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A Comprehensive Expression Analysis of all Members of a Gene Family
Encoding Cell-Wall Enzymes Allowed us to Predict cis-Regulatory Regions
Involved in Cell-Wall Construction in Specific Organs of Arabidopsis
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;
The Arabidopsis thaliana genome sequencing project

has revealed that multigene families, such as those gener-
ated by genome duplications, are more abundant among
plant genomes than among animal genomes. To gain insight
into the evolutionary implications of the multigene families
in higher plants, we examined the XTH gene family, a
group of genes encoding xyloglucan endotransglucosylase/
hydrolase, which are responsible for cell-wall construction
in plants. Expression analysis of all members (33 genes) of
this family, using quantitative real-time RT-PCR, revealed
that most members exhibit distinct expression profiles in
terms of tissue specificity and responses to hormonal sig-
nals, with some members exhibiting similar expression pat-
terns. By comparing the flanking sequences of individual
genes, we identified four sets of large-segment duplications
and two sets of solitary gene duplications. In each set of
gene duplicates, long nucleotide sequences, ranging from
one to two hundred base pairs, are conserved. Further-
more, gene duplicates exhibit similar organ-specific expres-
sion profiles. These facts allowed us to predict putative cis-
regulatory regions, particularly those responsible for cell-
wall construction, and hence for morphogenesis, that are
specific for certain organs or tissues in plants.

Key words: Arabidopsis — cis-regulatory region — XTH gene
family — Genome duplication — Plant hormones — Xyloglucan.

Abbreviations: RT, reverse transcription, XTH, xyloglucan
endotransglucosylase/hydrolase.

Introduction

Arabidopsis thaliana has one of the smallest angiosperm
genomes. Contrary to widespread prediction, however, com-
plete genome sequences indicate that the genome of Arabidop-
sis has a larger number of gene families than do the genomes of
Caenorhabditis elegans or Drosophila melanogaster, the
sequencing of which has also been completed recently (C. ele-
gans Sequencing Consortium 1998, Adams 2000, Arabidopsis

Genome Initiative 2000). Comparative analyses of composite
open reading frames (ORFs) have revealed that Arabidopsis is
characterized by a greater number of tandem gene duplications
and segmental duplications, which are the major genome-reor-
ganization processes by which the number of members in a
multigene family increase (Arabidopsis Genome Initiative
2000, Blanc et al. 2000, Vision et al. 2000). These findings
account for the large numbers of gene sets in Arabidopsis, and
provide a reasonable basis for the unique features of its genome
organization. The presence of such a large number of multiple
copies within each gene family raises, in turn, the question of
whether individual members of the multigene family are redun-
dant in terms of sharing the same function, or non-redundant in
such terms but with their own specific roles. Although many
studies of Arabidopsis mutants have shown that a particular
member of a multigene family plays an important role that is
unique among the family members, redundant functions have
also been reported (Arabidopsis Genome Initiative 2000,
Kempin et al. 1995, Liljegren et al. 2000). To address this ques-
tion, comprehensive studies of the total members of a particular
gene family are necessary.

The cell wall is the archetypal cellular structure of plants.
It has a dynamic architecture composed of complex polymers
constructed outside the plasma membrane by the action of
many kinds of proteins, most of which are encoded by multi-
gene families (Arabidopsis Genome Initiative 2000, Brown et
al. 1997, Richmond and Somerville 2000, Holland et al. 2000,
Cosgrove 2000). Endoxyloglucan transferases (EXGT) are a
class of enzymes involved in the construction and modifica-
tion of the cellulose/xyloglucan framework, and are encoded
by members of a multigene family in higher plants (Nishitani
and Tominaga 1992, Nishitani 1997, Campbell and Braam
1998, Yokoyama and Nishitani 2000). For this gene family, the
term xyloglucan endotransglucosylase/hydrolase (XTH) was
proposed at the 9th International Cell Wall Meeting held in
Toulouse, France in 2001. This family has been classified into
three subfamilies in dicotyledonous plants and four sub-
families in cereal plants, on the basis of their deduced amino
acid sequences (Campbell and Braam 1998, Nishitani 1992).
Each gene of this family is capable of catalyzing either the
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Multigene family of cell-wall enzymes1026
molecular grafting or disassembly of xyloglucan cross-links
within the cellulose/xyloglucan framework (Nishitani and
Tominaga 1992, Nishitani and Tominaga 1991, Okazawa et al.
1993). Although this enzyme activity has been detected in

expanding tissues (Nishitani 1997, Vissenberg et al. 2000),
some members of the XTH family are expressed in tissues in
which cell expansion has completely ceased (Medford et al.
1991, Xu et al. 1995, Xu et al. 1996, Arrowsmith and de Silva

Table 1 Identification of XTH genes in the Arabidopsis databases

a Serial numbers to identify 33 members of the XTH family.
b Designation of gene locus on annotated bacterial artificial chromosome.
c Systematic designation given by the Arabidopsis Genome Initiative (Arabidopsis Genome Initiative 2000).
d The frequency of respective transcription recorded in each EST database. a–g: organs from which EST

libraries were derived: a, root (Asamizu et al. 2000); b, hypocotyl (Newman et al. 1994); c, leaf; d, flower
bud or inflorescence (Asamizu et al. 2000); e, green silique (Asamizu et al. 2000); f, developing seed or dry
seed (White et al. 2000); g, other (Asamizu et al. 2000, Newman et al. 1994).

e Annotation is not given by Arabidopsis Genome Initiative.

No. a Common name Locus b AGI ID c ESTs d

a b c d e f g total

1 F25G13.170 At4g13080 0
2 F25G13.180 At4g13090 0
3 K3G3.6 At3g25050 2 2
4 EXGT-A1 (EXT) T6F8.4 At2g06850 2 1 1 5 28 37
5 EXGT-A4 (XTR12) MAC12.17 At5g13870 0
6 XTR10 MPA24.8 At5g65730 1 3 5 9
7 XTR15 T28I19.80 At4g37800 1 3 4
8 e T23J18.21 1 1 2 8 12
9 XTR16 (EXGT-A6) F4C21.14 At4g03210 1 1 1 3

10 XTR14 T6B13.14 At2g14620 0
11 T8P19.90 At3g48580 0
12 MUA2.10

(MUA2.7)
At5g57530 0

13 MUA2.11
(MUA2.8)

At5g57540 0

14 XTR9 F14M19.100 At4g25820 3 1 4
15 XTR7 dI3105c At4g14130 2 2 1 17 22
16 MYM9.7 At3g23730 4 1 1 3 9
17 XTR1 T8F5.9 At1g65310 0
18 F17I28.380 At4g30280 3 9 12
19 F14I28.390 At4g30290 2 2 4
20 MDN11.15 At5g48070 3 3
21 XTR17 MSF3.18 At2g18800 1 1
22 TCH4 MUA2.13

(MUA2.10)
At5g57560 4 5 9

23 XTR6 F14M19.90 At4g25810 5 2 3 10
24 Meri5 F9N11.120 At4g30270 1 1 4 1 16 5 19 47
25 XTR3 (EXGT-A5) MUA2.12

(MUA2.9)
At5g57550 6 6

26 XTR18 F16A16.40 At4g28850 0
27 EXGT-A3 T23.K3.4 At2g01850 1 1 1 1 1 1 6
28 XTR2 (EXGT-A2) F10B6.29 At1g14720 1 1 3 8 13
29 XTR13 F13C5.160 At4g18990 0
30 XTR4 F3C3.5 At1g32170 2 1 2 5
31 ATXG (AtXTR8) F14D17.60 At3g44990 3 2 1 2 8
32 T1J8.5 At2g36870 2 1 1 4
33 T10024.16 At1g10550 0
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1995, Akamatsu et al. 1999). Furthermore, some proteins
encoded by members of the XTH family are localized not only
in the cell wall, but also in the cell plate during cytokinesis,
indicating their commitment to the cell division process
(Yokoyama and Nishitani 2001). Thus, the members of the
XTH gene family as a whole seem to be expressed in various
cell types, and have versatile functions. However, since struc-
tural as well as functional similarities among family members
have prevented us from distinguishing the role of one gene
product from those of the others, little is known about the
expression profiles or functions of individual enzymes within
the family, and a precise picture of their roles in cell-wall
dynamics has remained elusive.

Recent publication of the complete nucleotide sequence of
the Arabidopsis genome has provided the first opportunity for
detailed characterization of all members of the XTH family in a
plant species, including profiles of gene expression and
genome organization. In this study, we have traced the evolu-
tionary processes of several members of the XTH gene family
on a genome-wide scale by comparing the structural features
and expression profiles of all the XTH genes in Arabidopsis.
This new approach also allows us to predict candidates for the
cis-regulatory regions, which have remained conserved during
the diversification of the multigene family throughout the
genome reorganization processes.

Results

Duplication processes of XTH genes
According to the genome sequence database released from

the Kazusa Arabidopsis database site (http://www.kazusa.or.jp/
kaos/) and the cDNA sequence data, we identified 33 genes as
members of the XTH gene family (Table 1). The XTH genes are
widely dispersed across the five chromosomes of Arabidopsis.
Some members were found as solitary genes and others as clus-
ters of a few genes occurring in tandem (Fig. 1A). To examine
the genome organization process by which the XTH genes were
generated, we searched for XTH genes in the genomic regions
where large-segment genome duplications have occurred (Ara-
bidopsis Genome Initiative 2000, Blanc et al. 2000, Vision et
al. 2000). We found three sets of XTH genes, which had been
generated by extensive genomic duplications. XTH-28 (XTR2)
and XTH-27 (EXGT-A3) share one ancestral gene, and XTH-16
and XTH-15 (XTR7) share another ancestral gene (Fig.1A). The
XTH-14 (XTR9) and XTH-23 (XTR6) genes, which are located
in tandem on chromosome 4, correspond to the genomic region
on chromosome 5 where the cluster of XTH-12, XTH-13, XTH-
25 (XTR3), and XTH-22 (TCH4) is found. One ancestral gene,
corresponding to XTH-14 (XTR9), may have given rise to XTH-
12 and XTH-13 by further duplication, and the other ancestral
gene, corresponding to XTH-23 (XTR6), may have been dupli-
cated to generate XTH-22 (TCH4) and XTH-25 (XTR3).

Given that the duplications of many small segments of the

Arabidopsis genome have been predicted previously (Blanc et
al. 2000, Vision et al. 2000), we also searched for XTH genes
generated by solitary gene duplications. By comparing
sequences of neighboring genes and the flanking regions of
individual XTH genes, we found that the nucleotide sequences
of introns and of the 5�- and 3�-flanking regions of XTH-17
(XTR1) and XTH-18 are almost identical within 300 bp of the

Fig. 1 The 33 members of the Arabidopsis XTH gene family. (A)
Physical maps with duplicated positions. Maps were drawn according to
the information downloaded from the Kazusa Arabidopsis database site
(http://www.kazusa.or.jp/kaos/). Duplicated positions, including dupli-
cated XTH, are inferred from the data of Blanc et al. (Blanc et al. 2000,
http://www.igd.cornell.edu/˜tvision/arab/science supplemental.html) and
the Arabidopsis Genome Initiative (2000). The serial numbers defined
in Table 1 were used to identify individual XTH genes. (B) The dendro-
gram generated using the CLUSTALW (http://spiral.genes.nig.ac.jp/
homology) and TreeViewPPC programs is based on the deduced amino
acid sequences of the 33 XTH genes from the Arabidopsis genome
database.

http://www.kazusa.or.jp/
http://www.kazusa.or.jp/kaos/
http://www.igd.cornell.edu/�tvision/arab/science
http://spiral.genes.nig.ac.jp/


Multigene family of cell-wall enzymes1028
translation initiation site (Fig. 2B) and the termination, respec-
tively (data not shown). No significant similarity was found in
the region upstream from –300 bp or downstream from
+300 bp of these genes (Fig. 2A). XTH-17 (XTR1) may have
arisen by duplication of a small fragment of the genome includ-
ing XTH-18, from chromosome 4 onto chromosome 1.

Comparative analysis of the 5�-flanking sequences of XTH
genes

Previous analyses of segmentally duplicated regions of the
Arabidopsis genome have shown that a short conserved
sequence or no conserved sequence exists in the non-coding
regions (Blanc et al. 2000, Terryn et al. 1999). However, our
detailed analysis of the flanking regions of individual genes
disclosed certain nucleotide sequences conserved within the 5�-
upstream regions of genes generated by duplication. Fig. 2A
shows Harr plots of sequences from the 5� upstream regions of
duplicated XTH genes, in which conserved nucleotide
sequences appear as solid lines on the diagonal. These dot
matrix analyses reveal that the conserved regions consist of
more than 100 bp (Fig. 2B). While the regions conserved
between XTH-17 (XTR1) and XTH-18, and between XTH-14
(XTR9) and XTH-12 or XTH-13 are found close to the coding
region, those conserved between XTH-28 (XTR2) and XTH-27
(EXGT-A3) and between XTH-16 and XTH-15 (XTR7) are
located several hundreds of nucleotide pairs away from their
translation initiation sites. In addition to these nine genes, we
found a pair of conserved regions in the 5�-flanking regions of
XTH-20 and XTH-19, which could not be identified by the Harr
plot analysis, but was disclosed by examining their phyloge-
netic relationship (Fig. 1B). High sequence similarities were
also found in two other pairs of the XTH genes (XTH-18 / XTH-
19 and XTH-12 / XTH-13), in each pair of which two genes
occur in tandem.

Expression patterns of the XTH genes in Arabidopsis
Some members of the XTH gene family in Arabidopsis

share 90% identical nucleotide sequences, making difficult the
selection of gene-specific cDNA probes for conventional RNA
blot analysis. To overcome this difficulty, we employed real-
time RT-PCR, which allowed both specific and quantitative
measurements of mRNA levels. For some XTH genes, the

Fig. 2 Comparison of the 5�-flanking regions between the duplicated
XTH genes. (A) Dot matrix analysis comparing the 5�-flanking
sequences between the duplicated XTH genes. A window of six nucle-
otides was moved along the nucleotide sequence. If the number of
matching nucleotides was equal or greater than the specified strin-
gency (83%), one dot was drawn in the corresponding position on the
diagram. (B) Sequence comparison of the 5�-flanking regions between
the duplicated XTH genes. The sequences correspond to the diagonal
portion boxed in (A). Asterisks indicate matched nucleotides. Dashes
indicate the absence of a nucleotide. The translation initiation site is
numbered +1. The serial numbering defined in Table 1 was used to
identify individual XTH genes.
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sequence similarities still impeded the design of gene-specific
PCR primers for both the forward and reverse directions within
a certain length of nucleotide sequence. To address this diffi-
culty, we chose a one-step rather than a two-step procedure for
the RT-PCR, because only the gene-specific cDNA fragment
synthesized by the RT reaction acts as the template for the sub-
sequent PCR reaction.

Fig. 3 shows the expression levels of all the XTH genes in
the major organs of adult Arabidopsis plants as revealed by
real-time RT-PCR using the gene-specific primer sets shown in
Table 2. Total RNA levels in the five organs derived from adult
plants vary considerably from gene to gene. XTH-24 (Meri5)
was expressed at the highest level. XTH-4 (EXGT-A1), XTH-14,
XTH-18, and XTH-23 (XTR6) also exhibited high levels of
expression. Relative mRNA levels in the five organs are shown
in Fig. 3B. Many XTH genes were predominantly expressed in

Fig. 3 Expression profiles of individual XTH genes as studied by real
time RT-PCR in five organs of Arabidopsis. Four-week-old plants
were dissected into leaf, stem, flower, and silique before RNA extrac-
tion. Root specimens were prepared from 14-day-old seedlings. Total
RNA (100 ng per sample) was used to analyze mRNA levels of indi-
vidual genes by real-time RT-PCR. (A) Total individual mRNAs
present in the five organs are shown as the mean values of three exper-
iments with standard errors given as vertical lines. mRNA levels of
individual genes are given as molecular copy numbers in 1 pg total
RNA from each of the five organs. (B) Relative amounts of individual
mRNAs in each organ are shown as percentages of the total copy
number shown in (a). The serial numbering defined in Table 1 was
used to identify individual XTH genes.

Fig. 4 Effects of four plant hormones on the expression of XTH
genes, estimated by real-time RT-PCR. Twelve-day-old seedlings were
floated on liquid MS medium containing 1 �M indole-3-acetic acid
(IAA), 1 �M gibberellic acid, (GA3) 1 �M brassinolide, or 1 �M
abscisic acid for 2 h. For the control experiment, the seedlings were
floated on liquid MS medium containing no hormone. (A) Copy num-
bers of individual mRNAs in the control seedling are shown. Mean
values representing three RT-PCR experiments are given with stand-
ard errors shown as vertical lines. (B) Levels of mRNA in seedlings
treated with plant hormones are shown as a percentage of the control.
The number of the XTH gene is shown in the legend of Table 1.
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particular organs. Among them 10 genes (XTH-5, -12, -13, -14,
-17, -18, -19, -20, -26, -31) exhibited root-specific expression,
while five genes (XTH-1, -21, -22, -30, -33) were predomi-
nantly expressed in green siliques. Two genes were expressed
predominantly in stems (XTH-24, -32) and two in flower buds
(XTH-3, -9). No XTH gene specifically expressed in leaves was
identified in the present study.

We also quantified gene-expression levels in whole 12-
day-old Arabidopsis seedlings, which had been treated with var-
ious plant hormones (Fig. 4). RNA levels of all of the XTH
genes, except XTH-29 (XTR13), were successfully estimated.
Although we could not quantify the level of XTH-29 (XTR13)
mRNA because the expression level of this gene was low, XTH-

29 transcripts were detected by prolonged PCR amplification.
The data indicate that the expression of several XTH

genes is regulated by plant hormones. The expression of four
genes (XTH-3, -17, -22, -23) was remarkably up-regulated by
both auxin and brassinolide. Auxin also significantly up-regu-
lated the expression of XTH-19, whereas brassinolide only up-
regulated XTH-4 (EXGT-A1) and XTH-5 (EXGT-A4). Gibberel-
lic acid significantly up-regulated the expression of XTH-23
(XTR6). It should be noted that XTH-23 (XTR6) expression was
also up-regulated by abscisic acid. On the other hand, the
expression of some XTH genes was down-regulated by plant
hormones: the transcripts of XTH-15 (XTR7) and XTH-21
(XTR17) were drastically reduced by auxin, whereas gibberellic

Table 2 Gene-specific primer pairs used for real-time RT-PCR

Serial no.
for XTH
gene

Forward primer Reverse primer

1 5�-CGTACTGGTGGAATACTGGGAGTT-3� 5�-TTGGAGGAACATGGAATCTAACCTTA-3�
2 5�-CCTATGCTCCATTTAAGGCTCAA-3� 5�-CATTATTGCTCTGACCATTTACGTG-3�
3 5�-AATTACTGCTTACGAGTTACAAGAGAAGAG-3� 5�-TCTTATTTATCTTCTGCAATCATATAAAAACA-3�
4 5�-GAACAATGGCGTCGTCTCAA-3� 5�-CCCTTTTACATTCAGCTGGCATA-3�
5 5�-ACCAGTACAAGCGTCTCAAATGG-3� 5�-AAAAATCACTATATGTCGCGGTCTCT-3�
6 5�-CCAACCTTTTGTCCATCGAACC-3� 5�-TACTCTAACCCACCGGTAACGT-3�
7 5�-AGTGCGTACCACCAGTTGAGTC-3� 5�-GGTGGAACAGGAAAACGAGATTT-3�
8 5�-TTTGTTTTGAGTGTATTAAAGTGGAAATG-3� 5�-ATAAATAAACAGAGGATATAGTCCATAACAAAAT-3�
9 5�-ACCAACTGTCTCTGAGCTTAGCCT-3� 5�-ATGATGTTGGCACTCAAGAGGA-3�

10 5�-ACAAGAGTGCAAAAGAGATGGTTTAAA-3� 5�-CGGTAGCTTGTTATTGAACCTTCC-3�
11 5�-CACTGTACCTAAACGCAAGGAAGAC-3� 5�-TGAGGCACCTTTGGATACGC-3�
12 5�-TGTGGACTACACTTAATTCAAATCAGCT-3� 5�-GTTGAGGTTGCATTCAGTGGGT-3�
13 5�-TGTGGACTACCCTTAACTCAAATCAGTA-3� 5�-GTTGAGATTGCATTCCGTAGGC-3�
14 5�-ATTTTAAGAGATTCCCTCAAGGCC-3� 5�-CATGTAATATCGTATCTCAGAAACACCA-3�
15 5�-GAAGTCCAGAGTCTGATGAACACATATTA-3� 5�-CCAGGAATGCTTTATTGATCTTGAC-3�
16 5�-AAGAAGATTAAGATGGGTTCAGAAGTATTTT-3� 5�-TGCACTAAACAACAACAAAGAGAGAAT-3�
17 5�-ATGGGCTAATGGAAAATCATCTTGTT-3� 5�-TACTTTGCACACCTTTCATTCTTGTC-3�
18 5�-GTGCAGTTAAATTGTTGATTCTTTGATAC-3� 5�-GAGCAACAAATGAATGAATGATAAAAATATGTAAG-3�
19 5�-TGCAGCTAAATGATTGATTCTTTGAT-3� 5�-CCATTGAGTTACAAAGACAACGCAA-3�
20 5�-TAATCACGTGGCATTGTCTTTGTA-3� 5�-AATTTATTTAGCGCAAATACTCAGCTAG-3�
21 5�-GATGGATTCTTCAAGCAAGAAAGTT-3� 5�-ACAGGCAAACCATTAGAGAATCG-3�
22 5�-CTAAAGAGTGCTTAGCTGCATAGAGAGA-3� 5�-CAAATCAATAAAATTCACGTGATCTACAA-3�
23 5�-CAAGAACAGATGAGATGGGTACAGAAT-3� 5�-CGCAGCTAAGCACTCGCGT-3�
24 5�-TGAATGCTCTGTTTATAGCTTGTCTATTATG-3� 5�-ACACATCATTTCCTTTATTGGACAAAGAT-3�
25 5�-CGAGAATTAATGTGTGATCCGAAA-3� 5�-CGCCCATTTTATTATGAGAATATCTACA-3�
26 5�-AGCTGACGAAGATGCAAAAGATAA-3 5�-CATTCCGGAGGCATAACACCT-3�
27 5�-GATTTGGCGGCATTCCG-3� 5�-CCCATACTATTTTGCCTAT-3�
28 5�-TGGCATTTTCTGTCTTGTATAGGAATA-3� 5�-AACGATAATGTTCATAAAATGGAGGAA-3�
29 5�-TAAAGTTTGGTGGTAGTCATCCTAA-3� 5�-GATACAACCGGCGTAGACCG-3�
30 5�-TGAGAGTGATCCTGACGACAGAA-3� 5�-GCCCAAAGGCCTATCAAATTTATC-3�
31 5�-ACATACATGAATAATGGGTCT-3� 5�-CTTTTCTTTTTAATCTCAAATCATAGAGGA-3�
32 5�-CATACCGTTCTGGCGGATTAA-3� 5�-CTTTGCAATAATTGTATACCATACTATGTG-3�
33 5�-GCCACGTTGTCGAAGAATCAG-3� 5�-ATGACTTTGTATCTTGGCTTATCACTG-3�
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acid significantly reduced the expression of XTH-26 (XTR18).
The expression of XTH-5, XTH-12, and XTH-13 was strongly
repressed by abscisic acid. Thus, individual members of the
XTH gene family respond differently to different plant hor-
mones. No close correlation was found between the tissue-
specific expression and the responses to plant hormones of
individual members of the XTH genes.

Strictly speaking, the Arabidopsis genome database is not
completed at present. Therefore, the BLAST search used to
assess the specificity of primer sets for RT-PCR may be insuffi-
cient to eliminate completely the possibility of non-specific or
misamplification of gene fragments. To completely eliminate
false RT-PCR amplification, sequencing of all PCR products
will be necessary. In the present study, we examined the RT-
PCR products by their sizes on a polyacrylamide gel, but did
not sequence them. The protocols used to confirm the RT-PCR
primer sets could be improved greatly to eliminate incorrect
RT-PCR amplification.

The Arabidopsis EST database provides information on
the frequency and occurrence of individual XTH cDNAs in
several libraries, invaluable information that indicates the lev-
els and sites of expression of individual XTH genes (Table 1).
The XTH genes whose transcripts are expressed at high levels
are found frequently in the database (e.g. XTH-4 and -24),
whereas those expressed at low levels are rarely found in the
database (e.g. XTH-29). Four genes, XTH-14, XTH-20, XTH-
18, and XTH-19, which show strict root-specific expression,
are found only in libraries derived from roots or plant parts
including roots. Thus, the results of the present study are con-
sistent with the EST database.

Discussion

Our results indicate that the XTH genes are expressed in
specific organs. Some members are predominantly expressed in
roots, others in the stems, flower buds, or siliques. Moreover,
in situ hybridization analysis has demonstrated that XTH-4
(EXGT-A1) and XTH-27 (EXGT-A3), which are expressed in
most organs, exhibit distinct cell-specific expression within the
various organs (data not shown). Furthermore, the responses of
individual members of the XTH family to plant hormones were
quite different. It should be noted that no significant correla-
tion was found between organ-specific expression and
responses to hormonal signals. On the contrary, XTH genes
with identical organ-specific expression patterns responded
quite differently to hormonal stimuli. These facts indicate that
most members of the XTH family in Arabidopsis are quite dis-
tinct from each other in their modes of expression.

Although the XTH genes have diversified expression pro-
files, the predicted structures of the enzymes encoded by this
gene family seem to have remained fairly constant. The evolu-
tion of multigene families has been explained as a process that
involves the acquisition of new enzymatic properties. In this
process, some genes remain unchanged, maintaining their orig-

inal functions, while others diversify in function through evolu-
tionary selection (Pichersky 1990). The catalytic plasticity of
enzymes within a multigene family has been shown to contrib-
ute to the evolution of metabolic diversity in plants (Richmond
and Somerville 2000, De Silva et al. 1993). The members of
the XTH gene family have undergone some degree of diversifi-
cation in their amino acid sequences. In XTH-9 (XTR16) and
XTH-11, alterations of the amino acid sequence are found
within the catalytic domain (Nishitani 1997, Campbell and
Braam 1998, Yokoyama and Nishitani 2000). To date, two
extreme types of enzymatic activities have been demonstrated
for the XTHs: transferase and hydrolase activities (Nishitani
and Tominaga 1992, Campbell and Braam 1998, De Silva et al.
1993). Nevertheless, the extent of diversification in the enzy-
matic functions of this gene family is much less than the diver-
sity of expression patterns. Therefore, the diversification by
duplication of the XTH gene family is more closely associated
with specialization of organ-specific expression and respon-
siveness to hormonal signals than to variation in enzymatic
functions.

The present study revealed that XTH-14 (XTR 9) on chro-
mosome 4 and XTH-12 and XTH-13 located in tandem on chro-
mosome 5 might have been generated by genome duplication
processes (Yokoyama and Nishitani 2000). The three duplicates
exhibit the same organ-specific expression profiles in that they
are expressed specifically in the roots (Fig. 3), but respond dif-
ferently to hormonal stimuli, particularly to auxin (Fig. 4). This
means that the duplication of these three genes has resulted in
the acquisition of new hormonal regulatory systems for the
XTH gene family in roots. The present study also indicates that
XTH-23 (XTR6) and an ancestral gene for XTH-22 (TCH4)
were generated by the same large-segment duplication. Despite
their close relationship, the two genes exhibit different expres-
sion patterns in terms of both tissue specificity and hormonal
responsiveness. This diversification may have been caused by
the acquisition of a particular gene-regulatory system for the
XTH-22 (TCH4) gene, i.e. quick responses to mechanical sig-
nals (Medford et al. 1991, Xu et al. 1996). These results all
support our hypothesis that gene duplication has increased the
diversity of the gene expression patterns within the XTH gene
family.

From the standpoint of gene diversification, it is notewor-
thy that gene duplicates share common aspects of gene expres-
sion, particularly common organ-specific expression profiles
(cf. Fig. 1a and Fig. 3b). By comparing the 5�-flanking regions
of several suites of these duplicates in the XTH family, we
found common nucleotide sequences conserved among them.
Given that the conserved regions must have derived from the
promoter region of the common ancestral gene, it is quite likely
that they function as the cis-acting regions regulating the com-
mon expression profile conserved in the duplicates. Several
pairs of gene duplicates contain matching sequences ranging
over about 100 base pairs (Fig. 2). Since the target site of the
trans-acting factor is anticipated to consist of several base
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pairs, these long conserved regions may contain not only a
suite of cis-regulatory elements, but their boundary regions.
This may imply a biologically indispensable role for the
boundary regions of individual cis-elements, regions that do
not directly interact with trans-acting factors.

XTH-28 (XTR2) and XTH-27 (EXGT-A3) possess com-
mon sequences of about 100 nucleotides in their promoter
regions (Fig. 2), and their gene expression profiles are similar
in that they are expressed in all five organs (Fig. 3). Prelimi-
nary experiments using in situ hybridization indicate that the
two genes exhibit similar cell-type-specific expression (data
not shown). Therefore, by comparing sequence similarity and
common expression patterns among these duplicates, it may be
possible to identify candidates for cis-regulatory regions
responsible for such cell-type-specific expression.

Despite numerous studies to determine the methodology
most useful in identifying cis-regulatory elements and, hence,
the corresponding trans-acting factors, the many methods
invented and improved on thus far require skillful and labori-
ous experiments, and results are not always reliable. In this
study, we have identified several sets of promoter regions that
were generated by gene duplication and are conserved among
genes with common features in their expression profiles. Com-
parative expression analysis of these genes containing con-
served promoter regions allowed us to identify candidate
regions for cis-acting elements involved in certain types of
gene expression. We have not examined the real functions of
these putative cis-acting elements, and functional analyses will
be necessary. Nevertheless, the close correlation between the
conserved sequences and the expression profiles implies that
this approach is a promising new tool for the identification of
cis-acting regions and, hence, of trans-acting factors for mem-
bers of multigene families. The present study also demon-
strates the usefulness of real-time RT-PCR for comprehensive
expression analyses of large gene families, which are character-
istic of plant genomes.

Materials and Methods

Plant material
Seeds of A. thaliana (L) Heynh. ecotype Columbia were sown

and grown on rock wool moistened with MGRL medium (Tsukaya et
al. 1991), or sterilized, germinated, and grown on solid Murashige and
Skoog (MS) medium (Murashige and Skoog 1962) supplemented with
3% sucrose at 22�C under continuous illumination at 100 �mol m–2 s–1.
Fully expanded rosette leaves (the sixth to eighth leaf), stem sections
(the first phytomer), flower buds, and green siliques were dissected
from 4-week-old plants grown on rock wool for the analysis of organ-
specific expression profiles. Roots were prepared from 2-week-old
plants that had been grown on solid MS medium. These organ sam-
ples were frozen in liquid nitrogen and their RNA extracted according
to a conventional sodium dodecyl sulfate (SDS)–phenol protocol. For
the analysis of hormonal responsiveness, plants were grown for 11 d
on solid MS medium, then transferred to Petri dishes containing 20 ml
liquid MS medium. After a 16-h preincubation, the liquid MS medium

was replaced with 20 ml fresh MS medium containing 1 �M indole-3-
acetic acid, 1 �M brassinolide, 1 �M gibberellic acid (GA3), or 1 �M
abscisic acid. Fresh MS medium containing no hormone was used for
the control. After 2 h incubation, the seedlings were frozen in liquid
nitrogen and their RNA extracted.

Oligonucleotide primers
The oligonucleotide primer sets used for real-time RT-PCR anal-

ysis were designed primarily on the basis of the 3�-untranslated regions
(UTR) of individual genes, the sequences of which were confirmed by
checking through the GenBank Arabidopsis EST (http://arabidopsis.org/
blast/) database (Table 1). For genes that were not found in any EST
database, the 3� terminal sequences of the predicted coding regions
were used. From these 3� regions of individual genes, the reverse prim-
ers were first designed using Primer Express software (Perkin-Elmer
Applied Biosystems, Foster City, CA, U.S.A.) in such a way that no
primer shared more than 70% identity with any other XTH gene,
especially at the 3� end of the primer. Where an appropriate primer
sequence could not be found, we chose a sequence that would
minimize sequence similarity between primers at their 3� ends. We
designed forward primers in a similar manner, after the reverse primers
had been designed. We then tested the gene-specificity of these primer
sets by three independent procedures. First, we conducted BLAST
searches in the Arabidopsis database (http://www.kazusa.or.jp/kaos/)
for each primer sequence to confirm that no other sequences in the
Arabidopsis genome were similar to any primer. Second, we exam-
ined the specific PCR amplification procedures by monitoring the dis-
sociation curves during the real-time PCR reactions using the ABI
Prism 5700 Sequence Detection System (Perkin-Elmer Applied Bio-
systems). Finally, we separated individual PCR products by acryla-
mide gel (6%) electrophoresis, and examined the size and homo-
geneity of PCR products after staining with ethidium bromide. The 33
primer sets finally used for real-time RT-PCR are shown in Table 2.

Preparation of DNA standards for real-time RT-PCR
Total RNA was extracted from Arabidopsis tissue specimens

from all of the plant organs by an SDS–phenol procedure. cDNA was
synthesized from these RNA preparations by priming with oligo(dT)20

using ReverTra Ace-�-™ (Toyobo, Japan). This cDNA was used as
the template for PCR amplification of the 33 genes of the XTH family
using the gene-specific primer sets. Each gene fragment thus ampli-
fied was purified by agarose gel electrophoresis, and its molar concen-
tration was calculated from its absorbance at 260 nm and the number
of base-pairs in the fragment. These individual cDNA preparations for
the 33 XTH genes, of known molar concentrations, were used as the
standards for quantitative real-time RT-PCR.

Quantitative real-time RT-PCR
Quantitative RT-PCR was performed using the SYBR Green RT-

PCR Reagents kit in the ABI Prism™ 5700 Sequence Detection System
(Perkin-Elmer Applied Biosystems) with a GeneAmp 9600 PCR ther-
mocycler, according the protocol provided by the supplier. The reac-
tion mixture contained 100 ng total RNA 1� SYBR Green PCR Master
Mix, 0.4 units RNase inhibitor, 0.25 units MultiScribe reverse tran-
scriptase, 50 nM forward primer, and 300 nM reverse primer in a 25 �l
solution. Reverse transcription was initiated at 48�C for 30 min fol-
lowed by inactivation of the reverse transcriptase at 95�C for 10 min,
and then by PCR (95�C for 15 s, 60�C for 1 min) for 40 cycles. RT-
PCR experiments were conducted in triplicate, and the mean copy
numbers of individual mRNA species were estimated using the stand-
ard cDNA preparations of known molar concentrations.

http://arabidopsis.org/
http://www.kazusa.or.jp/kaos/
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