A Single Base Change Altered the Regulation of the Waxy Gene at the
Posttranscriptional Level During the Domestication of Rice
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The rice waxy (wx) locus has two functional aleles, W& and WxP, which are defined by a large difference in the
amount of the gene product, called Wx protein, that accumulates in mature seeds. To elucidate the molecular
mechanism underlying this difference and to identify the base change causing the alteration of the regulation of the
Wx gene during rice evolution, we determined the nucleotide sequences of the regulatory region of Wx alleles and
analyzed their function in a transient assay system using rice protoplasts. All Wx2 alleles from Oryza sativa Indica,
O. rufipogon, and O. glaberrima have a normal sequence of GT at the 5’ splice junction of the first intron,
representing a high expression level of the Wx transcripts in the endosperm and a high B-glucuronidase (GUS)
activity in protoplasts. On the other hand, Wx? alleles from two strains of O. sativa Japonica have TT at the 5’
splice junction, representing a low expression level of the mature transcripts and a low GUS activity. Northern blot
analysis also indicated that a larger transcript, consisting of the unspliced first intron, is closely correlated with the
function of the Wxb allele. These results suggest that a single base change at the 5’ splice junction causes inefficient
splicing and, as a result, reduces the level of mature transcript and the GUS activity in the Wx? allele. The WxP
alele in O. sativa Japonica may have been differentiated from the Wx2 allele of O. rufipogon, its wild progenitor,
by this mutation, and, therefore, a single base change that has atered the regulation of the Wx gene at the post-

transcriptional level probably occurred during the domestication of rice.

I ntroduction

Recent studies in molecular evolution have been
focused on the importance of gene regulation (Inomata
et a. 1995; Britten 1996). Expression of genes is reg-
ulated in various ways, such as temporally, spatially, and
developmentally. Responses to environmental stimuli or
changes are also a key feature of gene regulation. Mo-
lecular mechanisms for such regulations at the transcrip-
tional level have been studied in many organisms and
an enormous number of cis and trans factors have been
identified. Posttranscriptional processes, such as intron
splicing and translational processing, have also been
shown to play important roles in the regulation of gene
expression.

In spite of the accumulating knowledge of gene
regulation in individual organisms and its importance in
evolution, there have been few studies on the evolution
of regulatory mechanisms. Insertion of DNA sequences,
such as retrotransposons or Alu sequences, during evo-
lution has been shown to affect the transcriptional con-
trol of the adjacent genes (for a review, see McDonald
1993 and Britten 1996). For example, the insertion of a
retroviral sequence changed the tissue-specific expres-
sion of an amylase gene from the pancreas to the sali-
vary glands after the duplication of the gene, which was
originally expressed in the pancreas (Samuelson et al.
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1990; Ting et al. 1992). However, in addition to such
insertions of transposable elements, minor base changes
in critical locations should also lead to alterations in the
regulation of gene expression. Compared with the pro-
tein-coding regions, promoter regions responsible for
gene regulation have not always been conserved among
organisms, even among closely related species. This of-
ten makes it difficult to identify minor mutations (base
substitutions, insertions, or deletions) that have led to
alterations in gene regulation during evolution.

Domestication of plants and animals is regarded as
short-term evolution. Since sequence divergences during
such processes should be small, even in rapidly chang-
ing regions such as the regulatory regions, the key base
changes altering gene regulation may be easily detected
by comparing the domesticated rice with its wild pro-
genitor. Therefore, if we focus on characteristic features
in domesticated species, we may be able to identify reg-
ulatory changes and address evolutionary mechanisms
of gene regulation.

The evolution of the genus Oryza, rice, has been
well studied (Oka 1988; Morishima, Sano, and Oka
1992). Oryza sativa is domesticated rice that originates
in Asia. Oryza sativa is classified into three types, Ja
ponica, Indica, and Javanica, which are derived from an
ancestral wild rice, O. rufipogon, widely distributed in
South Asia. Another type of cultivated rice, O. glaber-
rima, is evolved from wild rice, O. barthii, both of
which are endemic to west Africa

The Waxy (WX) gene, which controls amylose syn-
thesis in endosperm and pollen, has been well studied
in rice (Sano 1984; Hirano and Sano 1991; Sano, Hir-
ano, and Nishimura 1991; Hirano et al. 1994; Sano, Ei-
guchi, and Hirano 1994; Wang et al. 1995; Hirano, Ei-
guchi, and Sano 1996; Itoh, Nakajima, and Shimamoto
1997) and in maize (Nelson 1962; Marillonnet and Wes-
der 1997). The regulation of the rice Wx gene is char-
acterized by two functional alleles which are defined on
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the basis of the amount of Wx protein that accumulates
in the mature seeds (Sano 1984). The allele that controls
the production of lower amounts of Wx protein is Wx?,
which is mainly distributed in O. sativa Japonica. The
other allele, W3, produces levels of Wx protein about
10-fold higher than WP and is widely distributed in do-
mestic rice, including O. sativa Indica, O. glaberrima,
and their wild progenitors. The evolutionary relation-
ships of the species in the genus Oryza indicate that Wix?
in O. sativa Japonica has evolved from Wx@ of O. rufi-
pogon (Sano 1984; Sano, Hirano, and Nishimura 1991).
Previously, posttranscriptional regulation has been sug-
gested as the cause of the quantitative difference in Wx
protein between Wx2 and WxP alleles of cultivated rice
(Okagaki 1992; Wang et al. 1995).

What kind of mutation was required for the differ-
entiation of WxP of O. sativa Japonica from Wx2 of O.
rufipogon during domestication? Here we report a key
sequence responsible for the quantitative difference in
gene regulation of Wx2 and Wx? and a sequence change
required for the differentiation of the Wx? allele during
rice evolution.

Materials and Methods
Plant Materials

The plant materials used were the Japonica type of
O. sativa (T65, Taichung 65 from Taiwan; N8, Norin 8
from Japan) and three congenic lines of T65 carrying
different Wi aleles. The congenic lines carry the Wx
aleles from the Indica type of O. sativa (Patpaku from
Taiwan), O. rufipogon (W593 from Malaysia), and O.
glaberrima (W025 from Guinea), respectively. These
congenic lines were established by backcrossing more
than 10 times.

Cloning, Sequencing, and Plasmid Construction

General recombinant DNA techniques were carried
out as described in Maniatis, Fritsch, and Sambrook
(1982). The BamHI fragment containing the upstream
sequence of the Wx gene isolated from O. sativa Japon-
ica (T65) was subcloned into Bluescript*SK from the
genomic A clone (A\T65-2) as described previously (Hir-
ano and Sano 1991). The nuclectide sequence was de-
termined by the dye primer method (Perkin-Elmer). The
upstream DNAs (about 2.8 kb) of the Wx gene were
amplified using an LA amplification kit (Takara) in O.
sativa Japonica (T65 and Norin8), O. sativa Indica (Pat-
paku), O. rufipogon (W593), and O. glaberrima (W025).
The primers used were as follows: PD11, CTA-
AGCTTGCCGAGGGACCTAATCTGC (including an
additional Hindlll site at the 5 end) and PU11,
GTCCCGGGTTGTCTAGCTGTTGCTG (including an
additional Smal site at the 5 end). Amplified DNAs
were cloned into the Hindlll and Smal sites of pHIR16,
which had a promoterless GUS gene derived from
pBI221 (after removal of the 35S promoter) in pUC19.
The nucleotide sequence of the upstream DNA, except
for that from T65, was determined by the dye terminator
method (Perkin-Elmer) with various primers in the pre-
viously determined Wx upstream sequence of T65. Chi-
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meric plasmids were made using restriction enzyme
sites. For use of the Clal site, which was indigestible
because of methylation, Escherichia coli strain GM2163
(dam~) was used as a host.

Northern Blot Analysis

RNA was isolated from developing seeds (10 days
after planting [dap]) as described in Naito, Dube, and
Beachy (1988), and Northern blotting was conducted
following the protocols described by Maniatis, Fritsch,
and Sambrook (1982). Hybridization was carried out
with the rice Wx cDNA labeled with 32P as a probe. As
a control for the blot, the membranes were reprobed
with rice rDNA (Sano and Sano 1990) after removal of
the Wx cDNA probe.

Transient Assay

Transient assays were carried out using protoplasts
isolated from rice suspension cultures (Oc line; Baba,
Hasezawa, and Syono 1986) essentially as described by
Izawa et a. (1994). Various plasmids (20 ng) were in-
troduced into protoplasts (5 X 10%/ml, 0.5 ml) by elec-
troporation (180 mV, 30 ms, 500 wF) with a Transfector
300 (BTX). Each construct was analyzed in triplicate.
After culture of the cells for 42 h with Oc nurse cells
using aminicell (Falcon), protein extracts were prepared
from the protoplasts. B-glucuronidase (GUS) activity
was quantitated by measuring the production of 4-meth-
ylumbelliferone by the standard protocol of Jefferson,
Kavanagh, and Bevan (1987).

Results
Northern Blot Analysis

The alleles at the wx locus, W@ and WxP, were
initially defined on the basis of the amount of Wx pro-
tein that is contained in the mature seed (Sano 1984).
Seeds with Wix2 contain levels of Wx protein about 10-
fold higher than those with WxP. To examine whether
this quantitative difference is regulated at the mRNA
levels, we carried out Northern blot analysis using one
alele of WP from O. sativa Japonica (T65) and three
aleles from O. sativa Indica, O. rufipogon, and O. gla-
berrima. All rice strains with W2 analyzed were con-
genic lines, in which each wx locus was introduced from
the original strains into the genetic background of O.
sativa Japonica (T65).

Total RNA was isolated from developing seeds (10
dap) and analyzed by Northern blot using the Wx cDNA
probe. The result clearly indicated that the steady-state
levels of the mature transcript from rice with Wx2 were
much higher than those from rice with Wx? (fig. 1A). In
addition to the mature transcript, an extra band was de-
tected in the lane of O. sativa Japonica (fig. 1B). This
band corresponds to the precursor of Wx transcripts,
which contains the unspliced first intron in the region
upstream of the ATG codon (fig. 2A), as pointed out
previously (Okagaki 1992; Wang et al. 1995). The extra
band was not detected in the lanes of rice with Wxa
These results suggested that the regulation underlying
the quantitative difference between Wx2 and WxP was at
the transcriptional or posttranscriptional level.
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Fic. 1.—Northern blot analysis of the Wx gene. RNA wasisolated
from developing seeds (10 dap) of Oryza sativa Japonica (T65, WxP)
and congenic lines (genetic background, O. sativa Japonica T65). Total
RNA (10 p.g) was analyzed using the rice Wi cDNA as a probe. Closed
triangles indicate the mature Wx transcript of 2.4 kb and open triangles
indicate the intermediate transcript containing the unspliced first intron.
(A) Northern blot of RNA from O. sativa Japonica (T65, Wx?) and
congenic lines. The origin of Wx aleles is as follows: 1, O. sativa
Japonica (T65, WxP); 2, O. sativa Indica (Wxd); 3, O. rufipogon (Wx3);
and 4, O. glaberrima (Wx®. The lower panel shows the control for the
blot using the rice rDNA as a probe. (B) Northern blot of RNA from
O. sativa Japonica (T65, WxP) obtained by long exposure.

Sequence Comparison

To find the sequences responsible for the quanti-
tative difference between W@ and WxP, we determined
the nucleotide sequences of the regulatory region of the
Wi alleles using O. sativa Japonica (T65) and O. sativa
Indica, because the two strains were closely related and
mutations unrelated to the quantitative difference are ex-
pected to be small (fig. 3). The sequences determined
were mainly composed of two regions, the promoter re-
gion (P region) and the intron region (I region) contain-
ing the first intron flanked by the 5’ untranslated region
(UTR). The structure of this region is schematically de-
scribed in figure 2B.

No large insertions/deletions or inversions were
found between Wx2 and WxP. The most evident differ-
ence was in the size of microsatellite DNA (TC repeats)
located in the 5" UTR. The other differences were sub-
gtitutions or deletions of one or two bases. The number
of base changes, only 27 changes out of 2776 bases
compared, was small. There seemed to be no significant
difference in the number of changes between the P and
| regions. Thus, the sequence comparison suggests that

one (or some) of the base changes between Wxa and WxP°
greatly affect the expression level of the two alleles.

Transient Assay

To identify which base change is responsible for
the quantitative regulation of Wx@ and Wx? alleles, we
examined the function of the DNA in the P and | regions
(P-I DNA) using a transient assay system on rice pro-
toplasts. P-I DNAs from Wx2 of O. sativa Indica and
WP of O. sativa Japonica (T65) were fused to the GUS
gene as a reporter, and were introduced into protoplasts
by electroporation. After 2 days of culture, GUS activ-
ity, which was monitoring the function of the two Wx
aleles, was measured. It should be noted that the P-
DNA and I-DNA in the plasmid constructs did not ex-
actly correspond to the P and | regions, respectively. P-
DNA was defined as the DNA fragment between the
PmaCl and Pstl sites, including the transcriptional ini-
tiation site, and I-DNA was defined as the fragment be-
tween the Pstl and Smal sites (derived from the linker
added at position 2776).

First, WJ40 and WI40, which contained the entire
region of P-I DNA from both alleles, were analyzed in
this system (fig. 4A). The construct WI140 had much
higher GUS activity than did the construct WJ40. This
result raised the possibility that base changes responsi-
ble for the quantitative regulation among Wx alleles can
be identified using this transient assay system.

Next, to find the region responsible for the higher
activity of the Wx@ allele, we made a series of WI con-
structs (WI140-W146), in which part of the P-DNA was
sequentially deleted from the upstream region (fig. 2C).
Although WI146, which lacked the entire portion of the
P region, showed very low GUS activity, W45, which
contained only a short segment of P-DNA (120 bp),
showed activity that was as high as that of WI140, the
original construct (fig. 4B). There was only a slight dif-
ference in this short region: one unit of the GA repeat
was deleted in Wx@ (Indica) (fig. 3). Furthermore, WI50,
which had almost the entire length of P-DNA but lacked
[-DNA, showed activity that was as low as that of W146
(fig. 4B).

Identification of a Key Seguence Responsible for the
High Activity of the Wx2 Allele

The above results indicated that an ordinary anal-
ysis that used the clones derived from the simple dele-
tion of a ‘‘strong promoter’” was not able to identify the
element responsible for the high activity of Wxa. Fur-
thermore, the results of the experiment using WI150 also
indicated that I-DNA played an important role in the
normal high activity of Wx2 Therefore, we constructed
the chimera P-I DNA, in which the original I-DNA was
replaced by the I-DNA from the other alele (fig. 2C,
PJ3P and PI43P). The results of the transient assay
showed that PJ43P containing I-DNA from Wx2 had an
activity that was as high as that of W143 (fig. 4C). This
clearly demonstrated that I-DNA, but not P-DNA, from
Wx@ (Indica) contains a key sequence for the high activ-
ity of Wi
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FiG. 2.—Schematic representation of the Wx gene structure and DNA constructs used for the transient assay. (A) The exon-intron structure
of the rice Wi gene. The boxes indicate exons, and the lines between boxes indicates introns. The line under the gene corresponds to the boxes
with dark gray color (I region) in fig. 2B. (B) The upstream structure of the Wx gene and the restriction enzyme map. The box with slashed
lines is the promoter (P) region and the boxes with dark gray color are the intron (1) region, consisting of the first intron (thin box) and the 5
UTR (thick boxes). The three numbers denote the nucleotide numbers as indicated in figure 3. (C) Constructs used for transient assay. The
boxes with dark gray indicate the DNA derived from Wx? (Japonica), and the boxes with light gray indicate the DNA from W@ (Indica). The
regions lacking DNA sequences are shown as solid lines. The dashed vertical lines indicate the position of the 5" and 3" splice junctions of the

first intron.

To identify the base changes in I-DNA responsible
for the quantitative difference between W2 (Indica) and
WxP (Japonica), we made various chimeric constructs as
indicated in figure 2C (PJ43N-QI43C) and analyzed
them in the transient assay system. We found that the
constructs that showed high GUS activity, such as
WI143, included the DNA fragment (145 bp) between the
Pstl and Clal sites derived from Wx2 (Indica) (fig. 5).
Thus, we concluded that a key element for the high ac-
tivity of Wx2 was present at the 145-bp region between
the Pstl and Clal sites, which was located downstream
of the transcriptiona initiation site.

Two sequence differences between Wx2 (Indica)
and WP (Japonica) were found in this 145-bp region:

the number of TC repeats (microsatellite DNA), as men-
tioned earlier, and a single base substitution at the 5’
splice junction of the first intron (figs. 3 and 6). Judging
from the GT-AG rule for RNA splicing (Breathnach and
Chambon 1981; Mount 1982), W2 has the normal se-
guence (GT) of the 5’ splice junction, but Wx? has a T
in place of the G.

Identification of a Base Change Responsible for the
Differentiation of the WxP Allele During Rice
Evolution

Since the DNA region responsible for the quanti-
tative difference between Wx2 and WxP was shown to be
restricted to the narrow region, we anayzed the regu-
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wi4e
WI40

GCCGAGGGACCTAATCTGCACCGGTTTTAATAGTTGAGGGACCCGTTGTATETGGTTTTG 60
GCCGAGGGACCTAATCTGCACCGGTTTTAATAGTTGAGGGACCCGTTGTATATGGTTTTG 60

L *
CGGTTGAAGGACGGAAATTGGATTTATTGACAAGTCAAGGGACCTTAGATGARCTTATTC 120
CGGTTGAAGGACGGAAATTGGATTCGTTGACAAGTTAAGGGACCTTAGATGAGCTTATTC 120

CTTTTTATATTTGCACAGGCCTAATTTCAAGTCCAGCCCAGCTTTCTTCAGCCTGTTTGA 180
CTTTTTATATTTGCACAGGCCTAATTTCAAGTCCAGCCCAGCTTTCTTCAGCCTGTTTGA 180

TAATTCTCTCTAGCTTATTACAGCCGTGGGAGAGGAGATATACAGCTACAAGATTACAAG 240
TAATTCTCTCTAGCTTATTACAGCCGTGGGAGAGGAGATATACAGCTACAAGATTACAAG 240

* %
TCGATGTATACAGCAAACCCATGAGCTGATTGCCTGATTAGACG . . GTAAGAATGCATCC 298
TCGATGTATACAGCAAACCCATGAGCTGATTGCCTGATTAGACGCGGTAAGAATGCATCC 300

CTGAGAAGCAAAT GCATCACCAAATTTGTAGCTTAGATAAATGCTGTGACCTGCAAGAAA 358
CTGAGAAGCAAATGCATCACCAAATTTGTAGCTTAGATAAATGCTGTGACCTGCAAGAAA 360

* * *
ATAAAATTAAAAT CAAAATAAAAGAAAAGCGCAGGTAATTGACACCCCACGCATATAAGT 418
ACAAAATTAAAATCAAAAGAAAAGAAAAGCGCAGGTAATTGACACCCCACGCATACAAGT 420

GTAGAT;CATAACACGTTCATCTAATCATCTTAATTAGACTTAGGTAAAACTACAATGAG 478
GTAGATGCATAACACGTTCATCTAATCATCTTAATTAGACTTAGGTAAAACTACAATGAG 480

*
GTTTATGTCCTACGGAATGACGACAAGCTAGCAGCACAGAGGCACAGATCATATCGTCTC 538
GTTTATGTCCTACGGAATGACGATAAGCTAGCAGCACAGAGGCACAGATCATATCGTCTC 540

*
CAGACTCAAGTGCACGTTGATCGTTCGCTCACTGCTTCATCGATCATCCCTTTGTCGAGG 598
CAGACTCAAGTGCACGTTGATCATTCGCTCACTGCTTCATCGATCATCCCTTTGTCGAGG 600

CGTTAGTTGGCAGGCACTAATAGCTACAGTAAAGTAAAGAGCAACGTGCCAACGTACGCA 658
CGTTAGTTGGCAGGCACTAATAGCTACAGTAAAGTAAAGAGCAACGTGCCAACGTACGCA 660

CGCTAACGTGAGTCATGTAGCGTAATTCCAAGTTCTTTTTTTTITGTCAGCACGTACAAG 718
CGCTAACGTGAGTCATGTAGCGTAATTCCAAGTTCTTTTTTTTTTGTCAGCACGTACAAG 720

CAGCCGCTAGCCTCGCCCTGCAT GAGAAGCT CGCGGCGCGCCACCAAACTGGCAGGCACT 778
CAGCCGCTAGCCTCGCCCTGCATGAGAAGCTCGCGGCGCGCCACCAAACTGGCAGGCACT 780

CAGCTCGCTGCTGGTCCCGCACGTCGCCACACGATCGACGTACGCACGCGAGCGAGATCC 838
CAGCTCGCTGCTGGTCCCGCACGTCGCCACACGATCGACGTACGCACGCGAGCGAGATCC 840

ACCGATGGTTTACGCGTACGCCGACGGCTCACACATCCCCCGGTGCCCAACAGAAACCAC 898
ACCGATGGTTTACGCGTACGCCGACGGCTCACACATCCCCCGGTGCCCAACAGAAACCAC 900

ACACCACCCGCACGAAAAAAACCGAACCGCACGTGCGCGCGCGCTCCACGCACACCCCAA 958
ACACCACCCGCACGAAAAAAACCGAACCGCACGTGCGCGCGCGCTCCACGCACACCCCAA 960
PmaCI

ACAGACGGCACGGCGGGAGCGCGCGCGCGCACGCGAGCCGAGGAGAAAACAAACGGGGGA 1018
ACAGACGGCACGGCGGGAGCGCGCGCGCGCACGCGAGCCGAGGAGAAAACAAACGGGGGA 1020

AACAAGCTGGAAAAGCAAAAGGGGAAAAGAACGGAGCGGAGGCTTCACCCACGGCCACCG 1078
AACAAGCTGGAAAAGCAAAAGGGGAAAAGAACGGAGCGGAGGCTTCACCCACGGCCACCG 1080

CGACGCGCCACCAGCGTGCGGTGCAATGCAACGTACGCCAAGCCGAAACGGCAGGCAGCA 1138
CGACGCGCCACCAGCGTGCGGTGCAATGCAACGTACGCCAAGCCGAAACGGCAGGCAGCA 1140

TCGCGCACGCACGCACACACAGGCCACAGCACACGCGAGCGACGTACGCGAGTGCATGCA 1198
TCGCGCACGCACGCACACACAGGCCACAGCACACGCGAGCGACGTACGCGAGTGCATGCA 1200

GATGCATGCGCGGGGCTCGCGCGAGACCGGCCGATGGGTTCGCTTCTCTTCTCTCTCCCG 1258
GATGCATGCGCGGGGCTCGCGCGAGACCGGCCGATGGETTCGCTTCTCTTCTCTCTCCCG 1260

* *
TCCCGTTGCGTCGTCATAGACAAAAGTCGGTTTTGCTTTTGGTTTTTTGGCTCTGAGGCA 1318
TCCCGTTGCGTCGTCATGGACAAAAGTCGGTTTTGCTTTTGGTTTTTTGGTTCTGAGGCA 1320

CTGACGTGCGGGCCAGCGTACGCCTGCGTGCCCCGCATGTCATCGTCGACACCGGCCGGG 1378
CTGACGTGCGGGCCAGCGTACGCCTGCGTGCCCCGCATGTCATCGTCGACACCGGLCGGG 1380
Sall

**

GACCGGGTAAAATGTGTTGCGGGAGGGAGAGGGGGAGAGAGAGATCGCGCGGGCTTCACG 1438
GACCGGGTAAAATGTGTTGCGGGAGGGAGAGGGGGAGAGAGA . . TCGCGCGGGCTTCACG 1438

L
CAACGGCGCTACAAATAGCCACCCACACCACCACCCCCTCTCTCACCATTCCTTCAGTTC 1498
CAACGGCGCTACAAATAGCCACCCACACCACCACCCCCTCTCTCACCATTCCTTCAGTTC 1498

TTTGTCTATCTCAAGACACAAATAACTGCAGTCTCTCTETCTCTCTCTCTCTCICTCICT 1558

TTTGTCTATCTCAAGACACAAATAACTGCAGTCTCTCTETETETETCTCTCT . . . .. 1550
Pstl

Rk kK

CTCTCTGCTTCACTTCTCTGCTTGTGTTGTTCTGTTGTTCATCAGGAAGAACATCTGCAA 1618
...... GCTTCACTTCTCTGCTTGTGTTGTTCTGTTGTTCATCAGGAAGAACATCTGCAA 1604

*
Gttatacatatatgtttataattctttgtttccectcttattecagatcgateacatgeat 1678
Ggtatacatatatgtttataattctttgtttcccctettattcagatcgatcacatgecat 1664

* *%
ctttcattgctegtttttccttacaagtagtcteatacatgetaatttctgtaaggtgtt 1738
ctttcattgctegtttttccctacaa. . agtctcatacatgctaatttctgtaaggtgtt 1722

gggctggaacattaattaattaattaattgacttgccaagatccatatatatgtcctgata 1798
gggctggaaattaattaattaattaattgacttgccaagatccatatatatgtectgata 1782

ttaaatcttcegttegttatgtttggttaggetgatcaastgttattctagagtctagagaa 1858
ttaaatcttcgttcgttatgtttggttaggctgatcaatgttattctagagtctagagaa 1842

* *
acacacccaggggttttccaactagctccacaagatggtgggctagetgacctagatttg 1918
acacacccaggggttttccagctagctccacgagatggtgggctagetgacctagatttg 1902

* * * * *
aagtctcactccttataattattttatattagatcattttctaatattcgtgtetttttt 1978
aagtctcactctttctaottatttgatattagatcattttctaatatttgegtetttttt 1962

tattctagagtctagatcttgtgttcaactctegttaaatcatgtctcetegecactggag 2038
tattctagagtctagatcttgtgttcaactctegttaaatcatgtctctegecactggag 2022

aaacagatcaggagggtttattttgggtotaggtcaaagctaagattgaaattcacaaat 2098
aaacagatcaggaggatttattttgggtataggtcaaagctaagattgaaattcacaaat 2082

agtaaaatcagaatccaaccaattttagtagccgagttggtcaaaggaaaatgtatatag 2158
agtaaaatcagaatccaaccaattttagtagccgagttggtcaaaggaaaatgtatatag 2142

*
ctagatttattgttttggcaaaaaaanatctgaatatgcaaaatacttgtatatctttgt 2218
ctagatttattgttttggcaaanacaaa. tctgaatatgcaaaatacttgtatatctttgt 2201

attaagaogatgaaaataagtagcagaaaattaaaaaatggattatatttcctgggetaa 2278
attaagaagatgaaaataagtagcagaaaattaaaaaatggattatatttcctgggctaa 2261

*
aagaattgttgatttggcacaattaaattcagtgtcaaggttttgtgcaagaattcagtg 2338
oagaattgttgatttggcacaattaaattcagtgtcaaggctttgtgcaagaattcagtg 2321

tgaaggaatagattctcttcaaaacaatttaatcattcatctgatctgctcaaagetetg 2398
tgaaggaatagattctcttcansaacaatttaatcattcatctgatctgctcasagetetg 2381

tgeatctecgggtgcaacggccaggatatttattgtgeagtaaaaaaatgtcatatccce 2458
tgcatctecgggtgcaacggccaggatatttattgtgeagtanaaaaatgtcatatecce 2441

tagccacccaagaaactgetecttaagtccttataagecacatatggeattgtaatatata 2518
tagccacccaagaaactgctcecttaagtccttataageacatatggeattgtaatatata 2501

tgtttgagttttagcgacaatttttttaaaaacttttggtcctttttatgaacgttttaa 2578
tgtttgagttttagcgacaatttttttaanaacttttggtectitttatgaacgttttaa 2561

*
gtttcactgtcttttttttt. cgaattttaaatgtagcttcaaattctaatccccaatee 2637
gtttcactgtcttttttttttcgaattttaaatgtagettcaaattctaatccccaatee 2621

aaattgtaataaacttcoattctcctaattaacatcttaattcatttatttgaaaaccag 2697
aaattgtaataaacttcaattctcctaattascatcttaattcatttatttgaaaaccag 2681

ttcaaattcttttaggctcaccaaaccttaaacaattcaattcagTGCAGAGATCTTCCA 2757
ttcaaattcttttaggctcaccaaaccttaaacaattcaattcagTGCAGAGATCTTCCA 2741

CAGCAACAGCTAGACAACCACCE:gTCGGCTCTCACCACGTCCCAGCTCGCCACCTCGGC
CAGCAACAGCTAGACAACC

Fic. 3.—Nucleotide sequence of the P-I region of Wx? from O. sativa Japonica (T65; accession number AB008794) and Wx2 derived from
O. sativa Indica (accession number AB008795). The first intron is shown in lower case. Positions having different bases are marked by asterisks.
The double line shows putative TATA-like sequences, and the closed circle shows the transcriptional initiation site (K. Shimamoto, personal
communication). The tranglation initiation codon (ATG) is boxed. The sequences used as primers for DNA amplification are underlined.

latory region of the Wi genes from two other rice spe-
cies, O. rufipogon and O. glaberrima, and from another
cultivar (Norin 8) of O. sativa Japonica. The DNA
regions corresponding to P-I DNA were amplified from

the genomic DNA of each rice, and the nucleotide se-
quences of the 145-bp region were determined (fig. 6).
Each of the rice species carrying W2 (O. sativa Indica,
O. rufipogon, and O. glaberrima) had GT at the 5" junc-
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FiG. 4—GUS activity obtained in the transient assay. Plasmid
DNAs (20 ng) were introduced into protoplasts by electroporation.
After culturing them for 2 days, protein was extracted and GUS activ-
ity was measured. The bars indicate the average of GUS activity ob-
tained from tree-independent experiments carried out using the same
protoplast preparation.

tion site, while the two strains of O. sativa had TT at
the same site. On the other hand, the length of the TC
repeat of O. rufipogon was as long as that of the two
strains of O. sativa Japonica. This sequence comparison
revealed that the key sequence difference between the
function of Wx2 and Wx? was the single base change at
the 5’ splice junction, not the length of the TC repeat.
To test this hypothesis, we analyzed the function of PI-
DNA from these rice strains by the transient assay sys-
tem. All constructs showing high GUS activity were de-
rived from O. sativa Indica, O. rufipogon, and O. gla-
berrima, whose Wx genes have G at the 5’ splice junc-
tion (fig. 7). Thus, GT at the 5’ splice junction of the
first intron was coincident with the high GUS activity
analyzed by the transient assay (fig. 7), as well as the
high expression level of the transcripts found by North-
ern blotting (fig. 1).

It is possible that the normal sequence of the 5’
splice junction (GT) ensured the high expression levels
of the mature Wx transcript and the GUS activity of
fusion genes in protoplasts. A single base change from
G to T at this site in O. sativa Japonica may cause in-
efficient splicing and, as a result, the level of mature
transcript may be reduced (discussed below).
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Fic. 5—GUS activity obtained using the chimeric constructs con-
sisting of the DNA from Wx2 (Indica) and Wx? (Japonica). Experi-
mental conditions were the same as described in the legend for figure
4. Almost identical results were obtained from another independent
experiment using the same constructs (data not shown).

Effect of the First Intron on the Expression of the Wx2
and Wx? Alleles

To examine the above possibility and the effect of
the first intron on gene expression, we made the con-
structs, in which the first introns were partially deleted
(fig. 2C, WJI43ACS-WI43Ct). In WJI43ACS and
WI43ACS, the middle part of the first intron was delet-
ed, but the 5" and 3’ splice junction sites were intact.
WJH3Ct and WI143Ct lacked almost al the region of the
first intron and its 3’ junction site but contained aregion
around the 5’ junction site. The GUS activities of
WI43ACS and WI43Ct were reduced from that of the
original construct of WI43, and the extent of reduction
was greater in WI43Ct than in WI43ACS (fig. 8). This
result suggests that the sequences in the first intron have
positive effects on the expression of the Wx gene. On
the other hand, the GUS activity of WIJ3ACS was as
low as that of the original construct, WJ43. However,
GUS activity was recovered in WJ43Ct and was similar
to that of WI43Ct. Since WJH3Ct and WI43Ct lack the
3’ splice junction, it is plausible that the remaining se-
quences of the first intron in both constructs cannot be
recognized as an intron but can be recognized as 5’
UTR-like sequences by the splicing machinery. As a
consequence, the mutation at the 5’ junction site of
WJ3Ct may not affect the GUS expression analyzed in
the transient assay system. Thus, WJ43Ct and WI43Ct
showed similar GUS activities. Taking these results to-
gether, we concluded that the key ateration responsible
for the quantitative difference in the expression level of
Wxa and WxP was a single base change at the 5’ splice
junction of the first intron.

Discussion

We found that a single base change at the 5’ splice
junction of the first intron is responsible for the quan-
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0. sativa Japonica (T65)
Japonica (Norin8)

CTGCAGTCTC TCTCTCTCTC TCTCTCTCTC TCTCTCTCTC TGCTTCACTT CTCTGCTTGT
CTGCAGTCTC TCTCTCTCTC TCTCTCTCTC TCTCTCTCTC TGCTTCACTT CTCTGCTTGT

Indica CTGCAGTCTC TCTCTCTCTC TCTCTCTICT. .......... .GCTTCACTT CTCTGCTTGT

O. rufipogon
O. glaberrima

CTGCAGTCTC TCTCTCTCTC TCTCTCTCTC TCTCTCT. ... GCTTCACTT CTCTGCTTGT
CTGCAGTCTC TCTCTCTCTC TCTCTCTC. . ..o GCTTCACTT CTCTGCTTGY

GTTGTTCTGT TGTTCATCAG GAAGAACATC TGCAAGT[TAT ACATATATGT TTATAATTCT TTGTTTCCCC TCTTATTCAG ATCGAT
GTTGTTCTGT TGTTCATCAG GAAGAACATC TGCAAQTTAT ACATATATGT TTATAATTCT TTGTTTCCCC TCTTATTCAG ATCGAT
GTTGTTCTGT TGTTCATCAG GAAGAACATC TGCAAGGFAT ACATATATGT TTATAATTCT TTGTTTCCCC TCTTATTCAG ATCGAT
GTTGTTCTGT TGTTCATCAG GAAGAACATC TGCAAGGFAT ACATATATGT TTATAATTCT TTGTTTCCCC TCTTATTCAG ATCGAT
GTTGTTCTGT TGTTCATCAG GAAGAACATC TGCAAQGFAT ACATATATGT TTATAATTCT TTGTTTCCCC TCTTATTCAG ATCGAT

L—p= Intron 1

Fic. 6.—Comparison of the 145-bp sequence between the Pstl and Clal sites. Microsatellite DNA (TC repeats) is shown with a double
line, and bases at the 5’ splice junction site of the first intron are indicated with a box.

titative difference in the Wx gene regulation. This
change may have caused the differentiation of the WxP
alele from the Wx@ allele in the wild progenitor during
the domestication of O. sativa Japonica.

Wx gene expression is affected by other loci, such
as the du locus (Okuno, Fuwa, and Yano 1983; unpub-
lished data). Moreover, since the expression level of the
Wi transcript varies temporally through a wide range in
developing seeds (Hirano and Sano 1991), and since the
rate of seed maturation differs among species, this vari-
ation should be taken into consideration in comparison
of the transcript level. For these reasons, we carried out
Northern blot analysis using congenic lines to compare
the expression levels of the Wi transcript in developing
seeds. The results clearly indicated that lines with Wix2
from O. sativa Indica, O. rufipogon, and O. glaberrima
showed much higher levels of mature transcripts than
did O. sativa Japonica with WxP. Thus, the quantitative
difference in the amount of Wx protein in mature seeds,
which was the original criterion for allele definition
(Sano 1984), was shown to depend on the steady-state
level of mature transcripts. The presence of alarger ex-
tra band in WxP, which contains the unspliced first in-
tron, has been pointed out in the studies using rice cul-
tivars with different genetic backgrounds (Okagaki
1992; Wang et al. 1995). Therefore, there remained the
possibility that the extra band was produced not only by
the function of WxP but also depending on the genetic
background of O. sativa Japonica. Here, we were able
to demonstrate clearly that the extra band found in O.
sativa Japonica was closely related to the function of
the Wxb allele per se. Thus, we concluded that the splic-

0. sativa

Japonica (T6S) m
OJé;%tri}/cz (N8) W/////ﬁ

O. sativa
Indica

0. rufipogon

Q. glaberrima

0 10 100 1000

GUS activity (p mol/min/mg protein)

Fic. 7—GUS activity obtained using the P-I DNA derived from
two cultivars of O. sativa Japonica, O. sativa Indica, O. rufipogon, and
O. glaberrima. Experimental conditions were the same as described in
the legend for figure 4.

ing mechanism may not efficiently function in rice with
the WP allele.

We have found that the sequence responsible for
the high activity of Wx@ is located within the 145-bp
region downstream of the transcriptional initiation site.
This region contained two differences between Wx2 and
Wb, that is, the sequences at the 5’ splice junction of
the first intron and the length of the TC repeat. The
result of the transient assay using constructs with partial
deletions of the first intron (fig. 8) strongly suggests that
GT at the 5" splice junction is essential for the high
expression level in Wxa All Wx aleles with GT at the
5’ splice junction were associated with a high expression
level of the Wi transcript in the Northern blot analysis
and with a high GUS activity in the transient assay. On
the other hand, the size of the TC repeats of Wx2 (O.
rufipogon) is more similar to that of two Wx? alleles
(Japonica T65 and Japonica Norin8) than to that of Wx2
(Indica). Akagi et al. (1996) examined many rice culti-
vars and found that the sizes of the TC repeats were
highly polymorphic. Furthermore, the size distribution
was indistinguishable between O. sativa Japonica and
O. sativa Indica (H. Akagi, personal communication).
Moreover, our recent study indicated that two alleles of
W@ (Indica) had the same number of TC repeats (17 or
18) astwo alleles of WxP (17 or 18), while the sequences
at the 5’ junction were coincident with the type of alele
(G for Wxa and T for WxP). Taken together, these results
lead us to conclude that the base change at the 5’ splice

WJ 43
WJ 43ACS
WJ43 Ct

Wi43
W143ACS
W143Ct

0 10 100 1000

GUS activity (p mol/min/mg protein)

Fic. 8—GUS activity using constructs made to analyze the effect
of the first intron. Experimental conditions were as described in the
legend for figure 4.
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junction of the first intron might play a key role in the
guantitative regulation of Wxa and Wx®.

In the GT-AG rule for RNA splicing, the 5'-junc-
tion sequence of TT in Wx? seems to function poorly.
However, several GT sequences are present near the
original junction site, and, therefore, some of these se-
gquences may provide cryptic sites for splicing (Treis-
man, Orkin, and Maniatis 1983). Thus, the splicing of
the Wx transcript seems to be inefficient in Wx2. The
presence of the larger extra transcripts detected in the
Northern blot analysis agrees with this conclusion.

The inefficient splicing of the first intron may be
responsible for the reduction in the level of mature tran-
script. If the abnormal transcript containing the un-
spliced intron is unstable and is degraded quickly, the
level of the mature transcript may be reduced. Alterna-
tively, the accumulation of the abnormal transcript,
which was an intermediate in the process of RNA splic-
ing, may suppress the transcription of its own gene. The
mutation at the splice junction may not affect the tran-
scriptional level, because the transient assay shows that
the promoter activity of WX is as high as that of Wxa
(fig. 4C). The posttranscriptional regulation of the Wx
gene has been described in maize (Marillonnet and Wes-
sler 1997). In this case, the insertion of aretrotransposon
into an intron altered the tissue-specific quantitative reg-
ulation in the endosperm and pollen, causing abnormal
splicing, the efficiency of which differed in a tissue-
specific manner.

All alleles from O. sativa Indica, O. rufipogon, and
O. glaberrima had GT at the 5" splice junction and ex-
hibited high levels of expression of the Wx transcripts
in the endosperm and high GUS activity in protoplasts.
On the other hand, the two aleles from the two strains
of O. sativa Japonica had TT at the 5" splice junction
and exhibited low levels of expression of the mature
transcripts and low GUS activity. The evolutionary re-
lationships within the genus Oryza indicate that TT at
the 5’ splice junction of Wx? was produced by a single
base change from GT in Wix2 of O. rufipogon. This mu-
tation had spread to the population during domestication
of O. sativa Japonica (fig. 9). In O. sativa Indica and
other species, the mutation may not have been fixed in
the population. Due to the function of the Wx gene (dis-
cussed below), the mutation producing Wx? may have
been spread quickly by an artificia selection. It is of
great interest whether WP originated from a single mu-
tation event or from independent multiple events. To
address this question, the sequences independent of the
Wi gene from a number of strains of O. sativa Japonica,
O. sativa Indica, and O. rufipogon may need to be com-
pared.

Since Wx protein catalyzes amylose synthesis, the
expression level of the Wx gene affects the production
of amylose. Consistent with the low levels of the Wx
transcript and Wx protein in Wx?, the amylose content
in O. sativa Japonicais lower than in other rice species
carrying Wix2 (Sano 1984; Sano, Katsumata, and Ama-
no 1985; Sano, Hirano, and Nishimura 1991). The am-
ylose content is a major factor that affects the quality
of the rice grains, in particular their stickiness after
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Ancestor
Wx@
Amylose: high
O. barthii O. rufipogon
Wx? wx@
Amylose: high Amylose: high

O. glaberrima O. sativa Indica O. sativa Japonica

W@ wx? wxP
Amylose: high Amylose: high Amylose: intemediate

Fic. 9.—Evolutionary process of domesticated rice and their wild
progenitors. The type of alele and the amylose content of a putative
‘“ancestor’”’ were deduced from those of the other five rice strains. In
the process indicated with a thick line, the change from G to T at the
5’ splice junction may have occurred, differentiating WWx? in O. sativa
Japonica from Wx2 in O. rufipogon.

cooking. Cooked grains from rice with Wx2, such as O.
sativa Indica, are not sticky. The rice carrying Wx? is
the intermediate type with respect to amylose content,
and its cooked grains show moderate stickiness. There-
fore, the WP allele may have been selected during do-
mestication by the people in East Asia who preferred
cooked rice with moderate stickiness. In other words,
a point mutation, G to T, was selected for during the
domestication of O. sativa Japonica. In this sense, a
strong artificial selection may have occurred on this
mutation.

Recently, Ayres et al. (1997) showed the relation
between the polymorphism at the 5" splice junction and
the amylose content by analyzing 92 U.S. rice cultivars.
This result strongly supports our above conclusion.

The Wx gene is not essential for the growth of
rice, because null mutants of this locus (wx) grow nor-
mally in the fields. However, neither WX or wx have
yet been found in wild rice populations (Sano, Katsu-
mata, and Okuno 1986). Therefore, the function of both
alleles may be dlightly deleterious in wild populations.
In fact, the wx alleles that introgressed into the wild
rice from wx cultivars grown around them are gradually
eliminated from wild populations with successive gen-
erations (Oka 1988). The Wx gene controls amylose
synthesisin the pollen as well as in the endosperm, and
amylose may be used for a carbon source for the pollen
tube growth. It is plausible that the pollen with Wx? or
wx may have a disadvantage, on an evolutionary times-
cale, in the fertilization race. Thus, the differentiation
of WX is closely associated with the domestication of
rice.
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Some studies have reported that the insertion of
DNA, such as retrotransposons, has changed gene reg-
ulation during evolution (Samuelson et al. 1990; Ting
et al. 1992; Britten 1996). We demonstrated here for
the first time that a single mutation altered the gene
regulation at the posttranscriptional level during the
evolution of domestic rice. The molecular mechanisms
that lead to the domestication of crops from wild rel-
atives is of great interest. One clear example is the
origin of cauliflower in the genus Brassica. Here, the
key mutation appears to be in the CAL gene, which
regulates flower development. In Arabidopsis thaliana,
a defect in this gene has been shown to produce a clus-
ter of undifferentiated inflorescence meristems, which
give rise to a cauliflowerlike structure. In the cultivated
garden variety of cauliflower, Brassica oleracea var.
botrytis, the CAL gene has a non-sense mutation caus-
ing the loss of its function (Kempin, Savidge, and Yan-
ofsky 1995).
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