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Abstract: Rice (Oryza sativa L.) is essential for global food security and sustains billions
worldwide, emphasizing the need to improve production and quality. One key challenge in
rice breeding is the inheritance and environmental sensitivity of amylose content, a starch
component that influences the texture, water absorption, and firmness after cooking, which
are crucial for market acceptance. While international markets prefer low-amylose varieties
for their softness, intermediate- and high-amylose varieties are favored in Latin America for
their firmness. The objective of this study was to develop a molecular quality assessment
methodology that, combined with morphological and culinary evaluations, helps in the
selection of rice varieties during the breeding process. First, ten Ecuadorian rice materials
were evaluated for milling and culinary quality characteristics, revealing significant grain
size, sterility, milling yield, cooking time, and texture variations. Amylose content (AC)
is genetically regulated by the waxy gene and its allelic variants, affecting granule-bound
starch synthase (GBSS) enzyme expression. Secondly, to classify rice varieties molecularly
based on AC, the testing ten genotypes plus nine control varieties were analyzed using
microsatellite (SSR) markers. The waxy molecular marker, combined with metaphor agarose
gel electrophoresis (MAGE), proved effective for early-stage AC analysis, reducing variety
selection costs and improving breeding efficiency. Additionally, a restriction enzyme
protocol assay facilitated variety differentiation by selectively cleaving the waxy gene
sequence at a specific single-nucleotide polymorphism (SNP) site, allowing for precise AC
genetic classification. By integrating molecular techniques with traditional assessments,
this study reveals that using marker-assisted selection in breeding programs, as well
as supporting the identification and development of high-quality local rice varieties to
meet market demands, improves production efficiency and optimizes the assessment of
developing varieties under diverse environmental conditions.

Keywords: microsatellite; molecular marker; rice quality; single-nucleotide polymorphism;
waxy gene

1. Introduction

Rice (Oryza sativa L.) is a staple food for billions worldwide and is crucial to global
food security. In 2021, developing countries produced approximately 787 million tons of
paddy rice, with Asia leading as the primary producer [1]. Efforts to enhance its production
and quality have driven the development of new varieties and innovative technologies to
meet market demands and ensure an adequate nutrient supply [2-5].
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Although brown rice is healthier due to its higher protein and nutrient content, pol-
ished grains dominate the market because of their superior appearance, texture, and
digestibility [6]. The preference for milled rice is also attributed to its easier digestion
and modifications to culinary characteristics, which enhance its sensory acceptance [7].
However, milling removes essential nutrients, such as vitamins and minerals, complicating
efforts to balance nutritional quality with consumer demand [8,9].

Rice quality depends on multiple factors, including its physicochemical properties,
cultivation techniques, post-harvest management, and market preferences [10]. This quality
varies between local and international markets, and it is influenced by grain appearance,
milling efficiency, and culinary properties [11,12].

Among culinary characteristics, amylose content (AC), influencing properties such
as texture, water absorption, and firmness after cooking, is critical. AC is categorized into
five levels: waxy (0-2%), very low (3-9%), low (10-19%), intermediate (20-24%), and high
(>24%) [13-15]. Japonica varieties with low AC are preferred in Asia for their softness. In
contrast, intermediate and high-AC varieties dominate Latin America due to their firmness
and specific textural changes after cooking [16].

Genetically, AC is regulated by the waxy (wx) gene, which is located on chromo-
some 6. Its allelic variants (wx? and wx?) control the expression of granule-bound starch
synthase (GBSS), a key enzyme in amylose synthesis [17,18]. Several single-nucleotide
polymorphisms (SNPs) within this gene, such as the G — T polymorphism in the 5" leader
intron, significantly influence the amylose content and rice properties [19]. Additional
polymorphisms have been identified in exons 6 and 10, affecting cooking properties and
rice texture [20,21].

AC is also influenced by environmental factors, such as temperature during grain de-
velopment, which can cause significant variations [17]. The environmental factor, combined
with the genetic complexity of AC due to epistasis, cytoplasmic effects, and the triploid
nature of the endosperm, poses a significant challenge for traditional rice breeding pro-
grams [22,23]. Molecular markers offer substantial advantages over conventional methods
by enabling early and accurate selection regardless of environmental conditions or the
crop’s phenological stage; when applied to breeding, they could make the identification of
traits, such as the wx gene, more cost-effective, reliable, and less dependent on chance.

To overcome these limitations, molecular methodologies, such as microsatellites and
SNPs, have been developed to classify varieties based on their AC and to facilitate marker-
assisted selection (MAS) [24,25]. These tools offer a significant advantage by addressing
the variability and inconsistencies associated with traditional phenotypic methods, such as
near-infrared spectroscopy and size-exclusion chromatography [26].

New varieties must meet market demands, comply with food safety regulations,
and reduce production challenges. The primary objective of this study was to develop a
molecular quality assessment methodology that, together with morphological and culinary
evaluations, constitutes a reliable tool for classifying and selecting rice lines during and
after the breeding process.

2. Materials and Methods
2.1. Morphological Evaluation

Ten rice (Oryza sativa L.) cultivars (nursery lines GO-04209, GO-04304, GO-04361, and
GO-04429, and commercial varieties (Arenillas, Cristalino, Elite, Hangang-Chal, Impacto,
and SFL-011) were selected to study their morphology, grain milling, and culinary quality
at the Instituto Nacional de Investigaciones Agropecuarias (INIAP) rice quality laboratory.

One hundred rice grains from each variety were randomly selected to determine the
sterility percentage (%S). The grains were placed horizontally on a dark glass surface,
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and their length, width, and thickness were measured under natural light using a digital
Vernier caliper.

2.2. Milling Quality

One hundred grams of paddy rice from each variety was processed using an ex-
perimental milling machine (ZACCARIA PAZ/1-DTA, Limeria, Brazil) to obtain brown,
polished, and graded rice. Before processing, the samples were cleaned and homogenized,
and their moisture content was measured. During milling, residues were manually re-
moved and weighed before and after each stage to calculate the losses and milling efficiency.
A cylinder was used to classify, selecting whole and three-quarter grains while discarding
the rest, the grains into japonica and indica groups.

The following weights were recorded: husked weight (HW), polished weight (PW),
and graded weight (GW). The grain dimensions, including polished grain width (PGW)
and polished grain length (PGL), were also measured.

2.3. Culinary Quality

The culinary analysis followed the protocol of the International Center for Tropical
Agriculture (CIAT) using a 1:1 ratio (250 g of rice and 250 mL of water) in a rice cooker
(Zojirushi NLBBO5C, Osaka, Japan). Water evaporation and absorption times were mea-
sured with a stopwatch and continuously monitored without interrupting the rice cooker’s
operation. Additionally, disintegration time was evaluated using a standard container
(8.5 cm in diameter and 10 cm in depth) to compare the consistency and serving time
across varieties.

Therefore, the parameters assessed included water evaporation (WE), cooking time
(CT), disintegration (D), and amylose content percentage (AC) with an infrared component
analyzer AN-900. Calibration for AC determination utilized the Japonica WR rice variety,
with an AC value of 21.50%, as a control.

2.4. Plant Material for Molecular Analysis

The molecular evaluation was conducted on 19 rice genotypes, including the 10 pro-
vided by INIAP and the 9 control varieties whose AC reports were already established
in the literature [17,19,27]. Furthermore, 5 were donated by the Danac Foundation from
Venezuela (Cimarrén, Fonaiap 1, D-Sativa, Fedearroz 50, and Fedearroz 2000), and 4 were
donated by the International Rice Research Institute (IRRI) Genebank (Lemont, Mahsuri,
Pulut Hitam 9, and Ria).

2.5. DNA Extraction

To obtain fresh material for DNA extraction, 15 rice seeds per variety were cultivated
in 20 cm® containers filled with moistened soil under partial shade at the Ecotec University
nursery. Leaf samples were collected 10 days after sowing and dehydrated using silica
gel. DNA extraction was performed using the Wizard® Genomic DNA Purification Kit
(Promega®, Madison, WI, USA). DNA quantity was determined with a Qubit 4 fluorometer
(Promega®), and the DNA quality and integrity were verified through 1% agarose gel
electrophoresis in a 0.5X TBE buffer.

2.6. Molecular Analysis

To observe the presence of polymorphisms in the wx gene, specific sequences were
amplified using PCR. Each 25 pL reaction mixture contained 2.5 uL of GoTaq Green Mas-
ter Mix 2X (Promega®), 0.5 uL of primers forward and reverse, 3 uL of template DNA
(60 ng-uL~1), and 9.5 uL of sterile molecular-grade distilled water. Selected PCR primer
pairs were 484F—485R (484F 5'-CTTTGTCTATCTCAACACAC -3/, 485R 5'- TTGCAGAT-
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GTTCTTCCTGATG 3, and 484F—W2R 5’-TTTCCAGCCCAACACCTTAC 3’). The PCR
was performed in a Thermo MiniAmp Plus (Thermo Fisher Scientific, Waltham, MA, USA)
thermocycler with the following temperature profile: initial denaturation at 94 °C for 5 min;
followed by 35 cycles of 94 °C for 45 s, 52 °C for 30 s, and 72 °C for 1 min; and final
elongation at 72 °C for 5 min. All reactions were replicated three times.

The amplified products were subjected to electrophoresis in 4% MetaPhor® (Menlo
Park, CA, USA) gels, which were prepared with a mixture of MetaPhor® agarose (2.5%)
and Invitrogen (Waltham, MA, USA) standard agarose (1.5%) in a TE buffer. The gels
were stained with Diamond dye® (Mumbai, India), solidified at 4 °C for 20 min, and
electrophoresed for 2 h and 30 min at 70 V. The gels were then visualized under UV light
using a Viber e-box transilluminator.

2.7. SNP Polymorphism

DNA purity is essential for the practical application of restriction enzymes and the
accurate visualization of wx gene categorization, so the DNA quality was evaluated before
digestion. The presence of the G — T SNP at the 5’ leader intron splice site was assessed
through enzymatic digestion. Four pL of the 484F-W2R PCR amplified products were
digested with 0.5 U of Accl (New England Biolabs, Ipswich, MA, USA) at 37 °C for 2 h
in a 15 pL total volume reaction. All reactions were performed three times. The digested
fragments were analyzed via electrophoresis in a 1.5% agarose gel for 1.5h at 80 V.

2.8. Statistical Analysis

The data values of the 10 traits (morphological, milling quality, and culinary quality)
of the INIAP rice cultivars were used to perform descriptive statistical analysis.

Pearson’s correlation coefficients (r) were calculated using Statistix v9 to assess the
linear relationships among variables. Principal component analysis (PCA) was then per-
formed with PAST v4.03 [28].

Furthermore, molecular analysis was conducted on the 19 rice genotypes, focusing
on the allele data for each SSR marker (484-485 and 484-W2R). Amplified bands were
visualized using an E-Box CX5 transilluminator (Vilber Lourmat, Marne-la-Vallée, France),
and the BioVision software version 7.7.1 to analyze and determine the amplicons’ size and
to edit the photos captured by the equipment. The obtained data were used to calculate
the allele frequencies by dividing the number of times an allele was observed at a locus by
the total number of alleles studied (F = number of observed alleles/total number of alleles
studied) [29].

Subsequently, an association analysis was performed between the alleles of each SSR
and the amylose content (AC) of the rice grain. A generalized randomized block design
was used, where treatments were grouped based on the allele identified for each SSR. The
number of treatments corresponded to the number of distinct alleles (n) identified, and the
genotypes within each treatment served as the sample for that treatment. The independent
variable was the percentage of apparent amylose content (AC).

This design was chosen because the alleles generated by the SSRs were repeated an
unequal number of times within each block. In cases where significant differences were de-
tected between treatments (alleles) and the molecular marker, a Tukey multiple comparison
test was performed with a significance level of p < 0.05 using Statistix Version 9.0.

The analysis aimed to determine the correspondence between the alleles generated
by the SSRs (linked to the wx gene) and the apparent amylose content. In this way, the
classification of the evaluated materials resulted in five categories: waxy- (0-2%), very low-
(2-10%), low- (10-20%), intermediate- (20-25%), and high- (>25%) amylose content [30-32].
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The analysis sought to establish the associations between the obtained information to assist
in rice breeding programs.

3. Results
3.1. Correlations Between Different Milling, Culinary, and Rice Quality Characteristics

Assessment of the milling quality variables (Table 1) revealed a wide range of variation
among the studied rice varieties, as evidenced by the dispersion measures and intervals
corresponding to each attribute. The coefficient of variation (CV) was less than 14% for
83.33% of the quantitative variables analyzed. Notably, the sterility percentage (%S) and
disintegration (D) exhibited the highest CV values (71.26% and 149.84%, respectively),
effectively distinguishing the ten rice varieties. In contrast, the variables with the lowest
variability were husked weight (HW) and polished weight (PW), with CV values of 1.02%
and 1.68%, respectively.

Table 1. Descriptive statistics for the ten quantitative characteristics of the ten rice (Oryza sativa
L.) varieties.

Variable Mean Minimum Maximum S.D. %C.V.
HW 79.38 78.00 81.00 0.81 1.02
PW 72.43 70.00 76.00 1.22 1.68
GW 59.78 49.00 72.00 7.03 11.75
PGL 7.19 5.90 8.18 0.56 7.84

PGW 2.08 1.78 2.57 0.19 9.05
%S 11.88 3.00 34.00 8.46 71.26
WE 30.71 27.28 34.31 1.97 6.43
CT 15.07 13.00 17.24 1.56 10.36

D 59.40 2.00 310.00 89.01 149.84
AC 19.82 16.40 26.50 2.63 13.28

The husked weight (HW), polished weight (PW), graded weight (GW), polished grain length (PGL), polished
grain width (PGW), sterility percentage (%S), water evaporation (WE), cooking time (CT), disintegration (D),
amylose content percentage (AC), standard deviation (S.D.), and coefficient of variation (C.V.).

As expected, straightforward and positive linear correlations were detected between
HW and PW using Pearson’s correlation coefficient (Table 2). As the HW (g) increased,
higher PW values were observed. A strong positive correlation was also observed between
the water evaporation (WE) and cooking time (CT). The correlations were the highest and
statistically significant (Table 2).

Table 2. Matrix of the Pearson’s correlation coefficients (r) between the ten quantitative variables of
the ten rice varieties (Oryza sativa L.).

HW PW GW PGL PGW %S WE CT D AC

HW 1

PW 0.94 ** 1

GW —-0.07 0.02 1

PGL 0.06 -0.20 0.03 1
PGW -0.22 —0.05 -017  —0.87* 1

%S 0.25 0.43 -021 —-075*  0.69* 1

WE 0.19 0.23 —0.14 —0.65* 0.57 0.42 1

CT 0.10 0.10 —0.02 —0.56 0.49 0.33 0.90 ** 1

D —-0.50 —-0.34 —-0.32 —0.25 0.23 —0.03 —-0.25 —0.26 1

AC —-0.51 —0.43 0.17 0.21 —0.25 —0.02 —0.58 * —0.46 0.12 1

Probability significance levels at 0.05 (*) and 0.01 (**). The husked weight (HW), polished weight (PW), graded
weight (GW), polished grain length (PGL), polished grain width (PGW), sterility percentage (%S), water evapora-
tion (WE), cooking time (CT), disintegration (D), and amylose content percentage (AC).
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Negative linear correlations were detected between the polished grain length (PGL),
polished grain width (PGW), and %S, with highly significant values of r = —0.87 and
r = —0.75, respectively (Table 2). Additionally, positive correlations were observed between
the PGW and %S, with substantial values of r = 0.69.

On the other hand, negative linear correlations were observed between the PGL
and PGW, indicating that, as the grain length increases, the width of the polished grains
decreases (Table 2). A negative correlation was also observed between PGL and WE, with
r=—0.65.

The correlation indices between the graded weight (GW) and disintegration (D) did
not show significant values, possibly due to the high phenotypic variability observed in
the analyzed rice materials. In contrast, the amylose content percentage (AC) exhibited
a moderate and significant negative correlation with WE, with r = —0.58 (Table 2). This
indicates that a higher WE is associated with a lower AC.

Figure 1 illustrates the variation in the grain size among the different rice varieties
and the translucency observed in certain types. Notably, Hangang-Chal (a japonica type
variety) stood out for its uniformly white grains and shorter length than other varieties. This
highlights the distinctive traits of each cultivar and emphasizes the differences between the
indica and japonica varieties, which vary in genetic composition and nutrient content [33].

ARENILLAS - un T Sa DM 'm'

IMPACTO o, TR £ ) GRS T e

SFL-011

GO-04209

GO-04361

HANGANG-CHAL

CRISTALINO

GO-04429

GO-04304

Figure 1. The general appearance and reference size of the rice varieties used in this research.
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3.2. Principal Component Analysis (PCA) of the Spatial Distribution of Groups

Principal component analysis (PCA) allowed for the identification of the multivari-
ate patterns of variation among the genotypes evaluated, explaining 68.0% of the total
variability in the first two dimensions (Figure 2). The distribution of the genotypes in
the different quadrants of the biplot and their relationship with the variables evaluated
provides a comprehensive view of their phenotypic profiles of milling and culinary quality.

Biplot PCA - Variedades y Variables

GO-04209

2 H ARENILLASSF| 011
PW . ,

GO-04; E
e&wfi/ of
cBFhsT——— g

Dim2 (29.2%) \ PGW
CRISTALIN %S
« AC

IMPACTO

HANGANG CHAL

75 75 50

0.0
Dim1 (38.8%)

Figure 2. The principal components and biplots of the quantitative variables of the ten rice (Oryza
sativa L.) varieties studied.

The distribution observed in the quadrants highlights the usefulness of PCA in identi-
fying extreme or intermediate genotypes. The vector corresponding to amylose content
(AC) was oriented toward quadrant II (Dim1 negative and Dim2 positive), indicating that
the genotypes projected in that direction had high-amylose content. The vector length
suggested a moderate contribution of this variable to genotype differentiation. This was
the case for materials such as GO-04209 and GO-04205, which could be considered valuable
sources of this trait, and they are relevant for functional properties of the grain and indus-
trial applications. In contrast, the Hangang-Chal genotype in quadrant IV showed a clear
separation in the opposite direction, suggesting a low-amylose content, which is a charac-
teristic congruent with its waxy rice profile and is known for its high-amylopectin content.

Principal component analysis (PCA) was performed to reduce the dimensionality
of the quantitative variables measured across the ten rice (Oryza sativa L.) varieties. As
shown in Table 3, the first three principal components (PCs) accounted for 80.92% of the
total variance, with eigenvalues of 3.88, 2.92, and 1.29, respectively. PC1 alone explained
38.83% of the variation, followed by PC2 (29.16%) and PC3 (12.94%), indicating that these
components capture most of the variability present in the dataset. The inclusion of PC4 and
PC5 increased the cumulative variance to 95.95%, although their individual contributions
were considerably lower. These results justify the use of the first three components for
subsequent multivariate analyses, such as biplot interpretation and clustering, as they
retain the most informative patterns within the data.
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Table 3. Principal component analysis (PCA) for the quantitative variables of the ten rice (Oryza sativa
L.) varieties studied.

Number Own Value % Variation Cumulative Percentage
1 3.88 38.83 38.83
2 2.92 29.16 67.98
3 1.29 12.94 80.92
4 0.95 9.47 90.39
5 0.56 5.56 95.95
6 0.30 3.03 98.98

The first component (PC1) was primarily defined by variables related to weight and
size, particularly the water evaporation (WE), total classified grain (CT), and reproductive
stage, such as sterility percentage (%S). These variables had strong positive loadings on
PC1 and are represented by large vectors. Therefore, varieties located in the rightmost
region of the biplot, such as Hangang-Chal, were found to be associated with higher values
for these descriptors.

The second principal component (PC2) was influenced by grain weight (HW), paddy
weight (PW), and, to a lesser extent, polished grain width (PGW). The vectors for these
traits pointed upward, indicating that varieties situated higher on the plot, such as Arenillas
and SFL-011, exhibited relatively higher values in these variables.

In contrast, Impacto was located at the bottom left of the biplot, opposite the direction
of the contributing vectors, suggesting low values across most of the influential variables.
Impacto was found to be associated with the polished grain length (PGL) vector, indicating
a contrasting phenotypic profile concerning genotypes such as Hangang-Chal.

Similarly, Cristalino appeared in the lower-left quadrant, aligning with negative
contributions in both PC1 and PC2. This placement reflects its association with traits
such as disintegration (D) and amylose content (AC), which pointed toward the left and
slightly downward.

On the other hand, the vector corresponding to the percentage of sterility (%S) was ori-
ented towards quadrant IV, coinciding with the position of Hangang-Chal, which indicated
a higher proportion of floral sterility in this genotype. This behavior could be related to
its environmental sensitivity or genetic background, influencing the reproductive stability
under the conditions evaluated.

The opposite direction between the AC and %S vectors suggested a negative correla-
tion between both variables. A higher amylose content tends to be associated with lower
levels of floral sterility. This finding has implications for both the industrial quality and
reproductive efficiency of the materials, which are the key aspects of breeding programs.

The clustering pattern observed among the varieties (Table 4) in the central region,
such as GO-04304, GO-04361, GO-04209, and Elite, suggested more balanced or average
values across the descriptors, with minimal influence from the extreme values in any single
variable. These varieties were aligned near the origin, indicating lower overall variation
relative to the main contributing traits, which position them as materials of interest for
breeding programs seeking stability.
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Table 4. Average values of the morphological, milling, and culinary quality variables* of the ten rice
varieties (Oryza sativa L.) used in the biplot analysis.

Rice Varieties GW %S D AC% Amylose Class
GO-04209 71.25 5.25 17.25 17.30 Low
GO-04304 56.50 5.75 45.75 16.40 Low
GO-04361 51.25 6.75 20.50 20.50 Low !/Intermediate 2
GO-04429 64.75 6.50 58.00 20.08 Low ! /Intermediate 2
Arenillas 61.50 27.50 5.00 19.50 Low
Cristalino 50.00 10.00 238.75 20.08 Low !/Intermediate 2

Elite 61.25 7.50 20.50 18.03 Low

Hangang-Chal 62.00 20.75 142.75 20.60 Low !/Intermediate 2

Impacto 67.50 5.75 39.50 26.50 High
SFL-011 51.75 23.00 6.00 19.30 Low

* The graded weight (GW), sterility percentage (%S), disintegration (D), and amylose content percentage (AC%)
(! Juliano, 1985; 2 Bergman et al., 2001 [30,31]).

The PCA effectively distinguished between the rice genotypes based on four significant
traits: disintegration, sterility percentage, grain width, and amylose content. PC1 primarily
explained the variation associated with the weight- and size-related variables, while PC2
captured the variance driven by the physical grain structure. The PCA biplot confirms that
genotypes such as Hangang-Chal and Arenillas occupy opposite regions of the phenotypic
space, which is consistent with their distinct performance in the evaluated traits. These
findings reinforce using PCA as a robust genotype characterization and selection tool in
rice breeding programs [30,34].

3.3. Molecular Analysis

The molecular marker 484-485 exhibited the highest number of alleles, with nine
alleles observed and a base pair range of 114-154 bp (Figure 3). In contrast, the SSR marker
484-W2R displayed fewer waalleles, with five alleles detected on the gel (Figure 4) and
minimum and maximum frequencies ranging from 0.05 to 0.32 (Table 5).

Table 5. Allelic frequencies observed in 19 rice (Oryza sativa L.) varieties.

SSR Range (bp) An Frequency of the Frequency of the

Minor Allele Major Allele
484-485 114-154 9 0.05 0.21
484-W2R 161-174 5 0.05 0.32

Base pair (bp). Allele number (An).
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Figure 3. MetaPhor® 4% gel showing the different alleles amplified by the microsatellite marker at
70 V for 2 h and 30 min: (a) Marker 484-485 associated with the waxy gene. Lane assignments: 1,
GO-04209; 2, GO-04304; 3, GO-04361; 4, GO-04429; 5, Arenillas; 6, Cristalino; 7, Elite; 8, Hangang-
Chal; 9, Impacto; 10, SFL-011; 11, Cimarrén; 12, Fonaiap 1; 13, Fedearroz 50; 14, Fedearroz 2000; 15,
D-Sativa; 16, Lemont; 17, Mahsuri; 18, Pulut Hitam 9; and 19, RIA. Ladder: Gene ruler 25 bp. (b)
484-W2R associated with the waxy gene. Lane assignments: 1, GO-04209; 2, GO-04304; 3, GO-04361; 4,
GO-04429; 5, Arenillas; 6, Cristalino; 7, Elite; 8, Hangang-Chal; 9, Impacto; 10, SFL-011; 11, Cimarrén;
12, Fonaiap 1; 13, Fedearroz 50; 14, Fedearroz 2000; 15, D-Sativa; 16, Lemont; 17, Mahsuri; 18, Pulut
Hitam 9; and 19, RIA. Ladder: Gene ruler 25 bp.
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Figure 4. The amplification products 484-W2R of the screened varieties: (a) Lanes 1-6 before and after
digestion by Accl restriction enzyme (PCR-Accl). (a) Undigested amplicon. (b) PCR product digested
by Accl. Size marker Gene ruler 25 bp (L); (1) GO-04209; (2) GO-04304; (3) GO-04361; (4) GO-04429;
(5) Arenillas; and (6) Cristalino. (b) Lanes 7-12 before and after digestion by the AccI restriction
enzyme (PCR-Accl). Gene ruler 25 bp (L). (7) Elite; (8) Hangang-Chal; (9) Impacto; (10) SFL-011;
(11) Cimarrén; and (12) Fonaiap 1. (c) Lanes 13-19 before and after digestion by the AccI restriction
enzyme (PCR-Accl). (a) Undigested PCR product. (b) PCR product after digestion with Accl. Gene
ruler 25 bp (L). (13) Fedearroz 50; (14) Fedearroz 2000; (15) D-Sativa; (16) Lemont; (17) Mahsuri;
(18) Pulut Hitam 9; and (19) Ria.

In the association analysis between the AC in the rice grains and the alleles of each SSR
marker, the treatments were grouped into nine alleles for SSR 484-485 and five alleles for
SSR 484-W2R using the apparent amylose content percentage as the independent variable
in the variance analysis (Tables 6 and 7).

Table 6. Analysis of variance for the rice (Oryza sativa L.) grain amylose content (AC) and molecular
marker 484-485 alleles.

Source of Variation Df Mean Square
Alleles SSR 484-485 8 61.28 **
Error 10 7.98
Total 18
R? =0.86 CV.=9.13

Statistically high significant differences (**); probability value (p < 0.01); and percent coefficient of variation (C.V.).
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Table 7. The analysis of variance for the rice (Oryza sativa L.) grain amylose content (AC) and
molecular marker 484-W2R alleles.

Source of Variation Df Mean Square
Alleles SSR 484-W2R 4 38.17 ns
Error 14 29.81
Total 18
R? =027 C.V.=21.83

No significance (ns); probability value (p < 0.01); and percent coefficient of variation (C.V.).

Significant differences were detected between the AC and the molecular marker
484-485 alleles. The coefficient of determination (R?), explaining 86% of the phenotypic
variance in AC percentage, was 0.86 (Table 6). This result suggests that AC could be con-
sidered for potential inclusion in a marker-assisted breeding program using the molecular
marker 484-485 to optimize material selection. In contrast, no significant association was
observed (Table 7), between the marker 484-W2R and AC, with an R? value of 0.27.

A Tukey multiple comparison test was conducted to determine the correspondence
between the 9 alleles of the 484-485 marker (associated with the waxy gene) and the apparent
AC, allowing for the classification of the 19 evaluated materials into their respective AC
categories (Table 8).

Table 8. The genotype profile information for the amylose content of the 19 rice (Oryza sativa L.)
varieties screened with the molecular marker 484-485 and PCR-Accl assay.

AC Allele  bp n Varieties Amylose Class G-T*

1.80a 6 122 1 Pulut Hitam 9 Waxy 1 T
16.40b 2 148 1 GO-04304 Low T
17.27 be 8 118 2 Fedearroz 2000, D-Sativa Intermediate 2 G
18.60 bc 4 154 3 GO-04209, GO-04361, Elite Intermediate G
19.33 bc 5 134 4 Arenillas, Cristalino, SFL-011, Lemont Intermediate 23 G
20.10 be 1 154 1 GO-04429 Intermediate G
21.02 be 7 110 2 Cimarroén, Fedearroz 50 Intermediate G
23.55¢ 3 142 2 Hangang-Chal, Impacto Intermediate T
23.64 ¢ 9 114 3 Fonaiap 1, Mahsuri, Ria High 12 G

The mean values of the percentage of the amylose content (AC) in the Tukey’s mean comparison test. Base pairs
(bp). Number of individuals or rice varieties (n). Different letters indicate significant differences at p < 0.05.
Amylose class following ! Cheng et al. (2012), 2 Arnao et al. (2012), and ® Ayres (1997) [17,19,27]. *G or T
SNP presence.

Pulut Hitam 9, one of the control varieties, was classified as waxy, while the nursery
variety GO-04304 had low-amylose content. Fourteen varieties (73.68%) were classified as
having intermediate-amylose percentage (Fedearroz 2000, D-Sativa, GO-04209, GO-04361,
Elite, Arenillas, Cristalino, SFL-011, Lemont, GO-04429, Cimarrén, Fedearroz 50, Hangang-
Chal, and Impacto). Fonaiap 1, Mahsuri, and Ria were categorized as high-amylose
class lines.

They were also associated with alleles 1, 4, 3, 5, 8, and 7 (154, 154, 142, 134, 118,
and 110 bp, respectively). Meanwhile, three varieties were classified as high amylose,
corresponding to the allele 9 (114 bp).

3.4. Genotyping Using PCR-Accl Restriction Digestion

Figure 4 shows the results of the digestion assay with the enzyme Accl when the
amplification products of the oligos 484 and W2R were evaluated. The figure displays
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the undigested genotypes (lane a) and those after digestion (lane b), showing one or two
fragments depending on the case.

The amplified products containing the sequence AGGTATA were cleaved, while those
with the AGTTATA remained intact.

The varieties that showed the sequence AGGTATA can be associated with low-amylose
content. Pulut Hitam 9, GO-04304, Hangang-Chal, and Impacto were the only varieties in
which the amplification product remained intact.

4. Discussion
4.1. Rice Quality

As stated before, the milling quality of the rice is significantly influenced by various
factors affecting the grain yield and appearance, playing a crucial role in product acceptance
in local and international markets. Key variables evaluated include sterility percentage,
husked weight, polished weight, and graded weight, which collectively reflect the efficiency
of the milling process. Additionally, the presence of chalky grains, along with grain
length and width, is a fundamental characteristic for assessing processed rice’s visual and
functional quality.

The visual characteristics revealed that each variety exhibits distinctive traits, including
varying levels of translucency (Figure 1). This attribute is closely related to the percentage
of chalkiness (%S), as observed in the Hangang-Chal variety, whose grains display more
excellent opacity or a uniformly dull white color. This visual trait can be associated with the
negative loading in the PCA results regarding grain weight loss, suggesting that a higher
%S indicates greater fragility. Consequently, grains with elevated chalkiness are more prone
to breakage and weight loss during milling.

Regarding efficiency, the observational germplasm line GO-04209 excelled, with only
a 39% weight loss during milling, followed by Impacto, with a 43% reduction. Conversely,
the Cristalino variety exhibited nearly a 50% weight loss, making it less efficient than
other varieties. These findings align with Sandhu et al. (2018), who reported that grain
shape significantly influences milling efficiency [8]. Moreover, the polishing and grading
stages contribute to considerable weight loss, impacting aesthetic properties, such as the
translucency and thickness, which are critical consumer preference factors.

Additionally, the results obtained from the PCA (Figure 2) show that the variables
PGL and PGW were inversely related, indicating that, in shorter varieties, it is common for
the grain to exhibit greater thickness. On the other hand, in terms of grain efficiency traits,
the varieties GO-04209, Arenillas, and SFL-011 were positively associated, forming a group
closely related to the variables HW and PW. However, Elite, GO-04361, and GO-04304
were more strongly associated with GW. These results confirm that GO-04209 is the most
efficient variety, showing the lowest weight loss compared to the other varieties, in the
milling process.

According to Kaminski et al. (2013), these losses are influenced by pre-processing
storage and handling conditions, emphasizing the need to optimize these post-harvesting
stages to minimize waste. Improvements in storage and processing practices could enhance
both the yield and quality of milled rice, ensuring better market competitiveness and
consumer satisfaction [35].

On the other hand, rice culinary quality includes key aspects, such as the water
evaporation (WE), disintegration (D), cooking time (CT), and amylose content (AC), which
determine the product acceptance in terms of texture, flavor, and ease of preparation. A
positive and highly significant correlation was confirmed between WE and CT, suggesting
these variables are interrelated and influenced by grain length and width, which are often
inversely proportional. According to Li et al. (2021), grain opacity and chalkiness also
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play a significant role in culinary quality, influencing properties like adhesiveness and the
visual appearance of cooked rice [36]. These characteristics were observed in Ecuadorian
varieties with intermediate-to-low-amylose content, directly impacting properties such as
grain gelatinization and consistency during cooking.

For example, the varieties Cristalino and Hangang-Chal, due to their reduced amylose
content, exhibited shorter disintegration times and unique adhesive properties, as Zhao et al.
(2023) described, which is one of the characteristics of low-amylose content varieties [37].
Additionally, Naik et al. (2023) reported significant differences in cooking time among rice
varieties, emphasizing the influence of environmental and genetic factors on this trait [38].
These characteristics reflect not only genetic influence, but also the impact of environmental
and storage conditions before consumption.

This agrees with findings by Fresther (2002), who evaluated the amylose content
of Lemont, reporting a low-amylose value [39]. However, this contrasts with the values
obtained in the present study, classifying Lemont as an intermediate-amylose variety, as cor-
roborated globally by Ayres et al. (1997) using near-infrared reflectance spectroscopy, and
by Arnao et al. (2012) through colorimetric evaluation [19,27]. These findings highlight the
importance of using precise methodologies to account for the variability in environmental
and genetic factors affecting amylose content and related culinary traits.

4.2. Molecular Evaluation of the Amylose Content

An exhaustive evaluation of the amylose content was conducted using molecular tech-
niques based on microsatellite markers, which can provide greater precision in classifying
rice varieties (Han et al., 2004), and a restriction enzyme assay. Marker-assisted breed-
ing strategies are a crucial step toward sustainable rice improvement, fulfilling specific
demands from both global and local markets while facilitating the selection of varieties
suitable for the diverse altitudes found in Ecuador [40].

The molecular marker 484-485 exhibited a significant association with the apparent
amylose content (AC), explaining up to 86% of the observed phenotypic variance. This
association level contrasts with the findings Arnao et al. (2012) reported, where the same
marker accounted for only 49% (R? = 0.49) of the variation in AC. The divergence between
studies may be attributed to the differences in the number and genetic origin of germplasm
analyzed; Arnao et al. (2012) evaluated two separate populations comprising 334 and
247 accessions, respectively, with distinct genetic backgrounds. The influence of the va-
rietal origin on the degree of marker association is relevant, as genetic heterogeneity can
significantly impact linkage strength. Furthermore, the R? value reported by Arnao et al.
(2012) was lower than the documented values in other studies [19,34], which suggests that
similar markers can explain over 80% of the phenotypic variation in AC. The present study
classified the varieties into two primary categories based on AC: approximately 90% of
the genotypes displayed intermediate AC, while 10% were characterized as low-amylose
varieties (Table 8). These findings agree with those of Arnao et al. (2012), who identified
specific allelic variants associated with AC in Venezuelan rice germplasm [19], providing
a valuable reference point for comparative analyses and applications in marker-assisted
selection strategies within rice improvement programs.

Finally, gel analysis confirmed that varieties such as Ria and Mahsuri, known for
their high-amylose content (28.7% and 26.9%, respectively, according to Cheng et al,,
2012), contrast sharply with Pulut Hitam 9, which is classified as a waxy material [17].
The findings highlight the need to apply molecular tools for more precise classification.
These differences in genetic and phenotypic characteristics underscore the importance of
integrating molecular with traditional methodologies to optimize rice quality evaluations.
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This outcome is consistent with Ong et al. (2012), who demonstrated the utility of
molecular markers in identifying and characterizing amylose content, thereby establishing a
critical link between the genetic profiles and functional properties of rice [41]. Additionally,
these results emphasize the value of molecular markers as strategic tools to enhance effi-
ciency and precision in marker-assisted selection programs, contributing to the sustainable
development of this essential crop.

On the other hand, based on the results obtained, the Ecuadorian varieties can gen-
erally be classified as having intermediate-amylose content (AC). However, the findings
for Impacto and Elite varieties differ from those reported by CIAT, which documented
AC values of 26% and 31.6%, respectively [42,43]. This discrepancy may be attributed to
the methodology employed by CIAT, which was based solely on phenotypic evaluation,
whereas the present study incorporated molecular analysis. Our findings revealed that all
the evaluated varieties exhibited lower amylose content than expected, suggesting a diver-
gence between the phenotypic expression and underlying genetic markers. These findings
underscore the value of combining molecular techniques with conventional evaluation
methods to strengthen the precision and impact of rice breeding efforts.

4.3. PCR-Accl Genotyping

These results align with those reported by Ayres et al. (1997) and Cheng et al. (2012),
where the combination of the oligos 484-W2R and the enzyme Accl was used [27]. This
approach revealed that the enzyme performed cuts that differentiate an SNP G — T
(AGGTATA /AGTITATA), enabling precise categorization and a more accurate determina-
tion of the amylose content as high, intermediate, or low with the aid of enzyme digestion
or the use of a CAPS marker [17].

Varieties with the expected fragment size after digestion exhibited two bands, or a sin-
gle band, below the initial amplified sample size (Figure 4), being classified as intermediate-
to-high-amylose varieties and hence containing the G allele. Conversely, samples that
remain uncut, showing a unique single band corresponding to the original amplified size,
are classified as waxy or low-amylose varieties, inferring the potential presence of the T
allele. This precise differentiation underscores the utility of combining molecular tools and
enzymatic digestion to classify rice varieties properly.

According to Cheng et al. (2012), the variety Ria exhibits high-amylose content (AC),
Mabhsuri exhibits intermediate AC, and Pulut Hitam 9 exhibits low AC, aligning with the
digestion results obtained in this study [17]. Similarly, Lemont, another control variety,
was reported by Ayres et al. (1997) and Arnao et al. (2012) to have intermediate AC,
which is consistent with the results from both the digestion and amplification analyses
using the waxy molecular marker in this study. Additionally, the three Venezuelan control
varieties (Cimarrén, Fonaiap 1, and D-Sativa) and the two Colombian varieties (Fedearroz
50 and Fedearroz 2000) were classified as intermediate AC according to the data reported
by Ayres et al. (1997) [19,27]. This classification was confirmed in this study through
allele identification.

Most Ecuadorian varieties were categorized as having intermediate-amylose content
(AC), except for GO-04304, which exhibited low AC (Table 8). These observations suggest
an incongruence between the phenotypic and genotypic classification in specific genotypes,
which merits further exploration. The following section provides a more detailed discussion
of these discrepancies.

Nonetheless, the critical G — T polymorphism demonstrated its putative effectiveness
in distinguishing the amylose content levels without the need for sequencing the products
or employing polyacrylamide gels, offering a reliable and efficient tool for classifying most
rice varieties.
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4.4. Molecular and Phenotypic Classification

Although most rice varieties in this study showed concordance between the molecular
marker data and phenotypic evaluation of amylose content, specific inconsistencies were
observed. For example, Impacto was classified phenotypically as high amylose (26.5%)
based on colorimetric evaluation, while molecular analysis, using the 484-485 SSR marker
and the PCR-Accl assay, associated it with the T allele, which is typically linked to low-
amylose or waxy types. Similarly, Hangang-Chal, phenotypically characterized by a low-to-
intermediate-amylose percentage (20.6%), was also related to the T allele in the digestion
assay, despite its known waxy profile. These divergences between molecular and phenotypic
classification suggest underlying complexities that cannot be captured by a single method.

Several hypotheses may explain these discrepancies. First, sequence-level variation,
such as SNPs at the Accl recognition site (AGGTATA), could prevent enzymatic cleav-
age. Second, epigenetic factors, including DNA methylation, may inhibit enzyme activity
despite the presence of the target sequence. Environmental conditions and post-harvest han-
dling can also influence amylose biosynthesis, potentially masking the genetic expression
in phenotypic assays.

To support this discussion, we included Table 8, which contrasts the phenotypic
amylose content classification with the SSR allele identification and PCR digestion results.
This table highlights the genotypes with conflicting results and was added in response to
the reviewer’s recommendation.

These findings reinforce the limitations of relying solely on phenotypic or molecular
data for varietal classification. While molecular markers offer stability and reproducibility,
phenotypic evaluations are subject to environmental variation. Integrating both approaches
provides a more comprehensive and accurate understanding of genotype performance.

Further studies involving sequence-based validation and functional assays are recom-
mended to resolve such inconsistencies. Ultimately, these cases underscore the importance
of multidimensional selection criteria in rice breeding programs.

In summary, integrating phenotypic, culinary, and molecular analyses in this study
provided a comprehensive understanding of the factors influencing Ecuadorian rice grain
quality. Key traits, such as the graded weight, sterility percentage, disintegration, and
amylose content, were shown to be highly variable among the studied varieties and closely
associated with their genetic background. The use of molecular markers, particularly the
484-485 SSR, proved effective in differentiating the amylose content categories, offering
greater precision than the phenotypic assessments alone. The critical G — T polymorphism
demonstrated by the PCR-Accl assay showed putative effectiveness in distinguishing the
amylose content levels without employing polyacrylamide gels, offering a reliable and
efficient tool for classifying most rice varieties.

Our findings underscore the value of combining traditional and molecular approaches
for varietal classification, and they also highlight the potential of marker-assisted selection
to enhance breeding programs to improve rice quality and adaptation to diverse environ-
ments, which is of practical relevance to seed companies and agricultural stakeholders as a
tool to address existing challenges and guide decision making in developing new varieties.

This strengthens our research’s applied significance in breeding and commercialization
strategies. Furthermore, while SSR markers and enzyme-based assays offer high precision
and reproducibility, promoting the adoption of technology in the breeding processes in
developing countries is essential. Efforts must be made to overcome barriers, such as
high implementation costs, limited laboratory infrastructure, and the need for trained
personnel, to ensure the broader applicability and sustainability of molecular tools in crop
improvement programs. As the first study conducted in Ecuador, this research provides
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a foundational framework that can support more precise and efficient selection of rice
varieties, contributing to developing locally adapted and high-quality germplasm.

5. Conclusions

Ecuadorian rice varieties exhibit minimal differences in cooking qualities, mainly
attributable to their intermediate- and low-amylose content. The tested rice varieties
displayed significant variability in graded weight, disintegration, sterility percentage, and
amylose content percentage, which are all crucial for rice breeding programs.

Phenotypic results can vary drastically due to external factors, making genetic analysis
a more reliable approach. The genetic makeup of the varieties remains largely stable, and
genetic screening is more consistent and less cumbersome than phenotypic evaluation.

Applying molecular markers to detect the waxy gene alleles further refined the clas-
sification and evaluation of rice varieties. Also, using a restriction enzyme digestion
protocol to visualize a single-nucleotide polymorphism (SNP) provided a simplified and
effective method to classify most rice varieties, further streamlining the detection process.
Metaphor® gels allowed for precise visualization of small-sized bands, improving the
efficiency of determining the amylose content.

These findings highlight the importance of integrating molecular tools with traditional
quality assessments to enhance the efficiency of rice genetic improvement programs.
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