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domestication indicate possible migration routes
of the Dong people in China and provide resources
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ABSTRACT

The Dong people are one of China’s 55 recognized ethnic minorities, but there has been a long-standing
debate about their origins. In this study, we performed whole-genome resequencing of Kam Sweet Rice
(KSR), a valuable, rare, and ancient rice landrace unique to the Dong people. Through comparative genomic
analyses of KSR and other rice landraces from south of the Yangtze River Basin in China, we provide evi-
dence that the ancestors of the Dong people likely originated from the southeast coast of China at least
1000 years ago. Alien introgression and admixture in KSR demonstrated multiple migration events in the
history of the Dong people. Genomic footprints of domestication demonstrated characteristics of KSR
that arose from artificial selection and geographical adaptation by the Dong people. The key genes GS3,
Hd1,and DPS1 (related to agronomic traits) and LTG71 and MYBS3 (related to cold tolerance) were identified
as domestication targets, reflecting crop improvement and changes in the geographical environment of the
Dong people during migration. A genome-wide association study revealed a candidate yield-associated
gene, 0s01g0923300, a specific haplotype in KSR that is important for regulating grain number per panicle.
RNA-sequencing and quantitative reverse transcription-PCR results showed that this gene was more high-
ly expressed in KSR than in ancestral populations, indicating that it may have great value in increasing yield
potential in other rice accessions. In summary, our work develops a novel approach for studying human
civilization and migration patterns and provides valuable genomic datasets and resources for future
breeding of high-yield and climate-resilient rice varieties.
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extensive debate among historians, archaeologists, and
anthropologists about the origin and migration of the Dong
people. Four main possible migration routes have been
proposed (Supplemental Figure 1A and 1B and Supplemental
Note). All possible proposed origins have something in common:
they all belong to regions that harbored Yangtze River or Pearl
River civilizations from the Neolithic period. These civilizations
are famous for their rich cultures, which relied on rice cultivation
(Larson et al, 2014) (Supplemental Note). Archaeological
evidence shows that the Dong people are one of the oldest rice-
farming ethnic groups in China (You and Zeng, 2010). They
mainly planted rice resources referred to as “HE” in the local
dialect for thousands of years (Wang et al., 2018a; Li et al,
2019). Because the Dong people call themselves the Kam or
Kam people, HE resources are collectively referred to as Kam
Sweet Rice (KSR) (Supplemental Figure 2), which is the
international standard translation reported by Science (Stone,
2008). It is also called “Specialty Rice” by the Food and
Agriculture Organization of the United Nations (Bedigian, 2003).
In China, scholars defined KSR as a traditional landrace formed
through long-term natural and artificial selection in a complex
and diverse ecological environment as a result of the traditional
farming methods of the Dong people (Ma, 1979).

To use KSR genetic evolution data to infer migration patterns of the
Dong people, three conditions must be met in the relationship be-
tween the plant and the people, which are met in this case. First,
KSR is cultivated and traditionally used only by the Dong people.
Historical and linguistic data confirm that the pronunciation of
HE in the QDN dialect comes from the Dong group of the Sino-
Tibetan phylum of languages (Yang, 2013). This means that the
Dong people are the most primitive cultivators of KSR (Wang
et al., 2018a) (Supplemental Note). When social exchanges
flourish, it is common for different ethnic groups to live in the
same area. However, our ethnological investigation found that
KSR was cultivated only by the Dong people (Liu et al., 2022a)
(Condition 1). Second, KSR was an essential material carried by
the Dong people during their migrations and then domesticated in
the QDN area to fit the local environment (Yang, 2021).
Anthropologists have demonstrated a historical center of
glutinous rice culture in South China (Huang, 2016). The ancestors
of the Dong people who lived in this center later brought rice
farming to new locations as they migrated (Yang, 2014) (Condition
2), and traditional Dong culture emerged with KSR at the core
(Pan and Long, 2013). Third, the Dong people did not use any
local rice landraces in Guizhou or other nearby areas (Lei et al.,
2021; Liu et al., 2022a). They live in remote mountain valleys along
meandering streams in Southwest China, where there was no
transportation a decade ago; the Dong people were thus virtually
isolated, and very few other rice landraces have been introduced
to QDN. This means that only KSR has been planted by the Dong
people (Ruan et al., 2007) (Condition 3). Based on these
conditions, it is feasible to use KSR genomics to accurately
hypothesize about the migratory activities of the Dong people.

Domestication has profound effects on crop genomes (Cui et al.,
2022; Wu et al., 2022). The genomic footprints of KSR
domestication and breeding as a result of selection by the
Dong people have been preserved. KSR is suitable for growth
in cold areas such as mountains and valleys and without
pesticides or fertilizers (Wang et al., 2018a; Liu et al., 2022a).

Kam Sweet Rice reveals origin of the Dong people

Thus, KSR has strong resistance to cold, disease, pests, and
stress (Liu et al., 2022b). KSR is also notable for yield traits
such as large grain size and high seed-setting rates. The Dong
people have carefully chosen varieties with round, plump grains
and high seed-setting rates as the main planting varieties
based on their traditional cultural customs and livelihood needs
(Supplemental Note). In addition, landraces with early heading
dates were continuously selected by the Dong people during
domestication; they believed that early-maturing varieties
were crucial for enhancing yield stability by avoiding low
temperatures. Our ethnobiological study found that the Dong
people have a unique set of traditional technical methods for
KSR domestication and breeding selection, as detailed in the
Supplemental Note. However, the mechanisms by which these
processes have shaped KSR genomes are not fully understood,
as discussed in the present study.

We previously conducted a simple-sequence-repeat marker
study in KSR and other rice landraces from Guizhou and sur-
rounding provinces. Surprisingly, the genetic distance was closer
between KSR and landraces from Guangdong and Jiangxi prov-
inces than between KSR and other landraces from Guizhou prov-
ince (Liu et al., 2022b), and this is no coincidence. This finding
indicated that there may be an evolutionary relationship
between KSR and rice landraces from surrounding provinces,
which we attempted to use to seek clues about Dong
migration, thus providing molecular biological evidence for the
migration of the Dong people and also a reference for the study
of human origins and migration. Round and full grains, high
seed-setting rate, and short growth period are the unique
characteristics that distinguish KSR from other rice landraces
(Wu et al., 2010; Li et al., 2019). Clearly, KSR is a very precious
material for rice breeding. Unfortunately, the planting area and
number of KSR varieties have sharply decreased in recent
years, and KSR is now threatened with extinction (Lei et al.,
2017). Exploring the genetic evolution of KSR is an essential
way to protect this unique collection of excellent rice landraces.

Here, a total of 439 accessions were resequenced (Supplemental
Figure 3). Group 1 comprised 104 KSR accessions from QDN.
Group 2 contained 104 Guizhou (GZ) landraces from areas in
Guizhou Province outside of QDN. Group 3 comprised 164
landraces from south of the Yangtze River, including accessions
from Central China (CC), East China (EC), South China (SC), and
Southwest China (SW) (Supplemental Figure 1C). Group 4
contained 37 wild rice varieties from countries where Oryza
rufipogon was widely distributed. Group 5 contained 15 Aus-
type varieties from Bangladesh and 15 Basmati and Sadri aro-
matic varieties from India, Nepal, Bhutan, Liberia, Myanmar,
Iran, and Madagascar (Bas). Accessions in Groups 1-3 were rese-
quenced for this study, and genomic data for accessions in
Groups 4 and 5 were obtained from previous publications
(Wang et al., 2018b; Zhao et al., 2018; Han et al., 2022).

RESULTS
Genome resequencing and single-nucleotide
polymorphism identification

To fully determine the origin, domestication history, and genetic
basis of KSR, we collected 1481 accessions originating from
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south of the Yangtze River in China. This included 1439 landraces
(Oryza sativa) and 42 wild rice varieties (O. rufipogon), all of
which were possible genetic donors to KSR. Based on a previous
effort to analyze the phenotypes, genetic diversity, and
nucleotide variation in these accessions (Liu et al., 2022b), we
selected 372 accessions as a core group of morphologically,
genetically, and geographically diverse landraces for
resequencing (Supplemental Table 1 and Supplemental Figure
4). These 372 accessions represented ~99.5% of the genetic
diversity of rice landraces south of the Yangtze River
(Supplemental Table 2). Approximately 2.06 Tb of raw
sequences with a 150-bp read length were generated, with an
average coverage depth of ~12.4 x for each accession. We iden-
tified 3 566 872 high-quality single-nucleotide polymorphisms
(SNPs) (Supplemental Tables 3 and 4).

Population structure analysis suggests that SC and EC
accessions are potential donors to KSR

Genetic distances calculated from SNPs were used to determine
the phylogenetic relationships of 439 accessions. The indica and
japonica subpopulations were separated, and other subpopula-
tions, including wild rice, Aus, and Bas, were also distinguished
in phylogenetic trees (Figure 1A). We identified 163 typical
indica and 209 typical japonica landraces. Most of the japonica
varieties could be directly connected to their geographic origins
(Supplemental Table 1), whereas indica varieties could not. This
was consistent with results from a previous study on rice
landraces in Southwest China (Cui et al., 2021). Although KSR
is currently cultivated in Guizhou Province, model-based clus-
tering showed that KSR varieties were grouped together in a
single cluster and were significantly different from other rice land-
races in Guizhou (Figure 1A). This indicated that long-term natural
and artificial selection by the Dong people played an important
role in the domestication and spread of KSR (Olsen and
Wendel, 2013). KSR varieties are similar to Bas varieties in that
both types have a very strong aroma, but they form entirely
different subpopulations. To further study the population
structure, we wused the population -clustering program
STRUCTURE and performed principal-component analysis
(PCA) on the 439 accessions (Supplemental Figure 5). The
results from these analyses were similar to those from the
phylogenetic tree.

Because ~80.0% of KSR varieties belong to the japonica group,
we next investigated the relationship between japonica-KSR and
other japonica landraces in greater detail. Genetic diversity was
determined by estimating nucleotide diversity (w) (Figure 2A;
Supplemental Table 5). The results showed that the nucleotide
diversity of KSR (r = 5.77 x 10~% was comparable to that of
EC and SC, but lower than that in the other groups. KSR
contained approximately 87.01% of the genetic diversity in the
GZ group. Compared with the SC and EC accessions, the KSR
population had relatively superior agronomic traits (Figure 2C
and 2D and Supplemental Figure 6), which were selected by
humans in the course of domestication. This result indicated
that KSR originated and spread later than EC and SC and that
reduced KSR diversity resulted from domestication (Haudry
et al., 2007; Du et al., 2018). This finding was consistent with
previous results based on molecular diversity using simple
sequence repeats (Liu et al., 2022b).
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The phylogenetic tree showed that the japonica population clus-
tered into six groups: KSR, GZ, CC, EC, SC, and SW (Figure 1B).
KSR was derived from Guangdong and Guangxi provinces in the
SC group and from Fujian and Jiangxi provinces in the EC group.
PCA also showed that EC, SC, and KSR were closely related
(Figure 1C). The evolutionary history of KSR was further inferred
using individual ancestry coefficients. With K values from 3 to 7,
new subpopulations arose from rice landraces (Figure 1D), and
PCA confirmed the existence of such subpopulations. When
K = 7, there was gene exchange between KSR and the SC and
EC populations. Furthermore, the population-differentiation
statistic (Fst) between KSR and SC was estimated at 0.05, indi-
cating very minor population differentiation (Figure 2B and
Supplemental Table 5). By contrast, there was an obvious
genetic distinction between KSR and CC and SW, with
relatively high population differentiation values (0.14 and 0.20,
respectively). Therefore, we preliminarily concluded that the
direct donors to KSR were most likely landraces from
Guangdong and Guangxi for SC and from Fujian and Jiangxi
for EC.

The magnitude of alien introgression in KSR provides
evidence for multiple migrations of the Dong people

Results from the above analyses supported Route IlI
(Supplemental Figure 1B) as the migration route of the Dong
people. To test this hypothesis, we evaluated gene flow from
potential donors to KSR using TreeMix (Pickrell and Pritchard,
2012), the ABBA-BABA test (D-statistics) (Durand et al., 2011),
and fy statistics (Martin et al., 2014).

TreeMix was used to examine the topology of relationships and
migration history between populations. We observed the oldest
split from the common ancestor to be between SW/GZ, SC/
KSR, and CC/EC. This was followed by more recent splits be-
tween SW and GZ, SC and KSR, and CC and EC (Figure 3A).
Support for this model was provided by inferred gene flow from
the EC to the KSR and SC groups (m = 2) (Figure 3A and
Supplemental Figure 7). We then verified gene flow between
populations in other provinces and KSR at the genome-wide level
using ABBA-BABA statistics; the Z scores from this analysis sup-
ported the existence of gene flow (|Z| > 3) (Supplemental Table 6).
Because the accessions tested were japonica landraces from
south of the Yangtze River basin, it is reasonable to conclude
that there was consistent gene flow between these populations.

To identify specific genomic regions subject to gene flow, f4 sta-
tistics were calculated to estimate the magnitude of gene flow
(Figure 3B). Of all tested provinces, the population from
Guangxi showed the highest fy values across the genome (t-
test, P < 0.05), followed by Guangdong, Guizhou, Jiangxi, and
then Fujian (Figure 3C). We next calculated the proportion of
genome introgression to reflect the actual size of the KSR
genome derived from alien introgression. The largest proportion
of genome introgression identified was from Guangxi (9.14%,
34.11 Mb). The size and frequency of introgressed segments
varied across the KSR genome (Supplemental Figure 8). The
largest introgressed segment (4.03 Mb) we identified was also
from Guangxi; this segment was on chromosome 10 and
contained 103 regions with 403 introgressed genes
(Supplemental Table 7), covering ~17.4% of the whole
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Figure 1. Population structure of rice accessions collected in this study.
(A) Phylogenetic tree of 439 accessions inferred from whole-genome SNPs. The line colors indicate different groups. Japonica is encircled with a dashed

line; this part of the tree is featured in (B).

(B) The phylogeny of the 209 japonica landraces with wild rice as the outgroup.

(C) Principal-component analyses of 209 japonica landraces and wild rice.

(D) Individual ancestry coefficients from K = 2 to K = 7 of 209 japonica landraces and wild rice.

chromosome. Jiangxi varieties had the next highest level of
introgression (3.90 Mb). This was on chromosome 11 and
contained 95 regions with 461 genes. Genomic analysis
indicated that the magnitude of alien introgression from
Guangxi, Guangdong, Jiangxi, and Fujian provinces was
significant and that rice landraces in these provinces were
potential donors to KSR, so we inferred the source of the KSR
donors from the magnitude of introgression observed (Zhou
et al., 2020). These findings were consistent with Routes Ill and
IV, which have been proposed by historians, archaeologists,
and anthropologists. Furthermore, these results indicated that
the Dong people migrated more than once.

Notably, the ancestral population from which KSR was derived
was located on the southeast coast. The characteristic high tem-
peratures and humid heat there are conducive to the occurrence
of rice diseases and insects. Some local varieties in these areas
are resistant to diseases and insects. As expected, the rice blast
resistance genes Pia (Os11g0225100) and Pi5 (Os1190225300)
and the bacterial blight resistance gene Xa271 (Os11g0559200)

(located on chromosome 11) are introgression targets (Figure
3D). Analyses showed that these dominant and rare haplotypes
were retained in KSR (Figure 3E).

Population demographic history reveals a genetic
bottleneck and separation of KSR

To better understand the demographic history of KSR, we em-
ployed SMC++ to infer the effective population size (Ne) through
time and the divergence times between KSR and the SC and EC
populations. The results showed that SC, EC, and WR underwent
a significant reduction in Ne ~6000-4800 years before present
(YBP) (Supplemental Figure 9), suggesting a severe population
bottleneck in rice populations. The domestication of cultivated
rice was completed by that time, and the rice farming system in
China had been established. This has been demonstrated by
archaeological data suggesting that rice civilization was formed
at around this time in the Yangtze Valley of China (Fuller et al.,
2010). After this bottleneck, we observed a gradual increase
in Ne in the SC and EC varieties, reaching a maximum at
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Figure 2. Genetic diversity, population differentiation, and phenotypic distributions.

(A) Nucleotide diversity (r) of japonica-KSR, other japonica rice landraces, WR, Bas, and Aus.

(B) Genetic diversity and population differentiation between japonica-KSR and other japonica rice landrace groups. The circles represent the level of
genetic diversity (r) of the groups, and the Fst values between the groups are indicated.

(C and D) Phenotypic distributions of KSR, EC, and SC populations. The graphs on the left represent plantings in Sanya, Hainan Province, in 2020; those
on the right represent plantings in QDN, Guizhou Province, in 2021. The asterisks indicate significant differences (P < 0.05; **P < 0.01).

~180-110 YBP, which could be linked to a population boom in
19th century China (Ge, 2005) (Supplemental Figure 9). The
KSR population separated from those of SC and EC ~350 YBP
(Figure 3F), which indicated that KSR began to differ from other
rice landraces in SC and EC and formed unique population
characteristics. Based on ethnological and historical records,
the Dong people have cultivated rice in QDN since 1000
YBP, in the Song Dynasty (Yang, 2014), suggesting that
domestication of KSR occurred over a long period of ~650 years.

After the separation of KSR, Ne gradually increased, reaching a
peak at ~220-150 YBP (Figure 3F). This is consistent with
historical records showing that the cultivation area and number
of KSR varieties reached a peak in the middle of the Qing
Dynasty (Yang, 2004). Interestingly, SMC++ results indicated
that there was a domestication bottleneck in KSR, with Ne
starting around 50 000 at ~150 YBP and decreasing to 15 000
at ~120 YBP. The prolonged decrease in Ne resulted from a
variety of factors. First, from 1870 to 1879 (~140-150 YBP),
Guizhou Province suffered from frequent natural disasters, with
57 extreme natural disasters occurring in this period (He, 2011).
QDN was the most affected area and suffered from crop failure
(Yan, 2009). Second, in the late period of the Qing Dynasty and
the early period of the Republic of China (~120 YBP), the
government mandated planting of indica rice to increase yield
(Yang, 2004, 2014; Yan, 2008), which resulted in a significant
decrease in the cultivation area of KSR. It is also worth noting
that there was a precipitous decline in Ne in KSR 30 years ago;

Molecular Plant 16, 415-431, February 6 2023 © 2022 The Author.

this corresponds to the widespread introduction of hybrid rice
in the late 1990s to replace landraces (Supplemental Note).

Identification of selective sweeps reveals potential
targets of selection during domestication

Genome-wide SNP analysis allowed us to examine not only as-
pects of the genetic evolution of KSR but also the artificial and nat-
ural selection of KSR in the context of traditional Dong culture. We
employed three metrics, 7 values (Pi), a pairwise fixation statistic
(Fs1), and a cross-population composite likelihood ratio (XP-
CLR) to identify putative selective sweeps associated with domes-
tication (Supplemental Table 8). We compared KSR with both the
ancestral population (AP), which comprised Guangdong, Guangxi,
Jiangxi, and Fujian provinces (AP vs. KSR) (Supplemental
Table 9A-9C), and the GZ population (GZ vs. KSR)
(Supplemental Table 10A-10C). Due to the potential effects of
population structure, bottleneck, or random drift on these
results, 651 and 862 genes were considered important
candidates for the AP vs. KSR and GZ vs. KSR comparisons,
respectively (detected by at least two metrics, these genes were
located in the selective sweeps but not in introgression regions)
(Supplemental Table 11). These genes had functions related to
specialized metabolites, protein processing, and plant-pathogen
interactions (Supplemental Figure 10 and Supplemental Table 12).

Domestication of crops by humans focused first on intuitive
agronomic traits. Over 2000 plant species have been modified
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Figure 3. Introgression of japonica rice landraces of different groups into KSR.
(A) Maximum likelihood tree inferred by TreeMix allowing two migration events. The arrows correspond to the direction of migration.
(B) The four-taxon topology used for modeling introgression in ABBA-BABA tests (left) and the phylogenetic topology used for inferring introgression to

KSR. KSR was used as the recipient population (P2).

(C) Testing gene flow from donor populations to KSR using SW as P1. The asterisk indicates that gene flow (as indicated by f4) from a specific donor is
significantly higher than from Yunnan (YN), Zhejiang (ZJ), Hunan (HN), Hubei (HB), Jiangsu (JS), and Anhui (AH) provinces (t-test, P < 0.05).

(D) Introgression from donor populations to KSR across chromosome 11. The introgressed genes are labeled at corresponding positions on the chro-
mosome (Pia, Os1190225100; Pi5, Os11g0225300; Xa21, Os1190559200). GX, Guangxi; GD, Guangdong; FJ, Fujian; JX, Jiangxi; GZ, Guizhou.

(E) The haplotype analysis of Pia, Pi5, and Xa21. KSR retains dominant and rare haplotypes of ancestral populations (SC and EC).

(F) Effective population size and split time inferred by SMC++ based on WGS SNPs for KSR (pink), EC (green), SC (purple), and WR (brown). The gray bar
indicates the maximum effective population size of KSR. YBP, years before present.

morphologically through cultivation and human use (Gaut et al.,
2018). As expected, many well-studied genes controlling agro-
nomically important traits were identified in selective sweeps
(Figure 4A and Supplemental Figure 11A). For example, in the
AP vs. KSR group, genes related to plant architecture and
yield were detected. The gene d50 influences the plant height
of rice, and previous studies confirmed that d50 mutation
induced abnormally oriented cell division, resulting in
abnormally organized cell files of the internode parenchyma
and a dwarf phenotype (Sato-lzawa, et al., 2012). Ghd7
encodes a transcription factor and is a major gene regulating
rice yield, mainly by coordinating plant height, flowering time,
and number of grains per spike (Wang et al., 2021; Zong
et al., 2021). GIF1, which influences grain size and grain filling,
has been reported as a potential domestication gene, and
such domestication-selected genes can be used for further
crop improvement (He et al., 2008). The selection of these
genes indicates that key agronomic traits such as plant
height, grain size, seed-setting rate, and heading date were
selected by the Dong people.

We found that the selected region between 19.23 Mb and 19.26
Mb on chromosome 5 contained the gene DPS1 (Supplemental
Figure 11B), whose superior haplotype predominated in KSR.
DPS1 encodes a mitochondrial-localized protein (containing a
cystathionine B-synthase domain) that plays a vital role in the
seed-setting rate of rice (Zafar et al., 2020). Haplotype analysis
of DPS1 revealed that GZ, CC, and EC share Hap2, which is
absent from SC and KSR (Supplemental Figure 11C), indicating
that the KSR and SC populations evolved later than other
populations. Phylogenetic trees and haplotype networks
showed that Hapil had the closest genetic evolutionary
relationship to Hap3 (Supplemental Figure 11D and 11E),
implying that Hap1 was probably domesticated from Hap3. The
superior haplotype, Hap1, increased in frequency to become
the dominant haplotype (84%) in KSR after domestication
(Supplemental Figure 11C and 11F). This indicated that KSR
had a high seed-setting rate, which is consistent with previous
research (Li et al., 2019). RNA-sequencing (RNA-seq) data
showed that DPS7 had higher expression in KSR than in
APs (Supplemental Figure 11G). Next, we used quantitative
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Figure 4. Representative selected gene GS3.

(A) Genome-wide selective signals (XP-CLR score) of GZ vs. KSR. Labeled genes were detected by at least two metrics of Pi, Fst, and XP-CLR.
(B) Fst plot for GS3.

(C) Local Manhattan plot obtained from GWAS on grain length-to-width ratio (LW) (top) in chromosome 3, with dashed lines indicating the threshold for

GWAS (—log1g P = 5), and LD heatmap (bottom) surrounding the peak on chromosome 3. Black triangles indicate the positions of the LD block, and the
color key indicates r* values between SNPs in the regions.

(D) Phylogenetic tree of GS3. The line colors indicate different groups.
(legend continued on next page)
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real-time PCR to investigate expression levels of DPS1 and found
that it was more abundant in KSR than in APs (Supplemental
Figure 11H). Furthermore, KSR has a higher seed-setting rate
compared with APs (Supplemental Figure 11l), showing the
positive direction of domestication. Thus, we identified DPS7 as
a potential candidate for selection by the Dong people to
improve yield during domestication. KSR has a high seed-
setting rate because the genome has undergone profound
changes due to selection, and this process has left genomic
footprints. These changes are closely related to the unique
methods of domestication and breeding selection by the Dong
people, confirming the results of our ethnobiological
investigation at the genomic level. Several other genes
associated with agronomic traits were also identified, such as
OsDET1 (Zang et al., 2016), OsPRA2 (Zhang et al., 2016),
OsNAC20 (Wang et al., 2020), and others. We also identified
some receptor-like kinase-related genes such as OsBRR1
(Peng et al., 2009) and OsWAK92 (Delteil et al., 2016), which
are involved in rice resistance responses to blast fungus. The
tyrosine decarboxylase-related gene OsTyDC1 enhances resis-
tance to rice blast and bacterial blight (Shen et al., 2021).
Bph37 (Zhou et al., 2021), a newly cloned brown planthopper
resistance gene on chromosome 6, was also selected. These
findings are consistent with the fact that KSR is resistant to
diseases and insects when cultivated using primitive cultivation
methods, which are not compatible with pesticides and
fertilizers (Liu et al., 2022b). Overall, KSR has thus accumulated
beneficial mutations that reflect the dietary and economic
demands of the Dong people.

In the GZ vs. KSR group, we found that the selected region be-
tween 9.33 Mb and 9.34 Mb on chromosome 6 contained a
well-known gene, Hd7, which influences the heading date of
rice plants (Supplemental Figure 12A) (Yano et al., 2000).
Previous studies confirmed that Hd7 has undergone human
selection to diversify the flowering times of rice during
domestication (Takahashi and Shimamoto, 2011). We observed
that the haplotypes of all wild rice were of the undomesticated
type, whereas domesticated types were found in cultivated
rice. Among them, the superior haplotype, Hap2, evolved later
than other Haps (Supplemental Figure 12B and 12C). However,
Hap2 became the dominant haplotype (90%) in KSR after
domestication (Supplemental Figure 12D and 12E). Considering
the significance of Hap2 in KSR, we speculated that it might be
the domesticated haplotype of Hd7. It appears that Hd7
underwent breeding pressure and became a target gene at the
stage of KSR breeding selection; that is, compared with APs,
KSR matured earlier (Supplemental Figure 12F). RNA-seq and
quantitative real-time PCR results showed that the expression
of Hd1 in early-maturing KSR varieties was significantly higher
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than that in APs (Supplemental Figure 12G and 12H). The
above results provide strong genomic evidence for our
ethnobiological investigation: compared with APs, KSR had an
earlier heading date, enabling it to adapt to the insufficient light
and cold cultivation conditions in the mountainous environment
of QDN (Huang and Lai, 1983). In addition, GS3 (Fan et al,,
2006), a major quantitative trait locus for grain length on
chromosome 3, was also selected (Figure 4A, 4B, and 4C); it
functions as a negative regulator of grain length (Mao et al.,
2010). The haplotypes of all KSRs were of the domesticated
type (Figure 4D, 4E, and 4F), and Hap3 was superior
(Figure 4G). Although Hap3 evolved later than other haplotypes
(Figure 4D and 4E), the frequency of this superior haplotype
extended to 85% of the KSR population (Figure 4F), implying a
breeding selection strategy of the Dong people, because large
and round grain varieties are required by their traditional dietary
culture (Wang et al.,, 2018a) (Figure 4H). The RNA-seq data
showed that GS3 had higher expression in KSR than in APs
(Figure 4l), and quantitative real-time PCR showed that the
expression of GS3 was also more abundant in KSR (Figure 4J).
Compared with APs, KSR had a rounder, fuller grain, with
increased thousand-grain weight and reduced length-to-width
ratio, consistent with a previous study (Li et al., 2019)
(Figure 4H and 4K). This was a requirement for the traditional
dietary culture of the Dong people. Also, many other genes
associated with plant architecture traits were selected. These
included D-h (Piao et al., 2014), OsLIC1 (Zhu et al., 2021), and
FC1 (Li et al., 2008). We also identified rice blast and brown
planthopper resistance genes such as Pish (Imbe and
Matsumoto, 1985) and others.

Genome-wide SNP analysis also allowed us to examine the sub-
sequent adaptation of KSR to local environments. One key trait
associated with geographical adaptation in KSR is cold toler-
ance. Based on an ethnobiological survey, most KSR terraces
are hidden in the forest area around cottages. This is due to the
complex terrain in QDN, which includes a great deal of moun-
tainous area and little or no flat land (Liu et al., 2022a). Many
KSR varieties therefore have strong cold tolerance. We
interviewed 229 Dong farmers in 10 QDN villages about the
mitigation of cold stress damage to plants. The major strategy
was to farm cold-tolerant varieties. As expected, 18 genes
involved in the regulation of cold tolerance were determined by
Pi, FsT, or XP-CLR values to have been selected (Supplemental
Figure 13). Analyses of these genes showed unique haplotypes
of LTG1 and MYBS3 in KSR. LTG1 was cloned from cold-
tolerant japonica by Lu et al. (2014). This gene encodes casein
kinase |, which is involved in indole-3-acetic acid synthesis and
positively regulates low-temperature tolerance of rice during
the vegetative growth stage. Five haplotypes were identified;

(E) Evolution network of the main haplotypes of GS3.
(F) Geographic distribution and frequency changes of GS3 haplotypes.

(G) Boxplot of grain LW of different GS3 haplotypes. Rice landraces were planted in Sanya in 2020 (left) and in QDN in 2021 (right); the asterisks indicate

significant differences (*P < 0.05; **P < 0.01).
(H) Seed-size display of KSR, GZ, and AP populations.

(I) Transcriptomic patterns of GS3 in KSR and AP, based on the number of fragments per kilobase of the exon model per million mapped reads (FPKM).
(J) Comparison of GS3 expression levels between KSR and AP by quantitative real-time PCR. Error bars indicate + SD; n = 3 independent biological

replicates.

(K) Boxplot of thousand-grain weight of five typical test accessions. Rice landraces were planted in Sanya in 2020 (left) and in QDN in 2021 (right); the

asterisks indicate significant differences (**P < 0.01).
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notably, the superior haplotype Hap3 dominated in KSR (56%)
(Supplemental Figure 14A, 14B, and 14C), and it displayed a
higher value for D (the comprehensive evaluation parameter for
cold resistance) and a lower leaf withering degree (LWD) value
than other haplotypes (Supplemental Figure 14D). In tracing the
evolutionary origin of Hap3 in LTG7, we found that KSR was
derived from SC in Hap3 (Supplemental Figure 14A). This result
suggested that Hap3 was present in SC and was further
maintained and extended during KSR domestication through
natural and artificial selection. LTG7 was expressed at higher
levels in KSR than in AP varieties when plants were incubated
at 10°C for 4 h, 8 h, or 12 h (Supplemental Figure 14E). The
results of haplotype, phenotype, and gene expression analyses
of MYBS3 (which plays a critical role in cold adaptation in rice;
Su et al., 2010) were similar to those of LTG7 (Supplemental
Figure 15).

KSR was also found to be glutinous, and the pericarp color was
variable (white, red, or brown). Haplotype analysis was performed
for Waxy (Wang et al., 1990) and genes associated with pericarp
color (e.g., Ra and Rd) (Furukawa et al., 2006; Gross et al., 2010)
in the KSR, EC, SC, CC, SW, and GZ populations. We found that
KSR, like other rice landraces, had no specific haplotypes,
suggesting that these traits were selected by humans in the AP.
However, haplotype analysis of glutinous rice, non-glutinous
rice, and rice with white or colored pericarps showed differences
in the haplotype frequencies of these regulatory genes
(Supplemental Figure 16).

Genome-wide association study reveals the genetic
basis of agronomic and cold-tolerance traits of KSR

Using a genome-wide association study (GWAS), we identified
138 loci that were significantly associated with eight agronomic
traits and one cold-tolerance trait (Figure 5 and Supplemental
Table 13). Among them, 80 significant loci overlapping with
known functional genes were successfully identified in these
GWAS peaks, such as FC1 (Li et al., 2008), gHd1 (Chen et al.,
2014), GLW10 (Yuan et al., 2022), EP3 (Piao et al., 2009), and
GS3 (Fan et al., 2006) (Figure 4C). In addition, the intersections
of regions subject to selection with GWAS peaks revealed loci
that may be related to desirable traits promoted during
domestication of KSR. For example, a series of genes with
known functions was successfully identified in both GWAS
peaks and selection sweeps, including OskKS171 (Marcia et al.,
2005), OsKS2 (Ji et al., 2014), and FC1 for panicle length; Se13
(Xu et al., 2013) for grain number per panicle; OsCYP51G3 (Xia
et al., 2015) for seed-setting rate; GS3 for grain length-to-width
ratio; EP3 for thousand-grain weight; and DTH3 (Bian et al.,
2011) for days to heading; all of these genes were selected in
GZ vs. KSR. Furthermore, OsMADS51 (Kim et al., 2007) (for
panicle length) and EP3 (for thousand-grain weight) were
selected in the AP vs. KSR group.

Some new and highly promising associations were also identi-
fied. These included 0s02g0202900 (OsFBK3), an F-box
domain-containing protein that regulates seed size and grain
number in rice (Chen et al.,, 2013), and Os0990471100, a
peroxidase precursor associated with auxin metabolism and
cell-wall thickening (Passardi et al., 2005); both were
discovered by GWAS for thousand-grain weight. These
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genotypes contributed significantly to phenotypic variation
(Supplemental Figure 17A, 17B, 17E, and 17F). Both of these
genes were expressed at higher levels in KSR compared with
AP varieties (Supplemental Figure 17C and 17G). Furthermore,
we also used quantitative real-time PCR to investigate the
expression of 0s029g0202900 and Os09g0471100 and found
that they were more abundant in KSR than in AP accessions
(Supplemental Figure 17D and 17H). In addition, Os01g0923300
(CBS) was identified in GWAS for grain number per panicle.
CBS is a cystathionine B-synthase domain-containing protein
that is required for anther and panicle development in rice
(Zafar et al., 2020). The frequency of Hap1 of Os07190923300
was nearly 90% in KSR, and the phenotype of Hap1l was
significantly superior to that of Hap2 (Supplemental Figure 17I
and 17J). Hap1 of Os07190923300 was therefore determined to
be specific to KSR and is worthy of further study.
0s019g0923300 was expressed at higher levels in KSR than in
AP varieties (Supplemental Figure 17K), as verified via
quantitative real-time PCR (Supplemental Figure 17L).
Combined with the plant phenotypes, high expression of these
genes in the spikelet primordium indicated that they function in
regulating rice grain and spikelet development.

DISCUSSION

In this study, we present a large-scale survey of rice landrace
genomes from southern China that cover all major areas of the
rice-farming civilization in the region. Using genomic data, we re-
vealed the evolutionary history of these accessions and hypothe-
size about the historical migration routes of the Dong people. This
approach is scientifically sound because KSR is cultivated and
utilized only by the Dong people and because they carried KSR
during their migrations (Yang, 2021; Liu et al., 2022a). In
addition, the KSR samples used in this study were collected in
1980, before the introduction of other rice landraces or hybrid
rice lines from surrounding provinces (Ruan et al., 2007). Thus,
there was almost no recent gene introgression in these KSR
samples. This effective and ingenious approach avoids the
drawbacks of insufficient quantitative data faced by
archaeological and ethnological studies of the Dong people
(Chen and Wei, 2018). It also circumvents the problems of few
sample materials, poor sample integrity, difficulties in extraction
of ancient DNA, and vulnerability to external contamination
encountered in the study of ancient human genomes (Lipson
et al., 2018).

Our population genomics study showed that KSR originated from
rice landraces in Guangxi, Guangdong, Fujian, and Jiangxi prov-
inces. KSR was brought to QDN when the ancestors of the Dong
people migrated, supporting Route Ill as proposed by historians,
archaeologists, and ethnologists. Combined with current histori-
cal research (Fan, 1989; Xu and Li, 2014), our results showed that
the ancestors of the Dong people migrated multiple times
(Figure 6). The distribution of the Dong people is a result of the
genetic origin, migration, and admixture history of this group,
which is consistent with research conducted by Ma et al. on the
origin of the Hui people (Ma et al., 2021). Consistent with the
results discussed above, we found mixed patterns of
population structure and high frequencies of genetic exchange
between KSR and SC or EC populations. Such frequent gene
flow in geographically non-adjacent regions implies human
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Figure 5. Manhattan plots of GWAS for eight agronomic traits and one cold-tolerance trait (—logoP = 5).

These traits comprise plant height (PH), panicle length (PL), peduncle length (PEL), grain number per panicle (GN), seed-setting rate (SSR), thousand-
grain weight (TGW), grain length-to-width ratio (LW), days to heading (HD), and cold-tolerance D value. Dashed lines indicate the threshold for GWAS
(—log1oP = 5). Candidate genes for GN and TWG closest to the GWAS signals are displayed.

intervention (Zeng et al., 2018). SC and EC are donors to KSR, as
illustrated by the similar haplotype patterns observed from some
representative introgressions in these three populations (Wu
et al., 2022). Thus, gene flow due to human activity may be the
primary factor contributing to the observed patterns of KSR
domestication, consistent with results in other crops such as
sorghum (Wu et al., 2022), wheat (Zhou et al., 2020), and castor
bean (Xu et al.,, 2021). We also found that there has been
genetic differentiation between KSR in QDN and the ancestral
rice populations of SC and EC. This divergence was estimated
to have occurred ~350 YBP. Early evidence shows that the
Dong people settled as a single ethnic community in QDN 1000
years ago during the Song Dynasty (Yang, 2014). We therefore
infer that the Dong people have been domesticating KSR for
~650 years. As an ecotypic rice landrace with characteristics
unique to QDN, KSR has adapted to the local natural

environment and the traditional culture of the Dong people and
has been passed down through the generations.

Characterization of genes associated with domestication could
shed light on the process of crop domestication at the genetic
level (Wu et al., 2022), in which artificial selection plays a key
role (Olsen and Wendel, 2013). In KSR, we found evidence for
selection of domestication genes and identified the models of
haplotype changes in three key genes (Hd71, GS3, and DPS1)
from APs to KSR. These results provide strong genetic
evidence for a dynamic domestication process of KSR by the
Dong people. Previous studies have shown that Hd7 has
undergone human selection to diversify rice flowering time
during domestication (Takahashi and Shimamoto, 2011). We
confirmed this finding and further dissected the haplotype
evolutionary network of Hd7 in different populations. This
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haplotype analysis revealed changes in heading date during KSR
domestication by the Dong people. They selected for earlier
heading in KSR to minimize reductions in grain yield caused by
low temperature, confirming our ethnological findings at the
genetic level. In addition, significant evolution of agronomic
traits was detected in KSR. The panicle length, grain number
per panicle, seed-setting rate, and thousand-grain weight were
higher in KSR than in the AP. This is consistent with the dietary
and economic needs of the Dong people and suggests their
positive input during domestication. In particular, the role of
GS3 in regulating rice grain size deserves an in-depth investiga-
tion into the associated complex regulatory network (Sun et al.,
2018). KSR has a full, rounded grain phenotype, which is clearly
different from that of the AP and other rice landraces in
Guizhou. This may be because the expression level of GS3 is
precisely regulated in each accession. Our GWAS results also
established a link between grain size and GS3. In addition, we
found that glutinous traits and a colored pericarp were not
further selected by the Dong people, and the lines with red or
brown pericarps were present in their ancestral genetic pool.

We also detected genetic change that was related to environ-
mental changes associated with migration of the Dong people
(Xu et al., 2021), such as identification of the cold-tolerance
regulatory genes LTG1 and MYBSS3. Haplotype analysis further
revealed that KSR had a higher frequency of the superior
haplotypes of these genes, suggesting that they were targets
during KSR domestication. The phylogenetic tree and network
of haplotypes also revealed genetic evolution of KSR that was
consistent with the migration route of the Dong people and
showed that superior haplotypes expanded to become

dominant in the KSR population after domestication. Owing to
environmental changes, the Dong people have selected
varieties with strong cold tolerance as an agronomic strategy
(Liu et al., 2022b). Through the generations, KSR cold tolerance
has gradually been enhanced, and genomic footprints have
been left that reveal profound changes in the genome due to
selection. All of these findings are consistent with and validate
our ethnobiological survey results from a genomic perspective.

Combining a genome scan with GWAS allowed us to investigate
the genetic basis of agronomic traits, especially those related to
heading date, seed size, and seed-setting rate, which were
clearly targets of selection by the Dong people. Furthermore,
we identified three possible candidate genes; both RNA-seq
and quantitative real-time PCR verified that expression levels of
the newly identified genes were significantly higher in the KSR
population than in the AP. This indicates a need for further study
of genes regulating yield traits.

Although the migration of the Dong people occurred long ago, the
significance and particularity of KSR in Dong agricultural produc-
tion mean that we can use genetic footprints in KSR to identify
the migration route of the Dong people. In the future, the comple-
mentation and deep integration of natural sciences and social sci-
ences is an important way to explore the evolution of human civili-
zations. Our results suggest a scenario of origin, migration, and
admixture history in the Dong population through a multidisci-
plinary approach. This study not only generates new insights into
the migration of the Dong people by genetic evolution and domes-
tication of KSR but also presents new tools for the study of human
migration.
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Ethnobiological survey

We conducted continuous ethnobiological studies in Dong villages in Guiz-
hou Province in September of 2015, July of 2019, August of 2020, and
October of 2021. Two hundred twenty-nine respondents (Dong farmers)
were interviewed through the snowball technique, which included key infor-
mant interviews, semi-structured interviews, and participatory observa-
tions. Survey sites included farmers’ homes, farmlands, fish ponds, village
roads, and workshops. Key informant interviews were conducted primarily
with local experts, village cadres, clan elders (e.g., village elders or head-
men), and inheritors of intangible cultural heritage. The semi-structured in-
terviews involved open-ended questions and conversations with infor-
mants in the locations listed above. All interview procedures were in
accordance with the International Society of Ethnobiology code of ethics,
including procuring informed consent prior to interviews (http://
ethnobiology.net/code-of-ethics/). We also conducted participatory obser-
vations; specifically, we devoted ourselves to observation of the life of local
ethnic minorities, focusing on the role of KSR in the daily life and traditional
culture of the Dong people, the layout of KSR farmland ecosystems, tradi-
tional KSR management, and the daily production and collective activities
of the Dong people. This allowed us to better understand the Dong people.

Sampling, DNA isolation, and genome sequencing

In this study, a total of 372 core rice landraces were selected from 1481
accessions. We divided the 372 core accessions into six groups. KSR
comprised 104 KSR accessions from QDN. GZ included 104 rice land-
races from Guizhou (except QDN). There were 23 landraces from central
China (CC), 74 from East China (EC), 36 from South China (SC), and 31
from Southwest China (SW). Details of accessions are shown in
Supplemental Table 1 and Supplemental Figure 3. The selected
accessions represented a wide range, including all possible APs of KSR.

Genomic DNA was extracted using standard methods, and 1.5 pg of DNA
per sample was used as input for sequencing library generation using a
TruSeq Nano DNA HT sample preparation kit (lllumina, USA) following
the manufacturer’s recommendations. Index codes were added to attri-
bute sequences to each sample. In brief, the libraries were prepared as
follows: the genomic DNA sample was fragmented by sonication to a
size of ~350 bp, then DNA fragments were end-polished, A-tailed, and
ligated with the full-length adapters for lllumina sequencing with further
PCR amplification. PCR products were then purified using the AMPure
XP bead system. The libraries were analyzed for size distribution using
an Agilent 2100 Bioanalyzer and quantified by real-time PCR. Subse-
quently, we used the lllumina NovaSeq platform to generate ~2.06 Tb
of raw sequences with a 150-bp read length.

Sequence quality checking and filtering

To eliminate reads with artificial bias (i.e., low-quality paired reads, which
primarily result from base-calling duplicates and adaptor contamination),
we removed the following types of reads: (i) reads with >10% unidentified
nucleotides; (i) reads with >10 nt aligned to the adaptor, with <10% mis-
matches allowed; (jii) reads in which >50% bases had Phred quality scores
<5; and (iv) putative PCR duplicates generated via PCR amplification in the
library construction process (i.e., read 1 and read 2 of two paired-end
reads that were completely identical). Consequently, we retained 1.99
Tb (~5.97 Gb per sample) of high-quality genomic data (Supplemental
Table 3 and 4).

Sequence alignment, variation calling, and annotation

The remaining high-quality paired-end reads were mapped to the O. sativa
japonica reference genome (IRGSP-1.0) using Burrows-Wheeler Aligner
software (Li and Durbin, 2009) with the command “mem -t 4 -k 32 -M”.
To reduce mismatches generated by PCR amplification before
sequencing, duplicated reads were removed using SAMtools (v.0.1.1) (Li
et al., 2009). After alignment, the genomic variants (in GVCF format for
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each line) were identified using the Sentieon DNASeq software package
(Weber et al., 2016). Then all GVCF files of all lines were merged. To
obtain high-quality variants, variants with QD > 2.0, FS < 60.0,
MQ > 20.0, MQRankSum > —12.5, and ReadPosRankSum > —8.0 were re-
tained using GATK software (McKenna et al., 2010). The following potential
low-quality variants were removed: (1) two alleles only, (2) missing rate <0.2,
(3) minor allele individuals >5.0, and (4) minor allele frequency <0.05.
Consequently, a total of 3 566 872 SNPs were retained. The identified
SNPs and indels were further annotated with ANNOVAR software (version
2013-05-20) (Wang et al., 2010) and thus divided into the following groups
on the basis of newly updated rice genome annotation information:
variations in intergenic regions, within 1 kb upstream (downstream) of
transcription start (stop) sites, in coding sequences, and in introns.

Phenotyping

The 397 rice landraces were planted and phenotyped in Sanya of Hainan
province and QDN of Guizhou Province in 2020 and 2021, respectively. At
least 10 plants in the middle of the plot were selected for phenotyping;
measurements included plant height (cm), panicle length (cm), peduncle
length (cm), grain number per panicle, seed-setting rate, thousand-grain
weight (g), grain length-to-width ratio, and days to heading (days), accord-
ing to the standard evaluation system for rice (Han and Wei, 2006).

Phylogenetic tree and population structure

We used 3 566 872 SNPs to construct the individual-based neighbor-
joining tree based on the p distance using TreeBest software (v.1.9.2)
(Vilella et al., 2005) with 1000 bootstrap replications. The population
genetic structure was examined using ADMIXTURE (v.1.23) (Alexander
et al., 2009). PCA was performed using GCTA software (Yang et al,
2011). First, we obtained the genetic relationship matrix with the
parameter “—make-grm”. Then, the top three principal components
were estimated with the parameter “~pca3”.

Population genetic analysis

Nucleotide diversity = for each group (KSR, CC, EC, SC, SW, GZ, WR,
Bas, and Aus) and fixation index (Fst) between populations were analyzed
by VCFtools (v.0.1.14) (Danecek et al., 2011) within a 20-kb window.

Introgression analyses

To detect introgression events from other populations into KSR, we used
TreeMix version 1.13 (Pickrell and Pritchard, 2012) to investigate gene
flow between groups with the settings “-tf -se -bootstrap 8 -k 1000
-root -m”, where the number (-m) varied from 1 to 8.

To verify the introgression events detected by TreeMix, we applied the
ABBA-BABA test (D statistic) by detecting differences in allele sharing be-
tween two lineages (P1 and P2) with a third lineage (P3) (Durand et al.,
2011). Wild rice was used as the outgroup and SW as the P1 group, and
a significant gene flow signal was defined as a D statistic larger than 3.

Subsequently, the f4 statistic (Martin et al., 2014) was computed to identify
introgressed genomic fragments based on the tree form ((P1, P2), P3), O),
consistent with the above D statistic. The f4 statistic was computed in 20-kb
non-overlapping windows with the python script ABBABABAwindows.py
(https://github.com/simonhmartin/genomics_general).

We inferred fluctuations in effective population size for KSR, EC, SC, and
WR with SMC++ (v.1.15.2) (Terhorst et al., 2017) based on a constant
generation time of 1 year and a per-generation mutation rate of 6.5 x
10~° (Gaut et al., 1996).

Selective signals of adaptation

To identify potential selective signals during KSR evolution, we used a
sliding-window approach (20-kb windows sliding in 10-kb steps) to quan-
tify the levels of nucleotide diversity (7) and genetic differentiation (Fst) be-
tween KSR and GZ or AP groups using VCFtools (v.0.1.14) (Danecek et al.,
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2011). The = ratios between groups were log transformed. We also used
the XP-CLR score to scan for domestication-sweep regions (-w1
0.005 200 2000 1 —p0 0.95) (Chen et al., 2010). The windows with the
top 5% of Fst, 7 ratio (wc /mmcc), or XP-CLR scores were considered to
be candidate sweeps during breeding.

KEGG pathway analysis

Enriched rice pathways (http://www.kegg.jp) in candidate genes selected
during KSR evolution were identified using KOBAS v.2.0 (Mao et al., 2005).
The filtering criteria of P < 0.05 and FDR < 0.05 were used for the KEGG
enrichment analysis.

Cold-tolerance phenotype evaluation

To examine variation in cold tolerance, we measured several cold-
associated fitness traits in 209 typical japonica landraces at the seedling
stage. Tested traits were LWD, chlorophyll content, nitrogen content,
seedling length, root length, and plant dry weight. These parameters
were measured as described by Han and Wei (2006) and Han et al. (2022).

Ten seeds per accession were sown in seedling trays in August 2021
in Beijing. Seedlings were incubated at 28°C prior to low-
temperature treatment. Starting at the 3.5-leaf stage, plants in the low-
temperature group were incubated at 10°C for 7 days to mimic cold stress.
Seedlings were then transferred to 28°C for 7 days to recover. The control
group was incubated for the entire time at 28°C. LWD was measured at
day 7 of treatment and at day 7 of recovery. LWD values ranged from 1
to 9, with 1 indicating the strongest possible cold tolerance (all plants sur-
vived) and 9 indicating the weakest possible cold tolerance (all plants
died). Chlorophyll content and nitrogen content were measured with three
technical replicates using a plant nutrition tester (TYS-4 N; Top YunNong,
Zhejiang) at three test points that were 3-5 cm from the leaf tip. Seedling
length and root length were measured in three plants per accession using
a ruler. After plants were measured, they were cleaned with gauze, wrap-
ped in newspaper, dried at 105°C for 30 min, and then dried at 80°C to a
constant weight. After cooling, dry weight was measured with an analytical
balance. The average value was calculated for each parameter.

To eliminate the differences in basic characteristics between different va-
rieties, relative values of the measurement indexes were used to evaluate
cold tolerance as follows:

Relatives value = LT /CG. (Equation 1)

Cold resistance was analyzed using subordinate function methods, and x;
was calculated with PCA using SPASS 24.0 software. The subordinate
function p(xj) was calculated as follows:

(%) = (X — Xmin) / (Xmax — Xmin) X 100%, (Equation 2)

where x; is the ith comprehensive index and X, and Xmax are the minimum
and maximum, respectively, for the ith comprehensive index.

The weight function w; was calculated and represents the relative impor-
tance of the ith comprehensive index:

n
w; = rf/Z;:1’7~

where v; represents the contribution for the ith comprehensive index.

(Equation 3)

The comprehensive evaluation parameter for cold resistance D was calcu-
lated as follows:

b= Z,-HZW[M(XI)W/]- (Equation 4)
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D and LWD were selected as the final evaluation indexes for cold resis-
tance in this study. Higher D values and lower LWD values were associ-
ated with stronger cold tolerance.

Genome-wide association study

We performed a GWAS for eight agronomic traits and one cold-tolerance
trait: plant height, panicle length, peduncle length, grain number per
panicle, seed-setting rate, thousand-grain weight, grain length-to-width
ratio, days to heading, and cold-tolerance D value. Two hundred nine
japonica accessions were used to perform GWAS using the GEMMA
(genome-wide efficient mixed-model association) software package
(Zhou and Stephens, 2012). For the mixed-linear-model analysis we
used the following equation:

y = Xa+SB+Ku+e,

where y represents phenotype; o and B are fixed effects representing
marker effects and non-marker effects, respectively; and p represents un-
known random effects. X, S, and K are the incidence matrices for a, , and
u, respectively, and e is a vector of random residual effects. The top three
PCs were used to build up the S matrix for population-structure correc-
tion. The matrix of simple matching coefficients was used to build up
the K matrix. The analyses were performed in the GEMMA software pack-
age. Genetic relationship between individuals was modeled as a random
effect using the kinship (K) matrix. Significant P thresholds (P < 10 ~°) were
set to control the genome-wide type | error rate. Then we enlarged the
candidate region to 100 kb centered on the GWAS signal peak to identify
candidate genes.

Expression analysis with RNA-seq

The cold-tolerance test was performed using six selected accessions:
three KSR populations and three APs. Seeds of all accessions were
sown in equal-size seedling trays for three replicates in March 2022 in
Beijing. Ten seeds were used per accession, and seedlings were incu-
bated at 28°C. When the seedlings had grown to the 3.5-leaf stage,
they were incubated at 10°C to mimic temperature stress. At 4 h, 8 h,
and 12 h after cold stress, leaf tissue from the flag leaf center was
collected and frozen in liquid nitrogen. Total RNA was extracted using
the RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instruc-
tions for sequencing analysis. Sequencing was performed on the lllu-
mina X Ten platform. Approximately 6 Gb of 150-bp paired-end reads
were generated for each sample. The clean reads from these RNA-seq
experiments were mapped onto the O. sativa japonica reference genome
(IRGSP-1.0) using TopHat2 (v.2.1.1) (Trapnell et al., 2012). The
expression level of each transcript was counted and normalized into
fragments per kilobase per million mapped reads using Cufflinks
(v.2.1.1) (Pachter et al., 2010).

RNA extraction and quantitative real-time PCR

Total RNA was extracted from spikelet primordia of KSR and
ancestral samples using a TIANGEN kit (Tiangen Biotech) for quantitative
real-time PCR analysis. Approximately 500 ng of total RNA was
used to synthesize first-strand complementary DNA with RT-gDNA
digestion SuperMix for the gPCR kit (Yeason Biotechnology). The
quantitative real-time PCR was performed using ChamQ SYBR Color
gPCR Master Mix Q411 (Vazyme Biotech). The gene encoding
ubiquitin-60S ribosomal protein (0Os0390234200) served as an internal
control. Primers for the candidate genes were designed using Primer
Premier 5. Primers used in this analysis are listed in Supplemental
Table 14.

Data availability

The raw sequencing data have been deposited in the China National
Center for Bioinformation (https://ngdc.cncb.ac.cn/gsa/) under acces-
sion code PRJCA010430. Other data used are listed in Supplemental
Table 1.
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