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Genetic improvement of cell wall polymer synthesis in forest
trees is one of the major goals of forest biotechnology that
could possibly impact their end product utilization. Identification
of genes involved in cell wall polymer biogenesis is essential
for achieving this goal. Among various candidate cell wall-
related genes, cellulose synthase-like D (CSLD) genes are
intriguing due to their hitherto unknown functions in cell
wall polymer synthesis but strong structural similarity with
cellulose synthases (CesAs) involved in cellulose deposition.
Little is known about CSLD genes from trees. In the present
article PtrCSLD?2, a first CSLD gene from an economically
important tree, aspen (Populus tremuloides) is reported.
PtrCSLD2 cDNA was isolated from an aspen xylem cDNA
library and encodes a protein that shares 90% similarity with
Arabidopsis AtCSLD3 protein involved in root hair tip
growth. It is possible that xylem fibers that also grow by
intrusive tip growth may need expression of PtrCSLD2
for controlling the length of xylem fibers, a wood quality
trait of great economical importance. PtrCSLD2 protein has
a N-terminal cysteine-rich putative zinc-binding domain; eight

transmembrane domains; alternating conserved and hypervari-
able domains; and a processive glycosyltransferases signature,
D, D, D, QXXRW; all similar to aspen CesA proteins. How-
ever, PtrCSLD2 shares only 43-48% overall identity with the
known aspen CesAs suggesting its distinct functional role in
cell wall polymer synthesis perhaps other than cellulose bio-
synthesis. Based on Southern analysis, the aspen CSLD gene
family consists of at least three genes and this gene copy
estimate is supported by phylogenetic analysis of available
CSLDs from plants. Moreover, gene expression studies
using RT-PCR and in situ mRNA hybridization showed that
PtrCSLD?2 is expressed at a low level in all aspen tissues
examined with a slightly higher expression level in secondary
cell wall-enriched aspen xylem as compared to primary cell
wall enriched tissues. Together, these observations suggest
that PtrCSLD2 gene may be involved in the synthesis of
matrix polysaccharides that are dominant in secondary cell
walls of poplar xylem. Future molecular genetic analyses
will clarify the functional significance of CSLD genes in the
development of woody trees.

Introduction

Secondary cell walls of tree xylem provide an abundant
source of renewable and valuable raw materials for a
variety of forest products. Biotechnological improve-
ment in quantity and quality of cell wall components of
trees therefore holds an enormous promise for forest
product industries. We are interested in understanding
the biosynthesis of major cell wall polymers in trees in
order to genetically improve them for better wood util-
ization. We have discovered a number of tree genes
involved in cellulose biosynthesis (e.g. Wu et al. 2000,

Samuga and Joshi 2002, Joshi 2003a) and lignin bio-
synthesis (e.g. Li et al. 1997, Osakabe et al. 1999).
Recently, we began searching for genes involved in hemi-
cellulose or matrix polysaccharide biosynthesis in order
to develop a global picture of cell wall polymer synthesis
in trees.

Genes involved in polysaccharide synthesis have been
notoriously difficult to isolate. The first plant cellulose
synthase (CesA) gene from cotton was reported only
in 1996 (Pear et al. 1996). Following that discovery,

Abbreviations — CesA, cellulose synthase; CSL, cellulose synthase-like; EST, expressed sequence tag; GFP-green fluorescent protein; pfu,
plaque forming units; RT-PCR, reverse transcription-PCR; ¥RACE, Rapid amplification of 5cDNA ends.
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Cutler and Somerville (1997) used in-silico analysis for
identification of a seven-member family of cellulose
synthase-like (CSL) genes in Arabidopsis. Systematic
analysis of the recently sequenced Arabidopsis genome
suggested that it hosts at least six distinct CSL gene
families, CSLA, CSLB, CSLC, CSLD, CSLE, and
CSLG sharing only limited identity with CesA genes
(Richmond and Somerville 2000). It is also suggested
that unlike CesA genes, CSLs might be involved in
biosynthesis of matrix polysaccharides such as xylans,
xyloglucans, galactans and mannans. However, this
view has yet to be experimentally supported even in
Arabidopsis (Bonetta et al. 2002). All other plant species
examined so far also have homologues of Arabidopsis
CSL genes. Although we still do not clearly understand
the functions of these CSL genes in polysaccharide
synthesis, it is possible that each CSL gene family may
perform a completely different function based on their
extensive amino acid sequence diversity among them.
CSL-GFP fusions have been localized at the internal
membrane systems such as Golgi complexes and endo-
plasmic reticulum (ER) where hemicellulose synthesis
occurs (Richmond and Somerville 2000, Favery et al.
2001). A systematic molecular genetic approach is there-
fore essential for deciphering functions of each of the
CSL genes in polysaccharide synthesis (Richmond and
Somerville 2001).

Recently, the first such insight became possible
through detailed molecular genetic characterization of
an Arabidopsis CSLD gene family member, 4tCSLD3
(Favery et al. 2001, Wang et al. 2001). In Arabidopsis,
six distinct CSLD genes (AtCSLD-1 to AtCSLD-6) were
identified (Richmond and Somerville 2000). Favery et al.
(2001) described the molecular genetic analysis of the
kojak (kjk) mutant in Arabidopsis that lacks intact root
hair tips resulting in a bald or hairless root phenotype. In
this mutant, root hairs are initiated normally but they
rupture at the tips soon after initiation, most probably
due to defective cross-linking of cell wall polymers at
the root hair tip. Usual chromosomal walk resulted in
identification of the defective gene to be AtCSLD3 and
complementation of kjk mutants with wild-type
AtCSLD3 restored the normal hairy root phenotype.
The majority of the AtCSLD3-GFP4 fusion proteins
were also localized at the ER suggesting their involve-
ment in the synthesis of non-cellulosic wall polysac-
charides. However, experimental data on non-cellulosic
polysaccharide alteration in the kjk mutant lacking
the ability to produce intact AtCSLD3 protein are still
unavailable. It was recently suggested that this lack of
information might be due to low-level expression of these
genes in Arabidopsis tissues (Bonetta et al. 2002). Albeit
useful for molecular genetic analysis, Arabidopsis plants
are typically small. Combined with a low level of CSLD
expression, alternative plants such as robust trees may be
explored to dissect the roles of CSLD genes in cell wall
polysaccharide synthesis. As poplar xylem is enriched
in hemicelluloses (Mellerowicz et al. 2001) and large
quantities of such developing xylem tissues can easily
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be isolated, it would be an ideal experimental material
to examine if CSLDs are indeed involved in hemi-
cellulose synthesis. Isolation of CSLD genes from poplar
xylem tissues is the first step towards examining such a
possibility. With this objective, in the present study we
cloned and characterized the first ortholog of AtCSLD3
gene from aspen xylem cDNA library, PtrCSLD2.
Higher expression of PtrCSLD2 gene in secondary cell
wall-enriched aspen xylem compared with aspen tissues
enriched in primary cell walls suggests that this gene is
a likely candidate gene involved in hemicellulose bio-
synthesis in xylem secondary walls.

Materials and methods
Plant material

Various fresh tissue samples from quaking aspen
(Populus tremuloides) trees were collected from the green-
house of the Plant Biotechnology Research Center,
School of Forest Resources and Environmental Science,
Michigan Technological University. The plant materials
were immediately frozen in liquid nitrogen and stored at
—80°C till use.

Screening of aspen xylem cDNA library

We first screened about 100000 pfu of the aspen xylem
cDNA library described earlier by Samuga and Joshi
(2002) with Arabidopsis CSLD EST HIOCIIT7. We
obtained a partial cDNA highly similar to AtCSLD3, but
the encoded protein potentially lacked the first approxi-
mately 200 amino acids. A 400-bp Pstl fragment from the
5" end of this partial cDNA was again used to screen
100000 pfu of the same aspen xylem library and a much
longer cDNA, L13ii was obtained, which was renamed as
PtrCSLD2. DNA/protein and phylogenetic analyses
were performed as described earlier (Joshi 2003a). The
PtrCSLD?2 clone still lacked the DNA sequence correspond-
ing to approximately 40 amino acids at the N-terminus.

Obtaining information about the missing N-terminal
sequence of PtrCSLD?2 by genomic and SRACE PCR

Two highly similar genomic DNA fragments
(XXT18668. x1 and XXI589290.bl) corresponding to
5-end of PirCSLD2 clone were identified from the
raw poplar genome sequence data available at http://
genome.jgi-psf.org/poplar0/poplar0.info.html (Wullschleger
et al. 2002). These fragments contained the sequences of
the possible missing 5 end of the PtrrCSLD2 sequence,
but the poplar genome is being sequenced from Populus
trichocarpa which is different from Populus tremuloides
used here for isolation of PrrCSLD2 cDNA. In order to
validate the presence of such genes in the aspen genome,
two sets of primers were designed based on two poplar
genomic fragments, respectively, to amplify the missing
N-terminal region of PtrCSLD2 from aspen.
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Set I
GCSLDI1 ¥ TGCAGGATCTGAAGAGAAGTC 3’

GCSLD3 5 CAACCTTTTGTGAGATTGATGG 3

Set 11

GCSLD4 5 TGCACAGTACTATAATTGCAGG
3/

GCSLD6 5 AAATCACTACTCCCAAGTTCAC
3/

Aspen genomic DNA (20 ng per reaction” ') was used as a
template for PCR with 35 cycles of denaturation at 94°C
for 2min, re-annealing at 58°C for 1min, extension at
72°C for 3min with a final extension at 72°C for 7 min.
Amplified products were cloned into pCR 2.1 TOPO
vector (pCR 2.1 TOPO Cloning kit, Invitrogen, Carlsbad,
CA, USA) and sequenced with ABI Prism 310 Sequencer.
The 5YRACE PCR using xylem RNA as template
amplified approximately 250 bp product only using the
Set I primers but not with the set II primers.

Genomic DNA isolation and Southern analysis

Genomic DNA was isolated from aspen leaves and
Southern blotting analysis was performed using the
hypervariable (HVRI) region as well as the complete
sequence of PrrCSLD2 c¢cDNA as described earlier
(Samuga and Joshi 2002).

RT-PCR experiments

We performed RT-PCR using RNA from various aspen
tissues including young shoot apices, 1-3 internodes,
xylem, phloem and 8-10 internodes as described earlier
by Samuga and Joshi (2002). We designed the HVRI-
specific primer pair to study the expression pattern of
PtrCSLD?2 gene as follows:

CSLD2ForwardHVRI 5- GCAGTGAAAATTG-
GAGGTGG - ¥

CSLD2ReverseHVRI 5- TCCGAACAAAAAT-
GAGAAGCC - 3

Amplification reactions using 5.8S rRNA-specific
primers (used as internal control) and PtrCSLD2-
HVRI-specific primers for RT-PCR were performed as
described earlier (Samuga and Joshi 2002).
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In situ mRNA hybridization

PtrCSLD?2 transcripts were detected by in situ hybrid-
ization with antisense transcripts from HVRI region of
PtrCSLD2 cDNA following the procedure described
earlier (Wu et al. 2000). The HVRI region was amplified
from the PtrCSLD2 cDNA with HVRI-specific primers
as described above and subcloned into pGEM-T
Easy plasmid vector (pGEM-T Easy Vector System II;
Promega, Madison, WI, USA). This was used to generate
sense and antisense digoxygenin-labelled transcripts by in
vitro transcription with T7 and SP6 RNA polymerases,
respectively (DIG RNA Labeling Kit; Roche, Indianapolis,
IN, USA) that were used as probes for in situ localization
of PtrCSLD2 mRNA.

Briefly, sections of various aspen tissues including
young shoot apices, leaf, root and stems were fixed in 4%
(w/v) phosphate buffered paraformaldehyde (PFA in 3x
phosphate-buffered saline PBS, pH 7.2) at 4°C overnight,
dehydrated through an ethanol series from 30 to 100%,
gradually substituted with xylene and finally embedded in
paraffin (Paraplast; Sigma, St. Louis, MO, USA). Ten
micrometre sections were obtained on a Biocut 2030
Microtome (Global Medical Instrumentation, Albertville,
MN, USA), mounted on Superfrost Plus slides (Fisher,
Chicago, IL, USA) and incubated at 42°C overnight. Sec-
tions were subjected to de-waxing with xylene and rehydra-
tion through an ethanol series from 100 to 50%. Slides were
then subjected to 70°C treatment for denaturing proteins
followed by protein digestion with proteinase K (10 pgml ™'
in 1x PBS) for 1h at room temperature. The sections
were serially post-fixed with 4% PFA for 10min, 3x PBS
for Smin, 1x PBS for 5min, acetylated with 0.33% (v/v)
acetic anhydride in 100 mM Triethanolamine (pH 8.1), and
passed through an ascending ethanol series from 50 to 100%.

Hybridization was done with DIG-labelled and
denatured (70°C for 5min in Formamide) T7 and SP6
probes (approximately 0.6 ng/slide), respectively, in 2x
hybridization mixture [10x SSC, 2% Blocking Reagent
(Roche) with 0.3% Tween 20, 2.5% SDS, 0.1mgml™'
tRNA and 0.2mgml~' heparin] at 50°C for 16h in a
humidity chamber (2x SSC and 50% formamide). Post-
hybridization washes were done with 2x SSC and 50%
formamide twice for 30 min each followed by maleic acid
wash buffer wash (0.1 M maleic acid, 0.15 M NaCl, 0.3%
Tween20, pH 7.5). Immunodetection of DIG probes with
anti-DIG antibody (DIG Nucleic Acid Detection Kit;
Roche) was performed at 4°C overnight. Post-antibody
washes with maleic acid wash buffer and 1% blocking
reagent for 3h at room temperature was followed by
colour detection with NBT/BCIP in colour development
buffer (100mM Tris pH9.5, 150mM NaCl, 50mM
M¢gCl,) by incubation up to 6h in dark (DIG Nucleic
Acid Detection Kit; Roche). The colour development was
stopped by incubation of slides in 10mM EDTA and
sections were mounted in glycerol. Slides were viewed
with a Nikon Eclipse 400 microscope (Nikon Corporation,
Tokyo, Japan) and images taken using a Sony DKC-5000
digital camera (Sony, Tokyo, Japan).

633



Results
Isolation of a CSLD ¢DNA from aspen developing xylem

To identify cDNAs encoding CSLD proteins from aspen,
we first screened about 100 000 pfu of aspen xylem cDNA
library with Arabidopsis CSLD EST (H10C11T7) probe
and obtained 11 positives. End sequencing of a clone
with the largest insert size, B15 showed that it contained
a partial CSLD sequence and the predicted protein was
potentially missingapproximately 200 amino acids towards
the N-terminus. Re-screening of same cDNA library
with 400 bp 5’end Pstl fragment of B15 clone and end-
sequencing of the eight rescued positive clones resulted in
an almost full-length clone of 3570bp, L13ii but still
potentially missing approximately 40 amino acids at the
N-terminus. Complete sequencing of L13ii indicated that
we obtained an ortholog of the AtCSLD3 gene from
Arabidopsis (Favery et al. 2001). Earlier, we cloned aspen
genomic fragments from three distinct CSLD genes that
were designated as PtrCSLD 1, PtrCSLD2 and PtrCSLD3
(GenBank accession no. AF417486, AF417487 and
AY162183). Protein sequences of corresponding regions
of PtrCSLD2 and L13ii are 100% identical suggesting that
PtrCSLD?2 is part of L13ii. Therefore, the L13ii clone
sequence was renamed as PtrCSLD2 (GenBank accession
no. AY162184).

Obtaining the missing N-terminal sequence of PtrCSLD?2

Further attempts of re-screening the xylem cDNA library
to obtain full-length cDNA as well as YRACE PCR
experiments failed to yield additional information
about the 5 end of PirCSLD2 cDNA. This may be
the result of low-level expression of this gene as indicated
by the low number of positives obtained during
cDNA library screening as compared with when we
used CesA probes that yielded over 150 positives earlier
(Samuga and Joshi 2002). We therefore used bioinform-
atics tools to predict the missing N-terminal amino
acids using recently released, raw poplar genome data
(http://genome.jgi-psf.org/poplarl/poplarl.home.html).
Search of this database (2468 819 genomic DNA frag-
ments) with the help of the BLASTN program (Altschul
et al. 1997) and 3570 bp of PtrCSLD2 with the E-value
of 1E™ resulted in a total of 70 hits. Seven of these
fragments contained the DNA sequences highly similar
to the available 5-end of PtrCSLD2 cDNA as well
as sequences immediately upstream of the available
PtrCSLD2 cDNA. Prediction of encoded protein
sequences from these seven sequences and their compari-
son with PtrCSLD?2 sequence yielded information about
the possible missing first 39 amino acids in aspen
PtrCSLD2 cDNA. Moreover, among these seven hits,
two very similar CSLD genes were present in the poplar
genome sharing 87/90% identity/similarity in the missing
39 amino acids with each other (data not shown). How-
ever, in order to validate the existence of such genes
in the aspen genome and also to see if data from
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P. trichocarpa, species used for sequencing the poplar
genome can be directly applied to P. tremuloides, our
species of interest, we carried out a PCR-amplification of
both these genes using aspen genomic DNA with the two
sets of primers that resulted in two approximately 250 bp
products (PtrCSLD2G1 and PtrCSLD2G2). Sequencing
of these two PCR-products revealed that they were
98-99% identical to two corresponding poplar genome
sequences we found earlier and thus resulted in the iden-
tification of two different CSLD sequences as shown
in Fig. 1B. Thus the information from P. trichocarpa
could directly be wused for getting the sequence
data about the missing 5 end of PirCSLD2 from
P. tremuloides; but which of these two aspen genomic
sequences represent the real 5’ end of PtrCSLD2? In order
to resolve this issue, we performed 5YRACE PCR using
xylem RNA and both the sets of primers but the ampli-
fied PCR-product was produced only when we used set I
primers corresponding to PtrCSLDG! and not when
using set II primers corresponding to PurrCSLDG2.
Therefore the PirCSLD2G1 sequence matching 5 RACE
product was used along with the existing sequence data
from PtrCSLD2 to generate a full-length sequence as
shown in Fig. 1A.

Sequence analysis of PtrCSLD2 ¢cDNA and its predicted
protein

The PtrCSLD2 cDNA as shown in Fig. 1A is 3723 bp
long with a coding region of 3429 bp. This is the first
report of a CSLD gene from any tree species. Compari-
son of PtrCSLD2 cDNA with Arabidopsis CSLD gene
sequences indicated the maximum DNA sequence iden-
tity of 76% with AtCSLD3 and AtCSLD2 genes that in
turn shared 83% identity with each other, which suggests
the possibility of PtrCSLD2 being an ortholog of the
AtCSLD3/AtCSLD2. Recently the AtCSLD3 gene has
been shown to be associated with root hair tip growth
(Favery et al. 2001). Moreover, PtrCSLD2 cDNA also
shares 67% identity with NaCSLD1 cDNA expressed in
tobacco pollen tubes (Doblin et al. 2001).

The predicted protein sequence of PtrCSLD?2 is of
1143 amino acids with a calculated molecular mass of
128 182 Da and predicted pI of 7.1 (Fig.1lA). In our
laboratory, we have so far isolated seven full-length
CesA cDNAs from aspen and PtrCSLD2 shares only
about 45% identity with the predicted proteins of these
seven CesA cDNAs suggesting that in aspen, similar to
in Arabidopsis, CSLD proteins are distinctly different to
CesA proteins (Richmond and Somerville 2000).
PtrCSLD?2 shares 87% identity (90% similarity) with
Arabidopsis AtCSLD3 protein but only 72% identity
(80% similarity) with tobacco NaCSLDI1 protein.
Although in addition to PtrCSLD?2, these are the only
two full-length cDNAs encoding CSLD proteins that are
currently available, the predicted protein sequences from
the genomic sequences of an additional nine complete
CSLD proteins from Arabidopsis, tobacco, alfalfa, rice
are listed at http://cellwall.stanford.edu/. Comparison
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1 TGCAGGATCTGAAGAGAAéTCTCTTATAGTGTTAAAATATGGCCTCAAAATCATTCAAGG

1801 TCCCATTGCTTGTTTATGTTTCTCGTGAGAAGCGTCCAGGCTATGATCACAACAAGAAGG 1860

60 589 P L L V Y V 8 R E KR P G Y D HDN K K A 608
1 M A S K S F K A 8 1861 CAGGGGCCATGAATGCACTTGTTCGAGCCTCAGCCATTATGTCTAATGGTCCTTTCATTC 1920
61 CTACTCGATCAAACCTATCAACTAGCTCGGATGCTGCGGAATCTCACAAACCTCCCCTGC 120 609 G A MNA ALV RASATIMSNTG?PTF I L 628
9 T R S NL S TS S DA AZESHI KUPUPTL P 28 1921 TTAATCTTGATTGTGATCACTATATTTACAATTCCCAGGCAATGAGGGAAGGGATGTGTT 1980
121 CTCCGTCGGTGACATTTGGCCGGAGAACTTCTTCTGGTCGCTATATCAGCTACTCAAGGG 180 629 N L D C D H Y I YNS QAMZBRTEGMC F 648
29 P S VTV FGRIRTS S GR Y I S Y S R D 48 *
181 ATGATCTTGATAGCGAACTTGGGAGTAGTGATTTCATGAACTATACGGTGCACTTACCAC 240 1981 TCATGATGGATCGAGGAGGTGATCGCCTCTGTTATGTTCAGTTCCCTCAGAGGTTTGAGG 2040
49 DL DS EULGS SDVFMNYTV HTUL P P 68 649 M M D R G GDRULCY V Q F P Q R F E G 668
241 CGACCCCTGACAACCAACCCATGGATCCATCTATCTCACAAAAGGTTGAAGAGCAATATG 300 2041 GCATAGACCCTTCTGATCGATATGCTAATCACAACACTGTATTTTTTGATGTGAACATGC 2100
69 T P DNQ P MDUP S I S Q KV EE Q Y V 88 669 I D P S DURY ANUHNTVFFD VN MR 688
% 2101 GTGCCCTTGATGGTCTAATGGGTCCTGTCTATGTTGGAACTGGTTGCCTCTTTAGAAGGA 2160
301 TCTCAAATTCACTCTTTACAGGCGGTTT TAGTGTTACTCGTGCTCATCTCATGGACA 360 689 A L D GL MG?P VY YV TG CLF R R I 708
89 S NS L F T GG GF N S VTR AHTILMD K 108 2161 TTGCTCTTTATGGCTTTGACCCACCACGGGCAAAAGAAGATCACCCAGATTGCTGTAGCT 2220
361 AGGTGATTGAATCTGAAGCCAGCCATCCCCAAATGGCTGGTGCTAAGGGATCCTCTTGTG 420 709 A L Y G F D P P RAIKEDUHUPUDTCOC S C 728
109 vV I E S EA S HP QMAGA ATZKG S s C A 128 2221 GCTGCTTTGCCCGGCGCAAGAAACATTCCTCAGCTGCAAACACCCCAGAAGAGAACAGGG 2280
421 CGATTCCAGGGTGTGATGCCAAGGTGATGAGTGATGAGCGTGGTGTTGATATTCTCCCTT 480 729 C F A RRIKIKUHS S AANTPEENTR A 748
129 I P G CDAIKUVMSDETRTGV VDI L P C 148 2281 CTCTAAGAATGGGTGATTATGATGATGAAGAGATGAACCTCTCCCTGCTCCCTAAGAAGT 2340
481 GTGAGTGTGATTTCAAAATATGCCGGGATTGCTTTATTGATGCAGTGAAAATTGGAGGTG 540 749 L RM GD Y DD EEMN©NTLSILTUL P K K F 768
149 E CDVF K I CRDCFIDA AVI KTIG G G 168 2341 TTGGCAACTCAACATTCCTTATTGACTCAATCCCAGTGACAGAGTTTCAAGGTCGTCCTC 2400
541 GAATTTGCCCTGGTTGCAAGGAGCCCTATAAAAACACCGAATTATATGAAGTGGATGTGG 600 769 G N S T F L I D S I P V TETF Q G R P L 788
169 I ¢ P G CZKEUPYI KNTETLYE V D V D 188 2401 TTGCAGATCACCCAGCTGTTAAGAATGGACGGCCACCTGGGGCTCTCACTATTCCCCGTG 2460
601 ACAGTGGAA( 'CTCTTCCACTTCCTCCACCAGGCACAGTGTCCAAAATGGAGAGGAGGT 660 789 A D HP AV KNGRUPZPGATLTTIUPR E 808
189 S G R P L PL PP PG TV S KME R R L 208 2461 AGCTTCTCGATGCATCAACTGTTGCAGAGGCAATCAGTGTCATATCTTGCTGGTATGAAG 2520
661 TGTCATTGATGAAGTCAACCAAATCAGCGCTGATGAGAAGCCAGACTGGGGACTTTGATC 720 809 L L DA STV AEA ATISV I S CMWY E D 828
209 § L M K 8 T K S AL MR S Q T G D F D H 228 2521 ACAAGACTGAGTGGGGAAATCGAGTTGGGTGGATTTATGGATCTGTTACTGAAGATGTTG 2580
721 ACAATAGGTGGCTCTTTGAAACA ACTTATGGGTATGGCAATGCTATCTGGCCAA 780 829 K T EW GG NR YV G W I Y G S V T E D V V 848
229 N R WL F ETU®RGT Y G Y G NATI W P S 248 *
781 GTGAT TTCGGCAATGGGAATGAT TT 'CCARAGAATTGATGA 840 2581 TCACTGGGTATAGGATGCACAAC TGGAAATCAGTTTATTGTGTTACCAAGCGTG 2640
249 D G G F GNGNUDETETVGEG G P KETULMN 268 849 T G Y RMHNU®RGWIE K S V Y CV T K R D 868
841 ACAAGCCATGGAGGCCACTTACTCGAAAATTAAAGATACCAGCTGCTGTTATCAGTCCAT 900 2641 ATGCCTTCCGCGGCACTGCTCCAATTAACCTCACAGATAGGCTTCATCAAGTTCTCAGGT 2700
269 K P WR P L TRKULK I P A AUV I 8 P Y 288 869 A F R G TAUPTINIULTUDURULUHEHOQV VL R W 888
901 ATCGGCTTCTCATTTTTGTTCGGATTGTTATTCTTGCACTATTCTTGCAATGGAGGATCG 960 L
289 R L L I F V R I V I L A L F L Q W R I V 308 2701 GGGCTACTGGTTCTGTTGAAATTTTCTTTCCCTGCAACAATGCCCTCTTAGCCAGCCGTA 2760
961 TGCATCCAAACAACGACGCAATCTGGCTGTGGGGGATGTCAGTGGTTTGCGAGGTCTGGT 1020 889 A T G S V E I F F P CNNATLTULAS R R 908
309 H P NNDA ATIWTLWGM S V V CE V W F 328 2761 GAATGCAATTTCTTCAGAGGATAGCATATCTGAATGTTGGCATCTATCCCTTCACTTCGA 2820
1021 TTGCTTTTTCTTGGCTTTTGGATCAACTTCCAAAGCTATGCCCTATCAATCGTGCTACAG 1080 909 M Q F L Q R I A Y L NV 66 I Y P F T S8 I 928
329 A F 8 WL LD QUL P KDL CP I NI R AT D 348 2821 TCTTCCTGATTGTGTACTGCTTCCTACCTGCACTTTCCCTATTCTCTGGCCAGTTCATTG 2880
1081 ATCTGAATGTATTGAAAGATAAATTTGAAACACCCAGCCCTAGCAACCCCACTGGGAAAT 1140 929 F L I VY ¢C F L P AL S L F S G Q F I V 948
349 L N V L XK DK F E T P S P S N P T G K S 368 2881 TTCAGACCCTTAATGTCACTTTTCTTGCTTATCTCCTAATCATCACATTGACTCTATGTT 2940
1141 CTGATCTCCCTGGCATAGATGTTTTTGTCTCTACTGCAGATCCAGAAAAAGAACCGCCAC 1200 949 Q T L N V T F L A Y L L I I T DL T L C L 968
369 D L P G I DV F V S T AD P E K E P P L 388 2941 TACTTGCTGTGCTTGAAATCAAATGGTCTGGCATCGACCT TGGT ATG 3000
1201 TTGTCACTGCCAACACCATCTTATCAATTCTAGCAGCTGATTACCCAGTTGAAAAGCTTT 1260 969 L A VL ETIX XKW S G I DILETEUWWR RN E 988
389 v T AN T I L 8 I L A A D Y P V E K L S 408 3001 AGCAGTTTTGGTTGATTGGAGGAACCAGTGCCCACCTTGCTGCTGTGCTTCAGGGATTGT 3060
1261 CTTGTTATGTTTCCGATGATGGAGGTGCACTTTTAACATTTGAGGCCATGGCTGAAGCAG 1320 989 Q F W L I G G T S A HL A A V L Q G L L 1008
409 ¢c Y Vv s DDGGALLTTF E A MAE A A 428 3061 TGAAAGTTGTTGCAGGGATTGAAATTTCTTTCACCTTGACTTCAAAATCAGGTGGTGATG 3120
* 1009 K vvaeI ETIST FTTULTS K S G G D D 1028
1321 CGAGTTTTGCAAATGTATGGGTTCCTTTCTGCCGTAAACATGATATTGAGCCCAGGAATC 1380 3121 ATGTTGATGATGAGTTTGCTGATCTCTACGTTGTCAAATGGACATCGCTGATGATACCTC 3180
429 S F ANV WV P F CRKHDTIEUPR N P 448 1029 VDDETFADT LYV V KWT S L M I P P 1048
1381 CAGAATCCTACTTCAGTTTGAAGAGGGATCCTTACAAGAACAAAGTGAAGCAAGATTTTG 1440 3181 CTATTACAATCATGATGGTCAACTTAATTGCAATAGCAGTTGGATTTAGCCGAACAATTT 3240
449 E S Y F S L K R D P Y K N K V K Q D F V 468 1049 I T I M M V N L I A I AV G F 8 R T I Y 1068
1441 TCAAGGATCGTCGAAGAGTAAAGCGTGAATATGATGAGTTCAAGGTTCGAATAAATAGCT 1500 3241 ACAGTGTTATACCACAGTGGAGTAGATTACTGGGTGGTGTTTTCTTCAGTTTCTGGGTCC 3300
469 K DR RURV KRE Y DEF K V R I N S L 488 1069 S VI P Q W S R L L G GV F F 8 F W V L 1088
1501 TGCCTGATTCTATTCGCCGCCGATCTGATGCCTATCATGCTCGGGAGGAAATCAAGGCCA 1560 3301 TGGCTCATCTCTACCCTTTTGCTAAAGGTCTTATGGGAAGAAGAGGAAGGACACCGACCA 3360
489 P D S I R R R S DAY HAREE I K A M 508 1089 A HL Y P F A K GULMGRRG G RTP T I 1108
1561 TGAAGCTTCAGAGACAGCACAAGGACGATGAACCTGTGGAGAGTGTAAAGATTCCAAAAG 1620 3361 TTGTTTTTGTGTGGTCAGGACTTATTGCAATCACCATCTCTCTCCTCTGGGTGGCAATCA 3420
509 K L Q R Q H K DD E P V E S V K I P K A 528 1109 V F V W S8 6 L I A I T I 8§ L L W V A I N 1128
1621 CTACATGGATGGCAGATGGTACCCATTGGCCAGGGACTTGGCTGAATCCTGCTCCTGAGC 1680 3421 ATCCCCCGTCTGGCACCACCCAAATTGGTGGCTCATTCCAGTTTCCCTGATAGGTCTTTT 3480
529 T WM A D G T HW P G T W L N P A P E H 548 1129 P P S G TT QI G G S F Q F P #**x 1143
1681 ACTCTAAGGGTGACCATGCTGGTATAATACAGGTGATGTTGAAACCTCCCAGCGATGAGC 1740 3481 TCTTTCTTTTTTGTTTAATTTATTCAATTACGTTCCTTTACTAAATTCTTTTTTCAAAAC 3540
549 S K 6 D H A G I I Q VML K P P S D E P 568 3541 ATCNATCTGCTGGAGTACAGGCTAGATATTTTCCTTTAACACATTCTGTGTAGTGGCTGT 3600
1741 CACTACTTGGAACTTCTGATGAAACTAAGATAATGGACTTTACTGATGTTGATATACGTC 1800 3601 TTACTTTCGACAAAAGTTCTAGTAAAGGGAACTGGTCTTCTTGGCTACTGTTCTTGACNA 3660
569 L L G T s DETZXKIMDF T D V D I R L 588 3661 ATGCATTACATGAAATACTAAAACCAGAGACCCATCTTTACGAAAAAAAAAAAAAAAAAA 3720
3721 ARAA 3723
B
1 MASKSFKATRSNLSTSSDAAESHKPPLPPSVTFGRRTSS 39 PtrCSLDG1
N
. .
1 MASRSFKGTRSNLSISSDAAESHKPPLPQTVTFGRRTSS 39 PtrCSLD2G2

Fig. 1. (A) DNA sequence of aspen PtrCSLD2 cDNA is shown at the top with the predicted single-letter translation below the DNA sequence
indicated by bold numbers. The 5" genomic DNA/RT-PCR sequence used for creating this hybrid molecule is shown in red colour and primers
used for genomic fragment isolation are shown in bold and indicated by arrows. In the predicted protein sequence of PtrCSLD2, four cysteine-
rich motifs of the N-terminal zinc-binding domain are shown in pink, HVRI in blue, subdomain A in violet, HVRII in green, HVRIII in orange
and subdomain B in red, all indicated as bold letters. The two N-terminal and six C-terminal transmembrane domains are shown in bold, black
and underlined letters. The processive glycosyltransferases signature D, D, D...QXXRW is indicated by black, bold asterisks below such
residues and the stop codon is indicated by three bold, red stars. (B) Comparison of predicted amino acid sequences from two possible aspen
isoforms of PtrCSLD2, PtrCSLD2G1 and PtrCSLD2G2 in the missing N-terminal region.

among 12 CSLD proteins shows that PtrCSLD?2 shares
the highest identity of 87% with AtCSLD2 and
AtCSLD3 followed by rice OsCSLD2 and OSCSLDI
sequences sharing 84 and 80% identity, respectively
(Table 1, upper half). Interestingly, remaining CSLD
paralogs either from Arabidopsis or rice share much less
identity with each other. This situation is similar to CesA4
genes in which orthologs are more similar to each other
than paralogs (Holland et al. 2000) suggesting that the
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CSLD gene structural divergence preceded the species
divergence.

Towards the N-terminal of PtrCSLD?2 protein, there is
a 47 amino acid-long, cysteine (Cys) rich region that is
conserved in most of the CSLD proteins known to date
with the exception of AtCSLD1 and AtCSLD6. Interest-
ingly, similar 46 amino acid-long Cys-rich regions are
also present in all known CesAs (Joshi 2003b). CSLDs
are the only CSLs that possess such regions as suggested
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by Doblin et al. (2001). The consensus sequence of zinc-
binding domain in CesA proteins is two tandem repeats
of CX,CX,_15CX,C whereas CSLDs have two tandem
repeats of CX;_ 4CXg_15CX;_,C (where X is any amino
acid). Thus both types of Cys-rich domains have four
pairs of Cys residues separated by only two amino acids
in CesAs but by 1-4 amino acids in CSLDs (Fig. 1A).

PtrCSLD2 has eight transmembrane domains, two
towards the N-terminus and six towards the C-terminus
similar to all known CesA and CSLD proteins (Joshi
2003b) Similar to CesAs, CSLDs also have the highly
diverged first hypervariable region (HVRI). Tablel
(lower half) shows the comparison of HVRI domains
from 12 different CSLD proteins. Due to lack of zinc-
binding domains in AtCSLDI and AtCSLD6, the vari-
ability data for these two proteins is not reliable.
PtrCSLD2 HVRI shares 67-70% identity with AtCSLD?2,
AtCSLD3, OsCSLDI1 and OsCSLD2 but HVRI regions
of all remaining CSLD proteins share only 26-55% iden-
tity with the PtrCSLD2 HVR 1 region. Thus this region
from PtrCSLD2 cDNA corresponding to HVRI domain
has been used for gene copy number determination and
gene expression analysis as described below.

A region similar to the putative catalytic domain of
CesA proteins also exists in PtrCSLD2 and all other
predicted CSLD proteins although no substrate binding
assays have yet been performed for CSLD proteins simi-
lar to CesAs (Pear et al. 1996). Multiple sequence align-
ment of putative catalytic domain of 12 CSLDs indicated

E H X
® TR B
23.0kb —>
- 23.0kb —»
B J = ,‘ -
9.4kb —
. oo 9.4kb —>
- .
43k0 —>
43kb —> "
» |
23kb —>

2.3kb —» '
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that they also have similar but shorter HVRII domains.
However, A subdomain of CSLDs have at least one
more additional highly variable, namely the HVRIII
domain that is absent in CesA proteins (Fig. 1A). The
D, D, D, QXXRW, a canonical sequence signature pres-
ent in all processive glycosyltransferases (Saxena et al.
1995) is also present and conserved in all CSLDs suggest-
ing that these proteins might also be involved in biogen-
esis of long-chain polysaccharides.

Gene copy number determination by Southern blot analysis

To estimate the size of PtrCSLD2 gene family in the
aspen genome, we performed Southern blot analysis
using aspen genomic DNA and PtrCSLD?2 region corres-
ponding to HVRI domain. Only two hybridizing bands
were visible in each of the three lanes suggesting that
PtrCSLD2 belongs to a small gene family of about two
genes (Fig.2A) in agreement with our bioinformatics
analysis presented earlier. It is also possible that two
bands are originating from the same gene. None of the
restriction enzymes used are present in PirCSLD2
cDNA. There is also no intron expected to be present
in the HVRI region if gene structure is conserved
between Arabidopsis and aspen. Moreover, our
PtrCSLD?2 gene structure analysis from the Populus gen-
ome also showed the absence of introns in this region
(Joshi, unpublished observations). To determine the
extent of the CSLD gene family in aspen, Southern

Fig.2. Southern blot analysis
of restriction digested aspen
genomic DNA hybridized with
PtrCSLD2 HVRI-specific
region (A) and entire
PtrCSLD2 cDNA (B) as
radioactive probes. Lanes E, H
and X indicate genomic DNA
‘ digested with restriction
enzymes EcoR I, Hind III and
Xba I, respectively. Molecular
weight markers are indicated
B on the left.
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analysis was performed using the entire available
PtrCSLD2 c¢cDNA as a probe. Three bands were
observed suggesting that the CSLD gene family consists
of at least three members in the aspen genome (Fig.2B).
In an independent work, we have isolated two additional
and distinct HVRII regions from CSLD gene family of
the aspen genome (Joshi et al. unpublished observa-
tions). This suggests that the CSLD gene family in
aspen consist of at least three genes.

PtrCSLD?2 gene expression analysis by RT-PCR and in
situ mRINA hybridization

Since PirCSLD?2 was isolated from the developing xylem
library, we were interested to see if it is highly expressed
in xylem in comparison with other tissues. We first car-
ried out RT-PCR experiments using a pair of primers
corresponding to PrrCSLD2 HVRI domain (Fig. 3).
The PtrCSLD?2 transcripts were amplified from all seven
RNA samples comprising of young internodes, xylem,
apex, leaf, phloem, and 8-10 internodes. This suggests
that CSLD genes are expressed all over the aspen plant.
The slightly higher level of PtrCSLD2 expression in
developing xylem tissues is an interesting and novel
observation. Cloning of PCR products and sequencing
of at least three clones from these amplified bands
revealed the identity of the amplification products to be
PtrCSLD2 HVR I region and only one species of tran-
script, 100% identical to PtrCSLD2 HVRI region, was
always amplified. The amplified bands in the internal
control lanes using 5.8S rRNA primers were of equal
intensity in all lanes suggest that the equal amount of
RNA was used as a template for RT-PCR from all sam-
ples (Fig. 3).

The RT-PCR results can not always yield accurate
information about the tissue or cell-specific patterns of
gene expression since the starting plant material is
derived from a mixture of heterogeneous cells. To deter-
mine which cells express PtrCSLDZ2 genes in various
aspen tissues, we performed in situ mRNA hybridization
with sense (T7) and antisense (SP6) probes generated by
in vitro transcription of the HVRI region of PtrCSLD?2
cDNA. As AtCSLD3 has been genetically associated
with root development (Favery et al. 2001), we were
interested in knowing if PtrCSLD2 would show similar

350 bp —p
110bp —p

Fig.3. Gene expression analysis in various tissues of aspen trees
using RT-PCR. Total RNA from young 1-3 internodes (Lane 1),
developing xylem from 3-year-old-aspen tree (Lane 2), young shoot
apices (Lane 3), young leaves (Lane 4), phloem (Lane 5), and 8-10
internodes (Lane 6) were used for RT-PCR. The top panel shows
RT-PCR products using PtrCSLD2 HVRI-specific primers. Lower
panel shows RT-PCR products using 5.8S rRNA-specific primers as
internal control. Molecular weights of amplified bands are indicated
on the left.
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expression patterns. The antisense PtrCSLD2 transcripts
were specifically localized to the vascular tissues in roots
(Fig.4A). The probe-specificity was confirmed by the
absence of signal in the sections hybridized with the
sense probe (Fig.4B). The PtrCSLDZ2 expression was
also seen at low levels all over the root tip, shoot apex
and in the xylem and phloem cells of the leaf (Fig.4C, E
and G) whereas hybridizations with sense PtrCSLD2
transcripts to similar sections did not show any specific
staining pattern (Fig. 4D, F and H). To see if the expres-
sion was restricted to the young tissues alone, we also
used stem sections from the slightly mature eighth internode

| VP ZER

Fig.4. In situ mRNA hybridization of PtrCSLD2 transcripts in
root vascular tissue (A), root tip (C), shoot apex (E), leaf (G), and
internode 8 of stem (I). All these sections represent hybridization
with antisense PtrCSLD2 HVRI-specific RNA probe and the
corresponding sections shown in B, D, F, H and J represent
hybridization with sense PtrCSLD2 HVRI-specific RNA probe.
Note the vascular tissues expressing higher levels of PtrCSLD2
transcripts are marked with red arrows.
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from the top which showed overall low-level expression
of PtrCSLD2 transcripts (Fig.4I) that was absent in
control hybridization with sense probe (Fig.4J). Thus the
PtrCSLD2 gene is expressed at a low level in all tissues
examined which agrees with our RT-PCR results described
above.

Phylogenetic analysis

A phylogenetic tree developed using the CLUSTALW pro-
gram (http://www.ebi.ac.uk/clustalw/), visualized by
TREEVIEW software (http://taxonomy.zoology.gla.uk/
rod/rod.html) for 12 CSLD proteins from various plants
suggests that three major groups of CSLDs are present in
all plant genomes examined so far (Fig.5). This is in
agreement with our Southern blot analysis results as
shown in Fig.2B. Aspen PtrCSLD2 belongs to CSLD
group II, in which AtCSLD3 has been associated with
root hair tip development in Arabidopsis (Favery et al.
2001). NaCSLD1 protein involved in pollen and pollen
tube development in tobacco belongs to another distinct
clade, the CSLD group I. Interestingly, mutation in
AtCSLD3 did not affect pollen tube development
(Wang et al. 2001) and NaCSLDI1 transcripts have been
detected only at a low level in roots (Doblin et al. 2001).
Thus different CSLDs from different clades may be
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involved in polysaccharide synthesis in different tissues
and organs. However, AtCSLD3 and PtrCSLD2 tran-
scripts are expressed in all organs and tissues examined
whereas PtrCSLD2 showed slightly higher expression in
developing xylem tissues than the other tissues examined.

Discussion

Subsequent to prediction of CSLD genes from
Arabidopsis genome (Richmond and Somerville 2000),
there have been only three publications dealing with the
CSLD genes, two describing Arabidopsis AtCSLD3 and
one describing tobacco NaCSLD1 (Doblin et al. 2001,
Favery et al. 2001, Wang et al. 2001). This is the first
detailed report of the expression profile of a CSLD gene,
PtrCSLD2 from an economically important tree species,
aspen. PirCSLD2 is expressed at a low level in all tissues
examined with slightly higher expression levels in xylem
tissues using RT-PCR and in situ hybridization. Isol-
ation of PtrCSLD2 ¢cDNA from the xylem library also
corroborates these observations. The low-level expres-
sion of CSLD genes is in agreement with Favery et al.
(2001) who could not detect AtCSLD3 transcripts using
northern blot analysis and had to resort to RT-PCR to
detect the 4tCSLD3 transcripts. Similarly, Wang et al.
(2001) also had to perform Southern blot of RT-PCR

AtCSLD1
OsCSLD3
CSLD: Group |

AtCSLD4

NaCSLD1

OsCSLD1

OsCSLD2

CSLD: Group Il

PtrCSLD2
Fig. 5. Phylogenetic tree of 12
plant CSLD proteins using

AtCSLD2 ‘CLUSTALW’ program and
visualized with ‘“TREEVIEW’
software as described in
Materials and methods section.

AICSLD3 Nomenclature of CSLDs used
here is same as described at
http://cellwall.Stanford.edu

AtCSLD6 (At, Arabidopsis thaliana;
Mt, Medicago truncatus;
Na, Nicotiana alata; Os,

. Oryza sativa; Ptr, Populus

AICSLDS CSLD: Group Il tremuloides). Three distinct
clades of CSLDs are indicated
on the right side in the open

MICSLD3 boxes.
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products to examine the expression of 4tCSLD3 gene in
various tissues suggesting a low level of CSLD expres-
sion. Using northern blots; Doblin et al. (2001) also
could not detect any CSLD transcripts in vegetative
tissues. They did not employ a parallel RT-PCR
approach. This situation is in contrast with the occur-
rence of CesA transcripts that generally accumulate at a
much higher level and are easily detected with northern
blots (e.g. Taylor et al. 2000, Wu et al. 2000, Doblin et al.
2001). Thus the levels of CSLD transcripts are signifi-
cantly lower in most of the plant organs and plants
studied than Ces4 mRNAs. We believe that low-level
expression of CSLD genes combined with their cell/tissue
specificity might be the reason why impact of the CSLD
mutations could not so far be related to cell wall poly-
saccharide alteration in the mutant Arabidopsis plants
(Bonetta et al. 2002).

Genetic complementation of AtCSLD3-deficient
mutants with wild-type 4tCSLD3 gene strongly suggests
that the 4tCSLD3 gene is associated with primary cell
wall development of root hair tip (Favery et al. 2001,
Wang et al. 2001). However, pollen tube development
was not affected in the AtCSLD3 mutant (Wang et al.
2001) suggesting that not all cells growing by tip growth
were affected by 4tCSLD3 mutation and possibly some
other CSLD isoform may be involved in pollen tube
growth. In support of such a theory, Doblin et al.
(2001) indeed found that NaCSLDI, an AtCSLD4
ortholog in tobacco, is exclusively expressed in pollens
and pollen tubes but not expressed in other organs and
tissues examined. The puzzling fact, however, remains
that unlike NaCSLDI; the AtCSLD3 and PtrCSLD2
genes are expressed in all organs/tissues examined includ-
ing xylem in aspen. However, the lack of the AtCSLD3
functional protein did not apparently produce any other
phenotypic effect on xylem development in the
AtCSLD3 mutant. It is important to point out that
both root hair tips and pollen tubes are single cell exten-
sions but most of the previous RT-PCR or northern blot
analysis experiments used RNA from a large group of
heterogeneous cells thus not reflecting the gene expres-
sion profiles at the single-cell level and in situ mRNA
hybridizations should clarify these issues.

Our in situ mRNA hybridization analyses, done for
the first time using a plant CSLD probe, suggest that
PtrCSLD?2 transcripts are localized at the growing tips of
roots and shoots. Furthermore, localization of
PtrCSLD?2 transcripts to the xylem cells in leaf, stem
and root also suggests a probable role of CSLD in
xylem development. These observations support a view
that CSLD genes are expressed in all expanding or
extending cells. Since xylem fibers elongate by intrusive
tip growth (Haigler 1985, Mellerowicz et al. 2001), it is
possible that PtrCSLD2 is somehow involved in control-
ling the length of xylem fibers which is an economically
important trait. Possible involvement of CSLD genes in
regulation of fiber length in an internal tissue like xylem,
a low level of CSLD gene expression and small growth
habit of Arabidopsis plants may also explain the lack of a
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visible phenotype in xylem of 4tCSLD3 mutant, kjk. In
future, the PtrCSLD2 gene will be down-regulated in
transgenic aspen to shed more light on this puzzle. The
availability of large quantities of xylem from such trans-
genic trees may also facilitate a better understanding of
the functional roles of CSLDs in cell wall polymer synthe-
sis during wood formation.

A large body of evidence has now accumulated for
CesA genes playing pivotal roles in cellulose biosynthesis
(Delmer 1999, Joshi 2003a, b, c¢). Due to the low-level
expression of CSLD genes that potentially encode a
protein sharing the same domain structure as CesA pro-
teins, it is still unclear whether they play a role in cellulose
biosynthesis or the synthesis of other matrix polysac-
charides. Favery et al. (2001) localized AtCSLD3-GFP
fusion proteins at the endomembrane systems suggesting
that AtCSLD3 is involved in matrix polysaccharide
synthesis rather than cellulose synthesis. However, loca-
lization of such fusion proteins at the plasma membranes
(the major sites of cellulose biosynthesis) can not be
completely ruled out as suggested by Reiter (2002).
Doblin et al. (2001) have taken another view and based
on the domain similarities of CesAs and CSLDs they
proposed that similar to CesAs, CSLDs are also involved
in B-linked polysaccharide or cellulose biosynthesis. One
of the ways to resolve this controversy is to use trees as
experimental materials. As trees are much more robust
species than Arabidopsis, this may make them more
suitable for detailed cell wall polymer analysis especially
when the gene under consideration is expressed at such a
low level.

Mutant complementation studies as an evidence for
functional assignment, as carried out for AtCSLD3, can-
not yet be undertaken in slow growing trees where
mutants are much more difficult to obtain than in
Arabidopsis. Molecular cloning of an important CSLD
gene from an economically important tree, aspen is the
first step towards devising such experiments using RNA
interference (RNAi) technology of gene silencing (Fire
et al. 1998). The highly variable HVRI regions from
PtrCSLD?2 genes will be ideal targets for RNAi-mediated
inhibition of expression of a specific CSLD gene that
apparently belongs to a multigene family. Finally, when
even a single amino acid change in Ces4 or CSLD genes
from Arabidopsis results in mutant plants with altered
phenotype and defective cell wall polymer synthesis
(review: Joshi 2003a), over 100 amino acid differences
between Arabidopsis and aspen CSLD proteins may
account for a number of functional differences between
aspen and Arabidopsis CSLD proteins. It is therefore of a
great interest to examine whether the aspen PtrCSLD2
gene can complement ArCSLD3 mutation. Successful
complementation will indicate that the non-conserved
residues are not important in determining CSLD func-
tions. Alternatively, a failed experiment may be due to
amino acid differences between these two proteins.
Domain swapping and site-directed mutagenesis may
further assist in defining the functionally important
amino acids in CSLD proteins.
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Finally, tree biology is distinctly different from that of
Arabidopsis biology and it is yet to be determined
whether the aspen genome has structurally distinct
genes responsible for large amounts of cell wall polymer
production or cell wall biogenesis is just a passive process
that goes hand-in-hand with other growth habit-related
genes. Differential regulation of Arabidopsis-like cell wall
biosynthesis-related genes is also another possibility. In
conclusion, first cloning and detailed characterization of
a CSLD gene from developing xylem of aspen trees as
reported here will open up many new avenues of explor-
ation that will one day enable us to translate the lessons
learnt from Arabidopsis to economically important trees
such as aspen.
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