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Gene expression in Eucalyptus branch wood with marked
variation in cellulose microfibril orientation and lacking
G-layers
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• In response to gravitational stresses, angiosperm trees form tension wood in the
upper sides of branches and leaning stems in which cellulose content is higher,
microfibrils are typically aligned closely with the fibre axis and the fibres often have
a thick inner gelatinous cell wall layer (G-layer).
• Gene expression was studied in Eucalyptus nitens branches oriented at 45° using
microarrays containing 4900 xylem cDNAs, and wood fibre characteristics revealed
by X-ray diffraction, chemical and histochemical methods.
• Xylem fibres in tension wood (upper branch) had a low microfibril angle, contained
few fibres with G-layers and had higher cellulose and decreased Klason lignin
compared with lower branch wood. Expression of two closely related fasciclin-like
arabinogalactan proteins and a β-tubulin was inversely correlated with microfibril
angle in upper and lower xylem from branches.
• Structural and chemical modifications throughout the secondary cell walls of fibres
sufficient to resist tension forces in branches can occur in the absence of G-layer
enriched fibres and some important genes involved in responses to gravitational
stress in eucalypt xylem are identified.
Key words: β-tubulin, cellulose, cellulose microfibril angle, Eucalyptus, fasciclin-like
AGP, G-layer, lignin, tension wood.
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Introduction
Many angiosperm trees form wood with distinct properties in
response to gravitational stresses incurred in leaning stems or
branches or in response to wind or load (Scurfield & Wardrop,
1962; Prodhan et al., 1995; Mellerowicz et al., 2001). Known
as tension wood (TW) or reaction wood, it functions in the
recovery of the vertical position by leaning stems and branches
or maintenance of an established stem orientation. Anatomically, TW tends to have fewer vessels that are also of smaller
diameter, and a greater proportion of thicker-walled fibres
with a higher cellulose and reduced lignin content (Wilson &
White, 1986). Tension wood fibres frequently have an additional

94

inner layer of the secondary wall, called the gelatinous layer or
G-layer, which in many cases completely fills the cell cavity.
The G-layer is characteristically unlignified and is composed
principally of highly crystalline cellulose microfibrils aligned
closely with the cell axis. The presence of G-layers is regarded
by many to be diagnostic of TW (Wardrop, 1964); however,
there are several reports of TW where G-layers were either rare
or absent. Fisher & Stevenson (1981) did not detect G-layers
in xylem fibres from the upper sides of branches in 56 out of
122 species, while Clair et al. (2006) failed to detect G-layers
in 13 out of 21 rainforest species. Most gymnosperms also
form reaction wood, known as compression wood, in the
lower sides of stems. Compression wood is characterized by
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short, rounded, thick-walled tracheids with a higher lignin
content and higher cellulose microfibril angle (MFA; the
overall angle that cellulose MFs make with the longitudinal
axis of the fibre cell) in the S2 layer (Timell, 1986).
Genomics research is beginning to reveal the molecular
mechanisms underlying TW formation in trees. Global
transcript analysis in poplar has revealed increased sucrose
synthase activity and thus carbon flow to cellulose biosynthesis;
however, expression changes in different secondary wall-specific
cellulose synthase genes was variable (Andersson-Gunneras
et al., 2006). Increased expression of genes encoding fasciclinlike arabinogalactan proteins (AGPs) has been observed in
poplar TW (Lafarguette et al., 2004; Andersson-Gunneras
et al., 2006). Genes encoding proteins involved in pectin
degradation were also more active in poplar TW while decreased
activity was observed in genes involved in the pentose
phosphate pathway as well as biosynthesis of lignin and matrix
carbohydrates. Xyloglucan endo-transglycosylase (XET) activity
was recently detected in developing G-layers in poplar where
they are believed to repair xyloglucan cross-linkages (Nishikubo
et al., 2007). Paux et al. (2005) examined TW in bending
experiments in Eucalyptus grandis and identified a cellulose
synthase gene that is more strongly expressed in TW. Several
genes in the lignin biosynthesis pathway were transiently
repressed in TW but their activity returned to normal a week
after bending. Genes directly involved in cell wall biogenesis
which are more highly expressed in the compression wood of
gymnosperms include three MYB genes (Bedon et al., 2007),
genes encoding several arabinogalactan proteins, α- and βtubulin and genes involved in lignin biosynthesis (Plomion
et al., 2000; Whetten et al., 2001; Koutaniemi et al., 2007).
Recently Washusen et al. (2005) observed that cellulose
MFA was dramatically altered in wood forming in Eucalyptus
globulus and E. grandis branches oriented at 80° from vertical.
Compared with vertical stems, MFA was markedly lower in
the upper side of branches and higher in the lower side of
branches, suggesting an active role of MFs in both tension
wood and opposite (lower branch) wood. Abundant G-layers
were detected in upper branches of both species.
Here we report investigations of TW formation in Eucalyptus nitens branches oriented at 45° from vertical. We examined morphological, chemical and physical properties of TW
and opposite wood and gene expression in these tissues using
Eucalyptus microarrays containing approx. 4900 xylem cDNAs.
This provides important clues to the possible role specific
classes of genes and pathways may play in xylem development
and responses to gravitational stresses in Eucalyptus.

Materials and Methods
Plant materials
Five 9-yr-old unrelated genotypes of E. nitens (Deane et
Maiden) Maiden and two of E. grandis W. Hill ex. Maiden

growing in Canberra, Australia, were used as a source of
biological material. Two E. nitens trees, tree 347 and tree
Tall6, were selected for detailed study after preliminary
analysis for the presence of G-layers. RNA was isolated from
xylem from the vertical main stem and from the upper and
lower quarter of adjacent branches oriented at approx. 45°
from vertical. A bark window approx. 400 × 60 mm was
removed from the stem using a hammer and chisel and young
xylem tissue scraped from the exposed wood. Branch samples
were harvested approx. 200 mm from the vertical main stem,
and branches extended c. 2 m beyond the sampling point. A
single 9-yr-old E. grandis tree growing in the same orchard
was used as a source of xylem tissue for RNA isolation and
cDNA library construction. Tissues were placed on ice
immediately after harvesting and then frozen in liquid
nitrogen within 20 min and stored at −80°C.
Wood sampling, X-ray diffraction and chemical
measurements
Two 1-cm wood cores were drilled through vertical stems and
four cores through branches at the sites of xylem sampling of
each E. nitens tree. Wood cores were treated as described in
Washusen et al. (2005) to produce two matching diametral
strips. One strip was used for X-ray diffraction analysis
(SilviScan-2, CSIRO, Clayton, Australia) and the other was
used for anatomical analysis by light microscopy.
Wood samples for lignin and cellulose analysis were collected
by cutting 200–250 mm segments from vertical stems and
branches; bark to pith wedges were sampled from the upper
and lower quarters of branches using a band saw. Wood samples
for WinCel analysis of cellular morphology and additional
histochemical staining tests were sampled from six positions
along a 400 mm length of two separate branches and a 200 mm
section of vertical stem of each E. nitens tree.
Wood density and MFA measurements were determined
using X-ray diffraction patterns obtained using SilviScan-II
and the methods of Downes et al. (1997). Before chemical
measurements, wood was ground in a Wiley mill to pass
through a screen with 0.75 mm holes. Cellulose was measured
in the Diglyme–HCl method (Macfarlane et al., 1999). Klason
lignin was estimated after digesting 1.0 g woodmeal with
72% v : v sulphuric acid, followed by boiling in 3% v : v
sulphuric acid. Acid soluble lignin in the hydrolysate was
measured by spectrophotometry at 206 nm (APPITA, 1978).
Microtechniques
The matching diametral wood strips were saturated in water
and 12 µm transverse sections cut on an American Optical
sliding microtome model 860 (AO Scientific, WarnerLambert Tech. Inc., Buffalo, NY, USA) along the entire
transverse face of each strip on the face closest to the sample
used for SilviScan analysis. The sections were stained with 1%
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aqueous Alcian blue and examined microscopically to identify
the location of TW. Alcian blue stains insoluble carbohydrates
blue (Gahan, 1984) and is used to stain cellulose in gelatinous
fibres. Additional transverse sections were cut from fresh
stem segments using a sliding microtome model 860 (AO
Scientific) and stained with a 1:2 mixture of 1% safranin
solution in 50% ethanol and 1% aqueous Alcian blue
(Gurr, 1960). Safranin stains strongly lignified tissue carmine
(crimson-red), moderately lignified tissue red and lightly
lignified tissue light pink (Aufseß, 1973). After staining,
sections were washed in deionized water before microscopic
examination on a Leica DMR Light Microscope fitted with
a Leica DC500 Camera (Leica Microsystems, Wetzlar,
Germany). Photomicrographs were taken of sections in the
outer 5 mm of stem and branch segments and images analysed
for cell dimensional properties using WinCel V 5.4A software
(Regent Instruments Inc., Blain, Canada) following the
manufacturer’s protocols.
Array construction, labelling and hybridization
A cDNA library of genes expressed in differentiating xylem
tissue from a vertical stem of E. grandis was constructed using
the Stratagene lambda ZAP®II pre-digested vector kit
(Stratagene, La Jolla, CA, USA) with poly (A)+mRNA isolated
by methods described previously (Southerton et al., 1998).
The primary library was amplified before pBluescript
phagemids were mass excised using the ExAssit/SOLR system
(Stratagene). Randomly picked phagemid colonies were
cultured in a 96-well plate and the inserts amplified by
polymerase chain reaction (PCR) directly using forward,
5′-GTAAAACGACGGCCAGTG-3′ and reverse, 5′-GGAAACAGCTATGACCATG-3′ primers using standard PCR
conditions. The PCR products were purified using the TIGR’s
filtration protocol (Hegde et al., 2000). Approximately 4900
cDNAs were printed onto Superaldehyde glass slides (TeleChem,
Sunnydale, CA, USA) using a Bio-Rad (Hercules, CA, USA)
VersArray Chipwriter Pro with SMP 3 stealth microspotting
quill pins (TeleChem). Each cDNA was spotted twice by
different pins on a different area of the same slide. Glass slides
were processed according to the TeleChem protocols. Cy3- and
Cy5-labeled (Amersham Pharmacia Biotech, Uppsala, Sweden)
cDNA probes were generated using the two-step labelling
method described by Schenk et al. (2000). Application of the
probe to microarray slides, hybridization and subsequent
washes of the slides were performed according to Schenk et al.
(2000). Two unrelated E. nitens trees in which G-layers were
not detected were sampled for microarray analysis. For each tree,
slides were hybridized with probes synthesized from vertical
xylem and one or other of upper or lower branch xylem. A
technical replication was made from the same RNA and the
Cy3 and Cy5 labels were swapped to minimize any possible
impact of inequalities in DNA incorporation and photo
bleaching of the fluorescent dyes. Microarrays were scanned
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with a GenePix TM4000A laser scanner (Axon Instruments,
Inc., Foster City, CA, USA). Spot intensities from scanned
slides were quantified using genepix pro 3.0 software. Grids
were predefined and manually adjusted to ensure optimal spot
recognition. Spots with dust or locally high background were
discarded, as well as spots that were not detected by the
software in at least half the slides.
Microarray analysis
All microarray data analysis were performed in R (http://
www.r-project.org) using the Bioconductor package Limma
(Smyth, 2005). Microarrays were normalization within each
array using the printtiploess function (Smyth & Speed, 2003).
All data was then normalized between arrays using scale
normalization. After normalization, each experiment was
analysed using a simple comparison methodology. Genes
selected from each experiment as being significantly differently
expressed were based on a stringent cut-off of possessing a
P-value ≤ 0.05 and a ratio value of ± 1.75. All microarray data
is available in a format that meets the minimal information
about microarray experiments (MIAME) standards (Brazma
et al., 2001) at both the public NCBI Gene Expression
Omnibus (GEO accession# = GSE8816, http://www.ncbi.nlm.
nih.gov/geo) and at http://www.pi.csiro.au/gena.
Sequence and expression analysis
The cDNA clones were sequenced using the CEQ 2000XL
DNA Analysis System (Beckman Coulter, Fullerton, CA, USA).
After manual correction and removal of vector sequences, the
remaining sequences were reduced to a 47 unigene set by
blast comparisons between all expressed sequences tag (EST)
sequences. The unigenes were compared with the Arabidopsis
genomic sequence using the tblastx search program in
November 2007. Genes for which a putative function was
identified were assigned to functional groups using the
MIPS search facility (http://mips.gsf.de/proj/thal/db/search/
search_frame.html).
Full-length cDNA clones of EgrFLA1, 2 and 3 were identified on the microarrays and fully sequenced. Deduced
amino acid sequences were used to search DNA sequence
databases using the tblastn search algorithm (Altschul et al.,
1990). Sequences with close similarity were aligned using
the clustal w program (Thompson et al., 1994) and the
alignments were used as input into mega 3.1 (Kumar et al.,
2004) to generate an unrooted phylogenetic tree using the
neighbour-joining method. All analyses were performed using
the default parameters specified by the authors.
Northern analysis was carried out using standard methods
(Sambrook et al., 1989). Full-length cDNA clones of each of
the three FLA genes were used as probes. A 281 bp probe
for EgrTUB1 containing 105 bp of the C-terminal and
176 bp of the 3′ untranslated region was amplified using the
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Fig. 1 Cellulose microfibril angle (MFA, solid line) and density (dashed line) in wood from two Eucalyptus nitens trees. Data is 2 mm means
obtained using SilviScan-2 from (a) pith to bark in vertical stems and (b) through the entire branch from the upper to the lower side. The position
of the pith in branches is indicated by a vertical line. Two traces from each tree are shown.

left primer 5′GCGGAGAGCAACATGAACG3′ and right
primer 5′ACCACCAGCCCCATATC3′. All probes gave single
bands when hybridized to Southern blots of eucalypt genomic
DNA indicating hybridization at a single locus (data not shown).

higher (38–52°) MFA compared with vertical wood (25°).
This contrast was apparent immediately from when the branch
was formed, as revealed by the divergence in MFA near the pith.
There was no clear difference in cellulose crystallite width
between upper and lower branch wood (data not shown).

Results
Microscopy
X-ray diffraction
Wood density and MFA in branches and vertical stems of
two E. nitens trees are shown in Fig. 1. Both traits fluctuated
throughout the length of wood cores taken through vertical
stems. Density did not appear to change markedly from pith
to bark; however, there was a slight decrease in MFA from pith
to bark reaching approx. 25° in the outer wood in both trees
(Fig. 1a). Similar fluctuations in density and MFA were
observed across cores taken from E. nitens branches (Fig. 1b).
In both trees, wood forming on the upper side of branches
appeared to have a slightly higher density than wood forming
on lower sides of branches. Striking variation in MFA was
observed in branches compared with vertical stems. Upper
branch wood had lower (12–25°) and lower branch wood had

Preliminary analysis of wood sections sampled from 400 mm
branch segments revealed abundant (c. 50% of fibres) bluestained G-layers in the two E. grandis genotypes and few
(c. 10% of fibres) in one of the five E. nitens genotypes (data not
shown). G-layers were absent in the remaining four E. nitens
genotypes, which included the further analysed trees 347 and
Tall6. In branch wood samples from both E. nitens trees no
evidence of carbohydrate-rich G-layers in fibres was observed
at four positions along a second branch at positions where
xylem was sampled for expression analysis. To investigate
further the presence of G-layers and lignin and to measure cell
wall and vessel areas, sections taken from 10 sites along a
further two branches oriented at 45° from the vertical in
each E. nitens tree were examined.
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Fig. 2 Microphotographs of cross-sections
taken through wood forming in the upper
(a,c,d) and lower (b) sides of Eucalyptus
nitens branches from tree 347 (c,d) and
tree Tall6 (a,b) stained with safranin and
Alcian blue (a–c) or Alcian blue (d). Safranin
stains strongly lignified fibres crimson and
moderately lignified fibres red, while Alcian
blue stains insoluble carbohydrates blue.
Bar: (a,b) 100 µm; (c,d) 20 µm. F, fibres; G,
G-layer; R, ray; V, vessel.

Table 1 Cell wall and vessel area in Eucalyptus nitens wood formed
in the upper and lower sides of branches
Branch
Tree
Tall6
Cell walls
Vessels
347
Cell walls
Vessels

Upper side

Lower side

93.6 ± 1.4†
4.4 ± 0.8†

90.2 ± 1.4†
7.1 ± 0.7†

91.3 ± 2.7†
5.9 ± 1.4†

86.7 ± 2.0†
9.0 ± 2.1†

Values are expressed as percentage means ± SD. Trait measurements
sharing the same symbol (†) are significantly different at P = 0.01.

In both trees, fibre cell walls from the upper side of
branches tended to stain bright red in large regions of the tissue
(Fig. 2a), whereas fibre cells from lower branches typically
stained a crimson-red colour (Fig. 2b), suggesting higher
lignification in lower branch wood. In all branch wood samples
from both E. nitens trees, Alcian blue stained ray cell walls and
portions of fibre cell walls adjacent to xylem vessels blue
indicting lower lignification in these cells. In both trees a very
small number of fibre cells from the upper side of the branch
that had very thick cell walls were stained orange with safranin
(Fig. 2c). In tree 347, the inner cell walls of a small subset of
these cells stained blue, indicating the presence of G-layers
containing insoluble carbohydrates (Fig. 2c,d).
Cellular traits were examined in cross-sections taken from
wood forming in the upper and lower sides of branches of both
E. nitens trees. The area occupied by vessels was significantly
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higher (50–60%) in wood from lower sides of branches,
while the area occupied by cell walls was significantly higher
in wood forming on upper sides of branches (Table 1).
Chemical composition
In both E. nitens trees, wood forming in vertical stems and
either side of branches had distinct chemical properties
(Table 2). Cellulose content was 17–24% higher and Klason
lignin content was 8–12% lower in wood forming on the
upper sides of branches compared with wood forming on the
lower sides of branches. Cellulose content of lower branch wood
was also significantly lower than levels observed in vertical
wood. In both trees, wood forming in vertical stems had
cellulose and Klason lignin contents that were intermediate
between upper and lower branch wood. Total lignin was not
significantly different between any of the three wood tissues
examined. This was because changes in acid-soluble lignin levels
were typically opposite to the observed variation in Klason
lignin.
Gene expression analysis
The cDNA clones that had a P-value ≤ 0.05 and a ratio value
of ± 1.75 in both E. nitens trees in comparisons between
vertical and branch xylem were considered to be differentially
expressed. Using this criterion, expressed sequence tags were
obtained for 113 clones. Fig. 3 shows a breakdown into
functional groups of the 47 unigenes obtained from the ESTs.
About 36% of the genes differentially expressed in branch
xylem compared with vertical xylem were involved in biogenesis
of the cell wall. A large number coded for proteins that shared
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Table 2 Cellulose and lignin content of Eucalyptus nitens wood
formed in vertical stems and the upper and lower sides of branches
Branch
Tree
347
Cellulose§
Klason lignin
Acid-soluble lignin
Total lignin
Tall6
Cellulose
Klason lignin
Acid-soluble lignin
Total lignin

Vertical stem

Upper side

Lower side

40.2 ± 0.16*
23.1 ± 0.37*
7.6 ± 0.52
30.7 ± 0.16

45.7 ± 2.37†
22.3 ± 0.43†
8.6 ± 0.91
31.0 ± 1.18

36.8 ± 0.24*†
25.2 ± 0.62*†
7.0 ± 0.55
32.2 ± 0.29

37.7 ± 0.03*‡ 41.1 ± 0.83†‡ 35.1 ± 0.04*†
21.7 ± 0.19
20.5 ± 0.20†
22.5 ± 0.48†
6.4 ± 0.28*
7.6 ± 0.34*
6.9 ± 0.26
28.0 ± 0.47
28.1 ± 0.37
29.4 ± 0.55

Values are means ± SD. Trait measurements sharing the same symbol
are significantly different at the following levels of probability; *,
P = 0.05; † or ‡, P = 0.01. §Cellulose and lignin content are expressed
as a percentage of total weight.

significant homology with genes identified in other plant species;
however, their function remains unknown (21%) and c. 13%
of the interesting transcripts had no homologues in the
Arabidopsis genome. When compared with vertical xylem, most
genes differentially expressed in upper branch xylem were
upregulated (71%) and most genes differentially expressed in
lower branch xylem were downregulated (78%). Two genes
described below (EgrTUB1 and EgrFLA2) were upregulated in
upper branch xylem and downregulated in lower branch xylem.
Differentially expressed genes coding for proteins likely to
be involved in cell wall biogenesis in xylem are listed in
Table 3. A complete list of the differentially expressed genes is
shown in the Supplementary Material (Table S1). The most
differentially expressed gene identified in our microarrays
was a gene with homology to genes coding for fasciclin-like
arabinogalactan proteins, which we named EgrFLA2. This gene
was upregulated in upper xylem and downregulated in lower
xylem and its expression was 27-fold higher in upper versus
lower xylem. Other genes with similar patterns of expression
included a closely related FLA gene, which we named EgrFLA1
(2.7-fold), and a β-tubulin, which we named EgrTUB1
(3.4-fold). These three genes were also among the most
redundant clones identified on our microarrays (EgrFLA1, 32
copies; EgrFLA2, 10 copies; EgrTUB1, 8 copies). An extensin
was identified that was downregulated in both upper and
lower xylem. Also of note was the downregulation in lower
branch xylem of several cell-wall loosening enzymes including
a xyloglucan endotransglycosylase protein and five genes
involved in the degradation of pectin, including a polygalacturonase, a pectinesterase and three pectate lyases.
The expression of EgrTUB1 and EgrFLA1 and EgrFLA2
were examined by northern blot analysis using RNA from an
additional branch from tree 347. An increase in expression of

Fig. 3 Genes found to be differentially expressed in eucalypt
branches distributed into functional groups.

EgrTUB1 (Fig. 4a) and EgrFLA1 and 2 (Fig. 4b) was detected
in upper branch xylem and a decrease in lower xylem compared
with vertical xylem, which was consistent with the microarray
data (Table 3).
Phylogenetic analysis of FLAs
Fig. 4(c) shows the position of EgrFLA1 and 2 in a
phylogenetic tree of fasciclin-like AGPs from Arabidopsis and
poplar that contain a single fasciclin domain. The eucalypt
FLAs cluster with AtFLA12 (EgrFLA1 and EgrFLA2) and
AtFLA 11 (EgrFLA3). EgrFLA1 and EgrFLA2 do not appear
to fall within the large poplar FLA12 clade which is most closely
related to AtFLA 12 and contains genes generally upregulated
in TW.

Discussion
We investigated changes in structural and chemical properties
of wood fibres in eucalypt branches and used eucalypt xylem
microarrays to investigate the underlying molecular mechanisms
of xylem responses to gravitational stresses. In contrast to
several reports in eucalypts (Scurfield & Wardrop, 1962; Paux
et al., 2005; Washusen et al., 2005) and other angiosperms
(Wilson & White, 1986; Prodhan et al., 1995; Pilate et al.,
2004), we observed very few tension wood fibres in the upper
side of branches with G-layers enriched in insoluble carbohydrates. Some thick-walled fibres were observed in which the
inner layer of the cell wall stained orange, perhaps indicating
altered or reduced lignin, but these fibres were extremely rare.
The paucity of fibres containing G-layers strongly suggests
that they are not essential for resisting the tension forces
experienced in upper branch wood in most E. nitens branches,
which are typically oriented at c. 45° or less. The lack of G-layers
in leaning stems and branches of many other Angiosperm
species (Fisher & Stevenson, 1981; Clair et al., 2006) raises
questions about their importance in resisting tension forces in
many natural situations. It should be pointed out that there
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Table 3 Genes differentially regulated in eucalypt branches likely to be involved in cell wall biosynthesis

Gene name

Genbank ID

Arabidopsis
homolog ID

Fasciclin-like arabinogalactan protein (EgrFLA2)
Cellulose synthase (EgCesA2)
Shikimate hydroxycinnamoyltransferase
Fasciclin-like arabinogalactan protein (EgrFLA1)
β-tubulin (EgrTUB1)

EF534217
EW688454
EW688399
EF534216
EF534219

At5g60490
At5g17420
At5g48930
At5g60490
At5g62700

Leucine-rich repeat family protein
Extensin

EW688250
EW688456

At3g20820
At5g14920

Pectinesterase
Laccase

EY195995
EY195997

At5g66920
At5g21105

Pectinesterase
Myo-inositol oxygenase
Polygalacturonase
Peptidoglycan-binding LysM domain-containing protein
Pectate lyase
β-tubulin (EgrTUB1)
Myosin heavy chain like, putative
Pectate lyase
Xyloglucan endotransglycosylase protein
Leucine-rich repeat transmembrane protein
Leucine-rich repeat transmembrane protein
Pectate lyase
Extensin
Fasciclin-like arabinogalactan protein (EgrFLA2)

EW688528
EY195985
EW688503
EW688545
EW688303
EW688268
EW688490
EY195993
EW688386
EW688358
EW688497
EW688219
EW688456
EW688462

At1g21850
At1g14520
At3g61490
At1g21880
At1g67750
At5g62700
At2g40480
At1g04680
At5g13870
At2g36570
At2g36570
At1g04680
At5g14920
At5g60490

Branch xylem
expression ratio
Upper/vertical
3.56
2.63
1.91
1.91
1.80
Upper/vertical
0.56
0.54
Lower/vertical
2.34
2.22
Lower/vertical
0.57
0.56
0.56
0.56
0.54
0.54
0.52
0.50
0.49
0.49
0.48
0.44
0.41
0.13

P-value

0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.03
0.02
0.04
0.02
0.01
0.03
0.01
0.02
0.00
0.00
0.01
0.00
0.00
0.00
0.04
0.00

Fig. 4 Northern analysis of EgrTUB1 and
EgrFLA1, 2 and phylogenetic analysis of
group A fasciclin-like arabinogalactan proteins
(AGPs). (a) Expression of EgrTUB1 in vertical
and branch xylem. (b) Expression of EgrFLA1
and EgrFLA2 in vertical and branch xylem.
(c) Phylogenetic tree of group A FLAs from
Arabidopsis, Populus spp. and Eucalyptus
grandis. CLUSTAL W was used to align protein
sequences and the unrooted dendrogram
was obtained using MEGA 3.1. Arabidopsis
Genome Initiative (AGI) codes, GenBank
accession numbers and PU IDs for the genes
used were as follows: Arabidopsis thaliana,
AtFLA6 (At2g20520), AtFLA7 (At5g65390),
AtFLA9 (At1g03870), AtFLA11 (At5g03170),
AtFLA12 (At5g60490), AtFLA13
(At5g44130); Populus gene names are
consistent with the names assigned in
Andersson-Gunneras et al. (2006);
Eucalyptus grandis, EgrFLA1 (EF534216),
EgrFLA2 (EF534217), EgrFLA3 (EF534218).

are differences in the experimental approaches used in recent
molecular studies, which may affect the stresses experienced in
the TW formed. In some studies previously vertical stems
were tied to adjacent trees at 45° (Paux et al., 2005) while in
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others the pots were inclined at 45° (Lafarguette et al., 2004;
Andersson-Gunneras et al., 2006). This may result in significantly higher stresses than those in our branches, which may
result in increased G-layer synthesis.
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The lack of G-layer fibres leads us to conclude that the
major changes to wood properties observed across branches,
including changes in microfibril orientation, cellulose content
and Klason lignin levels, are occurring during most or all
stages of secondary cell wall deposition in the majority of fibre
cells. The most striking phenotype observed in E. nitens
branches was the markedly divergent orientation of cellulose
microfibrils in branch wood forming above (c. 19°) or below
(c. 45°) the pith. A similar divergence in MFA has been
observed through branches in E. globulus (13°/40°) and
E. grandis (10°/50°) oriented at c. 80° to the vertical of the
main stem (Washusen et al., 2005). The much closer alignment
of cellulose microfibrils with the fibre axis in upper branch
wood would be expected to dramatically increase the stiffness
of upper branch wood. A lowering of cellulose MFA is a major
factor contributing to increased wood stiffness in eucalypts
(Evans & Ilic, 2001) and some softwoods (Cave & Walker,
1994). It is also interesting that compared with vertical wood,
MFA increased dramatically in lower branch wood. This
suggests that lower branch wood also plays an active role in
maintaining the mechanical stability of the branch.
Conspicuous among the differentially expressed genes was
a β-tubulin (EgrTUB1) which was upregulated in low MFA
wood (upper branch) and downregulated in high MFA wood
(lower branch). The α- and β-tubulin proteins form heterodimers, which are the major structural component of the
protofilaments within microtubules (MTs). There is growing
circumstantial evidence that plant MTs influence cellulose
microfibril orientation (Lloyd et al., 2000) and hence MFA in
trees (Chaffey, 2000). Cortical MTs are typically parallel to
cellulose microfibrils in many plant cells and recent evidence
has been presented that cortical microtubules guide CesA
complexes in primary cell walls (Paredez et al., 2006). There
are six expressed α-tubulins and nine expressed β-tubulins in
the Arabidopsis genome and expression of tubulin isoforms is
both tissue and developmental stage specific (Cheng et al.,
2001) and their role appears to be related to structural variations observed between α and β isoforms (Richards et al.,
2000). It is possible that the differential expression of the
EgrTUB1 gene may influence the arrangement of cortical
MTs in developing secondary walls in wood fibre cells and
that this in turn influences the direction of movement of the
cellulose synthesizing machinery at the plasma membrane.
This view is supported by the observation that MFA was
significantly altered in eucalypt tissues as a consequence
of stable transformation with EgrTUB1 (Spokevicius et al.,
2007).
Other differentially expressed genes in branches included
two coding for closely related fasciclin-like arabinogalactan
proteins, EgrFLA1 and EgrFLA2. These eucalypt FLAs are
most homologous to AtFLA12, a FLA belonging to subgroup
A (Johnson et al., 2003) that possesses a single fasciclin domain
flanked by two proline-rich domains. The FLAs belonging
to this group have also been found to be strongly expressed in

tissue undergoing secondary cell wall synthesis in angiosperms
(Sterky et al., 1998; Lafarguette et al., 2004; Pilate et al.,
2004; Andersson-Gunneras et al., 2006) and gymnosperms
(Loopstra & Sederoff, 1995; Loopstra et al., 2000). In poplar
there are 25 group A FLAs, owing to the occurrence of a large
number (22) most closely related to AtFLA12 (AnderssonGunneras et al., 2006). Most members of the latter group are
induced in TW in poplar (Lafarguette et al., 2004) just as
EgrFLA1 and EgrFLA2, the eucalypt FLAs most closely
resembling AtFLA12, are induced in TW in eucalypts. A third
FLA identified on our arrays, EgrFLA3, has two putative poplar
orthologues (PopFLA11A and B) and PopFLA11B was
observed to be more strongly expressed in opposite wood, the
equivalent of lower branch wood in this work (Lafarguette
et al., 2004). These observations suggest a level of functional
conservation among FLAs between poplar and eucalypts. Like
EgrTUB1, the expression of EgrFLA1 and EgrFLA2, was also
strongly correlated with changes in cellulose microfibril orientation, most dramatically in the case of EgrFLA2 where a
27-fold expression differential was observed between upper and
lower branch xylem. This suggests that these AGPs may also
contribute to the orientation of cellulose microfibrils within
the secondary wall. Arabinogalactan proteins have been
observed to be associated with pectic (1→4)-β-galacturonan
(Nothnagel, 1997) and they could interact with hemicellulosic
(1→4)-β glucans and cellulose (Seifert & Roberts, 2007). It
was recently demonstrated that AtFLA11 and AtFLA12 are
strongly expressed in Arabidopsis inflorescence stems (Ito
et al., 2005) and that both genes are coregulated with secondary
wall-specific CesA genes (Persson et al., 2005). Increased
expression of a secondary cell wall CesA gene in the upper
sides of branches of eucalypt branches was observed; however,
this same gene was not downregulated on the lower side of
branches.
The most substantial contrast in cell wall chemistry
between upper and lower branch wood was the increased
cellulose content of upper wood and increased Klason lignin
content of lower wood. As with the changes in MFA, the
changes in cellulose and Klason lignin are likely to be caused
by changes in most fibres and not the occurrence of a few
G-layer-containing fibres greatly enriched in cellulose and
devoid of lignin. Interestingly, lignin has recently been detected
in G-layers of polar tension wood (Gierlinger & Schwanninger,
2006). Few genes involved in cellulose and lignin biosynthesis
were identified in our experiments. Three secondary cell wall
CesAs have been identified in E. grandis (Ranik & Myburg,
2006) and at least two (EgCesA2 and EgCesA3) were represented on our microarrays; however, only EgCesA2 was upregulated in xylem from the upper sides of branches. Paux et al.
(2005) detected increased expression of EgCesA1, the third
secondary cell wall CesA, in eucalypt TW. It is possible that
increased expression of specific cellulose synthase isoforms
influences the behaviour of cellulose synthase complexes
in eucalypt xylem cells and that this affects the orientation of
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cellulose deposition. In Arabidopsis it has been demonstrated
that all three secondary cell wall CesA proteins are required for
correct arrangement of cellulose synthase complexes in the
plasma membrane of developing xylem cells (Gardiner et al.,
2003). These authors also observed that microtubules were
necessary for correct targeting of secondary CesA proteins to
regions of cell wall thickening.
The expression of genes encoding cell wall loosening/
hydrolytic enzymes was mostly downregulated in branches. In
lower branch xylem a xyloglucan endotransglycosylase (XET)
and five genes involved in the breakdown of pectin (including
a polygalacturonase, a pectinesterase and three pectate lyases)
were less strongly expressed. The only gene implicated in wall
loosening, which was upregulated, was a pectinesterase in the
lower side of branches. These observations suggest that less
remodelling of primary and/or secondary walls is occurring
during early stages of xylem development in the lower side of
branches. Genes involved in pectin breakdown were observed
to be less strongly modulated in TW than genes involved in
secondary cell-wall formation in E. grandis (Paux et al., 2005).
In poplar, a strong increase in transcript abundance of genes
involved in pectin degradation was observed in TW compared with vertical wood (Andersson-Gunneras et al.,
2006). Increased pectate lyase transcript abundance in tissues
where secondary wall deposition is occurring suggests that
in poplar they are involved in wall remodelling at the early
stages of secondary wall biosynthesis (Geisler-Lee et al.,
2006).
Eucalypt xylem responds to tension by increased synthesis
of cellulose microfibrils more closely aligned with the direction
of the tension force and reduced synthesis of Klason lignin.
We have identified genes likely to play an important role in
responses to tension and gravitational stresses in eucalypt
xylem. Among these, we have observed a strong negative
correlation between expression of two closely related fasciclinlike arabinogalactan proteins and a β-tubulin and lowered
microfibril angle. The products of these genes appear to play
a key role in increasing the stiffness of TW in eucalypts where
a strong correlation between microfibril angle and this trait
has been observed.
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