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ABSTRACT. Histochemical analysis of transgenic tobacco plants
harboring the promoter of the Arabidopsis extensin gene atExtl
fused to the B-glucuronidase gene coding sequence demonstrated
expression of the transgene in stem tissues. The transgene was
expressed in cells of the internal and external phloem at the nodal and
internodal regions of the older parts of mature stems. In younger parts
of the same stem, expression of the transgene was slightly modified:
expression was detected in the internal phloem in the internodal areas.
In the nodal areas, the phloem tissue and the surrounding parenchyma
were stained, demonstrating transgene expression. Expression was
also seen in the phloem of the inflorescence; it was non-specific at
the junctions of the flowers to the inflorescence. B-glucuronidase
(reporter gene) staining was also observed in the pollen grains and at
the base of the corolla.
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INTRODUCTION

Extensins are proteins that are secreted into the primary wall of plant cells (Jose and
Puigdomenech, 1993; Showalter, 1993; Kieliszewski and Lamport, 1994; Cassab, 1998; Som-
mer-Knudsen et al., 1998; Jamet et al., 2000; Showalter et al., 2010; Lamport et al., 2011). The
pentapeptide motif Ser(Pro), occurs many times throughout the primary structure of extensins
and comprises their structural characteristic feature. This motif is followed by the spacer se-
quence, an amino acid tail, which varies in length and composition: valine, tyrosine, histidine,
lysine, and threonine are commonly found in the spacer sequences of extensins.

Extensins undergo a series of post-translational modifications that greatly affect their
biochemical properties. Firstly, the proline residues incorporated in the Ser(Pro), motif are
hydroxylated to hydroxyproline. Hydroxyproline is an unusual amino acid, which is found
only in very few proteins, including collagen in animals and hydroxyproline-rich glycopro-
teins (HRGPs) and arabinogalactan proteins in plants (Showalter and Varner, 1989). Secondly,
the serine and hydroxyproline residues of the Ser(Hyp), motif are glycosylated with a single
galactose and one to four arabinose residues, respectively. The arabinosyl side chains of the
hydroxyprolines are thought to stabilize the protein in a polyproline II helical conformation
(van Holst and Varner, 1984; Stafstrom and Staehelin, 1986). The pentapeptide glycosylation
domains of the Ser(Hyp), motif act as short, rigid, structurally reinforced hydrophilic domains
(Cooper, 1988) and has been proposed to play a critical role in the assembly of the extensin
molecules in the wall and also in the interaction of extensins with other cell wall components
(Cannon et al., 2008). The third post-translational modification of extensins occurs after the
extensin glycopeptides are secreted into the wall, where they form a network by building
intra- and inter-cross-links via tyrosine residues. The nature of these cross-links is not yet de-
termined in detail, although it seems that they occur via the formation of isodityrosine, i.e., “an
oxidatively coupled dimer of two tyrosine units linked by a diphenyl ether bridge” (Fry, 1982).
In addition, another two tyrosine derivatives have been detected suggesting new potential
cross-links: di-isodityrosine and pulcheroshine. Di-isodityrosine is composed of four oxida-
tively coupled tyrosine residues and is formed either by the direct coupling of two molecules
of isodityrosine or by the sequential coupling of two tyrosine molecules to isodityrosine via
an intermediate trimer, the pulcheroshine (Brady et al., 1996). It was suggested that di-isodi-
tyrosine could form either an intrapolypeptide loop, which could entrap other wall polymers
(such as pectins) or an interpolypeptide cross-link. The tripeptide sequence Val-Tyr-Lys has
been identified as the minimal recognition motif to manifest an intermolecular cross-linking
site (Kieliszewski and Lamport, 1994; Schnabelrauch et al., 1996).

Transgenic tobacco plants expressing fusion genes with the GUS coding sequence being
under the transcriptional control of various extensin gene promoters have been produced to in-
vestigate extensin gene regulation. The npExt::GUS and Ext1.4::GUS fusion genes, for example,
were transformed into tobacco plants in order to study the expression patterns of the npExt (Tire
et al., 1994) and the Ext/.4 (Hirsinger et al., 1999) tobacco extensin genes in a homologous sys-
tem. Tobacco plants have also been used as a heterologous system to study the expression pattern
of extensin genes isolated from species for which an efficient transformation method is lack-
ing. For example, the expression of the extA::GUS, HRGP4.1::GUS, and the SbPHRGP3::GUS
transgenes were examined into tobacco plants, elucidating the spatial and temporal regulation
of the oilseed rape extensin gene ext4 (Shirsat et al., 1991), the bean extensin gene HRGHP4.1
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(Wycoff et al., 1995), and the soybean extensin gene SbHRGP (Ahn et al., 1996), respectively.
There is no direct evidence concerning the role extensins play in the plant cell wall, although
substantial indirect evidence suggests their involvement in plant development and also in de-
fence. Lately, it has been suggested that extensins play a crucial role in the assembly of the cell
wall polymers: the positively charged extensin reacts with the acidic wall polymers to create a
template serving for the orderly assembly of the wall polymers (Cannon et al., 2008).

The atExt] extensin gene is the first extensin gene that had been isolated from Ara-
bidopsis and it has been characterised in a homologous system (Merkouropoulos et al., 1999;
Merkouropoulos and Shirsat, 2003). Here, we detail the ectopic expression of the Arabidop-
sis extensin gene atExtl, as an atExtl::GUS gene fusion, in tobacco. This detailed analysis
consisted of observing successive sections of the transgenic plants, practising our belief that
expression analysis should be performed in a very thorough manner in order to detect potential
differences among the various tissues. In addition, our study enables the direct comparison of
the expression patterns of the various extensin gene family members in tobacco, a widely used
experimental system to analyse the developmental and stress-induced expression of many ex-
tensin genes in the past (Tire et al., 1994; Wycoff et al., 1995; Ahn et al., 1996; Shirsat et al.,
1991, 1996; Hirsinger et al., 1999).

MATERIAL AND METHODS
Experimental plant material and growth conditions

Tobacco plants (Nicotiana tabacum cv. Samson) were grown in a growth room where
the temperature ranged between 20° and 25°C, with a 16-h light/8-h dark cycle. The plants were
grown in a 5:3 mix of compost (John Innes potting No. 1) and perlite in large plastic pots. Every
three weeks they were fed with 6 g/L phostrogen (Phostrogen Ltd., Deeside, Clwyd, UK).

Construction of the atExt1::GUS gene fusion and production of transgenic tobacco
plants

The pBI101.3-based pGMS5.3 clone, which contained the atExtl::GUS fusion con-
struct (Merkouropoulos and Shirsat, 2003) was mobilised from Escherichia coli DH5a cells
into the Agrobacterium tumefaciens strain LBA4404 in a tri-parental mating, using the helper
plasmid pRK2013. Successfully transformed 4. fumefaciens strains were selected on the ba-
sis of kanamycin resistance and were used to transform tobacco leaf discs by the following
method, which had been originally described by Ellis et al. (1988).

A 25-mL culture of the A. tumefaciens strain harbouring the atExt1::GUS gene fusion
was grown in LB media containing 50 pg/mL kanamycin sulphate, 500 pg/mL streptomycin
sulphate and 100 pg/mL rifampicin, at 28°C. The bacterial cells were collected by centrifuga-
tion at 4000 rpm for 10 min, washed two times in 2 mM MgSO, and resuspended in 25 mL
MS1 medium [4.71 g/L MS salts, 20 g/L sucrose, 1 mg/L 6-benzylaminopurine (BAP), 0.1
mg/L 6-naphthaleneacetic acid (NAA), pH 5.8)] on a Petri dish. Tobacco leaves at different
developmental stages were surface sterilized in 70% ethanol for 30 s, washed with distilled
water and then soaked in Na(OCl), with occasional agitation for 15 min. After being washed
three times in distilled water, 4- to 6-mm diameter leaf discs were cut from the leaves using a
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sterile blade, avoiding major veins. The discs were left floating on the A. tumefaciens suspen-
sion for 10 to 60 min. As a control, leaf pieces were left floating in sterile water. Four to five
leaf discs were then transferred onto MS2 plates (4.71 g/L MS salts, 20 g/L sucrose, 1 mg/L
BAP, 0.1 mg/L NAA, pH 5.8, 0.8% agar, 200 pg/mL augmentin, 100 pg/mL kanamycin sul-
phate), the plates were sealed and left at 20° to 24°C with a 16-h light/8-h dark cycle. About
48 h later, the leaf pieces were transferred into Magenta vessels containing 50 mL MS1 media
supplemented with 400 pg/mL augmentin and gently agitated overnight before being placed on
MS?2 plates and cultured as before. Two weeks later, 39 calluses were visible on the periphery
of'the disks. About 5 weeks after the transformation event, the leaf pieces were transferred onto
fresh MS2 plates to enhance the growth of the calluses. Once parts of the calluses started to dif-
ferentiate into shootlets (about seven to eight weeks after the transformation event), they were
transferred into Magenta pots (Magenta™, Sigma Chemical Co.) containing MS3 media (2.35
g/L MS salts, 5 g/L sucrose, 0.8% agar, pH 5.8, 100 pg/mL augmentin, 100 pg/mL kanamycin
sulphate). At this stage, parts of all 39 calluses were analysed histochemically for GUS detec-
tion. They all stained blue, although at different intensities. GUS staining was always seen on
the periphery of the callus. The newly differentiated part of the callus (a primary shoot bearing
small leaves) never stained blue (Figure 1A). GUS staining was never detected on calluses de-
veloped from the control-treated discs (data not shown). When rooted, the young plantlets were
transferred onto MS4 plates (4.71 g/L MS salts, 10 g/L sucrose, 0.8% agar, pH 5.8, 100 pg/mL
augmentin, 100 pg/mL kanamycin sulphate).

Extemal parts | Part of the callus that has
p . differentiated into a short
of the callus : §
primary shoot, bearing
Intemal parts small leaves.
of the callus ____—._‘——-
.'.)
A. —
Stained tissue

Figure 1. Histochemical localisation of atExt]::GUS fusion gene expression in various tissues of transgenic tobacco
plants carrying the atExt]::GUS fusion construct. A. Section of a recombinant Agrobacterium tumefaciens-induced
tobacco callus at the stage of differentiation into shoot. The A. tumefaciens strain used carries the atExt1::GUS
fusion gene. Expression of the fusion gene is only seen on the external part of the callus. Neither the internal part
of the callus nor the newly differentiated part of the callus expresses the transgene. B. Longitudinal section of the
junction of the flower petiole to the daughter branch. C. Pollen grains. D. Transverse section of the base of the
flower. Bar size = 1 mm.
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After they had produced an extensive root system, they were transplanted into pots
containing a sterile compost:perlite (2:1) mix. Histochemical analysis was performed on sec-
tions taken from the stem and the nodal regions of mature plants.

GUS histochemical assays

Histochemical assays were performed as described by Jefferson et al. (1987). Suc-
cessive transverse hand sections taken from a variety of tissues were incubated in 50 mM
NaH,PO,, pH 7.0, containing 1 mM 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) dis-
solved in dimethyl formamide and 18 mM cycloheximide, at 37°C overnight. The sections
were fixed in 3% gluteraldehyde (prepared in NaH,PO,, pH 7.0) at 4°C overnight, and stored
in 100% ethanol. The sections were photographed on a Leica Wild M8 microscope, using Agfa
Ultra 50 color film.

RESULTS
Histochemical localisation of atExtI::GUS in stem tissues

In the nodes of young and growing stems, i.e., stems that have not yet formed an
inflorescence, expression of the transgene was histochemically localised in the cells of the
internal and external phloem at the site where the leaf trace emerges (Figure 2B; 1-3), whereas
in sections closer to the stem/petiole fork expression was expanded in the parenchyma that
surrounds the leaf vascular bundle (Figure 2B; 4, 5). Occasionally, expression of the transgene
was observed in internal phloem cells that were not close to the site of the emerging leaf.

In the internodal regions of mature stems, i.e., stems that have formed an inflores-
cence, the transgene was expressed in the cells of the internal phloem and at lower levels in
the cells of the external phloem (Figure 2C, E and G). At the nodal regions of mature stems,
however, the transgene was expressed in both the internal and external phloem tissues, with
the expression being heavier in the areas that surround the vascular bundle of the leaf trace
(Figure 2D, F and H). Expression of the transgene was occasionally seen in the parenchyma
that surrounds the leaf vascular bundle and coincided with weak expression in the cells of the
external phloem (Figure 2H; 3). This pattern was altered in the young regions of the mature
stem (close to the inflorescence), where expression of the transgene was weak at the external
phloem of the leaf trace and coincided with expression in the parenchyma cells at the base of
the growing leaf (Figure 21 and J). GUS staining is also shown in the longitudinal sections in
Figure 1.

Expression pattern of the atExt1::GUS in inflorescence, flowers and pollen tubes

At the nodes of the older parts of the inflorescence, the transgene was expressed spe-
cifically in the cells of the internal phloem (Figure 3B). At younger nodes, however, expres-
sion of the transgene was seen in the internal phloem and also in the parenchyma (Figure 3G).
Similarly, the transgene was expressed in the internal phloem and the parenchyma at the flow-
er petiole/inflorescence stem junction (Figure 3H, I and J). GUS staining was also observed in
the pollen grains (Figure 1C) and at the base of the corolla (Figure 1D).
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Figure 2. Histochemical localisation of the atExtI::GUS fusion gene expression in the stem of transgenic tobacco
plants carrying the atExt1::GUS fusion construct. A. Image of the plant and location of the sites where the sections
were obtained. All sections (apart those shown in B) were taken from a well-grown branch of the plant, called “the
stem”. The stem at the moment of sampling possessed 17 leaves and a well-formed inflorescence. B-J) Series of
sections: numbering in all cases starts from the older parts and proceeds to the younger ones. B. A series of five
sections were taken from a young and growing stem at the base of the plant. C. A section was taken from the
internode between the 1st (older) and the 2nd leaf of the stem. D. A series of four sections was taken from the node
of the 2nd leaf of the stem. E. A section was taken from the internode between the 2nd and 3rd leaf of the stem. F. A
series of four sections was taken from the node of the 4th leaf of the stem. G. A section was taken between the Sth
and the 6th leaf of the stem. H. A series of three sections was taken from the node of the 7th leaf of the stem. I. A
series of five sections was taken from the node of the 13th leaf of the stem. The first section of this series is from the
internode between the 12th and 13th leaves. J. A series of sections was taken from the node of the 15th leaf of the
stem. The first section of this series is from the internode between the 14th and 15th leaves. In all series of sections,
the sections were taken successively from underneath the node (left) to the node (right). Bar size = 0.6 mm.
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Figure 3. Histochemical localisation of atExt/::GUS fusion gene expression in the inflorescence of transgenic
tobacco carrying the atExt1::GUS fusion construct. A. Image of the inflorescence and the sites where the sections
were obtained. B. A series of four sections was obtained from the junction of the inflorescence to the stem. C. A
section was obtained from the daughter branch (between the receptacle and the stem). D. A section was obtained
from the junction of the flower petiole to the daughter branch. E. A section was obtained from the flower petiole
of an opened flower (between the daughter branch and the receptacle). F. A section was obtained from the flower
petiole of a closed flower. G. A series of three sections was obtained from the junction of three daughter stems. H.
A series of four sections was obtained from the junction of the flower petiole to the daughter branch. I. A series
of three sections was obtained from the junction of the flower petiole to the daughter branch. J. A section was
obtained from the junction of three flower petioles. In all series of sections, the sections were taken successively
from underneath the junction (left) to the junction (right). Bar size = 1 mm.

DISCUSSION

Regulation of various extensin genes from dicotyledonous plants has been studied in
transgenic tobacco species by histochemical localisation of their promoter driven GUS expres-
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sion. Studying the expression of the HRGP4.1::GUS fusion gene in transgenic tobacco plants,
Wycoff et al. (1995) observed GUS staining in all the stem nodal tissues with the highest
GUS activity seen in the vascular tissue and the pith. No staining was detected in the tissues
of the internodal regions. Similar findings had also been reported by Shirsat et al. (1996) who
detected expression of the ext4::GUS fusion gene in the internal and external phloem and in
the cortical parenchyma in transgenic tobacco at the regions where the auxiliary stalk was
developed. In another study, GUS staining localised expression of the tobacco Ext/.4::GUS
fusion gene to the internal and external phloem at stem nodes and also in the floral pedicels
(Hirsinger et al., 1999; Salva and Jamet, 2001). Although these studies show that activation of
extensin promoters is limited mainly to the vascular tissue of the stem nodal areas, they do not
provide adequate information on either the exact location or the age of the tissues analysed. A
more detailed description of the age and location of the tissues analysed has been reported by
Tire et al. (1994). Using in situ hybridisation, they found that the npExt tobacco extensin gene
was expressed in an age-dependent manner: in mature regions of the stem the gene was ex-
pressed in the cortical cells surrounding the developing vascular bundle of the leaf trace, while
in young stem nodes expression was limited only to the cortical cells around the leaf trace.

In the present study, an extensive analysis of the atExt/::GUS fusion gene expression
patterns in a heterologous system, transgenic tobacco, is described with considerable empha-
sis on determining the age and location of the tissues studied. Observing the location of GUS
staining, expression of the transgene in the young internodal tissues of mature stem was found
to be limited to the internal phloem, whilst towards the nodal regions expression became
non-specific, staining the parenchyma around the leaf trace. In the old parts of the same stem,
GUS staining was found in the internal and external phloem: judging from the intensity of
the staining, expression of the fusion gene was higher towards the nodes where the vascular
bundle of the growing leaf was formed. An intermediate pattern of expression was observed
between the young and the old stem tissues with staining to be lower in the external phloem
and higher in the internal phloem. This pattern of expression is slightly modified in inflores-
cence tissues. Expression of the transgene is seen in the internal phloem, whilst it becomes
non-specific, staining the parenchyma at the junctions of the flower stalk to the inflorescence.
Expression of the transgene was never detected in the region between two junctions. These
expression patterns are remarkably similar to the expression patterns reported in the past for
extensin gene promoter-GUS fusions in tobacco stem tissues. Taken all together, they show
that extensin genes in tobacco plants are expressed mainly in the stem nodal vascular tissues,
supporting the idea that extensin gene expression is cell type specific rather than uniform to
all cells (Jamet et al., 2000).

As the extensin gene promoter::GUS fusion genes transformed into tobacco plants
(in both homologous and heterologous systems) display similar expression patterns in stem
tissues, it is reasonable to assume that these promoter regions contain the necessary cis-acting
elements that interact with the tobacco transcription machinery. Elliott and Shirsat (1998)
identified the negative regulator region (NRR) in the extA4 oilseed rape extensin gene promoter
as the region where nuclear proteins bind resulting in repression of the transgene. It was sug-
gested that disassociation of this transcription factor results in widespread expression of the
transgene in all tissues. Since widespread expression was observed in the nodal regions, which
are under tensile stress, it was hypothesized that repression was overcome by tensile stress
(Elliott and Shirsat, 1998). If this is the case, then cis-acting elements present in the ext4 gene
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promoter NRR would have been expected to be present in the azExt! gene promoter because
the expression of the atExtl::GUS fusion gene in transgenic tobacco is almost identical to
that of ext4::GUS in transgenic tobacco. Elliott (1998) performed an examination of the NRR
of the extA4 gene promoter sequence in order to identify sequences with similarity to known
transcription factor binding sites. This examination resulted in the location of four sites, which
were highly identical to the Enhancer element (Enh), Lectin element (Lec), and VSF element
transcription factor binding sites (Table 1). Motifs almost identical to those identified in the
NRR of the ext4 gene promoter sequence were also found in the atExtl gene promoter se-
quence (Table 1). This implies the occurrence of a similar regulatory system, which controls
expression of extensin genes in oilseed rape and Arabidopsis.

Table 1. Putative transcription factor binding sites identified in the negative regulatory region (NRR) of the ext4
gene promoter sequence and in the atExt]/ gene promoter sequence.

Putative transcription factor Putative cis-acting Location in the Putative cis-acting Location in the
elements in the NRR of ~ NRR of the ext4 in the NRR of the NRR of the atExt]
the ext4 gene promoter gene promoter atExt] gene promoter gene promoter

Enhancer (Enh) element: ATTTGCAT ~ ATTCGCAT -650 to -643, GTTTCGCAT -1923 to -1915

(Kawaoka et al., 1992) TTTTGCAT -472 to -466
Lectin element (Lec): ATT(A/T)AAT TTAAGTTATTAATTA -603 to -589 TTAAGTTGTTG -1519 to -1505
(Jofuku et al., 1987)
VSF: GTGG AATATAGTGGATT -477 to -474 ATGAGTGTGGAGG -2924 to -2921,
(Torres-Schumann et al., 1996) AATTTAGTGGGAA -692 to -689,
TATTTTGTGGATT -661 to -658

The exact locations of these factors on the ext4 and the atExt] gene promoters are shown. Numbering in the ext4
gene promoter is relative to the transcription start point, while in the atExt/ gene promoter, numbering is relative
to the translation start site (the adenine of the initiator methionine was numbered as +1 and sequences upstream
of A, are indicated with the minus (-) symbol). All motifs are in the 5'- to 3'-direction. Where a core motif of the
transcription factor binding sites has been described, it is underlined. References are given underneath the name of
the respective transcription factor binding site (in parentheses).

Expression of the atExt] gene was detected in the pollen grains of transgenic tobac-
co plants carrying the atExtl::GUS fusion gene (most but not all pollen grains were stained
blue). To our knowledge, the only study where an extensin gene was reported to be expressed
in the pollen grains was the Ext/.4 tobacco extensin gene in tobacco plants harbouring the
Extl.4::GUS fusion gene (Hirsinger et al., 1999). Expression of this transgene was detected in
pollen grains before and after pollen grain germination, leading to the suggestion that the Ext/.4
gene was involved in pollen maturation and pollen tube formation (Hirsinger et al., 1999).

GUS synthesis has not been seen in pollen grains from T, transgenic Arabidopsis
plants carrying the atExt1::GUS fusion gene. However, expression of the atExt/::GUS fusion
construct was detected in the stigma during pollination suggesting that extensin expression is
involved in the reproductive processes; their exact role is, however, not yet clear. Similarly,
the atExt1::GUS fusion gene is expressed at the base of the corolla, which is again of unknown
function, therefore providing a topic for further study.
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