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Simple Summary: Four Vietnamese breeding lines (2 Japonica and 2 Indica) were directly compared
in field settings for phenotypic traits associated with yield. These Vietnamese rice genomes were newly
de novo assembled and annotated, and a phylogenetic analysis of the phytochrome C (phyC) confirmed
the positioning and diversity between the four varieties. The four lines showed enough phenotypic and
genetic differences to be used as parental lines for climate-adaptation breeding programs.

Abstract: This study begins by examining phenotypic variations in field growth among four parental
Vietnamese rice lines, consisting of two Indica (PD211/GL37) and two Japonica (J23/SRA2-1) culti-
vars, which differ in life-cycle durations. Their phenotypic observations revealed both similarities and
differences in growth patterns and field responses, setting the stage for further genomic investigation.
We then focused on the sequencing and de novo genome assembly of these lines using high-coverage
INlumina sequencing and achieving pseudochromosome assemblies ranging between 379 Mbp and
384 Mbp. The assemblies were further enhanced by annotation processes, designating between
44,427 and 48,704 gene models/genome. A comparative genomic analysis revealed that the Japonica
varieties (J23/SRA2-1) exhibited more genetic similarity than the Indica varieties (PD211/GL37).
From this, a phylogenetic analysis on the phytochrome C (phyC) gene distinctly positions the Indica and
Japonica lines within their respective clades, affirming their genetic diversity and lineage accuracy.
These genomic resources will pave the way for identifying quantitative trait loci (QTLs) critical
for developing rice cultivars with shorter life cycles, thus enhancing resilience to adverse climatic
impacts in Vietnam. This study provides a foundational step towards leveraging genomic data for
rice breeding programs aimed at ensuring food security in the face of climate change.

Keywords: phenotypic traits; genome assembly; Illumina; Oryza sativa L.; Vietnam

1. Introduction

Rice (Oryza sativa L.) is one of the most important food crops, feeding more than
3.5 billion people worldwide. Asian countries had the largest area harvested, with Vietnam
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harvesting more than 7 million ha of rice in 2022 [1], ranking fifth in the global rice
production market, with India and China as the biggest producers. However, by 2035,
the steadily increasing population is causing a rise in the demand for rice of >112 million
metric tons [2]. Climate change also demands better land use, with rice cultivars adapted
to local conditions and resilient to multiple (a) biotic stresses. Historically, the two major
rice groups are O. sativa Xian group, referred to as Indica, and O. sativa Geng group, also
referred to as Japonica [3,4]. Despite there being thousands of rice-accession genomes
available in different repositories worldwide [2,5,6], Vietnamese rice has been understudied
despite possessing a rich germplasm [7].

Vietnam is an important country in global rice production. This nation is endowed
with a high diversity of climates that significantly influence agricultural outputs. Par-
ticularly in the north, the Red River Delta and the northern mountain areas experience
cold and unpredictable weather during the seedling stage, which poses challenges to rice
cultivation. Concurrently, the North of Central Midlands Province has been enduring
continuous flooding and low temperatures in recent years, with climate models forecasting
even more severe weather conditions in the near future [8]. These climatic adversities
not only threaten the staple food supply but also the economic stability of the region.
Rice, being a central element of Vietnam'’s agriculture, has varieties historically adapted
to diverse environmental conditions. However, the recent extremities caused by climate
change demand innovative approaches to crop breeding. The average temperature in the
North of Vietnam is 23.9 °C (ranging from 13.2 °C to 31.5 °C), while the average humidity
is 78.9% (ranging from 66 to 90%). Rice sowing is divided into two seasons: spring season
(or dry season, with an average temperature of 22.9 °C (ranging from 13.2 °C to 29.5 °C)),
with sowing happening between December and January and harvest between May and
June, and summer season (or wet season, with an average temperature of 26.5 °C (ranging
from 18.5 to 31.5 °C)), with sowing happening between May and July and harvest between
September to November [9]. Developing new rice cultivars that can be sown later in the
spring could mitigate losses due to the early cold snaps and flooding, a method that may
prevent the damaging impacts of typhoons, which are becoming increasingly frequent and
intense. In this context, genomic studies play a crucial role. By identifying quantitative trait
loci (QTLs), breeders can develop varieties with shorter life cycles, tailored to withstand
and thrive in the altered climatic conditions of Vietnam.

In this work, we phenotypically characterized two Indica (PD211/GL37) and two Japon-
ica (J23/SRA2-1) lines that will be part of a pre-breeding program to generate early flow-
ering, high-yield rice varieties. The lines were compared directly in field settings under
both the spring and summer growing seasons. These lines showed different flowering
times and different yield traits, which make them ideal for crossing to develop varieties
with shorter life cycles and potentially high yields. To facilitate future molecular breeding,
QTL mapping, and marker-assisted selection, genomic information will be critical. We thus
successfully assembled and annotated the genomes of four parental rice lines, two Indica
(PD211/GL37) and two Japonica (J23/SRA2-1), utilizing high-coverage Illumina sequenc-
ing technology. These genomic assemblies were from very high coverage and have been
meticulously annotated, revealing between 44,427 and 48,704 gene models per genome,
with the substantial coverage of functional annotations. Our phylogenetic analysis of the
phytochrome C (phyC) gene, chosen for being a useful marker in angiosperm phylogenetic
work [10], distinctly positioned these lines within their respective clades, confirming the
accuracy of their genetic lineage and diversity. Our comparative genomic analysis has
highlighted clear genetic distinctions between the Indica and Japonica groups, revealing
that these four lines are sufficiently different to serve as a foundation to climate-resilience
breeding by targeting the genetics of life-cycle duration.
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2. Materials and Methods
2.1. Phenotypic Data

The four rice lines were cultivated in designated field sites at the Experimental Station,
Field Crops Research Institute, Hai Duong (Vietnam), and data were collected during the
summer of 2019 and the spring of 2020, with observations recorded for five plants per line
each year. We measured four life cycle-related traits: the number of days from seeding
to heading (flowering time), the duration of flowering from start to finish, the days from
the end of flowering to when 85% of the grains on the panicle were mature, and the total
growth duration from seeding to grain ripening. Additionally, various yield-related traits
were assessed, including plant height (cm), tillering ability (tillers per plant), number of
panicles per plant, number of grains per panicle, percentage of sterile grains, the weight
of 1000 grains (g), and grain yield expressed as grams per plant and quintals per hectare.
Statistical analyses of the data were conducted using R. Plots were generated using the
ggplot package, reflecting the data collected across both years. Differences between the
varieties within a cultivar were assessed using Imer in R (package Ime4) by maintaining
the time and technical replicates as random factors. Pearson, when the data was normally
distributed, or Spearman correlation, as a non-parametric test, were performed with cor.test
in R to assess the correlation between flowering and maturity time with grain yield and
harvested yield.

2.2. Plant Growth, Sequencing, Genome Assembly, and Annotation

Four rice varieties, SRA2-1, J23, PD211, and GL37, were grown in trays. About
100 mg of leaves from 20-day-old seedlings were collected and ground in liquid nitrogen.
Gene]ET Plant Genomic DNA Purification Mini Kit (K0792, Thermo Fisher Scientific,
Waltham, MA, USA) was used to extract DNA according to GeneJET Plant Genomic
DNA Purification Mini Kit instructions. These were then sequenced using Novogene
UK services using a NovaSeq 6000 platform and paired-end strategy. Raw reads were
filtered to keep 100x coverage using BBMap [11] and assembled de novo using SPAdes [12],
setting the k-mer parameter (substrings of length k in a given string) to the recommended
default 21, 33, 55, 77. The genome was then polished using PILON version 1.24 [13]. To
obtain pseudochromosomes, we used the rice Nipponbare reference genome (IRGSP-1.0,
https:/ /rapdb.dna.affrc.go.jp/download /irgsp1l.html, accessed on 1 November 2023) and
Sibeliaz [14] to obtain collinear blocks and Ragout to order the contigs [15,16]. To assess
the genome size and the N50, we used SEQKIT instead, and the Benchmarking Universal
Single-Copy Orthologs (BUSCO version 5.5; [17]) was used to assess the completeness of
the genome against the Poales database.

Genome annotations were performed by initially masking the genomes using REPEAT-
MODELER (version 2.1) and REPEATMASKER (version 2.1) [18] followed by using de
novo BRAKER (version 1.9) [19] using the protein pipeline against the Viridiplantae (down-
loaded November 2023; https://v100.orthodb.org/download/odb10_plants_fasta.tar.gz,
accessed on 15 November 2023 [20]) database, to which the Nipponbare protein annotation
was added. Functional annotations of the gene models were obtained with eggNOG [21,22]
by previously filtering by structure and function using gFACS (Version 1.1.2) [23] and
EnTAP [24]. BLASTn was used to find the nomenclature correspondence between each of
the de novo annotated genes and the Japonica reference genome (IRGSP). The Extensive
de novo TE Annotator (EDTA) [25] was used to identify transposable elements (TE) and
tandem repeats.

2.3. Comparison between Genomes

MASH distance, estimating the mutation rate between two genomes, was assessed
using k = 11 [26]. Pairwise comparison between all possible combinations of these 4 lines
was assessed. A maximum likelihood phylogenetic tree was constructed by first retrieving
the sequence of phyC (using the GenBank sequence: AB018442.1) for each genome and
then aligning with malfft [27] and trimming with trimAI [28] with automated1 set-up to
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decide optimal thresholds according to gap and similarity scores. The phyC sequence
from 211 rice accessions was retrieved from https://agrigenome.dna.affrc.go.jp /tasuke/
ricegenomes/, accessed on 13 March 2024, retrieving the variants in chromosome 3 for
all 211 genomes (coordinates from 31,004,724 to 31,009,758 bp) using the BLAST tool
against the same phyC sequence (GenBank: AB018442.1). The alignment was also manually
trimmed, keeping 2357 bp. IQ-Tree [29] was used to create the maximum likelihood tree
with 1000 bootstraps and with the model with the best Bayesian Information Criterion
according to ModelFinder [30]. The selected model out of 484 DNA models was HKY
(unequal transition/transversion rates and unequal base frequencies [31] +F (empirical base
frequencies) +I (allowing for a proportion of invariable sites) +R2 (FreeRate model [32,33].
The rice variety of each of the 211 accessions was indicated as tropical japonica [TR]], temperate
japonica [TE]], indica [IND], aus [AUS], aromatic [ARO], and admixture [ADM].

3. Results
3.1. Flowering Time and Yield

In this study, the flowering times varied significantly between the two groups of rice
lines (Figure 1, Tables 1 and 2). The Japonica variety SRA2-1 displayed a shorter flowering
period count on the days from seeding to heading, averaging 76 days, compared to 93 days
for ]J23. Differences in flowering times were also observed within the Indica varieties,
with a significantly shorter period for GL37 (78 days) compared to 98 days for PD211
(Figure 1A). There was also a clear distinction when considering maturity time and full
growth duration (from seeding to grain maturity) (Figure 1B,C) between the two Japonica
lines and the two Indica, indicating a clear genetic distinction in life cycle duration between
varieties. When examining yield components, distinct patterns emerged among the vari-
eties. ]23, one of the Japonica lines, exhibited the highest yield efficiency, producing the
most grains per panicle and achieving the highest grain yield per plant and per hectare
(Figure 2, Tables 1 and 2). This contrasted sharply with SRA2-1, which had the lowest
number of grains per panicle among the studied lines. Among the Indica lines, PD211
outperformed GL37 in terms of grain yield both per plant and per hectare, underscoring
its potential as a superior parental line for breeding purposes. Only for the Japonica lines,
the flowering time showed a positive Spearman correlation with plant height (r(18) = 0.46,
p = 0.04) and the percentage of sterile grains (r(18) = 0.74, p = 1.97 x 10~*) and a negative
correlation with the number of panicles per plant (r(18) = —0.74, p = 1.71 x 10~%) and the
number of tillers/plant (r(18) = —0.73, p = 2.317 x 10~%). However, we observed, for both
Indica and Japonica varieties, a positive correlation between the flowering time and grain
yield/plant (g/plant) (r(18) = 0.55, p = 0.01; r(18) = 0.84, p = 4.57 x 10~°, respectively) and
between the flowering time and the harvested yield (quintals/ha) (r(18) = 0.45, p = 0.04;
r(18) = 0.84, p = 4.47 x 10~°, respectively). These results highlight the diverse phenotypic
traits of the four rice lines, demonstrating that crossing them could yield progenies with
varied growth durations and potentially enhanced yield traits. This diversity is essential
for the development of rice cultivars that are not only high-yielding but also adapted to
varying environmental and climatic conditions. The clear differences in yield components,
flowering times, and growth times are instrumental for future molecular breeding strate-
gies, where these traits can be targeted to develop rice varieties with optimized growth
characteristics suitable for diverse ecosystems.

Table 1. The average of phenotypic data in the spring season for each of the 4 varieties. J23 and
SRA2-1 belong to the Japonica group and PD211 and GL37 to the Indica group.

Growth Sterile Grain Harvested

- Flowering Flowering Maturity . Plant Tillers/ Panicles/ Grains/ . Weight of 1000 . . .
Varieties . . Duration . . Grain Rate N Yield/Plant Yield (Quin-
Time (Days) Day Time (Days) (Days) Height (cm) Plnat Plant Panicle %) Grains (g) (g/Plant) tals/ha)
23 1120 11.0 17.0 140.0 1044 104 9.6 2433 30.9 239 320 80.7

SRA2-1

96.0

10.0

18.0 124.0 75.0 134 112 144.1 8.0 30.5 22.8 67.9

PD211

117.0

6.0

22.0 145.0 97.2 16.0 13.0 191.8 6.3 213 21.4 63.7

GL37

96.0

6.0

220 124.0 81.9 11.6 100 157.4 49.3 277 188 56.0
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Table 2. The average of phenotypic data in the summer season for each of the 4 varieties. J23 and
SRA2-1 belong to the Japonica group and PD211 and GL37 to the Indica group.

. . . Growth Sterile . Grain Harvested
Varieties _T1owering Flowering Maturity Duration Plant Tillers/Plnat  Panicles/Plant ~ Grains/Panicle ~ Grain Rate  "e.8RtOf1000  viypiant  Yield (Quin-
Time (Days) Day Time (Days) (Days) Height (cm) (%) Grains (g) (g/Plant) tals/ha)
23 74.0 7.0 28.0 109.0 1074 11.0 104 180.4 265 242 30.2 76.1
SRA2-1 56.0 7.0 30.0 93.0 65.0 15.2 13.0 105.1 44 30.0 20.8 61.9
PD211 79.0 6.0 30.0 115.0 107.2 15.0 122 166.8 10.6 20.9 189 56.3
GL37 60.0 6.0 27.0 93.0 81.9 12.0 104 135.8 437 282 16.8 50.0
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3.2. Genome Statistics

Each genome was assembled into contigs (101,153 to 106,013) (Table 3), which were
then polished with PILON [13] and assembled into pseudochromosomes using the Nip-
ponbare chromosome-level genome (Table 3). The pseudochromosome assemblies ranged
between 379 Mbp and 384 Mbp in total length, with a percentage of undetermined nu-
cleotides ranging from 19.7% to 23.5% (Table 4) and a coverage >100x for each genome and
high completeness reaching between 90.5% and 96.9% (Table 5). The number of gene mod-
els ranged from 44,427 to 48,704 with a high percentage (95%) functionally annotated. Gene
models and their nomenclature correspondence with the reference gene are indicated in
Tables S1-54. The percentage of TEs in the genome ranged from 28.3% to 30.96% (Table 6).

Table 3. Statistics of each genome contigs after polishing using Pilon.

Unassembled Contigs

Contigs to Nipponbare

Congs  ToalLengn M vegselengh | Madun, | Nomber T
J23 124,180 333,355,875 66 2684.5 244,097 83,865 37,422,112
SRA2-1 104,659 319,081,948 64 3048.8 168,733 66,421 26,594,505
PD211 106,013 319,376,162 70 3012.6 149,118 72,349 31,732,613
GL37 101,153 316,744,078 65 3131.3 166,595 68,785 30,724,240

Table 4. The statistics of each genome according to GC%, N50 length, the total length of the genome,
and the percentage of underdetermined nucleotides. The genomes were assembled into pseudochro-
mosomes using the Nipponbare IGSRP-1.0 reference.

GC% N50 Total Length %Ns Coverage
J23 42.73 30,217,895 379,887,007 19.7% 131.32
SRA2-1 42.71 30,335,714 381,425,794 21% 131.821
PD211 42.63 30,796,562 384,074,978 23.2% 132.181
GL37 42.64 30,961,767 383,427,667 23.5% 127.264

Table 5. The BUSCO scores of the genomes of each of the 4 samples.

BUSCO % Complete and  Complete and .
Poales Complete Single-Copy Duplicated Fragmented Missing
Total BUSCOs (O) BUSCOs (S) BUSCOs (D) BUSCOs (F) BUSCOs (M)
- Percentage 96.9% 95.5% 1.4% 0.6% 2.5%
J Genes 4896 4745 4678 67 28 123
Percentage 96.7% 95.3% 1.4% 0.8% 2.5%
SRA2-1
Genes 4896 4735 4668 67 38 123
Percentage 96.7% 95.4% 1.3% 0.8% 2.8%
PD211
Genes 4896 4737 4671 66 38 121
Percentage 90.5% 89.1% 1.4% 0.0% 9.5%
GL37

Genes 4896 4432 4363 69 0 464
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Table 6. The number of gene models and the number and percentage of gene models with functional
annotation. The total transposable elements are listed according to being long terminal repeat

retrotransposons, DNA transposons, or unclassified.

Functional L
Number of Annotation Total Retroelements DNA Unclassified TE Total TEs (%)
Genes BRAKER (LTR) Transposons Elements
Genes eggNOG

J23 48,190 45,798 (95.0%) 5.27% 25.48% 0.21% 30.96%
SRA2-1 48,704 46,487 (95.4%) 4.43% 25.66% 0.16% 30.26%
PD211 47,411 45,160 (95.3%) 3.62% 24.65% 0.10% 28.37%
GL37 44,427 43,000 (96.8%) 3.31% 24.89% 0.10% 28.3%

3.3. Similarity between Genomes

To assess if these four genomes have the potential to be used in breeding programs
to obtain high-yielding progeny with shorter life cycles, we first assessed the similarity
between the four genomes. We used MASH to estimate the genomic distance in a pairwise
analysis. (Table 7) The Japonica genomes SRA2-1 and ]J23 were more similar (they shared
the highest number of hashes 890/1000) than the Indica varieties PD211 and GL37 (Table 5),
but overall, this confirmed that the four genomes are sufficiently different to be used for
breeding purposes. We also explored if there were differences in gene markers associated
with flowering by generating a phylogenetic tree of the gene phytochrome C, an essential light
receptor that has proven useful in angiosperm phylogenetic work [10]. The phylogenetic
tree clustered together both Japonica lines but grouped the two Indica lines into two clades
(Figure 3), suggesting higher diversity, which projects to be useful when breeding.

Table 7. The pairwise MASH distance between genomes. Shared-hashes reports the similarity
between the two genomes.

Mash Distance p-Value Shared-Hashes
(]aplér?iica) (I%iz) 0.0118 0 640/1000
(izﬁ) (1%13;) 0.0051 0 8171000
(ﬁﬁ) (Ja;jgica) 0.01111 0 654/1000
(Iiﬁfr?i_cla) (I%Z) 0.0117 0 641/1000
gigﬁi_ci) (Jaljjgica) 0.0029 0 890/1000
qigfrﬁ'ci) (izzii;) 0.0110 0 659/1000
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Figure 3. The maximum likelihood phylogenetic tree with the model HKY + F + I + R2 constructed
from the phytochrome C (phyC) sequence of the 4 genomes assembled in this work and 211 rice
accessions retrieved from https://agrigenome.dna.affrc.go.jp/tasuke/ricegenomes/, accessed on
13 March 2024. The rice variety of each of the 211 accessions was indicated as tropical japonica [TR]],
temperate japonica [TEJ], indica [IND], aus [AUS], aromatic [ARO], and admixture [ADM]. J23 and
SRA2-1 (orange) belong to the Japonica group and PD211 and GL37 (blue) to the Indica group.

4. Discussion

This study has provided a comprehensive phenotypic and genomic analysis of four
Vietnamese rice lines, two Indica (PD211/GL37) and two Japonica (J23/SRA2-1), revealing
key insights into their distinct flowering times, yields, and genetic structures. These
genomes will assist in breeding by developing markers to facilitate QTL migration in
germplasm and guided molecular-assisted breeding. Additionally, these genomes will
aid in characterizing all available germplasms at the FCRI breeding center by providing a
molecular background on the levels of genomic diversity in these key lines.

Currently, the duration of mainly cultivated rice varieties in the north of Vietnam is
around 125-150 days in the spring season and about 100-125 days in the summer season.
These four lines are then placed on the extreme ends of the growth duration of cultivated
rice, making them ideal for breeding purposes to obtain high-yielding short-duration
varieties, which will improve the options for responding to climate change and the need
for intensified cultivation.

Progeny of these four lines could have similar desirable phenotypes as some genotypes
studied by Won et al. (2020) [34], who reported that three cultivars not only showed early
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maturity but also higher yields (between 11 to 38%) than the short-duration IRR104, a
widely grown rice cultivar in Southeast Asia. Won et al. (2020) [34] also suggested that
changes in other phenotypic characteristics, such as increasing the height of the short-life
cycle varieties, can relate to higher yields. We observed positive correlations between the
flowering time and grain and harvested yields for both of these four Indica and Japonica
lines and also between the flowering time and plant height in the Japonica lines, which
could also help in breeding for higher yields. Thuy et al. (2022) [35] also reported other
positive correlations with other traits, such as the number of tillers/plant, individual dried
straw weight, harvest index, spikelet fertility percentage, or panicle length, confirming the
importance of considering these phenotypic traits to obtain higher yields in short-life cycle
varieties. In addition, despite showing differences between seasons, ]J23 and SRA2-1 did not
underperform during the summer season, despite Japonica lines performing better under
cooler conditions while Indica yields are higher in tropical conditions [36], suggesting
additional desirable heat tolerance traits in J23 and SRA2-1.

We also obtained high-coverage genome assemblies that identified between 44,427 and
48,704 gene models per genome, with approximately 95% functional annotation coverage,
and used them for our comparative genomic analysis, which highlighted more pronounced
genetic differentiation within the Indica lines than within the Japonica varieties. Further
differentiation is evident from our phylogenetic analysis, where the phyC gene distinctly
grouped the Japonica and Indica lines into separate clades, distinct from the Japonica clade
that included both lines. This confirms the unique evolutionary trajectories of Indica and
Japonica lines and underscores the genetic diversity that influences phenotypic traits, such
as the flowering time and yield efficiency. Intriguingly, despite the fact that the phyC gene
was used due to it being a useful marker for a phylogenetic analysis in angiosperms [10], it
is also known for its role in the rice life cycle, which could make it suggest potential targets
for genetic improvement, as null alleles have been associated with shortened flowering
times [37].

The phenotypic adaptations of these lines are tightly linked to their genetic back-
grounds, with Indica varieties flowering significantly earlier than their Japonica counter-
parts, yet all lines demonstrated similar total growth durations. Notably, PD211 exhibited
superior yield metrics per plant and per hectare compared to GL37, while ]J23 led in
grain production per panicle among the Japonica lines. These insights into the genetic
determinants of the yield and flowering times provide valuable tools for advancing rice
breeding strategies.

Vietnam, accounting for over 8% of global rice production, faces significant agricul-
tural challenges due to its diverse climatic zones and frequent natural disasters, such as
typhoons and floods. The genetic diversity of Vietnamese rice, adapted to these varying
conditions, plays a crucial role in national food security. Recent genomic studies, like
those by Higgins et al. (2021, 2022) [7,38], have revealed a complex population structure
and identified multiple QTLs for traits such as grain size, further emphasizing the genetic
richness within the region.

Our targeted breeding strategies, underpinned by detailed genomic and phenotypic
data, aim to enhance resilience and yield stability in rice varieties. This approach is crucial in
developing new cultivars capable of withstanding the erratic weather patterns of Vietnam.
Our extensive genomic analyses, including MASH distance assessments and phylogenetic
comparisons with over 200 varieties, have confirmed the distinctiveness of the Japonica
and Indica groups, enabling the precise identification of QTLs critical for rice breeding.

Ultimately, this study represents a significant step towards securing rice production
in Vietnam against the challenges posed by global environmental changes. By identifying
key QTLs, we provide breeders with the tools to select traits that enhance resilience and
yield stability, laying a robust foundation for developing rice varieties suited to diverse and
harsh climatic conditions. This integrated effort not only contributes to global rice genetic
improvement but also bolsters agricultural productivity and sustainability, ensuring food
security in climatically vulnerable regions.
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