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Correlation of Simple Sequence Repeat (SSR) Variants in the Leader Sequence
of the waxy Gene with Amylose Content of the Grain in Rice
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(National Key Laborabory for Gop Gendic Improvements Huazhong Agriaultural University, Wuhan 430070, China)

Abstract: Variation of two simple sequence repeats (SSRs) in the leader region of the waxy gene was ana-

lyzed in a sample of 74 accessions, including Oryza sativa L. ssp. indica, japonica and wild rice (O. rufi-

pogon) representing a wide distribution range of amylose content (AC) in cultivated rice. Eight alleles were
detected in the (CT ), motif and two alleles were resolved in the (AATT ), motif. The distribution of the alleles
of the two SSRs was quite uneven as detected by the (CT), motif. The repeat numbers of the two SSR motifs,
(CT), and (AATT),, appeared to be inversely related such that the total length of this region was maintained.
AC of the varieties was highly correlated with the length of SSRs. Differences in AC among the various SSR
genotypes were statistically highly significant as analyzed using genotypes of both SSR motifs. Although the
SSR variation did not seem to have obvious function in the synthesis of the starch synthase encoded by the
waxy gene, the almost perfect correlation between the two SSRs and AC level could be used for quality im-

provement in rice breeding programs.
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The waxy gene (abbreviated as Wx) encodes the
granule bound starch synthase (GBSS, EC 2.4.1.11 .
Several alleles of the rice Wx gene have been identified,
cloned and completely sequenced * 3 . Tt has been report-
ed that the function of the Wx gene is largely esponsible

for the amylose content (AC) of the endospem*7,
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which is one of the main detemminants for cooking and eat-
ing quality of rice' @

Microsatellites are sequences of tandem repeats (also
referred to as simple sequence repeats (SSRs)) with the
length of repeats in the range of a few (usually 2 to 4)

base pairs (bp). Tt has been observed that SSRs are
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widely distributed in plant and animal genomes, and are
highly polymorphic among species of many omganisms! 7 .
Utilization of SSR markers in genome mapping has been
extensively explored in many organisms mcluding cop
plants, such as rice, wheat, maize, barley, tomato, soy-
bean, Brussica species and tropical forest trees 9. There
has also been evidence indicating that repeat number of
SSRs may affect the protein-binding and transcriptional
activation of the genes'? .

High level of polymorphism has been reported in the
(CT)nmotif in the leader sequence of the rice Wx gene.
Bligh ef al'' found 4 alleles for the (CT), motif with -
peat number ranging from 8 to 20. Ayres et al' 'V detect-
ed 8 alleles for the same (CT) motif afier screening 92
American cultivars. They also found that most of the vari-
ation in AC of the endosperm could be explained by the
(CT),, variants.

There is another SSR motif (AATT ), in the leader
sequence of the Wx gene residing in the first intron at 182
bp downstream of the (CT), repeat, according to the se-
quence provided by Wang et al (GenBank accession num-
ber X65183). There has not been reported study in the
literature on the variation of the (AATT),.

In this study, we investigated the diversity of the two
SSRs described above using a sample of 74 rice cultivars
representing a broad range of rice germplasm, including
indiaa, japoniaw and the common wild rice with the
widest range of AC distribution. We also investigated the
correlation between the SSR variants and AC in this sam-
ple.

1 Materials and Methods

1.1 Plant materials and DNA extraction

A 1otal of 66 varieties of cultivated rice (Oza sati-
va L.) and 8 accessions of the common wild rice (O.
rufipogon) were used in the study (Table 1). Cultivar
IR841-85-1-1-2 was kindly provided by Dr. G. S.
Khush, Basmati 370 by Dr. M. Jackson, and Pusa Bas-
mati and Kasuri by Dr. M. Mohan. Eight accessions of
the common wild rice were wllected fiom Dongxiang
County of Jiangxi Province. All the rice materials were
planted in the rice-growing season of 1997 in the Fxperi-
mental Farm of Huazhong Agriculural University,
Wuhan.

Leaves of young seedlings were harvested fiom the
field grown plants and ground to fine powder with mortar

and pestle under liquid nitrogen. DNA was extracted ac-
cording to published method ' .

Table 1 The rice accessions, their SR genotypes and amylose contents(AC)

Accession Name Source  Subspecies  AC  (CT)_ (AATD),
1 02428 China  japonica 10.4 18 5
2 Akihikan Japan Japonica  14.3 18 5
3 1R74 IRRI indica 15.4 18 5
4 Nanjing 11 China indica 25.1 14 6
5 Simiao China indica 13.7 18 5
6 Xin Simiao China indica 25.3 14 6
7  IR36 IRRI indica 27.3 14 6
8  Zidao China indica 18.0 17 5
9 Indonesia Paddy Indonesia indica 24.9 11 6
10 Zaoshajing China  japonica 15.2 19 5
11 Balila Ttaly Japonica  14.2 18 5
12 lunhui 422 China indica 12.5 18 5
13 Dullar India indica 27.6 11 5
14 Shengli Xian China indica 27.1 14 6
15 Hunan Ruanmi  China indica 12.9 18 5
16 CP231/SLO17  USA indica 15.2 18 5
17 Della USA indica 18.9 20 5
18  Zhenshan 97 China indica 27.2 11 6
19 Minghui 63 China indica 15.8 18 5
20  Maoya Thailand  indica 14.0 18 5
21 Suyu Nuo China Japonica 0.0 16 5
22 Basmati 370 IRRI indica 19.9 18 5
23 Guichao 2 China indica 26.8 14 6
24 Teqing China indica 27.1 14 6
25 Xiang ai China indica 27.2 14 6
26  Guang B China indica 26.9 14 6
27 V2 China indica 28.3 14 6
28  Maxie China indica 27.9 14 6
29 Ce 64 China indica 24.9 11 5
30  Wuyujing 2 China indica 15.6 18 5
31  Wuyujing 3 China indica 13.4 18 5
32 931 China indica 14.5 20 5
33 1R841-85-1-1-2 IRRI indica 17.3 18 5
34 Zhenzhuai China indica 25.9 14 6
35  Wase Aikoku Japan Japonica 0.0 18 5
36  Zhachanglong China indica 24.9 14 6
37  IR26 IRRI indica 27.1 14 6
38  Tetep Vietnam indica 27.5 8 5
39 Qiandaijing Japan  japonica 14.6 17 5

40 IR24 IRRI indica 14.8 18 5
41 Jixue Nuwo China indica 0.0 18 5
42 Yifang Nuo China indica 0.0 18 5
43 Haomei China indica 20.4 18 5
44 Zhuzding Japan Japonica  18.7 19 5
45 Basmati 245 IRRI indica 19.2 17 5
46 Mawei Zhan China indica 22.9 14 6
47  1R72 IRRI indica 24.1 11 5
48  Starbonett USA indica 19.3 20 6
49 Ye Ao Simiao  Thailand indica 28.2 14 6
50  Dull MH China indica 0.0 14 6
51  Taihu Nuwo China indica 0.0 19 5
52 Yue Nong 2 China indica 12.7 18 5
53 Xiang Wan China indica 10.3 18 5
54  Hunan Wan China indica 9.6 18 5
55  Jiamzhen 2 China indica 18.2 18 5
56  Gui 630 Guyana indica 9.6 18 6
57  Gongcheng 3 China indica 13.2 18 5
58  Guangly’ ai 4 China indica 25.7 14 6
59 EWan5 China  japonica 12.9 18 5
60  Zhonghua 8 China  japonica 16.7 18 5
61  Yuchi 231-8 China indica 23.6 14 6
62  Hanfeng China  japonica 16.6 18 5
63 Puqi Ainangu China indica 27.4 14 6
64 IR34 IRRI indica 27.9 14 6
65 IR8 IRRI indica 28.7 14 6
66  Nipponbare Japan Japonica  12.2 18 5
67 RO China Wild - 11 6
68  RO7 China  Wild - 11 6 5
69 RO China Wild - 11 [§
70 RO China  Wild - 11 6
71 RI3 China  Wild - 11 65
72 RMK4 China  Wild - 11 45
73  R2 China  Wild - 14 6
74 R China  Wild - 11 6

—» AC was not analyzed because of no fertile flowers under the long day conditions m Wuhan.
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1 GGCTTCACGC AACGGCGCTA CAAATGACCA CCCACACC
61 GTTCTCTGTC TATCTCRAGA CACARATAAC TGCAGTEEGEC

CATCTCICAC CATTCCTICA
O TETCTGCTTC

121 ACTTCTCTGC TTGTGTTGTT CTGTTGTT% TCAGGAAGAA CATCTGCAAG GTATACATAT

181 ATGTTTATAA TTCTTTGITT CCCCTCTTAT TCGAGTCGAT CACATGCAT CTTTCATTGC

481 CTTCTTAATT ATTTGATATT AGATCATTTT TAATATT

Fig. 1. Partial sequence of the leader region of the waxy gene.

The repeat motifs are in dakened bold letters and the pimers for 484/ 485 MX4 and MX21 are undedined in solid dashed and dotted lines

respectively.

1.2 SSR assay

Three pairs of SSR primers were used for PCR am-
plification (Table 2), all of which amplify the 5 se-
quence of the Wa gene (Fig. 1)'* Y. The primer pair
484/485 was directly adapted from Bligh er al''?; and
the other two primer pairs, MX4 and MX21, were adapt-
ed from Xiong et al'™ . MX4 and 484/485 tagged the
same (CT), motif, and MX21 tagged the (AATT), motif
at 182 bp downstream of the (CT) repeat[ 9 PCR was
essentially as described in Wu and
B except that 10 ML reaction volume was used.

carried  out
Tanksley[
Product of sequencing reaction of M13 DNA was used as
the molecular weight marker in the polyacrylamide gel
electrophoresis.

Table 2 Primer sequences for the amplification of the SSR motif in
the leader region of the waxy gene

Primer Sequence Targ e,tl,%d Reference
motif
MX4  F: GACAAAGAGCCACCCACACC (€D, Xiong et all ™

R TTTCCAGCCCAACACCTTAC
MX21  F: TGCATCITTCATIG CICGTT
R ACCCCTGGATGTGTTTCICT
F: CITTGTCTATCTCAAGACAC D,
R TTGCAGATGTTCTTCCTGATG

(AATT) Xiong et al™

484/ 485 Bligh et all

1.3 Measuring AC

Measurements for AC of the rice varieties were as
described previoudy in Tan er al''™. The analysis for
each variety was repeated four times and the average of
the four replications was used as the measurement for each

variety.
2  Results

2.1 Distribution of the SSR alleles

Screening of 74 accessions with the 484/485 primer
pair esolved eight alleles with the epeat numbers ranging
from 8 to 20 (Fig. 2), which was the same as the results
reported by, Ayres ef al " . The distribution of the alleles

was quite uneven. Three varieties had the allele (CT)q,
3 varieties had allele (CT)i, 29 varieties had allele
(CT)13, 3 varieties had allele (CT )17, 1 variety had al-
lele (CT)i6» 22 varieties had allele (CT) 4, 12 varieties
had allele (CT)1; and 1 variety had allele (CT ). Four of
the 8 alleles, (CF)]g, (CT)]S, (CT)W and (CT)]@,
were found in japonica varieties; all the alleles, except
(CT) 16, were detected in indica varieties; and 2 alleles,
(CT )14 and (CT) 11, were observed in the wild rice acces-
sions (Table 3). Thus, japonica varieties appeared to be
preferentially associated with lager repeat numbers,
whereas shorter mpeats, alleles (CT)u4, (CT )y and
(CT)sg occurred only in indica varieties (Table 1).

101112131415 16 17 181920 21 2223 24 252627 282930 313233

A
-
'
- - .'“
1 234 5678
B
Fig. 2.  SSR genotypes of the selected accessions amplified using

the 484/ 485 primers targeting the (CT) ,, motif.

Panel A shows the various SSR genotypes amplified from the acces-
sions. The numbers on top of panel A correspond to the accession
numbers in Table 1. Panel B illustrates the deduced alleles that are
asfollows; 1, (CTDDxm 2, (CT)is 3 (CTigs 4 (CTOy3 5
(CDis 6 (CDu; 7 (CDy;; 8 (CTs.

Only 5 dlleles were detected by the MX4 marker n
the sane 74 accessions, although MX4 tagged the same
(CT)n motif as did 484/485 > ™. This was largely due to
the higher molecular weight of the PCR products amplified
by this marker, which could not be well separated in the
electrophoresis.

Three alleles were detected by the marker MX21
(Fig. 3). All three alleles were observed in the wild rice
accessions but only two alleles were detected in cultivated

. L. . 5
rice [varieties) |Aceording to, the sequences. of Gai efal s
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Table 3 The average of the amylose contents (AC) value associal-
ed with each of the SSR genotypic classes

SSR motif

Number of

and repeat  nomwaxy Number‘ of Amylusle> Signifi cance”’
number variety waxy vanety content
D
8 1 0 27.5+0.0 A
11 5 0 25.7+1.6 A
14 20 1 26.611.6 A
16 0 1 - -
17 0 17.3£3.8 B
18 26 3 14.342.8 B
19 2 1 17.0£2.5 B
20 0 17.6+2.7 B
<14 26 1 26.4%1.5 A
n=16 34 5 15.043. 1 B
(AATD)
5 36 5 16.244.5 B
6 24 1 25.5+4.0 A

D Only the non-waxy varieties were included in the calculation. 2) The
groups were assigned using Duncari s multiple range test.

35 6 81214153134353739404142434446474849505152 57 5860636465
A

‘--‘_ -

'
:

Fig. 3. SSR genotypes of the selected accessions amplified using
MX21 primers targeting the (AATT) , motif.

Panel A shows the various SSR genotypes amplified from the acces-
sions. The mumbers on top of panel A correspond to the accession
numbers in Table 1. Panel B illustrates the three alleles and the
genotypes detected in the eight wild rice accessions.

the two alleles observed in the cultivated rice were
(AATT )5 and (AATT)s and the third allele can be de-
duced to be (AATT)4. Two accessions of the wild rice
0. mfipogon, RO7 and R13, wemr hetewzygous for alle-
les (AATT)s and (AATT )¢, and R14 was heterozygous
for alleles (AATT )4 and (AATT)s (Fig.3b). The -
maining varieties and accessions were homozygous for ei-
ther (AATT)s or (AATT)s.

The repeat numbers of the two SSR motifs, (CT),
and (AATT),, appeared to be inversely wrrelated such
that the total length of this region was maintained (Table
D). For example, when the (CT)n motif had a larger
number of repeats, e.g., n=16, the (AATT), motif
would have a smaller number of repeats (n=35). Con-
versely, when the (CT), motif had a smaller number of
repeats, i.e., n=<14, the (AATT)n motif would have a
larger number of repeats (n=6).

2.2  Correlation between the Wx alleles and AC

AC of the varieties was clearly correlated with the
length of SSRs according to the data in Table 1. For the
(CT)y, motif amplified using 484/ 485 primer pair, all the

varieties of high AC (e. g.>> 22%) had alleles with
smaller numbers of repeats, e.g., n<<14; and converse-
ly, all varieties of low to intemediate AC, except waxy
rice varieties, had alleles with larger numbers of repeats,
i.e., n=16. Results of one-way ANOVA showed that
the differences in AC among the various SSR genotypes
were datistically highly significant; the genotypes of
(CT)n repeats could explain 81.2% of the AC variation
among the varieties used in this study.

For the (AATT )n motif amplified with the MX21
markes majority of the varieties with high AC had the
(AATT Js allele, whereas most of the varieties with low
AC had the (AATT)s allele (Table 1). One-way ANOVA
showed that the AC difference anong the (AATT), geno-
types were statistically highly significant; SSR genotypes
could account for 72. 9% of the AC variation among the
rice varieties.

The situation for the waxy varieties was somewhat

complicated. Five of the 6 waxy varieties had n™> 16 for

the (CT), repeats, but one waxy variety was observed to
have (CT )4 (Table 1).

3 Discussion

The most important outcome from this study is the
nearly perfect correlation between SSR genotypes and AC
among the varieties analyzed in this study. Microsatellite
instability (MST) caused by malfunction of DNA repair
system has been reported to be associated with cancer sus-
ceptibility in mammald """ ™ . Thus, one question about
the high level of polymorphism of the two SSR loci is the
possible role of the SSR variants in controlling of the AC
level or other functions of the Wx gene. A ccording to the
Wx gene sequence provided by in literature > >, the
(CT), motif is located in the first exon of the leader se-
quence not far from the trarscription start site, and the
(AATT), motif is in the intron of the leader sequence.
Several researchers reported incomplete splicing of intron
1 in cultivars of intermediate AC, which decreased ex-
pression of Wx gene[43 . Their esults clearly showed
that the aberrant splicing is the cause for the reduced AC,
although the pattern of the splicing differed from one cul-
tivar to another. Their results also showed that all the pat-
terns of aberrant splicing involve nucleotides at or near ei-
ther the donor or receptor site of splicing, wheras both of
the SSR motifs are located at least a hunded nucleotides
away from these sites. Thus, it is not clear whether these
two SSR motifs have any direct role in specifying the AC.

We previously observed that, in addition to AC, an-
other two traits of the rice endosperm, namely, gel con-
sistency and gelatinization temperature, ate also controlled

by the Wx gene or, tightly linked 1region[lq . Thus,. high
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correlation of the SSRs with AC also implies high correla-
tion of the SSRs with these two traits. It should also be

interesting to understand the molecular nature of gel cn-

sistency and gelatinization temperature in future studies.

All the three traits are important components of the

starch quality of the rice endosperm. Thus, egardless of
the role of the SSRs in the biosynthesis of the starch syn-
thase, these wo SSRs are very useful markers for marker

assisted selection for grain quality impovement in rice

breeding pograms.
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