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“Variety is the very spice of life, That gives it all its flavor.”

William Cowper
“Of all things, I liked books best.”

Nikola Tesla
“Food is the moral right of all who are born into this world.”

Norman Borlaug
“If we crave some cosmic purpose, then let us find ourselves a worthy goal.”

Carl Sagan
“No man is an island, entire of itself; every man is a piece of the continent, a part of the main.”

John Donne
“Science is not only a disciple of reason but, also, one of romance and passion.”

Steven Hawking
“Failure is success in progress.”

Albert Einstein
“Practice must always be founded on sound theory, and to this Perspective is the guide and the gateway; and without this nothing
can be done well in the matter of drawing.”

Leonardo Da Vinci

Figures redrawn from Maclean, Hardy, and Hettel, 2013.



iii

WAGENINGEN UNIVERSITY & RESEARCH

Abstract
Plant Sciences

Wageningen Plant Research

Master of Science

Rice Seed Longevity

by SMA (Stefan) VROOM

Seed longevity, defined as seed vigour after drying; is an important trait in the future of plant breeding, as food
security becomes evermore important. Increase in seed longevity gives seedlings a head start and thus can result in
better yields. Genes involved in seed longevity are numerous. In this study focus was put on rice, the crop that feeds
near half of the world’s population and, more specifically the Rc gene in rice and its ortholog gene TT8 among other
genes involved in the flavonoid biosynthesis pathway in thale cress. The flavonoid biosynthesis pathway is known
for its production of antioxidant components, such as proanthocyanidin. Studies by others have elucidated that the
Rc is encoding for a bHLH transcription factor and is involved in the production of proanthocyanidin. Furthermore,
others found out that under dry conditions elevated partial pressure of oxygen decreases seed longevity for many
different plant species. This study illustrates the effect on seed longevity by proanthocyandin accumulation of the
pericarp of rice under elevated partial pressure of oxygen under different humidity levels. For this, two nearly-isogenic
lines were used that either had a functional or non-functional Rc gene. This study showed that in rice it was shown
that the Rc gene increases seed longevity under EPPO conditions under various humidities and also decreases the
permeability of the pericarp of the seed. It does this by encoding for bHLB transcription factor which is involved in
the transcription of Rd, which indirectly gives the rice a red colour as the condensed tannins colourise under oxidation.
The increase in resistance against oxygen is most likely caused by the accumulation of proanthocyanidins, since they
have show decent antioxidant activity. In thale cress results were contradicting with the Rc ortholog i.e. TT8, perhaps
this is because of different accumulation of flavonoids altering the total antioxidant capacity in opposite fashion.
Furthermore, research in to other thale cress genes showed large differences in seed longevity; one of these mutations
resulting in an increased seed longevity which could be readily explained was the ban5 gene. The ban5 mutation was
accumulating more anthocyanidins than proanthocyanidin in the pericarp; this results in a higher total antioxidant
activity. Exciting opportunities await in the realm of seed longevity research and enough information is available
already to incorporate in to a breeding program. Genes that are worth researching in rice seed in terms of longevity
include but are not limited to: PIMT1, Cht-2, Cht-3 and Kala4.
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Chapter 1 Introduction
This chapter introduces the aspects of rice seed longevity.

1.1 Rice Seed
This section focuses on the physiological and genetic aspects of rice seed longevity and why it demands improve-

ment.
1.1.1 Cultivation and Culture

The start of Oryza spp.i.e. rice, cultivation, dates back either to 6500 BCE near the Yangtze (Traditional Chinese:p
k [Long river]), which is based on archaeological discoveries (Normile, 1997; Deng et al., 2015) or near the middle of
the Zhujiang (Traditional Chinese: µ k [Pearl River]) located in the Guanxi province, based on genomic mapping (X.
Huang et al., 2012). As of today, for low and low-middle income countries, rice is the dominant food crop (Maclean,
Hardy, and Hettel, 2013). Especially for these countries, it will be bene�cial to have improved seed storage.

Rice is grown on all continents except on crop-less Antarctica. Next to that rice is integrated in many cultures
across the world, where it pays a strong contribution to culture and is celebrated through festivals and religious events
(Chauhan, Jabran, and Mahajan, 2017). Furthermore, rice straw can be used to make useful things such as hats (Ü W)
and sandals (• ý ). Moreover, rice straw, as well as brown rice can be used as mushroom substrate.

Two species of rice are currently being cultivated; African rice: O. glaberrimaand Asian rice: O. sativa, the latter
feeds nearly half of the Homo sapienspopulation. Asian rice, knows two subspecies that have been distinguished for
over 2000 years, namelyO. sativa ssp. indica(Chinese/Japanese:# ) and O. sativa ssp. japonica(Chinese/Japanese:¢ )
(Maclean, Hardy, and Hettel, 2013; 3,000 Rice Genomes Project, 2014; W. Wang et al., 2018).
1.1.2 Motivation

Where seed vigour increases, germination time shortens, allowing for bene�cial factors, e.g. faster rooting, in-
creased stress tolerance, such as to competing weeds, resulting in better yields (Bewley, Bradford, Hilhorst, et al., 2012;
Stewart and Bewley, 1980).
1.1.3 Development

After a fusion of male and female gametes, a zygote is formed. Through embryogenesis the zygote develops into
an embryo, storage organs such as the endosperm are formed and the maternal integument layers morph into testa
(seed coat). Nutrition, gene expression and hormones play an important role in further development, quality and size
of seeds (Bewley, Bradford, Hilhorst, et al., 2012).
1.1.4 Shattering and Dormancy

Spreading of seeds in space and time, succeeds through seed shattering and seed dormancy, respectively.Shat-
tering, is the physical dispersal of seeds. Dormancy, is state of rest of the seed, where the seed is not triggered to
germinate under the species speci�c germination conditions. In general dormancy inducing/breaking conditions are:
water, temperature, light and chemicals e.g. smoke. Dormancy can arrive from seed development, as primary dor-
mancy or dormancy can be induced during a state of non-dormancy, as secondary dormancy. Furthermore, there are
species other than rice, where seeds require periods of warm, followed by cold temperatures to break dormancy, i.e.
warm strati�cation (WS) and cold strati�cation (CS), respectively. Finally, similar conditions can trigger germination
in non-dormant seeds, as shown in �gure 1.1 (Bewley, Bradford, Hilhorst, et al., 2012).

Figure 1.1: Dormancy cycle, image modi�ed from Bewley, Bradford, Hilhorst, et al., 2012

Phytohormones
Two hormones are primarily involved with dormancy. Abscisic acid (ABA), ABA is relevant to seed quality that in

can induce and maintain the seed dormancy and is assosciated with reaction to environmental stresses. Gibberellins
(GAs), GAs are relevant to seed longevity in that it can break dormancy. In plants GA 1 and GA4 can be found. While
in bacteria and fungi other GAs can be found (Bewley, Bradford, Hilhorst, et al., 2012). Not to mention GAs play an
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important role of rice internode elongnation; e.g. under complete submergence (�ooding) by products of SNORKEL 1
and 2 genes. These genes can aid in a breeding program to prevent plants from drowning (Hattori et al., 2009). Perhaps
these genes can also aid in underwater germination. Nottomention, stem elongnation can help young seedlings thrive
in a competitive weedy environment by increasing the odds of receiving direct sunlight.
1.1.5 Germination

Germination sensu stricto is observed upon until radicle emergence as result of expansion of cells. Germination,
may be dependent on several factors such as light, oxygen, water availability and temperature (Bewley, Bradford,
Hilhorst, et al., 2012).
1.1.6 Longevity

The seed viability after the drying of seeds (storability) de�nes seed longevity (Rajjou and Debeaujon, 2008). Seed
longevity is ensured by ideal genetic material and optimal storage of seeds. Optimal storage can be de�ned as hav-
ing the right temperature, moisture conditions and measurements against pathogens and pests (Bewley, Bradford,
Hilhorst, et al., 2012). Deterioration of seeds is usually associated with factors such as increased moisture content,
temperature, oxygen and fungal,bacterial and insect activity. With increased moisture content and temperature; en-
zyme activity can go up. Enzymes such as lipoxygenase can decrease seed longevity (J. Huang et al., 2014; Ma et al.,
2015; H. Xu et al., 2015). While, embryonic repair enzymes can improve seed longevity (Wei et al., 2015).
Ageing

F. Wang et al., 2012 note that regarding the mechanisms of seed ageing several mechanisms that have been pro-
posed include but are not limited to: oxidative stressand lipid peroxidation and degradation(McDonald, 1999; Shin, Kim,
and An, 2009; Wilson, 1986; Zou et al., 2002).
Viability

Viability, the ability, for a seed, to live succesfully can be described using the mathematical probit ( prob ability +
unit ) model:

v = Ki � p/ s (1.1)

Where v probit of percent viability, Ki the seed initial quality indicator, p is the time-dependent expected seed loss and
s the environmental conditions (Bewley, Bradford, Hilhorst, et al., 2012). The probit function can be transformed to a
germination curve using the error function (Alu, 2011), as shown in equation 1.2.

F (v) =
1
2

h
1 + er f

� v
p

2

�i
(1.2)

Temperature and seed moisture content
Further expansion on R. Ellis and E. Roberts, 1981 Seed Viability Equation includes the effect of temperature and

seed moisture content:
log s = Ke � Cw log m � ChT � CqT2 (1.3)

Where: Ke is a species constant and equals 8.668 for O. sativa,m the seed moisture as fresh weight basis, T is the
temperature, Ch and Cq are emperically derived species speci�c temperature constants from experiments with varying
temperature and moisture contents, Cw is the moisture constant. For O. sativa Cw is estimated at 5.03. Whereas,
temperature constants Ch and Cq are universally estimated at 0.0329 and 0.000478, respectively (Flynn and Turner,
2004; Bewley, Bradford, Hilhorst, et al., 2012), as shown in �gure 1.2.

(a) Effect of temperature (b) Effect of humidity

Figure 1.2: Theoretical rice seed viability with initial germination rate of 99.9% and the effect of temperature and
varying relative humidities (calculated from seed moisture content), p50 indicates 50% of the seeds fail to germinate
(R. Ellis and E. Roberts, 1980; Cromarty, R. H. Ellis, E. H. Roberts, et al., 1982). With viability constants derived from a

single seed lot (Flynn and Turner, 2004).

As seed moisture content (and thus water activity) increases when seeds move from dry (30-40% RH) to humid
(60%) storage, factors such as enzymatic activity, non-enzymatic browning and lipid oxidation increase (Labuza and
Dugan Jr, 1971), as shown in �gure 1.3.
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Figure 1.3: Effect of water activity ( aw) on seed lipid oxidation, non-enzymatic browning, enzyme activity, bacteria
growth, mold growth and yeast growth; illustration by Labuza and Dugan Jr, 1971.

Fungi et al.
Fungi can be classi�ed as (1), �eld fungi and (2), storage fungi. Field fungi, invest the seeds during developmental

stages and before harvest periods of the plants. Whereas, storage fungi invest the seeds during the storage period of
the seeds. Nonetheless, they both require high levels of relative humidity for reproduction, growth and enzymatic ac-
tivity (Bewley, Bradford, Hilhorst, et al., 2012). An example of a devastating fungus, is primarily seedborne Gibberella
fujikuroi, causing the foolish rice disease (translated from Japanese:   v QO ).This fungus produces an accessive
amount of gibberellins that damages the plant (Sparks, Castilla, and Vera Cruz, n.d.). Research indicates, the sym-
biosis of other fungi with plants. Suggestions arise that symbiotic fungi ward off against pathogens in rice (Baby and
Manibhushanrao, 1996), or in barley as well improve abiotic stress tolerance and increase yields of plants (Waller et al.,
2005). Use of fungicide can then lead to reduced friendly fungal activity (Kough, Gianinazzi-Pearson, and Gianinazzi,
1987). However, studying genetic interactions between bene�cial/harmful fungi and plants and, perform breeding
may help solely �ght pathogenic fungi.

In contrast to fungi, bacteria barely affect seed deterioration under normal seed storage, as they require water
content levels that are not obtained under normal seed storage (Bewley, Bradford, Hilhorst, et al., 2012).
Arthropods

Next to microorganisms, arthropods can negatively affect seed longevity. Insects such as weevils, �our beatles
or borers, thrive in warm and humid climates, above 20°C and RH 35%. While mites thrive below 60% RH and can
tolerate near frosty temperatures (Bewley, Bradford, Hilhorst, et al., 2012; Maclean, Hardy, and Hettel, 2013).
Acceleration

Several methods of seed aging have been developped. Such methods are controlled detoriation treatment (CDT),
accellerated aging treatment (AAT) (Delouche and Baskin, 2016) and elevation of partial pressure of oxygen [ O2]
(EPPO) devellopped by Groot et al.. CDT and AAT are characterised by the use of elevated moisture and temperature
levels. In research by others CDT the temperature levels range from 35-45°C and the humidity levels are around 70-
80% for AAT temperatures are similar, the humidity levels however have been increased to 85-100%. The accelleration
by AAT is thus much greater than CDT, seeds die within days instead of weeks. Research by Groot et al. shows that
accelerated decrease in seed longevity, can be achieved by means of EPPO under dry conditions. As negative control,
elevated partial pressure of nitrogen [ N2] (EPPN) was used (Groot et al., 2012).
1.1.7 Colouration

In rice, purple and red coloured seeds have been linked with the production of anthocyanidin and proanthocyani-
din respectively, through a �avonols biosynthesis pathway (T. Furukawa et al., 2007; Maeda et al., 2014), as shown
in �gure 1.4. The light re�ected by anthocyanidin and proanthocyanidin appear on opposite sides of the visible light
spectrum. The re�ection caused by anthocyanidin may provide protection to solar UV-B and prevent degradation of
DNA (Mori et al., 2005; Silván, Reguero, and Pascual-Teresa, 2016). The anthocyanidin and proanthocyanidin content
in rice has been linked with antioxidant activity. Antioxidant activity in turn, shows positive correlation with increased
health bene�ts (Goufo and Trindade, 2014; Shao et al., 2018; M.-H. Chen, McClung, and Bergman, 2017). Maeda et al.,
2014 have shown that through introgression breeding of black (purple) rice genetic material. In this study, a taste panel
proofed that superior eating quality can be maintained.
1.1.8 Genetics

The red pericarp colour of O. ru�pogon, is phenotypically associated with weedy traits such as seed shattering and
dormancy (Gu, Kianian, et al., 2005).

A study by Oikawa et al., 2015 has shown that purple pericarp colour in rice is caused by a rearrangement in the
promoter region of the basic helix-loop-helix (bHLH) transcription factor (TF) Kala4 gene (Os04g0557500) on chromo-
some 4.

In weedy rice, seed shattering and dormancy quantitative trait loci (QTLs) surround the Rc (Os07g0211500) gene
on the pericentromeric region of chromosome 7. Using Ensembl genome viewer, one can �nd that Rc is a paralog of



Chapter 1. Introduction 4

Kala4 (www.gramene.org/ accessed on 23/11/2018). The functional pleiotropic Rc gene, codes for a bHLH TF and
two myeloblastosis (MYB) TFs, it indirectly increase seed dormancy by promoting expression of ABA-biosynthesis
genes (Gu, Foley, et al., 2011). The Rc gene together with the Rd gene encoding dihydro�avonol-4-reductase (DFR),
as shown in �gure 1.4 alters the colour of the pericarp (Sweeney et al., 2006; Gu, Foley, et al., 2011; T. Xu et al., 2017).
If both genes are non-functional rcrd or, the Rc gene is non-functional rcRd, the seed coat is white; if the Rc gene is
functional and the Rd gene is not Rcrdthe pericarp colour turns brown; if both the Rc gene and Rd gene are functional
RcRd, the pericarp colour turns red as proanthocyanidins oxidise (T. Furukawa et al., 2007). Finally, research by Asem
et al., 2015; Gianinetti et al., 2018 suggests that purple and red rice respectively, have increased resistance towards
pathogenic fungi, in comparison with white rice.

In thale (mouse-ear) cress there are additional genes available for studying seed longevity and the �avonol path-
way, as shown in �gure 1.4. Genes of interest are: TT2 (transparent testa) encoding for a R2R3 MYB domain, which
together with TT8 (similar to Rc) that encodes for a bHLH, is regulating leucoanthocyanidin reductase (LAR), DFR
and is involved in the transcription of BANULYS which translates to anthocyanidin reductase (ANR) (Baudry et al.,
2004; Zimmermann et al., 2004; Bowerman et al., 2012; Nesi et al., 2001; Rosso et al., 2003), TT4 is responsible for chal-
cone synthase (CHS) (Buer, Sukumar, and Muday, 2006; Saslowsky, Dana, and Winkel-Shirley, 2000), TT5 for chalcone
isomerase (CHI) (Rosso et al., 2003), TT6 for Flavanone 3-hydroxylase (F3H) (Rosso et al., 2003), TT9 is required for
the accumulation of �avonoids in the seed coat (Ichino et al., 2014), TT10 encoding for a Laccase-like 15 (LAC15), is
required for seed coat browning by the mediation of polymerisation of proanthocyanidins from the monomeric pre-
cursor epicatechin and is known to slightly increase dormancy (M Koornneef, 1990; Debeaujon, Léon-Kloosterziel,
and Maarten Koornneef, 2000; Pourcel et al., 2005; X. Cai et al., 2006; Liang et al., 2006).
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