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Abstract

Vitamin E is known to scavenge lipid peroxy radicals and has a purported role in preventing
seed deterioration during storage. In our previous studies using 20 rice varieties from different
variety groups, the specific ratio of vitamin E homologues rather than total vitamin E content
was associated with seed longevity. To validate this result, we extended the experiment to a
rice panel composed of 185 Aus (semi-wild rice) varieties. Seed longevity values were deter-
mined through storage experiments at 45°C and 10.9% seed moisture content (MC). Eight
types of vitamin E homologues (α-, β-, γ- and δ-tocopherol/tocotrienol) were quantified by
ultra-performance liquid chromatography. The theoretical initial viability in NED, Ki, was
positively correlated with γ- and δ-tocopherols and negatively correlated with α-tocotrienol.
The time for viability to fall to 50% during storage at elevated temperature and relative humid-
ity, p50, was positively correlated with δ-tocopherol. The harvest MC was negatively correlated
with all seed longevity traits. Taking this factor into account in a genome-wide association
(GWA) analysis, we were able to correct false positives. A consistent major peak on chromo-
some 4 associated with −σ−1 was detected with a mixed linear analysis. Based on rice genome
annotation and gene network ontology databases, we suggest that RNA modification, oxida-
tion–reduction, protein–protein interactions and abscisic acid signal transduction play roles in
seed longevity extension of Aus rice. Although major GWA regions were not overlapped
across traits, three genetic markers, on chromosomes 1, 3 and 4, were associated with both
δ-tocopherol and Ki and two markers on chromosome 1 and 8 were associated with both
δ-tocopherol and p50.

Introduction

Some of the recent research on the International Rice Genebank Collection (IRGC) at the
International Rice Research Institute (IRRI) has focused on understanding and improving
the longevity of rice seeds in storage, to ultimately increase the efficiency and effectiveness of
genebank operations. Some innovations include automated seed sorting to get seeds into the
genebank cold rooms sooner after harvest; changed drying conditions from immediate cool
drying (15°C) to high-temperature drying (40°C) prior to cool drying, which improved the lon-
gevity of seeds, particularly when harvested with high moisture content (MC) (Whitehouse
et al., 2015, 2017, 2018; Timple and Hay, 2018); confirmation of 5-year monitoring intervals
for seeds stored at 5°C (medium-term) (Hay et al., 2015); confirmed correlation between
seed longevity and vitamin E homologue ratios, rather than total vitamin E content (Lee
et al., 2017, 2019a) and through a genome-wide association (GWA) study of diverse Indica
rice varieties, identification of eight loci that are related to longevity parameters for seeds of
Indica rice varieties stored at 45°C and 10.9% MC (Hay et al., 2019; Lee et al., 2019b).
Among these aspects, attention has been given to vitamin E α-, β-, γ- and δ-tocopherol/
tocotrienol homologues, due to their antioxidant role. During seed storage under hot and
humid conditions, oxidative stress and in particular lipid peroxidation occurs and results in
membrane breakdown and cell ageing (Sattler et al., 2004). Vitamin E effectively scavenges
lipid peroxy radicals, thus prolonging seed longevity. Indica is perhaps the largest variety
group of cultivated rice, certainly the most represented within the IRGC, and widely grown
in the lowlands of tropical Asia as well as some areas in the USA and Latin America (Londo
et al., 2006; Wang et al., 2018). In contrast, Aus is a smaller variety group, mainly grown in
Bangladesh and India during the March–August season (Khush, 1997). Aus varieties are
considered more closely related to wild rice species (Londo et al., 2006) with unfavourable
characteristics such as excessively tall plant height, small grain size and high shattering
(Lee et al., 2018). However, they are a potentially important source of genes conferring toler-
ance to abiotic stresses such as drought and zinc deficiency (Bin Rahman and Zhang, 2018;
Lee et al., 2018). The Aus group is less well described than the Indica and Japonica variety
groups, and there is little information about the relative longevity of seeds from Aus varieties.
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In this study, we first screened a diverse Aus rice panel for seed
longevity and conducted GWA analysis for QTL detection.
Secondly, we tested previous conclusions (Lee et al., 2019a) of a
positive correlation between rice seed longevity and the propor-
tion of γ-type vitamin E, and a negative correlation between
seed longevity and the proportion of α- and β-types of vitamin E.

Materials and methods

Plant materials

A total of 185 Aus rice accessions that were included in ‘The 3000
Rice Genomes Project’ (2014) were grown at the Zeigler
Experiment Station of the International Rice Research Institute
(IRRI), Philippines, in the 2016 wet season. Twenty-day-old seed-
lings were transplanted to the field with 200 mm spacing of plants
within and between rows. Seed lots were harvested at 35 d after
peak flowering. Harvest MC was determined by weighing three
replicate samples of ground seeds before and after 2 h oven-
drying at 130°C followed by 1 h over silica gel at room tempera-
ture (ISTA, 2018). Grain colour and pericarp colour were scored
visually (Table 1). After blowing and sorting to discard immature,
damaged, off-type or diseased seeds, seed lots were dried at 15°C,
15% relative humidity (RH) and then transferred to foil-laminate
bags and stored at −20°C until the seed storage experiments
commenced.

Seed storage experiments

Foil bags were removed from −20°C storage and allowed to equili-
brate to room temperature before opening and removal of seeds.
Seed water content was adjusted at 60% RH, 25°C in a climate test
chamber (Model VC3 0034-M; Vötschtechnik, Germany) to
achieve a target MC of 10.9% (fresh weight basis) and then
seeds were sealed inside foil-laminate bags and placed at 45°C.
Samples were taken at 0, 7 and 14 d, then at 4 or 10 d intervals
for up to 42 or 60 d of storage. For each sample, two replicates
of 30 seeds were placed on two layers of Whatman No. 1 filter
paper with 7 ml distilled water in 90 mm-diameter Petri dishes.
Seeds were incubated at 30°C with 12 h light per day and germin-
ation was scored for up to 21 d after sowing (0 d-storage sample

were scored daily and other storage treatments were scored at 5, 9,
14 and 21 d). MC was determined as above, at the outset, during
and end of storage using the seeds from three further packets at
each sampling time. Probit analysis of germination data was per-
formed using GenStat version 18 (VSN International Ltd, Hemel
Hempstead, UK). Seed longevity parameters from the Ellis and
Roberts (1980) viability equation were estimated: Ki, the initial
viability in normal equivalent deviates (NED); and −1/σ, the
slope of the transformed survival curve (i.e. change in viability
in NED d−1). The p50, the time (d) for viability to fall to 50% dur-
ing storage at 10.9% MC and 45°C was also estimated.

Vitamin E analysis

Vitamin E in de-hulled (palea and lemma removed) seeds was
analysed following Ko et al. (2003). Briefly, the ground sample
(50 g) was mixed with 300 ml n-hexane for 2 h, then concentrated
by evaporating hexane using nitrogen gas. The lipid extract (0.5 g)
was mixed with 2 ml 5% pyrogallol solution in ethanol and 20 ml
ethanol. After boiling at 70°C, 1 ml of 50% aqueous KOH was
added for the 5 min saponification. The sample was extracted
by 50 ml diethyl ether, washed with 20 ml distilled water, filtered
through anhydrous sodium sulphate and evaporated at 30°C. The
residue was diluted with 10 ml n-hexane and filtered through a
Millipore 0.2 μm membrane. Individual vitamin E homologues
were quantified by ultra-performance liquid chromatography
(UPLC, H-Class System, Waters, Massachusetts, USA) at 298 nm
excitation and 325 nm emission with a Lichrospher Si-60 column
(250 × 4.6 mm i.d.; Merck Co., Gernsheim, Germany). Descriptive
statistics of all traits and correlations were analysed using STAR
v2.0.1 (International Rice Research Institute).

GWA analysis

GWA analysis was performed using TASSEL 5.2.7 (Bradbury
et al., 2007) based on the 446k (filtered for 20% missing data
and minor allele frequencies <5%) single nucleotide polymorph-
isms (SNP) marker data of The 3000 Rice Genomes Project
(Wang et al., 2018). A mixed linear model (MLM) with a kinship
matrix was applied and plots above a significance threshold (P <
3.00 × 10−5) were considered as major QTL associated with the

Table 1. Phenotypic traits measured for 185 Aus rice accessions

No. Trait Description Range Mean (SD)
Coefficient of
variation (%)

1 Ki Initial viability in normal equivalent deviates (NED) 0.84–8.36 3.28 (1.28) 38.98

2 −σ−1 σ is the length of time (d) for viability to fall by 1 NED
at 10.9% MC and 45°C

−0.72 – −0.06 −0.22 (0.09) −40.94

3 p50 Length of time for viability to fall to 50% at 10.9% MC
and 45°C

2.43–54.20 16.90 (8.94) 52.90

4 Days to flowering Days from sowing to flowering 66.00–121.00 80.01 (12.45) 15.56

5 Harvest moisture
content

Seed moisture content at harvest (% fresh weight) 12.35–34.28 22.33 (3.26) 14.58

6 Grain colour Whitish (1), gold (3), brown (5), red (7), purple (9),
black (11)

1.00–11.00 3.49 (3.19) 91.25

7 Pericarp colour Pure white (1), white (1.5), brown (2), pale red (2.5), red
(3), dark red (3.5)

1.00–3.50 2.48 (0.72) 28.98

8 Vitamin E content mg g−1 oil from brown rice 0.29–0.66 0.51 (0.08) 16.00
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traits. For haplotype analysis, SNP markers in the region of major
QTL were extracted from the Rice SNP-Seek Database (http://snp-
seek.irri.org) containing genotype data of The 3000 Rice Genomes
Project (Wang et al., 2018) and effects of haplotype on the pheno-
type were determined.

Results

Due to variation in flowering date (66–121 d from sowing to flow-
ering), accessions were harvested on different dates (between 6
August and 16 October) under different weather conditions.
The harvest MC (% fresh weight) ranged between 12.4 and 34.3%.

The mean MC of the seeds during storage at 45°C in foil bags
was 11.09% (SD 0.39) (three replicate observations per accession
on each of three occasions) and did not vary significantly depend-
ing on sampling time.

Many accessions showed evidence of dormancy at the start of
storage, with germination increasing during the early phase of
storage, before declining as the seeds aged and lost viability
(Supplementary Figs S1–S13). Because there were, in general,
insufficient data to characterize the breaking of dormancy, the
probit analysis to describe the loss of viability only used data in
which germination was declining. Some accessions lost viability
relatively quickly, with little or no germination after 20 d in stor-
age (e.g. IRGC 120876, 120915, 125757, 126123, 127170, 127236,
127528, 128297); other seed lots showed some germination after
50 d in storage (e.g. IRGC 127130, 127228, 127481, 127652,
128369, 132306). Thus, there was a wide variation in the results
of the probit analysis for each accession.

The initial seed lot viability, Ki, ranged between 0.84 (IRGC
127796) and 8.36 NED (IRGC 127652) with a mean of 3.28
NED (Table 1). The slope of the survival curves, −σ−1 ranged
between −0.72 (IRGC 127253) and −0.06 (IRGC 127903) NED
d−1 with a mean of −0.22 NED d−1. The estimate of p50 ranged
between 2.43 (IRGC 127454) and 54.20 (IRGC 127652) d with
a mean of 16.90 d. A total of 90 accessions composed of 30
high, 30 intermediate and 30 poor seed longevity were selected
for vitamin E analysis. Total vitamin E content in de-hulled
seeds ranged between 0.29 and 0.66 mg g−1 oil (accessions
IRGC 128442 and 127139, respectively), with a mean of
0.51 mg g−1 oil.

There was no significant correlation between total vitamin E
content and seed longevity in this (data not shown) and previous
studies (Lee et al., 2017, 2019b). We further tested correlations
between proportions of each vitamin E homologue and seed lon-
gevity. Ki was positively correlated with γ- and δ-tocopherols (cor-
relation coefficient, r = 0.254 (P < 0.05) and 0.282 (P < 0.01),
respectively) and negatively correlated with α-tocotrienol (r =
−0.245; P < 0.01) (Table 2). The parameter p50 was positively cor-
related with δ-tocopherol (r = 0.233; P < 0.05). The parameter
−σ−1 did not correlate with any vitamin E homologues.
Pericarp colour (scores between 0 and 3.5 from pure white to
dark red) was positively correlated with all seed longevity values
(P < 0.001 for Ki and −σ−1 or P < 0.0001 for p50). Seed harvest
MC (% fresh weight) was strongly negatively correlated with all
seed longevity values, especially p50 (r = −0.600; P < 0.0001)
(Table 2 and Fig. 1A). Seed harvest MC was also negatively cor-
related with days to flowering (r = −0.334; P < 0.0001), which
indicates the tendency of decline in harvest MC in later-maturing
seeds.

GWA analysis was conducted for seed longevity and other
associated traits such as α-tocotrienol, δ-tocopherol and pericarp

colour (Fig. 2; Supplementary Fig. S14). The initial Manhattan
plot on p50 showed one significant single marker on chromosome
5 and a large consistent peak on chromosome 6 (Fig. 1B). As har-
vest MC was an environmental factor strongly affecting seed lon-
gevity, we took this factor into account in the analysis to correct
false positives (Figs 1C and 2). Three of the most significant single
markers (P-value < 3.00 × 10−5) on chromosomes 4 and 5 were
associated with Ki (Fig. 2 and Table 3). Eight significant single
markers on chromosomes 2, 3, 5, 6, 7, 9 and 11 were associated
with p50. Two single markers on chromosome 2 and a consistent
major peak on chromosome 4 were associated with −σ−1. These
significant markers were located in genes or in the range of
3549 basepair (bp) downstream and 6505 bp upstream of the
nearest genes (Table 3). Major loci associated with each trait dif-
fered (Fig. 2). However, a number of minor loci (P-value > 3.00 ×
10−5) were associated with multi-traits (Table 4). Seven markers
on chromosomes 2, 6, 8, 10, 11 and 12 associated with both Ki

and p50, with P-values between 7.78 × 10−4 and 1.71 × 10−5

(Table 4). These markers were located in the genes or in the
range of 7740 and 289 bp downstream of the nearest gene.
Three markers on chromosomes 1, 3 and 4 were associated
with both δ-tocopherol and Ki (Fig. 3). Two markers on chromo-
somes 1 and 8 were associated with both δ-tocopherol and p50.
The allelic effects of those markers on phenotype values were esti-
mated through haplotype mapping. The presence of favourable
haplotypes (green shaded) was associated with enhancements of
δ-tocopherol and Ki. Genotype no. 1 with favourable haplotypes
on all markers had higher δ-tocopherol (120%) and Ki (67%)
compared with genotype no. 5 which lacked favourable haplo-
types (Fig. 3A). The favourable haplotypes with the two markers
on chromosomes 1 and 8 (genotype no. 1) enhanced both
δ-tocopherol and p50, by 100 and 116%, respectively, when com-
pared with the negative group (genotype no. 3) (Fig. 3B).

Discussion

Seed longevity is a complex trait, with high phenotypic plasticity
(Leprince et al., 2017). This makes it difficult to identify the
molecular basis of this trait. For example, our recent study
using seeds of diverse Indica rice varieties produced during the
2015 dry season at IRRI identified that harvest MC, which
depends on the environmental conditions at the time of harvest
once seeds are in the late maturation phase, was more strongly
correlated with p50 (r-value −0.344; P < 0.0001) than any genetic
trait (Lee et al., 2019b). The current study, using seeds of Aus var-
ieties produced in the 2016 wet season, showed a stronger correl-
ation (r = −0.600; P < 0.0001) between harvest MC and p50
(Table 2). This led to the identification of loci which were a con-
sequence of harvest MC and hence progression through the late
maturation phase, rather than being associated with longevity
per se (Fig. 1B). Another factor that significantly affects seed lon-
gevity is the post-harvest drying conditions. Whitehouse et al.
(2018) reported that subsequent seed longevity at 10.9% MC
and 45°C is improved for seeds that are harvested with a high
MC, if seeds are initially dried at a higher temperature (45–60°C)
prior to routine cool (15°C) drying. Therefore, the effect of seed
drying condition on subsequent seed longevity may also interfere
with the genetic analysis of this trait. For accurate QTL analysis,
such environmental factors must be controlled or well addressed
in genetic analysis. Thus, while we have attempted to identify
genes with a role in Aus seed longevity, for gene validation
purposes, it would be important to screen accessions produced
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Table 2. Correlation coefficients (Spearman’s) for the traits potentially associated with seed longevity in a diverse Aus rice panel

−σ−1 p50
Days to
flowering

Harvest
moisture
content

Grain
colour

Pericarp
colour

Proportion of vitamin E homologues

α-T β-T γ-T δ-T α-T3 β-T3 γ-T3 δ-T3

Ki −0.245*** 0.551**** 0.044ns −0.365**** 0.041ns 0.254*** −0.173ns −0.135ns 0.254* 0.282** −0.245** 0.051ns 0.102ns 0.102ns

−σ−1 0.591**** 0.224** −0.389**** 0.152* 0.260*** 0.133ns 0.153ns −0.093ns −0.034ns 0.119ns −0.018ns 0.048ns 0.098ns

p50 0.207** −0.600**** 0.183* 0.415**** −0.025ns −0.010ns 0.153ns 0.233* −0.104ns 0.054ns 0.079ns 0.158ns

Days to flowering −0.334**** 0.107ns 0.089ns 0.066ns −0.110ns −0.028ns 0.038ns −0.069ns −0.171ns 0.084ns −0.014ns

Harvest moisture
content

−0.025ns −0.243*** −0.040ns −0.021ns 0.116ns 0.063ns −0.015ns 0.165ns −0.036ns −0.184ns

Grain colour 0.315**** −0.170ns −0.027ns 0.187ns 0.170ns −0.142ns 0.116ns 0.030ns 0.327**

Pericarp colour −0.110ns 0.091ns 0.160ns 0.224* −0.101ns 0.299** −0.040ns 0.245*

α-T 0.818**** −0.823**** 0.635**** 0.874**** 0.048ns −0.862**** −0.518****

β-T −0.672**** −0.388*** 0.764**** 0.227* −0.815**** −0.229*

γ-T 0.849**** −0.903**** 0.154ns 0.496**** 0.277**

δ-T −0.752**** 0.199ns 0.300** 0.259*

α-T3 0.110ns −0.722**** −0.365***

β-T3 −0.385*** 0.158ns

γ-T3 0.395***

Harvest moisture content (italics) was considered as an environmental factor for the GWAS.
Significant at *P < 0.05; **P < 0.01, ***P < 0.001; ****P < 0.0001; ns, not significant (P > 0.05)
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Fig. 1. (A) Correlation between harvest moisture content (%) and p50 (d) for 185 Aus rice accessions. Correlation coefficient (r) was significant at ****P < 0.0001; (B)
GWA analysis (MLM) of seed longevity value ( p50) without considering harvest moisture content as an environmental factor. A large false positive peak appeared on
chromosome 6; (C) GWA analysis (MLM) of seed longevity value ( p50) with including harvest moisture content as a covariate of p50.

Fig. 2. GWA analysis (MLM) of seed longevity traits (Ki, −σ−1 and p50) and other traits (α-tocotrienol and δ-tocopherol) significantly correlated with seed longevity.
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Table 3. SNP markers most significantly (P-value < 3.00 × 10−5) associated with seed longevity traits

No.
Associated

trait Marker ID Chr. Position P-value
R2

(%)
Gene nearest to

marker Annotation
Location of
markers

1 Ki 117684625 4 2062633 2.04 × 10−5 11 LOC_Os04g04380 Retrotransposon protein 3549 bp
downstream

2 121895448 4 6273456 5.07 × 10−6 12 LOC_Os04g11470 Retrotransposon protein 2790 bp
upstream

3 153510853 5 2386167 1.83 × 10−5 11 LOC_Os05g04950 Protein-binding protein 1st exon

4 −σ−1 44113975 2 843052 2.10 × 10−5 11 LOC_Os02g02410 DnaK family protein 380 bp
upstream

5 67039297 2 23768374 1.59 × 10−5 10 LOC_Os02g39384 Expressed protein 52 bp
downstream

6 137281281 4 21659289 8.94 × 10−8 15 LOC_Os04g35550 Expressed protein 2035 bp
downstream

7 137310536 4 21688544 5.76 × 10−6 12 LOC_Os04g35570 Regulator of
chromosome
condensation
domain-containing
protein

238 bp
downstream

8 137347478 4 21725486 7.86 × 10−7 13 LOC_Os04g35650 Pentatric opeptide UTR 3′

9 137355302 4 21733310 3.98 × 10−6 13 LOC_Os04g35660 No apical meristem
protein

313 bp
upstream

10 137360590 4 21738598 6.74 × 10−7 13 LOC_Os04g35670 Retrotransposon protein 102 bp
upstream

11 137370348 4 21748356 2.69 × 10−5 9 LOC_Os04g35680 U-box
domain-containing
protein

799 bp
downstream

12 137386114 4 21764122 2.13 × 10−6 11 LOC_Os04g35710 Hypothetical protein 430 bp
downstream

13 137397326 4 21775334 2.13 × 10−6 11 LOC_Os04g35730 Transposon protein 4671 bp
upstream

14 137400975 4 21778983 8.30 × 10−6 10 LOC_Os04g35739 Retrotransposon protein 6505 bp
upstream

15 137448650 4 21826658 2.05 × 10−6 11 LOC_Os04g35810 Expressed protein 439 bp
downstream

16 137514998 4 21893006 6.83 × 10−7 13 LOC_Os04g35900 Translocon Tic40 19 bp
upstream

17 137531898 4 21909906 2.38 × 10−6 11 LOC_Os04g35930 OsFBX134 - F-box
domain-containing
protein

1035 bp
upstream

18 137565627 4 21943635 2.97 × 10−5 9 LOC_Os04g35990 OsFBX136 - F-box
domain-containing
protein

5th intron

19 p50 67091629 2 23820706 1.82 × 10−6 9 LOC_Os02g39480 Protein phosphatase 2C 535 bp
downstream

20 82483859 3 3275686 2.93 × 10−5 6 LOC_Os03g06520 Sulphate transporter 2nd intron

21 163889393 5 12764707 2.00 × 10−5 7 LOC_Os05g22480 Retrotransposon protein 2nd exon

22 169096796 5 17972110 2.69 × 10−5 8 LOC_Os05g30950 MSP domain-containing
protein

1406 bp
upstream

23 181572233 6 489113 1.71 × 10−5 9 LOC_Os06g01870 Expressed protein 803 bp
downstream

24 227031602 7 14699695 1.71 × 10−5 8 LOC_Os07g25640 Retrotransposon protein 6th exon

25 271536787 9 1064237 6.44 × 10−6 9 LOC_Os09g02560 Expressed protein 2nd exon

26 344302514 11 27609957 2.38 × 10−5 6 LOC_Os11g45620 Rust-resistance protein
Lr21

814 bp
upstream

138 J.‐S. Lee et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0960258520000173
Downloaded from https://www.cambridge.org/core. Aarhus Universitets Biblioteker, on 08 Jan 2021 at 07:03:02, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0960258520000173
https://www.cambridge.org/core


in different seasons and perhaps with different drying treatments,
depending on harvest MC.

Longevity parameters (Ki, −σ−1 and p50) observed in this study
for seeds of Aus varieties were similar to those observed for seeds
of Indica varieties stored in the same way (Lee et al., 2019b). For
example, p50 ranged between 5.41 and 59.12 d for Indica acces-
sions (maximum for each accession across sequential harvests)
with a mean of 24.24 and coefficient of variation (CV) of
44.32%, compared with a range of 2.43 to 54.20 for Aus

accessions, with a mean of 16.90 and CV of 52.90% (Table 1).
The variation in the slope, −σ−1, in both studies, again demon-
strates that the Ellis and Roberts (1980) viability equation should
be used with some caution to make predictions of longevity in
storage, at least across very diverse rice accessions (Whitehouse
et al., 2018).

Seed longevity loci of Indica (Lee et al., 2019b) and Aus (cur-
rent) rice panels did not coincide. This was possibly due to the
intraspecific variation in genomic structure (Wang et al., 2018).

Table 4. SNP markers associated with multi-traits

No. Marker ID Chr. Position
Associated

trait P-value
Gene nearest to

marker Annotation
Location of
marker

1 59648488 2 16377565 Ki 1.88 × 10−4 LOC_Os02g27640 Retrotransposon
protein

3th intron

p50 8.11 × 10−5

2 181572233 6 489113 Ki 7.38 × 10−4 LOC_Os06g01870 Expressed protein 803 bp
downstream

p50 1.71 × 10−5

3 199290474 6 18207354 Ki 1.85 × 10−4 LOC_Os06g31290 Expressed protein 2224 bp
downstream

p50 8.03 × 10−5

4 252150287 8 10120759 Ki 8.28 × 10−5 LOC_Os08g16530 Retrotransposon
protein

4th exon

p50 2.20 × 10−4

5 315490397 10 22005127 Ki 6.78 × 10−4 LOC_Os10g40990 Flavonol synthase 7740 bp
downstream

p50 7.84 × 10−5

6 320077635 11 3385078 Ki 9.46 × 10−5 LOC_Os11g06900 Amidase family
protein

8th intron

p50 7.78 × 10−4

7 352879193 12 7165530 Ki 2.11 × 10−4 LOC_Os12g12920 Hypothetical
protein

289 bp
downstream

p50 8.75 × 10−5

Fig. 3. Haplotype effects on δ-tocopherol and seed
longevity traits in a diverse Aus rice panel. The acces-
sions with the absence of genotype data on the
regions were not included in this figure.
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Among 19 sub-groups of 3010 diverse rice accessions, there was a
large gap in genomic structures between Indica and Aus groups.
McCouch et al. (2016) also discovered subgroup-specific alleles
associated with grain traits in 1953 diverse rice accessions.
Famoso et al. (2011) identified clear SNP variation in three
exon regions of the Nrat1 Al tolerance gene between Aus and
Indica varieties. With this evidence, we speculate that different
rice groups may have different mechanisms conferring high
seed longevity. TPP7, a trehalose-6-phosphate phosphatase played
an important role in seed longevity extension in near-isogenic
lines (NIL) derived from the cross between temperate Japonica
(short survival time) and Aus (long survival time) parents
(Sasaki et al., 2015). However, in many Indica accessions, there
was a large deletion in the TPP7-region, thus this gene is not
functional in Indica group (Kretzschmar et al., 2015). In the
Indica panel, a major mechanism conferring high seed longevity
was related to DNA repair and transcription rather than TPP7
(Lee et al., 2019b).

Among 26 candidate genes where the most significant SNP
markers located on or nearby, 13 genes are expressed genes, hypo-
thetical genes or (retro-)transposon proteins (Table 3). The func-
tion of these genes has not been examined in detail, mainly due to
the lack of technologies elucidating their expressions and functions.
However, recent biological studies revealed that those genes are
potentially important in biological processes as well as stress toler-
ance (Ijaq et al., 2019; Yang et al., 2019). Among seven SNP mar-
kers associated with multi-traits (Ki and p50), two, one and two
markers were on or nearby expressed genes, hypothetical genes
and retrotransposon proteins, respectively; the other two were
located on annotated genes (Table 4). Further integrative
approaches combining systems-genetics and networking functions
will be key to unravelling the role of those genes.

• LOC_Os05g04950, associated with Ki, was annotated to
protein-binding proteins (Rice Genome Annotation Project;
accessed on 22 September 2019). Based on gene ontology
with networking genes (RiceNet v2, accessed on 22
September 2019; Lee et al., 2015), this gene involved protein
modification process, lipid metabolic process and RNA
modification.

• LOC_Os04g35650 associated with −σ−1 was annotated to pen-
tatric opeptide which is a kind of RNA binding protein mediat-
ing gene expression in the nucleus as well as organelles (Manna,
2015). This gene was connected with LOC_Os06g30380 and
LOC_Os08g29110 which are related to RNA modification and
oxidation reduction, respectively.

• LOC_Os04g35930 and LOC_Os04g35990, associated with
−σ−1, were annotated to OsFBX134 - F-box domain-containing
protein which is known to mediate protein–protein interactions
(Ho et al., 2006).

• LOC_Os02g39480, associated with p50, was annotated to pro-
tein phosphatase 2C which is a central component in abscisic
acid signal transduction (Rodriguez, 1998).

• LOC_Os11g45620, associated with p50, was annotated to
rust-resistance protein Lr21. There was no other network
gene, but since this gene was highly expressed in mature
seeds (Rice Genome Annotation Project), we speculate that it
may play a role in the seed defence mechanism, i.e. oxidative
stress occurring during seed storage.

Further gene validation studies are needed to confirm the roles
of these highlighted genes.

Previous (Lee et al., 2017, 2019a) and current studies consistently
showed that high proportions of γ- and δ-types of vitamin E homo-
logues were positively correlated with seed longevity (Table 2). This
could be due to more efficient and synergistic antioxidant activity
of γ- and δ-homologues when compared with α- and β-types
(Kadoma et al., 2006; Jiang, 2014; Kim, 2014). Hence, we recommend
that breeding programmes for improving seed longevity of elite rice
varieties focus on increase in proportions of γ- and δ-vitamin E
homologues rather than total vitamin E content. Pericarp colour
was positively correlated with p50, which indicated stronger correla-
tions than that of γ- and δ-vitamin E homologues (Table 2). Pericarp
colour is known to contain various antioxidants such as flavonoids
(Goufo and Trindade, 2013).Marker 315490397 on chromosome 10
at position 22005127 associated with both Ki and p50 located at
7740 bp downstream of the flavonol synthase gene (Table 4). With
this evidence, there is a possibility that in Aus rice, other types of
antioxidants, besides vitamin E, that are abundant in pericarp colour
can play an important role in extending seed shelf life. Our comple-
mentary studies on seedmetabolite profiling also suggest the specific
types of flavonoids are relevant to high germination rate after seed
storage (not published).

Conclusion

In line with previous studies, we confirmed that a high proportion
of γ- and δ-type homologues rather than total vitamin E content
was associated with seed longevity in a large rice panel. This con-
firmation revisited a theory of prolonged seed longevity via an
antioxidant mechanism. Red pericarp colour containing other
types of antioxidants was also correlated with high seed longevity.

Based on the comparative genetic analysis, we observed totally
different QTL regions between GWA mapping with and without
taking into account harvest MC. This environmental factor, which
depends on ambient humidity of the harvest date, strongly inter-
fered with genetic analysis. We, therefore, concluded that along
with accurate phenotyping methods, interpretation of data in
the context of environmental factors is extremely important in
discovering the correct genes associated with the trait. Identified
gene functions such as RNA modification and oxidation reduc-
tion, and/or SNP markers associated with both high
δ-tocopherol and seed longevity traits (Ki and p50) would be use-
ful information in further vitamin E-seed longevity studies.

Supplementary material. To view supplementary material for this article,
please visit: https://doi.org/10.1017/S0960258520000173.
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