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SUMMARY

Arabidopsis root hair formation is determined by the patterning genes CAPRICE (CPC), GLABRA3 (GL3),

WEREWOLF (WER) and GLABRA2 (GL2), but little is known about the later changes in cell wall material during

root hair formation. A combined Fourier-transform infrared microspectroscopy–principal components analysis

(FTIR-PCA) method was used to detect subtle differences in the cell wall material between wild-type and root

hair mutants in Arabidopsis. Among several root hair mutants, only the gl2 mutation affected root cell wall

polysaccharides. Five of the 10 genes encoding cellulose synthase (CESA1–10) and 4 of 33 xyloglucan

endotransglucosylase (XTH1–33) genes in Arabidopsis are expressed in the root, but only CESA5 and XTH17

were affected by the gl2 mutation. The L1-box sequence located in the promoter region of these genes was

recognized by the GL2 protein. These results indicate that GL2 directly regulates cell wall-related gene

expression during root development.

Keywords: fourier transform infrared spectroscopy, root, cell wall, GLABRA2, CESA5, XTH17.

INTRODUCTION

Root hair formation provides a relatively simple model

system that allows exploration of the mechanisms that

regulate both pattern formation and morphogenesis

(Schiefelbein, 2000; Dolan, 2001). In Arabidopsis, the root

epidermis is composed of two types of cell files, one of

which produces root hairs (hair cell files). Mutations in the

GLABRA1 (gl1) (Larkin et al., 1994), GLABRA2 (gl2) (Di Cri-

stina et al., 1996; Masucci et al., 1996), WEREWOLF (wer)

(Lee and Schiefelbein, 1999) and TRANSPARENT TESTA

GLABRA1 (ttg1) (Galway et al., 1994) genes cause root hair

formation in hairless cell files (ectopic root hairs). Con-

versely, the CAPRICE (cpc) mutation (Wada et al., 1997)

reduces the frequency of root hairs. Previously, we reported

that CPC protein moves from hairless cells to hair cells and

represses GL2 expression (Wada et al., 2002; Kurata et al.,

2005). More recently, we suggested that the CPC gene could

have arisen by evolution from the WER gene and that their

gene products competitively regulate GL2 expression

(Tominaga et al., 2007). GL2, which encodes a homeo-

domain-leucine zipper protein, is thought to act farthest

downstream in this regulation pathway (Lee and Schiefel-

bein, 1999; Galway et al., 1994; Wada et al., 1997; Rerie et al.,

1994; Bernhardt et al., 2005). Little is known about the

downstream activity of GL2, such as its effect on the com-

position of cell walls during root development. Thus far,

only the Phospholipase Df1 gene (PLDf1) has been identified

as a direct target of GL2 (Ohashi et al., 2003). GL2 is thought

to be a transcriptional repressor (Ohashi et al., 2003), but the

exact function of PLDf1 is unknown.

The chemical composition of cell walls has a great

influence on the mechanical function of a plant; therefore,

a number of researchers have investigated the distribution

of a large number of cell wall components (Hoffmann and

Timell, 1972; Meier and Wilkie, 1959). Fourier transform
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infrared (FTIR) spectroscopy is a promising technique for

obtaining information about complex structures extremely

rapidly and non-destructively. It is also sensitive enough to

detect the functional groups of macromolecules and inter-

actions with their chemical environment. The use of micros-

copy in combination with FTIR allows the resolution of areas

as small as 10 lm2. In recent years, FTIR microscopy has

become a powerful tool for the biochemical analysis of plant

cell walls under non-destructive conditions (McCann et al.,

1993; Zeier and Schreiber, 1999). Thus, FTIR microscopy has

been employed to examine and identify the cell wall

materials of Arabidopsis and its mutants (Chen et al., 1998;

Mouille et al., 2003; Hayashi et al., 2008).

Cell walls are key determinants of cell shape and mor-

phogenesis in plants. The cell wall undergoes continuous

restructuring during the developmental process (reviewed

by Carpita and Gibeaut, 1993; and Nishitani, 2002). Cellulose,

the predominant fiber of cell walls in higher plants, is made

up of b-glucose subunits linked by b(1,4)-glycosidic bonds in

unbranched chains. The catalytic subunit responsible for

elongation of glucan chains, cellulose synthase A (CESA),

is believed to be a plasma membrane glycosyltransferase

(Pear et al., 1996). The Arabidopsis genome encodes 10

isoforms of CESA. The rsw1 mutant has a CESA1 temper-

ature-sensitive allele (Arioli et al., 1998). The ixr1 and ixr2

mutants have CESA3 and CESA6 mutant alleles, respec-

tively, the mutant plants of which are resistant to isoxaben

and thiazolidinone (Scheible et al., 2001; Desprez et al.,

2002). The irx1 and irx3 mutants encode defective CESA8

and CESA7, respectively (Taylor et al., 1999, 2000), and are

deficient in secondary cell wall cellulose. Knockout of the

CESA2 gene affects microtubule orientation (Chu et al.,

2007). Although quite a few studies have addressed the

biological functions of several CESA genes, the functions of

CESA5, CESA9 and CESA10 are less clear (Scheible and

Pauly, 2004). Of the 10 CESA genes in Arabidopsis, the

cellulose synthase genes CESA1, CESA2, CESA3, CESA5 and

CESA6 are mainly expressed in roots (Doblin et al., 2003).

Xyloglucans play a role as cross-linking glucans that

tether cellulose microfibrils. The xyloglucan endotransgly-

cosylases (XTHs) are a family of enzymes that catalyze

molecular grafting and/or hydrolysis of xyloglucans (Fry

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

1993; Fry, 2004) and thereby play a principal role in the

construction and restructuring of xyloglucan cross-links in

the cellulose/xyloglucan framework. Expression analysis

has revealed that four of the 33 Arabidopsis XTH genes

(Yokoyama and Nishitani, 2001), XTH17, XTH18, XTH19 and

XTH20, are preferentially expressed in roots (Vissenberg

et al., 2005).

We applied a combined FTIR and statistical analysis

approach to the investigation of root hair mutants in

Arabidopsis. We also used genetics to investigate the role

of products from the cellulose synthase A (CESA1–6) genes

(Arioli et al., 1998; Taylor et al., 1999) and xyloglucan

endotransglycosylase (XTH17–20) genes (Vissenberg et al.,

2005). In the present study, we showed that FTIR analysis

could be used to detect significant increases in the cellulose

contents of gl2 mutant root cell walls which could not be

detected by conventional sugar quantitative analyses. Fur-

thermore, real-time PCR and promoter–GUS analyses were

used to show that the expression of CESA5 and XTH17 was

affected in the gl2 mutant background. We also demonstrate

that GL2 exerts its regulatory effect on the development of

root epidermis by directly mediating cellulose synthetase

and expression of the cell wall-restructuring gene XTH. This

paper reports the molecular regulation of CESA5 and XTH 17

by GL2.

RESULTS

A mutation at the GL2 locus results in increased cellulose

production

Patterns of root hairs in regulatory mutants vary from cpc,

which is almost devoid of root hairs, to wer, which has twice

as many as wild-type Col-0 (Figure 1a). To quantify this

phenomenon, the number of root hairs per millimeter was

determined on each mutant (Table S1 in Supporting Infor-

mation). These data are similar to previous studies (Lee and

Schiefelbein, 1999; Galway et al., 1994; Wada et al., 1997;

Bernhardt et al., 2003). The cell walls of these Arabidopsis

root hair mutants were analyzed by FTIR microspectroscopy.

The FTIR absorption spectra of 5-day-old roots from

wild-type and mutant plant lines (Table S2) were collected

from a 20 · 40 lm area along the root, but avoiding the

central stele (Figure S1). The spectra correspond to

absorption in the mid-IR region (between the wave-number

900 and 1800 cm)1) of the cell walls of epidermal and cortical

cells. The spectra from 20 samples from each mutant were

analyzed by principal components analysis (PCA) (Kemsley,

1998), a statistical method that reduces the dimensionality of

the data from >100 variates (i.e. one every 8 cm)1) to only a

few, which correspond to the principal components (PCs).

The PCs are ordered in terms of decreasing variance. The PC

scores of the spectra can then be plotted to visualize the

significance of variation of a given mutant. The scatter plots

of PC1 and PC2 spectra scores of cpc, ttg1-1, ttg1-10, wer,

gl1-1 and gl3-1 mutants cannot be distinguished from those

of the wild type (Figure 1b–g). The PC1 scores from spectra

of the gl2-1 mutant, however, are clearly separate from the

wild type (Figure 1h). The plots of gl2-1 spectra tended to

cluster in the negative direction, whereas wild-type spectra

were in the positive direction (Figure 1h). In addition, other

alleles of the gl2 mutant, gl2-2 and gl2-3, which were in the

WS background and which might retain partial GL2 activity

(Di Cristina et al., 1996; Rerie et al., 1994), also separated

from wild-type plots, much like gl2-1 (Figure 1i,j). Spectra of

gl2-2 and gl2-3 were also in a relatively negative direction,
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but wild-type spectra clustered in a positive direction (Fig-

ure 1i,j). These results suggest that among the examined

mutants, only the gl2 mutant alleles result in differences

from wild-type cell wall materials.

The PC loadings indicate the factors leading to the

difference in gl2 cell wall materials. The PC loading 1 from

the gl2-1 mutant (Figure 1k) showed characteristics of

purified cellulose in the fingerprint region (peaks at 1034,

1057, 1111 and 1161 cm)1) and for protein (peaks at 1650

and 1550 cm)1). The loading profile is similar to that

observed in cellulose-deficient mutants (Mouille et al.,

2003; Fagard et al., 2000). The PC loading 1 from the gl2-2

mutant (Figure 1l) gave relatively low and broad peaks in the

fingerprint region, which also indicates characteristics of

cellulose (peaks at 1034, 1057, 1111 and 1161 cm)1). The PC

loading 1 from the gl2-3 mutant (Figure 1m) was also similar

to that of gl2-1 and gl2-2 mutants, although it indicates only

1034, 1057 and 1161 cm)1 peaks in the fingerprint region.

The cellulose fingerprint peaks of these mutants were

negatively correlated with peaks at 1650 and 1550 cm)1

(Figure 1k–m). The PC1 score of the spectra of gl2-1, gl2-2

and gl2-3 roots were negative relative to the mean (Fig-

ure 1h–j). Combining these data, it is evident that the cell

walls of gl2-1, gl2-2 and gl2-3 roots were relatively richer in

cellulose than the cell walls of wild-type roots.

Additive expression of GL2 results in decreased cellulose

production

In order to further investigate the effect of GL2 function on

cellulose production, a GL2::GL2 construct (Ohashi et al.,

2002) was introduced into wild-type Ler plants to generate

GL2-overexpressing transgenic plant lines; these were
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Figure 1. Fourier transform infrared (FTIR) anal-

ysis of the primary roots of 5-day-old seedlings.

(a) Phenotypes of 5-day-old seedling primary

roots used in this study. Principal components

analysis (PCA) was performed using 20 spectra

from wild type (Col-0, Ler and WS) and nine

different mutants including cpc (b), ttg1-1 (c),

ttg1-10 (d), wer (e), gl1-1 (f), gl3-1 (g), gl2-1 (h),

gl2-2 (i) and gl2-3 (j). A plot of the first two PCs

(PC1 and 2) is shown for each plant line. Load-

ings for PC1 contain information covering the

entire spectrum. The PC1 loadings of gl2-1 (k),

gl2-2 (l) and gl2-3 (m) show the negative peaks

characteristic of cellulose in the so-called finger-

print region (1161, 1111, 1057, 1034 cm)1) and

the positive peaks characteristic of protein (1650,

1550 cm)1). Bar = 100 lm.
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compared with the gl2-1 mutant, which is an ecotype Ler

allele (Figure 2). Each of four independent homozygous

lines of Ler GL2::GL2 transgenic plants had an increased

frequency of adjacent trichomes (Figure 2a,b), as had been

observed in GL2::GL2 Col-0 plants (Ohashi et al., 2002), but

root phenotypes were apparently normal (Figure 2c,d,f).

Transgenic plants with high GL2 transcript levels resulting

from contributions by both native and introduced genes

did not have significantly different numbers of root hairs

(Figure 2e,f). The highly expressing GL2::GL2 line 1 was

used for FTIR analysis.

The PC2 scatter plot indicates a clear separation between

gl2-1 and GL2::GL2 with the wild-type tending to an inter-

mediate range (Figure 3a). These results indicate that there

are differences in cell wall chemical composition between

gl2-1 and GL2::GL2. In short, gl2-1 samples tended to cluster

in a positive direction and GL2::GL2 samples mostly tended

to the negative direction. The loading for PC2 clearly showed

characteristics of cellulose in the fingerprint region (peaks at

1034, 1057, 1111 and 1161 cm)1) (Figure 3b) (Mouille et al.,

2003; Fagard et al., 2000). These data thus suggest that the

cell walls of GL2::GL2 roots are deficient in cellulose, which

is in stark contrast with the result from the gl2 mutant alleles,

which suggests that the GL2 gene down-regulates cellulose

synthesis, because cellulose content increased when GL2

genes were knocked out (Figure 1h–m), and that entopically

additive expression of GL2 further suppresses cellulose

production (Figure 3).

GL2 encodes a transcription factor of the homeodomain

(HD-GL2) class, which also includes ANTHOCYANINLESS2

(ANL2), Arabidopsis thaliana MERISTEM LAYE1 (ATML1)

and PROTODERMAL FACTOR2 (PDF2). To determine if GL2

homologs have a similar effect on root cell wall material, we

examined anl2 and atml1 mutants with FTIR. Kubo et al.

(1999) showed that ANL2 was expressed in roots. However,

anl2 and atml1 mutants did not show any differences in root

hair phenotype or cell wall composition from wild type

(Figure S2a–d). Thus, the effect on cellulose synthesis of an

HD-GL2-type regulator is apparently peculiar to GL2.

Expression pattern of CESA genes in the gl2 mutant

background

To determine how GL2 effects construction of the cell wall

in the developing root, we examined the expression of

the cellulose synthase genes. Of the 10 CESA genes in

0 

20 

40 

60 

Ler #1-1 #4-2 #5-1 #8-3 

GL2::GL2 

R
oo

t h
ai

r 
nu

m
be

r/
m

m
 

EF 

GL2 

Ler
GL2::GL2 

#1 #4 #5 #8 

(a) (b) 

(c) (d) (e) 

(f) 

Figure 2. Effects of GL2::GL2 on epidermis development.

Trichomes (a, b) and roots (c, d) of wild-type Ler plants (a, c) and GL2::GL2

transgenic plants (b, d).

(e) Semi-quantitative RT-PCR for expression of GL2 with EF1a as a control.

(f) Root hair number per millimeter of 5-day-old wild-type Ler and GL2::GL2

overexpressing seedlings. At least 10 seedlings were measured.

Bars in trichome images = 100 lm, and bars in root images = 200 lm.
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(b) Loadings for PC2 show peaks characteristic of cellulose in the so-called

fingerprint region (1161, 1111, 1057, 1034 cm)1).
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Arabidopsis, the cellulose synthase genes CESA1, CESA2,

CESA3, CESA5 and CESA6 are expressed in the root (Doblin

et al., 2003), thus we observed Promoter::GUS expression of

each gene in both wild-type and gl2 mutant backgrounds.

Only the expression of CESA5::GUS was higher in gl2 roots

(Figure 4d). To clarify differences in gene expression, the

incubation of CESA5::GUS staining was stopped after

20 min, even though the wild type had not reached a

detectable level. Overnight staining showed relatively

strong CESA5::GUS expression in wild-type hair cell files

(Figure S3). These results showed that CESA5, one of the

key proteins in cellulose synthesis, is negatively controlled

by GL2 in Arabidopsis. To further evaluate the involvement

of GL2 in the regulation of CESA5 gene expression, we car-

ried out semiquantitative RT-PCR (Figure S4) and real-time

PCR analyses (Figure 4f–i). Using validated primers, we

found that the expression level of CESA5 in the gl2 mutant

was significantly higher than that in the wild-type (Figure 4i;

see also Figure S4). The most straightforward interpretation

of these results is that the elevated expression level of

CESA5 in the gl2 mutant is directly affected by the GL2 gene

product. However, there was no detectable difference in

CESA5 gene expression between wild-type and GL2::GL2

transgenic plants (Figure 4i).

Expression of XTH genes in the gl2 mutant background

XTH genes are thought to be involved in constructing and

restructuring the cellulose/xyloglucan network of cell wall

polysaccharides. Of the 33 XTH genes in Arabidopsis,

XTH17, XTH18, XTH19 and XTH20 are expressed in roots

and XTH20 was reported to be expressed chiefly in the stele

of mature non-elongating regions (Vissenberg et al., 2005).

Thus, we observed XTH17::GUS, XTH18::GUS and

XTH19:GUS expression in the wild type and gl2 mutant

background to determine if GL2 regulates XTH genes

in developing roots. Expression of XTH18::GUS and

XTH19::GUS was similar in both wild-type and gl2 mutant

backgrounds (Figure 5b,c). On the other hand, XTH17::GUS

expression in the gl2 mutant was lower than in the wild

type (Figure 5a).

Expansin (EXP) is a cell wall-loosening protein (McQueen-

Mason et al., 1992; for recent reviews see Cosgrove, 2000;

and Lee et al., 2001). EXP7::GUS, which is expressed specif-

ically in root hair cells (Cho and Cosgrove, 2002), was also
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(b) (c) Figure 4. Expression analyses of CESA genes.

Spatial expression patterns of CESA::GUS in the

gl2 mutant and wild-type background. GUS

staining of CESA1::GUS (a), CESA::GUS (b),

CESA3::GUS (c), CESA5::GUS (d) and CESA6::-

GUS (e) in roots is shown. For GUS staining,

tissues were infiltrated with 5-bromo-4-chloro-3-

indolyl-b-glucuronide (X-Gluc) solution for

30 min (CESA1, CESA2 and CESA3) or 20 min

(CESA5 and CESA6).

Real-time PCR analysis of CESA1 (f), CESA2 (g),

CESA3 (h) and CESA5 (i).

Expression levels of CESA family genes were

normalized to ACT2 expression. Relative expres-

sion levels are the expression levels of the CESA

genes in gl2-1 and GL2::GL2 relative to wild-type.

RNA was isolated from 5-day-old roots of wild

type, gl2-1 and GL2::GL2. The experiment was

repeated four times. Error bars indicate SD.

Student’s t-test, *P < 0.020 versus wild type.

Bar = 100 lm.
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similar in both the wild type and gl2 mutant (Figure 5d). To

further evaluate the extent of GL2 regulation, real-time PCR

using validated primers (Yokoyama and Nishitani, 2001;

Table S3), was used to confirm that only the expression level

of XTH17 was significantly lower in the gl2 mutant than in

the wild type (Figure 5e). These results indicate that the GL2

gene product activates XTH17 expression in the wild type.

However, there was no significant change in expression of

XTH17 in GL2::GL2 transgenic plants (Figure 5e).

Chemical analyses of gl2 cell wall polysaccharides

To confirm the increased cellulose content in the gl2 mutant,

we carried out a quantitative analysis of cell wall polysac-

charides. The cell walls of Ler and gl2-1 roots were frac-

tionated into water-soluble, pectin, hemicellulose (HC) and

cellulose fractions (Table 1). However, no significant differ-

ence between wild type and gl2-1 was observed in any of the

cell wall fractions (Table 1), indicating that subtle differences

in epidermal cellulose contents between the wild type and

gl2 could be detected by FTIR but not by conventional

quantitative sugar analyses.

We also analyzed the monosaccharide composition of

pectin, HC and cellulose fractions. The major monosaccha-

ride components of pectin, HC and cellulose fractions were

present in similar amounts, but there were subtle differences

in the pectin and HC fractions (Table 2). The pectin and HC

fractions of gl2-1 were relatively lower in glucose than was

the wild type, but the arabinose content of the HC fraction

was higher (Table 2). These results indicate that the

xyloglucan content is lower and the arabinoxylan content

higher in gl2 mutant cell walls. These changes may be a

direct reflection of developmental changes in cell wall

construction.

CESA5 and XTH17 are target genes of GL2

It has been reported that the L1-box region of the PLDf1

promoter is a direct target of GL2, and that GL2 negatively

regulates PLDf1 transcription (Ohashi et al., 2003). Con-

served L1-box sequences were found within the promoter
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Figure 5. Expression of XTH and EXP genes.

The GUS staining of XTH17::GUS (a),

XTH18::GUS (b), XTH19::GUS (c) and EXP7::GUS

(d) in gl2 mutant roots is shown. For GUS

staining, tissues were infiltrated with 5-bromo-

4-chloro-3-indolyl-b-glucuronide (X-Gluc) solu-

tion for 3 h (XTH19), 1 h (XTH17 and XTH18) or

30 min (EXP7).

Real-time PCR analysis of XTH17 (e), XTH18 (f),

XTH19 (g) and XTH20 (h). Expression levels of

XTH family genes were normalized to ACT2

expression. Relative expression levels are the

expression levels of the XTH genes in gl2-1 and

GL2::GL2 relative to the wild type. RNA was

isolated from 5-day-old roots of wild type, gl2-1

and GL2::GL2. Each experiment was repeated

four times. Error bars indicate SD. Student’s

t-test, *P < 0.020 versus wild type. Bar = 100 lm.

Table 1 Sugar content in the water-soluble, pectin, hemicellulose
(HC) and cellulose fractions of gl2-1 root cell walls

Ler (lg mg FW)1) gl2-1 (lg mg FW)1)

Water soluble 1.00 � 0.34 1.31 � 0.42
Pectin 0.84 � 0.03 0.80 � 0.13
HC 2.98 � 0.24 3.05 � 0.36
Cellulose 1.88 � 0.07 1.85 � 0.28

Total sugar contents of each fraction were determined by the phenol–
sulfuric acid method. Data are expressed as lg Glc (Glucose)
equivalents mg)1 of cell wall fresh weight (FW). Data are means � SE
of results from three independent samples.
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regions of CESA5 and XTH17 (Figure 6a), indicating that

CESA5 and XTH17 may be direct targets of GL2. The L1-box

sequence of XTH17-b (5¢-TAAATGTT-3¢) is identical to the

PLDf1 L1-box sequence (Figure 6b), but the L1-box

sequences of CESA5 and XTH17-a (5¢-TAAATGTA-3¢) differ

by only one nucleotide from that of PLDf1 (T fi A)

(Figure 6b). Thus, we examined the physical interaction

between the L1-box sequence in the CESA5 promoter and

the GL2 DNA-binding domain in yeast to further test the

hypothesis that GL2 directly regulates CESA5. In yeast

one-hybrid system assays, GL2 protein clearly bound to the

CESA5 L1-box sequence but not to the mutated L1-box-like

motif (Figure 7). These results also indicate that CESA5 and

XTH17 are directly regulated by GL2.

DISCUSSION

By measuring the FTIR spectra of the root hair mutants of

Arabidopsis, we have been able to detect differences in cell

wall content that are apparently specific to the gl2 mutation.

The FTIR statistical analyses show that only the cell wall

materials of the gl2 mutants have been changed among all

Table 2 Monosaccharide compositions of pectin, HC and cellulose fractions from gl2-1 root cell walls

% of total sugar

Fuc Rha Ara Gal Glc Man Xyl GalA GlcA

Pectin fraction
Ler 3.9 11.8 12.7 50.2 10.4 0.0 3.0 7.1 0.8
gl2-1 3.9 11.4 14.0 56.4 3.1 0.0 2.8 7.6 0.9

HC fraction
Ler 6.4 9.1 23.6 14.1 22.4 2.7 18.9 2.0 0.9
gl2-1 7.7 9.5 29.8 13.4 17.8 0.0 18.1 2.7 1.0

Cellulose fraction
Ler 0.2 0.3 1.8 0.6 95.7 0.0 1.4 0.0 0.0
gl2-1 0.1 0.3 1.8 0.4 96.1 0.0 1.5 0.0 0.0

XTH17 
–1278 

–841 L1-box 

L1-box 
acttTACATTTAttttacaccatcaaaaactaaggtcactaaataaaaaaaactatgaagcctcattttc 
ccataggagcaatgtgagacatagacaaattgagtaaacaattacatcacttggtaaacaatttttttaatat 
ttaattagtattggttgttattgatttaaattttatatcactttctaaataatttaaaatcgtatatttgtatcaagtgat 
gcaaatggatttagatttgtatcaattttagtgaactgatgccacataaactaatacgacatcgattattgcaat
tgatgttaaactataattcttgtatcgattgtaaacaagtgattcaaattaatagcattcaatttttttcatgcaact 
acttttttgtttgtagtatttgttggatagaacgtaatgttatggcttAACATTTAaacgg 

aacaCAGTTAaaagtcaaaaccaatgtgctcaacatcctctaagcattatatatatagcttttattt 
ttgtgaatctatttttattgtgattagtatagtcatcactcaggagacagaagaacaaaatagaggga 
aataaTAAATGTAaagg 

L1-box 

MY B 

–805

–948 
CESA5 

–400 –425 

L1-box 

tgattaaTAAATGTTaagaaaataat PLDζ1 

PLDζ1 

T 

T 

A 

A 
T A A A T G T 

T A A A T G T 

T A A A T G T 

T A A A T G T 

CESA5 

XTH17-a 

XTH17-b 

( XTH17- a ) 

( XTH17- b ) 

(a) 

(b) 

Figure 6. L1-boxes in the CESA5 and XTH17 promoter regions.

(a) L1-box positions in CESA5, XTH17 and PLDf1 promoters and the MYB

motif in the CESA5 promoter.

(b) Nucleotides are aligned at the L1-box [5¢-TAAATG (C/T) A-3¢]. CESA5 and

XTH17-a have complete L1-box sequences [5¢-TAAATGTA-3¢], but XTH17-b

and PLDf1 [5¢-TAAATGTT-3¢] differ from the consensus L1-box at the last

nucleotide.

ADGL2
CESA5 L1::HIS3 CESA5 L1mu::HIS3

ADGL2

+His

–His/3-AT

CESA5 L1

CESA5 L1mu AT A A g g G T

T A A A T G T A(a)

(b)

Figure 7. Interaction of GL2 protein with the CESA5 promoter in yeast one-

hybrid assays.

(a) Sequences of target DNA. Small letters in the CESA5 L1-box mutant

sequence (CESA5L1mu) indicate base substitutions.

(b) Interaction of GL2 with the L1-box in the CESA5 promoter. Results

obtained for four independent colonies are presented.
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of the root hair mutants (Figure 1). Because the 35S::GL2

construct is toxic to plants (Ohashi et al., 2002), we decided

to use a GL2::GL2 construct in this study to analyze the effect

of GL2 on root cell wall production. Contrary to what hap-

pens in gl2, the cellulose contents of GL2-overexpressing

plants were lower than in the wild type (Figure 3), but the

difference was too small to be detected by conventional

sugar quantitative analyses (Table 1). There was no signifi-

cant difference in fractionated cell wall sugars per fresh

weight (Table 1). The cell wall samples were most likely

contaminated with central stele and vascular bundle tissue,

which have thick structural cellulose deposition. Therefore,

subtle differences in the cellulose contents in epidermal

tissue would be masked by the closely associated cellulose.

However, detailed analyses of monosaccharide concentra-

tions indicated that there were differences in the xyloglucan,

and thus in the cell walls of the gl2 mutant root. This study

shows that GL2 controls both root hair initiation and cell wall

synthesis during root development. The use of FTIR thus

represents a major advance in the detection of subtle

material changes in cell walls that would otherwise be

indistinguishable by gross phenotype.

It has been reported that GL2 determines the hairless

phenotype fate, which is regulated by WER, TTG1, CPC and

GL3 (Lee and Schiefelbein, 1999; Galway et al., 1994; Wada

et al., 1997; Bernhardt et al., 2003). Thus, our result is curious

because GL2 is thought to work downstream of WER, TTG1

and GL3 in the root epidermal cell differentiation circuit (Lee

and Schiefelbein, 2002; Wada et al., 2002; Bernhardt et al.,

2005). However, only the cell wall material of the gl2 mutant

was different from the wild type. The gl2 mutation also

affects the synthesis of seed coat polysaccharide mucilage

(Rerie et al., 1994), but wer, ttg1 and gl3 do not.

One explanation for this discrepancy is that GL2 activity is

retained in wer, ttg1 and gl3 mutants. We used real-time PCR

to check for GL2 expression in these mutants. Using

validated primers, we found that the expression level of

GL2 in the gl3-1, ttg1-1 and wer mutants was significantly

higher than in the gl2-1 mutants (Figure S5). Consequently,

the gl2 mutation would affect cell wall polysaccharide

synthesis even if the upstream gene mutants are not

affected.

Because GL2 is a transcriptional regulator, we looked for

GL2 target genes which regulate root cellulose contents.

Using Promoter::GUS fusions, RT-PCR and real-time PCR

analyses, we examined several candidate cell wall genes.

Apparently, only CESA5 was controlled by GL2, suggesting

that the gl2 mutant has more cellulose than the wild type

because of up-regulation of CESA5 gene expression (Fig-

ure 4; see Figure S4). In addition to the CESA genes, we

examined the expression of XTH and EXP because they

influence cellulose microfibril cross-linking and extensibil-

ity, respectively (Fry et al., 1992; Nishitani and Tominaga,

1992; Cosgrove, 1999). Among the XTH and EXP family

genes, XTH17, XTH18, XTH19, XTH20 and EXP7 are

expressed in Arabidopsis roots (Vissenberg et al., 2005;

Cho and Cosgrove, 2002), but only XTH17 was controlled by

GL2 (Figure 5). These lines of experimental evidence provide

the indication that GL2 exerts its regulatory effect on root

development through the CESA5 and XTH17 genes, and

show that they are involved in controlling the deposition of

cellulose in Arabidopsis roots.

Yeast one-hybrid assays show that GL2 directly binds to

the L1-box in the promoter region of CESA5 (Figure 7). There

are two L1-box sequences in the promoter region of XTH17

(Figure 6; XTH17-a and XTH17-b), one of which (XTH17-a) is

identical to the CESA5 L1-box (Figure 6b). The other (XTH17-

b) is the same as the PLDf1 L1-box sequence, which is bound

by GL2 (Ohashi et al., 2003). Thus, we conclude that GL2

exerts its effect on root development, at least partially, by

repressing CESA5 gene expression by binding to the L1-box

sequence in the promoter region of CESA5 (Figure 6a). GL2

has been observed to negatively regulate PLDf1 and WER

(Ohashi et al., 2003; Costa and Dolan, 2003). WER has a L1-

box (5¢-TAAATGTT-3¢) 200 bp downstream of its stop codon.

These observations indicate that GL2 could also act as a

negative regulator of CESA5.

GL2 can also affect root development as a positive

regulator of XTH17 (Figure 5a,e). Negative regulation due

to GL2 binding in the promoter regions of target genes is

relatively straightforward, but there is as yet no molecular

explanation for its positive regulation of XTH17. Cotton

(Gossypium spp.) plants produce seed trichomes (cotton

fibers). The promoter of the cotton fiber gene, RD22-like1

(RDL1), contains a L1-box and a MYB-binding motif, and

both are involved in activating the RDL1 gene (Wang et al.,

2004). The CESA5 promoter also contains a L1-box and a

MYB-binding motif, but the XTH17 promoter contains two

L1 box sequences (Figure 6a). These different combinations

of promoter region motifs, and possibly others, are probably

involved in the regulatory variations of downstream gene

expression. In addition, the L1-box sequences of CESA5 and

PLDf1 are in the same orientation and have identical

sequences around the L1 box (5¢-taaTAAATGTA/Taag-3¢)
(Figure 6a). However, the L1-box sequences of XTH17 are in

an opposite orientation and have different sequences

around the L1-box (Figure 6a). These different promoter

sequences may account for the apparently opposite gene

regulation. Another possibility is that an additional factor is

involved in this regulation. For example, GL2 could form a

heterodimer or complex with other proteins and act as a

positive or negative regulator.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Plants were grown on agar plates as described previously (Okada
and Shimura, 1990). Seeds were sterilized with 10% (v/v) bleach
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with 0.02% (v/v) Triton X-100 for 5 min. After seeds had been rinsed
five times in sterile water, seeds were germinated and grown on
square Petri dishes containing half-strength Okada and Shimura
medium [2.5 mM KNO3, 1 mM MgSO4, 1 mM Ca(NO3)2, 25 lM

Fe-EDTA, 1.25 mM K-PO4 (pH 5.5), 35 lM H3BO3, 7 lM MnCl2,
0.25 lM CuSO4, 0.5 lM ZnSO4, 0.1 lM NaMo4, 5 lM NaCl and
0.05 lM CoCl2] (Okada and Shimura, 1990) with 1.5% (w/v) agar.
After sowing, dishes were wrapped with Micropore surgical tape
(3M Health Care, http://www.3m.com/) to prevent desiccation. The
dishes were kept in the dark at 4�C for 2 days and then transferred to
a growth chamber at 22�C under constant white light (white
fluorescent lamp model FL20S-EXNH; Toshiba, http://www.toshiba.
co.jp/worldwide/). Wild-type strains used in this work were Colum-
bia-0 (Col-0), Landsberg erecta (Ler) and Wasilewskaja (Ws-0). We
obtained gl2-1 and ttg1-1 from the Nottingham Arabidopsis Stock
(University of Nottingham, UK). The root phenotype was observed
using an OMRON 4.5 mega pixel 3-CCD (http://www.omron.com/).

Fourier transform infrared microspectroscopy

Ten roots from each mutant were pressed onto a barium fluoride
window and rinsed with water to remove cytoplasmic debris. The
samples were dried at 37�C for 20 min. Two spectra from each
root were collected on a PerkinElmer Spectrum One spectrometer
(http://www.perkinelmer.com/) in the 2-mm region of the root tip,
avoiding the central cylinder, in a 20 · 40 lm window (Figure S1).
Because absorbance varies with sample thickness, all data sets
were corrected for baseline and normalized for area before sta-
tistical methods were applied. Exploratory PCA was performed
with WIN-DISCRIM software (E. K. Kemsley, Institute of Food
Research, Norwich, UK). Reference infrared absorption spectra of
cellulose and other b-glucans were obtained from the published
literature (Sugiyama et al., 1991; Sene et al., 1994; Kacurakova
et al., 2002).

Gene constructions

To make CESA2, CESA5 and CESA6 Promoter–GUS constructs, we
amplified the promoter regions of these genes by PCR using Pyro-
best DNA polymerase (Takara, http://www.takara-bio.com/) as
follows: promoters were amplified from genomic DNA by using
primer pairs CESA2pF and CESA2pR for CESA2, and CESA5pF and
CESA5pR for CESA5 and CESA6pF and CESA6pR for CESA6
(Table S3). The 3209-bp amplified fragment for the CESA2 promoter
and 3003-bp for the CESA6 promoter were cloned as a SalI/XbaI
fragments into pBluscript SK+ (Stratagene, http://www.stratagene.
com/). The 2639-bp amplified fragment for the CESA5 promoter was
cloned as an XbaI/BamHI fragment into pBluscript SK+. Clones were
digested with SalI/XbaI or XbaI/BamHI and subcloned into binary
vector pBI101 (Clontech, http://www.clontech.com/). These binary
plasmids were introduced into Agrobacterium tumefaciens strain
C58C1 (pGV2260) using a Gene Pulser (Bio-Rad, http://www.
bio-rad.com/).

Transgenic plants

Col-0 wild-type plants were transformed by a floral dipping method
(Clough and Bent, 1998) and selected on half-concentration MS
plates containing 50 mg L)1 kanamycin. For GL2::GL2 (Ohashi et al.,
2002) (Figure 2), CESA2::GUS (Figure S6), CESA5::GUS (Figure S7)
and CESA6::GUS (Figure S8) constructs, we isolated at least 24 T1

lines for each construct and selected at least five T2 and T3 lines on
the basis of their segregation ratios for kanamycin resistance. For a
GL2::GL2 transgenic line, at least 10 individual 5-day-old seedlings
were assayed for root hair numbers (Figure 2f). For CESA2::GUS,
CESA5::GUS and CESA6::GUS transgenic lines, at least five

individual 5-day-old seedlings were assayed for GUS staining
(Figures S6–8).

Transgenic plants containing CESA1 and CESA3 promoters fused
to the GUS coding sequence were obtained according to Scheible
et al. (2001). Transgenic plants containing XTH17, XTH18 and
XTH19 promoters fused to the GUS coding sequence were obtained
according to Vissenberg et al. (2005). Transgenic plants containing
the EXP7 promoter fused to the GUS coding sequence were
obtained according to Ohashi et al. (2003). The CESA::GUS,
XTH::GUS and EXP7::GUS constructs were introduced onto the
gl2 mutant background by crossing plants harboring the markers
and analyzing F2 seedlings for homozygous mutants. For each
transgenic line, at least 10 individual seedlings were assayed for
GUS activity.

GUS staining

Root samples of the transgenic plants were stained under vacuum
in 5-bromo-4-chloro-3-indolyl-b-glucuronide (X-Gluc; Wako Jun-
yaku, http://www.wako-chem.co.jp) solution containing 1 mg ml)1

X-Gluc, 1.5 mM K3Fe(CN)6 1.5 mM K4Fe(CN)6, 50 mM NaPi (pH 7.0)
and 0.9% Triton X-100 (Jefferson et al., 1987) and observed under a
Zeiss Axioplan2 microscope (http://www.zeiss.com/). Incubation
times were modified depending on the intensity of staining.

Semi-quantitative RT-PCR

Total RNA was isolated from roots using an RNeasy Plant Mini kit
(Qiagen, http://www.qiagen.com/). Semi-quantitative RT-PCR
assays were performed with 1 lg of total RNA using an RT-PCR kit
(Takara). The RT-PCR reactions were performed as described pre-
viously (Kurata et al., 2003). The GL2 fragment was amplified with
GL2-F/GL2-R primer pair (Table S3). EF1a was amplified with an
EF1a-F/EF1a-R primer pair (Kurata et al., 2003).

Real-time RT-PCR

Total RNA was extracted using an RNeasy Plant Mini kit. Contami-
nating DNA was digested on-column with DNase I during RNA
purification following the protocol described in the RNeasy Mini
handbook. First-strand cDNA was synthesized from 1 lg total RNA in
a 20 ll reaction mixture using a Prime Script RT regent kit (Takara).
Real-time PCR was performed in a Chromo4 Real-Time PCR Detec-
tion system (Bio-Rad) using SYBR Premix ExTaq (Takara). The PCR
amplification had a 30-sec denaturing step at 95�C, followed by 5 sec
at 95�C and 30 sec at 60�C with 45 cycles for CESA1, CESA2, CESA3,
CESA5, XTH17, XTH18, XTH19, XTH20 and ACT2 using cognate pri-
mer sets (Table S3; Yokoyama and Nishitani, 2001). Relative mRNA
levels were calculated by iQ5 software (Bio-Rad) and normalized to
the concentration of ACT2 mRNA. An ANOVA (analysis of variance)
was performed to determine the significance of differences between
gl2, GL2::GL2 and wild type (See Appendix S1).

Yeast one-hybrid assays

To make reporter a plasmid for yeast one-hybrid assays, oligonu-
cleotide primer pairs Eco-CESA5L1-Spe and C-Eco-CESA5L1-Spe
containing three tandemly repeated CESA5-L1 sequences were an-
nealed and inserted into the EcoR1 and Spe1 sites of the multiple
cloning site (MCS) upstream of the HIS3 minimal promoter in
pHIS2.1 (Clontech) to form pHIS2.1-3xCESA5L1. A reporter plasmid
with a mutated CESA5-L1 sequence was constructed by the same
methods using oligonucleotide pairs Eco-mCESA5L1-Spe and C-
Eco-mCESA5L1-Spe to form pHIS2.1-3xmCESA5L1. A cDNA frag-
ment encoding the N-terminal part of GL2 [amino acids (aa) 1–235]
was amplified with the primer pair SMART-F-GL2-235aa and
SMART-R-GL2-235aa so that it contains an additional flanking
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SMART sequence that is homologous to the insertion site of
pGADT7-Rec2 (Clontech) (Table S3). Linear pGADT7-Rec2, GL2 PCR
products and pHIS2.1-3xCESA5L1 or pHIS2.1-3xmCESA5L1 were
transformed into yeast strain Y187 using a Matchmaker One-Hybrid
Library Construction and Screening kit (Clontech). The growth sta-
tus of transformed yeast cells was compared on plates containing
SD synthetic medium (2% glucose and 1· yeast nitrogen base)
without Leu and Trp (DDO), or without Leu, Trp and His with 50 mM

3-aminotriazole (3-AT, a competitive inhibitor of the HIS3 gene
product) (TDO/3-AT).

Extraction and analyses of cell wall polysaccharides

Five-day-old samples from the 2-mm region above the root tips of
Ler, gl2-1 and GL2::GL2 plants were collected and weighed. Samples
were homogenized using mortar and pestle at 4�C. After centrifu-
gation at 10 000 g for 5 min, the precipitate was washed twice
with water and digested with 30 units of porcine pancreatic a-amy-
lase (Sigma, http://www.sigmaaldrich.com/). Hot water-soluble
polysaccharides were extracted twice with water at 100�C and
centrifuged at 1500 g for 10 min to remove insoluble materials.
Chelate-soluble polysaccharides (pectin) were extracted twice with
50 mM EDTA (pH 6.8) at 100�C. After centrifugation at 1500 g for 10
min, the precipitate was treated with 17.5% (w/v) sodium hydroxide
and 0.04% (w/v) sodium borohydride at 25�C, then at 100�C to
extract hemicellulose (HC). The resulting precipitate was washed
with ethanol and diethyl ether and collected as the cellulose fraction.
Total sugar content was determined by the phenol–sulfuric acid
method (Dubois et al., 1956).

Analysis of sugar composition

Polysaccharide fractions prepared as described above were
lyophilized and then dissolved with 72% H2SO4. After adding eight
volumes of distilled water, the sample was hydrolyzed at 100�C
for 4 h. The hydrolysate was neutralized with BaCO3 and deionized
by ion-exchange chromatography. The sugar composition was
determined by high-performance anion-exchange chromatography
with pulsed amperometric detection using a Dionex DX-500 liquid
chromatograph fitted with a CarboPac PA-1 column (Dionex, http://
www.dionex.com/) and a pulsed amperometric detector (PAD;
Dionex) as described previously (Ishikawa et al., 2000).

Accession numbers

The Arabidopsis Genome Initiative locus identifiers for the genes
mentioned in this study are as follows: CPC (At2g46410), TTG1
(At5g24520), WER (At5g14750), GL1 (At3g27929), GL2 (At1g79840),
GL3 (At5g41315), ANL2 (At4g00730), AtML1 (At4g21750), CESA1
(At4g32410), CESA2 (At4g39350), CESA3 (At5g05170), CESA5
(At5g09870), CESA6 (At5g64740), XTH17 (At1g65310), XTH18
(At4g30280), XTH19 (At4g30290), XTH20 (At5g48070), EXP7
(At1g12560).
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