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Abstract: Early seedling vigor is an essential characteristic for direct seeded rice. This study aimed to
evaluate thirty-one rice varieties, categorized into three ecotypes (lowland, upland, and deep-water
cultivars), to identify traits associated with early seedling vigor under direct seeding conditions. Each
evaluation was conducted using three biological replicates. The experiments comprised of two parts: (a)
deep-sowing tolerance and anaerobic germination tests and (b) aerobic germination conditions as a control.
Early seedling vigor traits in rice, including mesocotyl length (MS), shoot length (SL), coleoptile length from
deep-sowing experiment (COD), shoot weight (SW), coleoptile length from the anaerobic germination
experiment (COA), coleoptile length under normal conditions (CON), the anaerobic response index (Al), and
seedling vigor (SV), were measured. The results demonstrated significant heritability across all traits.
Principal component analysis identified CON and COD as the key variables influencing early seedling vigor
traits. By using a multi-traits selection index, that considered eight important traits, U-19 (Plawng Aew), U-
11 (Chum Phae 60), U-31 (Hawm Bao Rai), U-5 (Pin Gaew 56), and U-2 (Prachinburi 2) varieties were
prioritized as important genetic resources for the enhancement of direct-seeding rice varieties. This research
provides valuable insights into the traits associated with early seedling vigor. It is crucial for improving rice
varieties that are widely adaptable to direct seeding conditions. The identified varieties showed promising
for advancing breeding projects aimed at increasing the efficiency and sustainability of direct-seeding rice

production systems.
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Introduction

Rice is a vital crop for human food security with a predominant
method of production involving transplanting. However,
challenges such as climate change-induced water scarcity, rising
labor costs, and expanding urbanization have rendered
transplanting unsustainable (Edzesi et al., 2023). Recently, there
has been a noticeable shift from transplanting to direct seeding
in rice production (Castano et al., 2021).

Direct seeding, particularly prevalent in Southeast Asia (Hsu and
Tung, 2015; Yang et al., 2022), addresses some of the limitations
associated with transplanting. However, it introduces new
challenges, such as poor emergence, low early seedling vigor, and
suboptimal establishment (Angaji et al., 2010; Ghosal et al., 2019;
Wang et al., 2021). Various factors, including environmental
conditions and genetics, contribute to these issues. For instance,
flooding during the germination stage caused by unpredictable
rainfall and variations in seeding depth due to tractor machinery
can hinder the growth and development of rice (Hsu and Tung,
2015; Zhao et al., 2018). Therefore, there is a pressing need to
develop specific rice varieties tailored for direct seeding to
overcome these challenges (Zhan et al., 2020).

Ensuring the early vigor of seedlings, which is refereed to deep
sowing tolerance and anaerobic germination tolerance, is a
critical agronomic attribute for developing rice varieties suited to
direct seeding. Successful direct seeding requires uniform and
rapid germination, along with robust establishment, even under
diverse environmental stresses (Mahender et al., 2015). Several
studies have identified mesocotyl and coleoptile elongation as
key traits for rice adaptation to unpredictable rainfall and
varying seeding depths, conditions that often lead to poor early
seedling vigor (Edzesi et al., 2023; Hsu and Tung, 2015; Lee et al.,
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2017; Nghi et al., 2019; Xiong et al., 2017; Zhan et al., 2020). The
elongation of the mesocotyl and coleoptile is influenced by a
range of genes distributed across the rice genome, as identified
through quantitative trait loci (QTL) mapping and genome-wide
association studies (GWAS) (Edzesi et al., 2023; Jang et al., 2021;
Lee et al., 2012; Lu et al., 2016; Wang et al., 2021; Wu et al., 2015;
Zhang et al, 2023). Furthermore, phytohormones play a
significant role in this process, particularly the interaction
between ethylene and jasmonic acid, which has been shown to
contribute to elongation (Xiong et al., 2017). Other factors, such
as strigolactones (Hu et al., 2010) and auxin (Nghi et al., 2021),
also exert a considerable influence. These findings collectively
deepen our understanding of the complex regulatory networks
governing mesocotyl and coleoptile elongation in rice, thereby
aiding in the development of varieties that are better suited to
direct seeding practices.

The objective of this study was to screen thirty-one varieties,
comprising of upland, lowland, and deep-water cultivars, to
identify traits associated with early seedling vigor. These traits
are essential for identifying new genetic resources that can be
utilized in breeding programs aimed at enhancing rice varieties
for direct seeding.

Results and Discussion

Evaluation of deep sowing tolerance and anaerobic
germination tolerance

In this study, anaerobic germination and the deep-sowing
tolerance of 31 rice varieties were evaluated by collecting data at
7 and 10 days after treatment, respectively. All agronomic traits,
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Fig 1. The correlation analysis presented here delves into the traits pivotal for early seedling vigor in rice. There were eight examined
parameters include mesocotyl length (MS), shoot length (SL), coleoptile length of deep-sowing experiment (COD), shoot weight (SW),
coleoptile length of anaerobic germination experiment (COA), coleoptile length of normal condition (CON), anaerobic response index (Al),
and seedling vigor (SV). The statistical significance of these correlations is marked by * for p < 0.05 and *** for p < 0.001. Twelve significant
positive correlations were identified. Remarkably, MS exhibited a strong positive correlation with SL, COD, and SW, while SV notably

displayed correlation with Al and COA.

including mesocotyl length (MS), shoot length (SL), coleoptile
length from the deep-sowing experiment (COD), shoot weight
(SW), coleoptile length from the anaerobic germination
experiment (COA), coleoptile length under normal conditions
(CON), anaerobic response index (Al), and seedling vigor (SV),
were found to be highly significant (p < 0.000) (Table 1). The MS
ranged from 2.13 mm to 43.95 mm, with an average value of 13.30
mm; the SL ranged from 5.04 mm to 95.31 mm, with an average
value of 30.94 mm; the COD ranged from 1.75 mm to 27.08 mm,
with an average value of 11.95 mm; and the SW ranged from
0.0004 g to 0.0066 g, with an average value of 0.0024 g.
Meanwhile, the COA ranged from 22.05 mm to 31.75 mm, with
an average value of 28.25 mm; the CON ranged from 3.34 mm to
13.05 mm, with an average value of 7.19 mm; the Al ranged from
4.99 to 32.18, with an average value of 21.13; and the SV ranged
from 825.06 to 3530.65, with an average value of 2701.39. The
broad-sense heritability varied from 79% for Al to 98% for SL,
with COA and MS showing heritability values of 80% and 97%,
respectively (Table 1). These findings are consistent with
previous reports (Uzair et al., 2022). Heritability was categorized
as low (below 30%), medium (30% - 60%), or high (above 60%). In
this study, all parameters exhibited high heritability except for
SW, suggesting that selection for these traits would be effective
due to minimal environmental influence. Furthermore, these
results may prove useful in identifying the genetic factors that
are predictive of breeding program success (Hossain et al., 2021).
The coefficient of variation ranged from 10.16% for COA to
29.63% for SW (Table 2).

Correlation analysis and principal component analysis
(PCA)

The correlation analysis indicated that mesocotyl length (MS)
exhibited a significantly positive correlation with shoot length
(SL) (r = 0.83"*%), coleoptile length from the deep-sowing
experiment (COD) (r = 0.82"**), and shoot weight (SW) (r =
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0.73"**). Additionally, the coleoptile length from the anaerobic
germination experiment (COA) showed a significantly positive
correlation with the anaerobic response index (Al) (r = 0.96**%)
and seedling vigor (SV) (r = 0.91***) (Fig. 1). The first two
principal components for early agronomic traits had eigenvalues
greater than one, collectively accounting for 81.70% of the total
variance. Principal Component 1 (PC1) explained 45.20% of the
variance, while Principal Component 2 (PC2) explained 36.50% of
the cumulative variance in early agronomic traits of rice (Fig. 2).
PC1 was positively correlated with increases in SL, MS, SW, COD
and CON, while PC2 was highly negative correlated with COA,
SV and Al The upper right quadrant of Fig. 2 shows that U-9 was
the most superior cultivar, whereas cultivars with lower growth
at the early stage, such as U-15 and U-2, were located in the left
quadrant. In this study, Principal component analysis (PCA) was
employed to discern patterns and identify key variables shaping
our dataset. Notably, the variable denoted as coleoptile length
under normal conditions (CON) emerged as a consistently
influential factor, displaying substantial loadings across multiple
principal components (PC1, PC2, PC3, PC4, PC5, PC7, and PC8).
Furthermore, COD also demonstrated significant loadings across
several components (PC1, PC3, PC4, PC6, and PC7) (Table 3),
underscoring its role as another influential factor with broad-
reaching effects. Prioritizing traits linked to CON and COD
could confer strategic advantages in optimal trait selection, given
their extensive impact across various aspects of the dataset. This
data-driven approach through PCA provides valuable insights
that facilitate informed decision-making in the prioritization of
traits (Ashfaq et al., 2023; Uzair et al., 2022).

The elongation of the coleoptile and mesocotyl is crucial for
enhancing seedling establishment during direct seeding. Under
submergence stress during the germination stage, rapid
coleoptile elongation is a key trait to ensure productive rice
growth (Barik et al., 2019; Castano et al., 2021; Ghosal et al., 2019;
Ismail et al., 2012; Shin et al., 2020; Su et al., 2021; Toledo et al.,



Table 1. Analysis of variance of related traits associated with early seedling vigor refer to deep sowing tolerant and anaerobic

germination tolerant parameters in 31 rice varieties.

Traits df MS EMS Min Max Mean H2 (%)
MS 30 427.50* 5.58 2.13 43.95 13.30 97
SL 30 2146.12** 13.62 5.04 95.31 30.94 98

COD 30 174.54** 6.16 1.75 27.08 11.95 93

SW 30 0.00** 0.00 0.0004 0.0066 0.0024 NA

COA 30 79.84** 8.73 22.05 31.75 28.25 80

CON 30 8.10™" 0.76 3.34 13.05 7.19 82
Al 30 76.35** 8.86 4.99 32.18 21.13 79
SV 30 1033040.96** 103994.77 825.06 3530.65 2701.39 81

Note: MS = mesocotyl length (mm), SL = shoot length (mm), COD = Coleoptile length of deep-sowing experiment (mm), SW = shoot
weight (g), COA = Coleoptile length of anaerobic germination experiment (mm), CON = Coleoptile length of normal condition (mm), Al =

anaerobic response index, SV = seedling vigor, df = degree of freedom, MS = mean of sum square, EMS = error of mean square, Min =

minimum, Max = maximum, H2 = broad-sense heritability, ** indicates the significance levels at p < 0.01.

PCA - Biplot

PC2 (36.5%)

PC1 (45.2%)

Fig 2. The Principal Component Analysis (PCA) biplot, based on early seedling vigor parameters and the projection of variables, revealed
that PC1 and PC2 together captured 81.7% of the variation, primarily affecting seedling length. These principal components (PCs) serve as
indicators for seedling length (SL) and seedling weight (SW). PC1 showed that seedling length could be a useful trait for selecting cultivars.
(MS = mesocotyl length, SL = shoot length, COD = coleoptile length of deep-sowing experiment, SW = shoot weight, COA = coleoptile
length of anaerobic germination experiment, CON = coleoptile length of normal condition, Al = anaerobic response index, SV = seedling

vigor).

2015). Similarly, mesocotyl elongation is an important trait for
deep-sowing tolerance, as it accelerates the establishment and
emergence rate of rice seedlings under stress conditions induced
by machinery, such as tractors (Lee et al., 2017; Simon et al., 2012;
Wu et al., 2015; Zhao et al., 2018).

Hierarchical clustering dendrogram

The hierarchical clustering dendrogram revealed that the thirty-
one varieties were grouped into three distinct clusters. Cluster |
exhibited a complex structure, characterized by greater
coleoptile elongation under submergence stress during the
germination stage, which is consistent with the PCA results for
PC2. Cluster Il reveals that the majority of the varieties in this
cluster belong to the lowland rice ecotype. Cluster 11l comprised
of only two varieties, both identified as upland rice cultivars: U-
26 and U-29 (Fig. 3).

Selection index

Eight traits identified as important for enhancing rice genotypes
for direct seeding were utilized in the selection index. Many
researchers have reported that focusing on a single trait may
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ultimately lead to the neglect of other crucial traits. Multi-traits
selection enhances the effectiveness of germplasm selection and
has been successful in various breeding projects (Anshori et al.,
2019; Candido et al., 2020; Jahufer and Casler, 2015; Mar et al.,
2020; Ramos et al., 2021; Smiderle et al., 2019; Wang et al., 2019).
The rankings of the 31 varieties, according to the Smith-Hazel
index with a selection pressure of 20%, are illustrated in Fig 4.

The selection index was developed by combining traits
associated with deep sowing, such as MS, SL, and SW. Using this
index, five varieties U-11 (Chum Phae 60), U-9 (Khi Tom
Gamnan), U-8 (Niew san pah tawng), U-18 (Khao Pahn Luang),
and U-29 (Beu PaTaw) were selected (Fig. 4a). Among these, U-
11 is an improved rice variety, which was resulted from a cross
between Gam Pai 41 (male parent) and Leuang Tawng 78 (female
parent). The female parent, Leuang Tawng 78, is an upland rice
variety traditionally cultivated in Northern Thailand, while U-29
is also classified as an upland rice variety. This indicates that
traits conferring deep sowing tolerance are predominantly found
in upland rice germplasm. These findings align with those of Jang
et al. (2021), who reported that upland rice varieties generally
develop longer mesocotyls than lowland rice varieties, a trait



Table 2. Related traits associated with early seedling vigor parameters in 31 rice varieties.

Entries Varieties MS SL COD SWwW COA CON Al SV
U-1 RD45 5.198 7.00¢f 2.25h 0.0017bF  33.29abc g g2abe 24.673b¢ 3329162
U-2 Prachinburi2  2.132 5.37¢f 3.75fgh 0.0007F  28.63abc . 07bcd 22.563bc  2862.532b
U-3 RD19 2.708 39.23af  13.38ah  (.0025bF 18.77¢d  g8.752bc 10.02¢d  1876.632bc
U-4 Plai Ngahm ) o764 0af 3038"  0.0008"  20.06%d  6.20bcd  13.86%d  2006.252b¢
Prachinburi
U-5 Pin Gaew 56 6.558 17.24cf  6.12d-h 0.0020 >f  39.382 7.20bed 32.182 3530.652
U-6 Gaen Jan 12.084¢  20.41c¢f  8.33ch 0.0017>f  22.05bcd  3.34d 18.71abc  2101.032be
U-7 Niaw dam 25.79af 44,063  18.513f  0.0031af 32.513bc G 94bed 25.563bc¢  3250.592
u-8 E,, '\i‘:]’gsa” Pah 3y g7ac  gs43abe  19.90ad  00053abc 2854sbc  7.g4bed  20.703c 2853592
U-9 (K]Z'mT:amn 28.15a¢  90.33ab 27,082 0.00543b  25.153bc 9 ggab 15.46bcd  2514.62abc
U-10 RD6 5.618 8.06¢f 4.61¢h 0.0019bF  37.82abc  7.97bed 23.913bc 3181572
U-11 Chum Phae 60  43.952 95.612 21.613bc  0.00512d 32.79abc g 7gbed 24.51abc  3279.41a
U-12 Mahk Nam 16.56>¢  20.16cf  10.53>h  0.0033af 33.02abc 7 2gbed 25.743b  3302.112
U-13 RD14 9.04¢f8 27.36>F 18913 0.00403F 33.34abc g 37bcd 26.973b  3334.422
U-14 RD-Maijo 2 33.738b  39.11af  2437ab 000553 21.40bcd  g.58bcd  14.81bed  2003.45abc
U-15 KDML105 3.138 9.09¢f 4.40¢h 0.0006"  34.013bc 5 .47bcd 28.543b  3401.292
u-16 Hawm 3.138 6.16¢f 4.46¢h 0.0005¢  28.863bc 8 12bcd 20.743bc  2886.433b
uU-17 RDS8 10.26¢8  18.94¢F  8.68¢h 0.0070def  33,72abc g 33bcd 24.793bc 3311612
u-18 Elt’:r?gpah" 17778 80.502d 25402 0.0050%¢ 31.82abc  90gabc  2p74abc  3077.14ab
U-19 Plawng Aew 7.12f8 24.89>F  13.38ah  0.0020>F 35253  6.53bcd 28.72ab 354,922
U-20 Pinkaset 3 31.98abc  34,02af  9.51ch 0.0018>f  21.59bcd 5 g7bed 15.71bed  2081.0712be
U-21 Pahn Tawng 2.138 8.07¢f 5.76dh 0.0011def 24.263bc 5 g2bed 18.643bc  2426.013bc
U-22 Chai Nat 1 2.958 7.35¢f 4.61¢h 0.0008f  25.71abc 7 39bcd 18.32abc  2571.23ab
U-23 Hahng Yi 71 5.80f2 17.24<f  12.513h  0.0012¢F 31.283bc 6 38bed 24.903bc  2814.813b
U-24 TS2 3.298 5.04¢f 1.75h 0.0004f  25.21abc 7 71bcd 17.503bc 2445 54abc
U-25 Homwarin 3.858 9.51¢f 5.65d-h 0.0009¢f  29.75abc 4 9gbed 24.763bc 2974 .863b
U-26 Gai noi leuang  20.72b¢  37.462f 131720 0.0029af 28.21abc 4 .57¢d 23.642bc  1305.74bc
u-27 QAz“:Ay Nawng  yosobs  74.180¢ 20973 000662  31.75%c 13052  18.70%c  2833.22ab
U-28 (L];’:ng\e“a”g 135158 267757 17.50a8  0.0013¢f 31.363bc  7.98bcd  2337abc 37135632
U-29 Beu PaTaw 30.738d  68.06aF  13.403"  0.0020bF 9.06d 6.26bcd 2.80d 815.02¢
U-30 Beu Saw Mi 4.248 7.82¢f 4.89¢h 0.0011def 23 0pbcd  7,74bcd 15.86bcd  1980.81abc
U-31 Hawm Bao Rai  3.78% 22.24¢F  20.943bc  0.0016bF 36.052b 7.08bcd 28.972b 3493.632
P value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CV (%) 17.47 11.98 20.69 29.63 10.16 11.85 13.71 11.64

Note: Means in the same column followed by the same letters are not significantly different by DMRT. MS = mesocotyl length (mm), SL =
shoot length (mm), COD = Coleoptile length of the deep-sowing experiment (mm), SW = shoot weight (g), COA = Coleoptile length of the
anaerobic germination experiment (mm), CON = Coleoptile length of the normal condition (mm), Al = anaerobic response index, SV =

seedling vigor.

associated with enhanced deep sowing tolerance. Mesocotyl
elongation usually supports deep sowing. It is influenced by
multiple genetic and environmental factors (Sakhale et al., 2023;
Zhao et al., 2018).

In a separate selection index, which focused on traits related to
anaerobic germination such as COA, CON, Al, and SV, five
genotypes were identified: U-5 (Pin Gaew 56), U-19 (Plawng
Aew), U-31 (Hawm Bao Rai), U-13 (RD14), and U-1 (RD45) (Fig.
4b). Notably, genotypes U-5 and U-1 are floating and deep-water
rice cultivars that possess high individual genetic value. This
finding is consistent with the observations of Suaythaisong et al.
(2019), who reported that deep-water rice varieties exhibit
adaptability to anaerobic germination conditions. This
adaptability is linked to a high level of CIPK15 gene expression.
This promotes starch mobilization and enhances coleoptile
elongation, allowing the seedling to reach above the water
surface and absorb oxygen. When constructing the selection
index, all parameters from the evaluation were considered.
Among the thirty-one varieties in this study, five varieties were
selected: U-19 (Plawng Aew), U-11 (Chum Phae 60), U-31 (Hawm
Bao Rai), U-5 (Pin Gaew 56), and U-2 (Prachinburi 2) (Fig. 4c).
These varieties represent a new source of valuable materials for
developing specific rice varieties with carried two important
traits for direct-seeding rice production.
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Materials and Methods

Plant materials and growing conditions

Thirty-one rice cultivars were collected for this study
(Supplementary table 1) classified into three major ecotypes
(lowland, upland, and floating/deep-water). These cultivars were
transplanted 30 days after sowing in the experimental field at
Faculty of Agriculture, Ubon Ratchathani University. A total of
forty-eight uniform plants from each cultivar were transplanted
in rows with a spacing of 25 x 25 cm?. Fertilizer was applied at a
rate of 75-50-75 kg N-P,0;-K,O ha™', with applications at the
seedling, tillering, and booting stages. Thirty days after heading,
the yield was harvested and dried in an oven at 50 °C for four
days to break dormancy.

Phenotyping for early seedling vigor

The experiments entered on evaluating two specific traits: deep-
sowing tolerance and anaerobic germination tolerance. Aerobic
germination conditions, which represented standard growth
conditions, were used as the control. The evaluation experiments
were replicated three times biologically for each rice varieties.

Evaluation of deep-sowing tolerance in rice
This experiment (adapted from Edzesi et al., 2023), aimed to
measure mesocotyl length as an indicator of deep-sowing



Fig 3. The hierarchical clustering dendrogram illustrates the grouping of 31 rice varieties based on traits associated with early seedling
vigor parameters. The varieties are distributed into three clusters. Different colors were used to differentiate these clusters: blue for Cluster
I, green for Cluster 11, and red for Cluster IlI.

Table 3. Principal component analysis of related traits associated with early seedling vigor parameters in 31 rice varieties.

Parameters PC1 PC2 PC3 PC4 PC5 PCé6 PC7 PC8
MS -0.4469 0.0935 -0.3699 -0.6602 -0.0762 0.2453 0.3909 -0.0039
SL -0.5041 0.0104 -0.0481 -0.1497 -0.2419 -0.6026 -0.5463 -0.0300
COD -0.4679 -0.0995 -0.1547 0.6727 -0.4125 0.0914 0.3410 0.0011
SW -0.4887 -0.0885 -0.0114 0.1928 0.7366 0.3121 -0.2745 0.0280
COA 0.0310 -0.5773 -0.0703 -0.0443 0.1859 -0.2650 0.2278 -0.7086
CON -0.2723 -0.1961 0.8465 -0.1697 -0.0042 -0.0860 0.3052 0.2037
Al 0.1106 -0.5382 -0.3337 -0.0137 0.1587 -0.2956 0.1396 0.6742
SV 0.0336 -0.5586 0.0634 -0.1451 -0.4040 0.5531 -0.4389 0.0055
eig 3.6153 2.9224 0.8422 0.2697 0.1605 0.1090 0.0799 0.0010

Note: MS = mesocotyl length (mm), SL = shoot length (mm), COD = Coleoptile length of the deep-sowing experiment (mm), SW =
shoot weight (g), COA = Coleoptile length of the anaerobic germination experiment (mm), CON = Coleoptile length of the normal
condition (mm), Al = anaerobic response index, SV = seedling vigor.
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Fig. 4. The Smith-Hazel index, as demonstrated here, ranks rice varieties under a selection pressure of 20%. The index is based on combined
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represent the individual genetic worth. Out of the thirty-one varieties, five were selected under each condition as valuable genetic resources
for enhancing direct-seeded rice varieties.
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tolerance and early vigor-related traits. Thirty seeds were
wrapped in 20 x 20 cm pieces of wet absorbent filter paper and
placed vertically in a plastic container at 30 °C in complete
darkness. Tap water was sprinkled to maintain moisture.
Measurements of mesocotyl length (MS), seedling length (SL),
coleoptile elongation (COD), and seed weight (SW) were taken
after ten days using Image]).

Evaluation of anaerobic germination tolerance in rice
This experiment adapted from the methods of Hsu and Tung
(2015) and comprised of placing 30 healthy seeds on water-
soaked filter paper within a 12-cm tall plastic cup for the control
treatment. In the submergence experiment, 30 healthy seeds
were immersed in sterilized water to a depth of 10 cm within a
12-cm plastic cup, and maintained at 29-30 °C. After 7 days,
coleoptile length was measured with ImageJ, and the anaerobic
response index (Al) and seedling vigor (SV) were calculated using
the following formulas:

Al = (submerged coleoptile length —

control coleoptile length)

SV = (Final germination percentage x seedling length)

Data analysis

Analysis of variance (ANOVA) and the 1% Duncan multiple
range test (DMRT) were conducted using STAR IRRI
(http://bbi.irri.org/products). Correlation analysis was performed
with the Performance Analytics software package (https://cran.r-
project.org/web/packages/PerformanceAnalytics/PerformanceA
nalytics.pdf). Principal component analysis was carried out using
the factoextra package (https://cran.r-
project.org/web/packages/factoextra/index.html). A hierarchical
clustering dendrogram was generated with the dendextend and
circlize  packages (https://r-charts.com/part-whole/circular-
dendrogram). The Smith-Hazel index was analyzed using the
Metan  package for multi-environment trial analysis
(https://tiagoolivoto.github.io/metan/reference/plot.sh.html)
within the R program (https://cran.r-project.org/).

Conclusion

In summary, thirty-one rice varieties were evaluated to identify
traits associated with early seedling vigor during direct seeding.
The deep-sowing tolerance and anaerobic germination tests
indicated that high heritability was observed for all the assessed
agronomic traits. Coleoptile length under normal conditions and
coleoptile length in deep-sowing experiments were identified as
key traits for early vigor in direct-seeding seedlings. The
genotypes U-19 (Plawng Aew), U-11 (Chum Phae 60), U-31
(Hawm Bao Rai), U-5 (Pin Gaew 56), and U-2 (Prachinburi 2)
were selected as promising candidates for novel genetic
resources aimed at improving direct-seeding rice varieties
through a multi - trait selection index.
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