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Abstract
The late embryogenesis abundant (LEA) proteins have been implicated in the acquisition
and/or maintenance of seed development, desiccation tolerance, longevity and many other
stress responses. Characteristically, LEA proteins are a family of intrinsically disordered and
hydrophilic proteins with more than 51 members described encoded by different genes in
both plants and animals. The knockout mutations in genes encoding LEAs are frequently
used as a mean to better understand a specific group of LEA protein especially their function
during embryo maturation, and stress responses. In our study, we evaluated nine Arabidopsis
LEA mutants from group 4 and 1 particularly to check performance during seed development
and stress responses specifically desiccation, longevity, ABA and NaCl stresses.
In seed development, we observed that seven of the nine LEA mutants showed significant
effects on gMax and t50 gMax. For instance line At2g18340 (1000-Promotor) affected t50 at
11DAP, At2g18340 (300-UTR5) affected both gMax and t50 gmax for fresh seed at 16
DAP.Meanwhile, At2g36640 (1000-Promotor) affected t50 gmax of fresh seeds at 16, 18 and
21 DAP. Four of the LEA mutants had significant effects on seed desiccation tolerance, to
sayAt1g32560 (Exon) at 16DAP, At1g32560 (300-UTR3) at 16 and 21 DAP, At2g35300
(1000-Promotor) at 18 DAP, At3g17520 (300-UTR3) at 14 and 16 DAP. Only 3 of the
mutants produced phenotypes on 7 days controlled deterioration treatment (CDT), the mutant
linesAt1g32560 (Exon/300-UTR3) and At2g35300 (1000-Promotor) significantly reducing
gMax and increasing t50 gMax respectively. The line At2g18340 (1000-Promotor) was
significantly insensitive to ABA after stratification. All mutants did not significantly differ
from wild type under salt stress.
Key words: Late embryogenesis abundant (LEA) protein, seed desiccation tolerance,
longevity, Arabidopsis mutants, seed development.
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Chapter 1: General introduction
1.1 Background
Seed desiccation tolerance (DT), seed longevity and seed dormancy are three very important
features found in the plant kingdom (Ooms et al, 1993; Hundertmark & Hincha, 2008). These
features are largely responsible for the survival of many species of plants. From the
economical perspective, these traits are responsible to a great extent for the success of seed
business, and biodiversity conservation.
Desiccation tolerance (anhydrobiosis, i.e. life without water), is the ability of whole or part of
living organisms to deal with severe water losses below 0.1 g H2O g−1 dry weight and survive
the rehydration process without permanent damage (Maia et al., 2011). Because water is
essential for life and it is not always available in sufficient amounts in the organism life
cycles, life without water must be ensured somehow by nature. Desiccation tolerance is an
adaptive strategy to enable seed survival during stress conditions to ensure survival of a
species (Ooms et al, 1993; Hundertmark & Hincha, 2008).
Meanwhile seed longevity, also often referred as seed storability, is simply the ability of seed
to germinate into healthy seedlings after long-term storage. The challenge is that seed
longevity is highly limited by cellular damages which occur during storage, mainly due to
fluctuation in humidity and temperature (Bueso et al., 2014). For instance, increase in relative
humidity results into unintended seed rehydration which can cause germination in storage
when temperature and light conditions are favorable (Maia et al., 2011). It has been
demonstrated that when seed is stored under both low temperature and low seed moisture
content, its life span is prolonged during storage (Bueso et al., 2014). Nature has its ways of
ensuring survival of species as, for instance, species that produce orthodox seeds (seeds able
to survive storability in the dry state) have cellular defenses against seed aging. These
defense systems are pre-programmed in a way in which seeds can withstand extreme
desiccation and temperature fluctuations, but only when preserved in the very dry state
reached during zygotic embryogenesis (Bueso et al., 2014). The protective system that ensure
seed longevity and germination efficiency has multiple genes which are expressed at different
time and in different levels during plant development.
Seed dormancy is a condition in which seeds are prevented from germinating even under
favorable environmental conditions. The optimal seed germination conditions are a complex
combination of water, light, temperature, gases, and are influenced by mechanical
restrictions, seed coats, and hormone structures. Therefore seed desiccation tolerance, seed
longevity and seed dormancy facilitates the survival of a plant species during harsh
environmental conditions (Maia et al., 2011).
There are some relationships between seed dormancy, seed longevity and seed desiccation
tolerance. For instance, Nguyen et al., (2012) reported a negative correlation between seed
dormancy and seed longevity in Arabidopsis thaliana in which deep seed dormancy
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negatively correlates with low seed longevity, and vice versa. Meanwhile, a comparison
among 15 samples of seeds of a japonica rice (Oryza sativa L.) harvested serially during seed
development (different times during seed development) from plants grown in two different
temperatures a very strong correlation between seed longevity and desiccation tolerance
(Ellis et al., 1994). Ellis et al. (1994) observed that seed longevity increases with seed
maturity. During maturation, water is drastically reduced as the seeds prepares for
anhydrobiosis. In fact, plant species with high seed desiccation tolerance are reported to have
high seed longevity and vice versa (Sano et al. 2016). Seed longevity increases with
reductions in seed moisture content and temperature in a quantifiable and predictable way,
especially for orthodox seeds (Sano et al. 2016).
1.2 Seed development and acquisition of desiccation tolerance
Three broad stages are generally recognized during seed development (Fig.1). The first stage
is generally related to fertilization of the ovule, cell division and tissue differentiation. The
second stage includes accumulation of reserves, i.e. storage proteins, lipids and starch, which
results in increase in seed dry weight. The third and last stage is generally the maturation
stage, which ends with the arrest of reserve deposition and drying without dying i.e. loss of
water/desiccation of up to 90% of original water depending on plant species in question (Le
et al., 2010). All these stages prepare the seed embryo for survival during storage conditions
when the conditions for germination and survival are not good. Metabolism is reduced
substantially in the embryo until favorable conditions. Plant seeds can be classified as
desiccation tolerant or desiccation sensitive. Desiccation tolerant seeds (orthodox) can dry to
very low moisture content and remain viable even after many years of appropriate storage.
Meanwhile the desiccation sensitive seeds (recalcitrant) cannot survive storage due to
sensitivity to low levels of water content as they do not acquire desiccation tolerance abilities
during their development. In this way recalcitrant seeds cannot be dried at the same water
content as orthodox seed without losing viability (Ooms et al, 1993, Gold & Hay, 2008). The
recalcitrant species retain high water content throughout their development until germination.
There are natural genetic variations in the plant kingdom for desiccation tolerance and/or
sensitivity. Some studies show that over 540 plant species sheds desiccation sensitive seeds
(Gold & Hay, 2008). The orthodox plants acquire the ability to withstand the loss of water
before t experiencing it. This is seen by the ability to undergo a fast transition from
desiccation intolerance to tolerance during the development, which in some cases precedes or
coincides with reserve deposition (Fig.1). In some species, desiccation tolerance is
maintained for several hours after imbibitions and subsequent germination but it is slowly
lost as germination progresses.
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Figure 1: Schematic representation of Arabidopsis thaliana seed development and stages of
the life cycle. Figure adapted from Le et al., (2010). Numbers correspond to days after
pollination (DAP) or days after imbibition (DAI). OV, unfertilized ovule; 24H, 24-h post
pollination seed; GLOB, globular-stage seed; COT, cotyledon-stage seed; MG, mature-greenstage seed; PMG, post mature-green-stage seed; SDLG, seedling; L, leaf; R, root; S, stem; F,
floral buds.
1.3 Mechanisms of Desiccation Tolerance
What underlies seed survival in the desiccated state has been the question puzzling scientists
for many years. Several processes and mechanisms involved in the acquisition and
maintenance of DT in orthodox seeds have been proposed and tested. Many of the proposals
concerning DT mechanisms in seed have been based on correlative evidence, particularly
based on the presence and function of certain biological molecules such as proteins,
carbohydrates and others in the desiccated state (Berjak et al., 2007). The general knowledge
is that desiccation tolerance involves the protection of cellular membranes from the
deleterious effects of water removal and the necessity to maintain the bilayer structure in the
absence of an aqueous environment. Some of the coping strategies have been associated with
the presence of high amounts of non-reducing sugars, the efficiency of free radicalscavenging systems and the expression of desiccation- and/or ABA-regulated genes in the
orthodox seeds (Nguyen et al., 2012).
One important group of proteins is the Late Embryogenesis Abundant (LEA). These proteins
have been known for many years to accumulate in maturing plant seeds leading to
assumption that they play a role during acquisition and maintenance of desiccation tolerance,
howeverthe physiological and biochemical characteristics underlying LEAs function remains
largely unknown (Hundertmark & Hincha, 2008). Interestingly, LEA proteins are found not
only in seeds, but also expressed in leaves of highly desiccation tolerant species (‘resurrection
3

plants’) (Xiao et al., 2015, Costa et al., 2017) as well as in some species of bacteria and
invertebrates especially in situations of environmental stress (Hundertmark & Hincha, 2008).
1.4 Late embryogenesis abundance (LEA) Proteins
LEA proteins are localized mainly to cell cytoplasm, endoplasmic reticulum, mitochondria
and nucleus. Several authors have attempted to classify LEA proteins based on different
features; however a common position is still not achieved. The classification based on pfam
(http://pfam.xfam.org/) (categorizes LEAs into eight major groups in all plant species. The
grouping is based on similarities in their amino acid sequences and sequence motifs/patterns
(Hundertmark & Hincha, 2008; Liu et al., 2010). The majority of the LEA proteins have high
hydrophilicity and thermo-stability. In aqueous solution, LEA proteins have unstructured
conformation (intrinsically disordered) but are able to fold into amphiphilic alpha-helix
structure during desiccation (Hundertmark & Hincha, 2008; Liu et al., 2010). Water is very
important for the maintenance of the structure of many proteins and molecules. In this way,
in a sub cellular level, desiccation can cause structural changes such as protein unfolding and
aggregation. The ability to acquire secondary structure in different water levels suggests that
LEA proteins can perdorm distinct roles. Some of the proposed roles of LEA proteins include
protein stabilization/folding of denatured proteins, protection of enzyme activity, membrane
association and stabilization, antioxidant function, metal-ion binding (ion sequestration) or
DNA protection, acting as chaperones to resist cellular damage (Liu et al.,2010).
Comprehensive analysis reveals that Arabidopsis thaliana contains at least 51 LEA genes
representing nine gene families (Gao & Lan, 2016). However, comprehensive gene analyses
have been done on few plant species to date (Gao & Lan, 2016).
1.5 Objectives of this study
The objective of this particular study was to determine the crucial role of members of the
pfam LEA_4 (PF02987) and pfam LEA _1 (PF03760) on the acquisition of desiccation
tolerance in developing Arabidopsis thaliana seeds and their role on the tolerance of mature
seeds to other stresses.
Research Questions and hypothesis
Qn. Are members of LEA_4 & LEA_1 involved in desiccation tolerance, To what extent?,
Qn. At what stage does Arabidopsis thaliana seed acquire full desiccation tolerance?
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Chapter 2: Materials and methods
2.1 Plant Materials
Full maturity seeds from homozygous t-DNA insertion lines for candidate genes were sown
with wild-type Columbia (Col) in Petri dishes on water saturated filter paper and stratified
(breaking of seed dormancy) in cold room (4°C) for 48 hours. The seeds were placed in
incubator at 22OC under continuous light (8 W/m’). After 24 hours, germinated seeds were
transferred into rock wool (Grodan, the Netherlands) and cultivated at greenhouse (18-22°C)
in a randomized complete block design with three replicates of at least four plants per
genotype. The light regime in the greenhouse was set as 14 hours light and 8 hours darkness.
Table 1: Mutants used for the experiment
LEA

Gene

T-DNA line

LEA4

At2g18340

LEA4

At2g18340

LEA4

At2g36640

LEA4

At2g36640

LEA1

At1g32560

LEA1

At1g32560

LEA1

At2g35300

LEA1

At2g35300

LEA4

At3g17520

SALK_060242.54.00.
x
SALK_004249.56.00.
x
SALK_106362.46.25.
x
SALK_101547.54.75.
x
SALK_017464.55.00.
x
SALK_122501.32.05.
x
SALK_106078.49.25.
x
SALK_048876.53.75.
x
SALK_045781.44.50.
x

Abi3-6

At3g24650

COL-0
N6000

Wild type

NASCnu
mber
N657389

Background

Insertion

COL-0 N6000

Homozygous

N504249

COL-0 N6000

1000Promotor
300-UTR5

N676455

COL-0 N6000

Exon

HM

N663495

COL-0 N6000

HM

N657161

COL-0 N6000

1000Promotor
Exon

N673359

COL-0 N6000

300-UTR3

HM

N666958

COL-0 N6000

HM

N548876

COL-0 N6001

N545781

COL-0 N6000

1000Promotor
1000Promotor
300-UTR3

x
X

X

Genotyping

HM

HM

HM
HM

x
COL-0 N6000

none

X

2.2 Flower tagging and seed collection
To obtain developing seeds at different days after pollination (DAP), at least 5 individual
flowers were tagged on the day of anthesis (maturity of stamen) for each of the five chosen
stages of seed development per each replicate. The five stages of the developing seeds were
defined as 11, 14, 16, 18 and 21 days after pollination (DAP) (Fig.2.1). Tagging of the
different categories was done such that the stages were able to synchronize at the final
harvest for all siliques to be harvested at once. The siliques were harvested into properly
labeled 1.5ml Eppendorf tubes. The seeds were isolated from the siliques carefully to avoid
damaging. Fresh seeds were immediately sown and placed in incubator at 22oC under
continuous light (8 W/m’). Some 100-200 fresh seeds were desiccated as described under
5

section 2.3 in this thesis. Meanwhile, the full mature seeds were harvested from mature
siliques only for other stress tests.

Figure 2: Seed harvest after pollination. The flowers for each DAP were tagged with strings
of different colours i.e. white, purple, light blue, yellow and light red for 21, 18,16,14 and 11
DAP respectively.

2.3 Artificial desiccation
Artificial desiccation was performed in order to evaluate seed desiccation tolerance of the TDNA insertion lines. Approximately 200 seeds were placed into an opened 1.5ml Eppendorf
tube and stored in an incubator set at controlled relative humidity, light and temperature of
30% RH, 48 hours and 25OC respectively. After the treatment, germination assays were
performed as described under section 2.5 in this thesis.

2.4 CDT/ Artificial ageing
Artificial ageing, a treatment referred to as controlled deterioration (Sano et al. 2016) was
used to evaluate seed longevity of the T-DNA insertion lines. Approximately 200 seeds were
placed into an opened 1.5ml Eppendorf tube and stored above a saturated NaCl solution in a
closed ventilated tank to ensure equal humidity monitored by Lascar data logger (80−85%
relative humidity and temperature of 40°C) for 3, 5and 7 days. After treatment, germination
assays were performed as described under section 2.5 in this thesis.

2.5 Germination assays
To determine performance/dormancy of developing seeds, 40-100 fresh seeds of each
category (see section 2.2 in this thesis) were sown in triplicate a few hours after harvest.
Meanwhile to determine desiccation tolerance in developing seeds (section 2.3 Artificial
desiccation), at least 40-100 desiccated seeds were also sown also in triplicate.
6

To determine the sensitivity of germination of mature seed to ABA, KNO3, and NaCl, 40 to
150 mature seeds were sown in triplicate. For ABA sensitivity test, the germination paper
was soaked with 0.5uM of ABA dissolved in 10mM MES. For KNO3, paper was soaked in
10Mm of the chemical, 125mM NaCl was used as a salt stress treatments and 10uM of GA
was used for dormancy breaking. A control seed without either of the chemicals was also
sown. For the control, ABA and NaCl sensitivity test, one lot was stratified and another lot
was not stratified. For stratification was carried by placing the trays in the cold for 2 days for
the germination at 22°C in constant light.
The germination assays for all treatments were performed using the same method according
to a method described by Joosen et al. (2010). Each replicate were sown on two layers of
blue germination paper (5.6ʹʹ×8ʹʹ Blue Blotter Paper; Anchor Paper Company,
http://www.seedpaper.com) equilibrate d with 50ml of demineralized water in a plastic tray
(15×21cm). The trays were piled and wrapped in a transparent plastic bag and incubated at
22°C under continuous light (30W m-2). Pictures of the germination trays were taken twice a
day for at least 5 days. Automatic scoring of germination and statistical analysis were
conducted using the Germinator package (Joosen et al., 2010).
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Chapter 3: Results
The result of the various test performed under section 2.5 in this thesis are described below.
Particularly reported are two biological parameters i.e. maximum percentage of germination
(Gmax), and time to reach 50% germination t50 for a preliminary physiological
characterization of the various LEA mutants in comparison with wild type and the abi3-6
mutant seeds
3.1 Physiological characterization of LEA mutants during seed development at different
DAP
In order to assess whether seeds of LEA mutants survive desiccation and determine at what
point in the Arabidopsis seed development DT is acquired, the ability of fresh and desiccated
seeds to germinate were ascertained and compared with that of wild type. Two biological
parameters i.e. maximum percentage of germination (Gmax), and time to reach 50%
germination t50 were used.
3.1.1 Eleven (11) days after pollination
At 11±1 DAP; developing Arabidopsis seeds are generally considered premature (Baud et al.,
2002). All the seeds of the mutants used in this experiment including the wild type exhibited
premature germination. However, the maximum germination for most of the t-DNA lines was
below 20%, except for theabi3-6 mutant. The gMax for both fresh and desiccated seeds of all
LEA mutants did not show any significant difference compared to the wild type at 11 DAP
(Fig.3.1).

A

B

Figure 3.1: Arabidopsis seed performances (fresh and desiccated) at 11 DAP. A= maximum
seed germination (gMax), B= time necessary to reach 50% of gMax (T50). The average of 3
biological replicates with standard deviation are presented (*p<0.05, **p<0.01)
When we desiccated the seeds harvested 11 DAP, we saw an improvement in gMax for all
lines except one (Fig.3.1A). It seems drying help the seed embryo overcomes the barriers
imposed by surrounding structures such as storage tissues and seed coat (Bewley et al.,
2012). The exhibition of low gMax and high t50 gMax found in both fresh and desiccated
8

seeds is an indication that the seed embryos are not ready for germination and survival under
any stress condition. In fact the ability to survive desiccation is lowest at 11 DAP compared
to all other stages (14, 16, 18 and 21 DAP) as will be seen in other sections in this thesis
report. This is an indication that desiccation tolerance is acquired later during seed
development process. The low desiccation tolerance at 11 DAP can be explained by the fact
that the seed is still under developed, lacks energy reserves and still not acquired the DTrelated proteins necessary.
The speeds of seed germination at 11 DAP of both fresh and desiccated seeds are slightly
above 100 hours for all lines except abi3-6 mutant. The non-desiccated seeds of the mutant
At2g18340-LEA4 (300-UTR5) showed a significantly lower t50 gMax compared to the wild
type (Fig.3.1B). This can be an indication that this gene play a role in seed development at
this point in time. The abi3-6 mutant has significantly the shortest t50 gmax across all DAP
tested.
Literatures says that the 10 ± 1 DAP corresponds to the onset of reserve accumulation in
developing seeds of Arabidopsis thaliana (Ruuska et al., 2002). The seeds are actually in the
premature stage in which active embryogenesis (morphogenesis) is ongoing or has just ended
(Baud et al., 2002, Le et al., 2010,van Zanten et al., 2011). The embryo has not yet filled the
seed sac and has just slightly bent (Le et al., 2010). The seed weight and lipid content are low
but starch transiently starts to accumulate (Fait et al., 2006). The levels of most amino acids,
sugars, polyols, and organic acids are lower than in the other later stage, due to the fact that
those compounds are rapidly utilized in building of the storage reserve which is still at the
initial stage (Fait et al., 2006).
The seed are very sensitive to desiccation, most likely due to the lack of protective proteins,
between other reasons, at this developmental stage. Seeds at this stage are not expected to
have developed strong abilities to germinate because germination is associated with
degradation and mobilization of the reserves accumulated during development (Fait et al.,
2006). It is expected that an immature embryo would take longer time to germinate (if it
germinates at all) than a mature embryo, because of low or no accumulation of reserves. Seed
germination is restricted by seed coat and endosperm reserves among others reasons (Bewley
et al., 2012). It has been reported that developing wild type Arabidopsis seed has low
germination (40 %±) at 11 DAP compared to aba and abi mutants (45-98%) (Bewley et al.,
2012).
The inhibition of germination of fresh seed does not occur when ABA synthesis and
sensitivity is impaired (Bewley et al., 2012) and this explains the higher germination rate of
the abi3-6 mutant seeds. The germination of dried/desiccated seed does not occur until 14-18
DAP for a number of stronger alleles of Arabidopsis e.g. double mutants of aba/abi3 (Bewley
et al., 2012). The Abi loci have broad effect during seed maturation. Any defect in the abi3
loci results into defects in the accumulation of storage compounds, various proteins including
LEAs, chlorophyll and anthocyanin, as well as dormancy and desiccation tolerance (Raz et
al., 2001).
9

3.1.2 Fourteen (14) days after pollination
At 14±1 DAP, Arabidopsis seed is generally considered as mature (Le et al., 2010). It
corresponds to the middle stage of reserve accumulation (Ruuska et al., 2002). The cotyledon
and axis development is still ongoing, as well as cell division (Le et al., 2010). There is rapid
increase in seed dry weight, and increase in quantities of storage oils and proteins accounting
for approximately 40% of dry matter at the end of this stage (Baud et al., 2002). The seed is
more prepared to withstand stress than the previous stages. There is significant reduction in
most sugars, organic acids, and amino acids, what suggests that these compounds are being
efficiently incorporated into storage reserves (Fait et al., 2006).
Interestingly at 14 DAP, the gMax for fresh seed (Fig.3.2A) is slightly lower than that at 11
DAP for all lines (Fig.3.1A).

A

B

Figure 3.2: Arabidopsis seed performance (Fresh and desiccated) at 14 DAP, Where,
A=Arabidopsis maximum seed germination after 5days, B=T50 gMax . The Averages of 3
biological replicates with standard errors are presented (*p<0.05, **p<0.01)
The poor germination of the fresh seeds at 14 DAP are most likely associated with
restrictions arising from seed coat and endosperm reserves (Bewley et al., 2012). Another
speculation is that maybe dormancy starts to set into the seed. However the ability to survive
desiccation has improved from below 40% at 11 DAP (Fig.3.1A) to above 40% at 14 DAP
(Fig.3.2A) in almost all lines although only the mutant with insertion on At3g17520-LEA4
(300-UTR3) showed significant difference from the wild type at this stage (Fig.3.2A).
The speed of germination has also slightly reduced for most lines probably because the seeds
have accumulated more reserves and have more vigour to germinate. However none of the
LEA mutants showed significant difference in t50 at 14 DAP compared to the wild type. The
improvement of gMax after desiccation and reduction in t50are are evidence that the seed
development continues, they acquire ability to survive stress. It is likely that the gene
At3g17520 is important during the acquisition of desiccation tolerance, since the mutation on
this gene has drastically affected the desiccation tolerance of the seeds. The transcript from
At3g17520 is one of the 11 genes exclusively expressed in the at mature stage in Arabidopsis
10

seed development (Le et al., 2010) thus, a mutation (knock out or knock down) it is likely to
cause an impact on seed germination (Fig.3.2A)
3.1.3 Sixteen (16) days after pollination
In Arabidopsis seeds development stages, the 16 ± 1 DAP is referred to as a desiccation
period, corresponding to the end of the period of reserve accumulation and the beginning of
seed desiccation (loss of water) or drying without dying. This is the stage between maturation
and post maturation (Le et al., 2010). Cell expansion is almost ending and the cotyledon and
axis development ends, and seed dry weight remains constant while an acute loss of water
takes place (Le et al., 2010). The synthesis of storage compounds ends with accumulation of
sucrose, stachyose and raffinose (Baud et al., 2002). The transition from reserve
accumulation to seed desiccation is associated with a major metabolic switch, resulting in the
accumulation of distinct sugars, organic acids, nitrogen-rich amino acids, and shikimatederived metabolites (Fait et al., 2006). At this moment most of the desiccation-associated
proteins are synthesized. The seed embryo is believed to have acquired full potential to
germinate due to the storage of energy compounds that supports germination.
In our analysis we found that fresh seeds of the t-DNA line At2g18340-LEA4 (300-UTR5)
showed a significantly higher gMax than the wild type. Meanwhile, desiccated seeds of the tDNA line At1g32560-LEA1 (Exon), At1g32560-LEA1 (300-UTR3), and At3g17520-LEA4
(300-UTR3) showed a significantly lower gMax compared to the wild type (Fig.3.3A). The
effects on gMax due to mutation on these genes are indication of their significant roles in
acquisition and/or maintenance of DT.

A

B

Figure 3.3: Arabidopsis seed performance (Fresh and Desiccated) at 16 DAP, Where,
A=Arabidopsis maximum seed germination after 5days, B=T50 gMax . The Averages of 3
biological replicates with standard errors are presented (*p<0.05, **p<0.01)
Again the fresh abi3-6 seeds showed approximately 100% germination as in all stages
discussed previously. It showed significantly higher gMax in all seed developmental stages
except at 18DAP. The insertion on At2g18340-LEA4 has almost similar effect on gMax as
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the abi3-6 mutations at 16 DAP. The precocious germination of fresh seed of abi3-6 and
At2g18340-LEA4 (300-UTR5) mutant is likely related to the absence or decreased
dormancy. It is possible that the gene At2g18340 is strongly linked to the ABI3 regulatory
network.
The fresh seeds from two LEA mutants i.e. At2g18340-LEA 4 (300-UTR5) and At2g36640LEA 4 (Exon) showed a significantly shorter time to reach 50% germination t50 compared to
the wild type (Fig.3.3B). The shorter t50can be associated with lack of dormancy and/or
poorly developed seed. Desiccation treatment did not cause significant differences in t50
gMax on mutants compared to wild type at 16DAP.
3.1.4 Eighteen (18) days after pollination
The 18±1 DAP is also part of the desiccation period, also referred to as the post mature stage
in Arabidopsis seed development (Le et al., 2010). This period corresponds to the end of the
period of reserve accumulation. Extreme seed water loss is ongoing together with massive
synthesis and accumulation of desiccation-associated proteins (Le et al., 2010). Cell
expansion as well as the cotyledon and axis development ends and seed dry weight remains
constant (Le et al., 2010). The levels of free metabolites such as most amino acids, sugars
(including raffinose), polyols, organic acids, are on increase together with fatty acid-related
compounds (Fait et al., 2006). The seeds basically have almost all the biochemical
requirements for embryo to germinate in addition to ability to withstand stresses such as
desiccation.
In our analysis of the seed harvested at 18 DAP, we show an increase in gMax for both fresh
and desiccated seed (Fig.3.4A) compared to all previous developmental stages analyzed.
There was also a slight improvement in the rate of germination compared to 16 DAP
(Fig.3.4B).

A

B

Figure 3.4: Arabidopsis seed performance (Fresh and Desiccated) at 18 DAP, Where,
A=Arabidopsis maximum seed germination after 5days, B=T50 gMax . The Averages of 3
biological replicates with standard errors are presented (*p<0.05, **p<0.01)
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The gMax is above 70% for the fresh seeds of all lines except for the line At3g17520-LEA4
(300-UTR3), which showed a significantly lower gMax compared to the wild type
(Fig.3.4A). The fresh abi3-6 seeds did not show significant differences from the wild type in
this stage. It is likely that the gene At3g17520-LEA4 also plays a role at 18 DAP, and a
mutation on the gene affects seed germination.
The improvement in t50 gmax for almost all lines at 18 DAP (Fig.3.4B) compared to that at
16 DAP is an indication that the seed is much more fit than in the previous stages. However,
the time to reach 50% germination (t50) did not generally differ significantly in both fresh and
desiccated seed of the LEA mutants in comparison with the wild type. The only exception is
in the fresh seeds of At2g36640-LEA4 (1000-Promotor) which exhibited a significantly
shorter t50than wild type. Also the desiccated seeds from mutant At2g35300-LEA1 (1000Promotor) showed a higher t50 than the wild type. The shorter t50 is associated to lower
dormancy.
3.1.5 Twenty one (21) days after pollination
In general at this stage, the mature Arabidopsis seed is considered as dormant (Le et al.,
2010) in which the continuous growth of the embryo is interrupted or arrested (Raz et al.,
2001). It also corresponds to the actual end of reserve accumulation and end of seed
desiccation. The desiccation-associated proteins are abundant at this stage in the seed (Le et
al., 2010). The seed dry weight remained constant and high accumulation of sucrose,
stachyose and raffinose can be detected (Baud et al., 2002).
We observed that at 21 DAP there is decline in the gMax compare to 18 DAP, most likely
due to dormancy that is fully set at this stage in Arabidopsis seeds. The abi3-6 mutant lacks
dormancy, which explains the high gmax compared to the other lines. The Gmax for fresh
seeds of all LEA mutants did not show any significant difference compared to the wild type
(Fig.3.5A).

A

B

Figure 3.5: Arabidopsis seed performance at 21 DAP. Where, A=Arabidopsis maximum
seed germination after 5days, B=T50 gMax. The Averages of 3 biological replicates with
standard errors are presented. (*p<0.05, **p<0.01)
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The ability to survive desiccation has also improved in all lines compared to previous stage.
However, the mutant At1g32560-LEA1 (300-UTR3) showed a higher average gMax when
desiccated compared to the wild type as well as significantly higher t50 gMax of fresh seeds
compared to the wild type. It is likely that this gene plays a role in DT and dormancy
acquisition/maintenance.
The fresh seeds from mutant At2g36640-LEA 4 (1000-Promotor) showed a significantly
lower t50 than that the wild type. Meanwhile At1g32560-LEA1 (300-UTR3), At1g32560LEA1 (Exon), and At1g32560-LEA1 (300-UTR3) showed higher t50 gMax than the wild
type (Fig.3.5B). The effects on t50 gMax are an indication that these genes are required at
this stage in Arabidopsis seed development.
3.2 Relative longevity of LEA 1 and 4 mutants subjected to controlled deterioration
3.2.1 Seed performance before CDT
The seed viability check experiments were performed under stratification and non
stratification conditions just 3 days after the seeds were harvested from mature siliques.
When Arabidopsis seeds were not stratified, seed germination rate was low, showing average
gMax of 70%± 5 (Fig.3.6A) and higher t50 gMax (Fig.3.6B). When the seeds were stratified,
seed germination increased to 100% in all lines except for abi3-6 mutant (Fig.3.7A). The
speed of germination also increased, shortening the t50 gMax (Fig.3.7B). Based on this result
we conclude that all lines show dormancy at this stage as expected.
Under no stratification, only three and two LEA mutants exhibited significantly different
gMax and t50 gMax from that of the wild type. We noted that mutants At1g32560-LEA1
(1000-Promoter), At1g32560-LEA1 (Exon), and At3g17520-LEA4 (300-UTR3) exhibited
lower gMax than the wild type (Fig.3.6A). Also mutant At2g36640-LEA4 (Exon) exhibited
significantly longer t50 than the wild type under no stratification (Fig.3.6B). The mutant with
insertion on At3g17520-LEA4 (300-UTR3) did not only show significantly lower gMax than
the wild type but also germinated significantly slower than the wild type (Fig.3.6B). It is
likely that these genes differing in effects on gMax and t50 gMax have roles in acquisition
and/or maintenance of seed dormancy and longevity in Arabidopsis.

A

B

Figure 3.6: Arabidopsis seed germination under no stratification. A= maximum seed
germination (gMax), B= time necessary to reach 50% of gMax (T50). The average of 3
biological replicates with standard deviation are presented (*p<0.05, **p<0.01).
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Figure 3.7: Arabidopsis seed germination after stratification for 48 hours. A= maximum seed
germination (gMax), B= time necessary to reach 50% of gMax (T50). The average of 3
biological replicates with standard deviation are presented (*p<0.05, **p<0.01).
The positive effect of seed stratification on germination has been reported many times.
Stratification is known to stimulate the germination by breaking dormancy improving both
rate and the speed of germination ((Koornneef et al., 2002; Veatch-Blohm et al., 2011).
However, the response to stratification did not significantly differ between our experimental
lines and the wild type. The 100% germination on stratification is positive because it means
all seeds were alive before the CDT experiments. It is important to have high and uniform
germination or more importantly the seed must be alive before laboratory experiments such
as CDT are carried out.
The inability of the abi3-6 to germinate under no stratification is related to some seed being
dead since Abi gene encodes for an important phytohormone required in various aspects of
seed development. If Abi gene is mutated, loss of function leads to poor seed development
leading to even lack of dormancy. Seed dormancy is important as it allows seeds to
overcome unfavourable periods that might be harmful to seedling (Koornneef et al., 2002).
There are many processes that are known to be involved in the induction and termination of
dormancy in seed (Koornneef et al., 2002).
3.2.2 Seed performance after CDT application for 3 days
In response to 3 days of CDT, both the Arabidopsis LEA mutants and wild-type seeds
displayed decreased maximum germination (Fig3.8A) compared to the non-stratified
condition (Fig.3.6A). The difference in the gMax between non-stratified and 3 days CDT can
be accounted for by the deterioration which the seed suffered during the CDT. Similar results
have been reported with dry mature seeds from various Arabidopsis lines where even 2 days
CDT was enough for a significant loss of seed viability (Chen et al., 2012). However in our
case there are no significant differences between the wild type and the mutants except for
abi3-6 in both gMax (Fig. 3.8A) and T50 gMax (Fig. 3.8B).
The abi3-6 mutant is expected to have lost viability because of the mutation on the important
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gene which regulates ABA synthesis. ABA is important in seed development. The three days
CDT seems also to contribute to dormancy breaking as seen by decrease in t50 gMax
(Fig.3.8B) compared to seed subjected to no stratification (Fig.3.6B).
The purpose of CDT is to test the seed storage potentials. When it is carried out properly the
seed must deteriorate and germination parameters such as gMax, and t50 gMax are supposed
to worsen compared to controlled conditions under section 3.2.1 above. The loss in quality
however varies within and among plant genotypes (Tesnier et al., 2002) and so deviations are
expected.

A
B

Figure 3.8: Arabidopsis seed germination after 3days CDT. A= maximum seed germination
(gMax), B= time necessary to reach 50% of gMax(T50). The average of 3 biological
replicates with standard deviation are presented (*p<0.05, **p<0.01).
3.2.3 Seed performance after CDT application for 5 days
In response to 5 days of CDT, the Arabidopsis LEA mutants and wild-type seeds
interestingly displayed increased maximum germination (Fig. 3.9A) compared to the nonstratified condition (Fig.3.6A). The gMax is also higher than that obtained in the 3 days CDT
(Fig.3.8A). A downward trend is normally expected but it was not observed in our
experiments. Nevertheless, CDT has still contributed to deterioration of the seeds of all lines
since we observed reduction in the gmax compared to control stratified (Fig.3.7A). Overall,
after 5 days CDT, there was no significant difference in gMax (Fig.3.9A) and t50 gMax
(Fig.3.9B) between the LEA mutants and the wild type.
A possible reason for increase in gMax under 5 days CDT is that the prolonged stay in the
CDT perhaps contributed to dormancy breaking. Seed dormancy in Arabidopsis is known to
be broken by a number of environmental factors including after-ripening, light, cold
treatment, exogenous chemicals specifically gibberellins and KNO3. The environmental
factors do not necessarily work alone but by interactions, for instance between light and
temperature (Koornneef et al., 2002).
It is also likely that ROS scavengers are being activated and becoming operational inside the
seed cells. For instance, Chen et al., (2012) observed a substantially higher accumulation of
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8-Oxo-2'-deoxyguanosine (8-oxo-dG) in the dry mature seeds of the wild type Arabidopsis
after CDT treatment for 5 days. The 8-Oxo-dG is among the major products of DNA
oxidation and its concentrations within a cell are a measurement of oxidative stress (Chen et
al., 2012). The deleterious effect of oxidative stress is as result of ROS accumulation in aged
seeds. Therefore the ability to repair and recover from damages caused by ROS is important
for surviving CDT (Chen et al., 2012).

A

B

Figure 3.9: Arabidopsis seed germination after 5 days CDT. A= maximum seed germination
(gMax), B= time necessary to reach 50% of gMax(T50). The average of 3 biological
replicates with standard deviation is presented (*p<0.05, **p<0.01).
3.2.4 Seed performance after CDT application for 7 days
In response to 7 days of CDT, both the Arabidopsis LEA mutants and wild-type seeds
displayed decreased maximum germination (Fig. 3.10A) compared to the 5 days CDT
(Fig.3.9A). The mutant lines with insertions on At1g32560-LEA 1 (Exon) and At1g32560LEA 1 (300-UTR3) were significantly affected by 7 Days CDT. They have significantly
lower gMax than the wild type. This suggests that the gene At1g32560 might have a function
in maintaining seed longevity. The mutant with insertion on At2g35300-LEA1 (1000Promotor) showed a significantly longer t50 gMax than the wild type.
The At1g32560 encodes LEA1 which is a member of the Late Embryogenesis Abundant
(LEA) proteins which typically accumulate in response to low water availability conditions
imposed during development or by the environment.

A

B

Figure 3.10: Arabidopsis seed germination after 7 days CDT. A= maximum seed
germination (gMax), B= time necessary to reach 50% of gMax(T50). The averages of 3
biological replicates with standard deviation are presented (*p<0.05, **p<0.01).
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3.3 Sensitivity to ABA and Salt stress
3.3.1 Seed performance when where GA and KNO3 applied
Before we subjected the mutant and wild type seeds to ABA and salt stress tolerance
screening, we first checked the 1 month olds for germination performance under GA and
KNO3. All the mutants used in this experiment including the wild type seeds exhibited 100%
germination when GA or nitrate was applied around one month after harvest, except for the
abi3-6 mutant. There were no significant differences between LEA mutants and the wild type
for both gMax and t50 gMax under both GA treatment (Fig. 3.11) and KNO3 treatment
(Fig.3.12).

A
B

Figure 3.11: Arabidopsis seed germination when treated with 10uM GA. A= maximum seed
germination (gMax), B= time necessary to reach 50% of gMax(T50). The average of 3
biological replicates with standard deviation are presented (*p<0.05, **p<0.01).

A

B

Figure 3.12: Arabidopsis seed germination when treated with 10mM KNO3. A= maximum
seed germination (gMax), B= time necessary to reach 50% of gMax(T50). The average of 3
biological replicates with standard deviation are presented (*p<0.05, **p<0.01).
The application of exogenous nitrate and GA stimulates the germination of even dormant
seeds. Nitrate provided exogenously or by mother plants to the seeds acts as a signal
molecule favoring germination in Arabidopsis (Alboresi et al, 2005). The Gibberellins (GAs)
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are known to promote germination (Alboresi et al, 2005). A mutation on GA biosynthesis
pathways causes defects such as severe dwarfism, male sterility, and strong coat-imposed
seed dormancy (Ariizumi et al., 2007). Dormancy is not directly controlled by GA however
GA acts by stimulating radicle emergency as an antagonist to ABA (Ariizumi et al., 2007).
When GA pathway is disturbed, then the response to ABA also changes. For instance, a
mutation in the GA signaling gene SLY1 was seen to cause increased seed dormancy as well
as increased sensitivity to ABA (Ariizumi et al., 2007).
3.3.1 Abscisic acid (ABA) sensitivity
To determine whether mutations on the genes encoding LEAs are necessary and/or sufficient
for ABA response, we assayed the response to 0.5uM ABA under both stratified and nonstratified conditions.
All the mutants used in this experiment including the wild type seeds exhibited reduced
germination when not stratified. The maximum germination for most of the t-DNA lines was
below 10% (Fig.3.13A) when seed was not stratified and 55% ± 5 when seeds were stratified
(Fig.3.14A) except for the abi3-6 mutant. The gMax for both stratified and non-stratified
seeds of all LEA mutants did not show any significant difference compared to the wild type
except for mutant with insertion on At2g18340-LEA4 (Fig.3.1). The mutant line with
insertion on At2g18340-LEA4 (1000-Promotor) had a significantly higher gMax than the
wild type. We therefore suggest that this gene At2g18340 could play a role in ABA response
In summary stratification reduces the effects of ABA.

A

B

Figure 3.13: Arabidopsis seed germination when treated with 0.5uM ABA. A= maximum
seed germination (gMax), B= time necessary to reach 50% of gMax(T50). The average of 3
biological replicates with standard deviation are presented. (*p<0.05, **p<0.01).

19

A

B

Figure 3.14: Arabidopsis seed germination when treated with 0.5uM ABA and stratified. A=
maximum seed germination (gMax), B= time necessary to reach 50% of gMax(T50). The
average of 3 biological replicates with standard deviation are presented (*p<0.05, **p<0.01).
The abscisic acid (ABA) regulates many aspects of plant growth and development, including
embryogenesis, water relations, and plant tolerance to a number of environmental stresses
(Söderman et al., 2000).
3.3.2 NaCl sensitivity
All the mutants used in this experiment including the wild type seeds exhibited limited
germination. The maximum germination for most of the t-DNA lines was below 25%
(Fig.3.15A) when seeds werenot stratified, and around 40% when seeds were stratified
(Fig.3.16A) except for the abi3-6 mutant. However, the gMax and t50 gMax for both nonstratified (Fig.3.15B) and stratified (Fig.3.16B) seeds of all LEA mutants did not show any
significant difference compared to the wild type under the 125 mM NaCl.

A

B

Figure 3.15: Arabidopsis seed germination when treated with 125mM NaCl-Not stratified.
A= maximum seed germination (gMax), B= time necessary to reach 50% of gMax(T50). The
average of 3 biological replicates with standard deviation are presented (*p<0.05, **p<0.01).
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Figure 3.16: Arabidopsis seed germination when treated with 125 NaCl. A= maximum seed
germination (gMax), B= time necessary to reach 50% of gMax(T50). The average of 3
biological replicates with standard deviation are presented (*p<0.05, **p<0.01).
Arabidopsis is one of the glycophytic plant species, which is a group of plants which are not
salt-tolerant and are damaged fairly easily by high salinity (Xiong& Zhu, 2002). However,
there are genetic variations in salt sensitivity among Arabidopsis ecotypes/accessions (Xiong
& Zhu, 2002). The sensitivity of Arabidopsis to salt stress is exhibited at all stages of growth
and development (Xiong & Zhu, 2002). The expression of many plant genes is regulated by
various stresses including salt. These genes include even those that encodes LEA proteins,
and enzymes that are active in the biosynthesis of osmolytes, hormones, and detoxification,
Some genes encodes ion transporters, ABC transporters, aquaporins and many transcription
factors, protein kinase and phosphatases (Xiong& Zhu, 2002)
In fact, LEA and/or LEA-like genes seem to be continuously up regulated in salt stress,
therefore strongly linking these groups of protein to salt stress tolerance in seed and whole
plants (Xiong & Zhu, 2002). LEA transcripts are known to show different accumulation
patterns in many plant parts, including seeds, in response to dehydration and sodium chloride
stress (Smith‐Espinoza et al., 2003). It is likely that the single mutations in the LEA genes
tested in our experiments did not significantly cause change in the seed phenotype compared
to the wild type.
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Chapter 4: Discussion
4.1 Seed development and acquisition of seed desiccation tolerance
There are generally four common phases in Arabidopsis seed development; the first is the
premature stage (10± 1 DAP) which corresponds to the onset of reserve accumulation (Le et
al., 2010).The second is the mature stage (14±1 DAP) corresponding to the middle stage of
reserve accumulation (Le et al., 2010). Thirdly is the post mature stage (17± 1 DAP),
corresponding to the end of the period of reserve accumulation and the beginning of seed
desiccation. In the last stage desiccation-associated proteins are synthesized and their number
and volume in the cell increases. Lastly is the 20±1DAP referred to the dormant stage/dry
(Fait et al, 2006) in which the embryo is in a state of arrested growth (Baud et al., 2002).
Most important in seed maturation is the significant reduction of most sugars, organic acids,
and amino acids, and increase in dry weight and storage reserves. The transition from
reserve accumulation to seed desiccation involves a major metabolic switch, particularly
into the accumulation of distinct sugars, organic acids, nitrogen-rich amino acids, and
shikimate-derived metabolites (Fait et al., 2006). The late embryogenesis abundant proteins
(LEA) have been found as a group of proteins that accumulate during seed maturation and
desiccation, hence the term ‘late embryogenesis abundant’ (LEA) (Le et al., 2010). The
specific temporal accumulation of many members of LEA mRNAs during seed maturation
and desiccation has led to the suggestion that these abundant polypeptides may function to
protect the embryo from desiccation damage (Hundertmark & Hincha, 2008). The seed
desiccation tolerance (DT) is ability to survive loss of water of even below 0.1g H2O g DW 1
seen by seed ability to germinate upon rehydration (Alpert, 2005).
In our experiments we used LEA mutants, abi3-6 and wild-type Columbia N60000, which
progressively showed increased seed vigour from 11 to 21 DAP. The increasing vigour of
seeds throughout the days after pollination has been observed in various studies that
monitored seed development. When seed germinates, food reserves accumulated during
maturation are degraded for energy. This implies that at early stages during seed
development, when the reserves are insufficient, poor germination performance is expected.
Indeed, we observed that in our experiments, in which 11 and 14 registered the lowest gMax
and highest t50 gMax. However above certain DAP, other factors such as dormancy plays
major roles in seed germination rate. If dormancy is not broken the percentage of germination
remains low as well as the speed of seed germination.
In regards to desiccation tolerance, protective mechanisms increases in strength, number and
loads with growth and development (Bewley et al., 2013). Apparently 16DAP seems to be
the most active stage for accumulation of DT-related proteins. The most effects on gMax and
t50 gmax were observed at this point. This is actually the period associated with build-up of
several protective proteins.
The abi3-6 mutant only survives for a limited period and rapidly deteriorates. During the
survival window, the abi3-6 mutant significantly showed higher gMax and shortest t50 gMax
during all the DAP compared to WT. The ability to survive desiccation was not different
from that of the WT in the same period. It is known that Arabidopsis seed and seedling
response to stresses is regulated by a signaling network that includes ABA-insensitive genes
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(Abi) which includes various transcription factors. It is now known that over 200 loci are
involved in regulating ABA response, and that thousands of genes are actually regulated by
AB (Finkelstein, 2013). ABA is a very important phytohormone synthesized in maternal and
zygotic tissues at different stages during seed development and maturation. There are two
peaks in ABA concentration during seed development described in the literature. Between 8
and 12 DAP the first peak is noticed, right before the acquisition of desiccation tolerance.
The second peak occurs around 18 DAP (Finkelstein, 2013. Some of the aspects of plant
growth and development where ABA has been shown to regulate include embryo maturation,
seed dormancy, germination, cell division and elongation, floral induction (Finkelstein,
2013). Regulation of plant responses to environmental stresses specifically drought, salinity,
cold, pathogen attack and UV radiation have also been associated to ABA (Finkelstein,
2013).
Four LEA mutant lines showed DT phenotypes i.e. At1g32560 (Exon and 300-UTR3)
encoding LEA1, At2g35300 (1000-promoter) encoding LEA 1 and At3g17520 (300-UTR3)
encoding LEA 4 (Tab.2).
Table 2: Summary of seed performance of LEA mutants in different DAP in
comparison with WT
11 DAP

14 DAP

16 DAP

18 DAP

21DAP

G

G

G

T50

G

G

**

*

LEA

Gene

Insertion

LEA4

At2g18340

1000-Promotor

LEA4

At2g18340

300-UTR5

LEA4

At2g36640

Exon

LEA4

At2g36640

1000-Promotor

LEA1

At1g32560

Exon

*

LEA1

At1g32560

300-UTR3

*

LEA1

At2g35300

1000-Promotor

LEA1

At2g35300

1000-Promotor

LEA4

At3g17520

300-UTR3

COL-0
N6000

Wild type

T50

T50

T50

*

*

*

*

*

*

*

*

**

*

*

**

**

*

*

**

Abi3-6

T50

*

*

*

*

**

None

Key: Significantly different from WT (* Fresh seed, *Desiccated seed), .(*p<0.05, **p<0.01).
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4.2 Seed Longevity
A CD test simulates aging of seeds under controlled conditions and therefore is able to reveal
the relative storage potential of the seeds in question. In our experiment the effect of 3, 5 and
7 days in CD test conditions were assessed on LEA mutants and wild type. The CDT clearly
affected seed performance. After 3 days deterioration becomes obvious by reduction in gMax
and delayed germination (Tesnier et al., 2002). A decline in germination of Arabidopsis seed
from 100% to 0% within just four days of CDT has been reported when RH and temperature
were set at 75% and 50oC (Tesnier et al., 2002). It is has been observed that 85% and 40oC
CDT causes gradual loss in germination reaching even 0% in just six days (Tesnier et al.,
2002).
Previous studies have subjected CDT seeds to stratification to break dormancy to reduce the
effect of dormancy on the CD results (Tesnier et al., 2002). Under all the 3 CDT periods
tested, the LEA mutants showed similar gMax and t50 gMax. This can be attributed to the
single mutation, which might not be strong enough to cause a significant response in
phenotype. It is also possible that these particular genes have no or low effects on acquisition
and/or maintenance of longevity of Arabidopsis seeds. However, Tesnier et al., (2002) hinted
that dormancy may also contribute to tolerance to CD treatment especially in fresh seed. The
seeds we used in our analysis were harvest approximately 2 weeks before the treatment and
so it is likely that dormancy contributed to the observed results.
Apart from the test conditions, another critical factors that influence seed ageing is the
accumulation of reactive oxygen species (ROS) in seeds leading to the deleterious effects of
oxidative stress (Chen et al., 2012). ROS is known to lead to lipid peroxidation, DNA
damage, and inactivation of a number of enzymes. The accumulation of DNA breaks and
chromosome aberration has been reported to be associated with loss of seed viability (Chen et
al., 2012). ROS induce a variety of lesions in DNA, including oxidized bases,
apurinic/apyrimidinic (AP) sites and DNA strand breaks. Among all the DNA lesions
induced by ROS, 7, 8-dihydro-8-oxoguanine (8-oxo-G) is a dominant one as a result of ROSinduced hydroxylation of the C-8 position of guanine (Chen et al., 2012)
The effects of ROS are normally reduced in some species by increased scavenging ability
(Chen et al., 2012). Those species have genes that encode proteins which can scavenge ROS
or repair DNA damage and protect proteins resulting into improved seed longevity and seed
viability of those species (Chen et al., 2012).
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Chapter 5: Recommendation and Conclusion
5.1 Recommendations
During Arabidopsis seed development 15±1 DAP and 20±1 DAP are critical for desiccation
tolerance and dormancy studies, respectively. The higher effects on seed germination were
noticed in the 16 and 21 DAP. These stages can be used for specific studies. For instance
acquisitions of DT can best be done 14-16 DAP and dormancy studies at 20-21 DAP.
From the nine mutant lines used in our study, mutants with insertions on At2g18340 (300UTR5), At2g36640 (1000-Promotor), At1g32560 (Exon and 300-UTR3) and At3g17520
(300-UTR3) produced the most significance differences in phenotypes from the wild type.
These mutants can be further investigated in future experiments.
When seeds are recently harvested (in our case two weeks), the CDT durations of 3 and 5
days is not adequate to observe significant differences. We recommend CDT durations of
more than 7 days for screening such seeds.
It has been confirmed that some genes exhibit a mutant phenotype only when disrupted in
combination with a putative paralog (Lloyd et al., 2012). So the lack of phenotypes may not
necessarily mean the genes used in our studies were not functional. Single mutation
sometimes also does not produce phenotypes and therefore sorting for double mutants would
be helpful.
5.2 Conclusion
Desiccation tolerance is acquired during Arabidopsis seed development. LEA proteins from
group 1 and 4 significantly play roles in seed development and acquisition and/or
maintenance of desiccation tolerance, dormancy and other stress responses. ABI3 gene is an
important gene that affects a large number of activities in seed development including
responses to stress. Any mutation in the ABI3 gene causes significant effects on the plants.
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