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Abstract: The Ext 1.24 gene of Nicotiana sylvestris L. encoding an extensin, a cell wall
structural protein, was characterized. Ext .24 encodes a polypeptide of 311 amino acids
having a highly repetitive structure and showing extensin features such as Ser-(Pro)y
repeats and a high content in Tyr and Lys. The expression profile of the gene was
demonstrated using the reporter GUS (B-glucuronidase) fused to its promoter region (-
630/+124, relative to the transcription start site) and by RNA gel blots. The results show
that the (-630/+124)Ext 1.24/GUS gene fusion is expressed in the root transition zone,
where cells undergo an isodiametric growth but have not reached yet the rapid elongation
phase, in stem inner and outer phloems and in cortical cells at the stem/petiole junction.
The Ext 1.2A4 gene is also induced after wounding of stems, ribs, leaves or roots. The gene
fusion is expressed in stem cortical cells, in ribs and at leaf edges upon wounding. These
data suggest that the (-630/+-124) promoter region contains regulatory elements responsible
for expression in roots and stems, as well as for response to wounding in stems and leaves.



1. Introduction

Plant cell walls are complex extracellular matrixes playing many roles during
development and in response to biotic or abiotic stresses [1]. They are involved in
maintenance of osmotic pressure and cell shape, thereby ensuring adhesion of cells in plant
tissues [2]. They participate in cell-to-cell signaling [3] and in plant defense since they
constitute physical barriers against pathogen invasion [4, 5].

Synthesis of the primary cell wall starts soon after cell plate fusion to the parental
cell plasma membrane [6]. Current models describe the primary cell wall as a structure
composed of two interdependent networks embedded in a pectin matrix [1, 7, 8]. The first
network would be composed of cellulose microfibrils cross-linked with xyloglucans
through hydrogen bonds and the second network would be constituted of structural
proteins eventually cross-linked together or linked to other cell wall components via
hydrogen or covalent bonds. These structural proteins are classified into three groups [9]:
hydroxyproline-rich glycoproteins (HRGPs), proline-rich proteins (PRPs) and glycine-rich
proteins (GRPs). During cell elongation, the cell wall is assumed to expand under the
conjugated effects of endo-1,4-B-D-glucanases (EGases) [10], xyloglucane endo-
transglycosylases (XETs) [11] and expansins which act at the cellulose/hemicellulose
interface [12]. After completion of cell expansion, structural proteins are thought to be
insolubilized by peroxidases [13, 14].

The most abundant HRGPs of primary cell walls are extensins. Several extensin
genes have been already characterized in monocot or dicot plants. These studies showed
that all extensin genes are regulated in different ways. They are not expressed in all plant
cells: they may be expressed in root or stem phloem cells, in cells under mechanical
constraints, in response to wounding and in cells proliferating under hormone control [15].
However, none of these studies report on the differential expression of different members
of an extensin gene family inside a plant. Moreover, description of expression patterns of
extensin genes is of high interest since the roles such proteins play in cell walls is not yet
really understood. The first extensin mutant affected in the RSH gene was only recently
described. The RSH protein seems to be essential for correct positioning of the cell plate
during embryogenesis of Arabidopsis thaliana [16].

In Nicotiana sylvestris and in N. tabacum, we already showed that there are two gene
families, Ext 1.2 and Ext 1.4, encoding very different extensins [17, 18]. The Ext 1.4 gene
was cloned and its pattern of expression has been analyzed in details. It was shown to be
regulated by mechanical constraints occurring either during development or imposed on
root or stem tissues [19, 20]. On the contrary, the structure and the fine regulation of
Ext 1.2 genes have not yet been described. The present study aims (i) at the
characterization of the N. sylvestris Ext 1.24 gene (ii) at the identification of cells
expressing Ext 1.24 in tobacco plants and in response to wounding and at (iii) the analysis
of the activity of the cloned Ext 1.24 promoter region in transgenic tobacco plants.



2. Materials and Methods

2.1. Plant material

Seeds of Nicotiana sylvestris L. were kindly donated by SEITA (Institut
Expérimental du Tabac, Bergerac, France). Plants of Nicotiana tabacum L. var. Petit
Havana SR1 were used for transformation, and experiments of wounding [21]. Plants were
grown in vitro under a 16 h light at 24°C/8 h dark at 20°C cycle. Greenhouse culture
conditions were a 12 h light/12 h dark cycle at 22+2°C.

Roots were grown in vitro in MS liquid medium (Duchefa, Haarlem, The
Netherlands) diluted twice [22]. Coloration of root nuclei was performed with aceto
carmine according to [23]. Wounded roots, stems, ribs and leaves were obtained by slicing
organs of into 1-2 mm wide strips which were immersed for 8 h, 24 h or 48 h in MS
medium diluted twice. Germination of pollen grains was done on MS medium containing
10 %sucrose and 0.5 % agar.

2.2. Nucleic acid extraction and analysis

RNA isolation was performed according to [24]. Genomic DNA purification and
Northern blot analyses were performed as previously [17]. The integrity and the amount of
RNAs were systematically checked using a bell pepper 25S rRNA probe kindly provided
by Dr. R.Schantz (IBMP-CNRS Strasbourg). Sizes of RNAs were determined after
electrophoresis through agarose-formaldehyde gels and comparison to an RNA ladder
(Life Technologies, Cergy Pontoise, France). The Ext 1.2 specific probe spanned its 3’
UTR (untranslated region). The probes were labeled with [a-32P]dCTP (3000 Ci/mmol,
Amersham Pharmacia Biotech UK Limited, Buckinghamshire, England) by random primer
labeling [25].

2.3. Isolation and sequencing of the Ext 1.2A gene

Fragments of Ext 1.2 genes were obtained directly from N. sylvestris genomic DNA
using PCR amplification. Different pairs of PCR primers located along the sequence of the
6PExt 1.2 ¢cDNA previously characterized [17] were used. They are listed in Table 1
(oligonucleotides A to G) and their positions are indicated on Figs. 1 and 2. The 5’ as well
as the 3’ distal UTR regions were amplified by inverted PCR [26]. All the PCR-amplified
fragments were cloned into the pBluescript® KS+ vector (Stratagene, La Jolla, CA)

according to standard procedures [27] or into the pCR®2.1-TOPO vector (Invitrogen,
Carlsbad, CA). Recombinant plasmids were sequenced on both strands either by the
dideoxynucleotide chain termination method using the T7 DNA polymerase [28, 29] or
using an Applied Biosystems model 373A DNA sequencer (Perkin Elmer, Foster city,
CA). In the latter case, a fluorescent dye-labeled dideoxy terminator kit was used (Abi
Prism Dye Terminator Cycle Sequencing Ready Reaction Kit with DNA polymerase, FS
Perkin Elmer). The nucleotide sequence data reported appear in the Genbank Database
under the accession number AJ271871.



Table 1

PCR primers used for cloning and primer extension

Primer name

Sequence )

Restriction site

Location on the gene

Purpose

A

QO = = Y O w

5'-CGGAATTCATGGCTAAAATAGTCTCTCTTCTC-3’

5'-CGGGATCCTCACTACTAGGAAATGCG-3’

5'-CGGGATCCAGAGAACCTTGACATAATC-3’

5'-CGGGATCCCCTTTAGAATGCAAAGCAAATTAC-3’

5'-CGGGATCCGCATTTCCTAGTAGTGAGG-3’

5'-GGGGTACCGTGGAGATTTGTACACCGGA-3’

5’-GCTCTAGAGCATTCTAAAGGAAAGCTAAGGGAC-

3,

5’-TCCCCCGGGAGAGAGACTATTTTAGCCATT-3’

5’-CCCAAGCTTCCAAGTCAGTCCAGTTTCAT-3’

5’-CCCAAGCTTGAATTCCAGATTCATCTAG-3’

EcoR 1
BamH 1
BamH 1
BamH 1
BamH 1
Kpn 1

Xbal

Sma 1
Hind III

Hind 111

+105 — +128

+1029 — +1048

+1430 « +1449

+165 — +188

+1029 < +1048

+824 « +846

+152 «— +176

+104 < +124

=77 — -56

-630 > -611

Cloning of Ext 1.24

Cloning of Ext 1.24, inverted PCR
Cloning of Ext 1.24

Cloning of Ext 1.24

Cloning of Ext 1.24

Cloning of the Ext /.24 coding region

Inverted PCR, primer extension

Ext 1.24/GUS constructs
(-75/+124)Ext 1.24/GUS construct

(-630/+124)Ext 1.24A/GUS construct

(1) Restriction sites are indicated in bold characters.



2.4. Determination of the Ext 1.2A transcription initiation site

Primer extension was performed on total RNAs extracted from N. tabacum leaf
strips. DNA contamination was removed with 5 U DNAse RNase free (RQ1 RNase-free
DNAse, Promega, Madison, WI) in 40 mM Tris-HCI pH 7.9, 10 mM NaCl, 6 mM MgCl»,
10 mM CaCly buffer. Reaction was performed for 1 h at 37°C. RNAs were stored at a
concentration of 0.1 pg/uL after phenol/chloroform extraction (v/v) and ethanol
precipitation. Primer extension was performed in a 20 uL reaction volume with M-MLV
(Moloney Murine Leukemia Virus) RT (Reverse Transcriptase) buffer (Promega), 2 mM
dCTP, 2 mM dTTP, 2 mM dGTP, 4 uM dATP, 20 to 40 U RNase inhibitor (RNAguard
inhibitor, porcine, Amersham Pharmacia Biotech UK Limited), 50 pmol oligonucleotide G
(Table 1) and 5 pCi [a-35S]dATP (>1000 Ci/mmol, Amersham Pharmacia Biotech UK
Limited). Reaction was incubated for 3 min at 65°C to remove RNA secondary structures
and then for 10 min at 37°C for primer annealing. After addition of 200 U M-MLV RT
(Promega, Madison, WI), the reaction was performed for 1 h at 37°C. At the same time, a
plasmid containing the Ext /.24 gene was sequenced using the oligonucleotide G (Table 1)
[28, 30]. DNA fragments were analyzed on a denaturing 6% urea/polyacrylamide gel after
denaturation at 72°C for 3 min.

2.5. Plant transformation and regeneration

Fragments of the Ext 1.24 promoter were amplified using either oligonucleotides H
and I, or H and J (see Table 1 and Fig. 2). They were successively cloned into the Hind I11
and Smal restriction sites of the pBluescript® KS+ (Stratagene), and of the pBI101
vectors (Clontech, Palo Alto, CA) [31]. The fragments resulting from PCR amplification
were completely sequenced as well as the fusion between the fragments of the Ext 1.24
promoter and the coding region of the uidA gene encoding the B-glucuronidase. The
constructs were then transferred into the Agrobacterium tumefaciens strain LBA4404 by
tri-parental mating, leaf discs of N. tabacum were transformed and plants were regenerated
as previously described [19].

2.6. Detection of B-glucuronidase (GUS) activity

Histochemical analyses were performed both on in vitro plantlets and on greenhouse-
grown plants from primary transformants (T0). Tissues were incubated for 15 min in
fixation solution (10 mM MES pH 5.6, 0.3 M mannitol, 0.3% formaldehyde) soon after
sampling in order to avoid the induction of the Ext /.24 gene by wounding. They were
subsequently washed 3 times in 50 mM phosphate buffer pH 7 prior to histochemical
staining. GUS activity was detected using either histochemical staining or fluorometric
assay as previously described [32]. For fluorometric assays, normalization between
samples was achieved by protein quantitation according to [33].



3. Results

3.1. Cloning of the N. sylvestris extensin gene Ext 1.2A

The Ext 1.24 gene was cloned using PCR (polymerase chain reaction) techniques
applied on N. sylvestris genomic DNA. A series of oligonucleotides were designed from
the 6Pext 1.2 ¢cDNA sequence previously described [17]. They are listed in Table 1 and
their positions are indicated in Fig. 1.

A %ATG TAG
A—> B—> <«—C
D—> <—E
<«<—G
B
ATG
J—> b <«<—C
|—>
<€—H
Bsutr [ coding region ] intron
M 3uTrR part of the coding region —> PCR primer

absent in the cDNA

Fig. 1. Schematic drawings of the 6PExt 1.2 cDNA (A) and of the Ext 1.2A
gene (B) showing the positions and the orientations of the oligonucleotide
primers used for PCR amplifications. The sequences of the oligonucleotides
are given in Table 1. The schemes are not drawn to scale.

Several DNA fragments could be amplified using different combinations of primers,
namely B and C, D and E or A and C (results not shown). However, it was not possible to
clone full-length PCR fragments amplified with D and E, or A and C. Indeed, clones were
missing the central part of the coding region, but kept a continuous open reading frame.
The analysis of these clones allowed the identification of duplicated sequences located on
each side of the missing fragment. As an example, two of them are boxed with thick lines
in Fig. 2. Our working hypothesis was that recombination events occurred in Escherichia
coli as discussed in previous publications [34, 35]. Finally, the cloning of the central part
of the coding region was successful when the oligonucleotide F located in between all the
identified duplicated sequences was used together with the oligonucleotide D for PCR
amplification. Finally, the sequence of the coding region of Ext .24 was found to be
identical to that of the 6Pext 1.2 cDNA with the exception of a 450 bp-insertion in the
central part of the Ext .24 coding region. Interestingly, this sequence was flanked by

T G
repeats (TA /cAA /A TCTCCACCACCACCT) boxed with thin dotted lines in Fig. 2.



J . B B . . . . . . B .
-630 GAATTCCAGATTCATCTAGTCCTAACGCATGTATTGGACACTCGATAAAAATATATTAAA 631 CCGCCACCTATTTACAAGTACAAGTCCCCACCACCACCCGTTTACAAGTACAAGTCTCCA
177 P p P I Y K Y K S P P P P V Y K Y K S P

-570 AARAACATTGTAACAAACACATCCTACTAAAGAGTCTCATATGCTCTCTACTTTTTTTTAA . . . . . .
. . . . . . 691 CCACCACCTCCACCAATGTACAAATCCCCACCACCACCCGTTTACAAGCATAAGTCTCCT
-510 TCTACCTGCCTTTTTTCAGCGATAAAATTTTGTTTCTCTAGAACAACTATATACTGTATT 197 P p P P P M Y K S P P P P V Y K H K S P

-450 GGTTTATTTATTTATTTTCTAGTGGACTAAGAATTACGGAACTAACGAAAAATCTTCCAA 751 CCACCACCTCCTCCGGTTTACAAATACAAATCACCACCACCACCCGTTTATAAATACAAA
. . . . . . 217 P P P P P V Y K Y K S P P P P V Y K Y K
-390 GAGCGGAAGAGTCATGTGTCGTATATTGGTCCAAAGAACTGTTACGTGAAATTGACATTC : & - ¥ : ; T
. . . . . . 811  TCACCACCACCGCCTCCTCCGGTGIACAAATCTCCACCACCACCTATTTACAAGTACAAG
-330 GAAATTAAATTTACATGCACGTAAAAGAGAGTTAACGAAAATGAAGTTGATAGGTTAACA 237 s p P P P P P V Y'K PUETETPT™ T v K Y K
-270 AGAAAATTGTAGTCATGTAATTACGAGGTCTCGTTATTAAATTCATTTGATTTTCATTAT 871  TCTCCTCCACCACCTCCTCCAGTTTACAAATCCCCACCACCACCAGTTTACAAGTATAAA
. . . . . . 257 S P P P P P P V Y K S P P P P V Y K Y K
-210 TTTGAAAGAAATAAAAGGGCAAATTAAGCATTCACACAAAACTTTCAARAGTCTTCCAAGC . . . .
. . . . . . 931 TCACCGCCGCCwTCCACCACCCCCAGTTTACAAGTCTCCA
-150 ACACTTGTGATGACAAAAATTAATGAATGCTTTCTTTTATGTTTCCCTGTATTTTTCTGC 277 S P P P P P P V Y K S P P P P V Y K S P
. I . . . . . . B .
-90 CTAATAAAATATCCTCCCAAGTCAGTCCAGTTT@ATAATTTTACTAGTTGATATAAGAGT 991  CCACCCCCTTACCACTATTATTACACATCTCCACCTCCTCCTCACTACTAGGAAATGCGT
+1 299 P P P Y H Y Y Y T S P P P P H Y *
-30  GCCAGITCAAACTACTATATTTAAATAATAAACACAATTAATTATAGITAATATCTTTGT . 5" splice site of intron

. . . . . . 1051 TTTACACTCTAGATCAAthaatatatctgtcatattttgcagtctttgtctatgctact
+31 GATTAAACGATGAGTTGAAGCCTTACGTTGAGCTATAAAAGCAGGCTTTGGGGAGGATTC

. H . . . 1111 aaqcacattgaataqaatatttgattaatgaaaaccttcatatattttacctcatctatq

+91  ATTGGCACACCAAAARTGGCTAAAATAGTCTCTCTTCTCGCCACTCTTGTAGTGGCTTTA 3" splice site of intron .
1 o M A K I V S L L\ AT L V VAL 1171 gacaatttgatccatgcagGGAAAAGAGGAAGCAGAAGGAAAAGCCTCACGAGCGAATAA

7z
.

< G. : . . 1231  ATGGAGTGTTTTAAAGAAGAAGAGAAGTTAAAGCCACAAAAGGAGAATATGTCCTTTIGT
151  CTGTCCCTTAGCTTTCCTTTAGAATGCAAAGCAAATTACTACTATAGTTCTCCTCCTCCA = ) . . . . .
7 L s L s F PLECEKANYYYSSPPP 1291 TTTGTGTTTTTTTCCCATTGACTTCACGTTAGTTGTATATCTCGTGAAGATTTCGAACTA
211 CCARCCAAGRAAGTACGTGTACTCATCACCACCACCTCCAGTTTATARGTACAAATCCCCG 1351  TATATGITTIGAAAGTATTATATTTATTTACGIACCAAGCCGIACATGTTTATGIGCTTT
37 P T K K Y V Y S S P P P P V Y K Y K S P . ) c ) .
Bgl 1L . L 1411  TGAGTTTTGACTTCATGTTGGATTATGTCAAGGTTCTCTGTAATAAGATCAATAAGTTCA

271 CCACCACCTCTACCAATTTATAGATCTCCACCACCACCCGTTTACAAGTATAAGTCTCC&

57 p P P L P I Y R S P PP PV Y K Y K S P
331 ._QQMQA{;;;'I;STTTATAAGTACAAGTCTCCACCACCACCTCCACCAGTCTATAAATCCCCA
77 Y K Y K S P P P P P P V Y K S P

end of cDNA 6Pext 1.2 4 .
1471 TTGAATAATATTGTAGTTTCCGTTTCCAAGAGATACTTCTGATTTTCAATTTTTTTTTTT

1531 TTTACTGATTTTTTGTCGAGCATCATGTGCTAGACCTATTCAAAGGAGAAACATAAAGGG

1591 TCTARAAAAGGAGAAAAAATGTTTT C. C C GGCAAAAC

391 CCGCCACCTGTTTACAAGTACAAGTCCCCACCACCACCCGTTTACAAGTACAAGTCTCCA
97 P p P V Y K Y K S P P P P V Y K Y K S P

1651 CTAGCTGGATTTGCATTAAGAGAAAATGACTCGATGCACGTGATAAATACTTTATTCTTT

451 CCACCACCTCCACCAGTTTATAAATCCCCACCGCCACCCGTTTACAAGTATAAGTCCCCA
117 P P P P P V Y K S P P P P V Y K Y K S P

N 1771 TTGTAGTGAGTGCAGTATATCGTATATATGAATAGACTGGTGCTGCTGATCTGCAATTTA
541 CCACCACCCGTTTATAAGTACAAGTCTCCACCACC CCCcca
137 P P P V Y K Y K S P P P P P V Y K S P

1711 GTGTAAAAGCAGTTGTCAATTGTAGGAATATGATTCTTTTAATCCGTTTCCTATATTAGG

1831 TTCTTATGAAATTTCTTAATTAAAAGACCCTTACATTAGTAGGCATAGAGACGAATTC

571 CCACCACCCGTTTACAAGTACAAGTCCCCACCACCACCTCCACCAGTCCATARATCCCCA
157 P P P V Y K Y K S P P P P P P V H K S P

Fig. 2. Nucleotide sequence of the N. sylvestris Ext 1.24 gene. The putative TATA box is underlined. The position of the transcription start is indicated
by +1. The sequence of the intron is in lower-case letters. The locations of its 5’ and 3’ splice sites are indicated by arrows (after nucleotides +1068 and
+1189 respectively). Putative polyadenylation signals (AATAA) are underlined and the end of the 6PExt 1.2 cDNA is indicated by an arrow. The two
nucleotide sequences boxed with thick lines are examples of repetitive sequences probably involved in recombination during cloning in E. coli. The
position and the orientation of the PCR primers used for cloning the central part of the coding region (D and F), for inverted PCR (G and B), for primer
extension (G) and for cloning the (-75/+124) or (-630/+124)Ext 1.24/GUS gene fusions (H and I or J and I) are indicated by arrows. The nucleotide
sequence underlined with a dotted line has no counterpart in the 6Pext 1.2 cDNA. The nucleotide sequences boxed with thin dotted lines are repeats
flanking the Ext 1.2A4 specific insertion.



The 420 bp fragment amplified with oligonucleotides B and C had a sequence
identical to that of the 3> UTR of the cDNA, but contained an intron of 121 bp in length
located 27 bp downstream of the TAG stop codon. The AGGTAATATAT and
ATTTGATCCATGCAG sequences were present at the 5’ and 3’ splice sites of this intron
respectively. The underlined nucleotides fitted with consensus sequences for intron splice
site [36]. Cloning and sequencing of the DNA fragment amplified with oligonucleotides A
and C showed that the 420 bp fragment amplified with oligonucleotides B and C belonged
to the proximal 3’ UTR of Ext 1.24.

PE

®

+
IR IR BT T RIEE A
L RS L B LN
O>Xr—HA>—A-4>> 44> 2>0> 0>>>—H>>—H>2>> A 44> 4>+
A

Mi-

Fig. 3. Determination of the transcription initiation site of Ext [.24. Total
RNAs extracted from leaf strips incubated for 48 h in liquid medium as
described in Material and methods were used. The oligonucleotide primer G
was annealed prior to extension with M-MLV reverse transcriptase (lane PE).
The same primer was used to generate the corresponding sequence from a
recombinant plasmid containing the Ext .24 gene (lanes G, A, T, C). DNA
fragments were analyzed by electrophoresis in a 6% polyacrylamide/urea gel.
The thick arrow points to the major transcription start for Ext 1.2 mRNAs
whereas the thin arrow indicates the transcription start which was used for
sequence numbering. An arrowhead indicates the corresponding nucleotide in
the sequence written on the right.

The promoter region as well as the distal 3> UTR of Ext .24 were cloned by
inverted PCR. Oligonucleotides G and B (Fig. 2 and Table 1) and N. sylvestris genomic
DNA restricted with Dra I or EcoR 1 were used. The transcription initiation site Ext /.24
was mapped by primer extension (Fig. 3). The strongest signal observed represented the
major site of transcription initiation and corresponded to a leader sequence of 104
nucleotides in length. However, a weaker signal corresponding to a leader sequence of
106 nucleotides in length was used for sequence numbering. A putative TATA box
(TATAA) was located 33 to 40 bp upstream of this transcription initiation site (Fig. 2).



Several putative polyadenylation signals (AATAA) [37] could be located in the 3> UTR of
Ext 1.24.

The structure of Ext .24 was confirmed after cloning and sequencing of PCR-
amplified fragments obtained with primers J and C (Fig. 2). The calculated length of
Ext 1.24 transcripts was 1.2 kb. This was in agreement with the size of mRNAs previously
found in roots, in protoplasts and in leaf strips [17].

Ext 1.24 encodes a polypeptide of 311 amino acids which shows extensin features
(Fig. 4). It has a putative signal peptide of 26 amino acids. The Ext 1.2A mature protein is
rich in Pro (47%), Tyr (17%), Lys (14 %), Ser (10%) and Val (8%). It contains 28 (i) Ser-
(Pro)4 motifs responsible for the polyproline II conformation adopted by the protein [38],
(i1) Val- or Ile-Tyr-Lys-Tyr-Lys motifs involved in isodityrosine intramolecular bonds [39]
and eventually in intra or intermolecular di-isodityrosine cross-links [40] and (iii) Pro-Pro-
Val-Tyr-Lys motifs which might be involved in the formation of Tyr-Lys inter-molecular
cross-links [13, 14, 41].

MAKIVSLLATLVVALLSLSFPLECKA:

NYYYS SPPPP

TKKYVYS SPPPP VYKYK
SPPPP LPIYR
SPPPP * VYKYK
SPPPP VYKYK

SPPPP PPVYK
SPPPP VYKYK
SPPPP VYKYK
SPPPP PPVYK
SPPPP VYKYK
SPPPP VYKYK
SPPPP PPVYK
SPPPP VYKYK
SPPPP PPVHK
SPPPP TYKYK
SPPPP VYKYK
SPPPP PPMYK
SPPPP VYKHK
SPPPPPP VYKYK
SPPPP VYKYK
SPPPP * PPVYK
SPPPP TYKYK
SPPPP PPVYK
SPPPP VYKYK
SPPPP PPVYK

SPPPP VYK
YHYYYT SPPPP
HY

Fig. 4. Repetitive structure of the amino-acid sequence of the N. sylvestris
Ext 1.2A extensin. The sequence should be read from left to right and from top
to bottom. Signal peptide is underlined. Repetitive units are arranged to
emphasize their periodicity. The vertical arrows indicate the borders of the
Ext 1.2A specific amino acid sequence .

3.2. Pattern of expression of the (-75/+124) and (-630/+124)Ext 1.2A/GUS gene
fusions in tobacco plants

In order to identify cells expressing Ext .24 and to study the activity of the cloned
promoter region, transgenic tobacco plants carrying the (-75/+124) or the
(-630/+124)Ext 1.24/GUS gene fusion were obtained. Twelve independent primary
transformants were analyzed for each construct. The expression of chimeric genes was
analyzed by histochemical staining after fixation of samples as described in Materials and
Methods.



Fig. 5. Pattern of expression of the (-630/+124)Ext 1.24/GUS gene fusion in transgenic
tobacco plants as revealed by in situ staining for GUS activity. (A-B) Stem internode of an
adult plant: (A) Cross-section, (B) Close-up of A showing expression in inner and outer
phloem. (C-D) Stem node of an adult plant: cross sections at two different levels showing
expression in inner and outer phloem as well as in cortical cells at the stem/petiole
junction. (E-H) Primary root grown in liquid medium in vitro: (E) Tip of the root, (F)
Close-up of E showing expression in the root transition zone, (G) Cells of the root
transition zone after coloration of nuclei with aceto carmine showing a metaphase
indicated by an arrow, (H) Oriented line of root tip cells after coloration with aceto
carmine showing the changes in shape undergone by cells in this zone (compare cells 1 and
2). (I-J) Effect of wounding on the expression of the gene fusion: (I) Cross-section of a
wounded stem internode of an adult plant 48 h after wounding, (J) Leaf strip 48 h after
wounding. When plant organs were sectioned prior to staining for GUS activity, samples
were either fixed to avoid the effect of wounding on the expression of the gene fusion (A-
D) or not fixed (I-J). (K) Germination of pollen grains: pollen grains and three steps of
pollen tube growth. ¢ = cortex, e = epidermis, ez = elongation zone, ip = inner phloem, m =
meristem, op = outer phloem, p = pith, pz = piliferous zone, rc = root cap, tz = transition
zone, X = xXylem.
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Fig. 6. Activity of the (-630/+124)Ext 1.24A/GUS gene fusion in transgenic
tobacco plants. (A) Roots of control non-transgenic plants (SR) and of 12
independent primary transformants were grown in liquid medium in vitro.
Values reported are the average of 2 independent experiments for each plant.
(B) Leaves were cut in thin strips and incubated in liquid medium for 24 h or
48 h. Control non-transgenic plants (SR) together with 8 independent primary
transformants were analyzed. Values reported are the average of 4 independent
experiments performed on each plant. In all cases, plants were ordered by
increasing GUS activity from left to right and GUS activities were measured
by a fluorometric assay. Numbers refer to the name of transgenic plants.

All plants carrying the (-630/+124)Ext 1.24/GUS construct showed the same pattern
of expression with different staining levels. As an example, samples from a plant showing
one of the highest levels of expression are shown in Fig. 5, namely plant 48 (see Fig. 6).
Expression of the (-630/+124) gene fusion was found in inner and outer phloem of stem
internodes (Fig. 5SA-B). In nodes, expression was observed in inner and outer phloem of
both stem and petiole (Fig. 5C-D). GUS staining was systematically more intense in
phloem cells at the junction of vascular tissues. Expression of the gene fusion was
occasionally found in the cortex at the stem/petiole junction (Fig. 5 C-D). It was also found
in mature pollen grains and during pollen germination where it follows the cytoplasm (Fig.
5K). In roots, GUS staining was observed in a region located between the root meristem
where cells are actively dividing and the elongation zone (Fig. SE-H). Staining of nuclei
with aceto carmine revealed some cell divisions in this transition region as shown by the
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presence of cells undergoing metaphase (Fig. 5G). These cells just started an isodiametric
growth but have not yet reached the rapid elongation phase (Fig. SH: compare sizes of cells
1 and 2). These data identified this region as the transition zone already described in roots
of maize [42]. A weak tissue-specific histochemical staining was detected in 3 plants
carrying the (-75/+124)Ext 1.24A/GUS gene fusion (results not shown).

The activity of the Ext 1.24 (-630/+124) promoter was also checked in roots with
fluorometric assays (Fig. 6A). A high variability was observed between the different
transgenic plants as previously described for other extensin genes [20, 43].

3.3. The (-630/-76) domain of the Ext1.2A promoter contains wound-inducible
regulatory elements active in stems, in ribs and in leaves

It was already shown that the Ext /.24 gene is wound-inducible in leaf strips since
1.2 kb transcripts accumulate as early as 12 h after wounding [17]. Now the effect of
wounding was analyzed in various tissues by comparing transcript accumulation in control
plants and activities of the (-75/+124) and (-630/+124)Ext 1.24/GUS gene fusions in
transgenic plants.

Total RNAs were extracted from unwounded tissues and from wounded ribs, stems,
leaves devoid of main ribs and roots grown in vitro in liquid medium at various times after
wounding. They were analyzed on an RNA gel blot which was successively hybridized to
the Ext 1.2 specific probe spanning its 3'UTR and to the 25S rRNA probe (Fig. 7). No
Ext 1.2 mRNAs were detected in unwounded leaves and roots. However, 24 h and 48 h
after wounding, 1.2 kb mRNAs were detected in both leaves and roots. In unwounded ribs
and stems, a low level of accumulation of 0.9 kb mRNAs was found and it was not
significantly modified in response to wounding. On the contrary, the 1.2 kb mRNAs level
dramatically increased in wounded ribs and stems. Induction was detectable 8 h and 24 h
respectively after wounding in ribs and stems respectively. It increased further after 48 h.

Histochemical GUS staining was detected at the place of the cut in all wounded stem
tissues of plants carrying the (-630/+124)Ext 1.24/GUS construct, including pith and
cortex (Fig. 5: compare A and I). Induction of the gene fusion was also observed in leaf
strips, especially in the rib and at the edges of the blade (Fig. 5J). These results are
consistent with the accumulation of Ext /.24 1.2 kb mRNAs in response to wounding in
stems, ribs and leaves described above. However, no additional histochemical staining was
observed in wounded plants carrying the (-75/+124)Ext 1.24A/GUS construct (results not
shown). In the same way, no staining was observed in wounded roots of transgenic plants
carrying the (-630/+124)Ext 1.24/GUS gene fusion (results not shown).

ribs stems leaves roots

Uw w8 w24 w48 UW W8 W24 W48 UW W8 W24 W48 UW W48
Ext 1.2 -

12kb _
09kb _
-

i, . -—12kb
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Fig. 7. RNA gel blot analysis of Ext [.2 transcript levels in response to
wounding of different organs of N. tabacum plants. Ribs, stems, leaves devoid
of major ribs and roots were cut in thin strips and incubated in liquid medium
for 8 h (WS), 24 h (W24) or 48 h (W48). Total RNAs were extracted from
control unwounded tissues (UW) and from wounded tissues (W8, W24 and
W48). 10 ng of total RNAs extracted from leaves, ribs and stems and 5 pg of
total RNAs extracted from roots were submitted to electrophoresis in an
agarose-formaldehyde gel and subsequently transferred to a nylon membrane.
Hybridizations were successively performed on the same membrane with the
Ext 1.2 specific probe and a 25S rRNA probe. Sizes of Ext 1.2 transcripts are
indicated in kb.

Fluorometric assays were performed on leaf strips 24 h and 48 h after wounding. In
plants carrying the (-630/+124)Ext 1.24/GUS construct, significant increase in GUS
activity -at least 1.5 fold- was found 24 h after wounding in all cases. 48 h after wounding,
GUS activity was found to be either stable or to increase further. However, in plants
carrying the (-75/+124)Ext 1.24A/GUS gene fusion, no significant increase in GUS activity
was found (results not shown).

4. Discussion

The N. sylvestris Ext 1.24 gene was cloned by PCR. It encodes a highly repetitive
protein only comprising motifs characteristic for extensins. During the cloning process, a
lot of clones lacking the central part of the coding region in E. coli were obtained. These
observations suggest that the 6PExt 1.2 ¢cDNA previously isolated [17] originated from a
recombination event leading to the deletion of the central part of its coding region. Such
problems were already encountered during the cloning of Prunus amygdalus HRGP
cDNAs [34] and of the NaPRP5 cDNA encoding a protein showing features of both
extensins and arabinogalactan proteins [35].

In roots, a pattern of expression not yet described for an extensin gene was found.
The (-630/+124)Ext 1.24A/GUS chimeric gene was expressed in the transition zone which is
intercalated between the meristem and the rapidly elongating cells [44]. This region was
also named “Postmitotic Isodiametric Growth” (PIG) [40] or “Distal Elongation Zone”
(DEZ) [45]. In this zone, cells may complete mitosis before rapid elongation starts and
before cell growth progressively becomes strictly isotropic in the longitudinal direction
[46, 47]. Several changes were observed in these cells, among which reorientation of
cortical microtubules and of cellulose microfibrils and an increase in XET activity [48, 49].
It was also shown that maintenance of elongation in the apical zone of maize primary roots



14

requires an increase in cell wall extension properties and in wall susceptibility to expansins
[50]. The (-630/+124)Ext 1.24/GUS chimeric gene has also been found to be expressed in
germinating pollen grains that undergo tip growth. The role of the Ext 1.2 extensin in the
wall of elongating cells might thus be different from that proposed in classical models.
Indeed, extensins are supposed to be produced and insolubilized at the end of cell
elongation by cross-links catalyzed by peroxidases [7, 13]. Instead, different levels of
regulation might exist. The insolubilization of extensins might be delayed with regard to
their excretion. Extensins might also be targeted to and/or insolubilized at particular places
around the cells to allow polarized growth. Two recent papers support these hypotheses. A
RSH-GFP fusion protein has been shown to be located at the edges of the cell plate in A4.
thaliana embryos [16]. The A. thaliana LRX1 chimeric protein comprising an extensin
domain has been proposed to play a role in establishing and maintaining growth
polarization of root hairs from the study of /rx/ knockout mutants [51].

The expression of the (-630/+124)Ext 1.24/GUS gene fusion was also found in inner
and outer phloem cells of stems and petioles. Although only 0.9 kb mRNAs could be
observed in stems after Northern blot analysis, more sensitive RT-PCR experiments
performed with PCR primers specific for the Ext 1.24 gene revealed a faint level of
expression of this gene in stems (results not shown). This type of expression was also
found for the Ext 1.4 tobacco extensin gene [19]. The expression of the (-630/+124)Ext
1.24/GUS gene fusion was also occasionally found in cortical cells at the stem/petiole
junction. Expression of other extensin genes was already described in such cells and was
related to the existence of tensile stress exerted by the weight of the leaf [19, 43, 52].
However, expression of the (-630/+124)Ext 1.24/GUS gene fusion was never found in
roots at the emergence or at the branching of lateral roots. Such cells are also under
mechanical constraints and they may express extensin genes such as the bean HRGP4.1
gene [43], the soybean SbHRGP3 gene [53], the tobacco Ext 1.4 gene [19] or the tobacco
HRGPnt3 gene encoding a protein with a C-terminal extensin domain [54]. So, the Ext 1.2
protein seems to play a role in the reinforcement of the cell wall in response to mechanical
constraints in some but not all plant tissues.

The Ext 1.24 gene is differentially induced upon wounding of stems, ribs, leaves
devoid of ribs or roots. This regulation is thus superimposed on a tissue-specific expression
and is driven by the (-630/+124)bp domain of its promoter except in roots. It means that
additional regulatory elements involved in the root wound response are probably located
upstream -630. Positive or negative regulations of extensin genes upon wounding were
already reported for several extensin genes. The level of accumulation of tomato class I
and class II extensin mRNAs increases in wounded leaves whereas it decreases in
wounded roots [55]. The B. napus extA gene is induced in wounded leaves, stems and
petioles whereas it is repressed in wounded roots [56]. It is also the only other gene known
to have a wound responsive region called WAR (Wound Activating Region) located far
upstream in its promoter between -3500 and -940 [57]. Histochemical analyses of
transgenic plants carrying the (-630/+124)Ext 1.24/GUS construct showed that, in
response to wounding, the gene fusion is expressed in all stem tissues whereas in leaves, it
is only expressed in ribs and in cells located at the edges of blade. This spatial pattern of
wound activation is clearly different from what was already observed for the B. napus
extA, the bean HRGP4.1 and the soybean SbHRGP3 extensin genes. Indeed, in wounded
stems, the extA promoter/GUS and the HRGP4.1 promoter/GUS gene fusions were found
to be expressed in inner and outer phloems and occasionally in the pith [43, 57].
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Combining results obtained from histochemical and fluorometric analyses, it could
be shown that the (-630/+124)bp domain of the Ext 1.24 promoter allows expression in
stems, in roots as well as in response to wounding of stems and leaves. A few motifs
showing homologies to elements previously described in promoters of two genes encoding
cell wall structural proteins could be noticed. The CAAACTACTATATTTAAAT motif at
position -23 shows homologies to the RSE (Root Specific Element) (9/18 mismatches) of
the bean GRP1.8 promoter [58] and to the RSR (Root Specific Region) (5/17 mismatches)
of the B. napus ext4 promoter [57]. However, although these two genes are also expressed
in roots, it is not in the root transition zone like Ext 1.24. The TACGTG motif at position -
348, which is very close to a Gbox (CACGTG), is also found in the QAR (Quantitative
Activator Region) of the ext4 promoter [57]. The GTGG motif at position -428 was found
in a negatively acting element of the GRP1.8 promoter (Torres-Schumann et al. 1996) and
in the NRR (Negative Regulatory Region) of the ext4 promoter [57]. It is proposed to be
part of a bZip nuclear protein binding site [59]. But, these three genes are regulated in very
different ways and only a detailed functional study of the Ext /.24 promoter will allow to
identify cis-regulatory elements active in vivo.

In tobacco plants, the two extensins, Ext .24 and Ext 1.4, appear to play different
roles during growth and development and in response to stresses. Ext /.24 is mainly
expressed in the root transition zone where it may play a role in polarization of elongation
(this work) whereas Ext 1.4 is expressed in cells submitted to mechanical constraints [19,
20]. Ext 1.24 1is tightly regulated in response to wounding (this work) whereas Ext 1.4 is
specifically induced in response to imposed mechanical constraints [20]. Both Ext 1.2A
and Ext 1.4 probably contribute to reinforcement of cell wall structures in all these
situations, but each of them in a specific way due to their different primary structures.
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