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Formation of plant tracheary elements in vitro – a
review
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Abstract

This review summarises two key aspects of in vitro plant tracheary element (TE) culture systems: establishment of
in vitro TE systems and methods for analysing TEs, based on examples of in vitro TE systems in angiosperms and
gymnosperms. A comparison between different TE systems suitable for various species and recent research studies
are also presented along with a presentation of the issues and future challenges underlying in vitro TE systems.
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Review
Trees are major components of the biosphere and their
wood plays a crucial role as a sustainable and renewable
primary product. Wood is one of the most widely uti-
lised natural materials on earth. The world currently con-
sumes 3.4 billion m3 of wood per year (Fenning et al. 2008).
Projections generated using a global forest-products model
suggest that the value of global consumption of wood prod-
ucts will increase - in real terms - at 1.9% per annum from
US$597 billion in 2002 to US$ 1,023 billion in 2030 (Turner
et al. 2006). This increase is based on continued use of wood
as raw material for fuel, pulp, paper and timber production,
and the manufacture of secondary wood products. Woody
biomass is also expected to be utilised as a sustainable and
carbon-neutral resource for biofuel and biomaterial prod-
ucts. It is a cost-effective and renewable resource for
industry and energy demands. The understanding of
the underlying processes of wood formation (xylogenesis)
is imperative for improving the quantity and quality of
wood produced considering the important roles of wood
currently and in the future (Bollhöner et al. 2012; Oda and
Fukuda 2012; Fukuda 2010; Turner et al. 2007).
What are tracheary elements?
Wood (xylem) and phloem are derived from cambial
cells and are produced by the secondary vascular system
of plants. In planta, the formation of secondary xylem is
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a well-ordered developmental process that occurs under
strict temporal and spatial regulation. It begins with
cambial cell divisions and ends with the formation of
xylem through programmed cell death (PCD).
Xylem tissues consist of three types of cells: tracheary ele-

ments (TEs), xylem parenchyma cells, and xylem fibre cells
(Figure 1). The tracheary elements of angiosperm xylem
(but not gymnosperm xylem) contain water-conducting cell
types called vessels.Tracheary elements (TEs) are one of
the major cell types in wood-forming xylem. They are
water-conducting tubes that are responsible for distributing
raw sap throughout the plant body. Mature TEs are dead
cells. These specialised vascular cells form hollow tubes
kept rigid and open by thickened ribs of secondary cell wall
that provide the major structural element in wood. These
lignified thickenings have a reticulate, spiral, annular,
scalariform, or pitted pattern, which is one of their
most characteristic morphological features (Fukuda 1992;
Höfte 2010). The patterned deposits of secondary wall in
TEs primarily consist of polysaccharides (cellulose micro-
fibrils and hemicelluloses) and lignin, a complex aromatic
polymer (Turner et al. 2007; Wagner et al. 2012). These
cell wall components result in a structure of great strength
and resistance to degradation (Lacayo et al. 2010). Depos-
ition of cell wall polymers prevents the collapse of the
xylem under the high pressure created by fluid transport
(Roberts and McCann 2000; Fukuda 2004) and reinforces
these cells enabling the TEs to withstand the negative
pressure generated during transpiration.
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Figure 1 Schematic model of xylem and phloem formation showing the origin of tracheary elements, adapted from Demura & Fukuda
(2007). * Gymnosperms do not have vessels in their xylem (wood).
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The advantages of studying tracheary elements in vitro
A sequence of specific cellular events involving cell dif-
ferentiation is required to form a mature TE and the
study of this process in planta is difficult because differ-
entiation occurs within complex tissues in the plant
body. For example, TEs developing in planta are not eas-
ily accessible during secondary-xylem formation. Cells
grown in vitro are more accessible for study of the devel-
opmental processes associated with xylogenesis. For ex-
ample, cell cultures that differentiate a high percentage of
TEs can be collected at different time points after induc-
tion of TE differentiation, and the changes in cell-wall
biochemistry, gene expression, and the proteome or
metabolome can be investigated (Milioni et al. 2002;
Kubo et al. 2005; Demura et al. 2002; Möller et al.
2005a, 2005b). Ideally this will involve in vitro cell cul-
tures that produce TEs in a synchronous manner to
provide access to high percentages of TEs that are in
specific stages of development. Examples of success-
fully established in vitro TE systems include Zinnia
elegans L. or Arabidopsis thaliana L. These model sys-
tems have been instrumental in obtaining an improved
understanding of cell wall architecture, composition
and molecular organisation of cell walls in TEs (Lacayo
et al. 2010; Höfte 2010; Oda and Fukuda 2012).

Experimental steps to induce tracheary elements in vitro
The successive experimental steps of TE formation in vitro
are: (i) initiation of xylogenic cell cultures, (ii) maintenance
of cultures and (iii) differentiation of TEs.

Initiation
Initiation of xylogenic cell cultures can be performed
using various types of explants from different plant
species. Xylogenic cells are cultivated either on solid or
in liquid medium with or without plant growth regula-
tors. In vitro TE differentiation firstly requires the dedif-
ferentiation of cells and subsequent differentiation of such
cells into immature and finally mature TEs (Figure 2).

Maintenance
Maintenance of xylogenic cell cultures by regular trans-
fers to fresh culture media is not possible for all initiated
TE systems, although it has been demonstrated for sev-
eral species. For example, initiation of Zinnia elegans
xylogenic cell cultures is done exclusively from freshly
isolated mesophyll cells as the subsequent maintenance
of these has not yet been demonstrated. On the other
hand, long-term maintenance of xylogenic cell cultures
has been established for Pinus radiata D.Don (Möller
et al. 2003), Arabidopsis thaliana (Oda et al. 2005; Pesquet
et al. 2010) and hybrid poplar (Populus tremula L. x
P. tremuloides Michx.) (Ohlsson et al. 2006).

Differentiation
Differentiation of TEs can be induced under controlled
culture conditions from callus grown on solid medium
or as cell suspension cultures (Table 1). This process has
been studied using many different plant species (Fukuda
and Komamine 1982; Fukuda 1992; Leitch and Savidge
2000; McCann 1997; Fukuda 1996) and is controlled by
various factors (for review see Möller 2006). Tracheary-
element differentiation is characterised by a series of
cytological changes. Initial cell expansion is followed by
deposition of lignified secondary cell wall and ultimately
programmed cell death (PCD) (Fukuda 1996, 1997b,
2010; McCann 1997), the latter including autolysis of
the cellular contents (Denton et al. 2012; Kuriyama and
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Figure 2 Detailed in vitro sequences of events in Zinnia elegans tracheary element differentiation adapted from Fukuda (1997a, 2010),
Groover et al. (1997), and Turner et al. (2007).
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Fukuda 2002). The uniformity, accessibility and reduced
complexity of in vitro cell cultures make them ideal re-
search tools to investigate the regulation of PCD in
plants (McCabe and Leaver 2000). Programmed cell
death, the final process of TE differentiation, is a genet-
ically regulated cell process that occurs in various devel-
opmental processes in plants. Programmed cell death is
initiated by vacuole rupture. The release into the cytosol
of hydrolytic enzymes, including deoxyribonucleases (DN-
ases), ribonucleases (RNases) and proteases, leads to the
degradation of TE cell contents (Groover et al. 1997;
Obara et al. 2001; Fukuda 2000; Hara-Nishimura and
Hatsugai 2011; Fukuda 1997a). The secondary cell-wall
patterning during xylem differentiation and the regula-
tion and function of xylem cell death have been reviewed
by Oda and Fukuda (2012) and Bollhöner et al. (2012) re-
spectively. Pesquet et al. (2013) demonstrated that cell
death of maturing TEs occurs independently of their lig-
nification status in Z. elegans xylogenic cell cultures,
showing that lignification is neither an inducer nor a pre-
requisite for TE PCD. Furthermore, the authors showed
that preventing cell death of maturing TEs inhibits TE cell
wall lignification.
The time required for TE induction and differenti-

ation varies among systems (Table 1). Differentiation
rates for TEs vary between genotypes of the same plant
species and between different species depending on the
type of in vitro method used to induce TEs (Table 1).
Synchrony of TE differentiation varies from fully
synchronous (Fukuda and Komamine 1982; Pesquet
et al. 2010), asynchronous (Möller et al. 2003) to over
semi-synchronous (McCann et al. 2000; Pesquet and
Tuominen 2011).

Analysis of tracheary elements
The composition, structure, and relative abundance of
TEs can be investigated using a range of qualitative and
quantitative methods. For example, morphological, cyto-
logical and histochemical analyses of differentiating TE
cells can be performed to identify potential factors in-
volved in TE differentiation. The three most common
types of analysis are discussed in more detail below and
summarised in Table 2.

Microscopic analysis of tracheary elements
Cytological characterisation of TE differentiation occur-
ring in vitro can be done using microscopic analysis. Ob-
servation of secondary wall thickening under a light
microscope allows TEs to be easily detected (Sato et al.
2011). Tracheary elements can be analysed qualitatively
using morphological features and quantitatively by deter-
mining the rate of differentiation using cell counting



Table 1 In vitro culture techniques, induction treatment duration and percentage of tracheary elements in various
angiosperms and gymnosperms species

Plant species In vitro culture Percentage or Duration References

technique mean TEs on induction

cell count* medium

Arabidopsis thaliana (A) Cell suspension 30% 4 days Oda et al. (2005)

Cell suspension 40% Not reported Pesquet et al. (2010)

Cryptomeria japonica (G) Callus 2 to 34% Not reported Mehra & Anand (1979)

Cupressus sempervirens (G) Callus 30* Not reported Havel et al. (1997)

Daucus carota (A) Callus 0 to 56* 21 days Aloni (1980)

Glycine max var. Biloxi (A) Callus 0 to 9% 21 days Fosket & Torrey (1969)

Glycine max (A) Callus 0 to 93* 21 days Aloni (1980)

Pinus contorta (G) Cell suspension 5 to 40% Not reported Webb (1981)

Pinus radiata (G) Callus 2 to 45% 10 days Möller et al. (2006)

Pinus sylvestris (G) Cell suspension 16% 25 days Ramsden & Northcote (1987)

Populus tremula x P. tremuloides (A) Cell suspension Occurrence 9 to 30 days Ohlsson et al. (2006)

Pseudostuga menziesii (G) Cell suspension 65% 42 to 49 days Pillai et al. (2011)

Syringa vulgaris (A) Callus 0 to 36* 21 days Aloni (1980)

Zinnia elegans (A) Cell suspension 30% 3 days Fukuda & Komamine (1980b)

Cell suspension 40% 4 days Fukuda & Komamine (1982)

Cell suspension 45% 5 days Gabaldón et al. (2005)

Cell suspension 60% 3 days Fukuda & Komamine (1980a)

Cell suspension 50 to 65% 3 days Church & Galston (1988)

Cell suspension 76% 2 days Twumasi et al. (2009)

Cell suspension 80% 4 days Roberts & McCann (2000)

Abbreviations: A angiosperm; G gymnosperm. *: mean number per callus observed.

Devillard and Walter New Zealand Journal of Forestry Science 2014, 44:22 Page 4 of 14
http://www.nzjforestryscience.com/content/44/1/22
methodologies. Examples of the types of data that can be
obtained using such methods are provided in Table 1.
Cells can be counted using a haemocytometer under

either normal light or polarised light. Clumps of cells are
usually observed when callus is used as in vitro source of
xylogenic cells. Pillai et al. (2011) segregated clumps of
cells using a ground glass grinder followed by filtration on
a nylon mesh prior to microscopic observations of Pseu-
dostuga menziesii (Mirb.) Franco TEs. Tracheary elements
can be distinguished from other cell types under polarised
light because the cellulose deposited in the reticulate cell-
wall thickenings produces strong birefringence.
Cell-staining techniques are very useful tools for cyto-

logical studies. Cell viability can be assessed following
staining with Evans blue, 4′,6-diamidino-2-phenylindole
(DAPI), or fluorescein diacetate (FDA) staining (Groover
et al. 1997). Evans blue is an indicator for non-viable
cells while DAPI or FDA staining can be performed to
differentiate between still living, differentiating TEs and
dead TEs (Kärkönen et al. (2011).
Cell-wall components can also be visualised by select-

ive staining. Phloroglucinol staining can be used to
monitor the level of lignification (McCann 1997; Sato
et al. 2011). Safranin also reacts with lignin by staining it
red. Lignified secondary plant cell walls can also be
visualised by staining them blue using O-toluidine blue.
Cellulose can be localised in cell walls after staining with
calcofluor white (Pesquet and Tuominen 2011). Fluores-
cence microscopy can be used to detect crystalline cellu-
lose by labelling TEs with CtCBM3-GFP (green fluorescent
protein), a fluorescently labelled family-3 carbohydrate
binding module that binds to cellulose (Lacayo et al. 2010).
Lignin can be localised under a fluorescence microscope,
due to autofluorescence of lignin in the green excitation
range. Cell-wall polysaccharides can be analysed using
fluorescence microscopy after labelling with a green fluor-
escent protein–tagged carbohydrate-binding molecule
specific for cellulose (Lacayo et al. 2010). Cell-wall
monosaccharide composition can be determined after
hydrolysis and gas chromatography analysis (Möller
et al. 2003). It is also possible to study the development of
TEs in real time using time-lapse video microscopy
(Groover et al. 1997). Pesquet et al. used time-lapse im-
aging of living cells to monitor TE programmed cell death



Table 2 Microscopic, biochemical, and molecular analysis methods used with in vitro tracheary elements

Analysis methods Research topic Selected references

Microscopic analysis

Bright field microscopy

TE observation under light and
polarised light

TE morphological analysis Pesquet and Tuominen (2011); Pillai et al. (2011)

TEs secondary wall fragments
generated by mild sonication

Internal organisation of TEs Lacayo et al. (2010)

Cell counting under light and
polarised light

Quantitative analysis of TEs Kärkönen et al. (2011); Pesquet and Tuominen (2011)

Evans blue staining Localisation of non-viable cells Groover et al. (1997)

Phloroglucinol-HCl, safranin,
O-toluidine blue staining

Lignin localisation McCann (1997); Oda et al. (2005); Pillai et al. (2011); Sato et al. (2011)

Atomic force microscopy

Topography of TE cell walls Lacayo et al. (2010)

Time-lapse microscopy and analysis Monitoring of TE PCD and
cell wall synthesis

Groover et al. (1997); Pesquet et al. (2010)

Fluorescence microscopy

Calcofluor white staining Cellulosic secondary cell walls
observation

Pesquet and Tuominen (2011)

DAPI, FDA viability staining Localisation of living
(non-lignified) cells

Groover et al. (1997); Pesquet and Tuominen (2011)

Lignin autofluorescence Visualisation of TEs lignified
cell walls

Pesquet and Tuominen (2011)

Green fluorescent protein specific
for crystalline cellulose

Cellulose accessibility and
binding in TEs

Lacayo et al. (2010)

Flow cytometry cell sorting Separation of TEs from
mesophyll cells

Ito et al. (2004); Weir et al. (2005)

Biochemical analysis

2D-NMR spectroscopy Lignin qualitative analysis Wagner et al. (2007)

AcBr lignin assay Lignin quantitative analysis Wagner et al. (2007)

Alkaline-nitrobenzene oxidation Monomeric composition
of lignin

Sato et al. (2011)

Pyrolysis-GC-MS and FTIR
spectroscopy

Lignin qualitative analysis Pillai et al. (2011)

FTIR spectromicroscopy Polysaccharides qualitative
analysis

Lacayo et al. (2010)

Klason lignin Lignin qualitative analysis Möller et al. (2005b)

Lignothioglycolic acid assay Lignin content in
differentiated cell wall

Pillai et al. (2011)

NMR spectroscopy Polysaccharides qualitative
analysis

Ramsden and Northcote (1987)

TFA hydrolysis and GC/GC-MS Monosaccharide content in
differentiated cell wall

Pillai et al. (2011); Möller et al. (2003)

Thioacidolysis Lignin qualitative analysis Möller et al. (2005a)

Thioglycolic acid lignin assay Lignin quantitative analysis Möller et al. (2003)

Molecular investigation

RT-PCR expression analysis Gene expression analysis Pesquet et al. (2010, 2013); Wagner et al. (2009); Milioni et al. (2002)

RNA-dependent gene overexpression
or silencing (RNA interference)

Gene function analysis Pesquet et al. (2010); Endo et al. (2008); Endo et al. (2009);
Möller et al. (2005b); Wagner et al. (2013); Wagner et al. (2009);
Wagner et al. (2007)

Abbreviations: 2D-NMR two-dimensional nuclear magnetic resonance, AcBr acetyl bromide, DAPI 4′ 6-diamidino-2-phenylindole, FDA fluorescein diacetate, FTIR
fourier-transform infrared, GC gas chromatography, GC-MS gas chromatography coupled mass spectroscopy, MS mass spectroscopy, NMR, nuclear magnetic
resonance, PCD programmed cell death, RT-PCR reverse transcriptase-polymerase chain reaction, TE tracheary element, TFA trifluoroacetic acid.
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and cell wall synthesis in Arabidopsis thaliana wood cells
(Pesquet et al. 2010).
Atomic force microscopy (AFM) has been used to

reveal the topography of TE cell walls (Lacayo et al.
2010). Mild sonication was used to physically dissect
TEs prior to microscopic analysis. The secondary
cell-wall fragments generated provided direct access to
the organisation of the internal secondary wall (Lacayo
et al. 2010).

Biochemical analysis of tracheary elements
Separate TEs from non-differentiated cells is important
for biochemical analysis and also for functional testing
of genes involved in secondary cell wall formation, be-
cause changes in secondary cell wall composition can be
detected more readily when the interfering primary cell
walls of the other cell types present in the cultures, are
removed.
Existing protocols for Pinus radiata enrich fully differ-

entiated TEs by differential sedimentation (Möller et al.
2005b). Lacayo et al. (2010) used density-gradient centri-
fugation to separate mixtures of TEs, mesophyll, and
dead cells after differentiation of cultured Zinnia elegans
mesophyll cells. Fractions highly enriched in TEs were
obtained using this physical process. Alternatively,
mesophyll cells can be separated from TEs by flow cy-
tometry involving the use of exogenous fluorescent la-
bels (Weir et al. 2005).
Various qualitative and quantitative methods exist that

can be used to analyse lignin. These include: a thioglyco-
lic acid lignin assay (Möller et al. 2003); Klason lignin
analysis (Möller et al. 2005b); thioacidolysis (Möller et al.
2005a, 2005b; Wagner et al. 2013); two dimensional
nuclear magnetic resonance (Wagner et al. 2007); an
acetyl bromide lignin assay (Wagner et al. 2007); alkaline-
nitrobenzene oxidation (Sato et al. 2011); pyrolysis-gas
chromatography coupled mass spectroscopy (Pillai et al.
2011); and Fourier-transform infrared (FTIR) spectros-
copy (Pillai et al. 2011). In some cases, similar methods
are applicable to the analysis of cell-wall polysaccharides,
e.g. nuclear magnetic resonance spectroscopy (Ramsden
and Northcote 1987), or using trifluoroacetic acid hydroly-
sis followed either by gas chromatography (Möller et al.
2003) or by gas chromatography coupled mass spectros-
copy (Pillai et al. 2011). Lacayo et al. (2010) generated
an architectural model of Zinnia elegans TEs using bio-
chemical extraction and three imaging platforms (atomic
force microscopy, synchrotron radiation-based Fourier-
transform infrared and fluorescence microscopy).

Molecular analysis of tracheary elements
Yamamoto et al. (1997) reported that uniconazole, an in-
hibitor of brassinosteroid synthesis, specifically suppressed
the accumulation of transcripts for genes that were
induced in the final stage of differentiation in association
with secondary wall formation and cell death in cultured
cells of Zinnia elegans. Yamamoto et al. (2007) isolated
Zinnia genes to obtain the key enzymes of brassinosteroid
synthesis in order to identify the molecular basis of the
regulation of brassinosteroids synthesis. The results sug-
gested that brassinosteroids biosynthesis during TE differ-
entiation may be regulated by the coordinated regulation
of biosynthesis of sterols and brassinosteroids. The team
of Ito and Fukuda (2002) demonstrated that an S1-type
nuclease, Zinnia endonuclease 1, is a central DNase re-
sponsible for nuclear DNA degradation during pro-
grammed cell death of Zinnia TEs. Later, Ito et al.
(2006) reported that a dodeca-CLE peptide suppresses
Zinnia TE differentiation. Ribo-nucleic acid silencing
in Zinnia TE differentiating cell cultures was devel-
oped in 2008 (Endo et al. 2008). This method was used
to identify the role of TE differentiation-related 6
(TED6) and TED7 genes in secondary cell wall formation
in cultured Zinnia cells (Endo et al. 2009). Tracheary elem-
ent differentiation increased with co-overexpression of
TED6 and TED7. Pesquet et al. (2010) identified a key pro-
tein involved in the organisation of microtubules during
TE differentiation using RT-PCR expression analysis,
RNA-dependent gene overexpression and RNA-dependent
gene silencing.
Lignification and lignin manipulations performed with

angiosperms and conifers have been reviewed by Boerjan
et al. (2003) and Wagner et al. (2012) respectively. Sato
et al. (1997) isolated and characterised a novel peroxid-
ase gene, ZPO-C, whose expression and function are
closely associated with lignification during Zinnia TE
differentiation. Pinus radiata xylogenic cultures were
used to investigate the function of xylogenesis-related
genes in conifers. Möller et al. (2005b) reported the silen-
cing of cinnamyl alcohol dehydrogenase, an enzyme asso-
ciated with the formation of cell wall polymers such as
lignin, using RNA interference. Suppression of genes
associated with the monolignol pathway in pine, such
as 4CL and HCT (encoding 4-coumarate CoA ligase
and p-hydroxycinnamoyl-CoA shikimate hydroxycin-
namoyltransferase), resulted in substantial lignin reduc-
tions of up to 50–60% (Wagner et al. 2007; Wagner et al.
2009). Suppression of a putative Pinus radiata clone
(PrCCoAOMT) encoding the lignin-related enzyme caf-
feoyl CoA 3-O-methyltransferase (CCoAOMT) caused a
reduction in lignin content of 5–20% in Pinus radiata TE
cultures. The lignin composition was affected, which
resulted in a lignin polymer containing p-hydroxyphenyl,
catechyl and guaiacyl units (Wagner et al. 2011). Suppres-
sion of the lignin-related gene cinnamoyl-CoA reductase
(CCR) in Pinus radiata TEs resulted in up to 46% re-
duction in lignin content in CCR-RNAi lines (Wagner
et al. 2013).
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In vitro tracheary element systems in angiosperms and
gymnosperms
In vitro TE systems have been developed from both
angiosperm and gymnosperm species but the majority of
studies have focused on angiosperms. A summary of
in vitro TE systems developed in herbaceous angiosperm
species (particularly Arabidopsis thaliana and Zinnia
elegans) and in wood-forming angiosperm and gymno-
sperm species is presented below.

In vitro tracheary element systems in herbaceous
angiosperms
The Arabidopsis thaliana xylogenic cell culture system
Arabidopsis thaliana provides a good model for investi-
gating the development of secondary xylem (Turner
et al. 2007). Its short generation cycle and very small
genome size enables a wide range of molecular and gen-
etic approaches. Arabidopsis thaliana is one of the best
genetically characterised plants with a genome size of
1.25 × 108 base pairs (The Arabidopsis Genome Initia-
tive 2000) (Pillai et al. 2011). In comparison, the size of
Pinus radiata genome is much larger (2.6 × 1010 base
pairs) (Ahuja and Neale 2005).
A xylogenic cell culture from Arabidopsis thaliana roots

was established in vitro (Pesquet et al. 2010). New cell lines
from root calli, were able to grow on hormone-free solid
medium. Subsequently, calli were transferred to liquid
medium and the cell suspensions transferred weekly to
fresh medium. In this system, TE induction was triggered
by addition of auxin, cytokinin, and brassinosteroid hor-
mones. Single cells differentiated synchronously into TEs
with up to 40% efficiency of TE differentiation (Table 1).
The overexpression of the microtubule-associated protein
gene (MAP70-1) enhanced the efficiency of TE differenti-
ation up to 60%. Pesquet et al. established that the
microtubule-associated protein MAP70-5 is up-regulated
during the secondary cell-wall formation of A. thaliana
TEs (Pesquet et al. 2010; Pesquet et al. 2011). Microtubule-
associated protein MAP70-5 and its binding partner
MAP70-1are essential for the normal banding pattern
of secondary cell wall in A. thaliana wood-forming
cells and for the proper development of xylem tissue.
Furthermore, lignification of TEs was suggested to be
due to either the oxidative burst associated with cell
death or the lysis of their protoplast.
Secondary wall formation has been intensively studied

during xylem cell differentiation. Recently, several NAM/
ATAF/CUC (NAC) domain protein transcription factors
were shown to play crucial roles in specification into dis-
tinct xylem cells (Kubo et al. 2005, Demura and Fukuda,
2007; Yamaguchi and Demura, 2010). Kubo et al. (2005))
identified plant-specific transcription factors vascular-
related NAC-Domain transcription factors VND6 and
VND7. These proteins can induce transdifferentiation of
various types of cells into metaxylem and protoxylem-like
vessel elements, respectively. The functional suppression
of VND6 and VND7 causes defects in the formation of
vessel elements (Kubo et al. 2005; Yamaguchi et al., 2008).
Subsequently, Ohashi-Ito et al. (2010) found that VND6 is
a direct regulator of genes related to programmed cell
death as well as to secondary wall formation. These results
strongly suggest that VND6 and VND7 act as key regula-
tors of xylem vessel differentiation. Recently, it has been
reported that VND-INTERACTING2, isolated as an inter-
acting factor with VND7 protein, negatively regulates
xylem vessel differentiation (Yamaguchi et al., 2010).

Tracheary element differentiation using Zinnia elegans
mesophyll cells
Since the 1980s, the Zinnia elegans mesophyll cell cul-
ture system has been used extensively as a tool to study
xylogenesis in vitro. It has provided data on the diverse
morphological, structural, biochemical and molecular
events that occur during TE formation, including the hor-
monal regulation of TE differentiation (Fukuda 2004). The
system for generating Z. elegans single mesophyll cell cul-
tures is simple and well-defined: the first appearing pair of
leaves of Zinnia elegans plantlets is mixed with mannitol
and the mixture ground gently in a mortar and pestle or
using a blender. Steps for mechanical isolation and culture
of mesophyll cells are described in detail by Kärkönen
et al. (2011). An adaptation of the process of TE differenti-
ation in the Z. elegans xylogenic culture is presented in
Figure 2. Zinnia elegans leaf cells are easily isolated intact
because these cells have very few points of contact with
each other (McCann et al. 2000). Single mesophyll cells
from Zinnia elegans contain both palisade and spongy
parenchyma cells approximately 50 μm long and 25 μm
wide. Isolated and intact mesophyll cells can subsequently
be triggered to differentiate into TEs in a modified Fukuda
and Komamine medium supplemented with auxin and
cytokinin. Tracheary element differentiation usually oc-
curred within three days of the initial hormonal stimulus.
The differentiated TEs were 70 to 100 μm in length and
30 to 60 μm in width, indicating that the cells had ex-
panded during culture (Fukuda and Komamine 1980b).
Single mesophyll cells of Z. elegans differentiated directly
into TEs without prior cell division. Studying biochemical
markers of TE differentiation, Fukuda and Komamine
(1982) demonstrated that phenylalanine ammonia-lyase
and peroxidase bound to the cell walls can be used as
marker proteins for the differentiation of TE and lignin
biosynthesis. The same authors reported an synchronous
in vitro differentiation of Z. elegans mesophyll cells into
TEs with a differentiation rate of up to 60% (Fukuda and
Komamine 1980a) (Table 1). Kohlenbach and Schöpke
(1981) showed that isolated single mesophyll protoplasts
of Z. elegans can differentiate into TEs without cell
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division using Fukuda and Komamine medium supple-
mented with 1 mg L−1 BAP and 2 mg L−1 NAA. TE for-
mation occurred after five days on induction medium
using protoplasts originating from primary leaves. The dif-
ferentiation rate for Zinnia elegans TEs ranges from 30%
to 80% synchronously (Table 1, Fukuda & Komamine
1980b, Roberts & McCann 2000). Roberts et al. (1992) de-
veloped a simplified medium for the differentiation of TEs
in suspension cultures of mesophyll cells of Z. elegans. All
inorganic salts contained in media used previously were
retained in the simplified medium, but most were reduced
in concentration. The only organic supplements required
for optimum differentiation were thiamine and nicotinic
acid, in addition to the plant growth regulators BAP and
NAA and sucrose as a carbon source. Mannitol, an osmo-
ticum, was necessary for rapid, synchronous differen-
tiation. Twumasi et al. (2009) also established in vitro
Z. elegans cell suspension cultures using a differenti-
ation medium supplemented with 1 mg L−1 BAP and
1 mg L−1 NAA. These cultures also had high TE dif-
ferentiation rates (up to 76%) mainly due to condi-
tioning of the mesophyll cell culture and adjustments
of the phytohormonal balance in the cultures. Fur-
thermore, the authors demonstrated the association
of TE differentiation with production of molecules related
wound- or stress-responses. Later, Twumasi et al. (2010)
demonstrated the role of caspase inhibitors on the kinetics
of TE formation and dimensions of TEs in xylogenic
Z. elegans cell cultures. Roberts and McCann (2000) re-
ported that, after 96 hours, about 80% of the cells syn-
chronously undergo differentiation. A high differentiation
rate is important as it improves the usefulness of the Z. ele-
gans system as a model for xylogenesis-related research.
Ohdaira et al. (2002) studied mechanisms related to

structural changes of cell walls in TE-forming Z. elegans
cultures. Active cell-wall degradation took place concur-
rently with secondary cell-wall formation in developing
TEs, with pectin being one of the most substantially
modified cell-wall fractions. Lacayo et al. investigated
the cell-wall composition and structure of single Z. elegans
TEs. They proposed an architectural model of Zinnia
elegans TEs composed of three layers: an outermost
granular layer, a middle primary wall composed of a
meshwork of cellulose fibrils, and inner secondary wall
thickenings containing parallel cellulose microfibrils
(Lacayo et al. 2010. Lignin displayed a granular shape
in the secondary wall thickenings of Zinnia TEs. The
loss of lignin, observed by synchrotron radiation-based
Fourier-transform infrared spectromicroscopy, corre-
lated well with the absence of granules from chemically
treated secondary wall fragments. Pesquet et al. (2013)
showed that living, parenchymatic xylem cells contribute
to TE lignification in a non-cell-autonomous manner, thus
enabling the postmortem lignification of TEs.
The Zinnia elegans TE system has been used by sev-
eral authors to investigate the role of various experi-
mental factors influencing TE differentiation. Initial
cell density is a determining factor in TE differenti-
ation in Z. elegans mesophyll cell cultures (Fukuda and
Komamine 1980b). Kohlenbach and Schöpke (1981)
showed that Z. elegans protoplasts isolated from coty-
ledons differentiated into TEs later and to a lesser de-
gree than protoplasts originating from primary leaves.
The competence to differentiate is highly dependent
on Z. elegans cell concentration. Tracheary element
differentiation occurs synchronously at high frequency
above initial cell densities of 4.2 × 104 cells mL L−1,
but is significantly suppressed below this threshold.
This result indicates that intercellular interactions are
involved in the initiation and/or subsequent progresses
in TE differentiation (Matsubayashi et al. 1999). McCann
et al. (2000) reported that plant condition and leaf age are
critical factors influencing TE differentiation in the Zinnia
elegans in vitro system. Demura et al. (2002) constructed a
comprehensive profile of gene expression in an in vitro
Zinnia culture system to gather fundamental information
about the gene regulation underlying the differentiation of
plant cells. Together, Ito and Fukuda (2002) demonstrated
that Zinnia elegans endonuclease 1 (ZEN1) is a key en-
zyme in the degradation of nuclear DNA during pro-
grammed cell death of TEs. Reactive oxygen species, such
as hydrogen peroxide, are important signalling com-
pounds in various cell death processes in plants. Gabaldón
et al. (2005) demonstrated that Nitric oxide (NO) produc-
tion was necessary for differentiation of TEs derived from
Z. elegans mesophyll cells. Nitric oxide formation was sus-
tained during secondary cell-wall synthesis and cell au-
tolysis. Gómez Ros et al. (2006) demonstrated that
differentiating Zinnia elegans cultures are capable of
producing reactive oxygen species in vitro. Twumasi
et al. (2009) indicated the importance of initial cell via-
bility for TE differentiation Cultures with an initial cell
viability below 40% either formed only low numbers or
no TEs. Kwon et al. suggested that the protein RabG3b
plays a role in TE differentiation through its function
in autophagy Kwon et al. (2010). Pesquet et al. (2010)
established the role of microtubule bundling in setting
up the corresponding pattern of secondary cell wall
thickenings. Pesquet and Tuominen (2011) demon-
strated the strict dependence of TE differentiation on
ethylene biosynthesis and a stimulatory effect of ethyl-
ene on the rate of TE differentiation in vitro. Sato et al.
(2011) compared TE lignification and the formation of
stress-induced, lignin-like substances using the Z. ele-
gans in vitro system to understand their mechanism of
formation. The authors suggested that in the Z. elegans
lignin formation in TEs is regulated by the localisation
and activity levels of peroxidases.
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The Zinnia system is a robust model for vascular de-
velopment in plants providing a set of stage-specific
marker genes for xylogenesis (Milioni et al. 2002;
Pesquet et al. 2005). However, the major limitation of
the Zinnia elegans system is that the initiation of
xylogenic cultures is exclusively done from freshly
isolated mesophyll.

In vitro tracheary element systems of other herbaceous
angiosperms
A study by Fosket and Torrey (1969) reported that the
TE differentiation rate of Glycine max var. Biloxi ranged
from 0 to 9%. Tracheary element differentiation occurred
in all phases of callus growth. Both the number of TEs
and the number of cells increased logarithmically, demon-
strating that TE formation was correlated to cell division.
Aloni (1980) studied the roles of auxin and sucrose on
TE differentiation in callus cultures of Daucus carota
L., Syringa vulgaris L. and Glycine max (L.) Merr. They
found that the average TE cell count per callus ob-
served in this study was up to 36, 56 and 93 for Syringa,
Daucus and Glycine cultures, respectively (Table 1). The
authors did not state the size of the callus.

In vitro tracheary element systems in wood-forming
angiosperm and gymnosperm species
Herbaceous in vitro TE systems have contributed signifi-
cantly to the understanding of xylogenesis. However, it
is important to have long-lived woody trees species in-
cluded as model plants to study xylogenesis, as TE dif-
ferentiation may differ between herbaceous and woody
plants.

In vitro tracheary element systems with angiosperm trees
As far as the authors are aware, the only angiosperm
tree species used to experimentally produce TEs in vitro
belongs to the genus Populus. The major advantages of
using Populus spp. as model systems are their economic
importance as a forestry species, their relatively small
genomic size of 5.5 × 108 base pairs (Pillai et al. 2011),
and their ability to be genetically transformed. Ohlsson
et al. (2006) established two cell suspension cultures to
investigate the function of enzymes involved in cell wall
biosynthesis in the hybrid aspen, Populus tremula x P.
tremuloides. The cultures were characterised by the en-
zymatic activities and/or mRNA expression levels of cell
wall-specific proteins at different stages of cell suspen-
sion growth. The fine suspension culture was grown in
darkness, and consisted of relatively homogeneous small
yellowish aggregates. Subsequently, slow growing aggre-
gates were transferred to light and used to establish a
granular suspension culture, containing yellowish aggre-
gates of different sizes, up to 10 mm in diameter. The
authors reported the formation of TEs in the stationary
growth phase of the cell suspension cultures, particularly
in the granular culture. They also demonstrated that cell
suspension cultures of hybrid poplar exhibited a high level
of gene expression for cellulose synthase coinciding with
increased cellulose synthase activity. Yamagishi et al. (2013)
reported the formation of TEs in calli derived from petioles
of hybrid poplar (Populus sieboldii x P. grandidentata) after
10 days of culture on medium containing 1 μM brassino-
lide. The TEs that developed in calli were formed within
cell clusters.
Ogita et al. (2012) established a xylogenic suspension

culture system using a Phyllostachys species of bamboo,
and identified that the most common inter-unit linkages
in the bamboo cultured cell lignin were β-aryl ether,
phenylcoumaran and resinol structures.

In vitro tracheary element systems with gymnosperm
trees
Tracheary element systems were established in species
from the genera Cryptomeria, Sequoia, Ginkgo, Cupressus,
Pseudostuga, Pinus and Picea (reviewed by Möller 2006),
to study TE formation and secondary cell-wall formation
in gymnosperms.
Webb (1981) observed the formation of TEs in Pinus

contorta (Douglas) suspension cultures in a medium
supplemented with 1 mg L−1 2,4-D and 1 mg L−1 kin-
etin. Tracheary element differentiation was highest, ran-
ging from 20 to 40% of the cells, directly after the
initiation of suspension cultures, and declined with the
duration of culture to 5 to 10% of the cells (duration of
culture unspecified).
Around the same time, Makino et al. (1983) investi-

gated the formation of TEs in calli on Cryptomeria ja-
ponica D. Don and Sequoia sempervirens shoot and
Ginkgo biloba petiole segments cultured on solid Saito’s
inorganic medium Saito (1980) with the amino acids,
10 mg L−1 indolebutyric acid and 0.02 mg L−1 kinetin
(Makino et al. 1983). A few years later, Ramsden and
Northcote (1987) found that TEs could be induced when
Pinus sylvestris L. suspension cultures were transferred
from PRL-4 maintenance medium containing 2% su-
crose, 2 mg L−1 NAA and 2 mg L−1 2,4-D to the same
basal medium supplemented with 6% sucrose, 10 mg L−1

NAA and 2 mg L−1 kinetin. The TE differentiation was
16% after 25 days culture in the latter medium. Secondary
thickening of the wall of cells cultured in the induction
medium was confirmed by microscopic examination and
correlated with an increase in the lignin content and
changes in the polysaccharide composition of the cell wall.
Pinus sylvestris suspension cultures retained their ability
to form TEs after transfer to induction medium even
after 40 subcultures that spanned 2 years (Ramsden and
Northcote 1987). Havel et al. (1997) induced TEs formation
in friable callus cultures initiated from zygotic embryos in
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Cupressus sempervirens. The average number of TEs per
cluster was 30 (Table 1). The authors did not indicate the
size of the callus, however. Single cells represented approxi-
mately 30% of the total cell population, and cell clusters
70%. No free single TEs were found but TEs were formed
in ~2.5% of all clusters.
Möller et al. (2003) found that Pinus radiata xylem

strips-derived callus cells maintained on P6-SHv medium
(Hotter 1997) supplemented with 4.5 μM 2,4-D and
4.4 μM BAP differentiated into TEs when transferred to
P6-SHv medium supplemented with 2 g L−1 activated
charcoal. The differentiation rate varied from 2% to 45%
depending on growth conditions. High differentiation
rates were observed when calli were grown on solid modi-
fied EDM medium containing 5 g L−1 activated charcoal
without phytohormones and exposed to light (Möller
et al. 2006). Exposure to light was found to increase the
proportion of TEs differentiating in P. radiata callus cul-
tures placed on induction medium. The differentiation
rate increased from 20% when calli were grown in dark-
ness to 45% when calli were grown with 16 h or 24 h of
light exposure. When callus was grown with a 16 h photo-
period, TEs were observed 2 days after transfer of calli to
the induction medium, as compared to 5 days when calli
were cultured in darkness (Möller et al. 2006). The au-
thors showed that Pinus radiata TEs start to differentiate
at different times (asynchrony) after transfer of the cells to
induction medium. One possible explanation may be that
P. radiata callus cells transferred to induction medium
were in different stages of the cell cycle. The authors
hypothesised that the callus cells were more responsive to
TE inducing signals in a specific phase of the cell cycle, as
this is the case in mesophyll cell suspension cultures of
Zinnia elegans, which were highly responsive in the early
S-phase (Mourelatou et al. 2004). The differentiation rates
observed with xylogenic cell lines initiated from 18 differ-
ent genotypes of P. radiata varied from 10% to 40% after
16 h of light exposure. The rates varied not only between
genotypes but also between explant types (root, hypocotyl,
cotyledon and needle) isolated from the same plant (Devil-
lard, unpublished). Xylogenic P. radiata cell lines can be
maintained on P6-SHv medium (Hotter 1997) supple-
mented with 4.5 μM 2,4-D and 4.4 μM BAP. However,
in vitro P. radiata xylogenic cell cultures lose their cap-
acity to proliferate and form TEs with prolonged in vitro
culture periods (Devillard, unpublished).
Tracheary element differentiation in Pseudostuga men-

ziesii was reported by Pillai et al. (2011). Callus cells
were initiated on cambial strips obtained from 4 to
8 year-old trees and cultured on solidified Murashige
and Skoog medium (Murashige and Skoog 1962) supple-
mented with 2,4-dichlorophenoxyacetic acid (2,4-D) and
benzylaminopurine. Tracheary element formation was
induced when calli were subcultured several times on
maintenance medium and subsequently transferred to
solidified Murashige and Skoog medium (Murashige and
Skoog 1962) supplemented with 4 g L−1 activated char-
coal. The percentage of TEs differentiating after 6-7 weeks
on solid medium was not reported. Remarkably, approxi-
mately 65% of the callus cells differentiated into TE-like
cells provided they were cultured on a liquid version of
the same initiation medium excluding benzylaminopurine
for 6-7 weeks without subculture. 2,4-Dichlorophenoxya-
cetic acid was the only phytohormone was essential for
in vitro TE differentiation of P. menziesii suspension cul-
tured cells. Unlike the TEs formed on solidified medium,
most of the cells in suspension cultures divided end to
end, forming strands of about five to six or more cells.

Tracheary elements and genetic transformation
Xylogenic lines can be genetically transformed prior to
TE differentiation. Three common methods used to
transform xylogenic lines are biolistic particle delivery
(Ito and Fukuda 2002; Möller et al. 2003; Wagner et al.
2012), Agrobacterium tumefaciens-mediated transform-
ation (Pyo et al. 2007; Pesquet et al. 2010; Ohashi-Ito
et al. 2010) and electroporation (Endo et al. 2008).
A number of xylogenic cultures have been transformed

using biolistic techniques. Ito and Fukuda (2002) achieved
the transformation of cultured Z. elegans cells with the
Z. elegans endonuclease 1 (ZEN1) gene using a particle
bombardment method. Pinus radiata xylogenic cell
cultures can be transformed biolistically using a par-
ticle gun and subsequently used for testing of genes re-
lated to cell differentiation and cell-wall formation (Möller
et al. 2003; Wagner et al. 2012). This cell culture system is
very useful for functional genomics as it allows silencing
and over-expression of candidate genes. A maintenance
protocol is available for transgenic xylogenic P. radiata
cell lines. Producing transgenic TE lines is generally much
faster than production of transgenic plants, which makes
TE systems faster and more economic for studying the ef-
fects of genes on xylogenesis (Möller et al. 2003; Pillai
et al. 2011; Wagner et al. 2011; Wagner et al. 2013). The
in vitro radiata pine TE cell culture system requires
minimal space. Furthermore, the production of non-
transgenic and transgenic xylogenic cell cultures for
repeated testing is fast and independent of season
(Möller 2006).
Oda et al. (2005) developed an in vitro Arabidopsis

thaliana TE system using a newly established transgenic
cell suspension, named AC-GT13 and based on Agro-
bacterium tumefaciens-mediated transformation with a
green fluorescent protein containing vector. The cell
suspension was derived from A. thaliana (Columbia)
root culture with auxin and cytokinin (Mathur et al.
1998). Oda et al. (2005) demonstrated that the genetically
transformed A. thaliana suspensions could be induced to
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form TEs. The induction medium consisted of a modified
Murashige and Skoog (Murashige and Skoog 1962)
medium containing 1 μM brassinolide. Suspension cul-
tures were maintained in the dark. Instead of auxin and
cytokinin, AC-GT13 cells required brassinosteroid for
TE differentiation, with 2,4-dichlorophenoxyacetic acid
(2,4-D) having an inhibitory effect on TE differenti-
ation. Tracheary elements were semi-synchronously
formed during 48 to 96 h of culture, with more than 30%
of the cells differentiating into TEs (Table 1). Interestingly,
the TEs developed in a congregated manner on the inside
of cell clumps. It was also found that lowering sucrose (1%
vs. 3%) and phosphate (170 mg L−1 vs. 510 mg L−1) con-
centrations in the medium resulted in finer cell clumps
that were suitable for microscopic observations. Using this
system, the authors were able to demonstrate the partici-
pation of cortical microtubules in the deposition of
patterned secondary walls during TE differentiation
(Oda et al. 2005). Pyo et al. (2007) used Agrobacterium
tumefaciens-mediated transformation to study the regu-
lation of programmed cell death-related gene expression.
They discovered a novel tracheary-element-regulating cis-
element (TERE), which is responsible for expression of
both secondary wall-related and PCD-related genes.
Transient transformation and gene silencing was per-

formed by Endo et al. (2008) in Zinnia elegans cell cul-
tures differentiating TEs. They used an electroporation
based method to introduce plasmid DNA/double-stranded
RNAs into freshly isolated Z. elegans mesophyll cells. This
method allowed: (i) subcellular targeting of proteins in dif-
ferentiating Z. elegans cells; (ii) co-expression of several re-
porter genes; (iii) promoter activity monitoring; and (iv)
gene silencing by the direct introduction of double-
stranded RNAs. Genes encoding the catalytic subunit of
cellulose synthase, CesA, were efficiently silenced by intro-
duction of CesA double stranded RNA molecules. This re-
sulted in an increase of abnormal TEs with aberrant
secondary walls and confirmed the guiding role of cellulose
deposition on lignification.

Tracheary elements in vitro and in planta
Tracheary elements often differentiate in vitro as single
cells or in random groups and do not form complete
vascular tissue, such as wood. Therefore, vascular func-
tion and polar organisation cannot be addressed in tissue
cultures (Church 1993). Also, seasonal processes, such
as earlywood, latewood formation, and heartwood for-
mation and the seasonal cycle of cambial dormancy-
activity, probably cannot be studied in in vitro cell
cultures (Chaffey 2002; Möller 2006).
In planta, all stages of differentiation are present in

the same tissue, as opposed to the in vitro synchronous
cell culture systems where at any given time only TEs of
the same differentiation stage are present. This is a
limitation when suggesting an in planta model from an
in vitro one. On the other hand, synchrony of TE forma-
tion is an advantage when studying TE differentiation.
(Lacayo et al. 2010). In planta, xylem precursor cells de-
rived from the cambium in a process that can be defined
as a “continuous cambium”. By contrast, the in vitro TE
differentiation system, in which all cells progress sequen-
tially towards TE differentiation, can be defined as a “dis-
continuous cambium”. Discontinuous cambium models
can reveal characteristics of the individual stages of TE dif-
ferentiation in a unique manner, but they are not directly
comparable to a continuous cambium (Pesquet et al. 2011).
Identical hormonal signals induce TE differentiation of

Zinnia mesophyll cells in in vitro cell cultures and in leaf
discs, in which positional relationships and contact be-
tween cells of the mesophyll and vasculature are main-
tained (Church 1993). Xylogen, a proteoglycan-like factor
accumulates in vascular tissues and mediates cell-cell in-
teractions required for xylem differentiation in Zinnia cells
cultured in vitro (Motose et al. 2004). The cell-wall lignin
content and composition in in vitro differentiated TEs is
similar to those produced in Pinus radiata wood, demon-
strating that the in vitro P. radiata TE system is well
suited to study the formation of lignified secondary cell
walls in gymnosperms (Möller et al. 2005a; Wagner et al.
2007). In vitro cultured Zinnia elegans mesophyll cells are
a single cell-based system so cannot be used to study cell-
to-cell communication that is occurring during xylogen-
esis in plants. Furthermore, because Z. elegans TEs de-
velop in vitro as single cells rather than in contact with
neighbouring cells, their outermost surfaces may not be
representative of structures in living plants (Pesquet et al.
2006; Lacayo et al. 2010). Ogita et al. (2012) found several
differences in bamboo lignin substructures between
in vitro cultured cells and milled wood. Therefore, the au-
thors stated that the Phyllostachys bamboo in vitro TE
system could be a powerful tool for exploring the dynam-
ics of the lignification process of bamboo. Yamagishi et al.
(2013) reported that in vitro induced TEs formed bor-
dered pits and broad regions of secondary wall thickening
resembling TEs of secondary xylem in hybrid poplar
(Populus sieboldii x P. grandidentata). Pesquet et al.
(2013) showed that TE lignification occurs after TE pro-
grammed cell death in in vitro TEs and in planta.

Current issues and future challenges
Technical challenges that need to be overcome for some
in vitro TE systems include:

� Selection of xylogenic cell cultures with high
growth, transformation and TE differentiation rates

� Cryopreservation protocols for xylogenic cell
cultures

� Synchronisation of TE differentiation
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� Development of in vitro TE culture systems for new
plant species

Understanding the process of TE differentiation and
its regulation requires the identification of key compo-
nents (genes, transcription factors, intracellular and ex-
ogenous signalling molecules) involved in these processes
followed by understanding their interactions and regula-
tion. In vitro TE cell cultures will be a very useful tool to
further study TE formation by integrating genomic, tran-
scriptomic, proteomic and metabolomic data during TE
differentiation. The role of the extracellular matrix and
plant cell-to-cell communication (Hirakawa et al. 2011)
must also be investigated to determine whether some cells
may be required to remain as “xylem parenchyma cells” to
act as nurse or feeder cells during in vitro TE differentiation.
Conclusion
When used as models, in vitro TE culture systems can
contribute to a better understanding of wood formation
and have advantages over in planta systems, both for
basic scientific and more applied studies. The process of
TE differentiation including secondary cell wall forma-
tion, lignification and programmed cell death, will be
better understood by employing in vitro cell culture ap-
proaches. Responses of in vitro TE systems to enzymatic
and microbial degradation could provide knowledge
assisting in biofuel production from lignocellulosic bio-
mass (Lacayo et al. 2010). This work will help refine
current cambium models, both the in vitro discontinuous
and in planta continuous model (Pesquet and Tuominen
2011). Finally, further analysis using in vitro TE systems
could help provide additional insight into stress-responses
and the complex mechanisms of lignin formation during
xylem differentiation (Pesquet et al. 2010; Sato et al. 2011;
Wagner et al. 2011). New genomic technologies are well
suited to identify the basic biological networks underlying
cambial functions and wood formation (Fenning and
Gershenzon 2002; Fenning et al. 2008; Du and Groover
2010;Groover 2007). An increasing basic knowledge of sec-
ondary vascular plant growth and development of trees
using TE in vitro culture systems may contribute to prac-
tical applications addressing bioenergy demands, deforest-
ation, and climate change issues.
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