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Summary
The identification and analysis of tissue-specific gene regulatory elements will improve our 

knowledge of the molecular mechanisms that control the growth and development of 

different plant tissues and offer potentially useful tools for the genetic engineering of plants. 

A polymerase chain reaction (PCR)-based 5′-genome walk from sequences of an isolated 

sugar beet xyloglucan endo-transglucosylase hydrolase (XTH ) gene led to the isolation of 

two independent upstream fragments. They were 1332 and 2163 base pairs upstream of 

the XTH ATG start site, respectively. In vivo transgenic assays in sugar beet hairy roots and 

Arabidopsis thaliana revealed that both fragments had promoter function and, in A. 

thaliana, directed expression in vascular tissues within the root, leaves and petals. Promoter 

activity was also observed in the leaf trichomes and within rapidly expanding stem 

internodes. Expression driven by both promoters was found to be wound inducible. Overall, 

the spatial and temporal expression pattern of these promoters suggested that the 

corresponding Bv-XTH genes (designated Bv-XTH1 and Bv-XTH2) may be involved in 

secondary cell wall formation. This work provides new insights on molecular mechanisms 

that could be exploited for the genetic engineering of sugar beet crops.
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Introduction

The polysaccharide xyloglucan is thought to play an import-

ant structural role in the primary cell wall of dicotyledons,

where it forms strong hydrogen bonds to cellulose microfi-

brils. It has been proposed that xyloglucans may act as

tension-bearing bridges between cellulose microfibrils, thereby

contributing to cell wall strength (Carpita and Gibeaut, 1993;

Pauly et al., 2001). The cutting or rejoining of xyloglucan

cross-links within this cellulose/xyloglucan framework is

catalysed by xyloglucan endo-transglucosylase/hydrolase (XTH)

enzymes. Current models assume that either the breakage

of xyloglucan cross-links or their uncoupling from cellulose

microfibrils is required for the microfibrils to move apart,

therefore allowing the wall to expand (Carpita and Gibeaut,

1993; Nishitani, 1997). Consistent with their proposed role

as cell wall-loosening enzymes, increased activity of XTH

proteins has been detected within growing tissues (Uozu et al.,

2000; Vissenberg et al., 2000, 2001). However, XTH activity

is known to continue within tissues where growth has

completely ceased (Arrowsmith and de Silva, 1995; Palmer and

Davies, 1996; Catalá et al., 2001), indicating that this family

of enzymes may be involved in a wide range of cell wall

interactions, including secondary cell wall formation.

Recently, it has been reported that, in poplar, XTH proteins

may have an important role during the formation of secondary

cell walls, as demonstrated by the detection of XTH activity in

xylem and phloem fibres during secondary wall formation

(Bourquin et al., 2002). Although cell wall carbohydrate

biosynthesis and the assembly of secondary walls are still
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relatively poorly understood, secondary cell walls are known

to consist of successive layers of alternately orientated cellu-

lose microfibrils, and XTH enzymes are thought to create and

reinforce connections between the primary and secondary

wall layers (Mellerowicz et al., 2001).

Promoter analysis has enabled a more complete under-

standing of gene function and the identification of putative

cis-elements has provided clues for further functional analysis

of the developmental processes in which the genes partici-

pate. Detailed characterizations of members of plant gene

families have shown that although many members encode

highly similar proteins, their promoter regions have different

tissue-specific expression profiles and can respond distinc-

tively to different elicitors, such as hormones, light and touch,

as well as to endogenous developmental programmes (Lee

et al., 2001; Yokoyama and Nishitani, 2001; Cosgrove et al.,

2002). The advent of crop plant transformation means that

well-characterized crop-specific promoters are required to

provide tools to drive precisely targeted spatio-temporal

control of transgenes in strategies for crop improvement.

Furthermore, it is likely that endogenous regulatory sequences

derived from the crop genome may result in a more physio-

logically appropriate expression of transgenes.

For the root crop sugar beet, we have, in the first instance,

focused our attention on investigating gene regulation in roots.

In the current study, we present data from a novel sugar beet

XTH gene member isolated from a cDNA library constructed

using mRNA from fibrous roots of sugar beet seedlings infected

by the obligate parasite Polymyxa betae. Isolation of upstream

promoter sequences led to the identification of two closely

related XTH genes (Bv-XTH1 and Bv-XTH2). Both were

characterized by a combination of sequence data analysis

and transgenic assays (in sugar beet hairy roots and Arabidopsis

thaliana) of associated promoter sequences fused to the

GUSPlus™ reporter gene (Cambia; http://www.cambia.org).

Results

Identification of the Beta vulgaris xyloglucan endo-

tranglucosylase-1 (Bv-XTH1) transcript

Sequence data and database searches revealed that the

previously described cDNA, cD485 (Mutasa-Göttgens et al.,

2000), was derived from the transcript of a novel sugar beet XTH

gene, now designated Bv-XTH1 (GENBANK accession number

AY315428). Translation of the cDNA and sequence alignment

with known XTH proteins from A. thaliana and Fagus sylvatica

(Figure 1) showed that Bv-XTH1 was typical of this group

of proteins and contained the characteristic XTH key features.

These include the putative signal peptide (Figure 1, indicated by

dotted line), the highly conserved DEIDFEFLGN motif (Figure 1,

boxed sequence), thought to be the catalytic centre for the

enzymatic splitting of xyloglucan chains, the N-linked glyco-

sylation site NASG (Figure 1, indicated by full line) and a number

of conserved cysteine residues in the carboxy-terminal region

(Figure 1, shaded boxes), thought to be involved in disulphide

Figure 1 Alignment of deduced amino acid sequences of the sugar beet XTH1 gene with two Arabidopsis thaliana proteins (XTR3 and TCH4) and the 
XTH protein from Fagus sylvatica. Identical amino acids in two or more of the sequences are illustrated in dark grey and similar amino acids in the 
sequences are illustrated in light grey. Dashes (–) indicate gaps introduced in the sequences to optimize the alignment. The alignment was generated 
using the programs ClustalW and Bioedit alignment editor. Key XTH features are: (i) the putative hydrophobic signal peptide, highlighted by the dotted 
line, and predicted by the SignalP (Nielsen et al., 1997) and Sigcleave (Womble, 2000) programs; (ii) the highly conserved DEIDFEFLGN motif, highlighted 
by the boxed region; (iii) the putative N-linked glucosylation site, indicated by the full line; and (iv) the conserved cysteine residues in the carboxy-terminal 
region, highlighted by dark shading.
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bridge formation. High stringency Southern blot data (Figure 2A)

revealed a hybridization pattern with three prominent bands,

extending over 12 kb of genomic sequence, detected when

EcoRI-digested sugar beet DNA was tested using probes

generated from Bv-XTH1 cDNA. As the full-length cDNA (1084 bp)

did not have internal EcoRI sites, this indicated that the probe

was hybridizing to sequences at three genomic loci. This

suggested that Bv-XTH1 was likely to be a member of a multigene

family, a recurrent theme with other XTH genes reported so

far (Xu et al., 1995; Campbell and Braam, 1999; Yokoyama and

Nishitani, 2001). Phylogenetic analysis of known XTH proteins

classifies them into four main groups (Campbell and Braam, 1999)

and Bv-XTH1 consistently falls into group 2 (data not shown).

Bv-XTH1 expression in sugar beet seedlings

XTH genes studied in other plants have been shown to be

expressed in a tissue-specific manner (Yokoyama and

Nishitani, 2001). As Bv-XTH1 was originally isolated through

a plus/minus screen designed to select root transcripts, we

explored whether it was expressed in a tissue-specific manner

by conducting Northern blot analysis with total RNA extracted

from roots and leaves of young sugar beet seedlings up to

32 days old (six-leaf stage). Bv-XTH1 transcripts were detected

only in roots and not in leaves. In addition, the detected signal

intensity within the roots increased during this time period.

These data suggest that Bv-XTH1 is expressed in a tissue-

specific pattern and its expression levels are developmentally

regulated (Figure 2B).

Isolation of regions upstream of the genomic Bv-XTH1 

sequence

Polymerase chain reaction (PCR)-based genome walking,

using gene-specific primers derived from the 5′ end of the

cD485 sequence, in conjunction with primers annealing to

adaptors ligated to restriction-digested genomic DNA, resulted

in the isolation of two independent fragments that were

upstream of Bv-XTH1-like sequences. The two 5′ non-coding

regions were up to 1332 bp and 2163 bp upstream of the

translation start site and were confirmed by PCR (Figure 3A)

as originating from two XTH genes whose sequence differed

in the 3′ untranslated region (UTR). As indicated in Figure 3(B),

primer x, annealing to sequences immediately upstream of

the stop codon in Bv-XTH1, was able to produce PCR pro-

ducts with primers specific to the 1332 bp fragment (primer a)

and the 2163 bp fragment (primer b). By contrast, primer z,

annealing to sequences in the Bv-XTH1 3′UTR, produced

a PCR product only with primer a and not with primer b.

This indicated that the 1332 bp fragment was contiguous with

Bv-XTH1, whereas the 2163 bp fragment was from another

gene, designated Bv-XTH2. Sequence data alignment showed

that there was 98% identity within the coding regions of

Bv-XTH1 and Bv-XTH2, compared with 48.6% in sequences

upstream of the ATG codon (data not shown).

Within the Bv-XTH2 upstream fragment, a BLASTn

(Altschul et al., 1990) search of the GENBANK database revealed

that the 250 bp at the extreme 5′ end were highly similar (74%

identity) to the last exon of the sugar beet acid invertase gene

Figure 2 (A) Autoradiograph of a Southern 
blot of EcoRI-digested sugar beet genomic 
DNA probed with an [α-32P]dCTP-labelled 
probe generated from the Bv-XTH1 cDNA 
sequence. This shows that hybridization 
signals were detected in sequences extending 
over at least 12.4 kb of genomic DNA. (B) (i) 
Northern blot of total RNA samples isolated 
from either leaf or root tissues of young sugar 
beet seedlings aged 11–32 days old, probed 
with an [α-32P]dCTP-labelled probe generated 
from the Bv-XTH1 cDNA sequence. This 
shows that hybridization signals were 
detected within RNA samples from roots and 
that the signal intensity increased with 
seedling age. (ii) Photograph of the ethidium 
bromide-stained agarose gel used to generate 
the Northern blot, showing approximately 
equal RNA loading in each track.
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(beta-fructofuranosidase, accession number AJ277456). The

presence of this sequence indicated that the whole of the

upstream non-coding region (1913 bp) from Bv-XTH2 had

been isolated and sequenced.

In silico sequence data analyses of the upstream regions

showed that both the Bv-XTH1 and Bv-XTH2 fragments

contained putative transcriptional start sites and TATA

boxes as detected by the Neural Network Promoter Prediction

Program (Reese and Eeckman, 1995). A screen for putative

cis-acting regions using the online databases PlantCARE

(Lescot et al., 2002) and PLACE (Higo et al., 1999) indicated

putative binding sites for a wide range of cis-elements,

including wound response, gibberellic acid response, root

specificity, auxin response and myb elements (data not shown).

Functional analysis of Bv-XTH upstream fragments 

fused to the GUSPlus reporter gene in pCAMBIA

Promoter fragments at −1163 bp, −431 bp (Bv-XTH1), −2163

bp, −992 bp and −404 bp (Bv-XTH2), upstream of the ATG

start sites, were fused upstream of the GUSPlus™ reporter

gene within the pCambia 1305.1 vector to create T-DNA

constructs for transgenic analysis. All the constructs were

successfully and stably transformed into A. thaliana plants

and all except one (−2163 Bv-XTH2) into sugar beet hairy roots.

Microscopic examination of tissues stained for GUS activity

showed that, in sugar beet hairy roots, the CaMV-35S

promoter drove GUS activity within all cell types (Figure 4,

pictures 1 and 2), and revealed some differences in the

expression patterns of Bv-XTH1 and Bv-XTH2 promoters. The

shortest Bv-XTH1 fragment (431 bp) lacked promoter func-

tion and failed to drive GUS activity in sugar beet hairy roots

(Figure 4, pictures 3 and 4), whereas the longer fragment

(1163 bp) drove expression mainly in the vascular and cortex

tissues, with very little activity in the outer epidermal tissues

(Figure 4, pictures 5 and 6). The observed lack of activity in

the shorter construct is unlikely to have been the conse-

quence of associated integration events, as it was consistent

in all the 10 lines examined. Both Bv-XTH2 fragments drove

GUS expression, and activity was observed in the cortex and

Figure 3 Detail of polymerase chain reaction 
(PCR) analysis to distinguish Bv-XTH1 and Bv-
XTH2 sequences in sugar beet genomic DNA. 
(A) Gel photograph showing the results of the 
PCR analysis, using the primer combinations 
shown in B, on the sugar beet genomic DNA 
template. Successful amplifications occurred 
with three of the four primer combinations. 
Primers b + z did not produce a band, indicating 
that the Bv-XTH2 sequence differed from Bv-
XTH1 in the 3′ untranslated region (UTR). 
SM = 1 kb DNA size marker standard (New 
England Biolabs). (B) Schematic representation 
of the Bv-XTH gene locus showing the relative 
annealing sites for the promoter fragment-
specific primers, a (Bv-XTH1) and b (Bv-XTH2), 
used in combination with Bv-XTH1-specific 
primers, which were either located before the 
stop codon (primer x) or at the end of the 3′ UTR 
(primer z).
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in vascular tissues (Figure 4, pictures 10–12), where it appeared

to be stronger as indicated by the darker staining (Figure 4,

pictures 10 and 12). Interestingly, in two of the Bv-XTH2

–404 bp lines, a different pattern was observed whereby GUS

activity was excluded from vascular tissues and was instead

observed in all the other tissues, including the epidermis and

root hairs (Figure 4, pictures 7–9).

In A. thaliana, the CaMV-35S promoter also drove GUS

expression in all tissues of the organs examined (Figure 5A,

pictures 1, 2 and 11–14). By contrast with sugar beet hairy

roots, all Bv-XTH1 and Bv-XTH2 promoter fragments were

active in A. thaliana and identical expression profiles were

observed in promoters up to 1 kb upstream of the start

site and their respective deletions. Hence, only data from the

longer promoters are presented. In roots, both promoters

directed GUS activity to the vascular tissue, as shown in

Figure 5(A) (pictures 3–6). No GUS activity was seen within

the meristematic tissues of the root tip (Figure 5A, pictures 3

and 5, arrow ‘m’), only appearing after cell expansion and

differentiation into vascular tissue. Detailed examination of

the stained roots in cross-section showed that GUS activity

was mainly localized to the xylem, phloem and pericycle

(Figure 5A, pictures 4 and 6).

GUS activity within aerial tissues was examined only in A.

thaliana where both Bv-XTH1 and Bv-XTH2 drove activity in

leaf and floral organs and this was mostly within the vascular

tissues (Figure 5A, pictures 15, 16, 18, 19, 20 and 22). In

leaves, GUS activity appeared to be developmentally regu-

lated such that vascular tissues were most intensely stained

in young, rapidly expanding leaves (Figure 5A, pictures 15

and 19), whereas, in older mature leaves, GUS activity was

restricted to vascular tissues at the leaf margin (Figure 5A,

pictures 16 and 20) and hydathodes (Figure 5A, picture 20,

arrow ‘h’). The most significant difference in the activity of

the two promoters was observed in leaf trichomes, where Bv-

XTH1 drove GUS activity within the stalk cells only (Figure 5A,

picture 17), whereas Bv-XTH2 drove activity also in the

trichome socket cells (Figure 5A, picture 21). In stems, GUS

Figure 4 Pictures of histologically stained sugar beet hairy roots showing the location of GUS activity in different tissues of roots transformed with 
CaMV-35S or Bv-XTH promoter::GUSPlus fusion constructs as indicated. The roots were viewed intact (A), in cross-section (B) or in longitudinal section 
(C). Figures in parentheses indicate the number of independent lines in which the depicted phenotype was observed out of the 10 lines examined. 
c = cortex; rh = root hairs; v = vascular tissue.
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activity driven by either promoter was detected only in rapidly

expanding tissue during bolting on transition to reproductive

growth by formation of the primary floral inflorescence. In

this case, GUS staining appeared to be in all stem tissues

(Figure 5A, picture 23).

Spatial expression of the full-length Bv-XTH2 promoter

was essentially the same as that observed for the shorter frag-

ments, in that GUS activity was directed to the vascular tissue.

In leaves (Figure 5A, pictures 24–26), the expression profile

overlapped that of the shorter promoter fragments as pre-

viously described. The key difference was in the pattern of

expression within the roots, where GUS activity was appar-

ently limited to vascular tissues at the junctions between

lateral and primary roots and also to the tips of the lateral roots

(Figure 5A, pictures 7 and 9). Where expression extended

beyond the immediate junction region, staining appeared to

be significantly greater at the junction itself and in the lateral

root growing from this point (Figure 5A, picture 8), suggest-

ing enhanced GUS activity. In common with the shorter

promoter fragments, GUS activity was not observed within

meristematic tissue (Figure 5A, pictures 7 and 10).

Mechanical wounding in A. thaliana roots, mature fully

expanded leaves and stems induced activity of both the Bv-

XTH1 and Bv-XTH2 promoters. Again, there was significant

overlap in the wound response of the two promoters. Only

data from Bv-XTH2 are presented as they include results for

the full-length promoter. In fully mature leaves, where GUS

activity was no longer evident in the vascular tissue, wounding

by cutting resulted in the induction of localized GUS activity

within cells at the cut surface, with GUS staining apparently

becoming restricted to the vasculature with increasing pro-

moter fragment length (Figure 5B, pictures 2–4). Physical

damage caused by the attachment of aphids (Myzus persi-

cae) to the leaf surface (data not shown) or by insertion of the

stylet into the leaf vein during feeding (indicated by arrow in

Figure 5B, picture 5) also resulted in the induction of localized

GUS activity. The most intense staining for GUS activity as a

result of wound induction was observed in stem (Figure 5B,

picture 6) and root (Figure 5B, picture 7) tissue. In each case,

GUS activity was assayed after 1 h of wounding and remained

detectable for up to 60 h. GUS activity was not detected in

uncut control tissues – data shown for leaf tissue (Figure 5B,

picture 1).

Discussion

We have identified a new sugar beet XTH gene, designated

Bv-XTH1, which, like other XTHs, belongs to a multigene

family and has been classified within the XTH protein group

2 subfamily. Its deduced amino acid sequence encodes a

typical XTH protein, but the nucleotide sequence is unusual

compared with the other XTHs characterized so far because

it lacks intron sequences. A second gene Bv-XTH2 was also

identified and was found to share a high level of coding

sequence identity (98%) with Bv-XTH1. These two genes are

probably the sugar beet equivalent of the Azuki bean (Vigna

angularis) sister gene pair Va-XTH1 and Va-XTH2 which

are also highly similar (84% amino acid sequence identity)

(Nakamura et al., 2003). The existence of this level of structural

similarity is not unexpected for XTHs, and data from A.

thaliana have shown that there is a striking level of both

structural and functional similarity between its 33 XTH family

members (Yokoyama and Nishitani, 2001). It is also now

known that the most identical members within the A. thaliana

XTH gene family arose from duplication events (Yokoyama

and Nishitani, 2001) and the same is probably also true

for Bv-XTH1 and Bv-XTH2. The lack of intron sequences in

the sugar beet genes suggests that any such duplication

may have been preceded by a retroposition event. Active copies

of a retrogene (derived from reverse transcription of mature

mRNA) within the genome are usually found to exhibit dif-

ferent expression patterns (Brosius, 1999; Tavares et al., 2000).

The observation that Bv-XTH1 and Bv-XTH2 have overlapping

profiles lends support to our hypothesis that the gene dupli-

cation would have been subsequent to any retroposition event.

Comparison of the 5′ promoter fragments associated with

the Bv-XTH gene pair showed that, although they were

dissimilar at the nucleotide level, there were regions of some

sequence conservation (48.6% identity; data not shown) and

similar cis-acting elements were predicted by in silico analysis.

Subsequent reporter gene expression assays in transgenic

sugar beet hairy roots and A. thaliana later suggested that

Figure 5 (A) Pictures showing GUS activity in tissues of organs from Arabidopsis thaliana transformed with CaMV-35S or Bv-XTH::GUSPlus promoter 
fusion constructs as indicated. The pictures show the expression patterns in whole roots (1, 3, 5 and 7–10), roots in cross-section (2, 4 and 6), young 
expanding leaves (11, 15, 19 and 24), mature fully expanded leaves (12, 16, 20 and 25), leaf trichomes (13, 17, 21 and 26), flowers (14, 18 and 22) 
and bolting stem (23). h = hydathode; j = lateral /primary root junction; lr = lateral root; m = meristem; pr = primary root; sc = socket cell; v = vascular 
tissue. (B) Pictures showing the expression of Bv-XTH2::GUSPlus promoter and deletion fusion constructs (as indicated) in response to mechanical 
wounding. The pictures show the localization of GUS activity in cut leaves (2–4), cut stem (6), cut root (7) and during insertion of the stylet by an aphid 
feeding from the leaf (5, arrow). Picture 1 shows representative results for unwounded control leaf tissues in which GUS activity was no longer evident 
and remained undetected without wounding.
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the Bv-XTH genes may be partially functionally redundant,

because expression profiles of the ∼1 kb promoter cassettes

were almost identical within each species. Unlike A. thaliana,

in which both promoters exhibited a predominantly vascular-

specific expression profile in roots, leaves and flowers, in

sugar beet hairy roots, expression was not restricted to the

vascular tissue and was also observed in the cortex tissues.

Differences in the two promoter types were observed in

leaf trichomes, where Bv-XTH1 was active in the stalk cells,

whereas Bv-XTH2 was active in both the socket and stalk

cells. Our data also indicated that, in A. thaliana, the cis-

regulatory elements responsible for the observed expression

pattern were present within 431 bp (Bv-XTH1) and 404 bp

(Bv-XTH2) upstream of the ATG transcription start site,

whereas, in sugar beet, this was true only for Bv-XTH2. This

observed lack of function in the −431 bp Bv-XTH1 fragment

only in sugar beet hairy roots suggests that the two genes

respond differently to elicitors within their immediate physi-

ological environment. Moreover, although the expression

patterns of the two Bv-XTH promoters are broadly overlap-

ping, differences in other non-coding regions, within these

genetic loci, including 3′UTR sequences, may facilitate differ-

ent temporal expression patterns and modes of response to

phytohormones and other cues. Such differences have been

reported for the phloem-specific Va-XTH1 and Va-XTH2

sister gene pair, where the former is expressed early during the

juvenile stages of phloem fibre development and the latter is

expressed after cell elongation has stopped (Nakamura et al.,

2003). Further, divergent modes of auxin action upon the Va-

XTH1/2 genes have been demonstrated, showing that auxin

has a direct up-regulation effect on Va-XTH2, whereas, in Va-

XTH1, this is mediated by a ‘turgor pressure-dependent’

mechanism (Nakamura et al., 2003). The existence of such

subtle differences in promoter function, together with our

own observations, suggests that differences in expression

within the physiological environment of sugar beet com-

pared with A. thaliana should not be unexpected. This may

explain our Northern data, which clearly showed that Bv-

XTH1 was not transcribed in sugar beet leaves, even though

functional data in A. thaliana showed that the promoter frag-

ments used in this study were active in leaves. Induction of

Bv-XTH1 and Bv-XTH2 promoter activity in the A. thaliana

bolting stem may also be a reflection of a sugar beet-specific

trait, in which true stems only develop during bolting on

transition to reproductive growth. Auxin, gibberellins, brassinos-

teroids, cytokinins and ethylene phytohormones are thought

to act as signals for vascular development (Sachs, 1981;

Aloni, 1987; Hardtke and Berleth, 1998; Eriksson et al., 2000;

Jang et al., 2000; Koizumi et al., 2000; Milioni et al., 2002)

and therefore could influence the temporal expression of

the Bv-XTH1/2 genes. We are currently generating transgenic

sugar beet plants to enable the analysis of expression profiles

in whole plants.

The established role for XTH action within plants has

been the modification of the primary cell wall (Campbell and

Braam, 1999) and, more recently, the formation of secondary

cell walls (Bourquin et al., 2002; Nakamura et al., 2003).

Although the precise role of xyloglucan and XTH proteins in

plant cell wall synthesis is not yet known, it is expected that

this will be resolved through studies investigating the regula-

tion of cell wall carbohydrate metabolism. Studies in a variety

of plants have shown that secondary cell wall formation

requires the co-ordinated activation of numerous cell wall

modification enzymes (Potikha and Delmer, 1995; Turner

and Somerville, 1997; Zhong et al., 1997; Taylor et al., 1999;

Caño-Delgado et al., 2000; Turner and Hall, 2000). Data

presented here provide circumstantial evidence that the

two Bv-XTH proteins probably have a role in secondary wall

synthesis. For example, cells in many of the tissues, such as the

vascular bundle, trichomes and inflorescence stems, in which

Bv-XTH promoters were active, are known to require second-

ary cell wall deposition for extra mechanical strength (Potikha

and Delmer, 1995; Cosgrove, 1997; Turner and Somerville,

1997; Bourquin et al., 2002). Our own data with the Bv-XTH

full-length promoter (expected to mimic endogenous control

mechanisms most closely) support this hypothesis because

GUS activity was enhanced at the lateral root branch points

where extra strength is required. Also, this promoter was active

in the tips of extending lateral roots, suggesting that it may

be responsive to the physical resistance experienced during

penetration through the growth medium. Evidence indi-

cating that Bv-XTH genes are active only in non-meristematic,

fully elongated and differentiated vascular tissue lends

further support for a role in secondary wall deposition. Similar

temporal control has been reported for Va-XTH2, also thought

to be involved in the deposition of secondary (non-lignified)

cell wall (Nakamura et al., 2003). Bv-XTH1 and Bv-XTH2

promoter function was induced by mechanical wounding,

supporting a role in cell wall synthesis to repair damage.

Examples of other vascular-specific cell wall proteins up-

regulated in response to mechanical wounding include

hydroxyproline-rich glycoproteins (Wycoff et al., 1995), cinnamyl

alcohol dehydrogenase (Lauvergeat et al., 2002), proline-rich

proteins (Vignoles et al., 1999) and peroxidases (Sasaki et al.,

2002). It has been reported that, where mechanical wound-

ing interrupts vascular bundles, disturbing hormonal and

metabolite transport, the transdifferentiation of parenchyma

cells into tracheary elements is induced, triggering the formation
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of new vascular tissues around the wounded site to re-establish

vascular continuity (Nelson and Dengler, 1997). That Bv-XTH1

and Bv-XTH2 are responsive to mechanical wounding is

not entirely surprising, because the original Bv-XTH1 cDNA

(cD485) was isolated from a library generated using mRNA

from roots infected by the parasite Polymyxa betae, which

invades the roots by mechanically breaking through the cell

wall (Keskin and Fuchs, 1969; Barr, 1988).

The identification of Bv-XTH1 and Bv-XTH2 is important as

it contributes a second example of XTH sister gene pairs, the

molecular dissection of which will enhance our knowledge of

the functional diversity of the XTH gene family and its precise

role in the biosynthesis and maintenance of different cell

types in plants. Moreover, although, in this project, trans-

genic analyses of Bv-XTH1 and Bv-XTH2 promoters were

restricted to A. thaliana and sugar beet hairy roots, the result-

ant data indicate that the promoters may provide useful tools

for sugar beet crop improvement by transgenic manipula-

tion. For example, vascular expression may be exploited to

develop virus-resistant lines by fusing antiviral constructs

to the Bv-XTH promoters, because many of the major aphid-

and P. betae-borne sugar beet viruses multiply and translo-

cate within the vascular tissue. Additionally, wound-induced

expression could be beneficial in protecting against impor-

tant sugar beet pests [including leafhoppers, Lepidopteran

silver Y moth (Autographa gamma) and cabbage moth

(Mamestra brassicae)] and opportunistic fungal pathogens,

such as Fusarium and Rhizoctonia, that infect through wounded

tissue causing rots and loss of sugar in stored beet roots.

Experimental procedures

Plant material and growth conditions

Sugar beet seed (Beta vulgaris ssp. vulgaris cv. Roberta)

was obtained from Germains Ltd. (King’s Lynn, Norfolk, UK).

Sugar beet seedlings were grown in the greenhouse at 18–

22 °C with a 16 h photoperiod. They were grown in compost

(Levington F2S, supplied by the Scotts Company UK Ltd,

Suffolk, UK) and watered daily.

A. thaliana seed, ecotype Columbia (Col-4, N933),

was supplied by the Nottingham Arabidopsis Stock Centre

(University of Nottingham, Loughborough, UK). For trans-

formation, A. thaliana seeds were sown thinly in a 9 cm

diameter pot containing Levington F2S compost (as above)

and kept in a model MLR-350 Sanyo Versatile Controlled

Environment Test Chamber under conditions of 20 °C

and 70% relative humidity under short days (8 h light/16 h

dark). Seedlings were thinned 7 days after germination to

leave one strong plant per pot. The developing plants were

watered regularly from beneath with tap water and main-

tained in the above conditions for 3 weeks, after which the

light regime was changed to long days (16 h light/8 h dark).

Primary bolts were removed when the plants were approxi-

mately 1–5 cm tall to encourage secondary bolting in order

to increase the number of floral buds per plant. The plants

were allowed to grow until the secondary bolts were approx-

imately 10 cm tall with some of the flowers already open.

Agrobacterium-mediated transformation of 

A. thaliana

Agrobacterium tumefaciens strain LBA 4404 (Ooms et al.,

1982), containing the Bv-XTH1 or Bv-XTH2 promoter::GUS-

Plus fusion constructs, was used to transform A. thaliana

plants by the dipping procedure, as described by Clough and

Bent (1998). Transgenic plants were selected on MS medium

(Murashige and Skoog, 1962), supplemented with hygromycin

(20 µg/mL) and cefotamine (200 µg/mL), under conditions of

constant light at 22 °C.

Identification, cloning and sequencing of the Bv-XTH1 

cDNA and associated promoters

The Bv-XTH1 cDNA (cD485) was isolated from a sugar beet

root cDNA library, as previously described (Mutasa-Göttgens

et al., 2000). It was selected following plus/minus differential

screening designed to identify cDNAs derived from highly

expressed transcripts in roots previously infected by the

obligate root parasite Polymyxa betae. Associated promoter

fragments were isolated using a PCR-based 5′-genome walk

adapted from the original protocol of Siebert et al. (1995).

Essentially, two gene-specific antisense primers GSP1 (5′-
ACTGGAAGCCTGAGCCTGTGGCTTTGTCG-3′) and GSP2

(5′-TCGACCATCTCCCCAAGTAATGGCGAAGTC-3′), corre-

sponding to nucleotide positions 84–113 and 155–183

of the cD485 sequence (AY315428), and two primers AP1

(5′-GGATCCTAATACGACTCACTATAGGGC-3′ with a BamHI

site at the 5′ end) and AP2 (5′-AATACGACTCACTATAG-

GGCTCGAGCGGC-3′), which overlap and anneal to sequences

in blunt end adaptors (generated from the oligonucleotide

sequences 5′-CTA ATA CGA CTC ACT GGG CTC GAG CGG

CCG CCC GGG CAG GT-3′ and 5′PO3-ACC TGC CC-NH2-3′),
fused to restriction-digested sugar beet genomic DNA (digested

with DraI, EcoRI, PvuII, ScaI, SnaBI or StuI restriction enzymes),

were used in a nested PCR reaction to amplify sequences

upstream of cD485. All PCRs were carried out using the high

fidelity Elongase Enzyme Mix (Invitrogen Life Technologies)
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according to manufacturer’s instructions in 1.8 mM Mg2+, with

primers added to a final concentration of 200 nM and template

DNA at 100 ng. Cycling was performed in a Hybaid Touch-

Down Thermal Cycler (Hybaid Ltd.) for one cycle at 94 °C for

1 min, followed by 35 cycles of denaturation at 94 °C for 30 s,

annealing at 57–65 °C and extension at 72 °C for 1 min/kb.

The resultant PCR products were cloned into the pGEM-T

Easy® vector (Promega Inc.) and sequenced. For sequencing, all

plasmid DNA was prepared using the rapid boiling miniprep

method (Holmes and Quigley, 1981), RNase treated and

cleaned up using the Qiagen PCR Purification Kit (Qiagen),

as specified by the manufacturer. The DNA was then custom

sequenced at DBS Genomics, University of Durham, UK.

Sequence data analysis was carried out using the suite of

programs included in the GCG package (Womble, 2000) and

the RESearch Version 2.0 program (Antoniw, 1997). Nucle-

otide and protein multiple sequence alignments were carried

out using the ClustalW v1.8 program (Higgins et al., 1994).

Searching of the EMBL nucleotide sequence database was

carried out via the internet at the EBI site (www.ebi.ac.uk)

using the WU-BLAST2 version and the nBLAST and tBLASTx

algorithms (Altschul et al., 1990). The MIPS Arabidopsis thaliana

database (http://mips.gsf.de/proj/thal/db/index.html) was also

searched.

Promoter-specific sequences were predicted using the

FREAK program (to determine A/T content) within the EMBOSS

package, accessed at http://www.hgmp.mrc.ac.uk/Software/

EMBOSS/Apps/freak.html, and the Neural Network Promoter

Prediction program, at http://www.fruitfly.org/seq_tools/pro-

moter.html, with a cut-off score of 0.8. To screen for potential

cis-elements located in the isolated upstream sequences, the

databases PLACE (http://www.dna.affrc.go.jp/htdocs/PLACE/ )

and PlantCARE (http://sphinx.rug.ac.be:8080/PlantCARE/cgi/

index.html) were used. Phylogenetic trees were constructed

using the Phylip package, using the programs DNADIST and

CONSENSE (Felsenstein, 1989). Features of the predicted Bv-

XTH1 protein were determined using the SignalP v.1.1 (http://

www.cbs.dtu.dk/services/SignalP/ ) (Nielsen et al., 1997) and

the SIGCLEAVE (GCG) programs. The Prosite database (Bucher

and Bairoch, 1994) was also searched using the ScanProsite

program to detect biologically active domains (such as N-

linked glycosylation sites) within the protein sequence.

Northern analysis

Total RNA was extracted from sugar beet leaves and roots

using the RNeasy Plant Mini Kit (Qiagen) according to the

manufacturer’s instructions. Northern blot analysis was

carried out using standard methods (Sambrook et al., 1989).

Total RNA (20 µg) from each sample was electrophoresed on

a 1.3% w/v agarose gel containing 7.4% formaldehyde, and

ethidium bromide was incorporated in the loading dye (6×)

at a final concentration of 400 µg/mL. The agarose gel was

visualized under ultraviolet light and photographed to record

loading levels in each track before being transferred by

capillary action on to a positively charged nylon membrane

(Hybond-N+ Amersham Biosciences). An RNA ladder (0.28–

6.6 kb; Sigma–Aldrich, Poole, Dorset, UK) was used as a size

marker. For hybridization, an [α-32P]-labelled full-length Bv-

XTH1 cDNA probe, generated using the Rediprime random-

primer DNA labelling system (Amersham Biosciences, Chalfont

St. Giles, Buckinghamshire, UK), was incubated with the

membrane overnight at 65 °C in 7% sodium dodecylsulphate

(SDS) hybridization buffer (Church and Gilbert, 1984). The

membrane was washed twice for 15 min at 65 °C in 0.2 × SSC

plus 0.1% SDS, and then subsequently for 20 min in the

same buffer, after which hybridization signals were detected

by autoradiography.

Southern analysis

Sugar beet genomic DNA was extracted from whole seed-

lings using the Nucleon Phytopure Kit (Amersham Life Science).

Twenty micrograms of EcoRI-digested sugar beet DNA

was then resolved in 0.8% agarose gels in TAE (Tris-acetate

EDTA) buffer and blotted on to Hybond-N+ nylon membrane

according to standard protocols (Sambrook et al., 1989). The

DNA blot was then simultaneously hybridized to the full-

length Bv-XTH1 probe, together with the Northern blot as

described above. In this case, the final post-hybridization

wash was under more stringent conditions ending with 0.1%

SSC at 65 °C for 20 min.

Construction of reporter constructs in the pCAMBIA 

vector and subsequent mobilization in Agrobacterium

The cloned upstream fragments of the Bv-XTH1 and Bv-XTH2

genes, including the ATG start site, were PCR amplified

(using the Elongase Enzyme Mix as above) from the pGEM-

Teasy vector using primers adapted to incorporate HindIII and

BglII restriction sites at the 5′ and 3′ ends, respectively. The

resulting products were then ligated into HindIII-Bgl II-digested

pCAMBIA 1305.1 (Centre for the Application of Molecular

Biology to International Agriculture, Canberra, Australia;

http://www.cambia.org), replacing the resident CaMV-35S

promoter and being fused upstream of and in-frame with

the GUSPlus reporter. Sequencing and restriction digestion

were used to confirm the integrity of the constructs.
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The Bv-XTH1/2::GUSPlus transcriptional fusion constructs

were then mobilized into Agrobacterium tumefaciens strain

LBA4404 (Ooms et al., 1982) and Agrobacterium rhizogenes

strain AR15834 (Riker et al., 1930) by electroporation, as pre-

viously described by Mersereau et al. (1989). Transformed cells

were selected on YEBS (yeast and beet extract with sucrose)

agar (5 g/L beef extract, 5 g/L peptone, 1 g/L yeast extract,

14.5 mM sucrose, 4 mM MgSO4·7H2O, 15 g/L bacteriological

agar) supplemented with 50 µg/mL kanamycin. PCR analysis,

using a 5′ Bv-XTH-specific primer in combination with a 3′
GUSPlus gene-specific primer, was used to confirm the

integrity of the expression cassettes in successfully trans-

formed Agrobacteria.

Agrobacterium-mediated transformation of sugar 

beet hairy roots

Petioles from sugar beet plants cv. Roberta were simultane-

ously induced to produce hairy roots and transformed with

the reporter constructs by inoculation with transgenic

A. rhizogenes strain AR15834, as described by Kifle et al.

(1999). Hairy roots excised from the petioles were subcul-

tured and maintained in tissue culture on half-strength B5

medium (Gamborg et al., 1968) containing 150 µg/L cefo-

taxime at 26 °C under a 16 h light/8 h dark cycle. For trans-

genic analysis, one hairy root per petiole was used as

representing a single transformation event. Gene-specific

PCR was used to confirm transformation of hairy roots previ-

ously tested for the successful removal of contaminating A.

rhizogenes by culturing on medium without cefotaxime.

Wounding assays

A scalpel blade was used to cut roots and leaves in situ on

transgenic A. thaliana plants growing on solid MS medium.

Wounded leaves were left attached to the plant for 10 min

to 60 h, after which they were excised and immediately assayed

for GUS activity by histological staining. Cut roots were left in

the agar until immediately prior to the assay for GUS activity.

Cut stem sections were also examined for GUS activity.

Response to wounding caused by insect pest damage was

examined by releasing peach potato aphids (Myzus persicae)

on to the A. thaliana plants and allowing them to feed for

24 h before conducting histological assays for GUS activity.

Assays for β-glucuronidase activity

For histochemical staining, tissues from A. thaliana and sugar

beet hairy roots were immersed in GUS staining solution

(Jefferson et al., 1987) and incubated in the dark at 37 °C
overnight. The stained tissues were immersed in 70% etha-

nol to destain. Cross-sections were obtained by impregnat-

ing tissues in paraffin wax using a Duplex Tissue Processor

(Thermo Shandon, Cheshire, UK) and then cutting into

15 µm sections using a microtome (Reichard-Jung, Bucking-

hamshire, UK). Tissues were observed using either a binocular

microscope (Leica MZ6) or a Nikon Eclipse ME600 micro-

scope, fitted with a motorized OptiScan Z-axis stepper stage

(Prior Scientific Instruments, Fulbourn, Cambridge, UK).

Images were captured using a JVC KY-F55 3CCD video

camera, mounted on the Nikon microscope and driven either

by Auto-Montage, version 4.01 (Z-stepper application for

samples with a wide depth of field) or AcQuis Bio version

4.0.0.8 m29 software (supplied by Syncroscopy, Synoptics

Ltd., Cambridge, UK).
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