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Abstract

Wood is of critical importance to humans as a primary feedstock for biofuel, fiber, solid wood products, and various
natural compounds including pharmaceuticals. The trunk wood of most tree species has two distinctly different
regions: sapwood and heartwood. In addition to the major constituents, wood contains extraneous chemicals that
can be removed by extraction with various solvents. The composition and the content of the extractives vary
depending on such factors as, species, growth conditions, and time of year when the tree is cut. Despite the
great commercial and keen scientific interest, little is known about the tree-specific biology of the formation of
heartwood and its extractives. In order to gain insight on the molecular regulations of heartwood and its extractive
formation, we carried out global examination of gene expression profiles across the trunk wood of black locust
(Robinia pseudoacacia L.) trees. Of the 2,915 expressed sequenced tags (ESTs) that were generated and analyzed
in the current study, 55.3% showed no match to known sequences. Cluster analysis of the ESTs identified a total
of 2278 unigene sets, which were used to construct cDNA microarrays. Microarray hybridization analyses were
then performed to survey the changes in gene expression profiles of trunk wood. The gene expression profiles
of wood formation differ according to the region of trunk wood sampled, with highly expressed genes defining
the metabolic and physiological processes characteristic of each region. For example, the gene encoding sugar
transport had the highest expression in the sapwood, while the structural genes for flavonoid biosynthesis were
up-regulated in the sapwood-heartwood transition zone. This analysis also established the expression patterns of
341 previously unknown genes.

Introduction

Wood is a unique renewable material produced
by trees using solar energy through a highly
ordered developmental process involving cell divi-
sion/expansion, secondary cell wall synthesis/depo-
sition, lignification, programmed cell death, and heart-
wood formation (Fukuda, 1996). As a result of ra-
dial growth and differentiation, the trunk wood of

many tree species has two distinctly different regions:
sapwood and heartwood. Sapwood is the outermost
portion of the xylem tissue and contains living cells,
whereas the heartwood is defined as the ‘dead” cent-
ral core of the woody axis and only provides passive
support to the tree. Sapwood (young xylem) has three
important functions: to conduct sap (water, solutes,
and gases) from the roots to all parts of the tree; to
provide structural support for the entire tree; and to
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serve as a reservoir for water, energy, minerals, and
solutes. On average, about 10% of the cells in the
sapwood are alive (Kozlowski and Pallardy, 1997).
The living ray cells in sapwood serve as the source
of raw materials for secondary substances. The ray
parenchyma may also serve as communication chan-
nels radially from the cambium through the sapwood,
while axial parenchyma functions largely as a storage
tissue.

As sapwood is gradually converted to inactive
heartwood, the wood parenchyma cells undergo nu-
merous metabolic changes and produce large quant-
ities of heartwood extractives such as phenolic com-
pounds, lignin, and aromatic substances that accumu-
late in the vessels (Magel, 2000). During that process,
one annual ring is converted to heartwood each year
(Mauseth, 1998). The reserve materials in the paren-
chyma cells of the sapwood are used for wood form-
ation and the synthesis of heartwood extractives, such
as condensed tannins, terpenes, flavonoids, lignans,
stilbenes, and tropolones (Burtin et al., 1998; Hillinger
et al., 1996a and b; Hillis, 1987; Magel et al., 1994
and 2000). The formation of heartwood is accompan-
ied by a variety of alterations in metabolic conditions
such as senescence. Although the events of senes-
cence have been studied at the molecular level during
leaf senescence (Miller et al., 1999; Wingler et al.,
1998), seed germination (Cercos et al., 1999), and
nodule development (Matamoros et al., 1999); the cell
maturation and death events occurring during heart-
wood formation have been difficult to study because
of the location and timing of the events. The presence
of heartwood is a major determining factor for wood
quality and influences the way in which specific woods
are utilized. Various wood properties, such as di-
mensional stability, durability, pulpability, colors and
hues, scents and beauty, are affected by extractives.
Furthermore, stem wood sequesters large amounts of
atmospheric CO; into a much slower turnover pool
and consequently accounts for the largest proportion
(20-40%) of total ecosystem aboveground carbon in
closed forests (Saxe et al., 1998). Therefore, under-
standing the regulation of wood formation is of great
commercial and keen scientific interest.

In recent years, a genomics approach has been
successfully used to examine global gene expression
patterns in developing xylem tissues of pine (Allona
et al., 1998; Lorenz and Dean, 2002) and poplar
(Sterky et al., 1998; Hertzberg et al., 2001). Al-
though the information derived from those studies
undoubtedly provided a powerful means for studying

the molecular mechanisms of this important differen-
tiation pathway, it is still insufficient to account for
the complete process of wood formation. So far, there
has been no report on global examination of gene ex-
pression profiles inside trunk wood of mature trees. In
order to gain some insight into the transcriptional hier-
archy of heartwood and its extractive formation, we
examined global gene expression profiles across the
stems of 10-year-old Robinia pseudoacacia trees by
sampling bark, sapwood, and sapwood-to-heartwood
transition zone tissues. This report describes the first
comprehensive look at global gene expression profiles
in trunk wood and provides expression data for many
genes of unknown function.

Materials and Methods

RNA isolation and cDNA library construction

Three cDNA libraries of bark/cambial region (BCS),
sapwood region (SWS), and transition zone (TZS)
of trunk-disk of 10-year-old black locusts (Robinia
pseudoacacia L.) harvested in early summer (July 27,
designated ‘S’) and one cDNA library (TZF) from
a black locust harvested at late fall (November 27,
designated ‘F’) were constructed using the SMART
cDNA library construction kit (ATriplEx2 vector sys-
tem, Clontech, Palo Alto, CA). Mature trees (20 cm
DBH) were fell using a chain saw and made into
25 cm-long logs. The logs were immediately placed
on ice and brought back to a wood shop, where
thin cookies (ca. 1 cm thick) were made using a
table saw. The cookies were immediatedly submerged
in RNA extraction buffer (20 mM EDTA, pH 8.0;
50 mM Tris-HCl, pH 8.0; 0.2% SDS; 10 mM 2-
mercaptoethanol). While submerged, the trunk wood
sections (bark/cambial region, sapwood, and transition
zone) were carved out by using chisel and hammer,
and washed with RNase Away solution (Invitrogen,
Carlsbad, CA). The isolated sections (ca. 1 cm’ cu-
bicles) were frozen in liquid nitrogen and stored at
—80°C until needed. For RNA isolation, the frozen
samples were first ground in a blender and then further
ground to fine powder using motar and pestle. The
ground sample were first passed through the shred-
der column of DNeasy Maxi kit, and then subjected
to total RNA isolation using the RNeasy Maxi kit
(Qiagen, Hilden, Germany) and cleaned up by Qiagen
RNeasy Mini kit.



Nucleotide sequencing

The cDNAs that were directionally cloned were ran-
domly picked and sequenced to generate ESTs. The
sequencing was carried out at the Center for Com-
putational Genomics and Bioinformatics at the Uni-
versity of Minnesota and at the Genomics Techno-
logy Supporting Facility at Michigan State Univer-
sity. The sequencing results are posted at our website
(http://web.ahc.umn.edu/biodata/blacklocust/).

Sequencing analysis

Raw sequence files were produced from the trace files
using the Phred trace-processing program followed
by the Phran base-calling program with a quality
threshold of 8—10 (Ewing et al., 1998). Sequence arti-
facts were trimmed by the removal of leading and trail-
ing vector sequences in the raw sequence. To obtain
the best subsequence where the ‘N’ value is 4% or less
of the total number of bases, the number of unknown
or ‘N’ bases in a sequence of trimming, leading and
trailing high-N sections was determined. Sequence
similarity analyses were completed using a number of
database searches. Databases include GenBank, Na-
tional Center for Biotechnology Information (NCBI)
GenPept (Benson et al., 2000), Protein Information
Resource (PIR) (Barker et al., 2000), Swiss Institute of
Bioinformatics SWISS-PROT (Bairoch et al., 2000),
TrEMBL (Bairoch et al., 2000) and the National Bio-
medical Research Foundation NRL3D (Barker et al.,
2000). The EST sequences were deposited in the
dbEST of the GenBank database.

Contig analysis

In order to generate the unigene sets and contigs
of sequencing data, EST data was analyzed using
DNA similarity algorithms and the assembly program,
Phred/Phrap/Consed (Green and Ewing, 1996). Phrap
(‘phragment assembly program’, or ‘phil’s revised as-
sembly program’) was used for assembling shotgun
DNA sequence data, constructing a contig sequence
as a mosaic of the highest quality parts of reads (rather
than a consensus) and providing extensive information
about assembly (including quality values for contig
sequence) to assist troubleshooting. Phrap was used
in conjunction with the base calls and base quality
values produced by the basecaller, Phred; and with
the sequence editor/assembly viewer, Consed. Cross-
match was based on a ‘banded’ version of SWAT, an
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efficient implementation of the Smith-Waterman al-
gorithm for comparing any two sets of (long or short)
DNA sequences. To calculate estimates for compar-
ison among different libraries, we used a statistical
method described by Audic and Claverie (1997). This
method was developed to calculate statistical differ-
ences from different numbers of different libraries,
and now it is being used for ‘digital gene expression
profiles’. Based on the method, we calculated signific-
antly different numbers within the same contig among
the libraries, and we applied it to estimate statistical
differences within a category as described in Kirst
et al., (2002).

PCR amplification of the insert cDNA and microarray
printing

ATriplEx2 vector sequences flanking the insert
(5-AAGCAGTGGTATCAACGCAGAGT-3’ and 5'-
ATTCTAGAGGCCGAGGCGGCCGACATG-3') were
used to amplify selected EST clones using polymerase
chain reaction (PCR). The PCR products were precip-
itated in ethanol and re-suspended in 3x SSC (1x
SSC is 0.15 M NaCl and 0.015 M sodium citrate).
They were checked for quality by using gel electro-
phoresis to observe the concentration and multiple
bands. PCR products of 2592 clones were arrayed
from 384-well microtiter plates, and DNA was spotted
on superaldehyde (Telechem, Sunnydale, CA) glass
slides at a high density using an Omnigridder robot
(Gene Machines, San Carlos, CA) and 16 Arraylt
chipmaker 2 pins (Telechem). Slides were washed and
blocked according to the manufacturer’s protocol.
Each glass slide contained two replications of the
entire array, each of which consisted of 16 subar-
rays with 12 rows and 14 columns. Negative control
genes, B-cell receptor protein genes, including genes
such as Myosin heavy chain gene, Myosin regulation
light chain2 and insulin-like growth factor gene, were
printed on the top, middle and bottom of each array.

Preparation of labeled cDNA probes

Total RNA (1ug from each sample) was reverse-
transcribed and amplified using the SMAT system
(Clontech). To reduce nonspecific PCR amplifica-
tion, cDNAs were amplified with the fewest cycles.
Two micrograms of cDNA were labeled by the in-
corporation of either Cy5 or Cy3-dCTP (Amersham-
Phamacia, Piscataway, NJ) during oligo-dT-primed
primer extension in the presence of Klneow DNA
polymerase (Promega, Madison, WI) as described by
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Schaffer et al. (1999). The labeled probes were pur-
ified using the QiaQuick PCR cleanup kit (Qiagen).
The probe samples were denatured by placing them in
a 100°C water bath for 3 min, left at room temperature
for 30 min, and then used for hybridization.

To minimize the inherent variability of the mi-
croarray assay (Lee et al., 2000) and to ensure the
reliability of the results, at least two microarray slides
(four replicates) were used to analyze the transcript
expression of each sample pair. The first slide was
probed with cDNAs labeled with Cy3 and CyS5 deoxy
CTP. To probe the arrays, cDNAs were synthesized
and amplified from bark/cambial region, sapwood, or
transition zone and labeled by Klenow-mediated in-
corporation of Cy3-dCTP or Cy5-dCTP, respectively.
By using independent RNA preparations, the second
slide was hybridized by cDNAs reverse labeled with
Cy3 and Cy5 dCTP from each sample pair to over-
come potential artifacts caused by the dye-related dif-
ferences in labeling efficiency, different laser settings,
and nonlinearity of photomultiplier tubes in the scan-
ner. Thus, at least two, and sometimes three or four,
independent RNA preparations were made for each
biological sample and were used to prepare labeled
probes. The hybridization signal from each of the
replicate ESTs were averaged and used for analysis.

Hybridization and washing of the DNA microarray

The labeled probes with either Cy3 or Cy5 fluorescent
dye were hybridized to a microarray slide in a total
volume of 30 L of hybridization buffer (3.4x SSC,
0.32% SDS, and 5 ug of yeast tRNA) for 16 h at 65°C.
The slide was then washed at room temperature in 1 x
SSC, 0.1% SDS for 10 min, in 1 x SSC for 10 min, and
in 0.01x SSC for 10 min. The slide was centrifuged
dry and scanned with a 428 Array scanner (Affymet-
rix, Palo Alto, CA). Each microarray experiment was
repeated twice.

Microarray data analysis

The data were analyzed with GenePix Pro3.0 (Axon
Instruments Inc., Union City, CA). The scanned data
were normalized by using the Global Normalization
method (Hihara er al., 2001), in which the image
data between Cy3 and Cy5 channels are normal-
ized by adjusting the total signal intensities of two
images and the bad spots are removed. The unre-
liable spots were removed by the following screen-
ing. Spots containing clones that had poor amplific-
ation or multiple bands, as well as those that were

flagged due to a false intensity caused by dust or
background on the array, were removed. Spots with
<65% of the spot intensity at >1.5-fold that of the
background in both channels were ignored (see Stan-
ford Microarray Database Web site, http://genome-
www3.stanford.edu/MicroArray/SMD/). Clones in
one sample that had an average induction greater than
2-fold in another were determined as up-regulated.
Comparison of the arrays was achieved using Mi-
crosoft Excel and Microsoft Access database. For
cluster analysis, Cluster and Treeview software were
used (Eisen ef al., 1998; available at http://genome-
www4.stanford.edu/MicroArray/SMD/restech.html).

Antisense northern blot analysis

We conducted ‘Antisense Northern blot analysis’
which requires only minute amounts of RNA. Conven-
tional Northern blot analysis protocol requires a large
amount of RNA from our inner wood samples, typic-
ally transition zone, which are hard to isolate, making
those protocols difficult to perform. An alternative was
to use antisense RNA (aRNA) amplification method
that has been successfully used in other microarray
analyses (Wang et al., 2000; Baugh et al., 2001; Dent
et al., 2001; for protocol, see Patrick Brown’s web
site;  http://cmgm.stanford.edu/pbrown/protocols/
ampprotocol_3.html). Antisense RNA was generated
as described previously (Wang et al., 2000). Briefly,
aRNA was amplified using Message Amp'™ aRNA
kit (Ambion, Austin, TX). We began by synthesizing
first stand cDNAs from the total RNAs of seedling,
bark/cambial region, sapwood, or transition zone, and
the first cDNAs were used as templates for the syn-
thesis of second cDNAs. Finally, aRNAs from the
second cDNAs were generated by in vitro transcrip-
tion (amplification). About 200 ng of aRNAs were
separated in a formamide agarose gel, and transferred
onto the nylon membrane using the capillary transfer
method. The membrane was then hybridized with an
isotope-labeled probe. The signal was exposed and
detected on an X-ray film.

Results

Trunk Wood cDNA Library Construction and
Sequencing

Trunk wood of mature trees can be divided into
three main parts: bark/cambial region, sapwood, and
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Figure 1. Cross-section of a stem from a mature Robinia pseudoacacia tree showing the different wood tissues. (A) Cross section under
daylight. HW, Heartwood; SW, sapwood; TZ, transition zone. (B) Cross section under UV light. Bright fluorescence in the middle is due to the

flavonoids.

heartwood (Figure 1). While sapwood contains liv-
ing ray cells, the cells in heartwood are dead and
filled with extractives, which produce intense and
bright fluorescence under UV light. In order to ana-
lyze the gene expression patterns in different sections
of the trunk wood, we constructed four cDNA lib-
raries from the bark/cambial region (BCS), sapwood
(SWS), and transition zone of ten-year-old black lo-
custs. The transition zone samples were collected both
in the summer and fall (TZS and TZF). Due to the
large amounts of polysaccharides and phenolic com-
pounds present in the inner wood tissues, it was not
possible to obtain a large enough quantity of pure
mRNA for conventional cDNA library construction.
Nonetheless, we were able to construct high qual-
ity (> 5 x 10° pfu) phagemid libraries using the
PCR-based cDNA library construction kit (Clontech).
The phagmids from each library were converted into
plasmids by mass excision in E. coli. Over 3,600 in-
dividual clones were randomly selected from all four
libraries and sequenced using a 5’ vector sequencing
primer provided in the kit. After trimming vector se-
quences, clones containing high ambiguous calls (high
‘N’ percent on a DNA sequence) were removed. Fi-
nally, a total of 2915 were chosen for further analyses
and sequencing: 895 clones from the BCS library, 999
clones from the SWS library, 880 clones from the TZS
library and 141 clones from the TZF library. An av-
erage length of 448 bases was obtained and used for
contig analysis and database searches.

EST Analysis

The high redundancy of the mRNA in a tissue is
approximately reflected in the abundance of its corres-
ponding cDNA in non-normalized libraries. The ran-

dom sequencing of cDNAs yields information about
the ESTs (Adams et al., 1993). Sequence similarities
were found by searching various available databases
including: GenBank, National Center for Biotechno-
logy Information (NCBI) GenPept, Protein Informa-
tion Resource (PIR), Swiss Institute of Bioinformatics
SWISS-PROT, TrEMBL and the National Biomed-
ical Research Foundation NRL3D (see our website;
http://web.ahc.umn.edu/biodata/blacklocust/). Se-
quence similarities identified by the BLAST program
were considered statistically significant with a Pois-
son P value of 107>. The 1304 ESTs (44.7%) of
the total 2915 ESTs matched previously sequenced
genes. The 909 ESTs of the 1304 ESTs had signi-
ficant homology to previously identified genes. The
annotations of genes with similarities to an EST were
used to assign a putative identification to our EST.
The 909 ESTs with similarity to known genes were
classified into 13 putative functional categories (Bevan
et al., 1998, Covitz et al., 1998), which are listed in
Table 1. Our libraries have a significantly high num-
ber of no hit clones, especially in the SWS library
(80.6%). As a matter of fact, the portion of no hit
clones in other libraries was also high, about 50%.
Allona et al. (1998) suggested that the length and
quality of cDNA sequences are correlated with the
ability to identify similar sequences in public data-
bases. Recent analysis of Pinus taeda cDNA clones
with longer than 1,000 bases-read revealed that about
95% of the pine genes had homologous sequences in
Arabidopsis genome (Sederoff et al., 2002). How-
ever, the average sequenced length of a SWS clone
is not entirely different from the total sequenced
length (sequence length distribution data is found at
http://web.ahc.umn.edu/biodata/blacklocust/). Many
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long, high-quality sequences show neither strong
nor marginal similarity to sequences in the database,
and some no hit clones also show high redundancy
(Table 2). Therefore, these no-hit clones may repres-
ent novel plant genes, reflecting the uniqueness of our
samples.

The proportions of ESTs in each functional cat-
egory differed for the EST libraries from the three
trunk zones characterized in this study (Figure 2).
These data, which were calculated by excluding no-hit
clones in all libraries, show a common overall trend,
but specific groups of genes were more or less highly
represented in specific zones. Notable are the higher
representation of secondary and hormone metabolism
genes in the TZS library (9.1% versus 1.4% and 0.8%
in the other libraries), cell wall and structural metabol-
ism genes in the SWS library (3.6% versus 0.6% and
0.9% in the other libraries), and genes associated with
membrane transport in the BCS library (6.1% versus
1.2% and 2.3% in the other libraries).

Contig analysis

We then attempted to estimate the redundancy of our
EST clones on the basis of the contig analysis (Phrap
assembly with the 70% identical value of pairwise se-
quence). The proportion of singletons was extremely
high, representing a calculated level of singletons at
70% (2051 out of 2915 ESTs). Only 864 ESTs were
identified in 228 contig sets. As a result of the con-
tig analysis, we obtained a total of 2278 unigene sets
that were submitted to GenBank database (accession
numbers B1642054 to B1679372). The most frequently
presented gene in our ESTs encodes a hypothetical
protein (At2g41250; 1.3%) followed by an auxin-
repressed protein (1.1%) that is expressed in dormant
tissues and repressed by auxin treatment (Reddy and
Poovaiah, 1990; Stafstrom et al., 1998). It is abundant
in all libraries except the sapwood library (Table 2).
It is notable that the TZF library (2.1%) showed a
similar proportion when compared to the TZS lib-
rary (1.5%). The function of this gene has not yet
been identified. The contig analysis identified three
types of metallothionein or metallothionein-like pro-
tein genes with different expression patterns in the
different zones of the trunk wood. For example, metal-
lothionein (contig 226) is the highest in the TZS
library, but metallothionein-like protein (contig 223) is
only in the BCS library. Such differential expression of
metallothionein genes has been reported in Arabidop-
sis plants (Garcia-Hernandez et al., 1998). In addition

to providing physical support, trunk wood functions as
a conduit for water, nutrient, and photosynthates trans-
port. Aquaporin and phloem-specific protein, which
are related to a membrane transport system or phloem,
are abundant mainly in the bark/cambial region lib-
rary. Two types of aquaporin genes that are related to
water transport were found in our libraries Aquaporin
1 contig existed in the bark/cambial region library
only, while aquaporin 2 contig was present in the
transition zone library as well as bark/cambial re-
gion library. However, no contig for auaporin genes
were present in the sapwood library. Because the sole
abundance of transcript encoding phloem-specific pro-
tein exists only in the bark/cambial region library, it is
clear that our bark/cambial region sample contained
phloem regions. Eight out of the 20 contigs in Table 2
were library-specific. In other words, the contigs were
present only in one library and absent in the other
two libraries. For example, maturase and hypothet-
ical protein (PIR: A05191) are abundant only in the
SWS library. Hypothetical protein (At3g03150) and
cytochrome b5 DIF-F are highly abundant in the TZS
library. Some contig sets contained only no hit clones
resulting from the source zone of the samples; for
example contig 224 and 216 consist of clones from
two transition zone libraries, and clones of contig 213
are in the BCS library. These library specific contigs
can be expected because the typical character of each
library is dependent upon its location within the trunk
wood.

Microarray experiments

In order to produce gene expression profiles related
to wood formation and to compare gene expression
patterns from different regions of the inner wood from
a mature tree, we produced cDNA microarrays carry-
ing 2,580 genes from all four libraries and conducted
microarray hybridization experiments. This approach
allowed us to examine the expression changes of ca.
2580 genes simultaneously and to search the expres-
sion patterns of bark/cambial region, sapwood, and
transition zone through the use of one-by-one compar-
isons. We demonstrated that one-by-one experiments
can be carried out for specific expressed profiling on
continuous samples. Our approach involved the com-
parison of one sample with two other samples and
then the generated ratios from the two different ex-
perimental sets were plotted. When all of the spots
were plotted, we could determine which genes were
specifically expressed in Sample A, when compared
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Category Total BCS SWS TZS TZF

Cell division and cycle 7 4 0 3 0

Cell wall structure and metabolism 16 5 7 3 1
Chromatin and DNA metabolism 27 8 4 12 3
Cytoskeleton 10 6 3 0 1
Defense 90 46 5 35 4

Gene expression and RNA metabolism 76 38 20 16 2
Membrane transport 48 33 1 11 3
Miscellaneous 175 73 36 51 15
Primary metabolism 134 46 19 56 13
Protein synthesis and processing 190 84 19 80 7
Secondary and hormone metabolism 55 8 2 44

Signal transduction 75 26 11 32 6
Vesicular trafficking, protein sorting, secretion 6 2 2 2 0
Unknown, hypothetical 395 162 65 140 28

Hit clones 1304 (44.7) 541 (60.4) 194 (49.4) 485(55.1) 84 (59.6)
No-hit clones 1611 (55.3) 354 (39.6) 805 (80.6) 395 (44.9) 57 (40.4)
Total sequenced clones 2915 895 999 880 141

The bold number within a row indicates significantly different number of ESTs in the library compared to all the others
(P < 0.01). For example, the number of ESTs in the ‘Gene expression and RNA metabolism’ category was statistically
higher in BCS than in SWS and TZS libraries. Likewise, the number of ESTs in the ‘Secondary and hormone metabolism’

category was significantly higher in TZS than in BCS and SWS.

to Sample B and Sample C. Unlike a reference or loop
design, an approach of this type will serve as a one-
by-one comparison for a small number of side-by-side
samples in transcript profiling studies.

In our microarray experiments, the need to ob-
tain large amounts of RNAs proved to be a chal-
lenge. Standard microarray protocols require isolating
poly(A) RNA from samples, but our wood sample is
too difficult to isolate RNAs. So, the cDNA amplifica-
tion method was used, and we checked the reprodu-
cibility of our experiments. We also confirmed that
the amplification method efficiently generates highly
reproducible populations of cDNA. This method can
be useful in transcript profiling studies with limited
amounts of RNA. To test the reproducibility of the
two different experiments, the expression ratio derived
from one microarray experiment was compared to the
expression ratio from the other, for all of the normal-
ized clones (Figure 3A). The scatter plot shows that the
gene expression ratio from the two experiments was
remarkably similar (the coefficient of determination
R? = 0.96). Furthermore, the coefficients of determ-
ination between other experiments were sufficiently
high (>0.91) (data not shown). These results are sim-
ilar to those presented in other papers, in which the

same or similar amplification protocol was used (Live-
sey et al., 2000, Hertzberg et al., 2001). Furthermore,
using ‘antisense northern blot” analysis, we confirmed
the microarray data as well as the EST results. Thus,
the microarray signals from the replicates in our study
were highly reproducible and the conclusions derived
from this analysis are considered reliable.

Differential gene expression across the stem

In order to investigate distinct differences in gene ex-
pression profiles among the three regions of the trunk
wood (bark/cambial zone, sapwood, and sapwood-
heartwood transition zone) during active tree growth,
we compared differentially expressed genes in the
three zones. The expression ratios for each zone in
comparison to the other two zones were examined us-
ing regression analysis. Figure 3B shows the scatter
plot and regression line of the expression ratios for
the bark/cambial region versus the sapwood or trans-
ition zone libraries. The trend line of the scatter plot
had a slope of 0.401, with R% = 0.2956. These val-
ues indicate a positive correlation, but with little of
the variation in the data explained by the regression.
On the basis of that graph, we identified the genes
that were up or down regulated in BCS tissue us-
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(A) BCS

(B) SWS

(C)TZS

@ Cel division and cycle
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0 Chwomatin and DNA metabolsm
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B Gene expression and RNA metabolsm
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@ Proten synthase and processing
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@ Signal transduction

| Vesicular irafficking. protein sor, secretion
B Unknown. Hypothetical

Figure 2. Functional classification of the ESTS from three libraries. Due to the high proportion of no-hit clones in the libraries, only those
ESTs with significant homology with previously reported sequences were included in this classification.

ing the cutoff values of an expression ratio greater
than two-fold or less than 0.5. Of all arrayed cD-
NAs, 292 clones were more highly expressed in the
bark/cambial region than in sapwood. The expression
of 174 clones in the bark/cambial region was higher
than those in the transition zone. Ninety-six of the
clones were considered as the BCS-specific clones
(Tables 3 and 4). As expected, metallothionein-like
protein (contig 223; containing all 11 BCS clones),
phloem-specific protein genes (contig 217; contain-
ing all 8 BCS clones), and a no-hit clone in contig
213, which is a contig set composed of all 7 BCS
clones, were highly expressed in bark/cambial region
when compared to other zones. These results cor-
roborate with those of EST redundancy analysis. In
addition, genes encoding photosynthesis-related pro-
teins, such as Photosystem II 10K proteins, were
highly expressed in the bark/cambial region. In ad-
dition, 63 clones were specifically down regulated in
bark/cambial region, when compared to sapwood and
transition zone (Table 3). We compared each func-
tional category to find out how many tissue-specific
genes were in each category. Table 3 shows the propor-
tion of functional categories of up or down regulated
genes in bark/cambial region. Like the EST results, the
proportion of the genes categorized as involving mem-
brane transport was high relative to other functional
categories in the bark/cambial region. When consider-
ing the physiological significance of the region in tree
growth and development, the proteins encoded by the
genes in each of these categories might be targets of
special interest for biotechnological improvement of
trees.

Similarly, the expression ratio of the SWS was
compared to both the BCS and TZS (Figure 3c) and
the number of up and down regulated genes was

calculated. Unlike the trendline of the bark/cambial
region and transition zone scatter plots; the scatter
plot of sapwood had a negative slope (0.401), indic-
ating a negative correlation. Many of the clones that
were highly expressed in sapwood vs. bark/cambial
region were down regulated in the sapwood vs. trans-
ition zone comparison. For example, the expression
ratio of the PR-10 gene in the sapwood region vs.
bark/cambial region was 6.7, but the ratio in the sap-
wood region vs. the transition zone was 0.5. Similarly,
the expression ratio of the phloem-specific protein
gene in the sapwood region versus the bark/cambial
region was 0.2. However, in contrast, the ratio in
the sapwood region versus transition zone was 4.3,
showing that the expression relationships vary for the
different proteins in the three regions. In addition,
the number of clones specifically up or down reg-
ulated in the sapwood region was very small (3 or
4), but when the expression in the sapwood region
was compared to bark/cambial region or transition
zone, the number of up or down regulated clones in-
creased dramatically (395 up regulated for sapwood
vs. bark/cambial region; 177 up regulated for sap-
wood vs. transition zone, and 291 down regulated
for sapwood vs. bark/cambial region; 226 down reg-
ulated for sapwood vs. transition zone). This suggests
that the sapwood region plays the role of a bridging
zone between bark/cambial region and transitional
zone. Table 5 shows the list of up-regulated genes
in the sapwood compared to bark/cambial region and
transition zone. In other words, only three ESTs
(TZS0226, SWS0332, and SWS0562) had sapwood-
specific up-regulation. Interestingly, the transcript of
a sugar transport protein, which plays key roles in
source-sink relationships (Lalonde et al., 1999), was
highly expressed in sapwood. The highly redundant
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Table 2. The redundancy of EST clones based on contig analysis

Annotation Contig number  Total (%) BCS (%) SWS (%) TZS (%) TZF (%)
Hypothetical protein (At2g41250) 228 37 (1.3) 27 (3.0) 0 8(0.9) 2(1.4)
Auxin-repressed protein 227 33(1.1) 17 (1.9) 0 13 (1.5) 3(2.1)
Metallothionein 226 18 (0.6) 2(0.2) 1(0.1) 14 (1.6) 1(0.7)
Maturase 225 13 (0.4) 0 9(0.9) 4(0.5) 0

No hit 224 11 (0.4) 0 0 10 (1.1) 1(0.7)
Metallothionein-like protein 223 11 (0.4) 11 (1.2) 0 0 0
Hypothetical protein (At3g03150) 222 11 (0.4) 0 0 11 (1.3) 0
Cytochrome B5 DIF-F 221 10 (0.4) 0 0 9(1.0) 1(0.7)
Aquaporin 1 220 9(0.3) 9(1.0) 0 0 0
Aquaporin 2 219 8(0.3) 4(0.4) 0 3(0.3) 1(0.7)
Hypothetical protein (A05191) 218 8(0.3) 0 8(0.8) 0 0
Phloem-specific protein Veinl 217 8(0.3) 8(0.9) 0 0 0

No hit 216 7(0.2) 0 0 7 (0.8) 0
Metallothionein Class-II 215 7(0.2) 2(0.2) 0 3(0.3) 2(1.4)
Ubiquitin 2 14 7(0.2) 6(0.7) 0 1(0.1) 0

No hit 213 7(0.2) 7 (0.8) 0 0 0

No hit 212 7(0.2) 6(0.7) 0 0 1(0.7)
Integral membrane transport protein 211 6(0.2) 2(0.2) 0 4(0.5) 0
Hypothetical protein (D75542) 210 6(0.2) 5(0.6) 0 1(0.1) 0
Extensin 83 0 0 0 0 2(1.4)

Letters in bold are significantly different from the numbers in the sother libraries at P < 0.05. For example, metallothionein-
like protein (contig 223) and aquaporin 1 (contig 220) are signicantly more abundant in the BCS zone than in SWS and
TZS. The SWS library had a significantly higher number of ESTs in contig 218 (hypothetical protein, PIRA05191) than
did the BCS and TZS libraries. Contigs 222 (hypothetical protein At3g03150) and 216 (no-hit clone) are significantly more
abundant in TZS than in the BCS and SWS libraries.

Table 3. Summary of up-regulated or down-regulated genes

Functional category Up-regulation Down-regulation
inBC inSW inTZ inBC inSW inTZ

Cell division and cycle 0 0 0 0 0 0
Cell wall structure and metabolism 0 0 0 1 0 0
Chromatin and DNA metabolism 0 0 1 1 0 0
Cytoskeleton 2 0 0 0 0 2
Defense 6 0 2 2 0 6
Gene expression and RNA metabolism 4 0 0 4 0 3
Membrane transport 7 1 0 0 0 5
Miscellaneous 16 0 1 3 0 16
Primary metabolism 8 1 2 1 0 5
Protein synthase and processing 2 0 1 0 0 5
Secondary and hormone metabolism 1 0 8 3 1 0
Signal transduction 1 0 2 1 0 0
Vesicular trafficking, protein sort, secretion 1 0 0 0 0 0
Unknown, Hypothetical 22 0 20 7 3 14
No hit 26 1 37 40 0 12
Total 96 3 74 63 4 68
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Table 4. Up-regulated transcripts in the bark and cambial zone.

Clone ID GenBank  Annotation BC/SW ratio* ~ BC/TZ ratio*

accession

number
Cytoskeleton
CLS0035  BI677465  actin depolymerizing factor 5 32 39
CLS0977 BI678088  Structural Maintenance of Chromosomes (SMC)-like Protein 5.1 3.3
Defense
CLS0100 BI677437  Superoxide Dismutase (Cu-Zn) 2.4 2.4
CLS0239  BI677578  Metallothionein-like protein 54 35
CLS0595 BI677862  Superoxide Dismutase (Cu-Zn) sodB 2.0 2.1
CLS0801  BI677956  Metallothionein 2.8 2.5
CLS0867  BI678223  Glyoxalase (metalloglutathione transferase superfamily) 32 4.1
CLS0960  BI678073  Proteinase Inhibitor 32 2.4
Gene expression and RNA metabolism
CLS0340  BI677663  Transcriptional regulator, putative 2.8 2.3
CLS0439  BI677739  Zinc Finger Protein ID1 2.2 2.7
CLS0673 BI678286  Transcription Factor like Protein 4.3 4.4
SWS1456  BI679312  Zinc Finger Protein ID1 22 2.7
Membrane transport
CLS0025  BI677455  Lectin precursor, Bark Agglutinin I 7.7 3.8
CLS0051 BI1677477  Vacuolar V-H subunit E [Citrus limon] 2.2 2.2
CLS0052  BI677478  Aquaporin 7.5 3.8
CLS0197  BI677550  Lectin 2.1 29
CLS0488  BI677780  Tonoplast Intrinsic Protein, delta type 7.0 5.9
CLS0929  BI678048  Lectin-related polypeptide 4.7 33
CLS0950  BI678064  Lectin like protein (hypothetical) 33 24
Miscellaneous
CLS0022  BI677452  Phloem-specific protein Veinl 5.3 10.1
CLS0068  BI677490  Chlorophyll a/b binding protein 4.6 2.5
CLS0081 BI677501  MTNS Gene Precursor 35 6.7
CLS0158  BI677521  Phloem-specific protein Veinl 8.8 5.5
CLS0274  BI677608  Trypsin Inhibitor (Serine Proteinase Inhibitor) 3.1 2.9
CLS0376  BI677690  Photosystem II 10K protein 2.6 4.2
CLS0423 BI677726  Photosystem II Protein X precursor 8.1 4.9
CLS0479  BI677773  Phloem-specific protein Veinl 7.1 4.9
CLS0536  BI677820  Core protein 2.8 2.1
CLS0564  BI677840  Photosystem II 10K protein 3.0 2.1
CLS0603  BI677869  Auxin-repressed protein 3.1 3.1
CLS0805  BI677959  Photosystem I Reaction Centre Subunit VI 5.0 3.7
CLS0819  BI677971  Trypsin Inhibitor (Serine Proteinase Inhibitor) 35 2.6
CLS0824  BI677975  Magnesium Chelatase (chlorophyll biosynthesis) 4.1 33
CLS0952  BI678066  Specific Tissue Protein 2 6.3 2.7

CLS1025  BI678111  Ripening related protein 42 3.0




Table 4. Continued.

945

Clone ID  GenBank  Annotation BC/SW ratio*  BC/TZ ratio*

accession

number
Primary metabolism
CLS0017  BI677447  Copper Amine Oxidase precursor 4.4 5.4
CLS0714  BI678307  Lipid Transfer Protein 4.2 3.6
CLS0745  BI677908  Alcohol Dehydrogenase 1 6.2 3.8
CLS0813  BI677966  Alcohol Dehydrogenase 7 3.6 3.0
CLS0930 BI678049  Acetoacyl-CoA-thiolase 2.3 2.9
CLS0956  BI678070  Blue copper protein (Plantacyanin; Phytocyanin), basic 2.5 2.1
CLS1015 BI678039  Lipid Transfer Protein 4.5 2.9
TZS0305 BI642632  Epoxide Hydrolase 4.7 2.3
Protein synthesis and processing
CLS0811  BI677964  Ribosomal Protein S16 protein 3.7 2.3
CLS0973  BI678084  Peptidylprolyl Isomerase; Cyclophilin (Cyp) 2.4 2.0
Secondary and hormone metabolism
CLS0373  BI677687  Monooxygenase 3.5 2.6
Signal transduction
CLS0377 BI677691  Protein Phosphatase 2C-like 32 23
Vesicular trafficking, protein sorting, secretion
CLS0783  BI677940  ER retention receptor Erd2 2.3 2.8
Unknown
CLS0032  BI677462  Unknown Protein 33 3.1
CLS0071  BI677493  Unknown Protein 2.3 2.1
CLS0186  BI677541  Unknown Protein, hypothetical 2.6 2.8
CLS0227  BI677572  Unknown Protein 4.0 33
CLS0273  BI677607  Unknown Protein, hypothetical 3.8 4.8
CLS0297 BI677624  Unknown Protein, hypothetical 2.6 2.5
CLS0324 BI677649  Unknown Protein, hypothetical 2.8 2.5
CLS0333  BI677657  Unknown Protein, hypothetical 2.5 22
CLS0342  BI677665  Unknown Protein, hypothetical 2.9 2.8
CLS0362 BI677678  Unknown Protein, hypothetical 33 22
CLS0406  BI677712  Unknown Protein, hypothetical 3.5 3.4
CLS0493  BI677785  Unknown Protein, hypothetical 3.1 2.9
CLS0537 BI677821  Unknown Protein, hypothetical 2.5 2.3
CLS0630 BI677890  Unknown Protein, hypothetical 10.7 3.1
CLS0740 BI677903  Unknown Protein, hypothetical 43 2.9
CLS0776  BI677934  Unknown Protein 33 2.7
CLS0800 BI677955  Unknown Protein 4.1 2.9
CLS0854  BI678208  Unknown Protein, hypothetical 2.3 2.1
CLS1014  BI678038  Unknown Protein, hypothetical 2.4 2.7
CLS1037 BI678119  Unknown Protein 3.0 2.8
CLS1100 BI678177  Unknown Protein, hypothetical 33 24
CLS1114 BI678186  Unknown Protein, hypothetical 2.5 2.7
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Table 4. Continued.

Clone ID GenBank  Annotation BC/SW ratio*  BC/TZ ratio*
accession
number

No hit

CLS0036 BI677466  No hit 3.6 2.4
CLS0055 B1677481 No hit 4.4 2.1
CLS0060 BI677485  No hit (contig 213) 5.8 3.9
CLS0066 BI677489  No hit 6.3 3.2
CLS0201 BI1677554  No hit 3.4 2.6
CLS0211 BI677559  No hit (contig 212) 4.3 2.4
CLS0253 BI677591 No hit 5.2 4.3
CLS0349 BI1677670  No hit 9.4 12.3
CLS0366 BI677681 No hit 49 2.5
CLS0378 BI677692  No hit 3.8 5.5
CLS0426 BI1677729  No hit 2.1 2.0
CLS0461 B1677758 No hit 2.1 4.3
CLS0568 BI677843  No hit 2.8 2.7
CLS0608 B1677873 No hit 2.1 2.0
CLS0712 BI1678306  No hit 2.9 2.3
CLS0739 BI677902  No hit 4.0 3.3
CLS0827 BI1678187  No hit 6.5 4.8
CLS0840 BI1678197  No hit 2.8 3.6
CLS0884 BI678235  No hit 8.0 2.9
CLS0982 BI1678092  No hit 2.6 2.0
CLS1048 BI1678129  No hit 2.5 2.5
CLS1095 BI678170  No hit 2.4 2.0
SWS0575 BI678741 No hit 2.2 3.6
SWS0655 BI678790  No hit 2.6 2.6
TZS0560 BI642188  No hit 3.3 3.2
TZS1309 BI642865  No hit 3.1 2.5

*The ratio was estimated as average value from data points.

EST (contig 218) in the sapwood library is also highly
expressed in the sapwood when compared with the
bark/cambial region and transition zone (at the ratio
of 2.2 and 1.7, respectively).

There were dramatic differences in gene expres-
sion patterns in the transition zone relative to the
other two comparisons. As shown in Figure 3D, the
gene expression ratios in the transition zone versus the
other two zones showed a more definite relationship,
indicating a higher correlation and lessened variab-
ility (slope 0.6999 and R?> = 0.5123). Genes with
low expression ratios in the transition zone verses
bark/cambial region were also low at the ratio of trans-
ition zone verses sapwood. In addition, genes that
were highly expressed in the transition zone compared
to bark/cambial region also had a higher expression
in the transition zone than in sapwood region. Of

357 genes that had a higher expression in the trans-
ition zone than in either the bark/cambial region or
sapwood region, 75 genes were specifically up regu-
lated and 68 genes were down regulated in transition
zone (Tables 3 and 6). Tables 3 and 6 list the pro-
portion of functional categories of up-regulated genes
in transition zone. The results of the EST analysis
and microarray results show that the proportion of
secondary and hormone metabolism is relatively high
(10.7%) in the transition zone. In addition, three
TZS clones (one unknown and two no-hit genes) that
are highly redundant in the contig sets (contig 222,
224 and 216) were also highly expressed in trans-
ition zone. These results, when combined with the
EST analysis and microarray data, show that sec-
ondary metabolism-related genes are up-regulated in
transition zone. No-hit clones were found in a high
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Figure 3. Scatter plots of microarray hybridization results. (A) The reproducibility of microarray experiments. Two hybridization experiments
of SWS versus BCS were conducted using a dye-swap with Cy5 and Cy3 labeled probes. The natural log values of the Cy5-to-Cy3 ratios
were plotted for the two replicates. (B) The BCS-specific expression pattern. The X-axis is the log-scaled ratio of gene expression for the
experiment of BCS over SWS, and Y-axis is the log-scaled ratio of gene expression for the experiment of BCS over TZS. (C) The SWS-specific
expression pattern. X-axis is the log-scaled ratio of SWS over BCS, and Y-axis is the log-scaled ratio of SWS over TZS. (D) The TZS-specific
expression pattern. X-axis is the log-scaled ratio of TZS over BCS, and Y axis is the log-scaled ratio of TZS over SWS. All number values
of the log-scaled ratio of gene expression are average values of data points generated from each experiment. Abbreviations: BC, bark/cambial

zone; SW, sapwood; TZ, transition zone.

proportion in this region as well, possibly indicating
the relatively unstudied nature of this unique plant tis-
sue zone. Interestingly, the bark/cambial region and
the transition zone showed opposite gene-expression
patterns, with most of the down-regulated genes in
transition zone being up regulated in the bark/cambial
region. For example, phloem-specific protein VEIN1
was up regulated in bark/cambial region, but it was
down-regulated in transition zone. Such contrasting
gene expression is not unexpected considering the
functional differences of the two regions. Transition
zone is the region where many metabolic changes oc-
cur in the establishment of the inner wood. In fact,
there was a diversity of genes classified into second-
ary and hormone metabolism as well as a remarkable
increase in the proportion of genes related to second-
ary metabolism in the TZS library. This observation
indicates that the transcript expression pattern of trans-

ition zone is highly related to secondary metabolism
involving the flavonoid biosynthesis pathway.

Identification of the wood formation-associated genes

To visualize the inner-wood gene expression patterns
that could potentially identify the wood formation-
related genes, we performed hierarchical clustering
of the arrayed genes based on microarray results.
Data from the 2580 clones on our cDNA microarray
were clustered from the data of two different ex-
periments: SWS versus BCS and TZS versus BCS.
Information from clustering not only allows for the
identification of related expression patterns of dif-
ferent genes but also shows expression patterns of
individual genes over different experiments. Figure 4A
represents genes that show higher expression in in-
ner wood (i.e., sapwood and transition zone) than
in bark/cambial region. Many up-regulated genes
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Table 5. Up-regulated transcripts in the sapwood.

Clone ID GenBank accession number ~ Annotation SW/BC ratio*  SW/TZ ratio®
Membrane transport

TZS0226  BI642581 sugar transport protein 2.8 3.0

No hit

SWS0332  BI678553 no hit 6.8 2.3

Primary metabolism

SWS0562 Acetyl-CoA Carboxylase Carboxyl Transferase = 2.4 33

*The ratio was estimated as average value from data points.

in inner wood are not characterized, but there are
some interesting genes related to secondary metabol-
ism (chalcone synthase, chalcone flavone isomerase
and dihydroflavonol 4-reductase), primary metabol-
ism (proline oxidase, cytochrome B5 DIF-F), and
signal transduction (c-myc binding protein and GTP-
binding protein ras-like). This observation suggests
that these genes may be proximately induced in inner
wood and their expression in inner wood may account
for the heartwood formation in trunk wood. On the
contrary, down-regulated genes are monooxygenase,
alcohol dehydrogenase, methallothionein-like protein,
phloem-specific protein, and so on (Figure 4B).

Confirmation of microarray results

Even though the data generated from microarray ex-
periments are reproducible, the data should also be
confirmed by northern blot analysis, western blot ana-
lysis, or RT-PCR analysis (Seki et al., 2001; Perez-
Amador et al., 2001; Yu et al., 2002). In order to
compare the expression patterns of each region based
on the same reference, we conducted the second mi-
croarray experiment using two probes labeled from the
RNA populations of the target sample and the seed-
ling control. Due to the nature of trunk wood samples,
where only about 10% of the cells are live and the pres-
ence of wood extractives makes the isolation of RNA
difficult, we were unable to obtain a large amount of
mRNA for conventional northern blot analysis. Ac-
cordingly, we performed the approach of ‘Antisense
northern blot analysis’ as well as EST results. Ex-
pression patterns in the microarray experiment were
confirmed by antisense northern blot analysis (Fig-
ure 5) using Histon H 3.2 as control. Considering the
data derived from ESTs, microarray, and ‘antisense
northern blot’ analyses; the gene expression profiles
reported here are considered reliable.

Discussion

In addition to the major constituents (i.e., cellulose,
hemicellulose, and lignin), wood contains many ex-
tractives including tannins and other polyphenolics,
coloring matter, essential oils, fats, resins, waxes,
gum starch, and other secondary metabolites. These
extractives make wood a veritable chemical store-
house that provides many organic compounds includ-
ing biocides for biological control of insects and
diseases, adhesives, biofuels, industrial oils, preser-
vatives, pharmacologically active compounds, and
rubber. Little is known about the molecular basis for
such chemical diversity in heartwood. In order to gain
insight on the temporal, spatial, and developmental
regulation of the genes involved in the processes of
heartwood and its extractive formation, we carried
out global examination of gene expression profiles
across the stems of mature heartwood-forming trees.
It is very difficult to obtain high quality and quant-
ity mRNA from the limited number of live inner
wood cells impregnated with extractives. In this study,
we characterized the transcriptional profile of black
locust wood trunk through the generation of 2915
ESTs. Assembly of 2915 ESTs estimated the max-
imum number of unique genes represented in this set
to be 2278. Because this analysis was performed on
5" end sequences that may arise from multiple non-
overlapping segments of the same cDNA, the true
number of unique genes may be overestimated. Of the
1304 matched ESTs that were analyzed, the largest
number (30%) were uncharacterized genes, categor-
ized as hypothetical or unknown proteins. Many of
the known transcripts belonged to groups related to
housekeeping genes, such as those involved in protein
synthesis and processing. The low representation of
genes associated with defense in the SWS library and
with secondary and hormone metabolism in both the
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Clone ID GenBank Annotation TZ/BC ratio*  TZ/SW ratiox
accession number
Chromatin and DNA metabolism
TZS0924  BI642324 SAP1 Protein 3.1 32
Defense
TZS0124  BI642508 PR-10 Protein 5.3 3.6
TZS0357  BI642069 PR-10 Protein 32 2.1
Miscellaneous
TZS1380 BI642911 NAM (no apical meristem)-like protein 2.1 2.7
Primary metabolism
TZS0097  BI642647 Proline Oxidase 2.9 2.4
TZS0519  BI642157 Cytochrome B5 DIF-F 6.3 5.1
Protein synthesis and processing
TZS0133 BI642514 Eukaryotic translation initiation factor eIF4F chain p28 4.8 6.8
Secondary and hormone metabolism
TZS0021 BI1642439 Chalcone-Flavone Isomerase 4.4 45
TZS0108 BI642499 Naringenin 3-Dioxygenase 6.5 5.5
TZS0312  BI642638 Flavonoid 3,5’ -Hydroxylase 4.6 4.8
TZS0424 BI642100 Chalcone Synthase 5.0 4.2
TZS0751 BI642292 Flavonoid 3’-hydroxylase 34 2.6
TZS0854 BI1642412 Chalcone Flavone Isomerase 2.6 2.3
TZS0870 B1642387 Dihydroflavonol 4-reductase 74 5.7
TZS0962 BI642432 Chalcone Reductase 5.5 4.1
Signal transduction
TZF0100 BI642916 Serine/Threonine-specific protein kinase [Arabidopsis thaliana]l 2.2 2.0
TZS0163 BI642537 GTP-binding Protein, ras-like 52 4.7
Unknown
CLS1022  BI678108 Unknown Protein 34 3.1
SWS0040  BI678344 Unknown Protein, hypothetical 3.5 5.2
TZF0001 B1642988 Unknown protein 2.2 2.9
TZF0010 BI642996 Unknown protein 2.1 3.0
TZF0020 B1642927 Unknown protein putative protein [Arabidopsis thaliana] 2.3 2.8
TZF0137 B1643021 Unknown protein [Arabidopsis thaliana) 2.6 2.3
TZF0160 BI643042 Unknown protein F17L.21.12 [Arabidopsis thaliana] 22 3.1
TZS0046 B1642463 Unknown Protein (contig 222) 4.9 6.2
TZS0295 BI642621 Unknown Protein, hypothetical 3.1 3.8
TZS0445 BI642109 Unknown Protein, hypothetical 6.5 3.9
TZS0547 BI642176 Unknown Protein, hypothetical 32 3.1
TZS0826 B1642402 Unknown Protein, hypothetical 2.0 2.1
TZS0828 BI642404 Unknown Protein, hypothetical 2.7 2.0
TZS0984 B1642764 Unknown protein [Arabidopsis thaliana) 5.1 5.3
TZS1012 B1642649 Unknown Protein, hypothetical 6.7 5.7
TZS1095 BI642715 Unknown Protein, hypothetical 5.6 6.0
TZS1161 BI642738 Unknown Protein, hypothetical 2.1 23
TZS1232 B1642802 Unknown Protein, hypothetical 32 3.2
TZS1287 BI642850 Unknown Protein, hypothetical 24 2.6
TZS1375 BI642907 Unknown Protein, hypothetical 2.5 2.6




950

Table 6. Continued.

Clone ID GenBank Annotation TZ/BC ratio*  TZ/SW ratiox
accession number

No hit

SWS0033  BI678339 No hit 2.2 3.2
SWS0663  BI679126 No hit 2.6 2.2
SWS0732  BI678837 No hit 2.2 2.1
SWS0757  BI678855 No hit 2.6 2.0
SWS0820 BI679148 No hit 33 33
SWS0855  BI679178 No hit 3.5 2.7
SWS0931  BI678931 No hit 2.7 3.6
SWS0983  BI679030 No hit 35 2.2
SWS1086  BI679045 No hit 2.2 2.6
SWS1123  BI679072 No hit 2.0 4.0
TZF0086 B1642977 No hit 2.2 2.3
TZF0109 B1643000 No hit 2.1 2.9
TZS0038 B1642455 No hit (contig 224) 4.3 4.6
TZS0145 B1642532 No hit 6.2 54
TZS0161 BI1642544 No hit 5.8 4.5
TZS0278 B1642608 No hit 3.7 33
TZS0362 B1642070 No hit 33 34
TZS0388 B1642081 No hit 2.1 2.5
TZS0392 B1642084 No hit 6.2 6.6
TZS0437 BI1642106 No hit 39 2.6
TZS0440 B1642107 No hit 7.2 7.6
TZS0550 B1642179 No hit 6.8 7.7
TZS0617 BI642214 No hit (contig 216) 7.2 11.2
TZS0660 B1642240 No hit 2.2 2.1
TZS0837 B1642379 No hit 4.1 3.9
TZS0903 B1642337 No hit 34 2.9
TZS0922 B1642430 No hit 2.1 2.1
TZS0944 BI1642356 No hit 6.3 10.4
TZS0953 B1642359 No hit 4.2 34
TZS0973 B1642756 No hit 3.6 3.0
TZS0986 B1642766 No hit 3.7 4.1
TZS1067 B1642697 No hit 2.2 33
TZS1112 BI1642719 No hit 2.2 2.5
TZS1226 B1642796 No hit 3.8 5.4
TZS1268 BI1642831 No hit 2.9 3.0
TZS1331 B1642873 No hit 3.1 3.0
TZS1334 B1642879 No hit 2.0 34

*The ratio was estimated as average value from data points.

BCS and SWS libraries are also notable considering
the physiological importance of the regions. Thus, the
libraries from the different trunk regions have distinct-
ive characteristics based on the position of the sample
in the wood. They show a common overall trend of
the proportion of genes in the various categories, but
with differential expression in some categories that

highlights the unique metabolic characteristics of each
zone.

The results of our contig analysis show that func-
tional categorization also presents the specified func-
tion of each tissue region. A direct proportion compar-
ison of functional categories within each library could
not be completed reliably, due to the high percent of



951

'QuoZ uonIsuel (7], pue ‘poomdes (A S ‘QUOZ [eIqUIBD/NIE] {(ZD)

D4 "SIsA[eur 19)SN[O 10 PAPN[IUT AIoM SAUO[D [SH 1Y A[uQ "Ae[dSIp SurLa)sn[o [eIY0IRIANY [B10) WO QUOZ [RIqUIBI/IRG 9Y) UT S9ua3 uorssardxa y3iy jo xasnpoqns oy, (g) “Aerdsip Surisno
[eo1yoIRIAIY [B10) WO} (Auoz uonisues) pue poomdes ayy) poom Iouur ut saudd passardxa A3y Jo 1)snjoqns YL, (V) 'SOF "SA SZIL 10 SM S Woij soner uoissaIdxa Jo sisA[eue 1)sn[) ‘g 2n31

arserg | (wruwkaogiyg Cupeelorueyg) wiajosd soddos ae g
WIS AN PAIELal BuRuIary

wrayoad AT ITELIME ][] SSCIAMATON YHH P2)091Tg-¥HD
AETUMIANDOWMM gLl JIIOTYI0jA0

LTy |

spridaditod pajviai-uriaa

1A VTNRIRS 3318a) WOLRa | W sAm0joyg

(A WITTHGO]IA) (IS0 IROE] [ATOIGLAP] jaad
upymorqn

TEITIaq0diy "NTI3010 Weowyun

TESTHIYI0MAY MEIJ0L] \soAryEf)

AATIVIRG  10PTRDGE TPUOT JUTINVT)

MEAIORY WOy

(Kaogembay g2 asvyegdsogd w133004) JINNgRS 1 WU ae)
[WITYINDOAY T HEI 00 wLouyEy)

TUTa), WTI0I6 JIT) TS - W]

S0 T ANd ATERGNE MOSTo 101

A0ITIYU] ISTUTIJ0L]

A@)oe ] NoTIRIASOqQTH- 408

AXRIAYEENIL -5 GNOTY VRS

DOm0y NTHJ0L) (Vg

WTIJ0IJ wWAoqup)

MTSIOIE 0TG- W

urayord FETT-WTAMOTYIOTTEIN

TEIT AN J0GAY NI J0Iy worye)

Ll BUTE Sty D

asamoand X wiagoad [ wnsasojogd

WEIJ00J WLowEf)

(I0)IqINU] ASTUTAJOL] SNTINS) FOYTATYN] WEsaas)
T SSTUADOIPAYN] TOY0ITY

WL TR TOmA (O]

LES MIaj0ay (WIS

UISJ0In ImY) NUE JH-E

TSILE NT21030 STqIIapET- IYoT]

(VT J0aAy) MTIj0IE ITT uLidw]

WTIJ0LJ WLOAE]

HISJ0Ad FTT- (NE) SA0BEIONE) JO MTEIJTTR] [CMINIS
TeIT AN JOMmAY " HESJ0A waoaryup)]

145 wi=j03] aypuig-419

WIL-3E amrjegasogd wiajoad

urFjola a0

WTHOAMEN )

TedTyanyodly ‘WIa 0] wowyn)

[sovme stap] zoydaoces soafiolivjoides sumeioy ynoah

1 asvRmilay

3, ITVRIRSE JUPTIO 3 ABDIYIOFAD

(Tooriag oAy ) ool "ZIMETd mama WO 014

[t smagasaalay PIIIVE] SF9ILEP SAT IR0

IINRIEE- gAY s i- -0 -V

SLEGOP LQUIY | MTAJ0N0 WA

TUIT Y JMeAY " uT2j0ag waown(u}

SECIANS] SWOATT] WOITVY)

woma

[ewirvy) sisdoprgeay] wiajond asyyeiad wiajond waowqun
TEIT Jom J0aAY - WTHI00] WD

coemsdoprguery) ZTC12UTA MT23000 wAOW{Un
TUIT Iy JOMAY CWTIJ0IY WA

WTA0L 1] - ISVEIDAXOTG WTPTETA IO JUT0IN I
TOOT 198 J00Ay W12 004 WA

TVoT a8 j0uay  MT2 004 saouyy)

TUUPIQUEIY ] MIS)0A0 AN

asTuTy WIOET)

MO0y MADAN])

uiajeag Dt jvasaTmson- HD9

VDT Jay JONAY “WTI )00 WAOWI])

DT Ja JOmAY NS00 WAoW )

uiaj0l1a pRpp 1 WS SASOjOY4

PEVUMMAXOL] | WIYIULIEH

I[-TW1 "NTI0I PUTINTG- LD

NN @ 6799 ROILBUOL

MTI Y00 PP T - WMy

MTAN0Ig uADWYN])

sETpIND Jur{oLyg

gz WIVYD JRAI9 30199F WOTIRTITNT WOTICTSNUIY DT J0ATUMI
BIEITRIL, 1)) amw a1

TUIT I J0aAY “NT2)0a4 MDAV

sisdoproeay] wiagoad ST -T-H0 UTS1000 DUTPV TG MA-2
STSO0DTQUIY] 183000 WaAD{un

HEeDL] YKHI- NIPLISTH

J-ATd 7 ADIYIOPA)

AEV NPT - b [ONOAR ] JOIPAYTA

MIIj0dn IYT1-UINOPIIOTYL
Wi 0dg s

SEUY JUAS U0 [Y)
ITVRIAS Ty §1 S8VPI G [TERLS
RTALRE MOGUE 1Y TOLISUOL YL

(v)



952

SD/sd BC/sd SW/sd TZ/sd

(A) Microarray

Phloem specific protein 1 2.8
Sugar transport protein 1 0.3
Ser/Thr specific protein kinase 1 55
WRKY-like protein 1 11

Auxin-induced protein (TZS1033) 1 0.6
PR-10 1 0.1
Cytochrome b5 DIF-F 1 1.1
Flavonoid 3,5-hydroxylase 1 2.8
Naringenin 3-dioxygenase 1 8.6
No hit (TZS0038, contig224) 1 0.5
Histon H 3.2 1 0.8

(B) Antisense Northern Blot
SD BC SW TZ

01 01
12 02
45 6
64 56
24 46
07 17 —
35 12 )
- 23
10 50
92 45 -

Figure 5. Confirmation of microarray Data with antisense northern blot analysis. (A) The expression ratio of the selected genes in microarray
analysis with each sample (BC; bark/cambial zone, SW; sapwood, and TZ; transition zone) versus seedling (SD). Smaller than 1.0 means
down-regulation in the target sample compared to the seedling control (sd). Greater than 1.0 indicates up-regulation in the target sample. (B)
The expression patterns of the selected genes in seedling, bark/cambial zone, sapwood, and transition zone by antisense northern blot analysis.

Each sample lane contained the equal amount of 200 ng of aRNAs.

no hit clones in the SWS. So, we excluded the por-
tion of no-hit clones and compared the proportions of
functional categories in each library. All three libraries
contained similar percents of genes in their unknown
function groups, as well as their housekeeping func-
tion category, which is related to protein synthesis and
processing. When compared with other libraries, the
proportion of membrane transport- related genes was
high in the BCS, but the category of secondary and
hormone metabolism membrane was highly scored in
the TZS.

We predicted that the bark/cambial region library
would contain many genes categorized into the cyto-
skeleton, vesicle trafficking, cell division and cycle
functioning categories because this region includes
actively growing and differentiating cells. However,
even though representatives of these classes were
found in the library, the proportions were not signi-
ficantly different from those of other libraries. Addi-
tionally, we found that this library has a comparatively
large number of genes classified into membrane trans-
port such as: aquaporin, aquaporin-like protein PIP2,
plasma membrane intrinsic protein, plasma membrane
integral protein ZmPIP2-7, and delta type tonoplast
intrinsic protein. Many transcripts (e.g., the genes en-

coding phloem-specific proteins) of unknown function
or no hit were also highly expressed in this region.
When considering the cell growth and division in this
region, the proteins encoded by the genes in each of
these categories are of interest for future analysis.
The sapwood sample included developing-xylem
cells. Like the ESTs derived from the developing-
xylem cells of pine and popular, our sapwood lib-
rary contained a higher concentration of those genes
involved in cell wall synthesis, when compared to
the other two libraries. However, this library pos-
sessed only a few transcripts coding for enzymes
involved in the synthesis of lignin. Instead, there
were clones corresponding to cell wall structural pro-
teins including: extensin-like proteins, proline-rich
proteins, leucine-rich repeat proteins, arabinoxylan ar-
abinofuranohydrolase isoenzyme AXAH-II, and pec-
tinacetylesterases. These results indicate that sapwood
gene expression patterns more closely resemble the
characteristics of inner wood gene expression than
that of developing-xylem. This finding parallels the
fact that sapwood is a part of inner wood and has
ray cells, which remain alive and maintain their meta-
bolic activity. Based on microarray results few genes
are specifically expressed in the sapwood when com-



pared with bark/cambial region and transition zone.
One possible explanation for the small number of
specifically expressed genes in sapwood is that this re-
gion might play bridging roles between bark/cambial
region and transition zone.

As in the EST results, genes involved in second-
ary metabolism were highly expressed in transition
zone. Recent research has shown a specific example
of this in black walnut (Juglans nigra), where flavon-
oid biosynthesis was up-regulated in the transition
zone (Beritognolo et al., 2002). In the July samples
of Juglans nigra, both chalcone synthase (CHS) and
flavonoid 3’-hydroxylase (F3H) reached their max-
imum levels of expression in the transition zone, while
phenylalanine ammonia lyase (PAL) had increased ex-
pression in the outer sapwood. Its activity was much
higher in the transition zone than the sapwood of black
locust (Magel and Hiibner, 1997). In the current study,
its expression was increased only in the sapwood (8-
fold), but no change in the transition zone. This may
reflect the difference in the genotypes used in the stud-
ies, sampling time, age, or environmental conditions
where the trees were grown. This suggests that the
basis for the heartwood chemical diversity among dif-
ferent trees may be at the transcriptional level. Our
study showed that CHS was up-regulated 5-fold in the
transition zone as compared to the bark/cambium re-
gion, 4-fold compared to the sapwood, and the level
of F3H was increased about 3-fold in the transition
zone. These results corroborate with the gene expres-
sion patterns observed in black walnut (Beritognolo
et al., 2002). The expression of dihydroflavonol 4-
reductase (DFR) could not be detected by northern
blot, only by RT-PCR in the trunk of walnut, and
showed no significant change across the stem sec-
tions. However, it was up-regulated 7- and 6-fold in
the transition zone of black locust as compared to the
bark/cambium region and the sapwood, respectively.
This differential expression of the structural genes
may explain the difference in the heartwood chem-
ical profiles of the two species. The high expression
of cytochrome B5 in the transition zone may be re-
quired for flavonoid biosynthesis during heartwood
formation. This gene is known to enhance the activ-
ity of flavonoid 3’,5’-hydroxylase, which catalyzes the
3/,5'-hydroxylation of dihydroflavonols, the precurs-
ors of purple anthocyanins (de Vetten, et al., 1999).
We found that the expression level of B5S DIF-F (ac-
cession number B1642157) was up-regulated 6- and
5-fold in the transition compared to the bark/cambium
region and the sapwood, respectively. Accordingly,

953

the expression of flavonoid 3',5'-hydroxylase gene
was dramatically increased in the transition zone. The
high level expression of the genes related to flavon-
oid biosynthesis in the transition zone fits well with
the darkening of the heartwood that is mediated by
these genes. The pathogenesis-related class 10 (PR-
10), which is a protein related to defense, was also
highly expressed in the transition zone, as well as the
sapwood region. WRKY, which is a family of plant-
specific zinc-finger-type transcriptional factors, was
expressed in trunk wood at low levels. Eulgem et al.
(1999) reported that the promoter of PR-10 gene is
regulated by WRKY proteins as an early defense re-
sponse in parsley. In addition, Ser/Thr specific protein
kinase genes and auxin-induced protein genes were
also highly expressed in the transition zone.

The stems of growing trees are characterized by
low oxygen and high carbon dioxide (CO,) concen-
trations (Carrodus and Triffett, 1975). Under such
conditions, Magel (2000) suggested that the products
of the accelerated oxidative pentose-phosphate path-
way might be used for the synthesis of phenolics. Our
microarray has two pentose-phosphate pathway genes,
transaldolase and fructose bisphosphate aldolase. Both
of those genes were up-regulated in the sapwood.
The plant hormone ethylene has been suggested as
an important regulator of heartwood formation (Nils-
son et al., 2002). This view is further supported
by the fact that ethylene production was greater in
the transition zone than in the outer sapwood (Nel-
son, 1978) and it stimulates the activity of important
enzymes for polyphenol biosynthesis (Roberts and
Miller, 1983; Ingermarsson, 1995). Neither of the
ethylene receptor gene (accession number B1677627)
and the ethylene-responsive small GTP-binding pro-
tein (accession number B1677741) on our microarray
showed changes in their expression levels across the
stem.

One important question in the study of heart-
wood formation is the source of the carbon-skeletons
used for the biosynthesis of heartwood extractives.
The evidence gathered so far support the hypothesis
that the substrates are derived from imported carbo-
hydrates (Magel and Hiibner, 1997; Hauch and Magel,
1998; Magel, 2000). The microarray analysis showed
that the gene encoding sucrose transporter (acces-
sion number B1642581) was up-regulated 2.8-times in
the sapwood, suggesting increased activity of sucrose
transporter in the region. Carbohydrates have been
shown to be distributed across trunk wood (Magel et
al., 1994; Uggla et al., 2001), and there are many re-
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ports confirming that sugar transporters play a role in
the cell-to-cell and long-distance distribution of sug-
ars throughout the plant (for review, Williams et al.,
2000). The high expression of sugar transport protein
genes in the sapwood region may indicate that carbo-
hydrates from source tissues are transported to inner
wood by the sugar transport proteins. During summer
months, starch is accumulated in the sapwood and its
accumulation correlates with enhanced sucrose syn-
thase (SuSy) activities in the sapwood (Magel, 2000).
Especially, the activity of SuSy increases dramatic-
ally at the sapwood-heartwood transition zone, which
may lead to enhanced degradation of sucrose in the
region where the synthesis and accumulation of phen-
olic heartwood extractives occur (Magel et al., 1994;
Magel and Huber, 1997; Magel, 2000). The activ-
ity of SuSy has been proposed as a measure for sink
strength in tissues with extensive synthesis of phen-
olic compounds (Magel, 2000). In this case, our data
add additional evidence for the view that heartwood
extractives are synthesized at the transition zone us-
ing imported carbohydrates, not translocated via the
phloem and the wood rays to the heartwood (Steward,
1966).

In summary, we report the first comprehensive
study of gene expression profiles deep inside trunk
wood of a hardwood tree. Our ESTs present unique
gene sets that are expressed in uncharted plant tissues.
Using DNA microarray analysis, we have identified
genes associated with inner wood formation and pro-
filed gene expression patterns in trunk wood. These
genes will assist future investigations to unravel the
molecular mechanisms regulating the formation of in-
ner wood. Resolving the dilemma of achieving greater
environmental protection of forest ecosystems while
meeting the increasing demand for forest utilization
necessitates gaining a fundamental understanding of
the biochemical processes involved in tree growth and
development. The findings described here will provide
a platform for such attempts.
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