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Grain y-oryzanol and its constituent compounds show high

genetic variability, diversity and significant site x genotype
interactions in rice (Oryza sativa L.)
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Abstract

Among the dietary antioxidants that counteract oxidative stress to avert the incidence of non-communicable diseases (NCDs), y-oryzanol,
aunique antioxidant in rice shows potential health benefits. Although rice germplasm exhibits significant variation for y-oryzanol content,
much less is studied on the influence of environment (E) and genotype-environment interaction (GEI) on the y-oryzanol content in rice
bran. Evaluated under three sites, in a combined analysis of variance, a set of 18 genotypes showed significant effect of environment,
genotype, and GEl on the y-oryzanol and its constituent compounds. A large proportion of total phenotypic variance was found due
to genotype, indicating high heritability of the trait. GEl is the second major contributor to the phenotypic variance of y-oryzanol and
its components, while the contribution of environment was found to be the least. CSR 23 was the superior genotype for y-oryzanol
content and stability based on AMMI, GGE biplot and WAASB stability models analyzed. Besides CSR 23, genotypes such as DHMAS-
70G-164-29, Chittimutyalu and HUR-200-57-1 were identified as stable and high y-oryzanol producing lines. These superior, stable lines
can be used as potential donors for improving y-oryzanol content in rice. The present study assumes importance as the first report of
GEl for total y-oryzanol and its five components.
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As a major cereal crop globally, rice is a predominant
dietary energy source for more than half of the world’s
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Among these, y-oryzanol is an important antioxidant
compound found in rice grains. It is a mixture of ferulic and
caffeic acid esters of sterols and triterpene alcohol (Lerma-
Garcia et al. 2009). Although this group was reported to
include 25 different components, about 95% of y-oryzanol
is composed of five steryl ferulate compounds viz.,
cycloartenyl ferulate (oryzanol A), 24-methylenecycloartanyl
ferulate (oryzanol C), campesteryl ferulate, f-campesteryl
ferulate and campestanyl ferulate (Akihisa et al. 2000; Xu
et al. 2001; Miller and Engel 2006). Besides, other minor
constituents such as sitosteryl ferulate, sitostanyl ferulate
and stigmasteryl ferulate are present. Several previous works
have reported antioxidative, anti-diabetic, anti-cancerous,
anti-inflammatory and hypolipidemic properties of
y-oryzanol (Yasukawa et al. 1998; Akihisa et al. 2000; Juliano
et al. 2005; Berger et al. 2005). Due to their extensive health
benefits, y-oryzanol has a great demand in the market,
and is currently valued at about Rs. 1000 to 5000 per 100
capsules. In 2020, the global market size of y-oryzanol was
about 14.8 thousand tons and is expected to reach 20.6
thousand tons by the year 2027 (Global Industry Analysts
2021). As y-oryzanol is accumulated predominantly in the
bran layers of the rice grain, rice bran oil (RBO) is a rich source
of y-oryzanol. RBO contains 1-2% vy-oryzanol (Scavariello and
Arellano 1998) besides its major constituens such as oleic,
linoleic, palmitic, stearicand linolenic acids (Sahu et al. 2019).
Owing to antioxidant properties imparted by y-oryzanol,
tocopherols, tocotrienols, and other phenolic compunds,
RBO is acclaimed as a ‘healthy oil'. Due to its antioxidative
properties, y-oryzanol prevents the rancidity of constituent
lipids of RBO, improves the rice bran’s stability, and extends
the storage time of unpolished rice kernels (Bollinedi et al.
2021, 2022).

Understanding and estimating the differential genotypic
response under different environments is one of the
fundamental activities to establish the success of plant
breeding interventions. Genotype by environment
interaction (GEI) renders the genotypes to perform
differently across multiple locations and years. The
confounding effect of large GEI creates serious concerns
in selection as well as in identifying and recommending
genotypes for wider cultivation. Partitioning the trait
variation into genotype (G), environment (E) and GEl
components are therefore mandatory in plant breeding
experimentation leading to the development of improved
crop genotypes. Various biometric models like additive
main effect and multiplicative interaction (AMMI) (Gauch
1988, 2006) and genotype and genotype-by-environment
interaction (GGE) biplot analyses (Yan and Kang 2003; Yan
and Tinker 2006) have been widely used for the analysis of
GEl (Balakrishnan et al. 2016; Poli et al. 2018; Inabangan-Asilo
etal. 2019). Recently Olivoto et al. (2019) have developed an
integrated stability statistic combining AMMI and best linear

unbiased predictor (BLUP) models. This statistic, known as
the weighted average of absolute scores of BLUPs (WAASB) is
derived from the singular value decomposition (SVD) of the
predicted GEl effect matrix from a linear mixed-effect model.

Despite its importance, much less has been studied
in rice to improve y-oryzanol content. Particularly, the
information on genotypic variability for various y-oryzanol
components and their expression levels under various
environments is conspicuously lacking. To address this, the
present study reports the GEl and genotypic stability and
adaptability of a selected set of rice genotypes for y-oryzanol
and its components under three contrasting environments.

Materials and methods

Experimental locations

The field experiments were conducted during the Kharif
(wet) season of 2021 at three different locations (sites) viz.,
New Delhi, Aduthurai and Rakhra. The sites were designated
respectively as E1, E2 and E3. The experiment at New
Delhi was conducted at the research farm of ICAR-Indian
Agricultural Research Institute (IARI) (28°38'N; 77°10°E; 222m),
while that at Aduthurai took place at IARI-Rice Breeding and
Genetics Research Centre in Tamil Nadu (11°00N; 79°28';
18m). The Rakhra experimental farm was located at the IARI-
Collaborative Outstation Research Centre (IARI-CORC) in
Patiala, Punjab, India (30°22'N; 76°15’ E; 254m). The selected
sites represented three different agroecological zones in
India having diverse climatic and edaphic conditions.

Experimental material and design

A set of 18 Indian rice accessions (G1-G18) that included
cultivated varieties, advanced breeding lines and landraces
were field evaluated at all three sites by adopting the
randomized complete block design (RCBD) with two
replications. Nursery was prepared on a raised seedbed
and 25 days old seedlings were transplanted at 20 x 15 cm
spacing in the puddled main field. Each entry was grown
in three rows of 2 m in length. Recommended package of
practices and appropriate precautionary measures were
taken to control the incidence of pests and diseases. At
maturity, plants were harvested, seeds were threshed and
dried below 13% moisture content and stored under aseptic
conditions.

Phenotyping

For Extraction and quantification of y-oryzanol the rice
grains stored for 90 days were dehulled using Satake THU35B
dehuller (Satake, Japan) and the brown rice was crushed
using an Ez-lyzer tissue homogenizer (Genetix, India). For
the extraction of y-oryzanol from the brown rice samples,
a solvent extraction method as described by Bollinedi
et al. (2022) was followed. In brief, 50 mg of brown rice
samples were transferred into 1-mL of high-performance
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liquid chromatography (HPLC) grade methanol taken in
a 2 mL Eppendorf tube, followed by vortex mixing for
1-minute. The samples were then incubated in a water
bath at 60°C temperature for 1-hour. Subsequently, the
incubated samples were centrifuged at 825 g for 10 minutes
at room temperature. The supernatant was collected into
10 mL clean tubes and the extraction process was repeated
twice using the residue. The supernatants thus collected
were pooled and evaporated under a stream of N, and
the samples were further dissolved in 1-mL HPLC grade
methanol and filtered through a syringe filter having 0.22
L pore size before injecting into HPLC.

A reversed phase high performance liquid
chromatography (RP-HPLC) system (Waters Pvt.
Ltd.) equipped with Waters 600 controller, a 717 plus
autosampler and a 2998 photodiode array (PDA) detector
was employed for the separation and quantification of
individual components of y-oryzanol. An XBridge™ C18
chromatography column (4.6 x 250 mm, inner diameter of
5 um) was used for the separation of individual components
of y-oryzanol. The mobile phase was set in gradient pump
mode using four different HPLC grade solvents: methanol,
acetonitrile, 2-propanol and 1% aqueous acetic acid. The
flow was set initially with methanol, acetonitrile, 2-propanol
and 1% aqueous acetic acid at 45:45:5:5 (v/v) for 3 minutes
and altered with methanol, acetonitrile and 2-propanol at
70:25:5 (v/v) for next 5 minutes. The flow was again reversed
to the initial phase and ran for 6 minutes. [-oryzanol was
detected using the PDA detector at 325 nm wavelength.
The concentration of individual constituents was estimated
from their relative abundance using the y-oryzanol standard
(Sigma Aldrich Co., USA).

Statistical analyses

The descriptive statistics, including mean, range, standard
deviation, and coefficient of variation, were determined
using Microsoft Excel® 2019. A combined analysis of variance
(ANOVA) for y-oryzanol content and its constituents for all
three locations was carried out in STAR 2.0.1 (IRRI 2014 a, b).
The homogeneity of variances was tested using Bartlett’s
test (Bartlett 1954). Stability analysis was carried out using
the AMMI model, GGE biplot and WAASB (Olivoto et al.
2019) incorporated within the R package metan (Olivoto
and Lucio 2020).

The AMMI analysis followed the model,
Y=g et i B,0 40, e, where Y, is the mean trait value
of the /™ genotype in the j™ environment, u is the grand
mean, g, is the genotypic effect of the /" genotype, e is
the environmental effect of the jt environment, n is the
maximum number of interaction principal component axes
(IPC) in the model to characterize the pattern and magnitude
of the interaction between " genotype and j*" environment,
V) is the eigenvalue of the k" IPCA, £ is the eigenvector
for i genotype for PC n, a; is the eigenvector for the j®

environment for PCn, p. is the AMMI residue and ¢ is the
error with i'" genotype in'the j!" environment. The genotypes
showing the highest levels of stability for the content of
total y-oryzanol and its components were identified based
on their closeness to the origin point of the AMMI 2 biplot.

TheGGEbiplotanalysisusedthemodel,Y; =X, Vkﬁ,-k“,-ﬁ &y
where Y;in the adjusted mean by subtracting the mean of
the j*" environment from the performance of the i*" genotype
inthe " environment (Y,"= Y- 1), 7;. is the eigenvalue of the
k" IPC, B is the eigenvector for i genotype for PCk, 07 is
the eigenvector for the j*" environment for PC k constructed
using genotype means from each environmentand & isthe
error with it" genotype in the jt" environment.

Finally, WAASB index was computed based on SVD
of BLUPs considering all the IPCAs by the formula,
WAASB;= 51, [IPC,~EPy| / 5, EP, where WAASB, is the weighted
average of absolute scores of the i" genotype; IPCA_ is
the score of the it genotype in the k™ interaction principal
component axis (IPCA) and EP, is the explained variance of
the k' IPC for k = 1 to p, considering p=min(g—1; e-1).

Results

Analysis of variance

Bartlett’s test did not provide sufficient evidence of the
heterogeneity of variance among the sites for the traits
analyzed. A combined analysis revealed that site, genotype
and GEI (site x genotype) components of variation were
significant for all the traits studied (Table 1). The genotypic
component was the largest among the various sources
of variation. The proportion of total variance due to
genotypes ranged from 50.7% (campesteryl ferulate) to
65.9% (24-methylenecycloartanyl ferulate). The second
largest component was GEl explaining a variance fraction
ranging from 13.9% for 24-methylenecycloartanyl ferulate
to 21.9% for cycloartenyl ferulate. The contribution of the
environment was found to be the least. The coefficient of
variation (CV) for total y-oryzanol content was 7.9%. Among
the constituent compounds, cycloartenyl ferulate showed
the lowest CV of 6.5% while sitostanyl ferulate showed
the highest CV of 28.1%. Based on averages, the total
y-oryzanol content of 198.4 mg kg™ was constituted by the
five major components studied. 24-methylenecycloartanyl
ferulate was the most prominent component (44%) of
y-oryzanol, followed by campesteryl ferulate (~22%) and
cycloartenyl ferulate (~18%). The fourth major constituent
was B-sitosteryl ferulate (~14%). The remaining component,
sitostanyl ferulate was present minimally, accounting for
~2% of the total y-oryzanol.

Site-wise variation in y-oryzanol and its components

Descriptive statistics of y-oryzanol and its five components
across the three sites are given in Table 2. Widest variation
for total y-oryzanol and its constituents was observed in
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Rakhra, except for cycloartenyl ferulate. The highest mean
total y-oryzanol content of 211.1 mg kg™ was recorded at
Aduthurai, which was closely followed by the recording at
the Rakhra site. Among the genotypes tested, the site at
Delhi recorded the lowest y-oryzanol content of 79.0 mg
kg, while the highest content (347.3 mg kg™) was observed
at Rakhra site. 24-methylenecycloartanyl ferulate remained
the major constituent in all three locations, the maximum
content of which was recorded at Aduthurai site (96.4 mg
kg™). The highest cycloartenyl ferulate content was recorded
in the Delhi site, which was closely similar to the content
recorded from the other two sites. Other components,
campesteryl ferulate and B-sitosteryl ferulate followed
the general pattern among the sites, with Aduthurai
recording highest followed by Rakhra and Delhi. (29.61 mg
kg™). Cycloartenyl ferulate and sitostanyl ferulate contents
showed no significant difference among all three test sites.

Genotypic performance for y-oryzanol

Phenotypic mean values showed that among the three test
sites, CSR 23 was distinctly different from other genotypes
for having the highest total y-oryzanol content and its
constituent compounds (Table 3). CSR 23 contained a
total of 316.3 mg kg™ y-oryzanol, and 128.6 mg kg™ of
24-methylenecycloartanyl ferulate, the most prevalent
fraction. For the remaining fractional compounds, this
genotype was found to have 58.6 mg kg™’ of cycloartenyl
ferulate, 66.7 mg kg'of campesteryl ferulate, 51.7 mg
kg' of B-sitosteryl ferulate, and 10.7 mg kg™ of sitostanyl
ferulate. For 24-methylenecycloartanyl ferulate content,
Chittimutyalu (129.88 mg kg™) and DHMAS 70G-164-29
(127.8 mg kg™) were at par with CSR23. WGL 23985 (51.1 mg
kg™) was the only genotype found at par with CSR 23 for
cycloartenyl ferulate. The next highest y-oryzanol content
was recorded in Chittimutyalu, DHMAS 70G-164-29 and HUR
200-57-1.Narendra Usar Dhan lll recorded the panel’s lowest
total y-oryzanol content (88.6 mg kg™).

Genotypic diversity for y-oryzanol

Based on principal components, eighteen genotypes tested
in the panel formed three distinct groups based on the
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Fig. 1. Grouping of genotypes based on y-oryzanol and its constituent
compounds based on k-means clustering of principal component
scores

content of y-oryzanol and constituent components (Fig. 1).
One of the clusters contained only CSR 23, the genotype
with high amount of y-oryzanol. The second cluster with five
genotypes, Phunchi, Narendra Usar Dhan Ill, PRR120, PRR 103
and PRR 108 contained the genotypes that had the lowest
amount of y-oryzanol. The third cluster with 12 genotypes
was intermediate to the first two clusters. Of the principal
components, the first component accounted for 83.7% of the
total variation in y-oryzanol content with all the components
contributing almost equally and significantly. The second
and third components were defined majorly by cycloartenyl
ferulate and campesteryl ferulate. The third component also
had a contribution from 24-methylenecycloartanyl ferulate.

Biplot analyses for genotypic stability and GE
interactions
Additive main effects and multiplicative interaction

The ANOVA for the AMMI model revealed a high significance
of the variance of the first two interaction principal

Table 1. Combined analysis of variance for y-oryzanol and its components across three sites

Parameters TOT CAF MCF CSF BSF SNF
Var (Site) 6945.6%* 30.7** 3164.4%* 320.3** 143.1%* 7.3%*
Var (Genotype) 19760.1** 891.7** 5458.3** 481.1%* 587.6%* 46.3*%*
Var (Genotype x Site) 2917.3** 177.2%% 576.4%* 99.8** 113.0%* 7.8%*
Var (Residual) 245.1 52 50.0 9.5 6.1 1.6
CV (%) 7.9 6.5 8.1 7.2 8.8 28.1
Mean (mg kg™) 198.4 354 87.2 43.0 283 45
Per cent constitution (%) - 17.9 440 21.7 14.2 23

**significant at 1% level. Var = Variance; TOT = Total Y-oryzanol; CAF = Cycloartenyl ferulate; MCF = 24-Methylenecycloartanyl ferulate; CSF =
Campesteryl ferulate; BSF= [3-sitosteryl ferulate and SNF = Sitostanyl ferulate.
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Table 2. Descriptive statistics of Y-oryzanol and its five components in three different sites

Traits Statistics Components (mg kg™)
Delhi Aduthurai Rakhra
Total y-oryzanol (TOT) Mean + SE 183.6 £ 14.3 211.1£15.2 200.7 £ 16.6
Range 79.0-318.0 95.5-287.4 91.3-347.3
Cycloartenyl ferulate (CAF) Mean + SE 36.3+3.6 355+3.0 345+36
Range 16.8-67.8 13.9-60.7 16.0-64.8
24-methylenecycloartanyl ferulate (MCF) Mean + SE 77772 96.4 £ 8.6 876+76
Range 24.0-126.2 30.1-142.9 26.7-143.0
Campesteryl ferulate (CSF) Mean + SE 39.6+2.2 45.0+2.2 44,5 +3.1
Range 25.7-62.7 28.2-61.5 25.5-79.1
B-sitosteryl ferulate (BSF) Mean + SE 26025 29.6+2.8 29.2+3.0
Range 11.9-50.1 11.6-45.6 11.1-59.3
Sitostanyl ferulate (SNF) Mean + SE 40+0.7 45+0.7 49+0.9
Range 0.2-11.1 0.3-8.5 0.4-12.6

SE = Standard error

components (IPCs), indicating significant GEl variation for all
the traits (Table 4). IPC1 and IPC2 were found to account for
100% of the GEl for all the traits studied. The AMMI1 biplot
(Fig. 2A) revealed that IPC1 for the total y-oryzanol content,
explained 69.9% of the total interaction variance, with IPC2
explaining the remaining proportion of 31.1%. The genotype
CSR 23 having the highest mean y-oryzanol content showed
relatively better stability than at least eight genotypes from
the panel. This genotype has shown high content of all the
component compounds with relatively less influence by
the site effects, except for campesteryl ferulate. Among the
high y-oryzanol genotypes, DHMAS 70G-164-29 followed by
HUR 200-57-1 were identified as the most stable genotypes
across the three environments since their IPCAT scores
remained very low. Among the y-oryzanol low genotypes,
PRR108, Narendra Usar Dhan Ill and PRR 120 showed high
stability of performance across sites. Genotypes such as
PRR 103 and CN 1268-7 with the highest IPCA1 scores were
identified as the least stable genotypes. Similarly, for the
constituent compounds, the proportion of total variance
explained by IPCA1 ranged between 60.2% (campesteryl
ferulate) and 79.6% (24-methylenecycloartanyl ferulate).
The most stable genotypes for cycloartenol ferulate content
were Chittimutyalu and Narendra Usar Dhan Il of which the
former had a higher content of the compound.

The most stable among high cycloartenyl ferulate
genotypes was WGL 23985. For 24-methylenecycloartanyl
ferulate content, DHMAS 70G-164-29 and Pusa 1460
recorded higher content combined with stability, while
WGL 23985, Apo and RR8585 remained stable but with
the average constitution of the ester. Apo, the genotype
with the second highest content of campesteryl ferulate
among the panel, showed better stability, followed by HUR

200-57-1. Two other genotypes, Narendra Usar Dhan Ill and
PRR 120 showed high stability but with low content. CSR
23 showed the highest p-sitosteryl ferulate content and
stability among the study panel. Although PRR 120, Narendra
Usar Dhan lll, and PRR 108 showed high stability for this
constituent ester, their contents were the lowest among the
panel. High content and stability for the sitostanyl ferulate
content were observed in DHMAS 70G-164-29 followed
by NDR 359. Comparing the environmental adaptation,
genotypes with IPCA1 scores similar to the environments are
considered to have superior performance in that particular
environment. Better sites for total y-oryzanol content were
Aduthurai and Rakhra, to which genotypes such as CN
1268-7 and Chittimutyalu showed specific adaptation. The
AMMI 2 biplots depicting the pattern of GElamong the test
genotypes, showed a congregation of several genotypes
towards the origin, indicating that these genotypes are
highly stable as their IPCA1 scores and IPCA2 scores are
closer to zero (Fig. 3).

GGE biplots

GGE biplots that combine the effect of genotype with GE
component indicated that 96.3% of the total variation in
y-oryzanol was accounted for by the first two principal
components (Fig. 2B). For the components, however, the
variance explained ranged from 88.4% (campesteryl ferulate)
to 96.5% (24-methylenecycloartanyl ferulate). The ranking
based on genotype performance obtained from GGE biplots
did not show substantial variation from the inference drawn
from AMMI biplots. In the biplot for total y-oryzanol content,
the narrow angle between Aduthurai and Rakhra sites
indicated a greater correlation of genotype performance in
these sites. The ‘which-won-where’ view of the GGE biplot
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Table 3. Mean performance of the genotypes across the three test
environments

Genotype y-oryzanol and components (mg-1 kg)

TOT CAF  MCF CSF BSF SNF
Pusa 1460 217.7% 2299 1143> 41.8% 32.4de 6304
Narendra Usar ~ 88.6/ 174" 269" 294 144 04"
Dhan Il
NDR 359 214.5¢ 38.0¢ 96.8<¢  40.1% 346 5.0
Narendra Usar ~ 213.5¢  32.8° 101.4° 4219 318 54
Dhanll
PRR 103 166.1! 25.7%  74.2¢ 4474 1970 7"
PRR 120 100.1% 16.7"  41.69 28.0 13.3 0.6"
PRR 115 211.6¢ 474  92.5¢ 34.6 31.3¢F 59
PRR 108 135.3 2239 551°F 4289 146 05"
HUR 200-57-1 24535 47.7¢  117.2° 4454 305 53
RR 8585 19547 3754 77.7¢ 47.4<c 2920 369
CSR 23 316.3° 58.6° 128.6° 66.7° 5172 10.7°
WGL 23985 1964  51.1° 76,0 379" 26.99  4.5%
Phunchi 135.3 2765  58.4f 33.6 144 1.2
Improved 203.4°9 3874 77.9¢  50.5°  31.6°f 4.9°9
Sabarmati
CN 1268-7 234.14 492 989  44.2f 35.50 6.3
DHMAS 70G- 257.7° 37.7¢  127.8* 47.7¢ 37.6> 6.9
164-29
Apo 186.4" 28.1F  75.1¢ 51.6° 27.39 440

Chittimutyalu ~ 254.5° 3839 129.9° 47.0% 318 75°

LSD (p=0.05) 16.5 24 7.5 3.3 26 13

This means superscripted with the same letters are statistically at par
by the least significant difference (LSD) test. TOT = Total Yy-oryzanol;
CAF = Cycloartenyl ferulate; MCF = 24-Methylenecycloartanyl ferulate;
CSF = Campesteryl ferulate; BSF = B-sitosteryl ferulate; SNF = Sitostanyl
ferulate.

across all the test locations for total y-oryzanol and all
its components. This was followed by CN 1286-7, which
showed relatively better performance under both Aduthurai
and Rakhra, for total y-oryzanol, cycloartenyl ferulate
and 24-methylenecycloartanyl ferulate. Besides, CSR 23,
Chittimutyalu also showed better performance across all
the sites.

WAASB biplots

The WAASB biplots depicted the stable and high performing
genotypes, isolating them, particularly in the fourth
quarter (Fig. 2C). Accordingly, stable and high performing
genotypes for total y-oryzanol were CSR 23, DHMAS
70G-164-29, Chittimutyalu, HUR 200-57-1, Pusa 1460, NDR
359 and Narendra Usar Dhan Il. Likewise, WGL 23985 was
identified as the best for cycloartenyl ferulate content. The
highest stability and yield combination was noticed for
DHMAS 70G-164-29, followed by CSR 23 and Chittimutyalu
for the second component, 24-methylenecycloartanyl
ferulate. For campesteryl ferulate, Apo was found better
in terms of stable content of the ester molecule. In the
case of B-sitosteryl ferulate and sitostanyl ferulate, CSR 23
performed far superior to all other genotypes in the panel.

Discussion

Because of its excellent health benefits, improving RBO
contentinrice is recently recognized as a breeding objective
because of its excellent health benefits. RBO is commercially
marketed as an edible oil in Asia Pacific with China, India and
Japan as the major producers (Pal and Pratap 2019). RBO
contains ~2% y-oryzanol, a major antioxidant. The nutritional
benefits of RBO earned its popular name ‘heart oil’ in Japan.
These RBO compounds present various health benefits, from
acting as antioxidants to anti-neoplastic agents (Yasukawa
et al. 1998; Oka et al. 2009; Kim et al. 2015). Oryzanols are
commonly produced in the bran layers of the rice grain,
in different quantities and with different constitutions

Table 4. Variance components of multiplicative interaction for y-oryzanol and its components

Source TOT CAF MCF CSF BSF SNF
IPC1 3853.2" (69.9) 234.2" (70.0) 866.3" (79.6) 113.5"(60.2) 145.8" (68.3) 10.2" (69.2)
IPC2 1864.5 (31.1) 113.0" (30.0) 250.4™ (20.4) 84.4™ (39.8) 76.17 (31.7) 5.17(31.8)

Values in parentheses indicate the proportion of variance explained by respective components. IPC = Interaction principal component;
TOT = Total y-oryzanol; CAF = Cycloartenyl ferulate; MCF = 24-Methylenecycloartanyl ferulate; CSF = Campesteryl ferulate; BSF = 3-s

itosteryl ferulate and SNF = Sitostanyl ferulate; ** p < 0.001.

showing the convex hull connecting genotype sitting on
the vertices was used to identify superior genotypes as well
as mega-environments. Although the biplots depicted the
presence of two mega-environments, the grouping could
lead to ambiguity considering the geographical locations
of the sites under study.

In general, the genotype CSR 23 was found to be the
vertex genotype demonstrating superior performance

depending on the varieties (Huang and Ng 2011). Although
recognized to be important in terms of human health
benefits, detailed studies on variability, genetic diversity
and GEl of y-oryzanol content in rice genotypes remain
scanty. This study, therefore, assumes importance as the first
report integrating variability, diversity and GEl of y-oryzanol
production in rice.

Conduction of multi-environment trials (METs) is a
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routine practice by plant breeders to understand the GEl,
recommend genotypes to specific environments, and
delineate the mega-environments (Olivoto et al. 2019). GEI
enables us to understand the stability or consistency of
trait expression under changing environments. Stability
allows the breeder to develop widely adapted or specifically
adapted varieties considering the magnitude of GEI. Further,
understanding GEl is important in the development of
climate-resilient rice varieties. There are several methods to
estimate GEl from METs. Although, linear statistical models
are computationally simple and easy to understand they
suffer from robustness in GEl estimations. Conversely,
several complex models that integrate linear models
and multivariate approaches are currently available that
can bring out concrete information about GEl, including
genotype and environment behaviour and adaptation
affinities. Most popular among these are biplot approaches,
such as AMMI and GGE, and recently WAASB is being used
as a novel unbiased approach (Olivoto et al. 2019; Vineeth
et al. 2022). Although these methods are interrelated, they
also offer specific advantages in investigations of GEI.

The partitioning of total phenotypic variation for
y-oryzanol content and its constituent compounds

indicated that y-oryzanol production can vary between
sites, and shows considerable genotype x environment
interactions. Therefore, the genetics of y-oryzanol in rice
can be concluded as quantitative and is under the regulation
of several contributing genes. Although significant,
the site variance was found to be a relatively nominal
contributor to the total variance, indicating the scope for
developing widely adapted genotypes acceptable to more
diverse environments. Further, a large proportion of total
phenotypic variance was found due to genotype, indicating
relatively high heritability of the trait. Notwithstanding,
the significance of GEl could not be ignored because it was
the second highest contributor to the total variance after
the genotypic effects. Since the genotypes responded
differentially in different test environments (Shukla et al.
1972), it became essential to assess their performance
stability. The pattern of diversity among the genotypes
indicated that most of the common cultivars belong to
the intermediate groups, as it was the largest cluster in the
test panel. We have used principal components (PC) for
diversity partitioning, as they are unbiased and uncorrelated
orthogonal vectors enabling us to obtain the best dispersion
of genotypes between the PC axes. The diversity patternin
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the study panel suggests that high y-oryzanol genotypes are
relatively lower in proportions, while low genotypes can be
found relatively more frequently. Further, the constitution
of y-oryzanol indicated high content of oryzanol C
(24-methylenecycloartanyl ferulate) in rice followed by
campesteryl ferulate and oryzanol A (cycloartenyl ferulate).

In the AMMI approach, the GE component was stratified
into the multiplicative interaction factor called IPCs. IPCs can
easily picture the GEIl pattern since the IPC1 accounts for
the maximum variation in GEl, and IPC2 is the next highest.
In this study, IPC1 accounted for more than 60% of the GE
variation; hence, plotting the genotypes with observed
means against IPC1 scores could provide an opportunity for
simultaneous selection for the genotype performance with
stability. The resultant AMMI1 biplot could reveal that CSR
23 is the winning genotype carrying high y-oryzanol among
the panel, with good stability in y-oryzanol production
across environments. CSR 23 is a salt tolerant semi-dwarf
rice variety having medium slender grains released in India
in 2004. It was developed by the International Rice Research
Institute with the designation, IR52713-2B-8-2B derived from
a three-way cross, IR64//IR4630-22-2-5-1-3/IR9764-45-2-2
(Singh and Gregario 2006). This line can be further used for
breeding for RBO improvement in rice.

Notwithstanding, there are genotypes such as
Chittimutyalu, DHMAS 70G-164-29 and HUR 200-57-1 which
contained ~250 mg kg™ y-oryzanol) showing promise for
further utilization. Chittimutyalu is a popular short grain
aromatic rice from Southern India already known for high
grain Zn and Fe content (Surekha et al. 2019). DHMAS 70G-
164-29 and HUR 200-57-1 are breeding lines.

Since an effective partitioning of GE from genotype
performance is unfeasible, the GGE biplot approach assumes
both components together while assessing the individual
performance. Since the environment is independently
dealt with, the GGE biplot provides an evaluation of the
environment itself. In the biplots, an average environment
axis (AEA) runs through the origin and a hypothetical
average environment in the direction of mean performance
of the individual genotypes represented by an arrow. Test
environments that are closer to the AEA are the most
representative of the ideal environment, while the length
of the environment vectors indicates their discriminating
power. The genotypes are ranked along the AEA backward
starting in the direction of the arrowhead. The selection of
the winning genotypes is carried out from the ‘which-won-
where’ view of GGE biplot. As identified from AMMI analysis,
the genotype CSR 23 was identified as the top winning by
GGE as it remained at the vertex position in the direction of
AEA. For total y-oryzanol, genotypes that ranked after CSR
23 were DHMAS-70G-164-29, Chittimutyalu and HUR-200-57-
1. Better stability of these genotypes could be re-established
by GGE method.

The sites that are representative of the ideal environment
are considered favourable environments (Yan and Tinker
2006). Accordingly, in this study the three test sites could be
ranked in the order of their representativeness as Aduthurai
> Rakhra > Delhi for total y-oryzanol, cycloartenyl ferulate
and sitostanyl ferulate; Aduthurai > Delhi > Rakhra for
campesteryl ferulate and B-sitosteryl ferulate; Rakhra >
Aduthurai > Delhi for 24-methylenecycloartanyl ferulate.
Interpreting the relationships among the sites (Yan and
Rajcan 2002), the angles between Aduthurai and Rakhra
locations were low for total y-oryzanol, cycloartenyl ferulate,
24-methylenecycloartanyl ferulate and B-sitosteryl ferulate,
indicating significantly similar performance between these
two sites. Aduthurai and Delhi sites had a comparable
expression for campesteryl ferulate and sitostanyl ferulate.
The Rakhra site was most discriminative for all the traits,
except for 24-methylenecycloartanyl ferulate content. Delhi
location shared a larger angle with other sites, indicating the
large diversity of this site from the other two.

WAASB index is a relatively new measure of genotypic
stability proposed by Olivoto et al. (2019) that combines
the dual advantages of the graphical view of AMMI biplots
and the prediction accuracy of BLUPs. Like other methods,
WAASB biplots also allow selecting genotypes based on
the joint interpretation of productivity combined with
stability. The advantage of WAASB is the use of GE BLUPs
that provide better statistical prudence. Lower the WAASB
score, higher would be the stability of the genotypes, and
this score is plotted against mean trait values. Genotypes
falling in the quarter where WAASB scores low and trait
mean higher are identified as the superior genotypes with
stable performance. In this method also, WAASB scores
picked genotypes such as CSR 23, DHMAS-70G-164-29 and
Chittimutyalu as superior genotypes for total y-oryzanol
content as identified by other models. A stable genotype
may not necessarily be a high performing genotype.

y-oryzanol is an important component of RBO that
imparts antioxidant quality to the oil. This study could
establish genetic variability and GEl for y-oryzanol content
and its components in a subset of random rice genotypes
suggesting the scope of identifying superior rice accessions
with higher levels of oryzanols. We could demonstrate
that y-oryzanol content in rice shows significant GEl
when grown under varying environments. The study also
suggests that component oryzanols vary by genotype. The
genotypes with higher oryzanol components can be used
for mapping genes responsible for each of the esters and
those genotypes with higher stability and yield can be used
for improving RBO quiality in rice grains through breeding
interventions.
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