerjan, W., Cairney, J., Campbell, M., Dean, J., Ellis, D.,
Jouanin, L. and  Sundberg, B. 1999. Forest biotechnology makes its
position known. Nat. Biotechnol., 17: 1145.

Strauss, S.H., DiFazio, S.P. and Meilan, R. 2001. Genetically modified
poplars in context. Forest. Chron., 77: 271-279.

Sutton, W.R.J. 1999. The need for planted forests and the example of radiata
pine. New Forest, 17: 95-109.

Tang, G., Galili, G. and Zhuang, X. 2007. RNAi and microRNA: Break-
through technologies for the improvement of plant nutritional value
and metabolic engineering. Metabolomics, 3: 357-369.

Tang, G., Galili, G. and Zhuang, X. 2007a. RNAi and microRNA: Break-
through technologies for the improvement of plant nutritional value
and metabolic engineering. Metabolomics, 3: 357-369.

Tang, W., Newton, R.J., Li, C. and Charles, T.M. 2007b. Enhanced stress
tolerance in transgenic pine expressing the pepper CaPF1 gene is as-
sociated with the polyamine biosynthesis. Plant Cell Rep., 26: 115-
124.

Tenea, G.N. 2009. Exploring the world of RNA interference in plant func-
tional genomics: A research tool for many biology phenomena. Cen-
tre of Microbial Biotechnology, pp. 4360-4364.

Teo, G., Suziki, Y., Uratsu, S.L., Lampien, B., Ormonde, N., Hu, W.K.,
Dejong, T.M. and Dandekar, A.M. 2006. Silencing leaf sorbitol syn-
thesis alters long-distance portioning and apple fruit quality. Proceed-

ing of the National Academy of Sciences of the USA, 103: 18842-
18847.

Toda, R. 1974. Vegetative propagation in relation to Japanese forest tree
improvement. NZ Journal of Forestry Sci., 4(2): 410-417.

Turnbull, J.W. 1999. Eucalypt plantations. New Forest, 17: 37-52.
Tzfira, T., Zuker, A. and Altman, A. 1998. Forest-tree biotechnology: Ge-

netic transformation and its application to future forests. Trends in
Biotechnol., 16: 439-446.

Van Frankenhuyzen, K. and Beardmore, T. 2004. Current status and envi-
ronmental impact of transgenic forest trees. Can. J. For. Res., 34: 1163-
1180.

Van Uyen, N. 2006. Novel approaches in plants breeding RNAi technol-
ogy. Proceedings of International Workshop on Biotechnology in
Agriculture, pp. 12-16.

Viswanath, V., Albrectsen, B.R. and Strauss, S.H. 2011. Global regulatory
burden for field testing of genetically modified trees. Tree Genetics &
Genomes, 8: 221-226.

Wheeler, N. 2004. A snapshot of the global status and trends in forest bio-
technology. In: FAO, Washington State, USA.

Wright, D.A., Townsend, J.A., Winfrey, R.J., Jr Irwin, P.A., Rajagopal, J.,
Lonosky, P.M., Hall, B.D., Jondle, M.D. and Voytas, D.F. 2005. High-
frequency homologous recombination in plants mediated by zinc-figer
nucleases. Plant Journal, 44: 693-705.

Yu, X., Kikuchi, A., Matsunaga, E., Morishita, Y., Nanto, K., Sakurai, N.,
Suzuki, H., Shibata, D., Shimada, T. and Watanabe, K.N. 2009. Estab-
lishment of the evaluation system of salt tolerance on transgenic woody
plants in the special netted-house. Plant Biotechnol., 26: 135-141.

Zhang, Q., Zhang, Z.Y., Lin, S.Z. and Lin, Y.Z. 2005. Resistance of
transgenic hybrid triploids in Populus tomentosa Carr. against 3 spe-
cies of lepidopterans following two winter dormancies conferred by
high level expression of cowpea trypsin inhibitor gene. Silvae Genetica,
54(3): 108-115.

Zhu, X. and Galili, G. 2003. Increased lysine synthesis coupled with a knock-
out of its catabolism synergistically boosts lysine content and also trans
regulates the metabolism of other amino acids in Arabidopsis seeds.
Plant Cell, 15: 845-853.


