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Abbreviations 

ABA abscisic acid 
ABI ABA INSENSITIVE 
ABF ABRE binding factor 
ABRE ABA response element 
AREB ABA response element binding factor 
bHLH basic helix-loop-helix 
bZIP basic leucine-zipper 
�-gal �-galactosidase 
CaMV 35S Cauliflower mosaic virus 35S 
CHD Chromodomain/helicase/DNA-binding domain 
DAI Days after imbibition (of the seed) 
DAP Days after pollination 
FUS3 FUSCA3 
GA gibberelic acid 
GUS �-glucuronidase 
HSI HIGH LEVEL EXPRESSION OF SUGAR INDUCIBLE 
JIN JASMONATE INSENSITIVE 
KEG KEEP ON GOING 
LacZ Gene encoding for �-galactosidase 
LEA late-embryogenesis abundant 
LEC leafy cotyledon 
MAT maturation 
napA napinA 
PHD Plant homeodomain 
RY element alternating purine-pyrimidine 
SNRK2 SNF1-related kinase 2 
SSP seed storage protein 
VAL VP1/ABI3-like 
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Introduction 

Plant seeds are a main resource for mankind as agricultural crops. Their 
qualities result from the process called maturation of the seed that takes pla-
ce when the seed develops on the mother plant: 
1. Seeds are rich in carbohydrates, proteins and lipids (representing the 

storage products). 
2. Seeds are dry, and therefore easy to preserve over long periods. Their 

storage products are resistant to degradation, and their germinating ca-
pacity is preserved. 

3. Ultimately, seeds contain a living embryo representing the next plant 
generation, and ready to be sawn for future harvest. 

Besides those classical qualities, seeds can also be used as production units 
for designed oils, starch qualities and specific proteins after transformation 
of the mother plants with the appropriate genes.  
 
In order to understand how the specific developmental program during 
which storage products are synthesized is achieved during seed maturation, 
we focused on the regulation of the Brassica napus (rape seed) napin napA 
gene encoding a 2S seed storage protein. We tried to understand how napA 
is silenced when the seed is preparing for desiccation and when the seed is 
germinating. We looked for transcription factors that are candidates for regu-
lating the transcription of napA and probably other genes activated during 
the maturation phase. 
 

Plant seed maturation 
Initiated by fertilisation, embryogenesis can be divided into the two inde-
pendent developmental programs morphogenesis and maturation. 

Physiology of maturation and its place during the plant life cycle 
In higher plants, the mature zygote has little resemblance with the adult plant 
and has a simple body plan. It consists of an axis (with the hypocotyl and the 
radicle), two cotyledons, and two zones specifying the shoot and the apical 
meristems. Organogenesis is an ongoing process for the full life span of the 



 8 

plant resulting from the continuous meristematic activity. During morpho-
genesis, characterized by an active cell division, the embryo develops and 
changes shape passing through different stages, denoted as the globular, the 
heart and the torpedo stages (for review, [1]). Maturation represents an arrest 
in the plant embryo development: cell division ceases and  the embryo be-
comes quiescent [2]. Maturation is an active process, characterized by a 
strong increase in the seed dry weight, a large embryo growth (due to cell 
expansion) and finally the active dehydration of the seed. Drastic changes in 
the metabolism lead to the synthesis of high amounts of storage products 
stored in specialized vacuoles, and later on of specialized proteins, Late Em-
bryogenesis Abundant (LEA) hydrophilic proteins which probably help to 
protect the cellular structures during desiccation. The embryo becomes dor-
mant, i. e. is prevented from precocious germination before meeting favor-
able environmental conditions.  
The seed is composed of tissues derived from a double fertilization event: 
the embryo and the endosperm (which provides nutrients for the developing 
embryo) and of  maternally derived structures: the ovule that develops into 
the seed coat, forming a protective envelope for the seed. The seeds them-
selves are contained within a fruit, which results from the ovary differentia-
tion and which facilitates seed dispersal. Maturation is not an obligatory 
process and, experimentally, immature embryos removed from the seed and 
cultivated on media develop into normal seedlings. In the natural environ-
ment, the insertion of the maturation phase confers to the seed plants an evo-
lutionary advantage. After breaking dormancy (by after-ripening or stratifi-
cation), the seed is able to germinate when encountering favorable environ-
mental conditions (of light, temperature, moisture). Metabolism of the matu-
ration storage reserves provides energy for the seedling to develop and 
establish its photosynthetic apparatus. Even after germination was initiated 
by the imbibition’s of the seed, the seedling can undergo a growth arrest 
under a short period, promoted under conditions of insufficient moisture by 
de novo synthesis  of the phytohormone abscisic acid (ABA) [3].  
 

Processes during maturation  
Molecular markers of the maturation include abundant proteins like seed 
storage proteins (SSP), oleosins, enzymes for lipid and carbohydrates bio-
synthesis. Their expression pattern indicates that a group of genes is co-
regulated [4,5] and it was hypothesized that specific regulators are responsi-
ble for the different programs accomplished. For instance, the MAT program 
includes maturation markers while the LEA program includes late matura-
tion markers. 
Techniques like transcriptional profiling in Arabidopsis combined with la-
ser-capture microdissection of embryos [6] or proteomics profiling of devel-
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oping seeds from B. napus [7] will progressively give an overall view of the 
processes in place during the maturation phase. Combined with the analysis 
of mutants at the genome-scale level with microarray studies, this will reveal 
new groups of co-regulated genes and the interaction of different signals and 
signaling molecules. 
The phytohormone abscisic acid ABA is the key hormone required through-
out the process of seed maturation [8].The use of developing embryos that 
expressed anti-ABA antibodies have proven to be more successful than the 
use of ABA biosynthetic gene mutants which contained residual ABA, and it 
clearly showed that ABA is necessary both for storage deposition and for 
induction of seed dormancy [9]. 

ABA production peaks at the onset of maturation and decreases through-
out maturation, and is first of maternal origin and then produced by the em-
bryo. Endogenous signals regulating ABA biosynthesis in the seed are still 
to be discovered. Other hormones interplay with ABA: auxin and gibberelic 
acid [10]. During germination the hormones gibberelic acid, ethylene and 
brassinosteroids, as well as sugar metabolites like glucose and sucrose play-
ing the role of signaling molecules and light signals interplay with ABA 
(reviewed in [11] and [8]). 

Major regulators of maturation  
The screening for Arabidopsis thaliana mutants affected during the matura-
tion has permitted the identification of genes encoding for master regulators. 
These include members of the LEAFY COTYLEDON (LEC), FUSCA 
(FUS) and ABSCISIC ACID-INSENSITIVE (ABI)  classes, with defects 
affecting different aspect of seed maturation, like a decrease in SSP levels, 
desiccation intolerance, formation of  
trichomes (single epidermic cell differentiating a small protruding hair that is 
a marker of a vegetative character of a leaf) on cotyledons, production of 
anthocyanin in the seed coat, lack of chlorophyll degradation in the embryo 
and  ABA insensitivity during germination  [12-14]. Their redundant, but not 
identical phenotypes indicate overlapping functions (Figure 1 and  [15]). The 
abi mutant class was screened by germinating Arabidopsis seeds in the pres-
ence of ABA at concentrations inhibiting growth of wild type seeds. The abi 
mutants therefore showed a reduced ABA sensitivity. Amongst them, the 
abi3 mutant has pleiotropic defects during seed maturation, i.e. a diminished 
synthesis of storage compounds, both of seed storage proteins (SSP) and of 
LEA proteins, an accumulation of chlorophyll in the dry seed, and impair-
ment of the seed desiccation tolerance [16]. 
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Figure. 1: Gene network architecture of the LEC/B3 system. From To et al,. 2006 
[17] 

 

ABI3 and its maize homologue VP1 contain four conserved domains, one 
acidic activation domain (A1) and three basic domains (B1, B2, B3) [18]. 
The B1 and  B2 domains are implicated in nuclear localization and interac-
tion with other proteins [18-20]. The B3 domain mediates DNA binding in 
vitro to RY-elements and gave its name to the 
 family of plant-specific transcription factors called B3-domain factors [21]. 
ABI3 expression is mainly maturation seed-specific. Several reports point 
out that ABI3 and VP1 can be expressed outside the seed in specific tissues 
under certain stress conditions [22-24]. ABI3 is controlled post-
translationally by interacting with ABI3-interactive protein (AIP2), an E3 
ligase targeting ABI3 to the 26S proteosome [25]. Deletion of ABI3 5´UTR 
dramatically increased an ABI3-GUS reporter expression, suggesting inter-
action with a RNA-binding protein regulating ABI3 gene expression [26].  

The LEC2 and FUS3 proteins also encode B3 domain factors. Together 
with LEC1, a CAAT-box HAP3 subunit [12], they interact genetically [15]. 
To et al. [17] showed by analyzing ABI3, FUS3 and LEC2 expression in 
abi3, fus3, lec1 and lec2 single mutants and in several double and triple mu-
tants that those genes regulate each other expression in a complex manner 
(summarized in  fig.1). Those genetic control mechanisms are local as they  
vary in different regions of the embryo but they are also partly redundant. 
FUS3, LEC2 and LEC1 play also roles during the morphogenesis, thus ABI3 
is the only strictly-maturation regulator. As an example 35S-LEC1 and 35S-
LEC2 plants develop embryo-like structures on their leaves but 35S-ABI3 
develop normally and have altered ABA-dependant gene expression in vege-
tative tissues [12,14,16,27]. FUS3 is important for the termination of cell 
division at the onset of maturation [2] and FUS3 and LEC2 are implicated in 
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repression of GA biosynthesis during seed development [10,28]. pathways in 
vegetative tissues [10,16,29,30]. Thus, these four master genes  
The ectopic expression of ABI3, FUS3, LEC1 or LEC2 activates seed matu-
ration determine a state of competence that permits different sub-programs 
of maturation to occur. 
The B3 domain factors are believed to interact directly with their target in-
cluding the promoters of maturation-specific genes, which contain RY-
elements. A more indirect mode of action is also observed. For example, the 
existence of an intermediary molecule was suggested to explain how FUS3 
expressed in the epidermis could function over parenchyma cells that ex-
pressed SSP [31]. Regulation through the activation of secondary transcrip-
tion factors was reported for LEC2 and ABI3. LEC2 controls the transcrip-
tion factor WRINKLE1 which itself regulates oils biosynthesis in the seed 
[32] and ABI3 regulates the heat-shock transcription factor HsfA9 that in 
turn is an activator of heat shock proteins expressed during maturation [33].  

Repression of embryonic traits in seedlings 
Recent findings suggest that embryonic traits are repressed in vegetative 
tissues by other B3 domain transcription factors, the VP1/ABI3-like 
(VAL)/HIGH LEVEL EXPRESSION OF SUGAR-INDUCIBLE (HIS) pro-
teins [34,35]. The mechanisms involve the repression of the LEC/B3 system 
(ABI3, FUS3, LEC1, LEC2), probably achieved by direct binding to the RY-
elements (CATGCA) present in their promoters and by recruiting remodel-
ing chromatin factors. During germination, the B3 domain VAL/HSI factors 
would through their PHD (plant homeo-domain) and CW-domain associate 
with CHD3 (for chromodomain/helicase/DNA-binding domain) chromatin 
factors like PICKLE, in a GA-dependent manner [34,36,37] to repress seed-
maturation genes by repressing the LEC/B3 system. The process was found 
to be sugar-dependent, probably because of a higher sucrose-mediated ABA 
accumulation [35]. 
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Figure 2 : mRNA levels during seed development in Arabidopsis. Microarray data 
from AtGENExpress (Schmid et al., 2005) [38] .  
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NapA, a final maturation target 
Because promoters often serve as nodes of a signaling web, the use of a spe-
cific promoter is a good starting point for unraveling a regulation network. In 
our case, we used the napA promoter as a tool to explore how the early and 
late-maturation programs are achieved.  
 

Expression pattern  
Napin napA encodes for a 2S albumin storage protein in B. napus and be-
longs to a multigenic family [39]. In the closely related A. thaliana, five 
At2S gene homologues to napA were described. Four of them were found in 
a cluster  [40,41]. Sequence alignment revealed that the At2S3 promoter in A. 
thaliana is very similar to the napA promoter (Manuscript II, Fig. 1). Napin 
gene expression is regulated at the transcriptional level in a strict temporal 
and spatial pattern during early and mid seed maturation and reaches very 
high levels of transcript. The protein is found in the ground tissue (the future 
parenchyma layer) throughout the entire embryo except in the meristems. 
From the heart stage, napin accumulation starts in the axis and progresses 
into the cotyledons, first the outer and then the inner cotyledon [40]. A weak 
expression is also observed in the endosperm [42]. During late seed matura-
tion, the transcription of napinA/At2S3 synthesis stops completely [16]. 
We took advantage of the well characterized napA promoter. Promoter 
fragments fused to the �-glucuronidase gene (GUS) as a reporter were used 
to transform Nicotiana tabacum plants [43] . A 197 bp construct (-152 bp to 
+45 bp related to the transcription start) was sufficient to confer a correct 
seed expression pattern at a high level in transgenic rape seed [44]. Similar 
results were obtained with the 309 bp promoter (-309 to +45 bp) with a four-
fold higher expression. 
 

Important cis-elements 
Several cis-elements were found to be bound by proteins and to be func-
tional within the –152 bp promoter [45], including two G-boxes. The first 
one (located –148 to –139 bp) denoted the distal B-box (distB) is an imper-
fect G-box with the sequence GCCACTTGTC, the G in the ACGT core 
being replaced by a T. The second one located in the RY-cluster (see below) 
matches a G-box (located –63 to –58bp) with the sequence TA-
CACGTGATC. G-boxes are targets for various transcription factors like for 
example basic leucine-zipper (bZIP) or basic helix-loop-helix (bHLH). They 
can mediate responses to signals like ABA, and are then called ABA-
responsive elements (ABRE) but also to other hormones and signals. There-
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fore, ABREs cannot be identified from simple sequence analyses, but has to 
rely on functional studies. In the context of napA regulation, a tetramer of 
the B-box which included the distB gave a two-fold ABA responsiveness 
when fused to a CaMV-35S enhancer in transgenic tobacco, and the distB 
element was concluded to function as an ABRE. In contrast, the second G-
box was crucial for napA expression but did not function as an ABRE [45]. 
A (CA)n element (sequence CAAACACC), denoted the proximal B-box 
(proxB) is located immediately downstream of the distB. Alignment with 
other seed promoters showed that this element is well conserved [45]. 
Two RY-elements (CATGCA) frame the second G-box, and the three ele-
ments together constitute the RY/G-cluster. RY-elements are binding sites 
for transcription factors belonging to the B3 domain family. 
Plants over-expressing ABI3 accumulate SSPs in vegetative tissues [16]. 
Advantage was taken of this observation to investigate important cis-
elements in the napA promoter outside the seed. Substitution mutation analy-
sis with napA promoter reporter transgenic tobacco plants crossed to over-
expressors of ABI3 revealed synergistic interactions within the B-box and 
the RY/G as well as strong interdependence between the two clusters [19]. 

 
Figure 3 : Structure of the –309 napA construct. Numbers are relative to the 
transcription initiation site. From Ezcurra et al., (1999) [45]. 

Regulators of napA 
The napA expression is under the control of the LEC/B3 system. FUS3 and 
LEC2 bind directly to the RY-elements present in the RY/G cluster of the 
promoters of napA/At2S3 [46]. However, since FUS3 has been reported to be 
expressed only in epidermal cells [31], it is not clear if it directly activates 
napA/At2S3 in the ground tissue or acts via a downstream component in a 
cell-non autonomous manner. Ezcurra et al. [19]could artificially uncouple 
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the B-box and the RY/G-cluster by using multiple copies of each cluster 
coupled to a minimal CaMV-35S promoter, and demonstrated that the effect 
of ABI3 over the RY/G-cluster was B3 domain-dependent, while the ABI3 
effect on the B-box required an intact B2 domain. A model was proposed 
that in planta ABI3 binds directly to the RY-element while activation by 
ABI3 of the B-box required a protein-protein interaction with another pro-
tein that tethered ABI3 to the B-box. Transcription factors of the bZIP fam-
ily are good candidates for mediating ABI3’s interaction with the B-box, 
since members of this family bind both the ABRE cis-elements and to ABI3 
(references below). 
 

bZIPs related to ABI5 
The basic leucine-zipper (bZIP) factors are charaterized by the presence of 
two structural features located on a contiguous �-helix: a basic domain con-
fering DNA-binding properties and a leucine zipper (ZIP) positioned 9 
amino acid residues after the basic domain and containing three leucine 
spaced at 6 amino acid residue intervals. Two bZIP subunits form homo-or 
heterodimers by interacting via their ZIP domain through interaction be-
tween the hydrophobic sides of their helices. In Arabidopsis, 75 members 
were described and subdivided into ten groups [47]. The nomenclature used 
in this thesis is based on [47]. 

 
ABRE and bZIPs 
Using ABRE cis-elements or ABRE-containing promoters in yeast one-
hybrid screens, two independent research groups cloned some bZIP factors 
called ABRE-binding factors (ABF) and ABA response element binding 
factors (AREB) [48,49]. All identified bZIPs were inducible to varying de-
grees by ABA, salt, cold or drought stress. Further work established that the 
ABF/AREB factors, i.e. bZIP35 (ABF1), bZIP36 (ABF2/AREB1), bZIP37 
(ABF3) and bZIP38 (ABF4/AREB2) are involved in ABA responses in 
vegetative tissues and play a role in drought response and sugar-sensing in 
the plant [50-52]. The activity of these factors seems to be dependent on 
ABA-induced phosphorylation by Snf1-Related Kinase-2 (SNRK2) type 
kinases [53-55]. The overall picture emerging now is that several bZIPs 
function redundantly, but in addition, each of them displays a factor-specific 
response, at distinct stages or in response to different stress conditions.  
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ABI5, a well described bZIP 
ABF/AREB factors and ABI5 belong to the clade A bZIPs, established on 
the basis of protein sequence similarity [47]. ABI5 is the only bZIP from this 
clade of 13 factors isolated in a forward mutation screen for loss of ABA 
responsiveness. The abi5 mutant contains reduced amounts of some LEA 
proteins [56] and its post-germination ABA-mediated growth arrest is im-
paired [3]. Thus, ABI5 functions during late maturation and early germina-
tion and is the main bZIP factor acting at these stages. ABI5 was shown to 
bind in vitro to a G-box in the LEA AtEm6 promoter [57]. The regulation of 
ABI5 is complex and occurs at different levels. ABI5 is under the control of 
ABI3 which induces ABI5 transcription [58] and also directly interacts with 
the ABI3 protein [20]. Further, ABI5 regulates positively its own expression 
by binding to its own promoter [59]. Also, ABA has several effects on ABI5: 
it induces transcription of the abi5 gene and stabilizes the ABI5 protein [58], 
probably by involving KEEP ON GOING (KEG), a Ring E3 ligase [60]. 
ABA also increases the efficiency of ABI5-induced transcription by increas-
ing the occupancy of target gene promoters by ABI5 [58]. In common with 
the ABF/AREB factors, the phosphorylation status of ABI5 is important [3] 
and two redundant SNRK2 isoforms that are able to phosphorylate ABI5 
peptides in vitro are necessary for ABA regulation during germination [55]. 
The details of gene activation by ABI5 are not known but interestingly, fu-
sion with a VP16 activation domain in a transgenic plant potentiated the 
transcriptional efficiency of ABI5 with an increased accumulation of  LEA-
proteins as a consequence [61]. This activation was at least partly ABA-
independent. Schultz et al. [62] reported that VP1, the maize ABI3 homo-
logue, interacts with 14-3-3 proteins. Recently, 14-3-3 proteins were re-
ported to interact with ABI5 and to be essential for the trans-activation activ-
ity of ABI5 and to mediate the ABA signal [63].Therefore, 14-3-3 proteins 
might fulfill a role as adaptor intermediates in the ABA signal transduction. 
 

 bZIPs and seed maturation 
The abi5 mutant has normal SSP levels and ABI5 is therefore not a regulator 
of the mid-maturation program. Since SSP promoters like that of napA/At2S 
promoters contain ABREs, it is an attractive possibility that other bZIPs 
would bind and regulate this type of promoters possibly in an ABI3-
dependent fashion. Other bZIP factors like the two Arabidopsis clade C 
bZIP10 and bZIP25, homologues to the maize OPAQUE 2 (O2), have been 
reported to transactivate the napin At2S1 gene [64]. Mutations in O2 in 
maize result in a dramatic reduction in the level of transcription of some zein 
seed storage protein genes [65]. The bean ROM1 and ROM2 are bZIP fac-
tors most closely related to Arabidopsis clade G-bZIPs, which might regulate 



 17

storage gene protein expression probably as repressors [66,67]. EMBP-1 is a 
wheat bZIP factor shown to bind the LEA Em1 promoter in vitro and to be 
present in a complex that includes VP1, but it could not activate LEA pro-
moter in transient assays [11,62]. 
Since SSP expression is strictly seed-specific, it is believed that concomitant 
seed-specific regulators should exist as well. ABI3, FUS3, LEC2 and LEC1 
are likely to fulfill this function (Figure 2). However, from the current 
knowledge about these master gene regulators it is difficult to explain the 
differences between the mid maturation versus the late maturation gene tran-
scription programs. Accordingly, other factors that distinguish these two 
developmental stages should exist. Amongst the clade A bZIPs, three factors 
are seed-specific: bZIP12, ABI5 and bZIP67. The expression pattern as seen 
by Northern-blot of the ABI5-like bZIPs in seeds indicates that bZIP12, 
bZIP38/ABF4, bZIP40/GBF4, bZIP66/AREB3 and bZIP67 are present dur-
ing mid-maturation, and that the bZIP12, bZIP66 and bZIP67 mRNA levels 
follow a similar curve to that of napA/At2S3 [68]. By reverse genetics, 
Bensmihen et al. [68] showed that the bZIP12 mutant (eel) showed an in-
creased expression of some LEA proteins without disturbing their spatial 
distribution. Thus, bZIP12 is likely to be a negative regulator for the genes 
encoding these LEA proteins. The authors hypothesized that the mechanism 
for the repressing effect of bZIP12 on LEA gene transcription is that bZIP12 
binds to ABRE sites in LEA promoters but that it is unable to recruit ABI3 
thought to be necessary to activate target genes. By competing with ABI5 for 
DNA binding (maybe as a heterodimer) during late maturation, bZIP12 
would diminish the positive regulatory effect of ABI5. During mid-
maturation, bZIP12 is present and therefore prevents LEA protein accumula-
tion, while during late maturation bZIP12 levels decrease and ABI5 levels 
increase resulting in increased transcription of LEA genes. Interestingly no 
increase of SSP accumulation was observed in the eel mutant as might have 
been expected, and one can therefore speculate that cross-regulation between 
redundant bZIPs might mask any bZIP12 mutation effect. Alternatively, 
bZIP12 might not bind to the SSP promoters, or in this promoter context act 
as a positive, but not rate-limiting regulator for SSP expression. 
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Figure 4. Structure of clade-A bZIP factors expressed in seeds (listed in the table), 
indicating the localisation of four conserved domains and the bZIP domain. In the 
table, factors with proposed functions in vegetative tissues are shown in black back-
ground. Adapted from Bensmihen et al.,2002 [68]. 

Two clade A bZIP factors, bZIP35 and bZIP37, were shown to activate a 
LEA promoter in a transient assay in synergy with ABI3, but no phenotype 
of their mutants indicated a major role during seed maturation, which proba-
bly is due to their absence or very low levels of expression in seeds [69]. A 
triple mutant produced by RNA interference against bZIP12, bZIP66 and 
bZIP67, the three most abundant bZIP factors during mid maturation, did not 
result in decreased accumulation of SSP [70]. So the role, if any, of ABI5-
like bZIPs during mid-maturation may be masked by redundancy, and ge-
netic studies may not give a fast and easy answer because of cross-regulation 
and partial functional redundancy. 

bHLH  
The basic/helix-loop-helix (bHLH) proteins are a family of transcription 
factors well characterized in non-plant eukaryotic systems where they con-
trol processes like cell proliferation and cell lineage establishment. The 
bHLH signature domain is approximately 60 amino acid residues long and 
consists of two domains. The basic domain of approximately 15 amino acid 
residues contains a high number of basic residues and is involved in DNA 
binding. The helix-loop-helix (HLH) domain consists mainly of hydrophobic 
residues forming two amphiphatic �-helices separated by a loop, and permits 

clade A-bZIP factors expressed in the seeds : 

AtbZIP12 /EEL 
AtbZIP13  
AtbZIP38 /ABF4/AREB2 
AtbZIP39 /ABI5 
AtbZIP40  
AtbZIP66 /AREB3 
AtbZIP67  

C1 C2 C3 C4 bZIP
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interaction with the HLH domain of a separate polypeptide, leading to the 
formation of homodimer or heterodimer molecules. The basic region of each 
partner binds to half of the DNA recognition sequence known as the E-box 
(5’-CANNTG-3’). The G-box (5’-CACGTG-3’) is one type of E-box. Flank-
ing nucleotides outside of the hexanucleotide core play a role to determining 
binding specificity. In Arabidopsis, at least 162 bHLH proteins are found 
[71,72] that were classified in 21 subgroups. Although only few bHLHs have 
been studied in depth, their biological functions regulate a broad range of 
growth and developmental processes at all phases of the plant life cycle (for 
review see [73]). Some examples include epidermal cell patterning during 
differentiation of root hairs, trichome and stomata formation, response to 
light by interaction with phytochromes, regulation of flavonoid biosynthesis 
and brassinosteroid signaling. There are both examples of functional redun-
dancy and non-redundancy in plants.  
bHLH proteins have the property to associate with other proteins. The N-
terminal region of R, a maize bHLH, interacts with the C1 MYB transcrip-
tion factor, and recently the bHLH domain of R was shown to interact with 
an EMSY-like factor participating in chromatin functions [74,75]. 
PG1, a french bean bHLH, was isolated by south-western screening with a 
seed storage promoter [76]. Recombinant PG1 was reported to bind a �-
phaseolin G-box (AACACGTGCTT) in a gel retardation assay, but not two 
other E-boxes present in the promoter (CACCTG and CATATG). We found 
that PG1 is more closely related to the Arabidopsis bHLH6, and to lesser 
extent bHLH5 (following the nomenclature proposed by [71]).  
In Arabidopsis, bHLH6 has been extensively studied. It was first isolated in 
a south-western screening for binding an E-box (CACATG) in the dehydra-
tion and ABA-responsive rd22 promoter and named MYC2 [77,78]. Later, 
MYC2 was found to be identical to JASMONATE-INSENSITIVE1 (JIN1) 
isolated in a jasmonate-insensitive screening assay  and to be important in 
the response to stress wounding and pathogen defense [79,80]. It was sug-
gested that bHLH6/MYC2 is a common transcription factor of light, ABA, 
auxin and  jasmonate pathways [80]. bHLH shown to possibly function in 
seeds are for example the sesame SebHLH, which can activate FAD2, an 
enzyme involved in storage lipid biosynthesis during seed development [81]. 
It is still unknown if other bHLH factors regulate seed maturation. 
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Aims of the studies 

 
The aims of this study were 
 

� To understand the mechanisms explaining the differences in the temporal 
expression pattern between the MAT program versus the LEA program, 
using the napA promoter as a tool for identifying cis-elements mediating 
repression of its transcription at various developmental stages (Manu-
script I). 

� To identify trans-acting factors regulating the napA B-box. Specifically, 
to investigate the role of a specific class of bZIP factors for their regula-
tion of the B-box ABRE element and to assess their properties in conjunc-
tion with the master regulator ABI3 (Manuscript II). 

� To identify trans-acting factors regulating the napA G-box contained in 
the RY/G-cluster and to assess their properties in conjunction with the 
master regulator ABI3 (Manuscript III). 
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Present investigations 

In our studies, we usually used as tools DNA constructs containing mul-
timerised fragments of the napA promoter associated to a minimal promoter 
and a GUS reporter gene. These reporter plasmids represent the B-box con-
taining an ABRE and the RY/G-cluster. 

 
Manuscript I 
In this study, reporter constructs of the B-box and the RY/G-cluster were 
stably transformed in tobacco plants. Expression of the two reporters was 
assayed by measuring GUS activity in the seeds during the maturation phase: 
the ABRE was active from 14 days after pollination (DAP) until the end of 
the maturation. In contrast, RY/G was active from 7 DAP but decreased 
from 21 days after pollination (DAP). Real time PCR indicated more pre-
cisely that RY/G was already silent at 21 DAP, when the B-box was still 
activated. Since it was shown previously that the B-box and the RY/G are 
both necessary for napA transcription, as point mutations in any of those 
elements silenced the gene [45], we conclude that in the context of the natu-
ral promoter, silencing of RY leads to the absence of transcription of napA. 

By crossing those reporter plants to plants overexpressing ABI3, we dis-
covered a previously undocumented ABI3-mediated repression of napA dur-
ing germination. Ectopic expression of ABI3 is able to activate seed storage 
promoters in vegetative tissues [16,19]. However, the ABI3-induced activa-
tion was not observed in seedlings and here as well the RY/G cluster was 
mediating this silencing while the B-box was active.  

Binding of ABI3 in vivo to the RY-element has been a controversial issue 
for long: on one hand the B3 domain confers DNA-binding properties of 
ABI3 to the RY, as observed for FUS3 and LEC2, but on the other hand 
ABI3 does not bind to the RY [46]. Nevertheless, ABI3 produced as recom-
binant protein binds the RY-element in vitro in a Biacore assay [21]. By 
using different deletion constructs of ABI3, we show that ABI3 binds the 
RY-element in vivo in a yeast system when its A1 domain had been re-
moved. We conclude that within the ABI3 protein there is a steric hindrance 
for DNA-binding that was demasked by artificially removing the A1 do-
main. Thus, we hypothesize that ABI3 can bind the RY in planta after a 
conformational change during the phases of early and mid-maturation.  
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Plants with mutations in genes encoding two different B3-domain VAL 
proteins showed de-repression of genes for storage proteins and the master 
regulators LEC1, LEC1-like (L1L), FUS3 and ABI3 in seedling [34,35]. 
Therefore, it was proposed that VAL proteins function as global repressors 
of the LEC1/B3 gene system. The RY element is significantly enriched in 
the promoter of de-repressed genes in the VAL double mutant, therefore it is 
believed that VAL proteins bind directly to RY-element. The VAL and 
ABI3 B3 domains are different but related and cis-sequences that are recog-
nized by VAL proteins have not been experimentally defined. Since addi-
tional domains are present in VAL proteins like an EAR repression domain 
that may interfere with a classic yeast one-hybrid assay, we tested if the B3 
domains of VAL1 and VAL2 could bind directly to the napA RY/G cluster 
in a domain swapping experiment using a FUS3 gene construct from which 
the coding information for the endogenous B3 domain had been deleted and 
replaced by that for the B3-domain of VAL1 and VAL2. We observed that 
VAL2 could bind the RY/G-cluster, but not VAL1. We tested if VAL pro-
teins could repress ABI3-induced napA expression in vegetative tissues, 
using a transient assay in planta. We found that VAL1 decreased the ABI3-
induced activity of the RY/G, but not of the B-box.  

In addition, we showed that LEA promoters contain significantly fewer 
RY elements in their promoters compared to the MAT promoters. Therefore, 
the RY-repression effect observed in napA is not likely to affect LEA pro-
moters during late maturation. 

Manuscript II 
Manuscript II is focused on the napA ABRE present in the B-box. ABI3- 
function over the B-box was proposed to be mediated by an ABRE-binding 
factor directly interacting with ABI3 [19]. ABREs present in stress-regulated 
gene promoters are targeted by ABF/AREB bZIP factors expressed in vege-
tative tissues [48,49], therefore factors related to ABF/AREB and expressed 
in seeds are good candidates for binding the napA ABRE. ABI5 is likely to 
be the connecting factor in the case of LEA promoters as ABI5 binds to 
ABRE in these promoters [57]. Further, ABI5 interacts with ABI3 in a yeast 
two-hybrid assay [20] and mutations in the ABI5 gene result in  decreased 
amounts of some LEA proteins showing that the corresponding genes are 
under the control of this bZIP [56]. Nevertheless, the transcription of MAT 
genes like napA that also contain ABREs is not affected in the abi5 mutant. 
MAT gene expression precedes the initiation of ABI5 transcription, which is 
an indication of the presence of additional ABRE-binding factors. Accord-
ingly, it is still to be shown that ABI5 binds to MAT promoters like napA, 
and to identify other factors expressed during mid-maturation that can act 
redundantly with ABI5 in the binding to ABREs. ABI5 and ABF/AREB 
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were by cladistic analysis placed in the same subgroup of Arabidopsis 
bZIPs, the clade A, due to the high similarity in the bZIP domain and the 
presence of conserved sequence motifs. 

No napA ABRE-binding factors in the seeds have been identified. There 
might be differences in the sequences of ABREs of MAT promoters that 
confer different DNA-binding requirements of bZIP factors compared to the 
LEA ABRE of the AtEm1 type. 

We chose a non-biased approach to identify new DNA-binding molecules 
recognizing cis-elements in the B-box, and conducted a yeast one-hybrid 
screen with a tetramer of the B-box as the target and a B. napus seed cDNA 
library. We were unable to identify any transcription factor able to bind the 
proxB. However, the B. napus homologue of bZIP66/AREB3, a clade A-
bZIP, was found to bind to the distB (or ABRE). Therefore, we decided to 
study the role of all the clade A-bZIP factors that are expressed in the seed 
during maturation, based on available information from Arabidopsis [68]. 
Seven Arabidopsis bZIP factors were selected and tested for binding using a 
yeast one–hybrid approach. Three bZIPs, bZIP12, bZIP38 and bZIP66 rec-
ognized the B-box, as homodimers in the yeast system. bZIP67 and ABI5 
were predicted to heterodimerize [82], and the heterodimer ABI5/bZIP67 
indeed recognized the B-box. To assess their biological function, the seven 
bZIPs were transiently over-expressed in tobacco leaf protoplasts with a 
tetramer of the B-box as a reporter. All of them except bZIP13 and bZIP 40, 
activated the B-box, and ABA further increased this activation. Therefore, 
bZIP12, bZIP38, ABI5, bZIP66 and bZIP67 potentially are able to activate 
the B-box in an ABA-responsive manner.  

The activation capacity is a limiting factor for several of the bZIP factors 
that are able to activate the ABRE. When we expressed bZIP proteins fused 
to a VP16 activation domain (VP16 AD) in tobacco protoplasts, bZIP12, 
bZIP38, ABI5 and bZIP66 mediated a highly increased transactivation of the 
B-box reporter in the same range as ABI3-induced transactivation. This ex-
periment indicates that ABI5 can bind the napA ABRE in a plant system but 
not in vivo in the yeast system. The VP16 AD fusions proteins with bZIP 
were ABA-responsive. In the case of bZIP67, DNA binding was a limiting 
factor, because the VP16 AD fusion with bZIP67 did not give rise to higher 
transactivation than bZIP67 on its own.  

To assess if the ABI3-mediated effect over the B-box was relayed by any 
of those bZIP factors, we co-expressed bZIP factors and ABI3. Only bZIP67 
showed a clear synergistic effect with ABI3 in an ABA-independent fashion. 
Furthermore, bZIP67 interacted with ABI3 in a yeast two-hybrid assay. The 
ABI3-mediated effect on bZIP67 cannot be solely explained by the ABI3-
induced expression of ABI5, as co-expression of ABI5 and bZIP67 was not 
as efficient as co-expression of ABI3 and bZIP67 for B-box transactivation.  
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Manuscript III 
The importance of the RY/G-cluster for napA expression has been well stud-
ied [19,45]. Site-directed mutagenesis of the G-box of the RY/G cluster 
strongly diminished napA transcription and showed the importance of this 
element, but no cognate binding factor has been identified. Therefore, we 
searched for factors binding to the G-box using a yeast one-hybrid approach 
with a trimer of the RY/G cluster as a target and a B. napus seed cDNA li-
brary as effector. We identified four B. napus clones encoding for bHLH 
factors. These were most similar to bHLH5 and bHLH137 in Arabidopsis. 
bHLH5 is closely related to bHLH4 with 77 % amino acid similarity, and 
their bHLH domains are nearly identical, suggesting that they might have 
common target genes. 
We tested bHLH4, bHLH5 and bHLH137 in the yeast one-hybrid system. 
Both bHLH4 and bHLH5 bound to the RY/G-cluster, but not bHLH137. 
This last result was surprising since the B. napus homologue of bHLH137 
did bind to the RY/G. To assess the functional role of the bHLH factors that 
we cloned, we tested their Arabidopsis counterparts in a transient assay in 
tobacco leaf protoplasts using a trimer of the RY/G-cluster as a reporter. We 
found that over-expressed bHLH4, bHLH5 and bHLH137 were able to acti-
vate the RY/G. ABA did not significantly increase their activation abilities, 
although we saw a slight tendency of ABA-induction for bHLH4. Since the 
G-box is adjacent to the RY-elements and cooperative effects between those 
elements have been observed, we tested if the bHLH factors and ABI3 could 
interact directly using the yeast two-hybrid system, but we did not observe 
any interaction. 
Two Arabidopsis bZIP factors, bZIP10 and bZIP25, belonging to the bZIP 
clade C and related to the maize Opaque-2 factor, were shown to bind in 
vitro to the G-box of the At2S1 gene, the promoter of which is related to but 
not identical to that of napA [64]. Thus, we tested bZIP10 and bZIP25 in a 
yeast one-hybrid assay, but did not detect any in vivo interaction with the 
RY/G-cluster. Over-expression of bZIP10 and bZIP25 resulted in the activa-
tion of At2S1 promoter reporter [64]. Although we did not observe in vivo 
binding of these two factors to napA RY/G, we tested their effect on the 
RY/G reporter in our tobacco protoplast assay. However no transactivation 
effect was observed, even when bZIP10 and bZIP25 were fused to the VP16 
AD.  
The B-box ABRE and the RY/G G-box have different sequences, and are 
potential targets for bZIP factors, although no ABRE function has been 
shown for the RY/G-cluster. Therefore, we tested seven seed-expressed bZIP 
factors from the clade A: bZIP12, bZIP13, bZIP38, ABI5, bZIP40, bZIP66 
and bZIP67, some of which recognized the napA B-box (Manuscript II). 
None of those factors bound to the RY/G-cluster. In contrast, we observed 
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binding of the bZIP67 and ABI5 heterodimer to the RY/G cluster, indicating 
that some clade A factors have affinity for this G-box.  

Synergism between the ABRE B-box, the RY-elements and the G-box 
was proposed from site-directed mutation experiments within these napA 
elements resulting in a strong decrease of the promoter expression in seeds. 
We investigated if we could observe synergism between the RY-elements 
and the G-box using the RY/G reporter. With this in mind, we co-expressed 
ABI3 with ABI5 and bZIP67 in a transient assay. We observed a synergistic 
effect of bZIP67 with ABI3 in an ABA-independent manner, which is simi-
lar to what has been reported for the ABRE at the B-box (Manuscript II). 
Interestingly, we report an ABA-induction effect of the ABI3 transactivation 
over the RY/G that was not observed previously when the trimer of RY/G 
was stably integrated in the plant genome (Manuscript I). 
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Discussion 

RY is a dual-function cis-element 
The results obtained with napA constructs in manuscript I explain the 

temporal differences between the two expression programs representing the 
storage product accumulation phase (MAT program) and the late maturation 
phase (LEA program). We show that LEA promoters contain significantly 
fewer RY-elements in their promoters compared to the MAT promoters. 
Therefore, LEA expression is not dependent on direct binding of ABI3 to the 
RY-element, but instead on the ABI3-mediated effect through their ABREs. 
Accordingly, their expression continues at late maturation during the desic-
cation onset in a similar way to what is observed for the napA ABRE in the 
B-box. We show that RY cis-elements have a dual function since they can 
both mediate activation and repression in different contexts.  

During post-germination, there is a time frame when napA cannot be reac-
tivated by expression of ABI3. Indeed, it has been shown that ABI3 and 
ABI5 are re-induced in ABA-mediated-growth arrested seedlings exposed to 
dehydration stress permitting LEA proteins to be expressed [58]. The ABI3-
mediated repression of RY can be a mechanism to protect the plant from re-
synthesizing storage products while ABI3 and ABI5 can still reactivate the 
program of quiescence of the seedling in a similar fashion as during late 
maturation of the embryo. 

Previous experiments with the bean �-phaseolin promoter indicated that 
chromatin conformational changes silenced this promoter, and that PvALF, 
the bean ABI3 homologue had the capacity to potentiate the promoter 
through chromatin remodeling [83,84]. VAL proteins contain two domains 
often associated with histone-modifying enzymes [34]. Direct binding of 
VAL proteins to the RY-element probably associated to recruitment of 
CHD3 proteins activity might explain repressed chromatin conformation at 
seed storage promoters. Interestingly, VAL1 over-expression did not com-
pletely abolish ABI3-induced RY/G transcription. Because VAL proteins are 
also expressed in the seeds during maturation according microarrays data 
[38], our results indicate that simultaneous expression with VAL does not 
hinder ABI3 to be active in the seeds. VAL proteins function during the 
post-germination phase, as is shown by the double mutant val1val2 pheno-
type and they may assure active repression of MAT genes producing a more 
permanent silencing during the vegetative development.  
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We observed that ABA–responsiveness of the RY/G was different when 
the RY/G-cluster was or was not in a chromatin context. In Manuscript I, the 
reporter was stably integrated in the genome and the ABI3 induction of the 
RY/G was not ABA-responsive, while in Manuscript III the reporter plasmid 
was not integrated in the genome in the transiently transformed protoplasts 
and we then observed that ABI3 transactivation was ABA-responsive. It is 
difficult to understand the mechanisms behind these observations. We would 
need to test if the ABI3-transactivation of the mutG reporter was still ABA 
responsive to assess if ABA responsiveness was mediated through the G-
box. More generally, ABA was reported to mediate histone modifications at 
the bean phaseolin promoter which permitted transcription [84]. We ob-
served an opposite effect, i.e. that ABA did not increase transcription of the 
RY/G in the chromatin context. We can hypothesize that it is merely the 
absence of a histone repressive context that permits increased binding at the 
G-box, and for an increased co-operative effect between the RY-elements 
and the  G-box. Alternatively, ABI3 binding to the RY-element is affected 
by ABA. 

 
 

 

 

 

 
Figure 5. A model for regulation of MAT and LEA gene expression by ABI3 during 
seed maturation, with ABRE-binding factors (ABF) binding at their promoter. The 
arrow indicates transcription or, if crossed, absence of transcription. From Guerriera 
et al., Manuscript I. 

 
 
We hypothesize that ABI3 can after changing its conformation bind the RY-
element in planta, a process probably induced by post-translational modifi-
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cations like phosphorylations or dephosphorylations, or alternatively interac-
tion with co-factors. We also propose that silencing of RY is the result of 
passive repression due to a modulation of the DNA-binding capacity of 
ABI3 (Figure 5). In our hypothesis, a signaling molecule marks the transition 
to the desiccation phase and is functioning upstream of ABI3, causing ABI3 
to not bind to the RY. But it still has to be shown if this passive repression 
mechanism is prevalent, or if alternatively active repression occurs through 
RY-binding of an unknown competitor. 

The B-box ABRE is targeted by clade A-bZIP factors in 
a redundant maneer 

It has been hypothesized that the ABRE present in SSP promoters is tar-
geted by a bZIP factor capable of relaying ABI3 signaling through a direct 
protein-protein interaction [19]. 

We show in Manuscript II that bZIP67, a seed specific transcription factor 
expressed during maturation, is such a factor. Another clade A-bZIP, 
bZIP35/ABF1 acted synergistically with VP1 on a LEA promoter in a simi-
lar transient assay [69]. The bzip35 mutant had a higher level of ABI5 tran-
scripts which may explain the slight increase observed in some LEA tran-
scripts in the seeds. bZIP35 seems to have some role in the seeds but is ex-
pressed at low levels during maturation as indicated by absence of signal on 
Northern blot [68] and by low values in microarray data [38].  

In our experiments using yeast one-hybrid analysis, we could not detect 
any DNA binding of bZIP67 as a homodimer to the B-box. In contrast, the 
bZIP67/ABI5 heterodimer bound the B-box. Activation in a plant protoplast 
system showed indirectly that bZIP67 can bind to the B-box either as 
homodimer or heterodimer independently of ABI3. Because fusion with the 
strong activation domain of VP16 did not increase bZIP67-mediated induc-
tion of the B-box, we believe that bZIP67 has a low DNA-binding ability. 
The synergistic effect of bZIP67 and ABI3 in the activation of the B-box 
suggests that ABI3 expression might increase the DNA-binding capacity of 
bZIP67 through an unknown mechanism which is ABA-independent, or 
alternatively maybe by increasing bZIP67 protein stability. The synergistic 
effect is also an indication of that bZIP67 was a limiting factor in the leaf 
protoplasts even in the presence of ABI3. Suzuki et al. [27] studied induc-
tion of clade A-bZIP by the ABI3 maize homologue VP1 in vegetative tis-
sues. They found that bZIP67 was not induced by VP1 or ABA in contrast to 
two other seed-specific bZIP and it is therefore unlikely that expression of 
tobacco bZIP67 is induced by ABI3 in leaf protoplasts. RNAi experiments in 
Arabidopsis where bZIP67 levels were decreased did not show any signifi-
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cant effect on SSP levels [70]. It is likely that additional bZIP factors par-
ticipate in the activation of the B-box in a redundant way with bZIP67.  

Two other clade A-bZIP factors have been shown to interact directly with 
ABI3: ABI5 and bZIP38 [20,69]. ABI5 was shown to have an ABA-
dependent synergistic effect with VP1 on a LEA promoter, while bZIP38 
displayed no synergy with VP1 in a transient assay with maize protoplasts 
[69]. However we did not observe any synergistic effect of ABI5 or bZIP38 
with ABI3 on the activation of the B-box. We reasoned that expression of 
ABI3 in protoplasts induces expression of several cladeA-bZIP factors like 
ABI5 and bZIP38. Therefore the effect observed with ABI3 may be indi-
rectly and partially due to activation effects of tobacco homologues ABI5 
and bZIP38. In such a case where ABI3 induces expression of bZIP like 
ABI5 and bZIP38, these bZIP factors may not be limiting factors in ABI3-
treated protoplasts and accordingly, any synergistic effect by co-
transformation of ABI3 with such bZIP factors might be masked. Therefore 
lack of observed synergy of ABI3 with ABI5  and bZIP38 does not exclude 
that the bZIP are necessary to observe an ABI3-effect at the B-box.  

We observed that a fusion of ABI5 with VP16 AD was as strong an acti-
vator as ABI3, confirming ABI5 bound the B-box in planta. We hypothesize 
that plant-specific post-translational modifications of ABI5 or heterodimeri-
sation of ABI5 with  endogenous tobacco bZIP factors expressed in leaves, 
e.g. a homologue of bZIP36/ABF2/AREB1, which are predicted to het-
erodimerize with ABI5 [82]. Interestingly, the ABI5 DNA binding ability 
was  ABI3-independent. 
Bensmihen et al. [61] observed a similar effect by producing transgenic 
Arabidopsis plants over-expressing a fusion of ABI5 with the VP16 AD 
which resulted in an ABA-independent induction of two LEA proteins tran-
scripts not observed in plants over-expressing ABI5. 
bZIP38 is also expressed in vegetative tissues as well, but the endogenous 
levels of tobacco bZIP38 was not sufficient to activate the B-box reporter. A 
seed-competent context is therefore necessary by rendering these factors 
active by post-transcriptional modifications, or by providing co-factors. 

The situation is even more complex since bZIP12, bZIP38, ABI5, bZIP66 
and bZIP67 all can potentially activate the B-box in a redundant manner. 
However it is difficult to assess if in planta these factors function as true 
activator or as repressors (by competing for binding with stronger activators) 
of napA expression. bZIP12 was suggested to play the role of repressor on 
some LEA promoters, since the bZIP12/EEL mutant showed increased levels 
of AtEm1 transcripts during maturation [68]. It was hypothesized that  
bZIP12 does not recruit ABI3 and therefore could not mediate ABI3-
dependent activation over the ABRE. In the case of MAT promoters like 
napA, SSP levels were unchanged in the bZIP12 mutant. Therefore it is 
unlikely that bZIP12 is a general repressor since we have shown that in vivo 
bZIP12 can recognize and bind the napA ABRE as an homodimer. We hy-



 30 

pothesize that bZIP12 and bZIP66 are not likely to be main activators of the 
B-box because they do not bind ABI3 although they have high DNA-binding 
abilities as monomers and are expressed at relatively high levels during 
maturation. We show that full activation of the ABRE B-box can not be ob-
tained by the expression of the bZIP factors, therefore a supplemental step of 
activation of the factors must be provided. Addition of a VP16 AD by-
passed this step, which indicate that one ABI3 function is to increase the 
activation capacity of clade A-bZIP, either by playing the role of a co-
activator present in the transcription complex  or by  permitting another pro-
tein to do so. 
The B-box has been shown to function as an ABRE [45] and five clade A-
bZIP factors activate the B-box in an ABA-responsive way confirming the 
ABRE nature of the B-box. The transactivation effect by bZIPs fused to 
VP16 AD  on the B-box was further increased by ABA. It was shown that 
ABA treatment increased the occupancy by ABI5 on the AtEm6 promoter 
[58], therefore we propose that the DNA-binding of bZIPs is increased by 
ABA. This effect may be also due to an increased protein stability of ABI5  
[3,58] although this was not observed for ABI5-VP16 AD [61]. In conclu-
sion we suggest that ABI5, bZIP38 and bZIP67 are redundant potential acti-
vators of napA in an ABI3-dependent way that function through different 
mechanisms. 

Interestingly, ABI5 and bZIP67 are seed-specific factors, and bZIP67 ex-
pression is concomitant with napA expression. We showed that the het-
erodimer ABI5/bZIP67 bound the B-box, but since ABI5 is expressed late 
during maturation, this heterodimer cannot be the only complex responsible 
for the activation of the B-box. Therefore, bZIP67 functions as a homodimer 
in planta or heterodimerizes with bZIP38 or another seed-expressed bZIP 
from the clade A or another subgroup. 

A bZIP factor activates both the B-box and the RY/G 
cluster in synergy with ABI3. 

 
The RY/G cluster is well conserved between the napA and the At2S pro-

moters (Manuscript II), as are the distances between the G-box and the RY 
elements suggesting the existence of spatial constraints. But little is known 
about the specific interdependency between the RY elements and the G-box. 
Our results show that bZIP67, an Arabidopsis clade A bZIP has a synergistic 
effect with ABI3 on the RY/G-cluster. Since the heterodimer ABI5/bZIP67 
could bind directly to the RY/G-cluster in a yeast one-hybrid assay, probably 
through the G-box, we believe that the synergy between bZIP67 and ABI3 
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reflects binding of two different proteins on adjacent DNA-binding sites 
(Figure 6). 

Kroj et al [46] suggested a speculative model in which FUS3 and LEC2 
bound the RY-elements, and where ABI3 was tethered to the G-box through 
interaction with bZIP proteins. Interestingly, we noticed that ABI3 could 
transactivate the RY independently of the presence of an intact G-box, as 
ABI3 could transactivate a trimer of the RY/G reporter where the G-box was 
mutated (our unpublished observations). But when mutating the RY ele-
ments within the trimer of RY/G, ABI3-transactivation was lost. These ob-
servations reinforce our hypothesis that ABI3 acts on the RY/G through 
direct binding to the RY elements ([19] and Manuscript I). We propose that 
not only FUS3 and LEC2 bind to the RY elements but also ABI3, and that 
bZIP factors, like bZIP67 and possibly also bZIP10 and bZIP25 bind to the 
G-box and interact with RY-bound ABI3 in a synergistic manner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Hypothetic model of the interaction between bZIP67 and ABI3 at the 
napA promoter 

Similar factors, like for example bZIP67 (but potentially also other clade A 
bZIP factors) activate both the B-box and the RY/G in synergy with ABI3 
through different mechanisms. bZIP67 tethers ABI3 at the ABRE B-box, 
while ABI3 and bZIP67 bind the RY/G cluster at two adjacent cis-elements. 
The DNA-binding requirements to the ABRE and to the G-box are different 
because homodimers of bZIP12, bZIP38 and bZIP66, which bound the 
ABRE in a yeast-one-hybrid assay, did not recognize the G-box (Manu-
scripts II and III). The nucleotides adjacent to the G-box core between the 
ABRE and the G-box are not identical, which may explain the difference in 
binding affinity we observed. This mechanism of selective DNA-binding 
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would permit a fine tuning of napA regulation by giving a transcription fac-
tor differential effect on two regions of the promoter. We do not have suffi-
cient information about which bZIP factors bind to the G-box, and how this 
binding is regulated. We don’t know if binding to the G-box is dependent on 
ABI3 binding to the RY element(s). This was not the case with bZIP10 and 
bZIP25, which could activate the At2S1 gene independently of ABI3 [64]. 
As bZIP10 and bZIP25 could neither activate the B-box nor the RY/G clus-
ter, it seems that interactions between the B-box and the RY/G constructs are 
necessary for their function, alternatively that other elements outside the B-
box and the RY/G are required (Manuscripts II and III). So, clade C and 
clade A bZIP factors may have redundant functions in the regulation of SSP 
genes during maturation, but they act through different mechanisms over the 
B-box and the RY/G-cluster. 

The G-box is targeted by two classes of transcription 
factors: bZIP and bHLH. 
We searched for new factors binding to the RY/G-cluster by carrying out a 
yeast one-hybrid screening. Candidates for binding to the G-box were sev-
eral B. napus factors belonging to the bHLH family. A previous report also 
identified  PG1, a bHLH factor binding in vitro to a french bean SSP pro-
moter  [76]. PG1 is related to the Arabidopsis bHLH5 (At5g46760), and also 
to bHLH6/MYC2 (At1g32640). We studied the factors bHLH5 and a very 
similar protein, bHLH4 (At4g17880), homologues to the B. napus bHLH 
factors we identified in the one-hybrid screening, and found that both of 
them could bind in vivo the RY/G-cluster in a yeast one–hybrid assay. It 
would be interesting to know if bHLH6/MYC2 could also bind the RY/G-
cluster, since they have similar bHLH domains [78]. MYC2 is expressed in 
seeds but its function during maturation is not known. It was shown to trans-
activate the dehydration- and ABA-responsive rd22 promoter in Arabidopsis 
leaf protoplasts through a E-box (CACATG), which differs from the napA 
G-box [77]. 
We also studied another Arabidopsis bHLH factor, bHLH137 (At5g50915), 
but did not observed binding to the RY/G-cluster in the yeast one-hybrid. 
The homologous B. napus clone was positive in the yeast one-hybrid assay, 
therefore we hypothesize that the negative result with bHLH137 may reflect 
a problem with the folding or the stability of the full-length protein in the 
yeast system which was not observed for the partial B. napus proteins, or 
alternatively, that the full-length Arabidopsis had lower affinity for the 
RY/G G-box than the B. napus homologue. bHLH137, as well as bHLH4 
and bHLH5 transactivated a trimer of the RY/G-cluster in tobacco proto-
plasts, although to a low level, and ABA did not increase its transactivation 
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effect. This observation favors the hypothesis that bHLH137 binds to the G-
box in planta. Our results indicate that several bHLH proteins like bHLH4, 
bHLH5 and bHLH137 may potentially regulate napA expression through the 
RY/G-cluster. 

Recently, SebHLH, a sesame bHLH, was shown to potentially function 
during seed maturation since it activated FAD2, an enzyme involved in stor-
age lipid biosynthesis in Arabidopsis leaf protoplasts, and that bound in vitro 
to a G-box (CACGTG), as well as to an E-box (CATGTG) [81]. The sesame 
SebHLH is most similar to Arabidopsis bHLH74. Interestingly, a neighbor-
joining phylogenetic tree of the AtbHLH domains grouped bHLH137 and 
bHLH74 (At1g10120) as the closest relatives, belonging to the group 18 
[73]. However, no similarity outside the bHLH domain was found. 
bHLH137, as well as bHLH4 and bHLH5 are expressed in developing seeds 
according to the Arabidopsis AtgenExpress public microarray data [38]. 

The identity of the DNA-binding proteins targeting the G-box during the 
maturation phase in planta is still unclear. We suggest that transcription fac-
tors from different families (the clade A and C bZIPs and bHLHs) have the 
ability to bind and to activate the RY/G cluster but their function(s) as acti-
vators or repressors is unknown (Figure 7). It would be interesting to under-
stand the interplay between these proteins, which are able to bind to the 
same cis-element in a redundant way. 

 
 

 
 
 
 
 
 
 
 
 
Figure 7. Hypothetic model of napA G-box being targeted by different class of tran-
scription factors. 

clade A-bZIP : 
67/ABI5/? clade C-bZIP : 

 bZIP10 
bZIP25 

bHLH4 
bHLH5 
bHLH137 

 
napA G-box 



 34 

Concluding remarks 

This study is an example of how information on the regulation 
 of a low-hierarchy final target gene promoter, in our case the SSP napA 
promoter, is a useful tool to understand the molecular mechanisms of gene 
regulation for specific developmental programs (in our case MAT versus 
LEA programs). Knowledge about the napA regulation should also be of 
interest in attempts to specifically modify the expression of SSPs without 
affecting other characters of the seed maturation. Therefore, future studies 
can take advantage of our knowledge on the napA gene regulation: 

 
 

It might be possible to screen for expression of proteins that permit ABI3 
to bind to the RY/G-cluster in a combined yeast one- and two-hybrid screen-
ing, which would consist of expressing the napA RY/G-cluster, ABI3 and a 
seed cDNA library. A more specific approach would be to investigate the 
role of some candidate proteins that were shown by genetics to affect the 
ABA-response, like some PP2C, related to AHG3 [85]. The expression of a 
napA reporter construct together with ABI3 and cDNAs encoding different 
candidate proteins in a transient protoplast assay would permit the assess-
ment of if these proteins act upstream of ABI3. 
 

 Chromatin immunoprecipitation experiments should provide more in-
formation on the real binding sites in planta in maturation related promoters 
encoding SSPs and LEA proteins. bZIP67, ABI5 and bZIP38 fused with an 
immuno-reactive tag would be interesting to test. Would those proteins bind 
both the B-box and the RY/G-cluster? ABI3 binding sites are also of interest 
to investigate on a genome scale, in a larger experiment using ChIP-chips 
(reviewed in [86]). 
 

What is the importance of SNRK2-related kinases in the activation of 
bZIP67, ABI5 and bZIP38? Other ABF/AREB factors were shown to be 
phosphorylated by SNRK2s. SNRK2 expressed during maturation could be 
co-expressed with bZIP and napA reporters in transient protoplast assays. 
 
 

The use of genetics combined with the napA reporters transformed into 
Arabidopsis would be an important tool to evaluate the function of bZIPs 
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and bHLHs during seed maturation by using a seed selection assay with 
napA-GFP fusion reporter plants as done in [61]. Such reporter plants can be 
crossed to T-DNA insertion mutants for bZIP and bHLH genes available 
through the plant community, and to bZIP fusion proteins with repressor 
domains, like the EAR domain. Eventually, the phenotype of the mutants 
can be evaluated by microarray analysis. 
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