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Abstract

Vietnam possesses a vast diversity of rice landraces due to its geographical situation, latitudinal range,
and a variety of ecosystems. This genetic diversity constitutes a highly valuable resource at a time
when the highest rice production areas in the low-lying Mekong and Red River Deltas are enduring

increasing threats from climate changes, particularly in rainfall and temperature patterns.

We analysed 672 Vietnamese rice genomes, 616 newly sequenced, that encompass the range of rice
varieties grown in the diverse ecosystems found throughout Vietnam. We described four Japonica and
five Indica subpopulations within Vietnam likely adapted to the region of origin. We compared the
population structure and genetic diversity of these Vietnamese rice genomes to the 3,000 genomes of
Asian cultivated rice. The named Indica-5 (I15) subpopulation was expanded in Vietnam and contained
lowland Indica accessions, which had with very low shared ancestry with accessions from any other
subpopulation and were previously overlooked as admixtures. We scored phenotypic measurements
for nineteen traits and identified 453 unique genotype-phenotype significant associations comprising
twenty-one QTLSs (quantitative trait loci). The strongest associations were observed for grain size
traits, while weaker associations were observed for a range of characteristics, including panicle
length, heading date and leaf width. We identified genomic regions selected in both Indica and
Japonica subtypes during the breeding of these subpopulations within Vietnam and discuss in detail

fifty-two selected regions in 15, which constitute an untapped resource of cultivated rice diversity.

Our results highlight traits and their associated genomic regions, which were identified by fine

phenotyping and data integration. These are a potential source of novel loci and alleles to breed a new

generation of sustainable and resilient rice.

KEYWORDS: Rice, breeding, adaptation, QTL, genetic diversity, GWAS, landraces.
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Background

Rice production in Vietnam is of great value for export and providing daily food for more than 96
million people. However, agricultural production, especially rice cultivation, is inherently vulnerable
to climate variability across all regions in Vietnam. Based on the records of monthly precipitation and
temperature from 1975 to 2014 [1], the areas of highest crop production in the low lying Mekong and
Red River Deltas are particularly vulnerable to the increasing threat from climate change. In 2017, the
total planted area of rice in Vietnam was 7.7 million hectares. This includes 4.2 million hectares in the
Mekong River Delta and 1.1 million hectares in the Red River Delta [2]. These are also the areas
where most of the population of the county is concentrated. In the Mekong River Delta, the damaging
effects of salinisation and drought to rice production have increasingly manifested themselves in

recent years [3-6].

Vietnam possesses a vast diversity of native and traditional rice varieties due to its geographical
situation, latitudinal range and diversity of ecosystems [7]. This diversity constitutes a largely
untapped and highly valuable genetic resource for local and international breeding programs.
Vietnamese landraces are disappearing as farmers switch to modern elite varieties. To limit this
erosion of genetic resources, several rounds of collection of landraces, particularly from the northern
upland areas, have been undertaken since 1987. Thousands of rice accessions have been deposited in
the Vietnamese National Genebank at the Plant Resources Center (PRC, Hanoi, Vietnam), together
with passport information detailing their traditional name and province of origin. One hundred and
eighty-two traditional Vietnamese accessions were selected for a genotype by sequencing (GBS)
study in 2014 [8]. This study yielded 25,971 single nucleotide polymorphisms (SNPs) and was used
to describe four Japonica and six Indica subpopulations. These subpopulations were classified by
region, ecosystem and grain-type using passport information (province and ecosystem) and
phenotyping. This dataset had subsequently been used for genome-wide phenotype-genotype
association studies (GWAS) relating to root development [9], panicle architecture [10], drought

tolerance [11], leaf development [12] and Jasmonate regulation [13].
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An international effort to re-sequence Asian rice accessions known as the “3000 Rice Genomes
Project” (3K RGP) has provided the rice community with a better understanding of Asian rice
diversity and evolutionary history, as well as providing valuable knowledge to enable more efficient
use of these accessions for rice improvement [14, 15]. However, only 56 of these accessions
originated from Vietnam, suggesting that the rice diversity within this country may not be fully
captured within the 3K RGP. While the original 3K RGP analysis described nine subpopulations [15],
subsequent reanalysis had shown that the 3K RGP could be further subdivided into fifteen

subpopulations [16].

In this paper, we newly sequenced 616 Viethamese rice accessions using whole-genome sequencing
(WGS), most of them being native landraces. 164 of these rice accessions were in common with a
previous study [8] based on a genotyping-by-sequencing (GBS) approach. We supplemented
this dataset with all 56 Vietnamese genotypes from the 3K RGP to form a native diversity panel. We
analysed this diversity panel of 672 accessions to explore the history of rice breeding in Vietnam,
which is reflected in detectable changes in the allele frequency at sites under selection and their
flanking regions. We also carried out a comprehensive analysis of the population structure of the
combined 3,635 rice genomes obtained from joining our diversity panel and the complete 3K RGP
datasets. We completed a GWAS on the diversity panel with 672 accessions (and separately for the
Japonica and Indica subtypes within it) on thirteen phenotypes, which are available for around two-
thirds of the samples. Finally, we looked for regions of selection between the subpopulations within
Vietnam to reveal 200 regions spanning 7.8% of the genome, which might reflect their adaptation to
local agricultural practices and farming conditions [17]. We used a similar approach to the following
two studies; a comparison of upland and irrigated rice accessions to identify ecotype differentiated
regions related to phenotypic differences [18], and a comparison of Indica semi-dwarf modern bred

varieties (Ind1l) with taller Chinese landraces (Indl).
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Our results highlight genomic differences between traditional Vietnamese landraces, which are likely
the product of adaption to multiple environmental conditions and regional culinary preferences in a

very diverse country.

Results

Sequencing rice diversity from Vietnam

Whole-genome sequencing was carried out on 616 rice accessions. 511 of the accessions were

obtained from the PRC (Plant Resource Centre, Hanoi, Vietnam, http://csdl.prc.org.vn), together with

their passport data, which shows that they were collected from all eight administrative regions of
Vietnam (Additional file 1: Table S1). The remaining samples were obtained from AGI’s collection
(Agricultural Genomics Institute, Hanoi, Vietnam). Three reference accessions (Nipponbare, a
temperate Japonica; Azucena, a tropical Japonica; and two accessions of IR64, an Indica) obtained
from the PRC, were included in the dataset. A total of 1,174 Giga base-pairs (Gbps) of data was
generated for the 616 samples representing an average sequencing depth of 30x for 36 “high
coverage” samples and 3x for 580 “low coverage” samples (Additional file 1: Table S1). These 616
newly-sequenced accessions were classified into 379 Indica and 202 Japonica subtypes, with the
remaining 35 (including the Aus and Basmati varieties) being classified as admixed, based on the

STRUCTURE [19] output for K=2 using a subset of 163,393 SNPs.

Population structure of rice within Vietham

The population structure of rice within Vietnam was analysed using the diversity panel of 672
samples, comprising 616 newly sequenced accessions and 56 Vietnamese genotypes from the 3K
RGP. We assigned the 672 samples to four Japonica subpopulations and five Indica subpopulations
(Additional file 1: Table S1) using (i) the population structure information obtained from the
STRUCTURE analysis (Fig. 1), (ii) the previous characterisation of a panel of Vietnamese native rice
varieties using GBS [8], and (iii) the assessment of the optimal number of subpopulations (Additional

file 2: Figure S1) using the method described in Evanno et al. [20]. Subpopulations were named as in
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Phung et al. [8], except that we considered the 16 subpopulation to be part of the 13 subpopulation.
Although the previous study used a limited number of GBS markers, 129 of the 164 common samples
were assigned to the same subpopulations in both studies. Most differences were due to samples being
classified as admixed in either one of the studies. We classified 48 (11%) of the Indica (Im), and eight
(4%) of the Japonica samples (Jm) as admixed. The reference varieties Nipponbare (Temperate
Japonica), Azucena (Tropical Japonica), and IR64 (Indica) were classified as J4, J1 and 11,

respectively.

Each Indica subpopulation contained shared ancestry (admixed components) with other Indica
subpopulation (Fig. 1a). The admixed components are shown in detail for the 43 samples in the 15
subpopulation (Fig. 1¢c) namely 38 samples from our dataset and the following five samples from the
3K RGP; IRIS 313-11384 (IRGC 127275), B184 (IRGC 135862), IRIS 313-11383 (IRGC 127274),
IRIS 313-10751 (IRGC 127577) and IRIS 313-11893 (IRGC 127519). The Japonica subtropical J1
subpopulation shared ancestry (between 0 and 25% of the genome) with the Japonica tropical J3
subpopulation, whereas the two temperate subpopulations, J2 and J4 shared ancestry dominantly with
each other. The tropical J3 subpopulation contained four samples with around 20% of the haplotypes
in common with the temperate J4 subpopulation. Using the passport information available from the
PRC, the proportion of each subpopulation originating from each of the “administrative regions” of
Vietnam is shown in Fig. 1d. Only the 11 and 12 Indica subpopulations were collected from the
Mekong River Delta regions, 12 being almost exclusively grown there whereas 11 was more
widespread than 12. The 14 and J4 subpopulations were mainly collected from the Red River Delta
areas. The J1 and J3 subpopulations were closely related; the J1 subpopulation was predominantly
from the North of Vietnam whereas the J3 subpopulation was concentrated around the South-Central
Coast region. Small variations in the percentage of reads mapping were observed for each of the

subpopulations (Additional file 2: Figure S2).

A Principal Component Analysis (Fig. 2a and 2b) showed the relationship between these nine

Vietnamese subpopulations [16]. Concerning the Vietnamese genotypes from the 3K RGP dataset
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included in the diversity panel, the Indica I1 subpopulation included two XI-1B modern varieties and
eight admixed (XI-adm) accessions. 12 included fourteen XI-3B1 genotypes, which comprises
Southeast Asian accessions, and similarly, 13 and 14 included one and ten XI1-3B2 genotypes,
respectively. Finally, 15 included five XI-adm accessions and clustered distinctly away from all the
other subpopulations (Fig. 2a). On the other hand, J1 included the two subtropical (GJ-sbtrp)
accessions from the Vietnamese 3K RGP genotypes, and J3 included one tropical (GJ-trpl) accession
from the Vietnamese 3K RGP genotypes (Fig. 2b). These results correlate well with the latitudinal
distinction between these subpopulations. J2 and J4 included two and one temperate (GJ-tmp)
accessions, respectively; and split into two clear subpopulations in Vietnam compared with the East

Asian temperate subpopulation described by the 3K RGP.

Population structure of the combined 3,635 Asian cultivated rice genomes

612 of the 616 newly sequenced accessions from this study and the 3,023 accessions from the 3K
RGP were combined and classified into 9 and 15 subpopulations (Additional file 1: Table S2), and
compared with the subpopulations from the 3K RGP analysis [15, 16]. For clarity, we used the prefix

Jap- and Ind- to label these subpopulations from our analysis.

When the combined dataset of 3,635 samples was classified into nine subpopulations (Figure S3a), we
found that 95% of the 3K RGP accessions (2,882 out of 3,023) were assigned into the same
subpopulations. The remaining 5% lines were either (i) previously classified as admixture and our
analysis placed into a subpopulation, or (ii) were previously classified in a subpopulation and were
now classified as admixture. The 612 newly sequenced Vietnamese accessions were placed in three
Indica clusters (187 accessions), three Japonica clusters (176 accessions), the Basmati and Sadri
aromatic ¢B group (11 accessions), or the Aus cA subpopulation (one accession). In more detail, the
three Indica clusters included three Im accessions in the East Asian cluster (Ind-1A), seventy-six 11
accessions in the cluster of modern varieties of diverse origins (Ind-1B ), and 108 accessions (12, 13
and Im) in the Southeast Asian cluster (Ind-3). Whereas, the three Japonica clusters included 54

accessions (J2, J4 and Jm) in the primarily East Asian temperate cluster (Jap-tmp), 119 accessions (J1,
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193  J3and Jm) in the Southeast Asian subtropical cluster subpopulation (Jap-sbtrp) and three J3

194  accessions in the Southeast Asian Tropical subpopulation (Jap-trp). Any remaining accession with
195  admixture components over 65% either Indica or Japonica were classified as Ind-adm (191

196  accessions) or Jap-adm (27 accessions), respectively. Finally, the remaining accessions were

197  considered as Admix (19 accessions). Notably, all thirty-seven 15 accessions were placed in Ind-adm,
198  and ten of the sixteen J3 accessions were placed in Jap-adm.

199

200  When the combined dataset of 3,635 samples was reclassified into 15 subpopulations (K15_new,

201  Figure S3b), we noticed the following differences in the distribution of subpopulation compared to the
202 3K RGP analysis for the same number of 15 subpopulations (K15 _3KRGP); we did not observe the
203  division of the Aus samples into cA-1 and cA-2, and we subdivided the Indica subtypes and Japonica
204 subtypes into eight and five subpopulations, respectively. A Principle Coordinate (PCO) analysis of
205  the Indica and Japonica subpopulations is shown in Fig. 3, highlighting our new eight Indica and five
206  Japonica subpopulations (In addition the Vietnamese and 3K RGP subpopulations are shown in

207  Figures S5 and S6).

208

209  The relation between the subpopulations in our comprehensive analysis (3,635 accessions) and the 3K
210 RGP (3,023 accessions) was as follows: (i) The Ind-1A, Ind-1B.1 and Ind-1B.2 were equivalent to
211  XI-1A, XI-1B1 and XI-1B2, respectively. Forty-three of the Vietnamese 11 accessions were in the
212  Ind-1B.1 subpopulation, and the remaining 102 I1 accessions were classified as admixed. (ii) The Ind-
213 2 was equivalent to XI-2A and XI-2B, and as expected, this geographically distant South Asian

214  subpopulation was not present in Vietnam. (iii) The previously observed split of the Indica-3

215  subpopulation into 3A and 3B was also observed in our analysis, where Ind-3.1 was equivalent to XI-
216  3Aand did not contain any Vietnamese accessions. (iv) The remaining Ind-3.2, Ind-3.3 and Ind-3.4
217  were a rearrangement of the XI-3B1 and XI-3B2 subpopulations. (v) The 89 Vietnamese 12

218  accessions belonged to Ind-3.2, which was a subset of XI1-3B1. (vi) Ind-3.3 contained 16 of the 37
219  Vietnamese I3 accessions. (vii) 72% of the accessions in Ind-3.4 were from Vietnam, which contained

220 13 of the 37 13 accessions, 61 of the 62 14 accessions, and all 15 accessions. Within Ind-3.4, the
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221  admixture components of I3, 14 and 15 subpopulations (Figure S7) showed that I3 accessions were
222 highly admixed, some 14 and 15 accessions were completely within Ind-3.4, while other 14 and 15
223 accessions showed admixture with Ind-3.3 (15) or Ind.2, Ind-3.2, and Ind-3.3 (14). To clarify these
224 relations, a principle component analysis (PCA) with a reduced number of accessions was carried out
225  using the 723 sample dataset (672 Vietnamese accessions and 51 genotypes from neighbouring

226  Southeast Asian Countries; Figure S8), this supported the close relationships of 12 with XI-3B1, 14
227  with XI-3B2, 15 with Xl-adm, J1 with GJ-sbtrp, and that both J2 and J4 were within GJ-tmp.

228

229  Phenotypic and genetic diver sity analysis of the Viethamese I ndica and Japonica

230  subpopulations

231  Phenotypic measurements for 19 traits were scored in field conditions in the Hanoi area by breeders
232 from the Agricultural Genomics Centre (AGI) for approximately two-thirds of the samples in our
233  study. For five of these traits, additional scores were also included from trials by the Vietnamese Plant
234 Resource Centre. In addition, phenotypic data were available for eleven of the traits in 38 of the 56
235  samples sourced from the 3K-RGP dataset (Additional file 1: Table S3, Table S4). Finally, the grain
236  length to grain width ratio (GL/GW) was calculated to give a total of 20 traits (Additional file 1:

237  Table S5). Scores were available for between 328 and 503 of the 672 samples (Indica subpanel, 170 —
238 297 samples and Japonica subpanel, 134 — 178 samples).

239

240  There were significant differences in measurements between the Indica and Japonica subtypes for ten
241  of the traits; these are detailed in Additional file 1: Table S5 and histograms are shown in Fig. 4 for
242  selected phenotypes. The Indica subtypes had significantly (p-value <0.0001) higher values for grain
243 length to width ratio, leaf pubescence, culm number, culm length, and floret pubescence. In contrast,
244 the Japonica subtypes had significantly higher values for grain width, leaf width, flag leaf angle,

245  panicle length, and floret colour. The Indica 11 subpopulation (mostly elite varieties) was the most
246  phenotypically distinct when compared to the rest of the Indica samples (mostly native landraces). 11
247  samples had longer grains (p-value = 2.2e-16), earlier heading date (p-value = 9.9e-12), higher culm

248  strength (p-value = 2.2e-16), shorter leaf length (p-value = 2.7e-14) and shorter culm length (p-value
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< 2.2e-16). Similar values were obtained when comparing 11 to just the I5 subpopulation (Fig. 4). The
15 subpopulation was not phenotypically distinct (p-value < 0.001) from the other landrace
subpopulations 12, 13 and 14, except for a significantly lower measurement of leaf pubescence (p-
value = 0.0007). The Japonica J2 subpopulation had a significantly lower grain length to width ratio
than J1 (p-value = 1.8e-13) and J3 (p-value = 5.7e-07). A correlation analysis carried out between the
20 phenotypes (Additional file 2: Figure S9) showed that the highest correlation (r = 0.6) was
between leaf length and culm length (excluding the correlation between grain length to width ratio
and grain length and grain width). Histogram and correlation plots are available for the 13 traits used
for the GWAS analysis in Additional file 2: Figure S10 comparing the Indica and Japonica subtypes
and in Additional file 2: Figure S11 comparing subpopulations 11 and I5. Further boxplots showing
the phenotypic distribution according to subpopulation for culm length, grain length, grain width and

heading date are available in Additional file 2: Figure S12.

The Japonica subtypes had a lower nucleotide diversity (r = 0.000912) than the Indica subtypes (r =
0.00167). Looking at the individual subpopulations (Additional file 1: Table S6), the elite 11
subpopulation is the most diverse (it = 0.00144), and the I5 subpopulation is the least diverse (n =
0.00103). Regions of the genome with low diversity in all Indica subpopulations, and regions with
low diversity in specific subpopulations, were observed when plotting diversity along each
chromosome (Additional file 2: Figure S13). The J3 subpopulation is the most diverse of the four
Japonica subpopulations. (m = 0.000697). Large genomic regions with very low diversity were

observed in chromosomes 2, 3, 4 and 5 in all Japonica subpopulations (Additional file 2: Figure S14).

Genome-wide association analysis

Three independent GWAS were conducted using the full panel (672 samples, 361,191 SNPs), the
Indica subpanel (426 samples, 334,935 SNPs) and the Japonica subpanel (211 samples, 122,881
SNPs). Thirteen (13) of the 20 traits were suitable for GWAS based on the variance (CV < 56% for

the full panel). The full list of phenotypic measurements is available in Additional file 1: Table S3.

10
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We found 643 significant phenotype-genotype associations. These associations were organised into
21 QTLs (Table 1, Additional file 1: Table S7). The GWAS Manhattan and Quantile-Quantile plots
are available in Additional file 3: Figure S17 and Additional file 4: Figure S18. The QTLs ranged
from 41 kb (16_FP) to 3,148 kb (5_GS). The 21 QTLs contained 1,730 genes and covered a total of
11 Mbp over ten chromosomes, and contained 453 SNPs with a significant association to a trait in at
least one diversity panel (Fig. 5). The list of genes within each QTL is available in Additional file 1:

Table S8. Functional enrichment was found within 9 of the QTL (Additional file 1: Table S9).

Seventeen QTLs were identified in the full diversity panel significantly associated with eight traits:
grain length, grain width, grain length-to-width ratio, leaf width, panicle length, floret pubescence,
heading date and internode diameter. A further 4 QTLs associated with grain length and grain width
were observed only in the Japonica subpanel. Three of the QTLs, which were found in the full panel,

were also observed in the Indica subpanel.

The set of 3.8M SNPs (see methods), representing one SNP every 99 bases, was annotated based on
the potential effect of each SNP in protein function using SnpEff (Additional file 1: Table S3).
526,138 (4.79%) of the SNPs were in genes. There were 21,639 (0.197%) SNPs in 11,125 genes
classified as having a putative “High impact” effect (E.g. Exon changes, frameshifts, gene fusions or
rearrangements, protein structural changes, etc.). Following additional minimal allele frequency
(MAF) filtering, in the Indica dataset (MAF 5%, 2,027,294 SNPs), there were 11,906 "High impact”
SNPs in 7,396 genes and the Japonica dataset (MAF 5%, 1,125,716 SNPs), there were 6,240 “High

impact” SNPs in 4,439 genes of which 2,818 were present in both Indica and Japonica.

None of the 453 SNPs with a significant association was annotated as resulting in protein changes
(“High impact” SNPs). However, “High impact” effects were identified in other SNPs within the
QTL. Among the total 1,730 genes in the 21 QTLs, we annotated 309 genes with “High impact” SNPs
in the Indica subpanel, 248 genes with “High impact” SNPs in the Japonica subpanel, including 137

“High impact” SNPs common between the two sets. 129 of the 309 genes and 94 of the 248 genes had
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functional annotations in PhytoMine [21], but no functional overrepresentation was found for these
sets of genes. In addition, we looked for overlaps with the QTL in five published Viethnamese studies
[9-13], which used 25,971 SNPs in 182 samples (164 in common). We found that 2_GL and 6_GS
overlapped with QTL for panicle morphological traits [10]; 2_GL overlapped with QTL9 for
secondary branch number, and spikelet number (SBN and SpN), and 2_GS overlapped with QTL12
for secondary branch average length (SBL). 4 GW _jap overlapped with “ql” for longest leaf length

(LLGHT) [9].

Differential selection between subpopulations

To identify genomic regions which have been selected during the breeding of rice within Vietnam, we
searched for genomic regions with distorted patterns of allele frequency that cannot be explained by
random drift using XP-CLR [22]. Selected regions between pairs of either Indica or Japonica
subpopulations were identified first. These regions were subsequently merged into a final set of
selected regions for each subpopulation when regions were found to be selected against at least three
subpopulations for Indica (Additional file 1: Table S10, Additional file 5: Figure S19) or at least two
subpopulations for Japonica (Additional file 1: Table S10, Additional file 5: Figure S20). Here, we
describe the procedure in more detail for the comparison of the 15 subpopulation to the other four
Indica subpopulations: 15 vs 11 yielded 207 regions with a mean length of 267 kbp (14.8% of the
genome); 15 vs 12 yielded 120 regions with a mean length of 204 kbp (6.57% of the genome); 15 vs 13
yielded 14 regions with a mean length of 162 kbp (0.61% of the genome); I5 vs 14 yielded 122
regions with a mean length of 122 kbp (6.02% of the genome). Regions selected against three or more
subpopulations were merged to give 52 selected regions in 15, these had a mean length of 584 kbp
covering 30 Mbp, which represented 8.13% of the rice genome and contained 4,576 genes. The
selected regions for all of the subpopulations are plotted along each of the chromosomes in Fig. 6a
and 6b for the Indica and Japonica subtypes, respectively. The list of genes selected in each
subpopulation is available in Additional file 1: Table S11. The list of genes selected for each of the 52
regions in subpopulation 15 is available in Additional file 1: Table S12. Functional enrichment was

found within 34 of the 52 regions (Additional file 1: Table S13). The mean whole-genome XP-CLR
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scores for each comparison are summarised in Fig. 6¢ and 6d. The 15 subpopulation showed the
highest XP-CLR score, with an average of 41.4. The 13, J4, J2 and 14 had XP-CLR scores from 28 to
20. The J1 and 11 subpopulations had the lowest XP-CLR scores of 10.5 and 7.6, respectively.
Overall, a greater number of selected regions were identified in the Indica than in the Japonica
subtypes. These selected regions were distributed throughout the genome, whereas in the Japonica
subtypes fewer regions were observed concentrated in specific regions of the genome. To gain
insights into which traits and underlying genes have been selected in these regions, we looked for the
overlap of selected regions with the 21 QTLs (Table 1). Also, we looked for overlaps with the QTLs
identified in the five Vietnamese rice studies relating to root [9] and panicle morphological traits [10],
tolerance to water deficit [11], leaf mass traits [12] and growth mediated by Jasmonate [13] (Fig. 7.

Additional file 1: Table S14 and Table S15).

To gain further information on the uniqueness of these regions selected in 15, we calculated the Fsr
per SNP between the 43 samples in the 15 subpopulation and the 190 samples in the 12, 13 and 14
subpopulations. The mean Fsr per gene for the 4,576 genes selected in I5 is listed in Additional file 1:
Table S16) and the mean Fst per selected region is shown in Table 2. The 1,983,066 heterozygous
SNPs in subpopulations 12, 13, 14 and 15 had a mean Fsr of 0.185, and this increased to 0.305 for the
subset of 177,874 SNPs found within the 15 selected regions. Twenty-one genes with a putative role
in salt tolerance in rice [23] fell within the regions selected in the 15 subpopulation (Additional file
1:Table S17). Fifty-six candidate genes were selected using the following criteria; Fsr over 0.5 for the
whole selected region or for functionally enriched genes within regions, presence of “High impact”
SNPs, and presence of candidate genes from overlapping QTL (Table 3). Allele plots for the “High

impact” within genes are shown in Additional file 6: Figure S21.

Discussion

Indica and Japonica rice subpopulationswithin Vietham
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Whole-genome sequencing of 616 Vietnamese rice accessions, predominantly landraces, plus 56
Vietnamese genotypes previously sequenced by the 3K RGP, provides us with a diversity panel to
clarify the structure of rice subpopulations in Vietnam. Here, we describe five Indica subpopulations
and four Japonica subpopulations using phenotypic measurements from this study, passport
information available from the Vietnamese National Genebank (PRC), and the agronomic and
geographical annotations from Phung et al. [8]. In general terms, our population structure within
Vietnam agreed with the previous study, which used a smaller number of markers and 182 samples
and is approximately a third of our diversity panel [8]. Subpopulation I1 is the most phenotypically
distinct of the Indica subpopulations and shows typical phenotypes of ‘elite’ varieties, such as short
height, strong culm strength, long slender grains and a short growth-duration (less than 120 days from
sowing to harvest). 11 accessions are grown throughout Vietnam in irrigated ecosystems but
predominantly in the Mekong River Delta in the south of the country. Subpopulation 12 is mainly
composed of long growth-duration (over 140 days), tall varieties grown in the rainfed lowland and
irrigated ecosystems of the Mekong River Delta with a broad diversity of grain shapes. The remaining
three Indica subpopulations are intermediate between 11 and 12 for growth-duration, height and culm
strength, have a broad diversity of grain shapes, and are not grown in the Mekong River Delta.
Subpopulation 13 has the highest proportion of upland varieties but also includes some lowland
varieties from the “South Central Coast” region many of which were classified as an independent
subpopulation (16) by Phung et al. [8]. Subpopulation 14 is mainly grown in the rainfed lowland and
irrigated ecosystems of the Red River Delta. Subpopulation 15 is grown in a range of ecosystems but
concentrated around the North Central Coast and Red River Delta regions, but excluding the
Northwest region suggesting that it is the main lowland subpopulation. The J1 and J3 subpopulations
are closely related upland varieties and the J2 and J4 subpopulations are closely related lowland
varieties. Subpopulation J1 is mostly composed of medium growth-duration upland varieties from the
mountainous regions in the North of Vietnam, with long large grains typical of upland varieties.
Subpopulation J2 is grown throughout Vietnam in a range of ecosystems but has consistently short

grains. Subpopulation J3 is mainly grown in the “South Central Coast” region and has long large
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grains. Subpopulation J4 is primarily grown in the Red River Delta region in lowland and mangrove

ecosystems and has short grains.

The drought tolerance of these subpopulations can be inferred from the root traits measured by Phung
et al. [9]The J1 and J3 upland subpopulations have deeper and thicker roots than the thinner shallower
roots in the J2 and J4 subpopulations, which are grown in irrigated and mangrove ecosystems [9].
This suggests that the J1 and J3 subpopulations, which are grown mainly in rainfed upland regions,
would be more drought tolerant than the others. Similarly, the 13 subpopulation has the deepest and
thickest roots. It would, therefore, be more drought tolerant than the 11 and to a lesser extent the 15

subpopulation, which has the thinnest, shallowest root systems.

A comprehensive analysis of the available 3,635 Asian cultivated rice genomes

The comprehensive analysis of the combined 3,635 Asian cultivated rice genomes obtained by joining
our diversity panel with the full 3K RGP dataset resulted in a similar assignation to the previous 3K
RGP analysis in 84 % of the cases. The largest differences were that the 3K RGP split the cA and XI-
2 subpopulations, while our analysis split the GJ-tmp and rearranged the two XI-3B subpopulations
into Ind-3.2, Ind-3.3 and Ind-3.4. The single temperate subpopulation (GJ-tmp) from the 3K RGP is
further split in our study between the Jap-tmp.1 and Jap-tmp.2 subpopulations, with 88% of the
samples in Jap-tmp.2 coming from Vietnam and forming the J2 subpopulation. These differences are
likely due to changes in the distribution of genetic variants in subpopulations expanded within

Vietnam.

Vietnamese rice subpopulationsin the context of the 3K RGP Asian cultivated rice
subpopulations

The Indica |11 subpopulation, which contains a high proportion of elite varieties, clustered with the
X1-1B1 subpopulation of modern varieties. The Southeast Asian native subpopulations (XI-3B1 and
X1-3B2) clustered with the 12 and 14 subpopulations, respectively. 13 appeared to include both XI-3B1

and XI-3B2 accessions. The subpopulations from East and South Asia (XI-1A, XI-2A, XI-2B, XI-3A)
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had no representatives from Vietnam and fell outside of the Vietnamese subpopulation clusters, as
expected. Our four Vietnamese Japonica subpopulations relate to the tropical (J1), subtropical (J3)
and temperate (J2 and J4) Japonica subpopulations from the 3K RGP according to their latitudinal

origin from South to North Vietnam, respectively.

The most exciting subpopulation is I5. When all 3,635 samples were considered, the subpopulation
X1-3.4 included half of the 13, all but one of 14 and all 15 Vietnamese accessions, as well as half of the
Southeast Asian native XI-3B2 genotypes from the 3K RGP. The remaining X1-3B2 were classified
as Indica admix (Ind-adm). However, when only the Vietnamese samples were considered in the
analysis, 15 clustered distinctly away from 13 and 14 subpopulations (Fig. 2A) and included five
accessions from the 3K RGP, which had very low shared ancestry (admixture components) with other
3K RGP samples. Notably, Vietnamese landrace IRIS 313-11384 (IRGC 127275) had no shared
ancestry with any other Vietnamese 3K RGP genotypes. Remarkably, a recent study on genomic
signals of admixture and alien introgression in a core collection of 948 accessions representative of
the earlier Asian Rice Landraces [24] included IRIS 313-10751 (IRGC 127577) and IRIS_313-11383

(IRGC 127274) from the 15 subpopulation.

Genome-wide association analysisin Vietnameserice landraces highlight 21 QTL

We have also extended upon five published GWAS [9-13], which focussed on specific traits but used
a smaller number of markers and a third of the samples from the Vietnamese dataset. We took a
similar approach of carrying out the analysis on both the full panel and the Indica and Japonica
subpanels. Showing the QTL for the various traits altogether in Fig. 7 has highlighted some
interesting overlaps. Notably, the overlap of QTL for panicle morphology with our QTL for grain size
(2_GL and 6_GS). These previous studies found QTL in the full panel and in the Indica subpanel, but
not in the Japonica subpanel. However, we found QTL for grain size that were only present in the
Japonica subpanel, and all the QTL found in the Indica subpanel were also found in the full panel.
These differences probably reflect our larger dataset. Comparing our results with the GWAS results

from the 3K RGP (https://snp-seek.irri.org/) [25, 26], the QTL 5_GS on chromosome 3 is in the same
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region as a marker associated with grain length, and the QTL 10_GS on chromosome 5 is in the same
region as a marker associated with both grain width and grain length. Underlying these two QTL,
there are genes that have a putative role in the control of grain size in rice [27], namely GS3
(0s03g0407400) in 5_GS and GSE5 (LOC_0s05¢g09520, Os05¢g0187500) in 10_GS. We also looked
for genes with “High impact” SNPs in QTL, relevant candidates include bip130 [28]
(LOC_0s05g02260, Os05g0113500) with a stop gain mutation underlying the QTL 9_PL for panicle
length and OsSPX-MFS3 (LOC_0s06¢g03860, 0s06g0129400) [29] with a splice acceptor variant at

the end of an intron underlying the QTL 11 GL for grain length.

Breeding signatur es between subpopulationsfocussing on the Indica |15 subpopulation
Unravelling the genomic differences between these described subpopulations, which are adapted to
multiple environmental conditions and regional food preferences in Vietnam, provides an insight into
the genomic regions associated with these adaptations. Selection causes detectable changes in the
allele frequencies of the selected sites and their flanking regions. By jointly modelling loci allele
frequency differentiation and frequency under neutrality and selection, the cross-population
composite likelihood ratio test (XP-CLR) can detect selective sweeps [22]. These distorted patterns in
allele frequency in contiguous SNP sites would have occurred too quickly (speed of change is
assessed over expanding windows based on the length of the affected region) to be explained by
random drift. XP-CLR has been used to identify regions of selection associated with domestication
and improvement in a wide range of crops such as apple [30], soybean [31], cucumber [32] and wheat
[33]. Inrice, XP-CLR was used more specifically to compare upland and irrigated rice accessions
[18] and to compare Indica semi-dwarf modern bred varieties (Indll) with taller Chinese landraces
(Indl) [17] and revealed 200 regions spanning 7.8% of the genome, which might reflect their
adaptation to local agricultural practices and farming conditions. We have used a similar approach to
identify selected regions in all of the subpopulations, showing the strongest selection in the 15
subpopulation with fewer regions being selected overall in the Japonica subpopulations. We have
examined the 52 selected regions in the 15 subpopulation in more detail. Specifically, we looked for

overlaps with the selected genes identified in the above two studies (Lyu et al. [18] and Xie et al.
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[17]) using XP-CLR in rice. Moreover, to give us indications of the possible traits selected in these

regions, we carried out a functional annotation of the regions and looked for overlaps with QTL.

Diversity is reduced when regions are under selection, but the observed diversity depends on many
factors, including how long ago the selection occurred and the type of alleles selected alongside. This
is referred to as the hitchhiking effect [34]. The fixation index (Fst) is a measure of population
differentiation due to genetic structure. Both measurements vary highly along the genome but can
provide additional information about the selected regions identified using XP-CLR. In this study, we
calculated Fst by comparing the 15 accessions to accessions in subpopulations 12, 13 and 14. We did
not include the accessions in the elite 11 subpopulation, as we are specifically interested in genes that

have been selected during the breeding of landraces within Vietnam.

Lyu et al. [18] identified 56 Indica-specific genes in selected regions which may account for the
phenotypic and physiological differences between upland and irrigated rice. Thirty-one of these genes
on chromosome 3 lie within regions also selected in the 14 and 15 subpopulations (15_23, 14_24), the
gene with the highest Fst of 0.67 is ptr8 (LOC_0s03g51050, Os03g0719900), which encodes a
peptide transporter [35]. Xie et al. [17] identified 2,125 and 2,098 coding genes in regions selected in
the Chinese landraces (Indl) and modern-bred (IndIl) subpopulations, respectively. Comparing with
the genes in selected regions in the 15 subpopulation evidenced an overlap of 131 genes with the
2,125 genes selected in the Indl subpopulation and an overlap of 235 genes with the 2,098 genes
selected in the Indll subpopulation. This includes nine genes on chromosome 3, which were selected

in all three subpopulations (7 genes in I5_22 and two genes in I5_23).

Of the 52 regions selected in the I5 subpopulation, the six with a mean Fst over 0.5 were studied in
more detail to highlight potential candidate genes. Notably, we identified the following genes in
region 15_35; the transcription factor WOX11 involved in crown root development [36] and OsCaml,
OsbZI P63, and OsSDR, which have putative roles in defence [37]. Further genes of interest are

OsAAPS, a regulator of grain protein content [39] in region 15_5, OsBSK3 [38] and WSL5 [39] which
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play a role in growth in region 15_29, OsABP which is upregulated in response to multiple abiotic
stress treatments [40] falls within region I5_33 and OsSFRG, a cold-responsive gene [41] in region
I15_47. Two of the genes contained “high impact” mutations, OsFBX398, an F-box gene with a
potential role in both abiotic and biotic stresses [42, 43] in region 15_49 and bip130 [28] in region
I15_30 which regulates abscisic acid-induced antioxidant defence and fall within our QTL for panicle

length (9_PL).

We have shown that subpopulation 15 constitutes an untapped resource of cultivated rice diversity.
The analysis restricted to Vietnamese accessions allowed us to observe differences among the
accessions within the country. Although 38 accessions (including two genotypes from the same
accession in our study) are deposited in the PRC in Hanoi, and the remaining five accessions are
available from the 3K RGP, there is limited information from the passport and phenotypic data to be
able to understand the distinctiveness of this subpopulation fully. Further analysis of this
subpopulation should encompass ‘Indica specific genes’ which may have been overlooked in our
study as we used a Japonica reference. Phung et al. [8] described subpopulation 15 as “medium
growth-duration accessions from various ecosystems of the North and South Central Coast regions,
with rather small and non-glutinous grains”. Our 15 accessions are predominantly from the Red River
Delta and contiguous coastal departments, the “North Central Coast” and “Northwest” administrative
regions, but remarkably excluding the higher altitude Northwest region in the North, the more upper
“Central Highlands™, as well as the whole Mekong River Delta in the south. This suggests that 15
accessions are common traditional low yielding lowland varieties with specific environmental or

culinary values.

Vietnam is currently experiencing increasing variability in the local climate due to global changes and
the growing severity of the EI Nino-Southern Oscillation phenomenon, creating notable inter-annual
variations in precipitation ranging from severe drought to large-scale floods [5]. The Mekong River
Delta region is an essential region for rice production globally, but the adverse effects of salinisation

have damaged rice production in recent decades [6]. In addition, long-term trends in rainfall and
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temperature patterns have been identified in areas with a high proportion of agricultural land.
Genomic studies on the locally adapted varieties and subpopulations will provide a potential source of
novel alleles which can be exploited in rice breeding programs, such as the new generation of
sustainable ‘Green Super Rice’ which are designed to have lower inputs, enhanced nutritional content

and suitability for growing on marginal lands [14].

Conclusions

In this study, we generated a large genome-variation dataset for rice by sequencing 616 accessions
from Vietnam and supplementing these with the data obtained for the 3K RGP. Using this resource,
we incorporated the Vietnamese rice diversity within the population structure of the Asian cultivated
rice. We also identified breeding signatures of selection for the four Japonica and five Indica
subpopulations described in this study. The 15 Vietnamese Indica subpopulation showed the highest
level of selection, and the elite 11 Indica subpopulation showed the lowest. Overall selection was
higher in the Indica subtypes than the Japonica subtypes reflecting the higher diversity of the Indica
subtypes. In addition, a GWAS analysis yielded the strongest associations for grain characteristics and
weaker associations for a range of characteristics such as panicle length, heading date and leaf width.
We used these associations together with published QTLs obtained using a subset of our accessions to
give us an insight into traits underlying the regions identified as being under breeding selection.
Comparing the Vietnamese subpopulations to the fifteen Asian rice subpopulations identified from the
3K RGP highlighted the I5 subpopulation as a potential source of novel variation as it forms a well-
separated cluster. Subpopulation I5 originates from lowland areas such as the Red River Delta and
adjacent regions. For the range of phenotypes measured in this study, the I5 subpopulation did not
differ phenotypically from the other landraces, which have undergone breeding selection within
Vietnam. However, compared to the “elite’ 11 subpopulation, 15 accessions have shorter grains, take
longer to flower, having lower culm strength, longer culms and leaves. We carried out a

comprehensive annotation of the 52 regions selected in 15, which represented 8.1% of the genome and
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553  contained 4,576 genes. Candidate genes were identified within these regions as potential breeding

554  targets.
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Materialsand M ethods

Sequencing of 616 accessionsfrom Vietnam

We sequenced a total of 616 rice accessions, 612 accessions from Vietnam and three reference
accessions, Nipponbare, a temperate Japonica; Azucena, a tropical Japonica; and IR64, an Indica (2
samples). 511 accessions are available from the Vietnamese National Genebank (PRC) at

http://csdl.prc.org.vn (Additional file 1: Table S1). All Vietnamese native rice landraces were grown

at Dai Dong Experimental Farm (Dai Dong commune, Thach That district, Hanoi, Vietnam) in 2015.
The healthy seeds generated from one mature spikelet of the individual plant in each landrace were
harvested and dried separately. After that, the selected seeds (35-40 seeds/landrace) were incubated
and sown for two weeks to collect leaf samples (30g/sample) for genomic DNA extraction.

Total genomic DNA extraction of each rice landrace was made from young leaf tissue using the
Qiagen DNeasy kit (Qiagen, Germany). DNA concentration and purity of the samples were measured
by the UV-VIS NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific) at OD 260/280 nm

and OD 260/230 nm wavelengths.

Sequencing was performed by Genomic Services at the Earlham Institute (Norwich, UK). Around
1ug of genomic DNA from each sample was used to construct a sequencing library. For the 36 high
coverage samples (prefix: SAM) the Illumina TruSeq DNA protocol was followed, and the samples
were sequenced on the HiSeq 2000 for 100 cycles. For the low coverage samples (prefix: LIB),
genomic DNA was sheared to 500bp using the Covaris S2 Sonicator (Covaris and Life technologies),
and samples were processed using the KAPA high throughout Library Prep Kit (Kapa Biosystems,
MA, USA). The ends of the DNA were repaired for the ligation of barcoded adapters. The resulting
libraries were quality checked, pooled, and quantified by gPCR. The libraries were sequenced on a

HiSeq 2500 instrument following the manufacturer’s instructions.

Phenotyping
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Phenotyping experiments were conducted at the Thach That Experimental Farm of AGI in 2014 and
2015 (Dai Dong commune, Thach That district, Hanoi, Vietham). The seeds of each rice landrace
were incubated in an oven at 45°C for five days to break the seed dormancy. All rice seeds were
soaked in tap water for two days and incubated at 35-40°C for four days for germinating. The fully
germinated seeds of each rice landrace were directly sown in the paddy field plot (1.5m? in the area).
After 15 days of sowing, 24 seedlings of each landrace were carefully transplanted by hand in field
plots (2x4m?). The fertiliser and pesticide applications were performed following the conventional
methods of rice cultivation in Vietnam. The phenotypic and agronomic characteristics were carried

out following the method of IRRI [44].

In addition, phenotypic data were available for eleven of the traits in 38 of the 56 genotypes sourced
from the 3K-RGP dataset. These eleven traits were included in our analysis because we did not
observe a significant difference (p-value > 0.07) between our dataset and the 3K-RGP dataset for the

12 subpopulation (Additional file 1: Table S5).

Merging the SNP called in the sequenced materials and the complete 3K RGP dataset

Raw sequencing reads were mapped to the Nipponbare reference genome Os-Nipponbare-Reference-
IRGSP-1.0 (IRGSP-1.0), using BWA-MEM with default parameters except for “-M -t 8”. Alignments
were compressed, sorted and merged using samtools. Picard tools were then used to mark optical and
PCR duplicates and add read group information. We used freebayes v1.1.0 for variant calling using
default parameters. A total of 21.2 M variants were identified of which 16.4 M were SNPs, and 4.8 M
were indels. The resulting VCF file was then filtered for biallelic SNPs with a minimum SNP quality
of 30, resulting in 16.0 M variants. PLINK v1.9 was used to convert the VCF into a PLINK BED
format. These variants were then combined with the 3K-RGP 29 M biallelic SNPs dataset v1.0 by
downloading the PLINK BED files from the “SNP-seek” database (https://snp-seek.irri.org) excluding
variants on scaffolds and 26,553 SNPs that were flagged as triallelic upon merging, resulting in 36.9
M SNPs. The SNPs present in both datasets were then extracted and filtered using an identical

approach to Wang et al. [15], resulting in 5.9 M SNPs. For that, PLINK v1.9 “--hardy" [45] was used
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to obtain observed and expected heterozygosity for 100,000 SNPs. We removed SNPs in which
heterozygosity exceeds Hardy—Weinberg expectation for a partially inbred species, with inbreeding
coefficient (F) estimated as the median value of “1-Hobs/Hexp”, in which Hobs and Hexp are the
observed and expected heterozygosity for SNPs where “Hobs/Hexp <1” and the minor allele
frequency is >5% and using the cut-off value of 0.479508 for the entire 3,622 samples dataset. A
further filtered set of 3.4 M SNPs was obtained by removing SNPs with >20% missing calls and MAF
< 1%. Finally, a core set of 361,279 SNPs was obtained with PLINK by LD pruning SNPs with a
window size of 10 SNPs, window step of one SNP and r2 threshold of 0.8, followed by another round
of LD pruning with a window size of 50 SNPs, window step of one SNP and r2 threshold of 0.8.
Samples with more than 50% missing data in this core set were then removed, resulting in dropping

seven newly sequenced samples and one genotype from the 3K-RGP dataset.

Population structure of the combined 3,635 samples

The population structure was analysed using the ADMIXTURE software [46] on the SNP set obtained
in the previous section. First, ADMIXTURE was run from K=5 to K=15 in order to compare it with
the analysis from IRRI [15, 16]. For each K, ADMIXTURE was then run 50 times with varying
random seeds. Each matrix was then annotated using the subpopulation assignment from the 3K-RGP
nine subpopulations. Then, up to 10 Q-matrices belonging to the largest cluster were aligned using
CLUMPRP software [47], these were averaged to produce the final matrix of admixture proportions.
Finally, the group membership for each sample was defined by applying a threshold of > 0.65 to this
matrix. Samples with admixture components <0.65 were classified as follows. If the sum of
components for subpopulations within the major groups (Ind and Jap) was > 0.65, the samples were
classified as Ind-adm or Jap-adm, respectively, and the remaining samples were deemed admixed
(admix).

Multi-dimensional scaling analysis was performed using the ‘cmdscale’ function in R, using a
distance matrix obtained in R using the Dist function from the amap package [48]. The resulting file

was then passed to Curlywhirly [49] and rgl v0.100.19 (https://r-forge.r-project.ora/projects/rgl/) for

visualisation.
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Recalling the diver sity panel with 723 samples

The 616 rice samples were mapped to the Japonica Nipponbare (IRGSP-1.0) reference with BWA.-
MEM using default parameters, duplicate reads were removed with Picard tools (v1.128) and the bam
files were merged using SAMtools v1.5 [50]. Variant calling was completed again on the merged bam
file with FreeBayes v1.0.2 [51] separately for each of the 12 chromosomes, but using the option “--
min-coverage 10”. Over 6.3 M bi-allelic SNPs with a minimum allele count of >3 and quality value
above 30 and missing in <50% of samples were obtained with VCFtools v0.1.13 [52]. BAM
alignment files to the Nipponbare IRGSP 1.0 reference genome were downloaded from http://snp-
seek.irri.org/ [25, 26] for 107 selected samples. Alignment statistics are included in Additional file 1:
Table S18. These BAM files were merged and variant calling was similarly completed using
FreeBayes v1.0.2 [51] separately for each of the 12 chromosomes using the option --min-coverage 10,
and filtered with VCFtools v0.1.13 as before to obtain 6.8 M bi-allelic SNPs with a minimum allele
count of >3 and quality value above 30 and missing in <50% of samples. The two sets of 6.3 M and
6.8 M SNPs were merged using BCFtools v1.3.1 isec to obtain 4.4 M SNPs which were present in
both sets and in at least 70% of samples. These 4.4 M SNPs were then filtered to remove positions
which fell outside the expected level of heterozygosity for this dataset, as previously indicated. The
resulting estimate of F for the 723 samples was 0.882, so a SNP whose heterozygosity is >5x higher
than the most likely value for a given frequency and the dataset’s inbreeding rate will be deemed as
having an excessive number of heterozygotes. The cut-off value was 0.591, which resulted in 3.8 M
SNPs passing this filter, a scatter plot indicating the SNPs which were kept and removed is shown in
Additional file 2: Figure S15. Missing data was imputed in this latest dataset using Beagle v4.1 with
default parameters [53]. A comparison using PCA, between the imputed and non-imputed SNP sets
showed that imputation did not change the clustering of these 723 samples (Additional file 2: Figure
S16). The 3.8M SNPs were subsequently filtered for minimum allele frequency (MAF), linkage

disequilibrium (LD pruning or filtering), and distance between polymorphisms (thinning) in different

25


https://doi.org/10.1101/2020.07.07.191981
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.07.191981; this version posted July 8, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

available under aCC-BY-ND 4.0 International license.

subsets of samples to obtain fourteen sets of SNPs that ranged from 59K to 3.8M SNPs, which were

appropriate for the various downstream analysis described below (Additional file 1: Table S19).

Population structure and diver sty analysisfor the panel of 672 Viethamese samples

SNP sets were filtered for MAF 5%, followed by LD filtering using PLINK --indep-pairwise 50 10
0.2, with further thinning if required. We ran STRUCTURE [19] v2.3.5 using the default admixture
model parameters; each run consisted of 10,000 burn-in iterations followed by 50,000 data collection
iterations. STRUCTURE was run using K=2 for the 616 samples using SNP set 1 (163,393 SNPs).
Samples with admixture components <0.75 were classified as admixed, and the remaining samples
were classified as Indica or Japonica. STRUCTURE was run varying the assumed number of genetic
groups (K) from 3 to 10 with three runs per K value for the 672 Vietnamese samples (SNP set 9 —
80,000 SNPs); from 1 to 8 with ten runs per K value for the 426 Indica subtypes from Vietnam (SNP
set 10 - 108,420 SNPs) and the 211 Japonica subtypes from Vietnam (SNP set 11 — 59,815 SNPs).
The output files were visualised using the R package POPHELPER v.2.2.7 [54] including the
calculation of the number of clusters (K) using the Evanno method [20, 55]. Using the combined-
merged clumpp output from POPHELPER, Indica (K=5) and Japonica (K=4) samples were classified
into Indica 11 to 15 and Japonica J1 to J4 subpopulations using a threshold of >= 0.6, with the
remaining samples being classified as mixed (Im and Jm). The principal component analysis (PCA)
was performed using the R package SNPRelate v1.16.0 [55] using method = *biallelic’. Nucleotide
Diversity (r) was measured for each of the subpopulations with VCFtools v0.1.13 using 100-kbp

windows and a step size of 10 kbp.

Determining the effect of SNPs

The effects of all bi-allelic SNPs (low, medium and high effects) on the genome were determined
based on the pre-built release 7.0 annotation from the Rice Genome Annotation Project
(http://rice.plantbiology. msu.edu/) using SnpEff [56] release 4.3, with default parameters. The

complete set of 3,750,621 SNPs (SNP set 2) which contained on average one variant every 99 bases
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691  was annotated. Using sequence ontology terms, the effect of each SNP was classified as described by
692  SnpEff. A summary of the SNP effect analysis is available in Additional file 1: Table S20.

693

694  Genome-wide association analysis

695  Three independent analyses were conducted using the full panel (672 samples, 361,191 SNPs), the
696 Indica subpanel (426 samples, 334,935 SNPs) and the Japonica subpanel (211 samples, 122,881

697  SNPs), SNP sets 12, 13 and 14 respectively (Additional file 1: Table S19). The GWAS analysis was
698  performed by employing the R package Genome Association and Prediction Integrated Tool (GAPIT)
699  version 3.0 [57, 58]. The covariate matrix was generated in STRUCTURE. We used the combined-
700  merged output from POPHELPER for the full panel (K=8), the Indica subpanel (K=5) and the

701  Japonica subpanel (K=4). The covariate matrix and the kinship calculated in GAPIT were included in
702 the GWAS model to control for false positives. The SUPER (Settlement of MLM Under

703  Progressively Exclusive Relationship [59] method integrated into GAPIT, designed to increase the
704 statistical power, was used to perform the association mapping analysis. The SUPER method was
705  implemented in GAPIT by setting the parameter of “sangwich.top” and “sangwich.bottom” to CMLM
706  and SUPER, respectively. A quantile-quantile (Q—-Q) plot was used to check if the model was

707  correctly accounting for both confounding variables. Associations held by peaks with -logso (p-value)
708  >8.0 were used to declare the significant associations. The Genes lying within the QTL regions were
709  extracted and subjected to enrichment analysis using PhytoMine implemented within Phytozome [21]

710  https://phytozome.jgi.doe.gov/ for Gene Ontology, Protein Domain and Pathway enrichment using a

711  max p-value of 0.05 with Bonferroni correction.

712

713  Identification of selective sweepsusing XP-CLR

714  Selective sweeps across the genome were identified using XP-CLR, a method based on modelling the
715  likelihood of multilocus allele frequency differentiation between two populations. An updated version
716  (‘https://github.com/hardingnj/xpclr) of the code described by Chen et al. [22] was used to scan for
717  regions of selection. We used 100-kbp sliding windows with a step size 10 kbp and the default of no

718  more than 200 SNPs per window. XP-CLR was run between the five Indica subpopulations and the
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four Japonica subpopulations. Selected regions were extracted using the XP-CLR score for each 100-
kb window as follows- 200 kbp centromeric regions were removed, and the mean XP-CLR score and
99th percentile were calculated for comparisons between subpopulation (e.g. 15 vs 11, 12, 13, 14) and
the mean of these values was used to define the cut-off level for selection in that population as shown
in Additional file 1: Table S10. 100-kbp regions with an XP-CLR score higher than the cut-off were
extracted and merged using BEDTOOLS v2.26.0 [60] specifying a maximum distance between
regions of 100 kbp. Regions shorter than 80 kbp were then removed to give a final set of putatively
selected regions for each comparison. Overlapping regions selected in comparison with at least two
subpopulations for Japonica or three for Indica were then merged to obtain a final set of selected
regions for each subpopulation. BEDTOOLS map was used for finding any overlap of selected
regions with QTLs. The Genes lying within the selected regions were extracted and subjected to

enrichment analysis as before.

Calculating Fsr

We calculated Fst per SNP between the 43 samples in the I5 subpopulation and the 190 samples in
the 12, 13 and 14 subpopulations with VCFtools using the "weir-fst-pop™ option which calculates Fst
according to the method of Weir and Cockerham [61]. Sites which are homozygous between these
populations were removed, and negative values were changed to zero. The mean Fst was calculated

per gene and per specified region.
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1011
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Table 1l: 21 QTLsidentified for plant description traitsin thefull panel, and Indica and Japonica subpanels. Detailing for the QTL analysis;

significance threshold -log; (p value) > 8.0; panel in which significant associations were detected, highest level of significance for all panels, the occurrence

of any overlap with selected regions in the four Japonica or five Indica subpopulations, any overlap with publish QTLs for Vietnamese rice populations or for

the 3K RGP.
Overlap
Sig with enrichment
Segment position SNPs min Number of FSTI5vs selected Overlap enrichment phytozome
QTL Name Trait Chrom | Panel {(bp) nb P.value genes 12,13,14 A regions with QTLs phytozome * *
3.12E-
1_DI Diameter_Internode 2 FP 6,805,273 - 6,923,410 3 08 18 0.14 12,14
panicle
15,480,976 - 2.69E- morphology
2_GL Grain_Length 2 FP & Jap 16,798,043 27 12 197 0.01 J1,J2,03,)4 | [Ta2018] IPRO03480 Transferase
35,638,527 - 3.16E-
3_GL_jap Grain_Length 2 Jap 35,927,940 4 11 58 0.12 13
Leaf Length
5.26E- [Phung
4_GW_jap Grain_Width 3 Jap 3334516 - 3,532,506 3 09 34 0.05 2016]
grain width
and grain
length
[Mansueto
FP & Ind & 16,520,656 - 9.26E- 2017, Li
5 GS Grain_Length 3 Jap 16,908,475 30 17 53 0.10 2018]
panicle
17,686,248 - 2.02E- morphology dhurrin
6_GS Grain_Width 3 FP & Jap 20,833,777 355 13 471 0.18 ” [Ta 2018] PWY-861 biosynthesis
Cysteine-
rich
12,043,539 - 5.51E- secretory
7_GL Grain_Length 4 FP 13,108,767 14 11 167 0.06 12 IPRO01283 protein
16,165,354 - 1.72E- PWY-5733, PWY- Terpenoid
8_HD Heading_Date 4 FP 16,384,087 4 08 37 0.10 14 6275 Biosynthesis
6.17E-
9_PL Panicle_Length 5 FP 667,557 - 767,557 2 08 20 0.38 15
grain width
and grain
2.40E- length
10_GS Grain_Width 5 FP & Ind 4,802,345 - 5,383,914 57 11 75 0.18 [Mansueto

40
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1016
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2017, Li
2018]
2.68E-
11_GL Grain_Length 6 FP & Ind 1,561,006 - 1,664,716 16 10 17 0.17
cell wall
organization
1.81E- or
12_GL Grain_Length 6 FP & Ind 6,680,831 - 7,190,137 51 14 78 0.17 14,15 G0:0071554 biogenesis
volatile
benzenoid
5.90E- biosynthesis
13_GL Grain_Length 6 FP 7,453,914 - 7,553,914 2 08 13 0.11 12 PWY-4203 |
20,400,110 - 2.72E-
14_PL Panicle_Length 6 FP 20,500,110 2 08 13 0.40 15
11519294 - 5.76E-
15_GL_jap Grain_Length 7 Jap 12,296,525 3 08 99 0.04 J4
18,004,654 - 1.64E-
16_FP Floret_Pubescence 8 FP 18,104,654 2 08 17 0.14 J1
26,175,268 - 6.06E- Zinc finger,
17_FP Floret_Pubescence 8 FP 26,275,268 2 08 15 0.05 IPRO01607 UBP-type
7.23E-
18 FP Floret_Pubescence 9 FP 6,656,837 - 7,940,621 51 12 168 0.16 14 IPRO04158 DUF247
14,067,272 - 6.86E- response to
19 HD Heading_Date 9 FP 14,807,406 7 09 115 0.10 12 G0:0002438 stimulus
3.61E-
20_GW_jap | Grain_Width 10 Jap 1,098,998 - 1,404,807 6 12 52 0.21
17,445,137 - 2.14E-
21 LW Leaf_width 12 FP 17,561,823 2 09 13 0.08

* for full list of enriched (Max p-value 0.05 with Bonferroni correction) protein domains, Gene Ontology Biological Processes and Meta-Cyc pathways and
underlying genes see Additional file 1: Table S9. * F¢ between the 43 accessions in subpopulation 15 and the 190 accessions in subpopulations 12, 13 and 14.

FP: full panel; Ind: Indica subpanel; Jap: Japonica subpanel; Chrom: chromosome; Sig SNPs nb: number of significant SNPs. References: Ta 2018 [10],

Phung 2016 [9], Mansueto 2017 [25], Li 2018 [27].
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Table 2: 52 regions under selection in the Indica |5 subpopulation. Detailing the overlap of selected regions with published QTLs for Vietnamese rice

populations and the QTLs described in Table 1, selected regions in Indica and Japonica subpopulations, and published selected regions [Lyu 2014, Xie 2015].

Enrichment
Number of overlapping genes phytozome
AFST ecotype AFST
15 vs genes differentia semi- I5vs
12,13,14 | per Overlap | Overlap ted tall dwarf 12,13, | Overlap with QTLs
Region | Chrom | Segment position (bp) (a) region | Indica® japonica®® genes* (Ind1)* {Indll)* identifier function 14 (b) | (c)
Root mass [Phung
2016], panicle
methyl indole-3-acetate morphology [Ta
15_1 1 5,563,164 - 6,569,946 0.28 138 | 12,14 11,13, )4 39 PWY-6303 interconversion 0.22 | 2018]
luteolin triglucuronide
15_2 1 12,270,588 - 12,957,024 0.33 94 J3 PWY-7445 degradation 0.27
15 3 1 17,910,736 - 18,069,653 0.23 24
Lateral organ boundaries,
15_4 1 21,880,287 - 22,319,111 0.05 59 11 1 IPRO04883 LOB 0.03
Extradiol ring-cleavage Leaf mass [Hoang
155 1 37,850,965 - 38,378,420 | 0.64 84 1 IPRO04183 dioxygenase 0.72 | 2019]
xylogalacturonan Jasmonate SHL [To
15_6 1 40,530,842 - 40,679,473 0.15 19 12,13 19 PWY-5980 biosynthesis 0.18 2019]
carbohydrate metabolic
15_7 1 41,340,158 - 41,769,828 0.31 65 G0:0005975 process 0.37
15_8 2 677 - 354,653 0.39 64
15_9 2 1,020,920- 1,369,616 0.30 64 11 IPRO00864 Proteinase inhibitor 113 0.51
Terpenoid cyclases/protein
prenyltransferase alpha-
15_10 2 2,050,537 - 2,469,973 0.24 60 14 J2,13 IPRO08930 alpha toroid 0.29
15_11 2 3,101,251 - 3,324,479 0.25 44 IPRO01611 Leucine-rich repeat 0.18
15_12 2 3,765,987 - 4,489,973 0.25 114 G0:0006952 defense response 0.24
response to oxidative
15_13 2 7,320,174 - 7,989,585 0.07 81 14 G0:0006979 stress 0.05
15_14 2 20,981,182 - 21,185,348 0.44 26
L-phenylalanine catabolic
15_15 2 24,920,001 - 25,369,666 0.12 62 8 G0:0006559 process 0.17
Jasmonate RTL [To
15_16 2 28,191,142 - 29,329,745 0.24 168 13 2019]
15_17 3 6,691,656 - 8,177,456 0.39 224 11 13,14 IPRO00971 Globin 0.63
15_18 3 12,650,311 - 12,946,658 0.21 45
Peptidase S10, serine
15_19 3 15,380,808 - 15,879,517 0.10 71 13 23 IPRO01563 carboxypeptidase 0.06
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15_20 3 20,960,124 - 21,669,162 0.25 114 G0:0006813 potassium ion transport 0.18
15 21 3 24,370,632 - 24,999,498 | 0.23 74 11,13 13
15_22 3 25,193,549 - 25,587,517 0.28 55 7 9
15_23 3 27,910,148 - 29,199,870 | 0.34 188 | 12,13, 14 17 6 85 G0:0023014 | protein phosphorylation 0.49
15_24 3 29,431,523 - 29,589,724 0.45 21 14 1 2
15_25 3 33,372,038 - 33,639,859 0.42 45 13
6-phosphogluconate
dehydrogenase, NADP-
15_26 4 62,390 - 489,186 0.23 62 IPRO06115 binding 0.21
diterpene phytoalexins
15_27 4 5,251,107 - 5,436,839 0.12 25 PWY-2981 precursors biosynthesis 0.10
15_28 4 33,073,892 - 33,369,648 0.43 46
15 29 4 34,813,879 - 35,098,724 | 0.62 a4 12 8
15_30 5 386,347 - 1,563,159 0.28 190 9 _PL
15_31 6 6,640,258 - 7,189,250 0.17 80 11,12, 14 7 12_GL
Leaf length [Phung
15_32 6 7,860,166 - 8,418,475 0.38 70 13, 14 13 3 PWY-6917 vernolate biosynthesis Il 0.37 | 2016]
Panicle length [Ta
2018], root length
and number
15_33 6 19,470,641 - 20,499,968 0.58 165 11 IPRO01841 Zinc finger, RING-type 0.74 [Phung 2016]
Water content
Protein of unknown after drought
15_34 7 19,443,608 - 19,825,988 0.19 54 11 14 IPRO21470 function DUF3123 0.17 [Hoang 2019]
Root depth [Phung
I5_35 7 29,030,233 - 29,677,525 | 0.76 97 13 2016]
Jasmonate SHL [To
15_36 8 3,484,045 - 3,758,632 0.35 39 13,14 2019]
Panicle branches
15_37 8 5,052,017 - 5,809,093 0.38 127 13,14 IPRO01929 Germin 0.55 [Ta 2018]
Protein of unknown
15_38 8 19,431,460 - 20,459,346 0.22 149 11 IPRO10683 function DUF1262 0.23
O-methyltransferase,
15_39 8 24,300,313 - 24,859,863 0.23 92 IPR002935 family 3 0.24
15_40 9 14,820,651 - 15,259,615 0.24 61 12,14 2 IPRO02867 IBR domain 0.32
methyl indole-3-acetate
15_41 9 16,430,191 - 18,049,085 0.54 252 12,13 PWY-6303 interconversion
15_42 9 18,292,494 - 18,798,654 | 0.49 78 12,13, 14 IPRO29071 Ubiquitin-related domain 0.89
coumarin biosynthesis (via
15_43 9 19,710,325 - 20,225,472 0.11 83 PWY-5176 2-coumarate) 0.09
methyl indole-3-acetate
15_44 10 5,381,471 - 5,869,967 0.27 62 PWY-6303 interconversion 0.64
15_45 10 10,528,884 - 11,139,609 0.38 118 IPRO27923 Hydrophobic seed protein 0.76
15_46 10 11,991,467 - 12,409,929 0.26 69
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15_47 10 18,732,199 - 19,209,687 0.51 80 14 64 IPR0O02885 Pentatricopeptide repeat 0.48
Water content
regulation of cellular after drought
15_48 11 2,510,079 - 3,239,747 0.38 109 11,14 56 G0:0050794 process 0.45 | [Hoang 2019]
Root number
15_49 11 4,590,276 - 5,937,318 0.35 200 J1 3 14 IPRO01810 F-box domain 0.38 | [Phung2016]
15_50 11 6,060,058 - 6,179,872 0.23 20
15_51 12 50,720 - 659,181 0.30 108
15_52 12 25,861,119 - 26,518,838 0.11 93 12,13

* for full list of enriched (Max p-value 0.05 with Bonferroni correction) protein domains, Gene Ontology Biological Processes and Meta-Cyc pathways and
underlying genes see Additional file 1: Table S13. * Fst between the 43 samples in subpopulation 15 and the 190 samples in subpopulations 12, 13 and 14 (a)
mean Fsr for all the genes in the selected region. (b) mean Fst for the genes showing functional enrichment. (c) details in Additional file 1: Table S14 and

S15. References Phung 2016 [9], Ta 2018 [10], Hoang 2019 1 [12], To 2019 [13], Hoang 2019 2 [11]. & Overlap withregions selected in other Indica

subpopulations. && Overlap with regions selected in other Japonica subpopulations.
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Table 3: Candidate genes under selection in the Indica |5 subpopulation. Functional annotation of the 56 candidate genes and overlap with genes selected

in previous studies [17, 18].

Selec
AFSTI5vs AFSTI5 vs ted Gene Ontology
Region 12,13,14 (a) Gene (MSU) Gene (RAP) 12,13,14 (b) Gene function Symbol in impact Ref annotation
amino acid
LOC_0Os01g65 0s01g087870 amino acid transporter, putative, OsAAP6| gPC Peng 2014, transmembrane
I15_5 0.644 670 0 0.909 expressed 1 NA Abbai 2019 transport
LOC_0s01g65 0s01g088010
15_5 770 0 0.936 expressed protein - rice specfic NA start_lost
LOC_0s01g65 | Os01g088180
I15_5 904 0 0.788 expressed protein - rice specfic NA stop_gained
LOC_0Os01g66 0s01g088310 OsMADS2 - MADS-box family gene Lombardo specification of stamen
I15_5 030 0 0.651 with MIKCc type-box, expressed OsMADS?2 NA 2017 identity
Cyclopropane-fatty-acyl-
LOC_0s02g47 0s02g070160 phospholipid synthase, putative, vitamin E biosynthetic
15_16 0.243 310 0 0.564 expressed VTE4 NA To 2019 process
oxidoreductase, short chain
LOC_0s02g47 0s02g070190 dehydrogenase/reductase family, oxidation-reduction
15_16 350 0 0.666 putative, expressed NA NA To 2019 process
LOC_0s02ga7 0s02g070240 pectinacetylesterase domain
15_16 400 0 0.501 containing protein, expressed NA NA To 2019 cell wall organization
LOC_0Os02g47 0s02g070250 protein
15_16 410 0 0.522 protein kinase, putative, expressed NA NA To 2019 phosphorylation
LOC_0s02g47 0s02g070260 ATROPGEF7/ROPGEF7, putative, guanyl-nucleotide
I15_16 420 0 0.572 expressed OSROPGEF NA To 2019 exchange factor activity
LOC_0s02g47 0s02g070280 intracellular protein
15_16 440 0 0.536 syntaxin, putative, expressed NA NA To 2019 transport
LOC_0s02g47 0s02g070480 ornithine carbamoyltransferase, cellular amino acid
15_16 590 0 0.637 putative, expressed NA NA To 2019 metabolic process
LOC_0s03g12 0s03g023050 Inositol 1, 3, 4-trisphosphate 5/6- DSM3 | OsITPK
15_17 0.390 840 0 0.477 kinase, putative, expressed 2 stop gained Du 2011
regulation of
brassinosteroid
LOC_0s03g13 0s03g023260 U-box domain containing protein, TUD1|DSG1| Sakamoto mediated signaling
15_17 010 0 0.837 expressed ELF1 NA 2017 pathway
LOC_0s03g13 0s03g023390 non-symbiotic hemoglobin 2, Lira-Ruan
15_17 140 0 0.879 putative, expressed Hb1l NA 2011 oxygen transport
negative regulation of
LOC_0s03g14 0s03g025135 core histone H2A/H2B/H3/H4, long-day
15_17 669 0 0.918 putative, expressed OsHAP5C NA Kim 2016 photoperiodism,
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flowering
LOC_0s03g49 0s03g070170 ethylene receptor, putative, ethylene-activated
15_23 0.338 500 0 0.719 expressed Os-ERS1 NA Yu 2017 signaling pathway
LYU oligopeptide
LOC_0Os03g51 0s03g071990 peptide transporter PTR2, putative, 2012,0UYA transmembrane
15_23 050 0 0.660 expressed PTR8 1,3 NA NG 2010 transport
LOC_0Os03g58 0s03g080020 PAZ domain containing protein,
15_25 0.423 600 0 0.844 putative, expressed MEL1 NA Yi 2012
LOC_0s03g58 0s03g080070 oxidation-reduction
15_25 630 0 0.886 thioredoxin, putative, expressed OsTrxh4 NA Ying 2017 process
LOC_0s04g58
15_29 0.618 740 None 0.818 expressed protein - rice specfic NA 2 start_lost
LOC_0s04g58 0s04g068420 protein kinase family protein, protein modification
15_29 750 0 0.815 putative, expressed OsBSK3 2 NA Zhang 2016 process
LOC_0Os04g58 0s04g068450 pentatricopeptide repeat protein, WSL5|OsPPR
15_29 780 0 0.806 putative, expressed 4 2 NA Liu 2018 leaf development
splice_accept
LOC_0s04g58 0s04g068550 exo70 exocyst complex subunit, or_variant &
15_29 870 0 0.813 putative, expressed NA intron_variant | Tu 2015 exocytosis
LOC_0Os04g58 0s04g068560 exo70 exocyst complex subunit, RLS2| OsEXO7
15_29 880 0 0.826 putative, expressed OAl NA Tu 2015 exocytosis
LOC_0s05g02 | Os05g011350
15_30 0.281 260 0 0.617 interacts with OsMPK1 bip130 stop_gained Zhou 2019
LOC_Os06g34 0s06g053450 zinc finger, C3HC4 type domain
15_33 0.584 360 0 0.959 containing protein, expressed NA NA Zang 2016
LOC_Os06g34 0s06g053760 zinc finger, C3HC4 type domain
15_33 650 0 0.948 containing protein, expressed NA NA Zang 2016
LOC_Os06g33 0s06g052660 DEAD/DEAH box helicase, putative, Macovei
15_33 520 0 0.509 expressed OsABP 2012
LOC_0s07g48 0s07g068490 homeobox domain containing
15_35 0.756 560 0 0.927 protein, expressed WOX11 NA Zhang 2018 | lateral root formation
short-chain
LOC_0s07g48 0s07g068580 dehydrogenase/reductase, putative, oxidation-reduction
15_35 640 0 0.953 expressed OsSDR NA Kim 2009 process
LOC_0s07g48 0s07g068630 zinc finger, C3HC4 type domain
15_35 680 0 0.955 containing protein, expressed NA NA Zang 2016
alpha-L-
LOC_0s07g48 0s07g068690 alpha-N-arabinofuranosidase, Sumiyoshi arabinofuranosidase
15_35 750 0 0.920 putative, expressed OsARAF1 NA 2013 activity
Saeng-
ngam
2012,
LOC_0s07g48 0s07g068720 OsCam1- Yuenyong calcium-mediated
15_35 780 0 0.907 OsCam1-2 - Calmodulin, expressed 2|0sCam1 NA 2018 sighaling
15_35 LOC_0s07g48 | 0s07g068770 0.901 transcription factor, putative, rTGA2.1|Osb NA Delteil defense response
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820 0 expressed ZIP63|OsNIF1 2012,Vem
anna 2019
glycosyl transferase 8 domain
LOC_0s07g48 0s07g068790 containing protein, putative, OsGolS2 | wsi7 Mukherjee galactose metabolic
15_35 830 0 0.931 expressed 6 NA 2019 process
LOC_0s07g48 0s07g068880 aldehyde dehydrogenase, putative, oxidation-reduction
I15_35 920 0 0.916 expressed OsALDH22 NA Yang 2012 | process
LOC_0Os08g09 0s08g019030 NB-ARC domain containing protein,
15_37 0.380 110 0 0.904 expressed NA stop_gained ADP binding
LOC_0s09g28 0s09g045590 gibberellin receptor GID1L2,
15_41 0.539 280 0 0.654 putative, expressed NA NA
OsSCP43 - Putative Serine
LOC_0s09g28 0s09g046310 Carboxypeptidase homologue,
15_41 840 0 0.654 expressed NA NA
photosystem | reaction center
LOC_0s09g30 0s09g048120 subunit, chloroplast precursor,
15_42 0.485 340 0 0.971 putative, expressed PSAG NA Park 2012 photosynthesis
LOC_0s09g30 0s09g048140 caffeoyl-CoA O-methyltransferase, secondary metabolic
15_42 360 0 0.973 putative, expressed NA NA process
AP005392-AK108636 - NBS/LRR
LOC_0s09g30 0s09g048160 genes that are S-rich,divergent TIR,
15_42 380 0 0.966 divergent NBS, expressed NA NA recombinational repair
regulation of
LOC_0s09g30 0s09g048170 transcription, DNA-
15_42 400 0 0.954 WRKY90, expressed OsWRKY80 NA Peng 2016 templated
LOC_0s09g30 0s09g048180 iron-sulfur cluster
15_42 410 0 0.961 expressed protein NA NA assembly
LOC_0s09g31 0s09g048320 ubiquitin fusion protein, putative,
15_42 019 0 0.942 expressed NA NA Chen 2017
LOC_0Os10g35 0s10g049540 Rf1, mitochondrial precursor,
15_47 0.508 260 0 0.703 putative, expressed NA NA
hydrolase, alpha/beta fold family
LOC_0s10g35 0s10g049850 domain containing protein,
15_47 540 0 0.783 expressed NA NA catalytic activity
LOC_0Os10g35 0s10g049870 de Freitas response to osmotic
15_47 560 0 0.692 expressed protein OsSFR6 NA 2019 stress
LOC_0s10g35 05108049920
I15_47 604 0 0.661 expressed protein NA stop_gained
LOC_0Os10g35 0s10g049950 Rf1, mitochondrial precursor,
15_47 640 0 0.700 putative, expressed Rflb NA protein binding
LOC_Os11g06 0Os11g016310 ATP binding,auxin
15_48 0.378 390 0 0.746 actin, putative, expressed OsACTIN2 NA signalling
LOC_0s11g06 0s11g016350
15_48 410 0 0.841 homeodomain, putative, expressed SAB18 NA stress response
15_48 LOC_0Os11g06 None 0.715 ribosome inactivating protein, NA NA
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490

putative, expressed

OsF

splice_donor_va

LOC_0Os11g09 0s11g019990 OsFBX398 - F-box domain BX3 riant&intron_va
15_49 0.348 360 0 0.919 containing protein, expressed 98 riant Jain 2007
splice_donor_va
LOC_Os11gl0 0s11g020710 transcriptional corepressor SEUSS, OsS riant&intron_va
15_49 070 0 0.721 putative, expressed EU2 riant Tanaka 2017

" Fst between the 43 samples in subpopulation 15 and the 190 samples in subpopulations 12, 13 and 14 (a) mean Fsy for all the genes in the selected region (b)

mean Fst per gene. Allele plots for the “High impact” within genes are shown in Additional file 6: Figure S21. References: Ta 2018 [10], Peng 2014 [62],

Abbai 2019 [63], Lombardo 2017 [64], To 2019 [13], Du 2011 [65], Sakamoto 2017 [66], Lira-Ruan 2011 [67], Kim 2016 [68], Yu 2017 [69], Lyu 2014

[18], Ouyang 2010 [35], Yi 2012 [70], Ying 2017 [71], Zhang 2016 [38], Liu 2018 [39], Tu 2015 [72], Zhou 2019 [28], Zang 2016 [73], Macovei 2012 [40],

Zhang 2018 [36], Kim 2009 [37], Zang 2016 [73], Sumiyoshi 2013 [74], Saeng-ngam 2012 [75], Yuenyong 2018 [76], Delteil 2012 [77], Vemanna 2019

[43], Mukherjee 2019 [78], Yang 2012 [79], Park 2012 [80], Peng 2016 [62], Chen 2017 [81], de Freitas 2019 [41], Jain 2007 [42], Tanaka 2017 [82]. *1.

ecotype differentiated genes (Lyu et al. [18]). *2. tall (Ind1) (Xie et al. [17]). *3. semi-dwarf (Indll) (Xie et al. [17]).
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Figure 1: Population structure and location of the Indica and Japonica subpopulations within
Vietnam.

a STRUCTURE results (mean of 10 replicates) at K=5 for 426 Indica subtypes. Each colour
represents one subpopulation. Each accession is represented by a vertical bar and the length of each
coloured segment in each bar represents the proportion contributed by each subpopulation. The cut off
for inclusion in each subpopulation is 0.6. The number of samples in each subpopulation is shown
above, a further 48 samples were classified as admixed. b STRUCTURE results (mean of 10
replicates) at K=4 for 211 Japonica subtypes. The cut off for inclusion in each subpopulation is 0.6.
The number of samples in each subpopulation is shown above, a further 8 samples were classified as
admixed. ¢ STRUCTURE results for the 15 subpopulation expanded to show individual samples. d
The proportion of each population originating from each of the 8 regions in Vietnam (based on a

subset of 377 samples, 54% of Indica samples and 85% of Japonica samples).

Figure 2: PCA analyssof Indica and Japonica Viethamese subpopulations.

a PCA analysis of 426 accessions from Vietnam using the top two components to separate the five
Indica subpopulations. The ellipses show the 95% confidence interval. b PCA analysis of 211
accessions from Vietnam using the top two components to separate the four Japonica subpopulations.

The ellipses show the 95% confidence interval.

Figure 3: PCO analysis of Indica and Japonica Vietnamese subpopulations.

aPCO analysis of 1605 Indica samples (omitting the samples classified as XI-adm and Ind-adm
outside Vietnam for clarity). The ellipses show the 95% confidence interval for the K15_new
subpopulations (the K15_3KRGP and five Vietnamese Indica subpopulations are shown in Figure
S5). X =PC1, Y=PC4, Z=PC5. b PCO analysis of 982 Japonica samples (omitting the samples
classified as GJ-adm and Jap-adm outside Vietnam for clarity) showing the K15_new subpopulations
(the K15_3KRGP and four Vietnamese Japonica subpopulations are shown in Figure S6) X = PC3,

Y=PC4, Z=PC5.

49


https://doi.org/10.1101/2020.07.07.191981
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.07.191981; this version posted July 8, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093

available under aCC-BY-ND 4.0 International license.

Figure 4: Histograms comparing the I ndica and Japonica subtypesand thell and I5
subpopulations.

Histogram are shown for 8 of the 13 traits used in the GWAS analysis. The Japonica and Indica
subtypes are shown in green and purple respectively and underneath a histogram is shown for a subset
of the Indica values comparing subpopulations 11 and 15. The mean value is shown by a dotted line
and the p value (T-test) is shown at the top of each plot. A ggpairs histogram and correlation plot is

available for all 13 traits in Additional file 2: Figure S7, Figure S8.

Figure5: Thedistribution of 21 QTL.

21 significant associations for 8 of the 13 traits (-logso (p value) > 8.0). The 33 individual associations
for the full panel and the Japonica and Indica subpanels were merged to form the 21 final QTLs. The
QTLs for grain length, grain width and grain length/width ratio were merged into QTLs for grain size,
these are labelled in brown. The remaining QTLs are labelled in black; Leaf width (LW), Panicle
Length (PL), Heading Date (HD), Floret Pubescence (FP), Diameter Internode (DI). Regions smaller
than 100 kb are extended to 50kb either side of SNP with maximum p value. Centromeric regions are

shown as 100 kb regions in dark grey.

Figure 6: XP-CLR scoresand regions of selection.

a Selected regions for the five Indica subpopulations covering 5.4%, 6.1%, 5.3%, 6.3% and 8.1% of
the genome for 11, 12, 13, 14 and I5 respectively. Centromeric regions are shown as 100 kb regions in
dark grey. b Selected region for the four Japonica subpopulations covering 4.3%, 4.5%, 3.7% and
4.9% of the genome for J1, J2, J3 and J4 respectively. c and d Mean XP-CLR score across the whole
genome for each comparison between all Indica (c) and Japonica (d) subpopulations. Darker colours

indicate higher selection scores.

Figure7: Viethamese QTLsand their overlap with selected regionsin the I5 subpopulation.
QTLs from 5 published studies [9-13] and from this study are plotted along each chromosome. The

QTLs which overlap with 14 of the regions selected in the I5 subpopulation are highlighted. The
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1094  mean Fst per region between the 43 samples in the 15 subpopulation and the 190 samples in the 12, I3
1095 and 14 subpopulation is shown for these 14 regions.
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Supplementary tables
Table S1. Name and details of 672 rice varieties. Detailing read number, mapping statistics,
Vietnamese National Genebank number, local name, location, characteristic, subtype and

subpopulation.

Table S2. Name and details of 3,635 rice varieties. Detailing the new subpopulation and PCO

analysis.

Table S3. Phenotypic measur ementsfor 20 traitsfor 672 samples. Detailing individual

measurements for each sample, description of phenotypes, statistics for all samples and individually

for the Indica and Japonica subtypes. Phenotypes are available for around 75% of the samples.

Table $4. Phenotype abbreviations and details.

Table S5. Phenotype statistics (mean and coefficient of variation) and population comparisons.

Table S6. Diverdity () of each subpopulation.

Table S7. GWAS results. List of the 21 QTL and the positions of the individual QTLs for each

panel.

Table S8. Genelistsfor the21 QTL.

Table S9. Annotation of QTL using PhytoMine. Enrichment analysis for protein domain, Meta-Cyc

pathway and Geno Ontology using PhytoMine.
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Table S10. Summary of XP-CLR comparisonsfor the Indica and Japonica subpopulations.

Detailing the XP-CLR mean, cut off and number of regions for each comparison.

TableS11. List of genesselected in each subpopulation.

Table S12. List of genes selected in each region for Indica |5 subpopulation.

Table S13. Annotation of 15 selected regionsusing PhytoMine. List of all genes within each of the

52 selected regions and the results of PhytoMine Enrichment analysis for protein domain, Meta-Cyc

pathway and Geno Ontology using PhytoMine.

Table S14. Overlap of the selected regionsin Indica subpopulationswith QTL found in

Viethameserice datasets.

Table S15. Overlap of the selected regionsin Japonica subpopulationswith QTL found in

Viethameserice datasets.

Table S16. List of genes selected in 15 subpopulation. Detailing MSU and RAP gene ID, annotation

and enrichment in Phytomine, high impact SNPs and mean F*

TableS17. List of 21 genesrelated to salt tolerance selected in the 15 subpopulation.

Table S18. List of 107 IRRI rice samples. Detailing IRRI accession, country on origin, K9 and K15

group and Vietnamese subpopulation.

Table S19. List of 14 SNP setsused for analysis. Detailing filtering parameters, sample and SNP

numbers for each SNP set.
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1152  Table S20. Summary count of SNPswith effects on the genome. Detailing SnpEff annotation of
1153  the full set of 3,750,621 SNPs using the Oryza sativa MSU release 7 rice annotation. Six tables
1154  detailing number of effects by impact, functional class, type, region, base changes and Ts/Tv ratio.
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Supplementary Figures

Figure S1. Analysis of STRUCTURE output using the Evanno method.
Evanno Plots output from Pophelper for 672 Vietnamese samples, 426 Indica samples and 211

Japonica samples.

Figure S2. M apping rate (% properly paired) for Japonica and I ndica subpopulations.

Figure S3. Principal coordinate analysis (PCO) of the 3,635 Asian cultivated rice genomes.

Plots are coloured by the subpopulations a K9_new, b K15 new. The first component represents the
separation between the Indica and Japonica lines. The second components show the separation of
cAus and to a lesser extent cBas while the third and fourth components represent the separation within
Japonica and Indica respectively. Note for (a) we display the first 3 components and for (b) we

display components 1, 2 and 4.

Figure 4. Comparison between K15 3KRGP, K15 _new and Vietnamese subpopulations.

a Comparison between K15 3KRGP and K15 _new using 3023 samples. b Comparison between

K15 new and Vietnamese subpopulations using 668 samples (overlap of 56 samples from Vietnam
with a). ¢ Percentage of K15_new subpopulations from Vietnam. Arrow are shown for subpopulations

which consist of > 50% of samples from Vietnam. Diagram generated using http://sankeymatic.com/

Figure S5. PCO analysis of 1605 | ndica samples. Omitting the samples classified as XI-adm and
Ind-adm outside Vietnam for clarity. Plot coloured by a K15 3KRGP, b K15_new including
Vietnamese samples, ¢ Five Vietnamese Indica subpopulations. The ellipses show the 95%
confidence interval. X = PC1, Y=PC4, Z=PC5. Figure generated using rgl https://r-forge.r-

project.org/projects/rgl/
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Figure S6. PCO analyss of 982 Japonica samples. Omitting the samples classified as GJ-adm and
Jap-adm outside Vietnam for clarity. Plot coloured by a K15_3KRGP, b K15_new including
Vietnamese samples, ¢ Four Vietnamese Japonica subpopulations. The ellipses show the 95%
confidence interval. X = PC3, Y=PC4, Z=PC5. Figure generated using rgl https://r-forge.r-

project.org/projects/rgl/

Figure S7. Admixtur e components of the Indica 13, 14 and 15 subpopulations.

Figure S8. PCA analysis of Indica and Japonica Vietnamese subpopulationsincluding 51
genotypes from outside Vietnam. a PCA analysis of 445 accessions using the top two components
to separate the five Indica subpopulations. The ellipses show the 95% confidence interval. b PCA
analysis of 233 accessions using the top two components to separate the four Japonica

subpopulations. The ellipses show the 95% confidence interval.

Figure S9. Correlation between the 20 phenotypes.

Figure S10. Corréelation between I ndica and Japonica for the 13 phenotypesused for GWAS.

The figure was created using “ggpairs” package in R.

Figure S11. Correlation between Indical1 and 15 subpopulationsfor the 13 phenotypes used for

GWAS. The figure was created using “ggpairs” package in R.

Figure S12. Boxplots showing the Phenotypic distribution per subpopulation for Culm Length,

Grain Length, Grain Width and Heading Date.

Figure S13. Indica subpopulation diversty.

Diversity (m) plotted along the 12 rice chromosomes in sliding 100kb windows.
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Figure S14. Japonica subpopulation diversity.

Diversity () plotted along the 12 rice chromosomes in sliding 100kb windows.

Figure S15. SNP filtering for heter ozygosity

Proportion of heterozygous calls versus allele frequency. Each dot represents a SNP from a random
sample of 100,000 SNPs. The points have an opacity of 5% to highlight regions of higher point
density. The bulk of the SNPs lie on the Hardy-Weinberg equilibrium curve scaled by a factor of
around 0.118, which implies a Wright’s inbreeding coefficient of F=0.882. The SNPS have been
filtered using cut off of 0.592 (5*(1-F)), the corresponding SNPs which are kept and removed are

shown on the plot.

Figure S16. PCA analysis of 723 samples before and after imputation.

Comparing the 2,690,005 not imputed SNP set 3 to the 2,665,825 imputed SNP set 4

Both SNP set were filtered for 5% MAF.

Using PC1 and PC2 to separate the Japonica subpopulations. Using PC3 and PC4 to separate the

Indica subpopulations.

Figure S17. GWAS Manhattan and qq plots for the full panel and Indica and Japonica subpanels for
Grain Length, Grain Width, Grain length-to-width ratio, Heading Date, Culm Strength, Leaf Length

and Leaf Width.

Figure S18. GWAS Manhattan and qq plots for the full panel and Indica and Japonica subpanels
for Leaf Pubescence, Culm Number, Diameter Internode, Culm Length, Panicle Length and Floret

Pubescence

Figure S19. Chromosome plots of regions selected in each I ndica subpopulation showing the
regions selected against each individual subpopulation and the shaded final selected regions

which wer e selected against three subpopulations.
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a) 44 regions selected in 11, b) 41 regions selected in 12, ¢) 42 regions selected in 13, d) 38 regions

selected in 14, e) 52 regions selected in 15

Figure S20. Chromosome plots of regions selected in each Japonica subpopulation showing the
regions selected against each individual subpopulation and the shaded final selected regions
which wer e selected against two subpopulations.

a) 28 regions selected in J1, b) 23 regions selected in J2, ¢) 24 regions selected in J3, d) 25 regions

selected in J4

Figure S21. Allele Plots showing the “High impact” SNP position within candidate genes.
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