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Abstract
Chlorophyll degradation is required for seed maturation process. During seed
maturation, chlorophyll is degraded into nontoxic molecules similarly to what occurs during
leaf senescence. However, compared with leaf senescence, chlorophyll degradation in seeds
has been poorly studied. It is known that abscisic acid (ABA), ABSCISIC ACID INSENSITIVE
(ABI) 3, DELAY OF GERMINATION (DOG) 1 and basic leucine zipper (bZIP) transcription factors
play a role in seed maturation, therefore these factors may play a role during chlorophyll
degradation in Arabidopsis (Arabidopsis thaliana) seeds. To uncover the role of ABA and bZIP
transcription factors, three topics were under studied in this project: 1) the role of ABA on
chlorophyll degradation in seeds, 2) the role of bZIP transcription factors on chlorophyll
degradation in seeds, 3) screening of mutagenized seeds in dog1‐1 background. For
subjecting the role of ABA, genetic and physiological approaches were conducted to enhance
ABA level in abi3‐12 dog1‐4 green seeds. We found through genetic approach combining
abi3‐12 dog1‐4 with 8′‐hydroxylase mutant (cyp707a2) can partially rescue green‐seeds
phenotype. To study the role of bZIP transcription factors on chlorophyll degradation, triple
and quadruple mutants were performed. The results show bZIP transcription factors may
play a role in chlorophyll degradation but it still needs to be confirmed by further study of
next generation. To identify second mutation in dog1‐1 background, EMS‐treated dog1‐1
seeds were screened under Pathoscreen machine. Four bulks of M2 seeds were selected with
high chlorophyll fluorescence. These four bulks of mutagenized seeds indicated the
occurrence of possible second‐site mutations and further research needs to be done to
confirm the genotype.

Keywords: Chlorophyll degradation, seed maturation, abscisic acid, bZIP transcription factors,
Arabidopsis thaliana (Arabidopsis).
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1. Introduction
Chlorophyll (Chl) is the most abundant pigment in the world and this green pigment is
found in cyanobacteria and in chloroplasts of algae and plants (Smith and Benitez, 1955).
Chlorophyll is the key component to photosynthesis (PS), allowing plants to absorb light
energy for self‐growth. Solar light is taken in by chlorophyll in chloroplasts and then it is
converted into chemical energy stored as carbohydrates during photosynthesis (Donald and
Frigaard, 2006).
There are two different types of chlorophyll in plants: chlorophyll a (Chl a) and
chlorophyll b (Chl b). During plant senescence the chlorophyll in the leaves is degraded and
the loss of the green colour can be observed. Chlorophyll catabolism starts with the
conversion of Chl b to Chl a, in a two steps reaction. First Chl b is reduced to 7‐
Hydroxymethyl chlorophyll a by the chlorophyll b reductase (CBR), which later is reduced to
Chl a by the 7‐Hydroxymethyl chlorophyll a reductase (HCAR) (Nakajima et al., 2012;
Hörtensteiner S., 2013). The interconversion of Chl a and Chl b is also possible and it is
known as chlorophyll cycle (Tanaka and Ayumi, 2011). With the removal of the Magnesium
(Mg) atom by a Mg‐dechelatase enzyme encoded by the STAY‐GREEN GENE (SGR) (Shimoda
et al., 2016), Chl a is changed into pheophytin a. Then by pheophytinase (PPH),
pheophorbide a is yielded. Pheophorbide a oxygenase (PAO) is the following enzyme
converting pheophorbide a into red chlorophyll catabolite (RCC). This pathway of chlorophyll
degradation is represented in figure 1 (Meguro et al., 2011).

Chlorophyll cycle

Figure 1. Chlorophyll metabolic pathway (Meguro et al., 2011)
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Chlorophyll biosynthesis and degradation is known to occur during leaf development
and leaf senescence respectively (Ohashi et al., 1989). Whereas, chlorophyll biosynthesis and
degradation also happen to different species during seed development for example in seeds
of Arabidopsis (Arabidopsis thaliana) (Asokanthan et al., 1997), canola and soybean
(Mansfield and Briarty, 1991). In maturing seeds, photosynthetic capacity can be detected
(Borisjuk et al., 2004) but is much lower than in leaves (Asokanthan et al., 1997). Very little is
known about the actual role of chlorophyll and photosynthesis in seeds, however it is known
that the degradation of chlorophyll is important for seed quality. During seed maturation,
chlorophyll molecules are degraded into non‐toxic molecules (Hörtensteiner, 2004) similarly
to what occurs during leaf senescence (Nakajima et al., 2012). Chlorophyll retention in
mature seeds has negative effects on seed quality, e.g. in soybean and canola seeds, high
chlorophyll content can impair germination rate (Clerkx et al., 2003; Johnson‐Flanagan et al.,
1994; Gomes et al., 2003). In nyc1/nol mutants with Chl retention phenotype, gemination
reduces significantly after 23 months while wild‐type seeds can still germinate after 42‐
months of storage (Nakajima et al., 2012). In sesame and soybean seeds, chlorophyll is
considered as a pro‐oxidant. When their extracted oil, containing high chlorophyll is exposed
to light, the oil will be oxidized, which reduces the shelf life (Yen and Shyu, 1989; Gomes et
al., 2003). Therefore, chlorophyll degradation play a crucial role in seed quality and oil
quality.
The plant hormone abscisic acid (ABA) controls various physiological processes during
seed development (Nambara and Marion‐Poll, 2005). In the early stage of embryogenesis,
ABA promotes embryo growth (Frey et al., 2004) and during seed maturation ABA content
highly increases (Finkelstein et al., 2002). The level of ABA in the seeds is also suggested to
be related to the chlorophyll degradation process (Nakajima et al., 2012). Some factors
regulate ABA levels in seeds which also affects seed maturation. ABA‐deficient mutants (aba)
show non‐dormant and brownish‐yellow seeds phenotype (Karssen et al., 1983). Low level of
ABA is observed in ABA‐deficient mutants seeds. By studying the ABA catabolic gene
(cyp707as) mutant, Okamoto et al. (2006) revealed that the cyp707a1 accumulate higher
levels of ABA than the cyp707a2 mutant in dry seeds. The research also claims that
CYP707A1 is downregulated during late stage of seed maturation, which confirms that ABA
accumulates at the late stage of seed maturation (Okamoto et al., 2006). ABA can affect
different species plants seeds. Application of exogenous ABA can rescue green‐seeds
phenotype in Arabidopsis (Xiong and Zhu, 2003). ABA can also regulate chlorophyll level in
tobacco (Nicotiana tabacum) seeds as well. When ABA antibodies are introduced during seed
maturation, chlorophyll accumulates in tobacco seeds (Phillips et al., 1997).
During seed development, ABA controls mid to late stages of embryo maturation
through ABSCISIC ACID INSENSITIVE 3 (ABI3) (Finkelstein et al., 2008), a main transducer of
ABA hormone signal for maturation genes expression (Parcy et al., 1997). ABI3 is a B3
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domain transcription factor (Finkelstein et al., 2008) and it acts as a master regulator during
seed maturation and also in the seed degreening process (Delmas et al., 2013). Mutations on
the severe abi3 alleles, such as abi3‐5 and abi3‐4, causes reduction in sensitivity to ABA and
the seeds display a green phenotype due to failure of chlorophyll degradation (Ooms et al.,
1993). For mutants of the abi3 weak alleles with brownish yellow seeds phenotype, such as
abi3‐1 and abi3‐12, when combined with aba1 mutation (aba1abi3‐1), it induces green‐
seeds phenotype. It means aba1 acts as an enhancer of abi3‐1 weak allele (Koornneef et al.,
1989).
DELAY OF GERMINATION 1(DOG1) is required for inducing seed dormancy. DOG1 also
affects more aspects of seed maturation by interfering with ABA signalling (Dekkers et al.,
2016). dog1‐1 mutated seeds have low ABA level and non‐dormant phenotype (Nakabayashi
et al., 2012). With abi3‐1 dog1‐1 double mutant, dog1‐1 enhances the abi3‐1 weak allele
resulting in green‐seeds phenotype (Dekkers et al., 2016). Since, aba1 abi3‐1 with reduced
ABA level induces green‐seeds phenotype (Koornneef et al., 1989), probably the green‐seeds
phenotype of the dog1‐1 abi3‐1 mutant is also caused by lower levels of ABA identified in
seeds of dog1 mutants.
In Arabidopsis, 75 diverse basic region/leucine zipper (bZIP) transcription factors are
described. Two structural features are included in the bZIP domain, one is for binding DNA
and the other is for creating an amphipathic helix (Jakoby et al., 2002). The bZIPs with a
similar DNA‐binding basic region are classified in the same group. This already suggests that
bZIP transcription factors have overlapping function. Group A members play roles in ABA
response and abiotic stress signalling. It includes ABSCISIC ACID INSENSITIVE 5 (ABI5), ABA‐
RESPONSE ELEMENT (AREB) and ABRE BINGDING FACTOR (ABF) genes. ABA triggers AREB1/2
phosphorylation and this phosphorylation is necessary for downstream genes expression like
ABI5 (Jakoby et al., 2002). ABI5 plays an important role in seed maturation and it is also
upregulated by ABA during late seed development (Bensmihen et al., 2005). A recent
research finds that abi5 mutation causes chlorophyll retention in Legumes which confirms
that ABI5 plays a role in chlorophyll degradation in seeds (Zinsmeister et al., 2016). This
evidences a possible role of bZIP transcription factors in regulation of chlorophyll
degradation in Arabidopsis seeds. A research shows that ABF2/3/4 are significantly induced
by ABA signalling during chlorophyll degradation in Arabidopsis seeds (Gao et al., 2016). In
the dog1 mutant, ABI5, ABF4 are down regulated, which indicates a correlation between
ABI5, ABF4 transcription factors and DOG1 (Dekkers et al., 2016). It is known that ABI3 and
DOG1 have genetic interactions (Dekkers et al., 2016). Therefore, ABI5 and ABF4 may still
interact with ABI3 to reveal the genetic relations between DOG1 and ABI3.
To investigate the existence of more regulators of chlorophyll degradation during
seed maturation in Arabidopsis seeds, three hypothesis were tested in my research: A) In
dog1‐4 abi3‐12 green‐seeded mutants, increasing the levels of ABA can rescue the brown‐
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seeds phenotype. To answer this question, both genetic and physiological approaches were
conducted to enhance ABA level in the green‐seeded dog1‐4 abi3‐12 plants. This experiment
can investigate the role of ABA on Chl degradation. B) High levels of chlorophyll in mutated
seeds of different bZIP transcription factors have significant green‐seeded phenotypes.
Because of their redundant functions, a set of bZIP transcription factors mutants were
crossed, aiming double, triple and quadruple mutations. This part of experiment can address
if the bZIP transcription factors involve in chlorophyll degradation in Arabidopsis seeds and
give us a better understanding on the Chl degradation mechanism in seeds. Besides that, we
propose to see that abi5 and abf4, linearly related to DOG1, interact with abi3 can induce
green‐seeds phenotype which indicates the genetic relations between DOG1 and ABI3. C)
Mutagenized seeds by EMS‐treated dog1‐1 seeds can produce brown‐seeds with high Chl
fluorescence. To identify the second site mutation in dog1‐1 background, dog1‐1 seeds were
mutagenized by Ethyl methanesulfonate (EMS). This research topic entails second‐site
mutations relating to Chl degradation in seeds in dog1‐1 background, and then explores new
Chl degradation related genes to have a better understanding in the network of chlorophyll
degradation in Arabidopsis seeds.
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2. Material and Methods
2.1 Plant material and growth condition
Seeds of the Arabidopsis thaliana (L.) ecotype Heynh. accessions Columbia (Col‐0)
and Landsberg erecta (Ler‐0) were used as the wild type in this study. A set of mutants
expected to be defective in Chl degradation were used in this project (Table 1).
In case seeds were dormant, seeds were sown in Petri dishes on water‐saturated
filter paper. Then the Petri dishes were placed in cold room at 4 °C in continuous dark. After
3 days, the Petri dishes were placed at room temperature for 3‐5 days. Otherwise, seeds
were sown in Petri dishes on water‐saturated filter paper under room tmeperature for 3‐5
days until seeds geminated. After that, seedlings were transfered to 4x4 cm Rockwool blocks
in climate room B9 at Radix Klima. The growth conditions were 20 °C at daytime and 18 °C at
night under a 16‐h photoperiod of artificial light (150 µmol m‐2 s‐1) and 70% relative
humidity. Plants were watered three times a week with standard Hyponex nutrient solution
(He et al., 2014).
Table 1. Plant material used in this thesis project.
Experiment
Genotype (mutants)
ABA Application

dog1‐4 abi3‐12

bZIP transcription factors

TM1: abi5‐7 bzip12 gbf4
DM1: abi5‐7 bzip13, abi5‐7 bzip67,
abi5‐7 areb3‐1, abi5‐7 areb3‐2,
abi5‐7 abi3‐12, abi5‐7 abf4

Mutant screening
1

Mutants in the dog1‐1 background

TM: Triple mutant; DM: Double mutant; SM: Single mutant.

2.2 The role of ABA topic
For genetic approach, dog1‐4 abi3‐12 has been used as green‐seed background. ABA
level was induced by introducing cyp707a1 and cyp707a2 mutant into dog1‐4 abi3‐12
background which has been done before this project.
Physiological approach is achieved by applying ABA directly to the siliques. Five
treatments were carried out in this part. For each treatment, six plants were picked and five
siliques were tagged for each plant at roughly four days after pollination (DAP). From 7 DAP
to 20 DAP, each silique and the connection between silique and stem (pedicel) were treated
with different concentrations of ABA every day using a small paintbrush. After 21 DAP, all
treated siliques were harvested separately. For Col‐0, siliques were tagged as a control group.
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For dog1‐4 abi3‐12, four different treatments were performed: tagging only, brushing with
buffer solution, brushing with 15µM ABA solution and brushing with 60µM ABA solution.

2.3 The role of bZIP transcription factors topic
To make new combination of bZIP trsncription factors, abi5‐7 bzip12 gbf4 mutants
were crossed with abi5‐7 bzip13, abi5‐7 bzip67 and abi5‐7 areb3. Meanwhile, abi5‐7 abi3‐12
was crossed with abi5‐7 abf4. Father plants of abi5‐7 bzip12 gbf4 were crossed with mother
plants abi5‐7 bzip13, abi5‐7 bzip67, abi5‐7 areb3‐1, abi5‐7 areb3‐2 to get quadruple
mutants. New bZIP transcription factors mutants with green‐seeds phenotype could indicate
these bZIP transcription factors are involved in Chl degradation in Arabidopsis seeds.

2.4 Identification of second site mutation topic
dog1‐1 is the genomic background for further screening which is a mutation in Ler‐0
background. EMS‐treated M1 seeds were screened under Pathoscreen machine to quantify
the chlorouphyll fluorescence level.

2.5 Chlorophyll quantification
A non‐destructive method, based on chlorophyll fluorescence, was used to determine
relative chlorophyll content (Genty et al., 1989). For that, we used a machine called
Pathoscreen developed by PhenoVation Life Sciences Company. PathoScreen measures
multiple fluorescence images at 6‐megapixel resolution providing pixel‐to‐pixel images of
Green Fluorescence Protein (GFP), Red Fluorescence Protein (RFP or DsRed), Chlorophyll
Fluorescence (CF) and colour (in RGB). The chlorophyll fluorescence allows not only a relative
estimation of Chl content but also the calculation of the maximum quantum yield of
Photosystem II (PSII) photochemistry (Fv/Fm). The Pathoscreen was used to quantify the
chlorophyll levels and to take colour pictures of the seed samples. Two approaches were
used: 1) Chlorophyll was measured on scattered seeds on a flat black background. This
method allowed us to select single seeds with high Chl fluorescence from a bulk of seeds; 2)
Chl fluorescence was measured on a bulk of seeds placed on 96 wells plate. In this way, the
Chl levels were the average of a seed bulk.

2.6 Plant Genotyping
2.6.1 Quick DNA extraction
For PCR reaction, DNA extraction procedure was described in Cheung et al. (1993).
One small, young leaf was picked and collected in 1.5ml Eppendorf tube. Then 150 µl
extraction buffer contained 2 M NaCl, 200mM Tris‐HCl (pH 8), 70mM EDTA and 20 mM
6

Na2S2O5 (Sodium metabisulfite). One stainless steel bullet (size 1.8) was added to the tube.
The plant material was ground for 45 seconds under 30Hz. After leaf cells were broke down,
the tube was put in the 60°C incubator for 60 min. The tube was put in the centrifuge
machine under 2800g for 5 minutes. 75 µl of the supernatant were taken and transferred to
new tube. 75 µl iso‐propanol and 30µl 10M NH4Ac were added and mixed with vortex to
homogenize. The tubes were left at room temperature for 15min and then centrifuged under
max speed for another 5 minutes. The supernatant was discarded and pellet was washed
with 300µl of 70% ethanol. The mixture was put in the centrifuge machine under max speed
for the last 5 minutes. After removing the ethanol, the DNA sample was dried and then
dissolved in 50 µl Milli‐Q water.

2.6.2 T-DNA lines insertion
Table 2. Two paired reactions for Polymerase chain reaction.
Mix for one reaction

Reaction A

Reaction B

9.95 µl
1.50 µl
1.50 µl
0.25 µl
0.25 µl
‐‐‐‐‐
0.40 µl
0.15 µl
1.00 µl
14.00 µl

9.95 µl
1.50 µl
1.50 µl
0.25 µl
0.25 µl
0.25 µl
0.40 µl
0.15 µl
1.00 µl
14.25 µl

Mili‐Q water
Buffer B
MgCl2 Buffer
Gene‐specific Salk Forward primer
Gene‐specific Salk Reverse primer
LBb1.3 primer
dNTPs
Fire Pol
DNA
Total Volume

1 µl of DNA sample was used for further Polymerase chain reaction (PCR). To identify
the T‐DNA insertion, two paired reactions were set up and the mix for each reaction is shown
in table 2. The primers used for PCR reactions were obtained via T‐DNA primer design web
page of the Salk Institute Genomic Analysis Laboratory (2003).
The PCR sample was put in PCR Thermal Cycler for amplifying the target T‐DNA
sequence. The reaction protocol is shown in Table 3.
After running the PCR, gel electrophoresis analysis was conducted to visualize the
PCR products. Three µl loading buffer Orange G (1: 5=buffer: product) was added to each
PCR product. 1% Agarose gel was made and for each gel well, 8 µl PCR and buffer mix were
added. The Smart DNA Marker was used with a standard loading of 5 µl. The gel ran under
90V for 30 minutes. The PCR product was segregated into different bands in the gel by
corresponding to an exact DNA length compared to the Smart Marker.
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Table 3. Polymerase chain reaction protocol for genotyping T‐DNA insertion.
Step

Time

a
b
c
d

5 min
20 sec
30 sec
1min 30 sec

e
f

10min
Forever

Temperature (°C)
95
95
55 (According to primer melting temperature)
72 (According to target fragment length)
Go back to step b, 40x
72
4

2.6.3 abi3‐12 genotyped by dCAPS marker
1µl DNA sample was used in a Polymerase chain reaction (PCR) using a primer pair of
the abi3‐12 dCAPS marker. The reaction mix was shown in Table 4. The dCAPS marker used
for genotyping abi3‐12 was obtained from dCAPS Finder 2.0 (Neff et al., 2002).
Table 4. One reaction for Polymerase chain reaction.
Mix for one reaction

Volume

Mili‐Q water
Buffer B
MgCl2 Buffer
Mutation‐specific dCAPS marker
dNTPs
Fire Pol
DNA
Total Volume

9.95 µl
1.50 µl
1.50 µl
0.50 µl
0.40 µl
0.15 µl
1.00 µl
14.00 µl

The PCR products were used for restriction analysis. Total volume is 20µl for the
reaction mix with Restriction endonuclease (AvaII, New England Biolabs), 0.2 µl; Restriction
buffer 10x, 2.0 µl; Milli‐Q water, 12.8 µl and PCR product, 5.0 µl. The reaction mix was
incubated for 1.5 hours at 37˚C followed by 20 min at 80˚C to deactivate the restriction. To
each digested product, 4µl loading buffer was added before gel electrophoresis on a 2%
Agarose gel at 110V for 30‐60 min.
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3. Results and Discussion
3.1 The role of ABA on chlorophyll degradation
According to previous study, the ABA‐deficient mutant aba1 acts as an enhancer of
the abi3 weak allele phenotype and aba1 abi3 double mutants have green‐seeds phenotype
(Ooms et al., 1993). The abi3 weak allele can also get enhanced by dog1 to produce green‐
seeds phenotype (Dekkers et al., 2016), but the genetic interactions between abi3 and dog1
have been barely studied. To investigate if enhancing ABA level in dog1‐4 abi3‐12 green‐
seeds mutants would rescue the brown‐seeds phenotype, both genetic and physiological
approaches are conducted in this study.
By the genetic approach, we expect to inhibit the activity of ABA catabolic enzymes
by cyp707a1/2 (Kushiro et al., 2004) which can increase the ABA level in dog1‐4 abi3‐12
seeds. Thus, both cyp707a1 and the cyp707a2 were introduced into the dog1‐4 abi3‐12
seeds. F2 seeds (dog1‐4 abi3‐12 cyp707a1 mutants) were harvested and the chlorophyll
fluorescence was quantified under the Pathoscreen machine together with dog1‐4 abi3‐12
cyp707a2, abi3‐12 dog1‐4 and abi3‐12 aba1. Compared with Col‐0, all mutated seeds have
significant higher Chl fluorescence (Figure 2). Compared with abi3‐12 dog1‐4, abi3‐12 aba1
shows insignificant Chl fluorescence in the seeds. Compared with abi3‐12 dog1‐4, abi3‐12
dog1‐4 cyp707a2 has significant lower chlorophyll level, however, in abi3‐12 dog1‐4
cyp707a1, the difference from abi3‐12 dog1‐4 is not significant (Figure 2).
ABA is an activator of leaf senescence and CYP707A family genes play a crucial role in
controlling ABA level in plants (Kushiro, et al., 2004). In this topic, cyp707a2 is introduced
into abi3‐12 dog1‐4 and abi3‐12 dog1‐4 cyp707a2 have brownish seeds phenotype with
lower Chl fluorescence than abi3‐12 dog1‐4. It has been demonstrated that cyp707a2
mutants can accumulate six‐fold greater ABA content than wild type in seeds (Kushiro, et al.,
2004), which indicates that ABA is accumulated in abi3‐12 dog1‐4 cyp707a2 mutants. The
ABA is accumulated during late‐maturation to germination period (Okamoto et al. 2006) and
ABA level affects the Chl degradation in seeds (Nakajima et al., 2012). Then, the brownish
seeds phenotype (Figure 2.) is induced by the increased ABA level during chlorophyll
degradation. Therefore, ABA plays a role in chlorophyll degradation is confirmed. Since not
entirely brown seeds phenotype was observed, it assumes that the increasing ABA level by
cyp707a2 can partially rescue the green‐seeds phenotype of abi3‐12 dog1‐4 seeds. Non‐
significant difference between abi3‐12 dog1‐4 and abi3‐12 aba1 is recognized in seeds. In
this way, it confirms that dog1 acts similarly as aba1, which can enhance abi3 weak allele
through down‐regulating ABA level in seeds (Koornneef et al., 1989, Dekkers, et al., 2016). It
is known that both cyp707a1 and cyp707a2 can increase ABA level in seeds by inhibiting the
activity of ABA catabolic enzymes. Compared with abi3‐12 dog1‐4, the combination of abi3‐
12 dog1‐4 and cyp707a1 display insignificant differences in Chl fluorescence, however abi3‐
12 dog1‐4 cyp707a2 have significant lower Chl level in seeds. The different results between
9

cyp707a1 and cyp707a2 are caused by different experssing periods of CYP707A1 and
CYP707A2 during seed maturation. cyp707a1 mutants dominate mid‐maturation stage and
are down‐regulated in the late stage of seed maturation and cyp707a2 dominates the late
stage of seed maturation (Okamoto et al. 2006). Chlorophyll is degraded in Arabidopsis seeds
during late stage of maturation and ABA is the regulatore of chlorophyll degradation
(Nakajima et al., 2012). Although cyp707a1 mutants accumulate higher levels of ABA than
cyp707a2, cyp707a1 is down regulated during Chl degradation in seeds. Therefore,
CYP707A1 does not influence Chl degradation at the late stage of seed maturation. The
different expression stages decide that abi3‐12 dog1‐4 cyp707a1 display insignificant
differences in Chl fluorescence compared with abi3‐12 dog1‐4.
The genetic approach gives us an indicator that increased ABA level can induce
chlorophyll degradation in seeds. Therefore, physiological approach is carried out to confirm
the result from genetic method by brushing ABA solution directly to the silliques.

*

Relative Chl fluorescence
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Figure 2. The relative chlorophyll fluorescence in green‐seeds abi3‐12 dog1‐4 and the seed colour
of different genotypes. Bars represent the mean values ± SE of four independent biological
replicates. Bracket connecting two bars represents statistical comparison. Asterisk represents
statistically significant differences between abi3‐12 dog1‐4 and abi3‐12 dog1‐4 cyp707a2 by T‐Test
(*P≤ 0.05).

The physiological approach was carried out with ABA application to the dog1 abi3
and Col‐0 as control. After 14‐days of ABA application, mature seeds were harvested to
measure the Chl fluorescence. Compared with wild type (Col‐0), all treated or non‐treated
dog1‐4 abi3‐12 mutants displayed significant higher chlorophyll fluorescence content with
visible green‐seeds phenotype. Compared with dog1‐4 abi3‐12 double mutants, neither low
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concentration nor high concentration ABA treated seeds have significant differences.
However, the seeds from control group brushed with Tris‐buffer show a significant lower Chl
fluorescence in seeds (Figure 3). Tris‐buffer is used to balance the pH for ABA solutions as a
control group and the result cannot be explained yet. The significant result cannot eliminate
the effect of buffer in this experiment therefore the insignificant results of ABA application
are not convinced.

Relative Chl Fluorescence

25000

**

20000
15000
10000
5000
0

Figure 3. The relative chlorophyll fluorescence of abi3‐12 dog1‐4 seeds samples under different
ABA treatments. Bars represent the mean values ± SE of six independent biological replicates.
Bracket connecting two bars represents statistical comparison. Asterisk represents statistically
significant differences compared with dog1‐4 abi3‐12 by T‐Test (**P≤ 0.01).

Based on the results of the genetic approach, we suggest that enhancing ABA level by
knocking out CYP707A2 can partially rescue the brown‐seeded phenotype in the dog1‐4
abi3‐12 green‐seeds mutants. Anyhow, the result from ABA application experiment cannot
confirm the genetic result. The mismatch result is probably caused by the failure of getting
ABA into the seeds during ABA application experiment. A previous research also conducted
an ABA application experiment with negative results (Koornneef et al., 1989). This
experiment claimed the difficulties of applying ABA indirectly to the seeds. During the
physiological experiment, we applied ABA directly to Arabidopsis siliques to increase
efficiency of ABA functioning but it is still indirectly to the seeds. ABA solutions barely stayed
on the siliques, which increased the difficulties in getting ABA into the seeds. In Arabidopsis,
siliques are covered by epicuticular waxes and this lipid membrane obstructs ABA from
permeating into the siliques (Aarts et al., 1995), meanwhile it also protects seeds from losing
water and environmental risks during maturation process (Koornneef et al., 1989). Thus, the
occurrence of wax layer makes ABA application hard to penetrate.
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Although, physiological approach cannot approve that ABA can induce chlorophyll
degradation to rescue dog1‐4 abi3‐12 green‐seeded phenotype, many researches have
proved that ABA can induce Chl degradation during leaf senescence (Zeevaart, 1988). Oh et
al. (1996) found that 0.1 mM ABA treatment can induce leaf senescence through regulating
sen1 gene, and Zacarias (1990) revealed that ABA application stimulated chlorophyll loss in
Arabidopsis leaf during senescence. Concerning the role of ABA during leaf senescence and
the obstacle of wax layers on silliques, the previous ABA application experiment needs to be
improved. We propose to conduct further experiments to find optimal ABA application
method to get the expected results.
Test experiment has been done to apply ABA solution to the silliques and at the
meantime the wax layer is removed by applying Tween20. The Chl levels of abi3‐12 dog1‐4
seeds under different treatments are shown in figure 4. Compared with dog1‐4 abi3‐12
mutants, both Tween20 and Tween20+ABA treatments have lower Chl fluorescence in seeds
but there is no significant difference between Tween20 and Tween20+ABA treatment. The
same Chl level in treated seeds indicates that there is no additional effect from applied ABA
on chlorophyll degradation in dog1‐4 abi3‐12 seeds. The decreasing of Chl fluorescence by
exogenous ABA applying has not been observed therefore the result from genetic approach
cannot be proved by this method.
12000

Relative Chl fluorescence

10000

*

*

Tween20

Tween20+ABA

8000
6000
4000
2000
0
dog1‐4 abi3‐12

Figure 4. The chlorophyll fluorescence of dog1‐4 abi3‐12 seeds sample under Tween20 and ABA
treatments. Bars represent the mean values ± SE of independent biological replicates. Asterisk
represents statistically significant differences compared with dog1‐4 abi3‐12 by T‐Test (*P≤ 0.05).

The painting brush for applying ABA could cause mechanical damage, especially when
wax layer was removed by Tween20 and the silliques became more fragile than before. A
research proved that in the wounded plants, ABA responsive pattern is similar to ABA treated
plants. However, in ABA deficient mutants, wounded cannot induce the ABA‐responsive
patterns as exogenous ABA application does (Hildmann et al., 1992). The conclusion indicates
a possibility for dog1‐4 abi3‐12 ABA‐deficient plants to have a response to ABA application
instead of the only wound damage treated by Tween20. Although the test experiment
assumed that no additional affect is from ABA treatment on chlorophyll degradation, we
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could optimise the experiment by soaking silliques in ABA solution and Tween20 to avoid the
endogenous ABA level changing by mechanical damage.

3.2 The role of bZIP transcription factors on chlorophyll degradation
To investigate the role of bZIP transcription factors on chlorophyll degradation, two
experiments were done. In the first experiment, new combinations of bZIP transcription
factors mutants were made according to their redundant functions to find green‐seed
mutants. In the second experiment, based on the enhancer dog1 of abi3 weak allele
background (Dekkers, et al., 2016), additional bZIP transcription factor abf4 were induced
into abi3‐12 abi5‐7 to reveal a better understanding of how dog1 enhances abi3 weak allele.
First screening was carried out under Pathoscreen machine among a set of bZIP
transcription factors mutants, which are related to ABA signalling or leaf senescence (Jakoby
et al., 2002). Compared with Col‐0, only the triple mutant abi5 gbf4 bzip12 had significantly
higher Chl fluorescence, while the other mutants showed insignificant difference from the
wild type (Figure 5). Although, the triple mutant abi5‐7 bzip12 gbf4 had higher Chl
fluorescence, visually the seeds were still brown which did not induce mutated phenotype
(green‐seeded). Triple mutant abi5‐7 bzip12 gbf4 indicates a possibility to find the severe
green‐seeds phenotype with high chlorophyll fluorescence therefore abi5‐7 bzip12 gbf4 was
used as the background. Considering the redundancy of bZIP transcription factors, more bZIP
transcription factors were introduced into abi5‐7 bzip12 gbf4 to give a severe green‐seeds
phenotype. Crosses were made between abi5‐7 bzip12 gbf4 and a set of double mutants
(abi5‐7 bzip13, abi5‐7 bzip67, abi5‐7 areb3‐1 and abi5‐7 areb3‐2) to introduce bzip13,
bzip67, areb3‐1 and areb3‐2 into it.
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Figure 5. The chlorophyll fluorescence of a set of bZIP transcription factors mutants. The bZIP
transcription factors mutants included single mutants, double mutants and triple mutants, which
were all in Col‐0 background and related to ABA or abiotic stress signalling. Bars represent the mean
values ± SE of 16 independent biological replicates. Asterisk represents statistically significant
differences compared with Col‐0 by T‐Test (*P≤ 0.05).
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So far, we have all F2 seeds from abi5‐7 bzip12 gbf4 x abi5‐7 bzip13, abi5‐7 bzip12
gbf4 x abi5‐7 bzip67, abi5‐7 bzip12 gbf4 x abi5‐7 areb3‐1 and abi5‐7 bzip12 gbf4 x abi5‐7
areb3‐2. Because of time limitation, we chose to check lines with bZIP67 mutation first which
codes seed‐specific expression protein and it is closely related to ABI5 (Jakoby et al., 2002).
From Belmonte et al. (2013) study, bZIP67 is in the centre of seed maturation network.
Twelve F2 plants from abi5‐7 bzip12 gbf4 crossed with abi5‐7 bzip67 were genotyped. The
results are shown in Table 5. Target quadruple mutants were not founded because only 12
plants were sampled. According to Mendel’s Law, at least 64 samples are needed to get a
homozygote within three genes. Besides that, a new triple mutant abi5‐7 bzip12 bzip67 (1B
highlighted in green) was found which could also be used as an experiment material to study
the role of bZIPs by screening the seeds phenotype. 5A and 7A are homozygous in abi5‐7,
bzip12 and bzip67, and gbf4 is segregating (highlighted in orange). Considering the
difficulties in genotyping to find a quadruple mutant (abi5‐7 bzip12 gbf4 bzip67), we propose
to grow 5A and 7A for the next generation and genotype gbf4 within a relatively smaller
sample size to find the quadruple mutant. F3 seeds are needed to find target quadruple
mutant abi5‐7 bzip12 gbf4 bzip67 and mature F3 seeds will be screened under Pathoscreen to
find the one with high Chl fluorescence and green‐seeds phenotype.
Table 5. The genotyping result of abi5‐7 bzip12 gbf4 x abi5‐7 bzip67 F2 samples.
Mutated genes

Sample
1B1
2B
3A1
4B
5A
6B
7A
8B
9B
10B
11A
12B

abi5‐7

bzip67

gbf4

bzip12

homo
homo
homo
homo
homo
homo
homo
homo
homo
homo
homo
homo

homo2
homo
homo
homo
homo
homo
homo
hete
WT
hete
hete
WT

WT3
hete4
WT
hete
hete
hete
hete
WT
‐
‐
‐
‐

homo
hete
WT
hete
homo
hete
homo
WT
homo
hete
homo
homo

1.

A refers to the taken sample is the left one. B refers to the taken sample is the right one (within one block
two plants were planted); 2. homo refers to the mutated gene is homozygous in this sample; 3. WT refers to
no mutated gene in this sample; 4. hete refers to the mutated gene is heterozygous in this sample.

Due to the time limitation, quadruple mutants have not been found and we cannot
screen the phenotype yet. It is known that bZIP12 (EEL) and ABI5 mediate ABA signalling and
seed maturation. In bzip12 abi5 mutants, the expression levels of SGR1 and NYC1, which are
necessary to Chl degradation, are significantly down regulated (Sakuraba et al., 2016).
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Although we cannot confirm the role of bZIP12 (EEL) and ABI5 on seed degreening process,
delayed leaf senescence is observed in abi5 bzip12 double mutant which indicates bZIP12
and ABI5 can induce chlorophyll degradation in leaves (Sakuraba et al., 2014). GBF4 (G‐BOX
BINGDING FACTOR4) can regulate ABA directly and as it is shown in previous research that
gbf4 shows ABA insensitive phenotype (Somi, 2015). Besides the seed specific expression
pattern, bZIP67 also regulates ABRE containing promoters which responses to ABA signaling
(Yamamoto et al., 2009). On the whole, bZIP12 and ABI5 play roles on Chl degradation during
leaf senescence. GBF4 and bZIP67 can regulate ABA level, which is an important hormone to
chlorophyll degradation. bZIP67 is a seed specific expressing protein. These previous
research indicate that bZIP12, bZIP67, ABI5 and GBF4 could be involved in Chl degradation in
seeds. In my case, F3 seeds will be genotyped to find the quadruple mutants abi5‐7 bzip12
gbf4 bzip67 and then they will be screened under Pathoscreen machine. If green‐seeded
phenotype is observed, it can confirm that abi5‐7 bzip12 gbf4 bzip67 play roles on Chl
degradation in seeds.
Table 6. The genotyping result of abi5‐7 abi3‐12 x abi5‐7 abf4 F2 samples.
Sample
9B1
10B
11B
12B
13B
14B
15B
16B
17B
18B
19A
20B

abi5‐7

Mutated genes
abf4

homo
homo
homo
homo
homo
homo
homo
homo
homo
homo
homo
homo

WT
WT
WT
WT
hete
hete
hete
homo
homo
homo
WT
homo

abi3‐12
‐
‐

‐
‐
‐
WT
hete
WT
WT
WT
‐
WT

1.

A refers to the taken sample is the left one. B refers to the taken sample is the right one (within one block
two plants were planted); 2. homo refers to the mutated gene is homozygous in this sample; 3. WT refers to
no mutated gene in this sample; 4. hete refers to the mutated gene is heterozygous in this sample.

In this part the role of bZIP transcription factors on Chl degradation was studied
which is based on that dog1 enhances abi3 weak mutant to give a green‐seeds phenotype.
Since ABI5 and ABF4 are down regulated in dog1‐1 mutants (Dekkers et al., 2016), crosses
between abi5‐7 abi3‐12 and abi5‐7 abf4 were made to investigate if ABI5 and ABF4 play a
genetic role in the interaction between DOG1 and ABI3 to give us a better understanding of
the interaction between DOG1 and ABI3. Because of the time limitation, 12 samples of F2
abi5‐7 abi3‐12 x abi5‐7 abf4 samples were genotyped, but we did not find triple mutants yet
(table 6). According to Mendel's laws, 16 samples are likely needed to find one homozygote
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with two segregating genes. Meanwhile, ABI3 (AT3G24650) and ABF4 (AT3G19290) are
closely located in Chromosome three, which make their double knockouts difficult to
manage. Therefore, we suggest to sample a larger population of F2 seeds to find the triple
mutants abi5‐7 abi3‐12 abf4 and harvest their offspring seeds to quantify the Chl
fluorescence under Pathoscreen machine. It is known that ABF4 likely act as key regulators in
mediating ABA‐triggered Chl degradation and leaf senescence in general in Arabidopsis (Gao,
et al., 2016). ABI5 is induced at the late stage of leaf development and the abi5 mutant
shows delayed leaf senescence phenotype (Schippers et al., 2007). Chlorophyll degradation
regulated by ABA happens to both leaf senescence and seed maturation processes.
According to this similarity, we predict that ABI5 and ABF4 could also play roles on Chl
degradation in seeds, which give us green‐seeded phenotype in abi5‐7 abi3‐12 abf4 F3 seeds,
and then it also indicates that ABI5 and ABF4 could precipitate the interaction between
DOG1 and ABI3.

3.3 Screening for mutants with high chlorophyll fluorescent seeds seeds in dog1‐1
background
To identify second‐site mutations involved in chlorophyll degradation, screening
mutagenized seeds in dog1‐1 background was conducted. Approximately 10,000 Arabidopsis
dog1‐1 seeds were mutagenized by Ethyl‐methanesulfonate (EMS) treatment. The
mutagenized seeds were divided, grown and harvested in 70 pools.
My research starts from M1 seeds. For each bulk of M1 seeds, single brown seed with
relative high chlorophyll fluorescence was picked under the Pathoscreen machine. For each
bulk, about ten seeds were selected. After screening all 70 bulks of seeds, we got about 500
seeds and they were grown individually for the next generation. M2 seeds were harvested
when they were mature and Chl fluorescence was quantified by Pathoscreen (Figure 6). Each
bulk of seeds was placed in one well and for each plate, and only the wells of M2 seeds with
high chlorophyll fluorescence were selected. Around 450 bulks of M2 seeds were measured
and 18 bulks of seeds were selected which showed relatively high Chl fluorescence in one
plate. We put 18 bulks together with Ler, dog1‐1 and dog1‐1 abi3‐1 as control in one plate to
re‐screen by Pathoscreen machine. The result was shown in figure 7. At last, five bulks MF10‐
7, MF20‐4, MF28‐10, MF28‐8 and MF7‐2 were selected which had higher Chl fluorescence
and good quality. The rest of them were eliminated for their low Chl fluorescence like MF53‐
10 and MF51‐7 or for immature seeds phenotype like MF9‐8, MF9‐10, MF2‐6, MF33‐10,
MF22‐10, MF33‐4, MF5‐3, MF57‐10 and MF1‐7. MF55‐2 was dropped out for its abnormal
phenotype with bright yellowish phenotype, which looks close to tt mutants with
transparent testa (Koornneef, 1990). MF58‐1 gave significant high Chl fluorescence than
abi3‐1 dog1‐1 double mutant, which is likely a severe abi3 mutant.
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Figure 6. The scheme for screening mutagenized Arabidopsis seeds in dog1‐1 background. 10,000
EMS‐treated seeds were sown in 70 blocks. M1 seeds were harvested together within one block.
Scattered screening was used to pick up single seed from one block under Pathoscreen. About 10
seed per block were picked. Picked seeds were sown again and harvested individually. Pool screening
was used to sort out the batches of seeds with higher Chl fluorescence than others.
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Figure 7. The chlorophyll fluorescence of mutagenized Arabidopsis seeds in dog1‐1 background.
Compared with dog1‐1, only MF10‐7, MF20‐4, MF28‐10, MF28‐8 and MF7‐2 were selected. Different
pattern filled columns indicate different phenotypes of M2 seeds.
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To confirm the phenotype of selected seeds, MF10‐7, MF20‐4, MF28‐10, MF28‐8
and MF7‐2 were sown again with four replicates and the M3 seeds were harvested. The Chl
fluorescence was measured under Pathoscreen machine. The Chl fluorescence and colour
image of M3 seeds were shown in figure 8.
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Figure 8. The chlorophyll fluorescence and colour image of five bulks of mutagenized Arabidopsis
M3 seeds in dog1‐1 background. Bars represent the mean values ± SE of four independent biological
replicates. Asterisk represents statistically significant differences compared with dog1‐1 by T‐Test
(*P≤ 0.05; **P≤ 0.01).

Compared with Ler, all mutated seeds showed significant higher Chl level and only
MF10‐7 and MF28‐10 gave greenish seeded phenotype. Compared with dog1‐1, seeds from
MF10‐7, MF20‐4, MF28‐10 and MF7‐2 showed much higher chlorophyll fluorescence.
Compared with M2 seeds, they remained high Chl fluorescence phenotype. However, MF28‐8
showed insignificant difference from dog1‐1 seeds and the phenotype was different from M2
seeds. Thus, MF28‐8 was eliminated for its unstable and low Chl fluorescence phenotype.
From colour figure, MF28‐10 showed a green‐seeds phenotype, which was different from its
M2 seeds. Although, M28‐10 displayed unstable phenotypes with restoring green‐seeded
phenotype, it could be interesting for further research. The restored green‐seeds phenotype
indicates that the mutagenized gene of M2 seeds in M28‐10 could be heterozygous and in M3
seeds, the heterozygous gene had been segregated and homozygote was made with green‐
seeded phenotype.
So far, mutagenized seeds MF10‐7, MF20‐4, MF28‐10 and MF7‐2 with high Chl
fluorescence were found. We recommend checking the alignment between MF10‐7, MF20‐4,
MF28‐10, MF7‐2 and abi3 by sequencing. If the mutagenized lines cannot align with abi3,
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then these M3 seeds should be non‐abi3 mutated gene regulating Chl degradation in seeds.
Only the mutants independent from abi3 allele could be used as further experimental
materials to identify second‐site factors involved in chlorophyll degradation in seeds. Many
possible situations could happen to the M3 seeds therefore we have several further steps by
breeding methods to check the mutated gene before sequencing. Backcrossing with dog1‐1
can be used to clear the genetic background to achieve dog1‐1 mutant as a genetic
background in the mutagenized seeds. Crossing between MF10‐7, MF20‐4, MF28‐10 and
MF7‐2 can be made to check if the mutagenized genes are same as each other or not, for
example, if MF10‐7 and MF20‐4 have different mutagenized genes then their offspring will
be heterozygous in the mutated genes and in this case no green‐seeded phenotypes will be
observed among MF10‐7 x MF20‐4 offspring seeds.
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4. Conclusions
In this thesis project, three different topics are studied, which are related to
chlorophyll degradation during seed maturation in Arabidopsis. The results from the role of
ABA on Chl degradation can be concluded that enhanced ABA level by inducing cyp707a2
into dog1‐4 abi3‐12 can partially rescue green‐seeds phenotype. However, the results cannot
be confirmed by the ABA application approach. Test experiment has been done to eliminate
the negative effect of wax layer on absorbing ABA solutions through silliques. The test
experiment indicated there is no additional effect of ABA on chlorophyll level in seeds.
Further experiment could be done to optimise the efficiency of ABA application procedure.
For the role of bZIP transcription factors on Chl degradation, I did not manage to get
the target genotypes for now. According the role of bZIP transcription factors on leaf
senescence, we hypotheses that these bZIP transcription factors may also play a role on Chl
degradation in seeds. Next generation of abi5‐7 bzip12 gbf4 crossed with abi5‐7 bzip67 and
abi5‐7 abi3‐12 crossed with abi5‐7 abf4 are needed to confirm this conclusion.
To identify the second‐site mutation in dog1‐1 background, EMS‐treated dog1‐1
seeds were quantified the Chl levels under the Pathoscreen machine. Four bulks of
mutagenized M2 seeds (MF10‐7, MF20‐4, MF28‐10 and MF7‐2) were found and further
research is needed to confirm the mutated genes in M3 seeds by using backcrossing with
dog1‐1, crossing between mutagenized lines and sequencing.
A better understanding in the network of Chl degradation in seeds can help us have a
clearer view in the regulators of seed maturation process.
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