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Summary

Xyloglucan endotransglucosylases/hydrolases (XTHs) are a class of enzymes capable of catalyzing the

molecular grafting between xyloglucans and/or the endotype hydrolysis of a xyloglucan molecule. They are

encoded by 33 genes in Arabidopsis. Whereas recent studies have revealed temporally and spatially specific

expression profiles for individual members of this family in plants, their biological roles are still to be clarified.

To identify the role of each member of this gene family, we examined phenotypes of mutants in which each of

the Arabidopsis XTH genes was disrupted. This was undertaken using a reverse genetic approach, and

disclosed two loss-of-function mutants for the AtXTH27 gene, xth27-1 and xth27-2. These exhibited short-

shaped tracheary elements in tertiary veins, and reduced the number of tertiary veins in the first leaf. In mature

rosette leaves of the mutant, yellow lesion-mimic spots were also observed. Upon genetic complementation

by introducing the wild-type XTH27 gene into xth27-1 mutant plants, the number of tertiary veins was

restored, and the lesions disappeared completely. Extensive expression of the pXTH27::GUS fusion gene was

observed in immature tracheary elements in the rosette leaves. The highest level of AtXTH27 mRNA

expression in the rosette leaves was observed during leaf expansion, when the tracheary elements were

elongating. These findings indicate that AtXTH27 plays an essential role during the generation of tracheary

elements in the rosette leaves of Arabidopsis.
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Introduction

Cell differentiation, such as during vascular development,

is accomplished via the construction and restructuring of

cell walls. This is a dynamic architecture composed of cel-

lulose microfibrils and various types of matrix polymers. It

typically undergoes an extensive remodeling and disas-

sembly as well as massive deposition of the wall compo-

nents. The cellulose/xyloglucan network constitutes the

basic framework of the cell wall, in which xyloglucan

functions as major load-bearing cross-links between crys-

talline microfibrils.

Xyloglucan endotransglucosylase/hydrolases (XTHs)

have been implicated in both the splitting and/or reconnec-

tion of xyloglucan cross-links, and are considered to play a

pivotal role in both the construction and the disassembly of

cell wall architecture (see review, Nishitani, 1997; Rose et al.,

2002). A large number of genes that encode XTH proteins

have been cloned from a range of plant species, and these

proteins have been revealed to form a large protein family.

In Arabidopsis, 33 genes that encode XTH proteins have

been identified (Yokoyama and Nishitani, 2001). All XTH
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proteins thus far characterized biochemically exhibit endo-

transglucosylase and/or endohydrolase activity that specif-

ically acts on xyloglucans (Campbell and Braam, 1999b; de

Silva et al., 1993; Nishitani and Tominaga, 1992; Okazawa

et al., 1993; Schröder et al., 1998; Smith and Fry, 1991;

Tabuchi et al., 1997, 2001). The different catalytic activities of

this family of enzymes on xyloglucans imply a potential

diversity in their enzymatic functions in cell wall modifica-

tion processes.

Expression analyses of the XTH family of genes in

Arabidopsis and rice species revealed that most family

members exhibit spatially and temporally distinct expres-

sion profiles, and that they respond differently to various

signals such as phytohormones (Akamatsu et al., 1999;

Hyodo et al., 2003; Nakamura et al., 2003; Yokoyama and

Nishitani, 2001; Yokoyama et al., 2004). Gene expression

and enzyme activity of the XTH family have been especially

well documented in regard to vasculature (Antosiewicz

et al., 1997; Bourquin et al., 2002; Herbers et al., 2001; Oh

et al., 1998; Vissenberg et al., 2000; Xu et al., 1995). The

specialized expression profiles of individual members of this

XTH gene family with different enzymatic functions have led

us to infer a division in physiological roles among family

members. Given that individualXTH genes are specialized in

cell wall construction and/or disassembly in specific cell

types, it is quite likely that different sets of XTH genes are

expressed in each type of cell (Nishitani, 2002). Despite

extensive studies on this gene family, noXTH gene has been

demonstrated as being cell-type specific in terms of gene

function, and no XTH gene responsible for xyloglucan

modification in specific cell types in the vascular system

has been elucidated.

To gain an insight into the specific functions of individual

genes in this family, we analyzed histological phenotypes of

Arabidopsis mutants in which each AtXTH gene is disrupted

using a reverse genetic strategy. The analysis revealed that a

loss-of-functionmutation of the AtXTH27 gene causes a cell-

type specific defect in the development of tracheary ele-

ments in expanding rosette leaves. In this report, we

describe an essential role of the protein encoded by the

Arabidopsis AtXTH27 gene in both the formation and the

disassembly of cell wall architecture during the differenti-

ation of tracheary elements in the developing rosette leaves

of Arabidopsis plants.

Results

The xth27 mutant phenotype

Two Arabidopsis xth27 mutants were identified from the

collection of Ds transposon insertion lines of the Nossen

ecotype (no. 219) established by RIKEN (Seki et al., 1999),

and the Salk T-DNA insertion lines of the Col-0 ecotype

(Salk_094478). These were designated xth27-1 and xth27-2,

respectively. The xth27-1 mutant contains a Ds insertion in

the first exon of the AtXTH27 gene, while the xth27-2mutant

contains a T-DNA insertion between the third and fourth

exons (Figure 1a).

A quantitative analysis of AtXTH27 mRNA abundance in

the xth27 mutants using real-time RT-PCR with a primer set

specific to AtXTH27 mRNA (Yokoyama and Nishitani, 2001)

showed that little or no accumulation of AtXTH27 mRNA

was detected in the xth27-1 and xth27-2 mutants compared

with substantial accumulations in the AtXTH27 mRNA of

wild-type plants (e.g., the Col-0 and Nossen ecotypes). Thus,

they are considered null mutants (Figure 1b).

The two xth27mutants exhibited a remarkable phenotype

in rosette leaves, in which large numbers of yellow spots

were found scattered randomly in mature leaves (Fig-

ure 2a,b). Cells within these spots could be stained with

trypan blue, indicating that they contained dead cells

(Figure 2c–f).

The expansion rate of the leaf blade was not impaired in

the xth27-1 mutant, and was indistinguishable from that of

wild-type plants (Figure 3a). Yellow spots were not observed

in the mutant leaf during expansion of the first leaf. In

Figure 1. Insertion sites in the AtXTH27 gene, and AtXTH27 transcript

abundance in the Arabidopsis mutants, xth27-1 and xth27-2.

(a) Genomic organization of the AtXTH27 gene, and insertion sites of Ds and

T-DNA in the xth27 mutant lines. Gray and black boxes represent the

untranslated and coding sequences, respectively. Vertical bars represent

insertion sites of Ds and T-DNA as represented by open bars in each xth27

mutant.

(b) AtXTH27 transcript abundance in wild-type plants (Nossen and Col-0

ecotypes), two xth27 mutants (xth27-1 and xth27-2) and an xth27-1XTH27

transgenic plant line, which was transformed with a wild-type AtXTH27 DNA

fragment. RNA was extracted from aerial parts of 25-day-old light-grown

seedlings. Transcript abundance of the AtXTH27 gene (100 ng total RNA per

sample) was quantified by real-time RT-PCR. Mean values with standard

deviations are shown.
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17-day-old plants, in which leaf expansion of the first leaf

was completed, yellow spots began to appear in the mutant

leaf. Their numbers gradually increased as the growth

stage progressed. Thus, this lesion-mimic phenotype was

associated with leaf maturation. However, no significant

increase in yellow spots was observed in wild-type plants

(Figure 3a). Although the number of yellow spots increased,

the size of the individual spots remained unchanged, and

yellow-spotted leaves were not severely damaged physio-

logically.

To investigate the relationship between AtXTH27 gene

expression and the lesion-mimic phenotypic trait in the first

leaf, we measured the mRNA abundance in the first leaf of

wild-type plants using real-time RT-PCR (Figure 3b). The

highest level of the AtXTH27 transcript was detected in

the 11-day-old leaf, and the level diminished as leaf

Figure 2. Phenotypic trait in the first leaf of the xth27 mutants and genetic

complementation by introduction of a wild-type AtXTH27 gene fragment.

(a, b) Twenty-two-day-old first leaves of the (a) wild type (Nossen ecotype)

and (b) xth27-1 mutant in a Nossen ecotype background.

(c–h) First leaves stained with trypan blue in (c) Nossen ecotype, (d) xth27-1,

(e) Col-0 ecotype, (f) xth27-2 mutant in a Col-0 ecotype background. (g, h)

Twenty-two-day-old first leaf (g) of a xth27-1XTH27 transgenic plant line. (h)

First leaf stained with trypan blue. Arrow heads indicate dead cells as

disclosed by trypan-blue staining in the mutant leaves.

(a), (b), and (g) are at the same magnification, while (c), (d), (e), (f), and (h) are

at the same magnification. Bar ¼ 1 mm.

Figure 3. Changes in the number of yellow spots, and transcript abundance

of the AtXTH27 gene during leaf development.

(a) Leaf expansion as represented by the length of the leaf blade; increases in

numbers of yellow spots in the first leaf of the Nossen ecotype and xth27-1

mutant are shown as a function of days after planting. Black and open circles

indicate leaf blade length of the Nossen ecotype and xth27-1 mutant,

respectively. Black and open bars represent the number of yellow spots on

the first leaf of the Nossen ecotype and xth27-1 mutant, respectively. Mean

values with standard deviations are shown (n ¼ 12).

(b) AtXTH27 transcript abundance in the first leaf of the Nossen ecotype was

quantified by real-time RT-PCR, and shown as a function of days after

planting. N.D. indicates that the level was not determined.
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development progressed. Conversely, the lesion-mimic

phenotype in the mutant leaf increased linearly (Figure 3a).

Thus, the period of extensive AtXTH27 gene expression

coincided with that of the early stages of leaf development,

but not with the period in which the yellow spots appeared.

Therefore, we next examined the phenotypic trait in the

first leaf of the xth27 mutants during leaf development in

more detail both histologically and morphologically. In the

17-day-old leaf, in which expansion was completed, a defect

in the pattern of tertiary veins was observed in the mutant

plants compared with those of the wild type. However, this

phenotypic trait was not found in the 13-day-oldmutant leaf.

No defect was found in the pattern of the primary and

secondary veins of the mutant leaf at any stage (Figure 4).

To numerically describe the phenotypic traits in the

vascular pattern of the xth27 mutant, we compared the

number of veins between the mutants and the wild type

during leaf development. For this comparison, a secondary

vein was defined as the vein that was connected to primary

veins at one end (open loop vein) or both ends (closed loop

vein), and a tertiary vein was defined as the vein that was

connected to the secondary veins (Table 1). Approximately

nine secondary and 22 tertiary veins were found in the first

leaf of the wild type, and nine secondary and 13 tertiary

veins were observed in the mutant. Clearly, the number of

tertiary veins in the mutant was reduced by about half

compared with the wild-type plant.

In addition, most tertiary veins in the mutant leaf

showed an aberrant morphology compared with those in

wild-type plants (Figure 5a,c). A detailed examination of

the tertiary veins by staining the first leaf with ethidium

bromide disclosed individual tracheary elements in the

mutant as being significantly shorter than those in the

wild-type plant (Figure 5b,d–h). To determine whether this

phenotypic trait is caused only by the loss-of-function of

the AtXTH27 gene, we transformed the xth27-1 mutant

with a 4.7-kb genomic DNA fragment containing a 1.9-kb

5¢-upstream region and the coding region of the AtXTH27

gene. The genetic complementation restored the number

of tertiary veins, and the lesions disappeared completely.

This indicated that the two major defects in the mutant

plants were caused by the lack of AtXTH27 gene function

(Figures 1b, 2g,h and 4i,j).

The yellow-spotted mutant leaves did not wilt, nor were

they severely affected in terms of the physiological status of

leaves under normal conditions. This suggested that the

Figure 4. Dark field images of vascular patterns in the first leaf of the wild-

type plants, the two xth27 mutants, and two xth27-1XTH27 transgenic plant

lines.

(a, c, e) Vascular patterns in the first leaf of the Nossen ecotype on (a) day 13,

(c) day 17, and (e) a magnified image of tertiary veins (arrows) of the day 17

leaf shown in (c).

(b, d, f) First leaf of the xth27-1mutant in a Nossen ecotype background on (b)

day 13, (d) day 17, and (f) a magnified image of tertiary veins (arrows) of the

day 17 leaf shown in (d).

(g, h) First leaf of the (g) Col-0 ecotype and (h) xth27-2 mutant in a Col-0

ecotype background on day 17.

(i, j) First leaf of two xth27-1XTH27 transgenic plant lines 17 days after planting.

(a) and (b) are shown at the same magnification (bar ¼ 0.5 mm), (c), (d), (g),

(h), (i), and (j) are shown at the samemagnification (bar ¼ 1 mm), and (e) and

(f) are shown at the same magnification (bar ¼ 1 mm).

528 Akihiro Matsui et al.

ª Blackwell Publishing Ltd, The Plant Journal, (2005), 42, 525–534



defect in the tertiary veins did not cause any critical damage

in water transport through the xylem. To examine whether

phloem transport to developing sink leaves was affected in

the spotted leaf, we applied a phloem-mobile fluorescent

probe, 6(5)-carboxyfluorescein diacetate (CF), to 17-day-old

plants at the root–hypocotyl junction and traced the fluor-

escence in the first leaf. The fluorescence compound was

found throughout the vasculature of the first leaf in both the

mutant and the wild-type plants (data not shown), indicating

that phloem transport activity was not severely affected,

even in tertiary veins of mutant leaves.

Expression site of pXTH27::GUS

As the prominent phenotypic trait was found in the vascu-

lature of the mutants, we monitored its expression profile

during the development of the first leaf using the AtXTH27

promoter fused to the b-glucuronidase (GUS) gene

(pXTH27::GUS). GUS activity was observed more or less in

the whole area of the blade, with extensive accumulation in

the leaf veins (Figure 6a–c). In a magnified image of the in-

tact leaf (Figure 6d–f), and in the transverse and paradermal

sections (Figure 6g,h) of a secondary vein, relatively high

levels of GUS activity were observed in immature tracheary

elements. However, much lower levels of expression were

observed in provascular cells located next to the immature

tracheary elements (Figure 6d). The expression was not

prominent in mature tracheary elements (Figure 6e,f,h).

These results indicate that the AtXTH27 gene was expressed

extensively during the development of tracheary elements,

when the secondary wall undergoes thickening.

As our previous expression analysis showed that the

AtXTH27 gene was expressed in various organs of the

Arabidopsis plant (Yokoyama and Nishitani, 2001), we

examined the expression pattern of pXTH27::GUS in other

organs. Apparent GUS expression was detected in the

differentiating vasculature of the root, the hypocotyls, and

the flower filaments (Figure 7a–d). However, little or no GUS

expression was observed in the vasculature of the inflores-

cence stem, petals, and sepals (data not shown). Extensive

GUS expression was observed in the anthers and the inner

subepidermal layer of mature siliques (Figure 7c–f).

Discussion

In this study, we demonstrated that a null mutation of the

AtXTH27 gene in Arabidopsis causes a definite defect in the

formation of certain tracheary elements in the rosette leaves

of Arabidopsis. Plant vasculature comprises several distinct

types of cellswith specialized cell wall structures. Xylemcells

possess primary walls and tripartite secondary walls that

have an alternating orientation of cellulosemicrofibrils and a

lignified layer (reviewed by Funada, 2001; Mellerowicz et al.,

2001). Sieve tubes have primary walls and a nacreous layer

Table 1 Number of secondary and tertiary veins in the first leaf of
the Nossen ecotype and xth27-1 mutant. Mean numbers of secon-
dary and tertiary veins (n ¼ 8) with standard deviations are shown

Days after
planting

Secondary veins Tertiary veins

Nossen xth27-1 Nossen xth27-1

9 2.8 � 1.1 1.2 � 1.2 0.0 0.0
10 5.0 � 2.9 4.1 � 2.3 0.0 0.0
11 9.6 � 1.3 8.1 � 0.4 8.2 � 1.3 9.3 � 3.9
12 8.8 � 1.3 9.0 � 1.8 20.8 � 3.0 12.6 � 2.8
13 9.0 � 1.2 9.2 � 1.6 22.9 � 3.4 13.0 � 3.1
14 9.0 � 1.2 9.1 � 1.4 22.4 � 3.0 12.7 � 3.0
15 9.6 � 1.1 9.0 � 1.3 22.1 � 2.7 12.8 � 2.3

Figure 5. Tracheary elements in the first leaf of the wild-type plant and xth27-

1 mutant.

(a, b) Tertiary vein of (a) a 16-day-old first leaf of the Nossen ecotype, and (b)

an epifluorescent image of (a) stained with ethidium bromide.

(c, d) Tertiary vein of (c) a 16-day-old first leaf of the xth27-1mutant, and (d) an

epifluorescent image of (c) stained with ethidium bromide.

(e, f) Magnified images of the tertiary vein indicated by arrowheads in (d).

(g, h) Aberrant cell expansion and irregular shapes at the terminal end of the

tertiary veins of the xth27-1 mutant.

(a–d) Bar ¼ 100 lm and (e–h) bar ¼ 50 lm.
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(Evert, 1977). Recent studies have suggested that the struc-

ture and composition of the cell wall in each type of cell

change dynamically during vascular development (Pennell,

1998). In xylem cells, deposition of xyloglucan is specifically

and strictly controlled during vascular development. Immu-

nolocalization of fucosylated xyloglucan with CCRC-M1

antibodies in Poplar vascular tissue confirmed that xyloglu-

can molecules, which are present in the primary cell walls of

immature tracheary elements, disappeared before the tra-

cheary elements matured (Bourquin et al., 2002). In soybean

hypocotyls, xyloglucan molecules were not detected in the

primary cell walls of protoxylem elements, but were present

in the cell walls of surrounding cells (Ryser, 2003). Further-

more, in the Zinnia mesophyll cell transdifferentiation sys-

tem, xyloglucans were degraded by hydrolytic enzymes that

were secreted from tracheary elements before visible sec-

ondary wall thickening occurred (Stacey et al., 1995). These

observations suggest that a rapid increase in degradative

activity on xyloglucans in the cell wall must have taken place

during a late stage of the differentiation of xylem cells.

Figure 7. pXTH27::GUS expression profiles in the plant.

(a) Root tip at day 6, (b) transverse section of elongating hypocotyls,

(c) flower, (d) anther, (e) mature silique, and (f) transverse section of mature

silique.

(a), (b), and (f) Bar ¼ 100 lm, (c) and (d) bar ¼ 0.5 mm, and (e) bar ¼ 1 mm.

Figure 6. pXTH27::GUS expression profiles during first leaf development.

(a–c) pXTH27::GUS expression in the first leaf of a plant at (a) day 9, (b) day 13,

and (c) day 17.

(d–f) Higher magnification of the first leaf of a 13-day-old plant as for (b). (d)

GUS expression in immature tracheary element (ImT) but not in provascular

cell (PV). (e) GUS expression in immature tracheary element but not in mature

tracheary element. (f) No prominent GUS expression in mature tracheary

elements (MT).

(g, h) Transverse (g) and paradermal (h) sections of a secondary vein in the

first leaf of a 13-day-old plant.

(a), (d), (e), (f), and (h) Bar ¼ 10 lm, (b) bar ¼ 100 lm, (c) bar ¼ 0.5 mm, and

(g) bar ¼ 20 lm.
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Previous expression analyses have shown that several

XTH genes are expressed broadly throughout the primary

vascular tissues (Antosiewicz et al., 1997; Medford et al.,

1991; Nakamura et al., 2003; Oh et al., 1998; Xu et al., 1995).

Xyloglucan endotransglucosylase (XET) activity was also

observed in plant vasculature (Bourquin et al., 2002;

Vissenberg et al., 2000, 2004). Given that xyloglucan modi-

fication is mediated exclusively by XTH, these results

suggest that some members of the XTH family of proteins

are largely responsible for cutting and rejoining xyloglucan

chains within the vascular cell walls, thereby controlling the

extensibility or mechanical properties of the cell wall in each

type of vascular cell.

In this study, we have shown that the AtXTH27 gene is

preferentially expressed in immature tracheary elements, in

which secondary wall thickening occurs (Figure 6). As

xyloglucan degradation takes place in immature tracheary

elements (Bourquin et al., 2002; Ryser, 2003), the pattern of

AtXTH27 gene expression overlaps that of xyloglucan

degradation. Furthermore, the null mutation of the AtXTH27

gene caused the formation of short-shaped tracheary ele-

ments in tertiary veins (Figure 5e–h), and reduced the

numbers of tertiary veins (Table 1). These results suggest

that the AtXTH27 gene plays an essential role in the process

of xyloglucan degradation in the differentiating tracheary

elements of rosette leaves.

The XTH family of proteins is classified into three major

subfamilies based on the structural features of their

proteins (Campbell and Braam, 1999a; Nishitani, 1997;

Rose et al., 2002; Yokoyama et al., 2004). Because all

members of the class III subfamily thus far characterized

exhibit xyloglucan endohydrolase activity (de Silva et al.,

1993; Kaku et al., 2002), it is quite likely that the protein

encoded by the AtXTH27 gene can mediate the degrada-

tion of xyloglucans in the primary cell walls of the

tracheary elements. Alternatively, the AtXTH27 protein

may exhibit XET activity, and mediate the cleavage of

xyloglucans by transferring a large split fragment of a

xyloglucan donor substrate to a small xyloglucan acceptor

substrate via a transfer reaction.

The modification of xyloglucans in the primary call walls

of protoxylem elements is considered necessary for the

expansion of the immature tracheary elements, a cellular

process that occurs before the beginning of cell death (Esau

and Charvat, 1978). Further degradation of xyloglucan in the

protoxylem is also required to facilitate a passive extension

of dead tracheary elements, another process by which the

differentiation of the xylem is completed. Given that the

AtXTH27 gene encodes an enzyme capable of degrading

xyloglucans, it is quite likely that the xth27 mutation

primarily causes an impaired xyloglucan metabolism re-

quired for cell wall modification in the tracheary elements of

tertiary veins. This would result in an incomplete extension

of the tertiary veins.

Although the xth27mutation caused impairedvascular cell

differentiation in tertiary veins, little or no expression of the

AtXTH27 gene was observed in provascular cells at the

earliest stage of vascular differentiation (Figure 6d). This

might set up an interesting paradox. One possible explan-

ation is that the complete formation of primary and secon-

dary veins may be required for the induction of higher order

veins.According to the signal flowmodel (Sachs, 1989, 1991),

auxin path flow directs vascular tissue formation, and newly

formed vascular tissue, in turn, reinforces auxin path flow.

Another signal, xylogen protein, is secreted in immature

tracheary element cells, and draws neighboring cells into the

pathway of vascular differentiation (Motose et al., 2004).

Therefore, it might be possible that the mutation of the

AtXTH27 gene affects the differentiation process of primary

and secondary veins without causing any visible phenotypic

trait in itself. Suchadefect in theprimaryandsecondaryveins

might enhance the impaired function in higher order veins.

The yellow-spotted leaf phenotype was genetically com-

plemented by being transformed with the AtXTH27 genomic

clone (Figure 2g,h). This indicated that this phenotype is

also caused by the null mutation of AtXTH27. Numbers of

yellow spots increased linearly after the completion of leaf

expansion (Figure 3a). However, AtXTH27 expression was

absent or very weak after the leaf had expanded (Figures 3b

and 6c). Although phloem transport activity and water

transport by xylem were not severely defective in the xth27

mutant leaf, a reduced capability in vascular transport,

effected by a reduced number of tertiary and higher order

veins, may have resulted in the generation of the lesion-

mimic phenotype (cf. Figures 2 and 4). A defect in vascular

pattern formation results in premature senescence and the

cell death phenotype in leaves (Clay and Nelson, 2002).

Thus, differentiation of aberrant tracheary elements in the

xth27 mutant causes the pleiotropic effects in the leaf.

The AtXTH27 gene was also expressed in other organs

(Figure 7), such as in the differentiating vasculature of roots

and hypocotyls. A substantial expression of AtXTH27 was

observed in the anthers and in the inner subepidermal layer

of mature siliques. These expression profiles imply a

possible role of this gene product in these tissues. A series

of cell wall changes are involved in pollen development

(Owen and Makaroff, 1995). The inner subepidermal layer of

the silique is thickened and lignified at the last stage of

development (Ferrándiz et al., 1999). However, despite the

extensive expression of this gene in these organs, the visible

phenotype of the xth27 mutant was restricted to the rosette

leaves. Considering that XTH proteins are encoded by a

large gene family, it is quite likely that the AtXTH27 gene

may function redundantly with other AtXTH genes in the

roots, hypocotyls, anthers, and siliques. Several AtXTH

genes that are preferentially expressed in these organs have

been reported (Ariizumi et al., 2002; Vissenberg et al., 2004;

Yokoyama and Nishitani, 2001). Therefore, it is likely that
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AtXTH27 and other XTHs with similar enzyme activity might

cooperate with each other in the metabolism of xyloglucan

in the cell walls of these tissues.

In conclusion, this study has identified AtXTH27 as being

the gene that is essential for xyloglucan degradation during

the differentiation of tracheary elements in the rosette leaves

of Arabidopsis. Although we have classified 33 genes

encoding XTH in Arabidopsis, no function for any of these

genes has been demonstrated in terms of cell-type specific

phenotypic traits of the loss-of-functionmutation. This study

has disclosed that the AtXTH27 gene alone plays an indis-

pensable and definite role, at least, in certain differentiation

processes of the tracheary elements in rosette leaves, and

provides substantial evidence to support our hypothesis that

each XTH gene plays a distinct role that is specific to aspects

of growth and differentiation in plants (Nishitani, 2002).

Once the gene that encodes the enzyme responsible for

degradation of the cell wall during differentiation of the

tracheary elements is known, the use of this enzyme as a

probe will allow us to explore the molecular mechanism by

which the differentiation of tracheary elements is mediated

by cell walls.

Experimental procedures

Plant materials and growth conditions

The xth27-1mutant was isolated from Ds transposon insertion lines
of the Nossen ecotype, while the xth27-2mutant was identified from
Salk T-DNA insertion lines (Salk_094478) of the Col-0 ecotype.
xth27-1 and xth27-2 mutants were purified genetically through
three-time backcrosses and confirmed to be homozygous for their
respective mutations. Insertion sites of Ds transposon and T-DNA in
the AtXTH27 gene were verified by sequencing with the primer for
xth27-1 (CGTCTCCTTCTTCTCTTCTC) and the primer for xth27-2
(TTCATCAATACAGTATCCT). For pXTH27::GUS analysis, trans-
genic plants homozygous for pXTH27::GUS in the Ler ecotype were
used. The respective ecotype was used as the wild-type plant
control unless otherwise specified. In all studies, seeds were
sown on rockwool bricks (3 · 3 · 4 cm, Nittobo, Tokyo, Japan)
moistened with MGRL medium (Tsukaya et al., 1991). They were
then incubated in a growth chamber under continuous light
(70–80 lmol m)2 sec)1) at 22�C as previously described (Yokoyama
and Nishitani, 2001).

RNA extraction and real-time RT-PCR

RNA was extracted from each sample and subjected to real-time
RT-PCR according to the procedures described by Yokoyama and
Nishitani (2001).

Histology

Trypan blue staining was performed as described by Rate et al.
(1999). The stained leaf spots were counted under a stereoscopic
microscope (MZ APO; Leica, Heerbrugg, Switzerland) under an 8·
magnification. For observations of vascular pattern formation,
leaves were cleared with a mixture of chloral hydrate, glycerol, and

water (8 g, 1 ml, and 2 ml, respectively) according to Koizumi et al.
(2000). They were then mounted in 50% glycerol and observed un-
der the stereomicroscope. Tracheary elements were stained with
ethidium bromide as described by Ryser et al. (2003). The epifluo-
rescence of ethidium bromide was observed under a fluorescent
stereomicroscope (DMRXL; Leica) equipped with a UV fluorescence
filter set (extraction filter: 360/40 nm; barrier filter: 420 nm). The
imaging of phloem transport in sink leaves was performed as des-
cribed by Clay and Nelson (2002). Samples were left for 90 min after
10 ll of 60 lM solution of CF (Sigma, St Louis, MO, USA) was ap-
plied to the root–hypocotyl junction. Fluorescence images of the
leaves were observed under the fluorescent stereomicroscope
equipped with a plant green fluorescent protein filter set (extraction
filter: 470/40 nm; barrier filter: 525/50 nm).

GUS expression profiles were determined according to the
procedure described by Jefferson et al. (1987) and Rodrigues-
Pousada et al. (1993), with somemodifications. Briefly, plant tissues
were incubated in a solution containing 100 mM phosphate buffer,
0.01% Triton X-100, 1 mM 5-bromo-4-chloro-3-indolyl-beta-D-
glucuronide, 5 mM potassium ferricyanide, and ferrocyanide (pH
7.0). After vacuum infiltration of the GUS stains on ice, samples
were left at 37�C for 12–16 h. GUS stains were replaced with 30%
ethanol, FAA (50% ethanol, 5% acetic acid, and 3.7% formaldehyde),
70% ethanol, and 100% ethanol. Specimens were mounted in 50%
glycerol and photographed under a stereomicroscope. Samples for
thin sectioning were embedded in Technovit 7100 resin (Heraeus
Kulzer, Wehrheim, Germany). Sections (5.0–7.5 lm) were observed
under a light microscope.

Images were photographed with a digital camera (CAMEDIA
C-3030, CAMEDIA C-5050; Olympus, Tokyo, Japan).

Plasmid construction and transformation

The 1.9 kb 5¢-upstream region and the 3 kb coding region of the
AtXTH27 gene were amplified by PCR from the Col-0 ecotype with
two primer pairs: promoter F (GCCCAGTAGAGATTTTAACGGT)
and promoter R (AGGTAATTTAATTGAAGCACTGAAGA), and
encode F (TACTC TAAATATCTATACAGCTGGACATAT) and encode
R (AGAAGAAATCAATTATCCGACCCGGT). Two DNA fragments
were cloned into the T-vector and connected to each other at the
EcoRI site of the AtXTH27 gene. A 4.6-kb AtXTH27 DNA fragment
digestedwithSalI andSacI was ligated into anAgrobacteriumbinary
vector pBI101 prepared by removing the GUS gene sequence with
SalI and SacI.

For pXTH27::GUS, a 2.1-kb 5¢-upstream region from 56 b before
the TATA box between EcoRV and EcoRI sites was cloned from the
lambda-GEM11 genomic library into pBluescript SKþ. This DNA
fragment was digested with SalI and SmaI, and ligated into the SalI–
SmaI site of pBI101.

The constructs for the complementation test and pXTH27::GUS
were transformed to the xth27-1 mutant and wild-type plant
(ecotype Ler.), respectively, using the floral dip method (Clough
and Bent, 1998). We selected transformed seedlings by germinating
them in the presence of 50 mg l)1 kanamycin. For phenotypic
analyses, mutant plants homozygous for the respective mutations
were used.
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