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Abstract
Rice quality is one of the important indicators of rice breeding, including milling quality, appearance,
cooking and eating quality and nutritional quality. Guangxi is one of the origins of cultivated rice, and
great progress has been made in the genetic improvement of rice quality by utilizing abundant rice
germplasm resources. In this study, 1570 rice varieties approved in Guangxi from 1983 to 2021 were used
to analyze the changes of 16 traits. We found that the appearance quality and cooking and eating quality
of Guangxi rice were signi�cantly improved, especially the hybrid rice varieties. By conducting genome-
wide association analysis and variant allele frequency analysis from 38 representative varieties, we
found that ALK, BG2, GL3.1, GL7/GW7, GPA3, GS3, OsMKKK10, Wx, An-1, BG1, CLG1, GS5, GW8 and
RGG2 may be closely related to the genetic improvement of rice quality traits in Guangxi, among which
11 genes are related to rice grain shape. The functional variation sites of seven important quality genes,
including ALK, Wx, and GS3, were analyzed by the penta-primer ampli�cation refractory mutation system
(PARMS). The data showed that Gui569, Gui117, Gui721, Gui726, RYousi, RSimiao, and RBasi exhibited
multiple elite alleles. In this study, we analyzed the phenotypic changes and molecular basis of varieties
in Guangxi over the past 40 years. These results will provide theoretical guidance for the genetic
improvement of rice quality and the cultivation of new varieties, which is of great signi�cance for
improving rice quality.

1. Introduction
Rice is one of the most important food crops in the world, and rice is the staple food for about half of the
world's population. High yield and high quality are two important goals of rice breeding [1]. Before 1990,
for Chinese rice we focused on improving rice yield and neglected research on rice quality [2]. With the
increase of grain yield, Chinese rice breeders have begun to pay attention to the quality of rice, and now
there is a situation of coordinated development of yield and quality.

The quality of rice includes milling quality, appearance quality, cooking and eating quality and nutritional
quality. Rice milling quality mainly includes brown rice rate, polished rice rate and whole polished rice
rate. Appearance quality mainly includes grain shape, chalkiness, and transparency. Cooking and eating
quality mainly include amylose content, gelatinization temperature, gel consistency and aroma, etc. The
nutritional quality of rice mainly includes protein content, lipid content, �avonoid content, and mineral
element content. Rice quality is a complex trait affected by genetic factors [1] and environmental factors
[3]. It is not only the key to determining whether rice is delicious, but also an important factor that
determines consumer preference and market price of rice [4]. Therefore, researchers studying the
molecular mechanism of rice variation can gain a deeper understanding of the genetic basis of yield and
quality. Combined with molecular design breeding technology, it is helpful to breed new high-quality rice
varieties quickly and e�ciently [5].
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Rice milling quality is negatively correlated with grain length and length/width ratio, and positively
correlated with grain width and grain thickness [1]. The appearance quality of rice is controlled by multiple
genes. At present, researchers have cloned 138 rice quality-related genes [1]. Gong et al. performed
genome-wide association analysis using a large genetic population composed of 10,074 F2 lines and
found that GS3 and GW5 were major genes affecting grain shape [6]. The protein encoded by GS3
contains an organ size regulation (OSR) domain that regulates seed size, a transmembrane region and a
tumor necrosis factor receptor/nerve growth factor receptor (TNFR/NGFR) family cysteine-rich domain
and a von Willebrand factor type C (VWFC) module [7], which is a negative regulator of rice grain length [8].
The application potential of GS3 gene is huge, and it has been widely used to cultivate new rice products,
such as Kongyu131[9], Zhonghua11[10], Kabre[11], Mei1B[12]. The GW5 protein is a positive regulator of
brassinolide signaling that physically interacts with the glycogen synthase kinase 2 (GSK2) and inhibits
GSK2 kinase activity. GW5 inhibits GSK2 autophosphorylation and GSK2 phosphorylation of OsBZR1
and DLT, affecting the accumulation of unphosphorylated OsBZR1 and DLT proteins in the nucleus,
thereby regulating the expression levels and growth responses of brassinolide-responsive genes,
including grain width and grain weight [13]. In addition, GW5 is also a major gene affecting rice chalky
grain rate [6]. Chalk5 encodes a tonoplast proton-transporting pyrophosphatase and affects the
chalkiness of rice grains [14]. Amylose content is the most important factor affecting the cooking and
eating quality of rice. Therefore, the inheritance of this trait has always been the focus of quality
research. Most researchers believe that Wx is the main gene that controls amylose synthesis and directly
affects the amylose content of rice endosperm [15]. Currently, nine alleles of the Wx gene have been found
in rice, including Wxa[16]], Wxb[16], Wxin[16], Wxla/mv[17,18, Wxlv[17], Wxmq[18], Wxmq[19], Wxop[16], wx[16].
Among them, Wxa is mainly in indica rice with higher amylose content and Wxb is mainly in japonica rice
with lower amylose content. The gelatinization temperature is another important factor affecting the
cooking and eating quality of rice. Researchers have con�rmed that the ALK gene encodes soluble starch
synthase II and controls the gelatinization temperature of rice[20]. Genetic studies of rice nutritional
quality mainly focus on protein content, lipid content and anthocyanin content [1]. OsAAP6 is the �rst
cloned positive regulator of rice protein content, which can increase protein body II (PBII) [21].
Anthocyanins are a class of bioactive �avonoid compounds that are bene�cial to human health. Rice
seed coat can be used as an edible part, and its anthocyanin biosynthesis is regulated by OsMYB3[22],
Kala4[23][22], OsTTG1[24].

The Pearl River Basin in Guangxi may be the origin of cultivated rice [25], and there are abundant rice
resources, which provides good conditions for the cultivation of new rice varieties. Since 1969, Guangxi
has carried out research on hybrid rice, and has bred a series of important parent materials, such as BoA,
Gui99 and Ce253. Since the 1990s, in response to the prominent contradiction of "high-quality but not
high-yield, high-yield but not high-quality" in hybrid rice, research on high-quality rice breeding has been
started in South China rice areas [2]. After 30 years of hard work, Guangxi has successively bred high-
quality sterile lines QiuA, MeiA, YexiangA, Fengtian1A, LongfengA, WantaiA and DingxiangA, etc.,
achieving the goal of improving the quality of hybrid rice. However, the molecular basis of the genetic
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improvement of rice quality in Guangxi is still unclear. This study took the approved rice varieties from
1983 to 2021 as the research object and analyzed the genetic changes of important agronomic traits of
rice in Guangxi. Thirty-eight representative rice materials were used to study the genetic basis of rice
quality in Guangxi. These results can provide further information for rice quality improvement.

2. Results

2.1. Overview of rice varieties in Guangxi
From 1983 to 2021, Guangxi has approved a total of 1570 rice varieties (including sterile lines), including
1375 hybrid rice varieties, accounting for 87.6% of the total and 195 conventional rice varieties,
accounting for 12.4% of the total. The statistics of 16 important traits such as period of duration, plant
height and panicle length of 1601 varieties (including 31 sterile lines) are shown in Table S1.

2.2. Changes in important agronomic traits of 1570 rice
varieties

2.2.1. All rice varieties
The period of duration showed a decrease, from 125.0 days to 121.1 days; the plant height was on the
rise, from 97.5cm to 113.2cm; the panicle length was at a low point in the 1980s, and then stabilized,
from 21.2cm to 23.7cm; the panicle number was at a low point in the 1990s, and then rose from 123.2 to
166.5; the seed setting rate peaked in the 1980s, and then rose and fell alternately, from 84.1–81.1%; the
thousand-grain weight turned into a sharp decline in the 2020s, from 25.4g to 23.3g; the amylose content
increased from 23.6% in the 1980s to 16.2%; the brown rice rate was on the rise, from 79.7–81.6%; the
head rice rate was at a low point in the 1990s, and then gradually increased, from 55.8–62.3%; the grain
length was increasing continuously, from 8.4mm to 8.9mm; the grain length/width ratio was on the rise,
from 2.9 to 3.7; the chalk degree peaked in the 2000s, and then began to decrease, from 9.4–1.5%; the
chalky grain rate peaked in the 2000s, and then decreased continuously, from 43.1–12%; the gel
consistency was in a rising trend, from 27.8mm to 76.1mm; the gelatinization temperature continued to
increase, from 5 to 6.3 (Fig. 1).

2.2.2. Conventional rice varieties
The period of duration showed a trend of �rst decreasing and then increasing, from 121.8 days to 127.3
days; the plant height was on the rise, from 92.3cm to 111.1cm; the panicle length was at a low point in
the 1990s, and then increased continuously, from 20.6cm to 111.1cm. 23.4cm; the panicle number was at
a low point in the 1990s, and has been on an upward trend since then, from 103.4 to 158.9; the seed
setting rate continued to decrease, and then remained stable, from 85.4 to 81.9%; the thousand-grain
weight showed a downward trend, from 1990 From 24.3g in the 1980s to 21.3g in the 2020s; the amylose
content increased from 22.3% in the 1980s to 12% in the 2010s; the brown rice rate was in an alternating



Page 6/24

trend of rising and falling, with the most value being 80.6% and the lowest value being 79.7%, showing no
signi�cant difference; the head rice rate was at a low point in the 2000s, and then gradually increased,
with a maximum value of 70.5% and a minimum value of 58.5%; the grain length showed a V-shaped
trend, with a maximum value of 7.4mm and a minimum value of 9.3mm; the grain length/width ratio was
on the rise, from 3.1 to 3.7; the chalk degree peaked in the 2000s, and then began to decrease, from 2.94–
0.5%; the chalk grain rate peaked in the 2000s, and then continued to decrease, from 14.3–0.5% ; The gel
consistency was in a rising trend, from 27mm to 83.5mm; the gelatinization temperature continued to
rise, and it tended to be stable after the 2000s, from 5 to 6.6 (Fig. 1).

2.2.3. Hybrid rice varieties
The period of duration showed a decrease, from 121 days to 125.1 days; the plant height was on the rise,
from 102.4cm to 113.8cm; the panicle length peaked in the 1990s, and then stabilized, from 21.7cm to
24.7cm; The panicle number was at a low point in the 1990s, and has been on an upward trend since
then, from 129.8 to 167.8; the seed setting rate was at a low point in the 1990s, and then stabilized, from
79.9–82.3%; the thousand-grain weight showed a downward trend, from the 1980s 27g to 23.6g in the
2020s; the amylose content increased from 26.9–16.6% in the 1980s; the brown rice rate was on the rise,
from 79.5–81.8%; the head rice rate was at a low point in the 1990s, and then gradually increased, by
51.8–62.4%; the grain length peaked in 2010s, and decreased slightly in 2020s, from 8.2mm to 8.9mm;
the grain length/width ratio was on the rise, from 2.8 to 3.6; the chalk degree peaked in 2000s, and then
began to decrease, from 11.2–1.7%; the chalky grain rate peaked in the 2000s, and then continued to
decrease, from 50.4–23.5%; the gel consistency was in a rising trend, from 28.5mm to 75.6mm; the
gelatinization temperature continued to increase, from 4.6 to 6.3 (Fig. 1).

2.3. Correlation analysis of important traits of rice varieties

2.3.1. 195 conventional rice varieties
We analyzed the correlation coe�cients of 16 traits such as period of duration, plant height and panicle
length of 195 conventional rice varieties (Table S2), and found that period of duration was positively
correlated with grain length (0.2585*) and negatively correlated with plant height (-0.1959*), the panicle
number (-0.1581*), and the rate of head rice (-0.2339**). Plant height was positively correlated with
panicle length (0.5447**), panicle number (0.4539**), length/width ratio (0.1885*), yield (0.2958**), gel
consistency (0.2766**) and gelatinization temperature (0.2469*) and negatively correlated with the
amylose content (-0.3262**) and chalkiness (-0.2598**). The panicle length was signi�cantly positively
correlated with the panicle number (0.3291**), the length/width ratio (0.2880**), the gel consistency
(0.1862*) and negatively correlated with the amylose content (-0.1973*) and chalkiness (-0.2760*). The
panicle number was signi�cantly positively correlated with length/width ratio (0.2895**), yield (0.3529**),
gelatinization temperature (0.2684**) and negatively correlated with seed setting rate (-0.1576*) and
thousand-grain weight (-0.2985**). The seed setting rate was signi�cantly positively correlated with the
gelatinization temperature (0.2748**) and signi�cantly negatively correlated with the amylose content
(-0.1724**). The thousand-grain weight was signi�cantly positively correlated with chalkiness (0.2072*)
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and gel consistency (0.2378**) and signi�cantly negatively correlated with amylose content (-0.2334**)
and gelatinization temperature (-0.3637**). The amylose content was signi�cantly positively correlated
with chalkiness (0.3004**) and chalky grain rate (0.2485*) and signi�cantly negatively correlated with gel
consistency (-0.7920**). The brown rice rate was signi�cantly positively correlated with the head rice rate
(0.3010**) and was signi�cantly negatively correlated with the gelatinization temperature (-0.2010*). The
head rice rate was signi�cantly positively correlated with gelatinization temperature (0.2453*) and
signi�cantly negatively correlated with grain length (-0.2451*), chalkiness (-0.3047**) and chalky grain
rate (-0.3149**). The length/width ratio was signi�cantly positively correlated with grain length (0.3841**)
and yield (0.3135**) and signi�cantly negatively correlated with chalkiness (-0.4313**) and chalky grain
rate (-0.4202**). The yield was signi�cantly negatively correlated with chalkiness (-0.2565**). The
chalkiness was signi�cantly positively correlated with the chalky grain rate (0.9435**) and was
signi�cantly negatively correlated with the gel consistency (-0.4051**) and gelatinization temperature
(-0.3354**). The chalky grain rate was signi�cantly negatively correlated with gel consistency (-0.3769**)
and gelatinization temperature (-0.4854*).

2.3.2. 1375 hybrid rice varieties
The correlation coe�cients of 16 traits including growth period, plant height and panicle length of 1375
conventional rice varieties are shown in Table S3. The period of duration was signi�cantly positively
correlated with plant height (0.2945**), panicle length (0.3078*), seed setting rate (0.1684**), thousand-
grain weight (0.2224**), amylose content (0.0760*), yield (0.3755**), chalkiness (0.2233**) and chalky
grain rate (0.2176**) and signi�cantly negatively correlated with the head rice rate (-0.1445**),
length/width ratio (-0.1777**), grain length (-0.1256**) and gel consistency (-0.1163**). Plant height was
signi�cantly positively correlated with panicle length (0.5737**), panicle (0.4861**), seed setting rate
(0.0608*), brown rice rate (0.0714*), yield (0.4073**) and chalkiness (0.0838**). Panicle length was
signi�cantly positively correlated with panicle number (0.3671**), thousand-grain weight (0.0970**),
length/width ratio (0.1148**), grain length (0.1352**), and yield (0.1627**), and it was signi�cantly
negatively correlated with amylose content (-0.0887**). The panicle number was signi�cantly positively
correlated with brown rice rate (0.1483**), head rice rate (0.2238**), length/width ratio (0.2791**), yield
(0.3455**) and gel consistency (0.1972**) and signi�cantly negatively correlated with seed setting rate
(-0.1228**), thousand-grain weight (-0.4077**), amylose content (-0.1178**), chalkiness (-0.3319**) and
chalky grain rate (-0.3671**). Seed setting rate was signi�cantly positively correlated with yield
(0.2473**), chalkiness (0.0840**), chalky grain rate (0.0941*) and signi�cantly negatively correlated with
length/width ratio (-0.1353**) and gel consistency (-0.1125**). Thousand-grain weight was signi�cantly
positively correlated with amylose content (0.0967**), yield (0.0618*), chalkiness (0.4759**), chalky grain
rate (0.4579**), and brown rice rate (-0.0681*) and signi�cantly negatively correlated with head rice rate
(-0.3681**), length/width ratio (-0.4405**), glue consistency (-0.1202**) and gelatinization temperature
(-0.0971*). Amylose content was signi�cantly positively correlated with brown rice rate (0.0805**),
chalkiness (0.4490**) and chalky grain rate (0.4427) and signi�cantly negatively correlated with head rice
rate (-0.0993**), length/width ratio (-0.3602 **), yield (-0.0796**) and gel consistency (-0.4556**). The
brown rice rate was signi�cantly positively correlated with the head rice rate (0.1225**), the length/width
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ratio (0.1453**) and the chalky grain rate (0.1452**). The head rice rate was signi�cantly positively
correlated with length/width ratio (0.0778*), gel consistency (0.0729*) and gelatinization temperature
(0.1109**) and signi�cantly negatively correlated with grain length (-0.1517**), chalkiness (-0.3409**)
and chalky grain rate (-0.2902**). The length/width ratio was signi�cantly positively correlated with grain
length (0.5103**) and gel consistency (0.3284**) and signi�cantly negatively correlated with chalkiness
(-0.5504**) and chalky grain rate (-0.5433**). Grain length was signi�cantly positively correlated with gel
consistency (0.1121**) and signi�cantly negatively correlated with yield (-0.2006**) and chalkiness
(-0.1453**). Yield was signi�cantly positively correlated with gel consistency (0.1162**). Chalkiness was
signi�cantly positively correlated with chalky grain rate (0.8799**) and signi�cantly negatively correlated
with gel consistency (-0.4064**) and gelatinization temperature (-0.1067**). Chalky grain rate was
signi�cantly negatively correlated with gel consistency (-0.3623**).

2.4. Phenotypic analysis of 38 rice varieties
In this study, we selected 38 representative cultivars bred from 1983 to 2021 to examine the appearance
quality, milling quality, and cooking and eating quality (Fig. 2). (i) Appearance quality: Among the 38 rice
varieties, the thousand-grain weights of Qiu B, Mei B, Yexiang B and Fengtian 1B were lower, below 16 g;
those of Gui 796, Zhenshan 97, Gui 826 and Te B were higher, over 25 g. The grain lengths of Bo B,
Zhenshan 97 and Gui 1025 were smaller, all below 8 mm; the grain lengths of Guihui 051, Gui 826, Gui
117 and Lilac B were larger, all above 10 mm. The grain widths of Yousi, Basi, Gui 9115, Fengtian 1B, Lisi,
Simiao, Gui 117 and Gui 721 were smaller, all below 2.1 mm; the grain widths of Bo B, Zhenshan 97 and
Te B were larger, all more than 2.8 mm. The length/width ratios of Zhenshan 97, Te B and Bo B were all
smaller than 2.8; the length/width ratios of Gui 721, Guihui 051, Dingxiang B, RYousi, RBasi, RSimiao,
RLisi and Gui 117 were all langer than 4.6. Yexiang B, Gui 117, R Simiao and Gui516 had lower
chalkiness, while Zhenshan 97, Yuehui 9802 and Te B had higher chalkiness. The transparency of
YexiangB, WantaiB and Fengtian1B was better, and the transparency of Guihui051, Yuehui9802 and TeB
was poor. (ii) Milling quality: the brown rice rates of Guanghui998, YexiangB, Gui99, Gui9115, RBasi,
Zhenshan97, Meizhan, TeB, and Gui826 were all higher than 80%; the head rice rates of Gui569, RBasi,
Gui721, Gui263, TeB, YexiangB, RLisi and Gui99 were higher than 60%. (iii) Cooking and eating quality:
the amylose content of Fengtian1B, LongfengB, Gui169, DingxiangB, and Guihui553 were all lower than
12.5%; the gel consistency of Gui3158, Meizhan, Yuehui9802, Gui99, Gui516, Gui826 were all above
90mm. The alkali elimination values   of Gui796, Gui139, YexiangB, and Gui117 were all higher than 6.0
(Table S4).

2.5. Genome-wide association analysis
We selected a total of 38 maintainer lines and restorer lines used in Guangxi bred rice varieties from 1983
to 2021, including materials such as Zhenshan 97, Bo B and Qiu B. Subsequently, these materials were
planted in Ledong County, Hainan Province, and the rice was tested for appearance quality, milling
quality, and cooking and eating quality after maturity. It can be seen from Table 4 that the 12 traits have
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signi�cant differences in value and are broadly distributed, which indicates that the natural population
selected in this study is rich in rice quality diversity and is suitable for genome-wide association analysis.

Based on the resequencing data of 38 rice varieties, using the R498 genome as the reference sequence, a
total of 154,771 high-quality SNPs were obtained. The phylogenetics analysis of 38 varieties was carried
out by software MEGA7 (neighbor-joining algorithm), which could be divided into 3 subgroups.
Subgroups I and III contain 26 restorer lines, and only YexiangB is included in subgroup III. Subgroup II
contains 11 lines, of which 8 are maintainer lines. The phylogenetic tree results showed that the restorer
lines were more distantly related, while the maintainer lines had lower genetic diversity (Fig. 3).

Based on the SNPs, association values   were obtained using the general linear model of the TASSEL
software. Using the Q population structure information, an association value was �nally obtained for
each SNP locus. At the level of P = 3.23E-07, 12 SNPs were identi�ed as signi�cantly associated with
grain length, distributed on chromosomes 4, 7 and 11. The most signi�cant association locus on
chromosome 4 was CHR4_27799241 (corresponding to Nipponbare genome Chr4:27680520), P = 2.21E-
09, and the OsMKKK10 gene was located downstream of this locus. Researchers have found that the
GSN1-OsMKKK10-OsMKK4-OsMPK6 module reconciles the balanced relationship between grain number
and grain size by integrating cell-localized differentiation and proliferation [26, 27]. Chr7_25531100 on
chromosome 7 (corresponding to Nipponbare genome Chr7:24905191) was the most signi�cant
associated locus, P = 8.36E-10. The known grain length-related genes near this locus are BG2 and
GL7/GW7. CHR7_17451150 is the second signi�cantly associated region on chromosome 7, and GLW7
was in this region. Studies have shown that this gene regulates grain length and grain weight in rice [28]

(Fig. 4a).

Eleven SNPs signi�cantly correlated with grain width were identi�ed, and the most signi�cant association
site was CHR3_24385437 (P = 2.11E-08), and the GL3.1 gene was located downstream of this site. Qi et
al. showed that GL3.1 controls rice grain size and yield by regulating cell cycle proteins [29]. Another
signi�cant association locus on chromosome 3 was CHR3_ 17720221 (corresponding to Nipponbare
genome Chr3: 16916807, P = 3.16E-08). The rice grain shape gene GS3 is located upstream of this locus,
and Gong et al. reported it as an important gene for length/width ratio [6] (Fig. 4b).

We identi�ed 15 loci associated with length/width ratio, distributed on chromosomes 5, 7, 9, 10, and 12,
and the most signi�cant association locus was located on chromosome 7 at 24901227 bp
(corresponding to Nipponbare genome Chr7:24210156), P = 6.08E-09. BG2 and GL7/GW7 genes were
located downstream of this locus. Xu et al. showed that BG2 affects grain length, grain width, grain
thickness and thousand-grain weight in rice [30]. GL7/GW7 is a major gene controlling grain length and
width [31, 32], which in turn affects the length/width ratio (Fig. 4c).

Forty-�ve SNPs related to head rice rate were identi�ed, and the most signi�cant association site was
CHR3_32836666 (P = 2.54E-11). The post-Golgi vesicle transport regulator GPA3 in rice was located near
this site, and its mutant gap3 showed an signi�cantly reduced grain �lling rate and the characteristics of
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silty endosperm [33]. At the signi�cantly associated locus CHR4_2572150 on chromosome 4 (P = 1.92E-
09), no gene related to head rice rate has been reported in this region (Fig. 4d).

Three SNPs related to head rice rate were identi�ed, which were distributed on chromosomes 2 and 12,
and the most signi�cant association locus was CHR2_10528265 (corresponding to Nipponbare genome
Chr2:10883088, P = 1.33E-08). The signi�cant associated locus on chromosome 12 was
CHR12_21044868 (P = 1.52E-07), and no known gene has been reported near the associated locus
(Fig. 4e).

When R498 was used as the reference genome, no amylose-related loci were identi�ed. Subsequently, we
performed a genome-wide association analysis of amylose content in 38 rice varieties using Nipponbare
as the reference genome, and there were two signi�cant association regions on chromosomes 3 and 6, of
which the most signi�cant association locus on chromosome 6 was CHR6_1911405 (P = 2.01E-10), Wx is
a major gene controlling amylose synthesis [34], located upstream of this site (Fig. 4f).

When P = 1E-5, 20 SNPs related to rice glue consistency were identi�ed, which were located on
chromosomes 1, 3, 6, 7, 8, 9, 11, and 2, respectively. The most signi�cantly associated SNP was
CHR6_30148718 (P = 1.91E-07) (Fig. 4g).

Thirteen SNPs related to gelatinization temperature were identi�ed, all of which were located on
chromosome 6, and the most signi�cant association locus was CHR6_7006349 (corresponding to
Nipponbare genome Chr6:6943469, P = 3.10E-12), the major gene of rice gelatinization temperature ALK
is located upstream of this site. The ALK gene encodes soluble starch synthase II [35], and gelatinization
temperature is an important indicator for evaluating rice cooking quality after amylose content (Fig. 4h).

2.6. Detection of important allele frequency changes in 38
rice varieties
Since 1990, Guangxi has started high-quality hybrid rice breeding. Therefore, we divided 38 rice varieties
into two groups. GROUP1 includes four varieties: Zhenshan 97, Te B, Bo B and Gui 99, and GROUP2
includes the remaining 34 rice varieties. Variety. Based on the resequencing results, we analyzed the
nucleotide diversity (π) of the two populations and found differences in the selected segments of the two
populations (Fig. 5). Selecting the top 5% of the calculated ratios of πGROUP1/πGROUP2 and πGROUP2/
πGGROP1, we found that there were 8 regions with relatively large differences on chromosome 2, and RGG2
[36] (grain size-related genes) were located in this region. There are 9 large differentially selected regions
on chromosome 3, BG1[37] and GS3[8], genes related to grain size, are located in this region. On
chromosome 4, there are 6 large differentially selected regions, and the An-1 gene is in this region, which
regulates rice awn development, grain size and grain number [38]. There are 7 large differentially selected
regions on chromosome 5. GS5 and CLG1 genes are located in this region. GS5 encodes a serine
carboxypeptidase, which positively regulates rice grain size [39], and can target and ubiquitinate full-length
form of GS3 protein, which in turn affects rice grain size [40]. On chromosome 8, there are 5 large
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differentially selected regions, and the GW8 gene is located in this region. Studies have shown that the
GW8 gene controls grain size, grain shape and rice quality [41].

2.7. Identi�cation of superior alleles using functional
markers
Fan et al. showed that the C > A mutation in exon 2 of GS3 was highly correlated with grain length, in
which the C allele was associated with short grains and the A allele was associated with long grains [42].
The PARMS primers (Table S5) were designed using this locus variation, and the allele typing results are
shown in Table S6. The genotyping results of GS5 functional variation sites found that Zhenshan 97B, Bo
B, Te B, Qiu B, Mei B and Gui 796 were C, and the other 32 varieties were A. SNP variation in the GS5
promoter region is the main reason for the difference in the expression of GS5 in young rice panicles [39].
Based on the genotype analysis of this locus, it was found that 21 varieties were C (wide grain) and 17
were T (narrow grain). Using molecular marker detection, we found that all 36 materials belonged to the
genotype with a deletion of 1212 bp [43] (DEL1) in the 3'-region of GW5. Using the C > T mutation in the
third exon of GL7 [32] to design primers, we found that 27 were C (short grain) and 10 were T (long grain).
Two SNP variants in the promoter region of Chalk5 gene affect rice chalkiness [14]. Functional markers
were designed using the C > T variant at -721 sites. The genotype test showed that 18 were C type (high
chalky white), 18 T type (low chalky white). Using the GC > TT mutation in the 8th exon of the ALK gene to
reduce the gelatinization temperature of rice, the genotyping results showed that 18 were GC type, 19
were TT type, and 1 was TTGC type. According to the allele Wxa, Wxb, Wxin, Wxmq, Wxop site variation
[17], we found that there are 7 Wxa types, 31 belong to the Wxb type. Functional markers were designed
using an 8-bp deletion in exon 7 of OsBADH2 [44], and 10 were 8-bp deletion type.

3. Discussion
Yield and quality are two important factors in rice breeding. With the improvement of people's living
standards in China, the requirements for rice quality are increasing. Guangxi may be one of the origins of
cultivated rice [25], with abundant wild rice and landrace resources, which provides a good material basis
for the genetic improvement of rice varieties in Guangxi. Amylose content is an important food quality
trait of rice. Generally, rice varieties with high amylose content have large rice swelling, poor rice
stickiness and softness, easy to harden after cooling, and poor taste; the rice varieties with low amylose
content are sticky, elastic, soft, and easier to digest; the rice varieties with medium amylose content show
good stickiness and softness, and they are not sticky after cooling, and can maintain softness and
palatability [45]. Before the 1990s, the amylose content of conventional rice approved in Guangxi was
higher and then began to decrease, but the amylose content of the newly approved varieties increased.
The amylose content of hybrid rice varieties has been on a downward trend. The average amylose
content of conventional rice was compared with that of hybrid rice varieties, and the amylose content of
conventional rice was generally lower. Another important rice cooking and eating quality parameter is
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alkali consumption value. The alkali consumption values of conventional rice varieties and hybrid rice
varieties were signi�cantly improved. The gel consistency of conventional rice is rapidly improved, while
the gel consistency of hybrid rice is a relatively slow improvement process.

Appearance quality is the most intuitive quality trait, which consumers can distinguish with naked eyes,
mainly including grain shape, chalkiness and transparency of rice, of which grain shape and chalkiness
are the most important appearance quality traits. Compared with hybrid rice, the length/width ratio,
chalkiness and chalky grain rate of conventional rice were generally better than those of hybrid rice,
which may be related to the higher quality starting point of conventional rice. After 2000, the length/width
ratio, as an important indicator of rice grading, played a role in promoting the development of rice
appearance quality. This study found that the length/width ratio of early-bred hybrid rice materials was
generally lower than 3.0, such as Zhenshan 97, Longtefu B and Bo B. With the increasing requirements of
breeders for the appearance and quality of rice, the length/width ratio of some important maintainer lines
exceeded 4.6, such as Lilac B. The length/width ratio of some important restorer lines exceeded 4.7, such
as Gui 117, R Lisi, R Yousi, R Basi and R Simiao. The chalkiness and the chalky grain rate of conventional
rice and hybrid rice have the same trend. Since 2000, the chalkiness and the chalky grain rate have
gradually decreased. The chalkiness and the chalky grain rate of hybrid rice are highly coincident. For
example, Yexiang B and Gui 117R have low chalkiness and chalky grain rate, while chalkiness and chalky
grain rate were higher in Longtefu B, Yuehui 9802 and Zhenshan 97. The chalkiness of rice is opaque.
The test results show that Yexiang B, Gui 117 and RYousi have higher transparency, and Longtefu B,
Yuehui 9802 and Zhenshan 97 have lower transparency.

Rice milling quality mainly includes brown rice rate, milled rice rate and head rice rate. The brown rice rate
of conventional rice did not increase signi�cantly, while the head rice rate increased and decreased
alternately. Both the brown rice rate and the head rice rate of hybrid rice tended to increase, especially the
milled rice rate increased signi�cantly. In general, the newly bred hybrid rice materials had a higher rate of
head rice, but some early bred varieties Longtefu B and Gui 99 also had a high head rice rate.

Through the analysis of 38 genome-wide association and selected regions, we found that ALK, BG2,
GL3.1, GL7/GW7, GPA3, GS3, OsMKKK10, Wx, An-1, BG1, CLG1, GS5, GW8 and RGG2 may be associated
with related to the improvement of rice quality traits in Guangxi. Among them, ALK, GPA3 and Wx genes
were related to rice cooking and eating quality. Based on the functional variation of ALK gene caused by
SNP, there are at least three haplotypes of ALK, A-GC, G-TT and G-GC [46]. Before 2014, there were more
varieties of GC genotype, and after that, breeders chose more varieties of TT genotype. Studies have
shown that the Wx gene has 9 alleles, of which Wxa and Wxb are the two most important alleles,
corresponding to high and low amylose content [1]. The results of Wx genotyping of 38 rice materials in
this study showed that the early rice materials were mainly Wxa alleles, while the rice materials after 2011
were all Wxb alleles, indicating that breeders prefer materials with low amylose content. GPA3 is another
rice quality-related gene identi�ed in this study. Its mutant gpa3 has a signi�cantly reduced grain �lling
rate, showing loose arrangement of starch granules in the endosperm and an opaque grain phenotype
[33]. Therefore, breeders are more inclined to select for the GPA3 genotype.
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In this study, we identi�ed 11 genes related to rice appearance quality, including BG2, GL3.1, GL7/GW7,
GS3, OsMKKK10, An-1, BG1, CLG1, GS5, GW8 and RGG2. GS3 is the major gene affecting grain shape [6].
The analysis of GS3 genotypes of 38 rice materials found that before 2007, the bred quality was mainly C
genotype (short-grain shape), and after that, all bred varieties were A genotype (long-grain shape).
GL7/GW7 is the major gene controlling grain length and grain width [31, 32]. The analysis shows that this
gene was C genotype before 2015, and then the rice materials of T genotype began to increase, which
may be related to this gene being cloned. GS5 is a quantitative trait gene that controls grain width,
fullness, and thousand-grain weight in rice [39]. Before 2015, it was mainly C genotype, and after that, it
was mainly T genotype. It can be seen from the above results that the improvement of rice grain shape is
a gradual process. Furthermore, GW8 is able to directly bind to the GW7 promoter and inhibit its
expression [31]. CLG1 encodes a ubiquitin ligase that targets and ubiquitinates the full-length form of the
GS3 protein, and this modi�ed GS3 is selected for entry into the endomembrane system, where it is
degraded in the vacuole, balancing G protein signaling, and leading to grain enlargement [40]. At present,
scientists have cloned many genes involved in the regulation of rice grain shape[1], which provides a
wealth of genetic resources for breeders to improve the appearance and quality of rice.

Marker-assisted selection (MAS) is a new technology with the rapid development of modern molecular
biology technology. The use of MAS methods to encapsulate the genetic composition of individual
resistance allows the aggregation of multiple favorable genes from different sources in one cultivar [47].
At present, we designed functional markers for the functional variation sites of 7 genes: Wx, ALK, GS3,
GL7/GW7, GS5, Chalk5 and fgr, and examined the genotypes of 38 rice materials. We found Gui 569, Gui
117, Gui 721, Gui 726, R Yousi, R Simiao and R Basi contained 7 superior alleles; Yexiang B and Lisi
contained 6 superior alleles. CRISPR-Cas9 technology allows site-directed editing of target genes, which
has important breeding value for the targeted breeding of speci�c traits of crops. At present, researchers
use CRISPR/Cas9 technology to perform gene editing on Wx[48], GL7[49], fgr[49], etc., to improve rice
quality. We used CRISPR/Cas9 technology to perform gene editing on the GS3 of Mei 1B to obtain a high-
quality maintainer line Mei 2B, and �nally obtained a high-quality sterile line Mei 2A by hybridization,
backcrossing, and other methods [12].

4. Conclusion
Cultivating high-quality rice is an important goal of rice breeding. Since 1990, the quality of Guangxi rice
has gradually improved. The improvement of cooking and eating quality is mainly manifested in the
reduction of amylose content, the increase in alkali consumption value and gel consistency, the
improvement of appearance quality is mainly re�ected in the increase in length/width ratio and the
decrease in chalkiness, and the the improvement of milling quality is pronounced in the increased head
rice rate. The application of superior alleles of ALK, BG2, GL3.1, GL7/GW7, GPA3, GS3, OsMKKK10, Wx,
An-1, BG1, CLG1, GS5, GW8 and RGG2 is the molecular basis for the genetic improvement of rice quality
in Guangxi. It is a process of step-by-step aggregation of multiple genes. At present, high-quality
aggregated rice materials with multiple superior alleles such as Wx, ALK, GS3, GL7/GW7, GS5, Chalk5
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and fgr have been obtained. This research will provide guidance for the genetic improvement of rice
quality and the cultivation of new varieties, which is of great signi�cance for improving rice quality.

5. Materials And Methods

5.1. Experimental materials
Data on important agronomic traits of rice varieties approved in Guangxi from 1983 to 2021 were
obtained from the ChinaRice Data Center (https://www.ricedata.cn/variety/). The 38 rice varieties were
provided by the Rice Research Institute of Guangxi Academy of Agricultural Sciences. They were planted
in Ledong County, Hainan Province in December 2021. They were naturally dried after harvesting at the
mature stage, and then the appearance quality, grinding quality and cooking and eating quality of the rice
were tested.

5.2. DNA extraction, library construction, and resequencing
DNA was extracted by the cetyl trimethylammonium bromide (CTAB) method, the DNA degradation was
analyzed by agarose gel electrophoresis, and the purity of DNA (OD260/280 ratio) was detected by
Nanodrop. Quali�ed DNA samples were randomly broken into fragments of 350 bp in length by Covaris
crusher, and the TruSeq Library Construction Kit was used for library construction. After the library was
constructed and quali�ed, the XXX sequencing platform was used for sequencing. astp software was
used to �lter the sequencing raw data to obtain clean reads for analysis. The clean reads were aligned to
the reference genome (http://mbkbase.org/R498/) using the BWA software [28], and the alignment
results were deduplicated by SAMtools[29] (parameter: rmdup), and SNP detection was performed
(parameter: mpileup -m2 -F0.002 -d thousand).

5.3. Genome-wide association analysis
SNPs were �ltered using the in-house script with the following parameters: (1) the missing rate was less
than 60%; (2) the minor allele frequency (MAF) was greater than 0.05. Based on SNPs, the phylogenetic
tree of 38 samples was analyzed by the MEGA5 software [30] and neighbor-joining algorithm; the
population structure was analyzed by the fastStructure software; the association value was obtained by
general linear model of Tassel software [31].

5.4 Variation in allele frequency
We divided the 38 samples into two groups: group1 (variety bred before 1990) and group2 (variety bred
after 1990). First calculate the π values   within the groups separately. π, Tajima's D and FST are
calculated using VCFtools [32]. The overall nucleotide diversity (π) within or between the two rice groups
was calculated using a 100kb sliding window with a step size of 50kb. We phased the genotype data
using SHAPEIT [33]. A 5kb window with a step size of 1kb was set up for the analysis. And the
calculation results of the π value were calculated, and the ratio of wild rice/cultivated rice for each
corresponding window was also calculated.
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5.5 Primer design and PARMS analysis
Primers were designed using Primer5. We adopted the PARMS method for allele detection according to
the method published by Gao et al. [34].

5.6 Statistical analysis
Origin2019B was used for data statistics and correlation analysis. Figures were plotted with CoreDRAW
X8.
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Figure 1

Changes of 16 important traits of Guangxi's approved varieties from 1983 to 2021.

X-axis represents the year the variety was bred; Y-axis represents the value of the rice trait.
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Figure 2

The grain and milled rice morphological changes of 38 representative rice materials in Guangxi. All series
numbers matched the number in Table S4. Scale bars, 5mm. 1-38: Zhenchan 97, Te B, Bo B, Gui 99, Qiu B,
Gui 1025, Mei B, Guanghui 998, Longfeng B, Gui 796, Fuhui 838-1, Gui 139, Gui 3158, Guihui 553, Yuehui
9802, Fengtian 1B, Gui 169, Gui 826, Gui 9115, Wantai B, Guihui 663, Dingxiang B, Yexiang B, Gui 682,
Guihui 089, RLisi, RSimiao, Gui 263, Gui 298, Gui 516, RYousi, Meizhan, Gui 569, Gui 721, Gui 726, RBasi,
Guihui 051, Gui 117.
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Figure 3

The neighbor-joining phylogenetic tree of 38 rice varieties. Red , blue and green color represent
subpopulation I, II and III.
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Figure 4

Genome-wide association analysis of rice quality traits with general linear model method.  The left side of
each small picture is the Manhattan plot, and the right side is the QQ plot. The blue dashed line
represents the signi�cant threshold.( P=3.23E-07), and The P value of the amylose content is 2.55148E-
08.Grain length (a), Grain width (b), Length to width ratio (c), Milled rice rate (d), Head rice rate (e),
Amylose content (f), Gel consistency (g), Gelatinization temperature (h). For the signi�cant loci identi�ed,
candidate genes are shown with red gene symbols.
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Figure 5

Changes in allele frequencies (selected genes) of rice materials in Guangxi around 1990. The ratio of π in
two groups respectively πGROUP1/πGROUP2 (G1) and πGROUP2/πGROUP1 (G2). . For the signi�cant loci
identi�ed, candidate genes are shown with blue gene symbols. For the signi�cant difference genomic
regions, candidate genes are shown with blue gene symbols.
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