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Abstract: Salinity stress is a major abiotic stress limiting rice productivity. The development of high-
yielding and salinity-tolerant rice varieties is a key strategy for achieving global food security.
Evaluation under contrasting saline field conditions is needed to validate salinity-tolerant rice genotypes.
This study aimed to evaluate agronomic performance and select superior doubled haploid (DH) rice lines
in yield trials in lowland saline-prone areas. The research was conducted during the 2025 dry season
in two coastal areas in Indonesia—Subang (strongly saline: 1.61 dS/m) and Sidoarjo (saline: 0.62 dS/m)—
using a randomized complete block design with one factor (genotypes) and three replications in
Sidoarjo and two replications in Subang. The genetic materials consisted of 25 DH rice lines and three
check varieties (Inpari 18, Inpari 30 Ciherang Subl, Inpari 34 Salin Agritan). Observations were
conducted on agronomic characters, including growth, phenological, yield components, and grain yield.
The results showed that all observed traits were significantly influenced by genotype x environment
interactions (p-values <0.01 and <0.05), indicating differential genotype responses across two
environments. DH rice lines exhibited higher grain yield than the check varieties in Sidoarjo and
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comparable performance in Subang. Among them, GN12, GN18, and GN21 consistently outperformed
the salinity-tolerant check variety, Inpari 34 Salin Agritan, across both locations. A weighted selection
index enabled the identification of 14 DH lines with desirable agronomic performance in two lowland
saline-prone environments, including a high number of productive tillers (23.8 tillers), a low number
of unfilled grains (22.8 grains/panicle), and a high mean grain yield (6.96 t/ha) exceeding that of the
check varieties. Those selected DH lines are promising candidates for salinity-tolerant rice breeding
and should be further evaluated in multi-location yield trials for their yield stability and adaptability.

Keywords: abiotic stress; agronomic characters; index selection; salinity rice breeding

1. Introduction

Rice is one of the most important cereal crops, providing a primary source of energy for
approximately half of the world’s population [1]. The global population is projected to reach 9.7 billion
by 2050, necessitating a substantial increase in food production to meet future demand [2]. Salinity
stress is a major abiotic constraint that profoundly affects rice production worldwide, particularly in
coastal and irrigated lowland areas that are highly vulnerable to salt intrusion [3]. According to the
Global Map of Salt-Affected Soils (GSASmap), approximately 424 million hectares of topsoil and 833
million hectares of subsoil worldwide are affected by salinity [4]. Salinity acts as a primary limiting
factor for crop productivity by inducing ionic imbalance and disrupting essential metabolic processes
in plants. In rice, the most critical stages affected by salinity are the seedling and reproductive phases,
during which exposure to salt stress can reduce growth and cause significant declines in yield
components [5]. Salinity tolerance in rice is a multilevel trait integrating ion and ROS homeostasis,
tissue tolerance, and whole-plant physiology [6].

The development of high-yielding and salinity-tolerant rice varieties is a key strategy for
achieving global food security by 2050 [7,8]. The increasingly dynamic nature of climate change
necessitates the rapid development of improved varieties within a relatively short timeline.
Conventional breeding methods typically require approximately 4—5 years to produce homozygous
lines through successive selfing generations [9]. Doubled haploid (DH) technology through anther
culture offers a powerful alternative by significantly shortening the breeding cycle and enabling the
rapid production of fully homozygous lines in one generation [10]. This approach is highly valuable
for accelerating the development of high-yielding and salinity-tolerant rice varieties. The application
of DH lines derived from anther culture in rice breeding programs has successfully generated DH lines
with tolerance to salinity stress in controlled environments [11].

Studies on the development of salinity-tolerant rice genotypes have primarily focused on testing
in controlled environments. Multi-environmental trials are needed to address the complexity of abiotic
stress and validate the potential of stress-tolerant genotypes [12]. Subang is the third-largest rice
producer in West Java, with higher rice production along the northern coast of Subang [13]. Sidoarjo
is one of the rice production centers in East Java, with a topography influenced by fluvio-marine
sediments and alluvial material, indicating potential vulnerability to seawater intrusion and soil
salinization [14]. As major rice-producing regions affected by seawater intrusion, Subang and Sidoarjo
provide representative agroecosystems for evaluating the performance of salt-tolerant rice genotypes
under saline conditions.
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Grain yield is the primary trait in rice and constitutes a key requirement for the official release of
national rice varieties, particularly in Indonesia [15]. Therefore, the development of salinity-tolerant
varieties must also ensure the maintenance of high yield potential. Grain yield is a complex quantitative
trait influenced by multiple environmental factors, and its expression is strongly affected by genotype x
environment interactions [16]. Evaluation under contrasting salinity conditions is essential to
distinguish the responses of salt-sensitive and salt-tolerant rice genotypes, as salt-sensitive genotypes
exhibit greater reductions in grain yield under saline environments [17]. Accordingly, evaluating yield
performance under saline field conditions is a critical step in validating the potential of newly
developed lines for varietal release and large-scale cultivation in salt-affected areas. This study aimed
to evaluate the agronomic performance and select superior doubled haploid rice lines through yield
trials conducted in lowland saline-prone area. The results will contribute to a better understanding of
the agronomic responses of rice genotypes to salinity stress and provide valuable genetic resources for
salt-tolerant rice breeding programs.

2. Materials and methods
2.1. Plant material and experimental design

The research was conducted during the same dry season in 2025 at two saline-prone field
locations in Indonesia: Subang, West Java (6°15'07.6"S 107°55'03.2"E), where the field trial was
conducted from August to November, and Sidoarjo, East Java (7°33'12.6"S 112°45'09.7"E), where the
field trial was conducted from June to September. Both sites have an alluvial soil type but differ
in salinity level, with Subang being classified as strongly saline (EC = 1.61 dS/m) and Sidoarjo as
saline (EC = 0.62 dS/m). The genetic material consisted of DH lines selected by Yuana et al. [18],
previously developed by Gunarsih [19] through anther culture derived from parental cross
combinations possessing abiotic stress tolerance traits. Twenty-five DH rice lines and three check
varieties (Inpari 18, Inpari 30 Ciherang Subl, Inpari 34 Salin Agritan) were used; these populations
included CGH1 (GNO1-GN14) = HS4-11-1-2/B13926E-KA-23; CGH2 (GN17-GN32) = HS4-11-1-
2/CG8-93-1-1; CGH4 (GN39-GN50) = DR5-83-1-3/B13926E-KA-23; CGHS (GNS52-GN60) =
FL478/B13926E-KA-23; CGH7 (GN69-GN74) = IR64 Drol/IR86384-46-3-1-B; and CGH8 (GN79-
GN90) = IR64 Drol/HS4-11-1-2. The experimental design used was a randomized complete block
design with one factor, i.e., genotype, which included 25 DH rice lines and three check varieties, which
were evaluated with three replications in Sidoarjo and two replications in Subang, resulting in 84
experimental units in Sidoarjo and 56 in Subang. Each experimental unit was a plot of 3 m x 3 m.

2.2. Experimental procedure and observations

Twenty-one-day-old seedlings were transplanted into 3 m x 3 m plots with plant spacing of 25 cm x
25 cm. Fertilization was carried out with urea at 350 kg/ha, SP-36 at 100 kg/ha, and KCl at 100 kg/ha. SP-
36 and KCI were applied as a single basal application at 1 week after transplanting (WAT). Urea was
split into three equal applications at 1, 4, and 7 WAT, with one-third of the total rate applied at each
time. Maintenance in the form of weeding was done manually at 3 and 6 WAT. Pest and disease control
was adjusted to the level of attack. Harvesting was done when the rice was fully ripe, which is
characterized by 90% of the grain turning yellow and hard.
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Observations were conducted on plant height (PH), number of vegetative tillers (NVT), number
of productive tillers (NPT), days to 50% flowering (DTF), days to harvesting (DTH), number of filled
grains (NFG), number of unfilled grains (NUG), total grains per panicle (TG), panicle length (PL),
1000-grain weight (GW), and grain yield (GY).

2.3. Environmental characterization of trial sites

Monthly rainfall at each experimental site was obtained from the nearest meteorological station
and classified into four categories: low (0—100 mm/month), moderate (100—300 mm/month),
high (300-500 mm/month), and very high (>500 mm/month), according to [20]. Based on this
classification, Subang has moderate monthly rainfall, while Sidoarjo has low monthly rainfall (Table 1).
Temperature, relative humidity, sunshine duration, soil type, and elevation were comparable between
the two trial sites.

Table 1. Climatic parameters of two trial sites.

Sidoarjo
Month Temperature Relative Rainfall Sunshine Soil type  Elevation
(T) humidity (mm) duration (m above
(%) (hours) sea level)
June 28.30 76.10 62.70 6.95
July 27.30 72.70 11.40 7.36
August 27.80 71.20 36.20 7.70 Aluvial 1
September  29.10 68.20 2.50 7.56
Average 28.13 72.05 28.20 7.39
Subang
Month Temperature Relative Rainfall Sunshine Soil type  Elevation
(T) humidity (mm) duration (m above
(%) (hours) sea level)
August 27.84 75.93 103.75 8
September  28.86 73.43 26.70 8
October 29.07 76.29 58.42 8 Aluvial 3
November  27.71 83.46 341.46 8
Average 28.37 77.28 132.58 8

*Note: Source: Indonesian Agency for Meteorology, Climatology, and Geophysic, 2025.

Soil samples were collected before transplanting and were analyzed for electrical conductivity (EC),
pH, available P, and exchangeable cations (Mg, K, Ca, and Na). Soil salinity was classified based on
EC measured using the 1:5 soil/water extract method as follows: non-saline (0.0-0.25 dS/m), slightly
saline (0.25-0.5 dS/m), saline (0.5-1.0 dS/m), strongly saline (1.0-2.0 dS/m), and extremely
saline (>2.0-3.0 dS/m) [21]. Soil analysis revealed differences between the two environmental
conditions, particularly in EC, pH, available P, and exchangeable cations (Mg, K, Ca, and Na), which
may contribute to variations in plant performance (Table 2).
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Table 2. Soil characterization of trial sites.

Parameter Subang Sidoarjo
EC (dS/m)* 1.61 0.62
pH 7.24 7.87
Organic content (%) 2.10 2.59
Total N (%) 0.39 0.37
Auvailable P (ppm P20s) 314 68.1
CEC (cmol/kg) 32.7 35.9
Exch. Mg (cmol Mg/kg) 17.8 15.2
Exch. Ca (cmol Ca/kg) 10.1 19.1
Exch. K (cmol K/kg) 2.55 1.64
Exch. Na (cmol Na/kg) 18.00 6.50
Texture

Sand (%) 11.95 11.06
Silt (%) 43.08 41.79
Clay (%) 44.97 47.15

*Notes: #1:5 soil/water extract (EC 1:5).
2.4. Data analysis

Data were analyzed using a linear mixed model. When significant effects were detected, mean
comparisons were performed using the least significant difference (LSD) test at the 5% significance
level. Variance components were estimated separately using restricted maximum likelihood (REML).
The REML estimates of genotypic variance, genotype % location interaction variance, and residual
variance were used to calculate phenotypic variance on an entry-mean basis and broad-sense
heritability according to Fehr [22]. The genotypic and phenotypic coefficient of variation were
calculated according to Singh and Chaudhary [23]. To examine relationships among observed traits
and identify potential selection criteria, Pearson correlation analysis was conducted. A weighted
selection index based on multiple traits was constructed using the method of Falconer [24], and
genotypes were ranked in descending order by index value to identify the most promising lines. Prior
to index calculation, phenotypic data were standardized using the formula proposed by Walpole [25].
All genetic parameter estimations, correlation analyses, and selection index calculations were
performed using SAS OnDemand for Academics and Microsoft Excel.

(1) Estimation of phenotypic variance was calculated based on [22], as follows:

+ 05 (1)

o¢ is the genetic variance.

oy is the genotype-by-environment interaction variance.

o is the environmental variance.

of is the phenotypic variance.

r is the harmonic mean of replications across environments [r= 2 / (1/3 + 1/2) = 2.4] as an
approximation, because the number of replications differed between environments [26].

I is the number of locations.

AIMS Agriculture and Food Volume 11, Issue 4, 847-866.



852

(2) The estimation of broad-sense heritability (h%s) on an entry-mean basis was calculated based on [22]
as follows:
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The estimates of h%s were then categorized as high (0.50 < h%, < 1.00), moderate (0.20 < h% <
0.50), and low (h%s < 0.20).
(3) The genotypic coefficient of variation (GCV) was calculated based on [23], as follows:

GCV = —
X

(4) The phenotypic coefficient of variation (PCV) was calculated based on [23], as follows:

&‘

2
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X

(5) The relative reduction from saline to strong saline was estimated based on [11], as follows:

(X0 — x1)

Xo

Relative reduction = %)
xo1s the genotype value under saline condition.
x11s the genotype value under strong saline condition.

(6) The standardized phenotype mean of each genotype was calculated based on [25], as follows:

_i—%) ©)

S

pi

pi is the standardized phenotypic mean of genotype-i.
xi 1s the original phenotypic mean of genotype-i.
x is the mean of the variable.
s is the standard deviation of the variable.
(7) The selection index formula is based on [24]:

I = b1X1+b2X2+"'+ann (7)

1 is the selection index.
bn is the weight of the selection variable-n.
Xi 1s the selection variable-n.

3. Results and discussion
3.1. Environmental characterization of trial sites

Based on monthly rainfall classification [20], Subang had moderate rainfall, whereas Sidoarjo
had low rainfall (Table 1). Rainfall is a critical environmental factor influencing soil salinity dynamics.
Soil salinity tends to increase under conditions of low rainfall combined with elevated air temperatures [27].
Kawser et al. [28] also reported a strong correlation among rainfall, air temperature, and soil salinity
levels. Soil analysis showed clear differences between the two environmental conditions, particularly

AIMS Agriculture and Food Volume 11, Issue 4, 847-866.



853

in EC, pH, available P, and exchangeable cations (Mg, K, Ca, and Na), which may contribute to
variations in plant performance (Table 2). Electrical conductivity (EC) is a key variable for quantifying
soil salinity and estimating total dissolved salts [29]. Subang had an EC of 1.61 dS/m and was classified
as strongly saline, whereas Sidoarjo had an EC of 0.62 dS/m and was classified as saline based on the
EC measured using the 1:5 soil/water extract method [21].

Two experimental sites exhibited soil pH values ranging from neutral to slightly alkaline (Table 2).
Soil pH plays an important role in regulating cation exchange capacity (CEC) and the availability of
exchangeable cations (Mg, Ca, K, and Na). Cation exchange capacity influences nutrient availability
by enhancing cation retention and maintaining a balanced exchangeable cation, which affect nutrient
uptake efficiency [30]. Salt accumulation is associated with increases in EC and exchangeable Na,
accompanied by decreases in exchangeable Ca [31]. Subang showed higher EC and exchangeable Na
values than Sidoarjo (Table 2). High ionic strength, due to the electrolyte concentration in saline soil,
can reduce P availability [32]. Soil analysis results also show that Subang (strongly saline) has lower
available P than Sidoarjo (saline) (Table 2). Based on the soil analysis results and the supporting literature,
the soils at Subang and Sidoarjo met the criteria for conducting field evaluations under saline conditions.

3.2. Combined analysis of variance

The combined analysis of variance generally showed significant effects of genotype (G),
environment (E), and G x E interaction on agronomic performance (Table 3). The significant effect of
genotype on all observed agronomic traits indicates that genotypes differ in these characters. This is
useful for improving selection effectiveness [33]. Genotypic performance is not determined solely by
genetic factors but is also shaped by the interaction between genetic constitution and environmental
conditions [34]. Therefore, differences in climatic conditions (Table 1) and soil characteristics (Table 2)
between the two experimental sites contributed to differential responses across environments and
among the tested genotypes. Experimental variability, measured as the coefficient of variation (CV),
ranged from 1.87% to 15.52% (Table 3). In agronomic field experiments, CV values below 20% are
generally considered acceptable [35]. The CV values in this experiment reflected the precision of the
experimental data; low CV values indicate greater experimental reliability.

Variance components for agronomic and yield-related traits decomposed into genetic variance (o),
genotype X environment interaction variance (0éyy), environmental variance (62), and phenotypic
variance (g7). These components provide a basis for evaluating the relative contribution of each source
of variation, which is useful for determining breeding strategies [36]. These components can be used
to estimate heritability values and determine the extent to which observed trait variation is caused by
genetic factors [37]. The heritability estimates were high for plant height, phenological traits, number
of grains, and 1000-grain weight; moderate for number of tillers; and low for panicle length. The zero
genetic variance of grain yield resulted from the negative estimate of genetic variance (MS Genotype
< MS Gx>E) and was therefore constrained to zero. Consequently, the heritability estimate for grain
yield was not available (Table 4). Grain yield is a quantitative trait that is responsive to environmental
changes. Differences in stress intensity lead to inconsistent genotype performance, therefore reducing
the proportion of grain yield variation explained by genetics and potentially leading to negative
estimates of genetic variance [38,39].

AIMS Agriculture and Food Volume 11, Issue 4, 847-866.
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Table 3. Combined analysis of variance.

Characters MS genotype MS environment MS G>E MS CV (%)
residuals

Plant height (cm) 368.43™ 4838.88" 93.07""  14.50 3.35
Number of vegetative tillers 48.20™ 5772.91" 26.90"  5.20 7.81
Number of productive tillers 9.89™ 4828.80™ 577 3.25 7.41
Days to flowering (DAS) 73.43"™ 3810.14™ 33.617 577 2.77
Days to harvest (DAS) 57.03™ 9956.74"™ 25.58" 453 1.87
Panicle length (cm) 15.43" 194.11% 12477 0.73 3.12
Number of filled grains 4103.81" 101029.32° 667.99"  89.96 5.91
Number of unfilled grains ~ 510.96™ 0.07™ 226.83"  17.98 15.52
Total number of grains 4914.13™ 100862.69™ 625.85"  88.49 5.01
1000-grain weight (g) 14.28" 0.16™ 3.87" 0.71 3.13
Grain yield (t/ha) 1.81" 724.38" 1.92" 0.25 7.12

*Notes: ** significant at o 0.01; * significant at a 0.05; ns = not significant at o 0.05; MS = mean square; CV
= coefficient of variation; and DAS = days after sowing.

Table 4. Variance components of agronomic and yield traits of rice genotypes.

Traits 0% 02G>E o% o% h2bs GCV PCV (%)
(%)

PH 57.08 32.20 14.64 76.23 0.75 6.72 7.76
NVT 4.38 8.89 5.22 9.92 0.44 7.51 11.29
NPT 0.92 1.25 3.18 2.21 0.42 4.14 6.42
DTF 8.22 11.45 5.79 15.15 0.54 3.26 4.43
DTH 6.43 8.56 4.56 11.66 0.55 2.19 2.95
PL 0.62 4.94 0.73 3.25 0.19 2.91 6.64
NFG 721.10 243.03 89.74 861.31 0.84 17.32 18.93
NUG 61.13 85.31 17.93 107.52 0.57 28.62 37.95
TG 900.78 226.80 86.72 1032.25 0.87 16.46 17.62
GW 2.17 1.27 0.71 2.95 0.74 5.48 6.39
GY 0.00 0.68 0.25 0.39 NA 0.00 9.51

*Notes: 6% = genetic variance; o’c>e = genotype xenvironment interaction variance; o% = phenotypic variance;
0% = environmental variance; GCV = genotypic coefficient of variation; PCV = phenotypic coefficient of
variation; h%, = heritability; PH= plant height (cm); NVT = number of vegetative tillers (tillers); NPT = number
of productive tillers (tillers); DTF = days to 50% flowering (days after sowing); DTH = days to harvesting (days
after sowing); NFG = number of filled grains (grains); NUG = number of unfilled grains (grains); TG = total
grains per panicle (grains/panicle); PL = panicle length (cm); GW = 1000-grain weight (g); GY = grain yield
(t/ha); NA = the heritability estimate is not available because the estimated genetic variance was negative (MS
G < MS G>E) and was therefore constrained to zero.

Phenotypic response can be further examined using the genotypic coefficient of variation (GCV)
and the phenotypic coefticient of variation (PCV), which are used to assess the relative magnitude of
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trait variability [40]. For all observed traits, PCV values were higher than GCV values. This indicates
that phenotypic expression is influenced not only by genetic factors but also by environmental
conditions [41]. This interpretation is supported by the influence of the environment and the GXE
interaction variance, as shown in Table 4. Low estimates of PCV and GCV (< 10%) were observed for
the traits PH, NPT, DTH, DTF, PL, GW, and GY. Moderate GCV and PCV values (10%—-20%) were
observed for the traits NFG and TG. High GCV and PCV values (> 20%) were observed for NUG.
High GCV values indicate greater genetic variability, while high PCV values reflect greater phenotypic
variability. Conversely, low GCV and PCV values indicate limited genetic and phenotypic
variability, respectively [42]. In this study, PCV values were consistently higher than GCV values
for all traits (Table 4), suggesting that environmental factors, together with GXE interaction,
contributed to the observed phenotypic variation [43].

3.3. Agronomic performance

The average agronomic performance of the tested DH rice lines and check varieties in two
lowland saline-prone areas is shown in Table 5. In general, DH rice lines exhibit agronomic
performance comparable to that of check varieties. Inpari 34 Salin Agritan is one of the check varieties
with a claimed tolerance to salinity at the seedling stage [44]. Plant height for the DH rice lines ranged
from 97.9 to 128.42 cm, which is classified as short to medium plant height [45] and is lower than that
of Inpari 34 Salin Agritan (Table 5). Soil salinity is known to be one of the environmental factors that
can suppress plant height [46]. An optimal rice plant height of 100—-120 cm was crucial for sustaining
high yields under both normal and salt-stress conditions [47]. This indicates that DH rice lines exhibit
optimal plant height under the evaluated saline field conditions.

The number of tillers is an important trait, closely associated with increased crop productivity [48].
The tillering performance of DH rice lines ranged from 20.9 to 25.6 productive tillers, categorized as
high (20-25 tillers) to very high (>25 tillers) according to the SES IRRI classification [45]. DH
rice lines showed similar performance to Inpari 34 Salin Agritan, which falls into the high tillering
category (Table 5). Days to flowering and harvesting showed longer growth periods in the DH lines
than in the check varieties. Yield components such as panicle length, number of grains, and grain
weight showed that the DH rice lines had values that were as good as, and in some cases better than,
those of the check varieties, particularly Inpari 34 Salin Agritan (Table 5). The observed agronomic
performance results showed relatively low CV and standard error of the mean values, indicating
relatively low experimental variation and good precision of the estimates [35]. All observed traits
showed significant GXE effects; thus, although DH rice lines generally performed as well as the check
varieties, the response of each genotype across test environments still needs to be studied to identify
interaction patterns and better understand the GxE effect.

The agronomic performance of DH rice lines and check varieties in two lowland saline-prone
area was lower in Subang (strongly saline) than in Sidoarjo (moderate salinity). A reduction in
agronomic performance is a common plant response to salt stress [17], although other climatic and
edaphic factors may also contribute to the observed responses. The relative reduction in agronomic
performance from the saline to the strongly saline environment is presented in Table 6. Agronomic
traits related to vegetative growth, such as plant height and the number of vegetative tillers, showed
that the DH lines exhibited a relatively smaller reduction than the check varieties. This indicates that
DH rice lines maintain good vegetative growth and have the potential for salinity tolerance during the
vegetative phase. Xu et al. [17] reported that salt-tolerant genotypes exhibit smaller reductions in plant
height and tiller number than salt-sensitive genotypes, supported by strong antioxidant capacity and
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osmotic adjustment.

Table 5. Mean performance of DH rice lines across two saline soils.

Genotype PH NVT NPT DTF DTH PL NFG NUG TG GW
GNO1 116.25 30.1 23.2 86.7 116.7 30.18 135.1 359 171.1  29.20
GNO04 128.08 32.0 237 843 113.8 2835 1523 283 180.6 30.37
GN12 111.41 259 227 88.0 116.1 25.78 159.5 19.2 178.8 28.04
GN14 106.70 30.9 222 934 1202 2595 1324 284 160.8 29.20
GN17 9790 278 252 822 110.8 24.15 130.9 14.1 145.0 25.94
GN18 104.38 32.8 252 91.8 117.5 2537 1422 21.7 163.9 28.11
GN21 103.80 31.7 253 86.8 115.0 25.13 138.2 355 173.7 2591
GN31 105.50 283 22.0 847 1151 2628 1732 17.0 190.2 25.78
GN32 109.76 293 25.1 87.3 114.8 29.83 174.6 26.5 201.0 23.72
GN39 11597 26.0 21.7 843 1108 26.78 150.9 253 176.1 25.62
GN46 111.58 27.0 23.0 86.5 113.8 26.50 188.1 27.2 215.3  24.78
GN50 123.80 255 239 943 1203 2898 1363 424 178.7 26.25
GN52 109.37 284 23.0 84.6 111.5 26.45 152.1 24.3 176.3 27.67
GN56 113.65 243 233 912 1181 2688 1869 445 2313  26.13
GN57 120.10 259 21.6 88.3 116.4 2792 2443 32.0 276.3 23.97
GN58 120.53 24.6 234 872 1139 2635 2248 25.6 250.4 23.88
GN60 114.07 243 225 92.1 117.9 24.35 151.7 16.7 1684 27.86
GN69 103.15 32.1 256 89.1 1193 2737 1464 16.8 163.2 26.99
GN70 9948 303 234 839 112.6 25.17 125.2 17.6 142.8 27.66
GN73 109.65 28.6 23.6 91.8 120.0 2558 1242 114 135.6 2596
GN74 12842 29.8 214 94.8 121.6 28.97 137.8 54.3 192.0 2948
GN79 121.10 274 221 91.6 120.0 2723 1835 33.5 217.0 25.67
GN83 116.18 325 248 87.3 114.7 29.07 114.4 33.6 148.0 28.08
GN85 103.97 229 209 80.8 110.0 2555 1404 254 165.8 27.36
GN90 109.53 25.8 222 90.8 117.1 28.70 151.0 42.3 193.3 27.37
Meanof DH 112.17 28.2 232 881 1159 26.92 1559 28.0 183.8 26.84
Inpari 18 102.78 23.6 21.2 821 110.2 2845 1494 17.2 166.6 28.83
Inpari 30 112.28 314 248 91.2 120.1 27.73 1455 185 164.0 26.74
Inpari 34 129.98 220 21.0 838 113.1 3098 1488 30.1 178.9 26.71
Mean of 115.02 25.6 223 85.7 1144 29.06 1479 21.9 169.8 27.42
check

Grand mean 11248 279 231 879 1158 27.14 155.0 27.3 182.3 26.90
SEm 1.74 1.04 082 1.10 097 0.39 4.33 1.94 4.29 0.38
CV (%) 3.35 781 741 277 187 312 591 1552 5.01 3.13
F-value GXxE 6.42™ 517" 1.78° 5.82™ 5.65™ 17.05™ 7.43" 12.62™ 7.07" 5.46™

*Notes: PH = plant height (cm); NVT = number of vegetative tillers (tillers); NPT = number of productive tillers (tillers);
DTF = days to 50% flowering (days after sowing); DTH = days to harvesting (days after sowing); NFG =
number of filled grains (grains); NUG = number of unfilled grains (grains); TG = total grains per panicle
(grains/panicle); PL = panicle length (cm); GW = 1000-grain weight (g); (1) = Inpari 30 Ciherang Sub1; (2) = Inpari

34 Salin Agritan; SEm = standard error of the mean; CV = coefficient of variation; ** significant at o 0.01.
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Table 6. Relative reduction of DH rice lines and check varieties across two saline soil environments.

Traits Sidoarjo Subang Relative
(saline) (strong saline) reduction (%)
DH Check DH Check DH  Check
Plant height (cm) 117.48 127.00 106.86 103.03 9.0 18.9
Number of vegetative tillers (tillers) 34.7 32.4 21.6 18.9 37.6 418
Number of productive tillers (tillers) 29.4 27.1 17.1 17.6 41.8 35.0
Days to flowering (DAS) 82.3 84.6 94.0 86.8 -142 -2.6
Days to harvest (DAS) 106.9 1089 1249 120.0 -16.8 -10.2
Panicle length (cm) 27.83 32.64  26.00 25.47 6.6 22.0
Number of filled grains (grains) 1835 1735 128.2 122.3 30.1 295
Number of unfilled grains (grains)  27.7 23.6 28.2 20.3 -1.8  14.0
Total grains/panicle (grains/panicle) 211.2  197.1  156.4 142.6 259 277
1000-grain weight (g) 26.79  27.52  26.89 27.33 -04 0.7
Grain yield (t/ha) 8.99 8.20 4.25 4.29 527 477

*Notes: DAS = days after sowing.

During the reproductive phase, DH rice lines showed greater relative reductions than the check
varieties in NPT, DTF, and DTH. Delayed flowering and harvesting were consistent with the higher
vegetative growth of the DH rice lines compared to the check varieties. Salinity can reduce
photosynthetic efficiency, thereby limiting the accumulation of assimilates required for the transition
from the vegetative to the reproductive stage and for grain filling [49]. Therefore, reduced assimilate
availability under saline conditions may contribute to changes in both flowering and maturity times.
Flowering time might be delayed when plants are exposed to salinity stress during the vegetative stage.
Osmotic and ionic stress could reduce growth rate and biomass accumulation, thereby slowing the
transition from the vegetative to the reproductive phase [50]. This is consistent with the response of
DH rice lines and check varieties across the two evaluated saline field conditions, where flowering and
maturity time were delayed. The prolonged crop duration was accompanied by an extended grain-
filling period. However, the longer grain-filling period under salinity stress reflects delayed grain
maturation rather than enhanced assimilate accumulation [51].

The yield components indicate that DH rice lines exhibit a lower relative reduction in panicle
length, total grains, and 1000-grain weight. DH rice lines showed a relatively small decrease in panicle
length (6.6%) and a 25.9% decrease in total grains per panicle, but maintained 1000-grain weight with
a 0.4% increase under two evaluated saline field conditions. DH rice lines maintained 1000-grain
weight under two evaluated saline field conditions, presumably because they adjusted sink number in
response to the limited amount of assimilates available for translocation. Rusliani et al. [52] stated that
balanced source-sink relationships are critical for grain filling, whereas abiotic stresses disrupt this
balance by reducing assimilate production and resulting in a decline in grain weight.

Grain yield is the primary goal of rice breeding programs. Grain yield is a complex quantitative
trait controlled by multiple genes and strongly influenced by environmental conditions [16]. Grain
yield exhibited a greater relative reduction in DH rice lines than in the check varieties. Although DH
rice lines showed smaller relative reductions in several agronomic traits, the check varieties showed
smaller reductions in productive tiller number and longer grain-filling duration, along with greater
reduction in unfilled grains (Table 6). These responses may have contributed to the lower reduction in

AIMS Agriculture and Food Volume 11, Issue 4, 847-866.



858

grain yield observed in the check varieties. Nevertheless, despite the greater relative yield reduction,
the mean grain yield of the DH rice lines did not differ significantly from that of the check varieties.

Table 7. Mean grain yield of DH rice lines and check varieties across two saline soil

environments.

Genotypes Grain yield (t/ha)
Subang Sidoarjo Combined mean

GNO1 4.94A 7.93bC 6.43
GNO04 5.11A 7.71abC 6.41
GN12 5.35AC 9.97AC 7.66
GN14 4.54Ab 8.78C 6.66
GN17 4.27Ab 8.63C 6.45
GN18 5.25AC 9.60AC 7.42
GN21 5.20AC 8.98C 7.09
GN31 4.54Ab 10.03AC 7.29
GN32 4.25Ab 9.21C 6.73
GN39 4.66Ab 8.26bC 6.46
GN46 3.57b 8.63C 6.10
GN50 2.73bc 9.59AC 6.16
GN52 5.59AC 6.84ab 6.21
GN56 3.12bc 8.75C 5.94
GN57 2.76bc 7.86abC 5.31
GN58 4.31Ab 9.48C 6.89
GN60 4.45Ab 9.90AC 7.17
GN69 4.11Ab 10.19AC 7.15
GN70 4.78A 8.86C 6.82
GN73 4.31Ab 9.47C 6.89
GN74 3.92Ab 9.21C 6.56
GN79 4.20Ab 9.91AC 7.05
GN83 3.47b 8.48bC 5.97
GN85 3.59b 9.64AC 6.62
GN90 3.35b 8.72C 6.04
Mean of DH 4.25 8.99 6.62
Inpari 18 2.93bc 8.71C 5.82
Inpari 30 Ciherang Subl 5.74AC 9.39C 7.56
Inpari 34 Salin Agritan 4.19Ab 6.49ab 5.34
Mean of check 4.29 8.20 6.24

*Notes: A/a = significantly higher/lower than Inpari 18; B/b = significantly higher/lower than Inpari
30 Ciherang Sub!; C/c = significantly higher/lower than Inpari 34 Salin Agritan based on LSD 5%.

Grain yield was significantly affected by the G x E interaction, indicating that genotypes
responded differently across environments. In Subang (high salinity), grain yield ranged from 2.73 to
5.74 t/ha, with both the DH lines and the check varieties showing a mean yield of 4.25 and 4.29 t/ha,
respectively. In contrast, Sidoarjo (saline) DH lines generally exhibited higher grain yields, ranging
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from 6.49 to 10.19 t/ha. The mean yield of the DH lines in Sidoarjo reached 8.99 t/ha, exceeding that
of the check varieties (8.20 t/ha) (Table 7). Moreover, DH lines GN52 (5.59 t/ha) and GN69 (10.19 t/ha)
were the highest yielding in Subang and Sidoarjo, respectively. The grain yield of the salinity-tolerant
check variety, Inpari 34 Salin Agritan, was exceeded by four DH lines in Subang (GN52, GN12, GN18,
and GN21) and by most DH lines in Sidoarjo. Notably, three DH lines (GN12, GN18, and GN21)
consistently outperformed Inpari 34 Salin Agritan across both locations. These results indicate that the
evaluated DH rice lines demonstrated yield performance comparable to or exceeding that of the
commercial check variety used in the experiment, highlighting their potential for cultivation in saline-
prone environments.

3.4. Correlation analysis

Grain yield, as the primary trait, was strongly influenced by the GXE interaction (Table 4).
Selection based solely on grain yield has low selection accuracy. Multi-trait selection can improve
selection accuracy [53]. Correlation analysis can serve as a basis for considering secondary selection
criteria in breeding programs [54,55]. Correlation analysis of all observed traits revealed that several
characters were significantly associated with grain yield (Figure 1). NVT and NPT showed significant
positive correlations (p < 0.05) with correlation coefficients of 0.42 and 0.40, respectively. The traits
that had a significant negative effect on grain yield were PL (r =—0.52, p <0.01) and NUG (r =—-0.42,
p < 0.05). Among these traits, NPT, PL, and NUG were selected as selection traits in index selection.
NVT was not included as a selection trait because its effect was considered adequately represented by
NPT, and its inclusion could introduce multicollinearity due to strong correlation among similar
tillering-related traits.

< o

S & & F T > & & e &

oy 035 042 040 024 031 052 -019 -042 -0.31 0.07
3

ns % iz ns ns = ns ns

ew 005 030 -013 0.06 0.09 010 & -054

ns ns ns ns ns ns

7c 044 037 -028 013 009 021
* ns ns ns ns ns

nuG | OS57 | -0.05 | -021 041 034 052 0.10
B ns ns * ns = ns

NFG| 028 (=039 024 000 |-002 004
ns ¥ ns ns ns ns

pL. 061 -005 -017 006 013
o) ns ns ns ns

pre| 029 032 n.1s.
ns ns ns

pre| 030 022 015 Pearsonls

ns s | ons Correlation

-0.33 066
NPT o P . -
NvT | 020 -1.0 -0.5 0.0 05 1.0

ns

ns p >=0.05; *p <0.05; ™ p <0.01; and *** p < 0.001

Figure 1. Pearson’s correlation among the observed traits. *Notes: PH = plant height;
NVT = number of vegetative tillers; NPT = number of productive tillers; DTF = days to
50% flowering; DTH = days to harvesting; NFG = number of filled grains; NUG = number
of unfilled grains; TG = total grains per panicle; PL = panicle length; GW = 1000-grain
weight; GY = grain yield.
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3.5. Index selection

The traits included as selection criteria were determined based on the results of the correlation
analysis and the targeted breeding objectives. NPT, PL, and NUG were included as selection traits in
index selection. NPT exhibited moderate heritability with low GCV and PCV values, while PL showed
low heritability as well as low GCV and PCV values, suggesting limited genetic variability for these
traits. In contrast, NUG exhibited high heritability together with high GCV and PCV values, indicating
substantial genetic variability and greater potential for effective selection. Although NPT and PL
exhibited limited genetic variability (Table 4), they were retained as selection traits because they were
significantly correlated with grain yield and can be measured rapidly, non-destructively, and at low
cost in small experimental plots [56]. Moreover, integrating multiple traits into the selection strategy
can provide more balanced genetic gains across target traits without substantial losses in grain yield,
thereby improving overall selection efficiency [57].

For saline environments, the desired breeding direction in this study is to obtain genotypes with
high NPT, high PL, low NUG, and high grain yield. The weights assigned in constructing the selection
index were NPT (+1), PL (+1), NUG (—1), and grain yield (+3). These weights are determined by the
economic value of a trait [24]. Panicle length has a negative correlation with grain yield, but the
breeding direction of this study was to obtain a long panicle, so the PL index was constrained to
positive values to prevent the selection of genotypes with short panicles. A reduction in panicle length
is a common response to salt stress [58], and maintaining longer panicles under saline conditions has
been widely considered an important trait in the development of salt-tolerant rice varieties [59,60].
Grain yield is assigned a weight three times higher than that of other traits because it represents the primary
target trait in the breeding program, with the objective of identifying high-yielding genotypes [61].

The index selection identified 14 DH lines with a positive selection index (Table 8). The selection
results indicated improvements in the mean values of the selected traits among these DH lines. The
mean NPT of the population prior to selection was 23.2 tillers, which increased to 23.8 tillers after
selection and exceeded the mean of the check varieties (22.3 tillers). The mean NUG before selection
was 28.0 grains; after selection, it decreased to 22.8 grains, approaching the average number of unfilled
grains of the check varieties (21.9 grains). Grain yield also improved from 6.62 t/ha before selection
to 6.96 t/ha after selection, surpassing the mean yield of the check varieties (6.24 t/ha). The mean
panicle length showed a slight decrease from 26.92 cm before selection to 26.51 cm after selection,
with both values classified as medium panicle length [62]. The selected DH rice lines have the potential
to be further developed into new varieties. The improved agronomic characters and high yield potential
of the selected lines are expected to align with farmers' preferences. However, this study was limited
to two environments; therefore, the selected lines should be further evaluated across broader multi-
environment trials to assess their yield stability, adaptability, and salinity tolerance.
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Table 8. Weighted selection index and means of the selection traits of 14 selected DH rice
lines and three check varieties.

Genotypes Weighted index NPT PL NUG GY
GNO1 0.17 23.2 30.18 35.9 6.43
GNO04 0.17 23.7 28.35 28.3 6.41
GN12 5.00 22.7 25.78 19.2 7.66
GN17 0.42 25.2 24.15 14.1 6.45
GN18 5.12 25.2 25.37 21.7 7.42
GN21 2.07 25.3 25.13 35.5 7.09
GN31 3.19 22.0 26.28 17.0 7.29
GN32 3.65 25.1 29.83 26.5 6.73
GN58 1.44 23.4 26.35 25.6 6.89
GN60 1.94 22.5 24.35 16.7 7.17
GN69 5.67 25.6 27.37 16.8 7.15
GN70 1.23 23.4 25.17 17.6 6.82
GN73 2.48 23.6 25.58 11.4 6.89
GN79 1.06 22.1 27.23 335 7.05
Inpari 18 -3.34 21.2 28.45 17.2 5.82
Inpari 30 Ciherang Subl 7.18 24.8 27.73 18.5 7.56
Inpari 34 Salin Agritan -5.68 21.0 30.98 30.1 5.34
Mean of all DH lines 23.2 26.92 28.0 6.62
Means of selected DH lines 23.8 26.51 22.8 6.96
Mean of the check varieties 22.3 29.06 21.9 6.24

*Notes: NPT = number of productive tillers (tillers); PL = panicle length (cm); NUG = number of
unfilled grains (grains); GY = grain yield (t/ha).

4. Conclusions

Rice genotypes exhibited distinct agronomic responses under two evaluated saline-prone
environments. DH rice lines exhibited higher grain yield than the check varieties in Sidoarjo and
comparable performance in Subang. Among them, GN12, GN18, and GN21 consistently outperformed
the salinity-tolerant check variety, Inpari 34 Salin Agritan, across both locations. A weighted selection
index enabled the identification of 14 DH lines with desirable agronomic performance in two lowland
saline-prone environments, including a high number of productive tillers (23.8 tillers), moderate
panicle length (26.51 cm), a low number of unfilled grains (22.8 grains), and a high mean grain
yield (6.96 t/ha) exceeding that of the check varieties. Those selected DH lines are promising
candidates for salinity-tolerant rice breeding and should be further evaluated in multi-location yield
trials for their yield stability and adaptability.
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