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Abiotic stress is highly detrimental to crop productivity worldwide. Research is key to
meeting the challenges of modern agriculture in a sustainable and positive fashion. This
thesis contributes to our understanding of plant stress responses by examining two
molecular aspects of abiotic stress. The first part of the work focused on the Unfolded
Protein Response (UPR), a general stress response mechanism triggered by the
accumulation of unfolded or misfolded proteins in the endoplasmic reticulum. The study
was conducted with the model plant Arabidopsis and shed new light on key players in
the pathway. An unconventional alternative splicing mechanism, similar to the one
identified in other higher eukaryotes, was found to parallel the activation of an ERresident chaperone. The data suggest that this event is important to alleviate cellular
stress in response to adverse environmental conditions such as heat. Further
understanding of this pathway will help to develop a more complete view of the
mechanisms involved in this response. The second part of the work investigated the
interaction between nitrogen limitation and drought at the transcriptional level. A
genome-wide transcript profiling experiment was performed to provide a comprehensive
view of the response to nitrogen and water limitation in corn. The main finding was the

demonstration of a clear synergistic effect between both stresses, an effect that was
unexpectedly as important as either stress applied alone. This study adds to our current
knowledge of abiotic stress response in plants and should provide the groundwork
necessary to build future strategies for crop enhancement.
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OBJECTIVES
This thesis explored two commonly used strategies for candidate gene discovery for
crop improvement. The first approach focused on a general cellular stress response
pathway in the model plant Arabidopsis. The goal was to gain a better understanding of
plant response to stress through the study of its regulatory mechanisms and the
consequences

for

phenotype.

The

second

approach

explored

genome-wide

transcriptional profiles in response to nitrogen and water limitation and studies the
interaction between those two parameters at the gene expression level. The approaches
taken are complementary and both contribute to enhancing our understanding of plant
responses to abiotic stresses: one focuses on the mechanisms of a specific pathway
while the other explores transcriptional responses on a more global scale.
The goal of this research was to gain a better understanding of plant responses to
abiotic stress. The long term benefit is to generate the knowledge necessary to make
informed choices for candidate gene approaches in order to enhance plant resistance to
environmental stresses.
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HEAT

STRESS INDUCES THE UNCONVENTIONAL SPLICING OF A TRANSCRIPTION FACTOR

INVOLVED IN THE UNFOLDED PROTEIN RESPONSE IN ARABIDOPSIS

1. The unfolded protein response and its potential role as a master regulator of
cellular stress responses
1.1. ER stress and protein folding
The endoplasmic reticulum (ER) is a key compartment of the cellular machinery. It plays
a fundamental role in protein biosynthesis and is responsible for about a third of total
protein synthesis (for review, see Koizumi et al., 2001). In addition, most secreted,
membrane and vacuolar proteins transit through the ER where they undergo a series of
covalent modifications such as asparagine-linked glycosylation, disulfide bond formation,
etc. Those post-translational modifications allow 3D deployment, exposure of active sites
and interactions between critical domains within or between proteins. The fate of many
newly synthesized proteins is therefore largely determined in the ER where they reach
their mature conformation necessary for proper localization and function in the cell.
In addition to intrinsic protein features such as amino-acid sequence and covalent
modifications, protein folding capacity depends on environmental parameters including
temperature, pH, ionic strength, redox state and protein concentration. It is therefore
critical that the cell maintain ER lumen homeostasis in response to fluctuating
environmental conditions. With a synthetic rate estimated at about 0.1 to 1 million
nascent secretory proteins per minute (Lai et al., 2010), this is not a trivial task. In order
to face this challenge, eukaryotic cells have evolved a variety of mechanisms that are
triggered by the accumulation of unfolded or misfolded proteins in the ER and are
generally referred to as the ER stress response.
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The ER stress response consists of a series of coordinated cellular mechanisms that
contribute to alleviate protein folding stress. Although this response is mainly triggered
under adverse environmental conditions, it is also an important part of normal cellular
life, since a significant proportion of nascent proteins end up being misfolded and this
requires

proper

compensation

mechanisms

(Herczenik

and

Gebbink,

2008).

Furthermore, components of the ER stress response are known to be constitutively
activated in certain specialized cell types where the demand for protein synthesis is high
and a sustained secretory activity is required (for review, see Wu and Kaufman, 2006).
In mammals, this is the case in pancreatic cells for instance (Lee et al., 2011).
ER stress response consists of the three following steps: degradation of misfolded
proteins, attenuation of de novo protein synthesis, and transcriptional activation of
chaperones and proteins involved in protein folding (Figure 1). This response has been
studied in great detail in yeast and mammalian cells and the key players have been
identified in the past 20 years.
Misfolded proteins accumulating in the ER may be targeted for degradation through a
process called ERAD (ER-associated degradation). They are recognized beforehand as
terminally misfolded during a quality control process mediated by ER-resident proteins
such

as

chaperone

BiP

(Binding

Protein)

and

the

enzyme

UGGT

(UDP-

glucose:glycoprotein glucosyl transferase). Failure at quality control results in re-routing
of misfolded proteins from the ER-Golgi network to the cytosol where degradation takes
place. Translocation to the cytosol involves the Sec61 pore system in a mechanism that
is still not completely elucidated. Misfolded proteins are then poly-ubiquitinated through a
series of enzymatic reactions involving ubiquitin-activating enzyme (E1), ubiquitinconjugating enzyme (E2) and ubiquitin ligase (E3) before undergoing degradation by the
3

26S proteasome system. A few E3 enzymes have been suggested to specifically
recognize misfolded proteins and are an integral part of ERAD (Carvalho et al., 2006;
Denic et al., 2006; Gauss et al., 2006).
The second route of the ER stress response consists of the attenuation of de novo
protein synthesis. It has been identified only in mammalian cells and is mediated by
PERK (double-stranded RNA-activated protein kinase PKR-like protein kinase), an ERanchored type I transmembrane kinase. PERK acts by phosphorylating eukaryotic
translation initiation factor 2 α (eIF2α) (Rutkowski and Kaufman, 2004), which in turn
prevents proper assembly of the ribosomal complex and leads to the general arrest of
the translation machinery. This type of ER stress response has not been found in yeast
or plants where no PERK ortholog has been identified so far.
The third route is the main focus of this study. It is referred to as the Unfolded Protein
Response (UPR). It consists of the transcriptional activation of ER-resident chaperones
and proteins involved in protein folding in response to the accumulation of misfolded
proteins in the ER lumen. It was historically the first signaling pathway identified that
went from the ER to the nucleus (Cox et al., 1993; Mori et al., 1993). It should be noted
that the UPR is also responsible –directly or indirectly- for the transcriptional activation of
genes involved in other aspects of ER stress response such as membrane biogenesis
and ERAD (Friedlander et al., 2000), This makes it a very versatile regulatory
mechanism as well as a great model for organelle-organelle signaling studies.
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Figure 1 – Diagram illustrating the three outcomes of the ER stress response :
transcriptional induction, ER-associated protein degradation (ERAD), and translational
attenuation
ATF6 Activating Transcription Factor 6, EIF2 α Eukaryotic Initiation Factor 2α, ER endoplasmic
reticulum, IRE1 Inositol Requiring Enzyme 1, PERK Protein kinase RNA -like endoplasmic
reticulum kinase, S1P Site 1 Protease, S2P Site 2 Protease, UBQ Ubiquitin.
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1.2. The Unfolded Protein Response
Although the UPR is conserved in all eukaryotic cells, it varies in complexity between
yeast and higher eukaryotes. In yeast, IRE1 (Inositol-Requiring Enzyme 1), an ERanchored type I transmembrane ribonuclease kinase, is activated upon ER stress. In its
activated state it forms a homo-dimer able to recognize and specifically target HAC1
mRNA for splicing. Spliced HAC1 is translated into an active bZIP (basic leucine zipper)
transcription factor which induces the transcription of ER response genes in the nucleus
(Cox and Walter, 1996; Mori et al., 1996; Nikawa et al., 1996). Cis-acting regulatory
elements have been identified in the promoter regions of those genes and are referred to
as UPR response elements (UPRE, Mori et al., 1992)
In mammalian cells, the UPR is a little more complex. It not only involves a mechanism
similar to IRE1/HAC1, but also a branch mediated by ATF6 (Activating Transcription
Factor 6), a membrane-anchored bZIP transcription factor. ATF6 is a type II
transmembrane protein tethered in the ER membrane. The N-terminal cytosol-facing
moiety of ATF6 contains a bZIP transcription factor domain. Under normal conditions,
ATF6 is sequestered in the ER. However under stress conditions, ATF6 relocates to the
Golgi apparatus, where it undergoes a series of proteolytic cleavages performed by
serine proteases S1P and S2P (Ye et al., 2000). The end result is the release of the
soluble N-terminal moiety of the protein and subsequent transcriptional activation of
target genes (Yoshida et al., 1998).
Yeast IRE1 has two orthologs in mammalian cells named IRE1α and IRE1β. Both
proteins are involved in the UPR following the mechanism described above. However,
their biological roles seem to differ (Imagawa et al., 2008) and IRE1α has been found to
be expressed ubiquitously, whereas IRE1β is only expressed in the gut (Tirasophon et
6

al., 2000; Bertolotti et al., 2001). Although mammalian IRE1 splicing target XBP1 (X-box
binding protein 1) also encodes a bZIP transcription factor, its amino-acid sequence is
very different from HAC1. In addition, unspliced XBP1 encodes a functional transcription
factor that is constitutively expressed whereas unspliced HAC1 undergoes translational
arrest due to the inhibitory secondary interaction between its intron and 5’ untranslated
region (UTR). Transcriptional activity of unspliced XBP1 is compromised however
because it contains a nuclear exclusion signal, instead of the transcriptional activation
domain present in spliced XBP1 (Yoshida et al., 2006). Spliced XBP1 is the
transcriptionally active form of the protein and localizes to the nucleus where it has been
shown to bind UPR promoter elements and promote the transcription of target genes
such as BiP. The exact function of unspliced XBP1 is still hypothetical, but it has been
suggested that it exerts a negative feedback on the UPR by binding to active XBP1 and
preventing it from entering the nucleus (Yoshida et al., 2006; Kohno, 2010).
IRE1-mediated splicing is often qualified as “unconventional” because it occurs in the
cytoplasm and is independent from the spliceosome machinery. Advances in protein
crystallography have provided some insight into the mechanism allowing XBP1/HAC1
mRNA recruitment by IRE1 and the simultaneous cleavages at the splice sites (Lee et
al., 2008). As mentioned earlier, IRE1 is a ribonuclease kinase anchored in the ER
membrane. Its N-terminal end faces the ER lumen while its C-terminal moiety faces the
cytosol. The lumen-facing end is highly variable and constitutes the sensing domain of
the IRE1 signal transducer. Its structure is now understood to some extent (Credle et al.,
2005). The cytosol-facing end has received more attention because it contains the active
sites of the protein, a kinase domain followed by a ribonuclease domain. The
mechanism for its action as proposed by Lee et al. (2008) is as follows. Under normal
conditions, the IRE1 nuclease domain is inactive and the protein is in an
7

unphosphorylated state. Accumulation of unfolded proteins in the lumen triggers homodimerization of the luminal domains. It is not clear yet whether this is done by direct
contact with unfolded proteins or indirectly through chaperone-mediated interaction. In
any case, homo-dimerization of the N-terminal ends results in a conformational change
that brings the C-terminal cytosolic domains in close proximity, allowing them to transautophosphorylate. In this phosphorylated state, the IRE1 dimer forms a catalytic groove
with a high affinity for its mRNA substrate (Ron and Hubbard, 2008). Both nuclease
domains are then able to cleave the substrate by recognition of specific nucleotides in a
hairpin loop structure. A tRNA ligase identified in yeast as RLG1 finishes the work by
joining the resulting exons (Sidrauski et al., 1996).
Although the UPR has been studied in yeast and mammalian cells for two decades,
interest in its function in the plant community is fairly recent. Historically, the ER stress
response was first described in the floury-2 corn mutant, which shows surprisingly
elevated levels of BiP and other ER-resident chaperones due to the aberrant
accumulation of α-zein in the ER (Gillikin et al., 1997). In recent years, orthologs to yeast
and mammalian UPR transducers have been identified. IRE1-like proteins have been
found in rice (OsIRE1, Okushima et al., 2002) and Arabidopsis (AtIRE1a and AtIRE1b,
Koizumi et al., 2001; Noh et al., 2002), and ATF6-like factors AtbZIP28, AtbZIP17 and
AtbZIP60 have been identified in Arabidopsis (Iwata and Koizumi, 2005; Iwata et al.,
2008; Tajima et al., 2008).
BZIP transcription factors are defined by two structural features: a basic region
containing a nuclear localization signal and a DNA binding domain, followed by a socalled leucine zipper, a heptad repeat of leucines positioned 9 amino-acids downstream
(Jakoby et al., 2002). The leucine zipper allows homo- or hetero-dimerization of bZIP
8

transcription factors through hydrophobic interaction. Among the 75 members of the
Arabidopsis bZIP transcription factor family, four (bZIP17, 28, 49 and 60) display a
transmembrane domain (TMD) in their predicted protein structure similarly to ATF6
(Tajima et al., 2008). bZIP28, bZIP17 and bZIP60 have been suggested to be activated
in response to ER stress in a manner similar to ATF6 (Che et al., 2010). bZIP49 has
received less attention because of its low expression level (Tajima et al., 2008).
Anchored in the ER membrane, bZIP28 protein translocates to the Golgi apparatus upon
treatment with ER stress agents (Liu et al., 2007b). Its amino-acid sequence contains
canonical cleavage sites which are targets of serine-protease S1P and metallo-protease
S2P, allowing its DNA binding domain to be released and to activate the transcription of
UPR genes (Liu et al., 2007b; Tajima et al., 2008). AtbZIP60 has also been shown to be
involved in the UPR and is thought to behave similarly. However, the exact mechanism
of its activation is still unclear.
Arabidopsis bZIP60 was first identified by Iwata and Koizumi (2005) who showed that
the gene is the only bZIP transcription factor induced by ER stress agents such as
tunicamycin (TM), azetidine-2-carboxylate and dithiothreitol (DTT). They also observed
that a soluble truncated form of bZIP60 is able to activate the expression of ER stress
response genes such as BiPs and calnexins (ER-resident lectins), possibly through
binding to an ER stress response cis-element (ERSE, Iwata et al., 2009). As expected,
transcriptional induction in response to ER stress is lower in a bzip60 null mutant
compared to wild-type. The inactive form of bZIP60 protein is anchored in the ER
membrane through its TMD and a smaller nucleus-localized form of the protein missing
its C-terminal end is induced after treatment with ER stress agents (Iwata et al., 2008).
The authors concluded that the protein behaves similarly to ATF6, noting however that
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this process is independent of S1P and S2P, and therefore requires a proteolytic
mechanism different from mammalian cells. Indeed, bZIP60 lacks canonical S1P/S2P
cleavage sites (RxxL or RxL) necessary for the proteolytic processing found for ATF6. In
addition, bZIP60 possesses a much shorter lumen-facing sensor domain and lacks a
Golgi localization sequence, thought in ATF6 to promote translocation from the ER to the
Golgi under stress (Shen et al., 2002).
In Arabidopsis, AtIRE1a and AtIRE1b are thought to perform functions similar to their
yeast and animal counterparts. Their N-terminal lumen-facing region is followed by a
highly hydrophobic stretch and a C-terminal cytosolic ribonuclease-kinase domain. They
have been shown to localize to the ER membrane (Okushima et al., 2002) and
recombinant

C-terminal

regions

of

AtIRE1a

and

OsIRE1

proteins

display

autophosphorylation activity in vitro (Noh et al., 2002; Okushima et al., 2002).
Furthermore, expression in a yeast ire1 mutant background of chimeric proteins
composed of the lumen-facing domains of Arabidopsis or rice IRE1s fused to the
cytosolic domain of yeast IRE1 revealed that plant IREs are able to act as sensors
despite their low sequence homology (Noh et al., 2002). Thus, plant IRE1s are believed
to have a role in transduction of the UPR signal to the nucleus. However, there is to date
no evidence of ribonuclease activity and no mRNA target equivalent to yeast HAC1 and
mammalian XBP1 has been identified. In fact, Noh et al. (2002) showed that yeast Hac1
is not cleaved upon tunicamycin treatment in Arabidopsis protoplasts. Further research
on the role of Arabidopsis IRE1 proteins has been challenging: on one hand, the ire1a
null mutant exhibits normal induction of the characteristic genes upon ER stress, and on
the other hand the available ire1b mutant seems to be homozygous lethal, preventing
further characterization (Lu and Christopher, 2008).
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Comprehensive analyses of the Arabidopsis genome during drug-induced ER stress
have been performed (Martinez and Chrispeels, 2003; Noh et al., 2003; Kamauchi et al.,
2005). Martinez and Chrispeels (2003) estimated that about 0.7% of the Arabidopsis
genome is UPR-regulated. This figure is in a similar range to that found in mammalian
cells where ~1% of the genome is thought to be UPR-regulated but is low compared to
yeast (~6%). The genes most induced by ER stress agents belong to a few families
involved directly or indirectly in protein folding (chaperones, protein disulfide isomerase,
glycan synthesis) or in misfolded protein export and degradation (ERAD and vesicle
trafficking machinery).
1.3. UPR, chaperones and environmental stress
The link between the accumulation of misfolded proteins and stress is not clear, but
many proteins involved in protein folding have also been shown to respond to stress. In
humans, numerous diseases have been associated with protein misfolding in the past
few years (see for review Schröder and Kaufman, 2005; Herczenik and Gebbink, 2008).
Alzheimer’s, Parkinson’s and Huntington’s diseases are now clearly linked to the
accumulation of aggregates in neurons and current research aims at identifying the
mechanisms leading to deterioration of the protein folding machinery and the inability of
the cell to cope with the stress.
It has been hypothesized that the protein folding process is so easily disturbed by
changes in the environment that the proteins involved in this pathway are also highly
responsive to stress in order to effectively compensate for any perturbation (Liu and
Howell, 2010). Environmental stresses such as heat clearly impact protein folding. Heat
shock causes proteins to fall into non-native states, which accumulate into nonfunctional aggregates highly detrimental to the cell. Proteins involved in alleviating this
11

process were originally classified in the heat-shock family (HSF) proteins and many of
them turned out to be chaperones (Sung et al., 2001).
ER-resident chaperones play a wide role in all aspects of the ER stress response.
Chaperones are a family of abundant, mostly unrelated proteins involved in protein
folding and assembly (Hartl, 1996). In plant cells, they are involved in a variety of
processes including protein translation and folding and stability. Binding Protein (BiP) is
the most abundant chaperone in the ER and is described in more detail later. It belongs
to the HSP70 (Heat Shock Protein 70) family. The HSP70 family is a group of heatinduced proteins that are highly conserved in the plant kingdom (Sung et al., 2001).
They are present in all cellular compartments and are involved in diverse processes
including protein stabilization, refolding under stress conditions, translation and
relocation (Sung et al., 2001). They stabilize nascent proteins through cycles of ATPdependant interactions. There are three ER-resident HSP70s in Arabidopsis, named
BiP1 to BiP3. BiP1 and 2 proteins are highly similar (98% identical) while BiP3 is more
unique (only 78% identical to the other two) and is believed to have evolved
independently from the two other genes (Noh et al., 2003; Iwata et al., 2009).
Figure 2 shows a phylogenetic tree of the HSP70 family, including the three ER-resident
BiPs (reproduced from Sung et al., 2001). While BiP1 and 2 transcript levels are
constitutively quite high, BiP3 is usually expressed at lower levels but is then induced to
a much larger extent under stress conditions. BiP proteins have been shown to play a
role in various processes in the last few years. For example, they are involved in the
regulation of endosperm proliferation during gametophyte development in Arabidopsis
(Maruyama et al., 2010). In addition, over-expression of BiP homologs in rice affects the
accumulation of seed storage proteins (Yasuda et al., 2009). BiP is involved in other
12

abiotic stress responses besides heat, and notably its expression has been shown to be
induced by salt stress (Koiwa et al., 2003). Interestingly, over-expression of BiP confers
drought tolerance in soybean and tobacco (Alvim et al., 2001; Valente et al., 2009).
However, despite the intuitive link between abiotic stress and UPR, the molecular
mechanisms are still not elucidated.
Through a multi-disciplinary approach, the work presented in this chapter tested the
following hypothesis: the mechanisms of UPR in plants are similar to the ones identified
in other eukaryotic systems and involve in particular an unconventional splicing event
that has profound consequences on plant fitness in response to abiotic stress conditions.

Figure 2 - Phylogenetic tree of HSP70 protein family in Arabidopsis, reproduced from
Sung et al. (2001)
The scale represents the distance between neighbors.
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2.

bZIP60 is spliced upon treatment with ER stress inducers and heat
2.1. The predicted secondary structure of bZIP60 mRNA reveals a domain
similar to HAC1 and XBP1

Despite their low sequence homology, HAC1 and XBP1 are the respective substrates of
yeast and mammalian IRE1. Identification of novel IRE1 substrates through nucleotide
alignment searches has proven to be very challenging and no IRE1 substrate has been
identified in plants using this approach. In the present study, I took advantage of a
shared characteristic of HAC1 and XBP1 in order to uncover potential IRE1 substrates in
Arabidopsis. HAC1 and XBP1 mRNAs share a specific secondary structure that has
been shown to be necessary for the splicing to occur (Yoshida et al., 2001). This
structure consists of a double stem-loop characterized by a series of conserved bases in
positions -3, -1 and +3 relative to the cleavage site (Figure 3-B). The conserved bases
are essential because their complementarity enables a 3 dimensional interaction
between loops, therefore branded “kissing loops”. In yeast and mammalian cells, this
particular splicing event has been shown to be independent from the nuclear-localized
spliceosome machinery (Uemura et al., 2009). Indeed, it is catalyzed by the cytoplasmfacing domain of ER-localized IRE1 and the cleavage sites do not match the consensus
sequence defined for spliceosome-mediated splicing (Tarn and Steitz, 1997).
Among the Arabidopsis bZIP transcription factor family, factors that have been shown to
be induced by ER stress were subjected to analysis in M-fold (Zuker, 2003), a software
for the prediction of the secondary structure of single-stranded nucleic acids. Mature
mRNA sequences were used for this search since IRE1-mediated splicing targets
transcripts localized in the cytosol, which have already gone through the maturation
process, including potential conventional splicing in the nucleus. Surprisingly, bZIP60, a
14

factor previously hypothesized to be involved in the ATF6-like branch of the UPR (Iwata
and Koizumi, 2005; Iwata et al., 2008) as described earlier, was predicted to fold in a
structure similar to Hac1 and Xbp1 RNA (see Figure 3-C and Appendix A2).
The splicing sites predicted in silico define a novel 23-base intron located towards the 3’
end of bZIP60 mature mRNA (Figure 3-A). Removal of the intron has potentially
profound effects on the protein because it induces a frame shift that not only creates an
early stop codon but also results in a different C-terminal amino-acid sequence (Figure
4). This novel protein variant notably lacks the hydrophobic domain that anchors the fulllength protein to the ER membrane. A weak predicted nuclear localization signal
appears in this new C-terminal end, potentially reinforcing the one already present in the
bZIP domain. Contrary to the full-length version, this protein variant displays a
hydrophilic profile compatible with a nuclear localization and a role as transcription
factor.

15

A
exon 1
5’UTR

intron

exon 2

CDS

3’UTR

B

C

Figure 3 - bZIP60 transcriptional context and predicted splice sites
A. bZIP60 (AT1G42990) locus. The location of a novel intron is indicated by the triangle,
downstream of the conventional intron shown in white.
B. Diagram reproduced from Yoshida et al. (2001) showing the secondary structures of the
splice sites in human XBP1 and yeast HAC1 mRNA. The cleavage sites are indicated by arrows
and six nucleotides necessary for the cleavage are boxed.
C. Close-up view of the kissing loop structure of bZIP60 mRNA as predicted by M-fold. The
predicted splice sites are indicated with black arrows and the conserved bases are circled in
blue. Please refer to A2 for the secondary structure prediction of the complete mRNA sequence.
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Figure 4 - Potential consequences of the novel splicing event on the protein
A. Diagrams illustrating the predicted structure s of proteins derived from unspliced (top) and
spliced (bottom) bZIP60 mRNA. The numbers correspond to the amino -acid position.
B. Detail of the nucleotide sequence surrounding the splice sites in unspliced (top) and spliced
(bottom) bZIP60, and deduced protein sequences. Arrows indicate the splice sites and the exonexon junction in the unspliced and the spliced variants respectively. The protein putative
transmembrane domain (TMD) present in the unspliced variant is underlined. The novel aminoacid sequence created by the frame shift is shown in red in the spliced variant.
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2.2. bZIP60 is spliced in response to chemical treatment inducing the unfolded
protein response.
The in silico prediction was tested by treating Arabidopsis seedlings with DTT
(dithiothreitol) and TM (tunicamycin), two chemicals commonly used to elicit ER stress
response. DTT is a strong reducing agent and prevents proper protein folding by
hindering the formation of disulfide bonds, a reaction catalyzed by PDI (Protein Disulfide
Isomerase) in the ER. PDI contributes to protein folding by catalyzing the formation of
disulfide bonds between cysteine residues, therefore allowing covalent bridges between
distant protein regions and shaping the 3D protein structure (for review, see Freedman
et al., 1994). TM also prevents proper protein folding by blocking asparagine (N)-linked
glycosylation of newly synthesized proteins (reviewed in Elbein, 1987). The molecule
inhibits N-acetylglucosamine transferase, another ER-resident enzyme responsible for
the transfer of N-acetylglycosamine-1-phosphate to dolichol monophosphate. Lack of
proper glycosylation not only influences protein folding but also affects their recognition
during the quality control process. Proteins recognized as misfolded are retained in the
ER and targeted for ERAD (Liu and Howell, 2010).
To detect the presence of the novel splice variant in seedling samples treated with TM
and DTT, bZIP60-specific primers were designed surrounding the predicted splice sites
and used in a semi-quantitative reverse transcriptase (RT)-PCR assay. Figure 5 shows
the appearance of a faster-migrating species as early as 30 min after DTT treatment.
Sequencing of both bands confirmed the nature of those two bZIP60 transcript variants.
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Figure 5 - Semi-quantitative RT-PCR using primers surrounding the predicted splic e sites
of bZIP60 mRNA.
WT Arabidopsis seedlings were grown for 8 d on MS medium and treated with liquid MS
supplemented with 2 mM DTT or 2 µg/ml TM or MS alone (-) for the indicated periods of time.
Total RNA was extracted from whole seedlings and reverse transcribed. Semi-quantitative RTPCR was performed using primers flanking the splice sites in bZIP60 and Ubiquitin -specific
primers as a control (see Materials and Methods and Appendix A1).
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Figure 6 – Re-amplification of cDNA from stress-induced bZIP60.
Re-amplification of the different bands obtained for bZIP60 after DTT induction . The fragments
were extracted from the gel and re-amplified using identical PCR conditions and primers. The
diagram on the left illustrates our interpretation of each amplification product supported by
sequencing information.
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A closer look at Figure 5 revealed the amplification of two new bands after treatment
with ER stress inducers. The lower band corresponded to the spliced variant and lacked
the 23-base sequence. An additional band, which migrated more slowly than any of the
full-length and spliced bands, was visible when the agarose concentration in the gel was
increased for better resolution (band 3 in Figure 6). Cloning and sequencing of the DNA
species in this band showed that it was a mix of both full-length and spliced versions of
the transcript. A re-run of the PCR reaction using gel-extracted templates corresponding
to each band showed that band 3 led to the amplification of either one of the three
bands. We hypothesized that this third band was due to the hybridization of two singlestranded DNA fragments corresponding to spliced and unspliced sequences.
Interestingly this observation was also reported by Shang and Lehrman (2004) in their
study of Xbp1 splicing.

Recent experiments by collaborators Y. Deng and S.H. Howell (Plant Sciences Institute,
Iowa State University) confirmed the role of bZIP60 mRNA structure in its splicing by
mutational analysis (Figure 7). By introducing silent mutations at the sites identified as
necessary in yeast and mammalian cells, they showed that in vivo splicing activity was
much reduced and therefore concluded that those nucleotides were also necessary for
bZIP60 splicing in plants (Deng et al., 2011).
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Figure 7 – Mutational analysis of bZIP60 splice sites (Deng et al., 2011).
A. Kissing loop structure of bZIP60 mRNA as predicted by M-fold. The predicted splice sites are
indicated with black arrows and the conserved bases are circled in blue. Point mutations are
shown with blue arrows.
B. Semi-quantitative RT-PCR showing the induction of bZIP60 splice variant in stable transgenic
lines expressing bZIP60 transcript without mutation (0PM) or with one (1PM) or two (2PM)
mutations in a bzip60 mutant background. WT and bzip60 mutant are shown as well. Splice
specific primers were used in this assay (see Appendix A1). NT: no treatment, DTT: treatment of
2 mM DTT for 2 h.
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2.3. Characterization of bZIP60 splicing
To gain a better understanding of the splicing event in plants, it was important to define it
more precisely. In particular, its kinetics, dose-dependence and localization were studied
in some detail. DTT was used as the ER stress agent in most subsequent experiments
for homogeneity. Similar responses would be expected using TM, although the doses
and times required to achieve an equivalent induction might vary.
Arabidopsis seedlings were treated using increasing concentrations of DTT and
harvested at 5, 15 and 30 min after treatment. Figure 8 shows the appearance of the
spliced variant as early as 15 min after treatment. Here it should be noted that primer
efficiency as well as PCR conditions may influence this result by affecting the detection
threshold for the spliced version. Using splice-specific primers, I was able to detect the
splice variant as early as 5 min after DTT treatment.
A similar analysis showed that the spliced variant was induced in roots and shoots, as
illustrated in Figure 9. Both the unspliced and the spliced transcripts seemed to be
induced at higher levels in roots. Relative quantification of the spliced versus unspliced
species is otherwise quite difficult here because of the presence of the third hybrid band.
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Figure 8 – RT-PCR of bZIP60 in seedlings treated with varying amounts of DTT for
different periods of time.
WT Arabidopsis seedlings were grown for 8 d on MS medium and treated with M S supplemented
with DTT at the concentrations and times indicated. Total RNA was extracted from whole
seedlings and reverse transcribed, semi-quantitative RT-PCR was performed using primers
flanking the splice sites in bZIP60 (see Materials and Methods and Appendix A1).
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Figure 9 – RT-PCR of bZIP60 in roots and shoots treated with 2 mM DTT.
WT Arabidopsis seedlings were grown for 8 d on MS medium and treated with MS supplemented
with 2 mM DTT (A) or 2 µg/ml TM (B) or MS alone (-) for the indicated periods of time. RNA was
extracted from roots (R) or shoots (S) and reverse transcribed, semi-quantitative RT-PCR was
performed using primers flanking the splice sites in bZIP60 and Ubiquitin -specific primers as a
control (see Materials and Methods and Appendix A1).
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In their study of bZIP60, Iwata et al. (2008) found that the transcriptionally active form of
the protein is constitutively present in anthers and suggested that this was due to the
high secretory activity of the tapetum cells. My data suggest that this active form results
from de novo translation of the splice variant and not from proteolytic cleavage of the ER
membrane-anchored protein. In accordance with the authors’ finding, I would then
expect the presence of the spliced transcript in anthers in the absence of ER stress
treatment. This was tested using the qualitative assay described previously. Figure 10
shows that no spliced transcript was detected in various floral tissues under the
conditions tested. Different primer efficiency combined with potentially low levels of the
spliced variant might account for this result. Another possibility is that this mRNA is
expressed exclusively in a very specific cell type and was diluted in the tissue collected
under our conditions.
In addition to detecting the active form of bZIP60 in anthers, Iwata et al. (2008) showed
that it was also present in s1p and s2p mutant backgrounds. This result ruled out the
involvement of the two serine proteases in bZIP60 processing, in contrast to the
mechanism elicited for bZIP28. In Figure 11, we show that the spliced version of bZIP60
is normally induced in an s1p mutant background, which is in accordance with this result.
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Figure 10 – RT-PCR of bZIP60 in floral tissue
WT Arabidopsis seedlings were grown on soil for 3 weeks. Whole plant and flower parts were
dissected, RNA was extracted and reverse transcribed, semi-quantitative RT-PCR was
performed using primers flanking the splice sites in bZIP60 (see Materials and Methods and
Appendix A1)
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Figure 11 – RT-PCR of bZIP60 in s1p mutant background
WT and s1p-3 Arabidopsis seedlings were grown for 8 d on MS medium and treated with liquid
MS supplemented with 2 mM DTT. Total RNA was extracted from whole seedlings and reverse
transcribed, semi-quantitative RT-PCR was performed using primers flanking the splice sites in
bZIP60 (see Materials and Methods and Appendix A1).
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2.4. bZIP60 splicing is induced by heat
The study of ER stress response is routinely carried out using synthetic stress inducers
such as TM and DTT. These chemicals are convenient because they allow experiments
to be easily controlled in terms of duration and doses, and target quite specifically the
ER machinery within a certain range of concentrations. Therefore, their use has been
widely adopted in yeast and mammalian work but also among the plant community. As a
consequence, very few studies have actually looked at the kinds of stresses that would
naturally trigger UPR. In fact, making the link between ER stress response and
environmental stress turns out to be quite a challenging task because most
environmental stresses impact the cell in a variety of ways and cellular responses are
highly intertwined. Therefore, discriminating between direct and secondary effects is not
easy. In addition, the very nature of the ER stress response makes the identification of
specific triggers even more difficult than for other signal transduction pathways, where
ligands and receptors are usually identifiable in discrete numbers. The peculiarity of the
ER stress response resides in two simple facts. One, the pathway may be set off by a
virtually infinite number of molecules, i.e. potentially any protein transiting in the ER that
would happen to be in a misfolded state. Second, each individual protein that may elicit
the pathway in its misfolded state will not be recognized as a trigger in its more stable
conformation.
In recent years, significant efforts have aimed at providing some insight into the
environmental conditions inducing the stress response. AtbZIP17 was found to be
responsive to salt stress (Liu et al., 2007a) and bZIP28 was associated with heat
tolerance after its mutant showed enhanced sensitivity to heat treatment (Gao et al.,
2008). BZIP28 is not only transcriptionally induced by heat treatment but the active form
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of the protein was also found to be produced under heat stress. In tobacco, the
equivalent homolog NtbZIP60 was shown to be activated by bacterial pathogen infection
and bZIP60-silenced plants displayed an enhanced sensitivity to infection (Tateda et al.,
2008).
In an attempt to make a link between bZIP60 splicing and environmental stress, a few
conditions that could initiate protein misfolding were tested. Heat treatment induced
bZIP60 splicing after 30 min of exposure (Figure 12-A). None of the other treatments
tested elicited an equivalent response under our test conditions (see Figure 13-B, C, and
D). However, it cannot be ruled out that those or other stresses may induce splicing
under alternative conditions not tested.
In addition to abiotic stresses, a couple of hormone treatments were performed to
assess their potential impact on bZIP60 splicing. In particular, abscisic acid (ABA) and
ethylene appeared as promising candidates. ABA is basically involved in general water
stress, which may be achieved by drought but also by osmotic or temperature stresses
(for review, see Melcher et al., 2010; Wilkinson and Davies, 2010). Its role in germination
is also associated with variation in seed water content. Through its impact on proline
biosynthesis (Verslues and Bray, 2006), ABA affects protein stability and folding and
therefore could possibly play a role in initiating the UPR in general. Ethylene is another
good candidate. It is involved in various aspects of plant development but also in
mediating the response to various stresses (reviewed in Wilkinson and Davies, 2010).
Interestingly, the ethylene receptor ETR1 has been localized to the ER membrane with
its ethylene-binding domain situated within the membrane itself (Chen et al., 2002).
Crosstalk between ethylene and ABA has been observed in many processes, in
particular in the response to water stress (see Wilkinson and Davies, 2010 for review).
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As illustrated in Figure 13, neither of these hormones triggered bZIP60 splicing under
the conditions tested. Two experimental setups were used to discriminate between
potential hormone effects during germination and during seedling development since
those hormones are involved in both processes. In one case (A), seedlings were allowed
to grow on untreated medium before being treated with ABA or ethephon (2chloroethylphosphonic acid), which rapidly degrades into ethylene in aqueous solution.
In the other (B), seedlings were germinated directly on hormone- containing medium.
This series of experiments showed in more detail the conditions required for bZIP60
splicing. While usual stress agents trigger this event, only heat was found to initiate it
under more natural conditions. Although heat was the only treatment leading to bZIP60
splicing, we cannot rule out that other stresses applied using different procedures or at
different developmental stages could have a similar effect. In any case, the identification
of heat stress as an inducer of this response pathway opens an avenue for potential
applications. Heat-induced splicing could be used both as a diagnostic tool to measure
plant stress levels and as a potential target route for crop improvement. The following
chapter tries to address this long term goal by gathering the information required to
further our understanding of this phenomenon in the context of the UPR.
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Figure 12 – RT-PCR of bZIP60 in seedling exposed to different abiotic stress conditions
WT Arabidopsis seedlings were grown for 8 d on MS medium and treated as described below.
Total RNA was extracted from whole seedlings unless otherwise stated and reverse transc ribed.
Semi-quantitative RT-PCR was performed using primers flanking the splice sites in bZIP60 (see
Materials and Methods and Appendix A1). In A, seedlings were transferred to a 42ºC chamber
(+) or left at room temperature (-) for the indicated periods of time. In B, the seedlings were
exposed to a nitrogen air flow to induce anoxia (+) or left untreated ( -). In C, they were treated
with MS supplemented with 100 mM NaCl (+) or MS alone (-). In (D) they were treated with a
solution of 0.5 mM KNO 3 for limiting (-) nitrogen condition and 10 mM KNO 3 for optimal (+).
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Figure 13 – RT-PCR of bZIP60 in seedlings exposed to hormone treatment
A. W T Arabidopsis seedlings were grown for 8 d on MS medium, transferred to a 42ºC chamber
or left at room temperature and treated with liquid MS supplemented with 10 μM ABA, or MS
supplemented with 1 mM ethephon or an equivalent volume of DMSO for the indicated periods
of time. Total RNA was extracted from whole seedlings a nd reverse transcribed. Semiquantitative RT-PCR was performed using primers flanking the splice sites in bZIP60 (see
Materials and Methods and Appendix A1).
B. W T Arabidopsis seedlings were germinated on MS plates supplemented with 10 μM ABA, or 1
mM ethephon or DMSO and harvested at 10 d after germination. The procedure described in A
was followed.
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3. Role of IRE1 in bZIP60 splicing
The initial hypothesis leading to the discovery of bZIP60 splicing stemmed from the
peculiar RNA structure of IRE1 ribonuclease targets. In paragraph 2, we showed how
bZIP60 is spliced in vivo. However its link with IRE1 activity still remained unclear. This
aspect has been investigated and findings are reported here.

3.1. bZIP60 splicing is induced in an ire1a null mutant
As mentioned in paragraph 1 of this chapter an Arabidopsis ire1a null mutant is available
(salk_018112) from the Arabidopsis Biological Resource Center (ABRC) and has been
characterized previously (Lu and Christopher, 2008). The T-DNA insertion is located in
the third exon and successfully disrupts the expression of full-length IRE1a transcript.
However, the authors showed that ER-responsive genes are still normally induced in the
mutant after treatment with TM (Lu and Christopher, 2008). I investigated the effect of
DTT on bZIP60 splicing in ire1a mutant background and Figure 14 shows that bZIP60
splicing is still induced by DTT in the null mutant.
This result suggests that either IRE1a is not involved in bZIP60 splicing or that there is
redundancy with its IRE1b homolog, in which case a double mutant approach would be
required. Another possibility is that IRE1a may only be activated locally in specific
tissues or cell types. I thus took a closer look at the role of IRE1b.
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Figure 14 – IRE1a expression and bZIP60 splicing in ire1a mutant
WT and ire1a (salk_018112) seedlings were grown for 8 d on MS medium. They were either
harvested directly (A) or treated (B) with liquid MS supplemented with 2 mM DTT (+) or MS
alone (-) for 30 min. Total RNA was extracted from whole seedlings and reverse transcribed,
semi-quantitative RT-PCR was performed using primers flanking the splice sites in bZIP60,
primers specific to IRE1a and Ubiquitin -specific primers as a control (see Materials and Methods
and Appendix A1).
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3.2. bZIP60 splicing is diminished in an ire1b mutant and in RNAi lines
As was mentioned previously, the available ire1b mutant (salk_018150) with a T-DNA
insertion in the exon was found to be a homozygous lethal (Lu and Christopher, 2008).
The heterozygous plants were shown to express IRE1b transcript at levels similar to the
wild-type (Lu and Christopher, 2008). We subsequently confirmed that DTT-induced
bZIP60 splicing was not altered in those plants (Figure 15).
Later, an additional ire1b mutant as well as IRE1b RNAi lines were obtained and could
be tested, but at this stage of the study those were not available yet. For that reason,
another approach was pursued in order to investigate IRE1b function. This strategy was
previously used by Tirasophon et al. (2000) in mammalian systems. In their study, the
authors showed that human IRE1 activity is strongly inhibited by expressing a truncated
version of the protein containing the N-terminal sequence up to its transmembrane
domain. The rationale behind this approach is that the truncated version of IRE1 acts in
a dominant negative fashion as it dimerizes competitively with endogenous IRE1,
preventing proper activation of the ribonuclease domain. Figure 16 shows a diagram
illustrating this model.
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Figure 15 – bZIP60 splicing in heterozygous ire1b mutant
WT and heterozygous ire1b seedlings were grown for 8 d on MS medium. They were then
treated with liquid MS supplemented with 2 mM DTT (+) or MS alone ( -) for 30 min. Total RNA
was extracted from whole seedlings and reverse t ranscribed, semi-quantitative RT-PCR was
performed using primers flanking the splice sites in bZIP60 (see Materials and Methods and
Appendix A1).

A

B

Figure 16 – Dominant negative strategy
used by Tirasophon et al. (2000) to inhibit IRE1 activity
A. Normal activation mechanism for IRE1. Accumulation of misfolded proteins in the ER lumen
induces the dimerization of IRE1 proteins that in turn are activated. The dimer recognizes and
cleaves its target mRNA.
B. Recombinant expression of a truncated form of IRE1 titers out endogenous IRE1 for
dimerization. Dimers involving the recombinant enzyme are non functional and overall IRE1
splicing activity is therefore significantly diminished.
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A truncated version of IRE1b protein was expressed transiently in Arabidopsis calli. This
system was used for convenience and because stable transgenic plants impaired in
IRE1 activity might not be viable as suggested by the lethality of the ire1b mutant.
Calli were generated from hypocotyls of WT and homozygous ire1a mutant seedlings as
described in Materials and Methods and according to Kakimoto et al. (1998). They were
then transformed using Agrobacterium tumefaciens bearing the pROK2 binary vector in
which a truncated form of IRE1b protein was expressed under the control of the 35S
promoter. This construct, referred to as IRE1bΔC, allows the recombinant expression of
the first 424 amino-acids of IRE1b. It includes its N-terminal lumen facing domain, the
TMD and a short sequence thereafter. It was designed similarly to the one used by
Tirasophon et al. (2000) based on sequence homology with human IRE1. The empty
pROK2 vector was used as a negative control. Results are presented in Figure 17.
This experiment shows that the bZIP60 splice variant is still produced after DTT
treatment in calli expressing IRE1bΔC. Calli transformed with IRE1bΔC successfully
over-expressed the construct as demonstrated by RT-PCR (Figure 17). The primers
used could amplify both endogenous and transgenic transcripts. Although overexpression of the transgene was not induced at the same levels in all transformed calli,
overall IRE1b levels were higher in IRE1bΔC-expressing calli than endogenous levels
observed in calli transformed with the control vector. While the assay is not quantitative
and it is thus impossible to conclude whether the amounts of bZIP60 spliced variant
amplified were significantly diminished in the IRE1bΔC-expressing calli, these results
indicated that a dominant negative approach to inhibit IRE1b might not be a method of
choice to study its function in bZIP60 splicing. If anything the difference was minimal
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enough that it was not observable on the gel in either WT or the ire1a mutant
background.
This could be explained by various possibilities. This experiment is based on the
assumption that the strategy used in mammalian cells will also work in plants, although
this might not be the case. For example, IRE1bΔC might not dimerize with endogenous
IRE1b which would explain why no effect was observed in the splicing assay. In addition,
further optimization may be required so as to ensure higher and consistent levels of
IRE1bΔC transgene expression across treatments and therefore allow quantitative
comparisons.
Based again on similarities with other systems, another strategy could be attempted to
block IRE1 function by using chemicals that specifically inhibit IRE1 activity. In yeast, the
ATP analog 1NM-PP1 was found to competitively bind IRE1 kinase domain and induce a
conformational change that prevented proper activation of the protein (Papa et al.,
2003). In mammalian IRE1α, a chemical screen identified salicylaldehyde analogs as
potent and specific inhibitors of its ribonuclease domain (Volkmann et al., 2011). Those
molecules were also successful at blocking yeast IRE1 ribonuclease activity. Obviously
the potential effect of those chemicals on plant IRE1 is not guaranteed, but it would be
worthwhile to check how they would affect the functionality of the protein.
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Figure 17 – bZIP60 splicing is not inhibited in an IRE1 dominant negative strategy
Arabidopsis calli generated from W T and ire1a mutant hypocotyls were transformed with pROK2
empty vector or pROK2 bearing the 35S::IRE1bΔC construct. After 3 weeks of selection, they
were treated with 2 mM DTT for 2 h (+) or mock solution (-). Semi-quantitative RT-PCR was
performed using primers flanking the splice sites in bZIP60 and Ubiquitin -specific primers as a
control (see Materials and Methods and Appendix A1).
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Figure 18 – IRE1b RNAi strategy
A. Schematic of the cloning strategy, modified from Yin et al. (2005). 35S (cauliflower mosaic
virus promoter) drives the expression of the hairpin transcript. NPTII (neomycin
phosphotransferase gene) confers re sistance to kanamycin in transgenic plants.
B. Target regions of the hairpin constructs. IRE1b transcript is targeted for RNAi-mediated
degradation in the regions indicated with dotted lines.
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In the absence of a satisfying way to knock down IRE1 activity in planta, an RNAi (RNA
interference) strategy was pursued (Figure 18) using the pHANNIBAL/pART27 system
described by Wesley et al. (2001) and Gleave (1992). The cloning scheme is illustrated
in Figure 18. Briefly, an RNAi expression cassette is first created in an intermediate
vector. This cassette contains the gene-specific RNAi target region cloned in sense and
anti-sense directions and separated by an intron, under the control of the 35S promoter.
The expression cassette is then transferred to a binary vector containing the NPTII
(neomycin phosphotransferase) gene for kanamycin selection of plant transformants.
Sequences targeting regions 1636-1885 and 187-385 of the IRE1b transcript were
selected for their specificity and cloned as described in Figure 18. The resulting
constructs were transformed in both WT and ire1a mutant backgrounds.
Successful knock-down of IRE1b transcript levels was verified by quantitative real-time
PCR. Significantly lower expression of IRE1b was obtained through this strategy in both
backgrounds. Two lines for each background were used in all subsequent analyses as
shown in the graph of Figure 19.
bZIP60 splicing was then tested in those lines. Seedlings were treated with heat as was
done in Figure 12 and bZIP60 splicing was assessed as previously described. The
results in Figure 20 show that bZI60 splicing cannot be detected in 3 out of the 4 RNAi
lines selected for the analysis. This demonstrates that IRE1b is necessary for the
splicing event to occur. The line that does not show a significant inhibition of the splicing
activity also displays higher levels of IRE1b as measured by real-time PCR (Figure 19),
which could explain this difference.
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Relative expression levels
Figure 19 – Expression of full-length IRE1b in RNAi lines
Relative quantification of IRE1b transcript was performed as described in Materials and
Methods. Ubiquitin 5 was used as a reference gene and the fold changes were calculated taking
into account primer pairs efficiencies. Two W T controls are displayed on the graph to account
for the data obtained in two separate assays. RNAi/WT and RNAi/ ire1a correspond respectively
to RNAi constructs expressed in WT and ire1a mutant backgrounds.

WT

ire1a

ire1b
(HZ)

bZIP60

UBQ5

Figure 20 – bZIP60 splicing in RNAi lines after heat stress
WT, ire1 mutant and heterozygous (HZ) ire1b mutant seedlings were grown for 8 d on MS
medium and transferred to a 42ºC for 1 h. Total RNA was extracted from whole seedling s and
reverse transcribed, semi-quantitative RT-PCR was performed using primers flanking the splice
sites in bZIP60 and Ubiquitin-specific primers as a control (see Materials and Methods and
Appendix A1). RNAi/W T and RNAi/ire1a correspond respectively to RNAi constructs expressed
in W T and ire1a mutant backgrounds.
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Recently, an additional ire1b mutant (sail_283_F07) was identified by collaborators Y.
Deng and S.H. Howell (Plant Sciences Institute, Iowa State University). In this line the TDNA insertion is located in the 4th intron of the IRE1b locus. No full-length IRE1b
transcript was detected by PCR in the homozygous mutant, although fragments of the
transcript were still present. Using this mutant, semi-quantitative RT-PCR analysis
showed a reduction of the splicing activity after DTT treatment compared to wild type
(Figure 21). Together with the data for the RNAi lines, this result indicates that IRE1b is
necessary for bZIP60 splicing in vivo.

Figure 21 – bZIP60 splicing in ire1 mutants (Deng et al., 2011)
Semi-quantitative RT-PCR showing the lack of induction of bZIP60 splice variant in ire1b mutant
(sail_283_F07). Wild-type (W T) and ire1a mutant (salk_018112) are shown as well. Primers
flanking the splice sites (noted “bZIP60 ”), primers specific to the unspliced variant (noted
“bZIP60 full-length”) and primers specific to the spliced variant (noted “bZIP60 spliced”) were
used in this assay (see Materials and Methods and Appendix A1). NT: no treatment, DTT:
treatment of 2 mM DTT for 2 h.
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3.3. Recombinant IRE1a and b cleave bZIP60 transcript in vitro
To ascertain the direct role of IRE1s ribonuclease activity in cleaving bZIP60 substrate,
an in vitro assay was performed. This assay was based on the protocol described by
Back et al. (2005) with some modifications (refer to Materials and Methods). In brief,
truncated C-terminal regions of plant IRE1s, containing the ribonuclease and kinase
domains, were tagged at their N-terminal ends with a 6xhistidine (His) tag and
expressed in an inducible E. coli system (Figure 22). The recombinant proteins were
purified on a nickel column as described in Materials and Methods. The procedure
successfully recovered proteins of the expected sizes (respectively 60.3 and 61.2 kDa
for tagged IRE1a and b). His-tagged GST expressed and purified in the same manner
was used as a negative control in the assay.
The RNA substrate was synthesized by in vitro transcription incorporating [α32P]-CTP.
The product was a 124-base RNA sequence of which 94 bases corresponded to the
region surrounding the splice sites in bZIP60 mRNA (see Materials and Methods). The
additional sequence contained a hairpin-forming structure preventing unspecific
exonucleolytic degradation of the transcript (Higgins and Hames, 1994). This radiolabeled substrate was incubated with equal amounts of each of the recombinant
enzymes purified above in the presence of non-specific ribonuclease inhibitor and the
reaction products were resolved on a denaturing urea-poly-acrylamide gel.
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Figure 22 - Expression of recombinant ribonuclease-kinase domains of IRE1a and b in
vitro
A. Diagram representing the recombinant proteins expressed in E.coli. Functional domains are
shown as illustrated in the legend and amino -acids are numbered for IRE1a (above diagram)
and IRE1b (below diagram).
B. Western blot showing the steps of recombinant IRE1a and b purification, respectively lanes
1-4 and 5-8. Lanes 1 and 5: lysate; lanes 2 and 6: beads, lanes 3 and 7: wash; lanes 4 and 8:
eluate. Molecular weights are indicated in kDa. Please refer to Materials and Methods for a
detailed description of the procedure.
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Figure 23 shows the radiography along with the sizes and schematic structures of the
splicing products. As visible on the picture, products corresponding to the expected
fragment sizes were detected. Both IRE1a and IRE1b displayed some ribonuclease
activity at the predicted splice sites, although IRE1b seemed to be more efficient in this
in vitro assay. Incubation with GST did not yield any of the products except an upper
band slightly higher than the largest splice product, probably due to spontaneous
degradation of the transcript. The reagents were incubated in the presence of ATP,
which has been shown to be required for activation of the kinase domain (Papa et al.,
2003). Different amounts of ATP as well as another phosphate donor ADP were assayed
in an attempt to optimize the reaction conditions but they did not have any impact on the
amount of reaction products (data not shown).
The evidence presented supports the idea that plant IRE1s are indeed involved in
bZIP60 splicing both in vivo and in vitro. IRE1b seems to be the prevalent enzyme
involved in this process and the contribution of IRE1a to the response is still unclear.
Altogether the data suggests that the splicing mechanism is conserved in plants despite
profound specific differences. The following section addresses this aspect by
investigating the potential recognition of plant bZIP60 by yeast IRE1.
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Figure 23 – Autoradiography of ribonuclease reaction products.
Radio-labeled size markers are shown with their approximate sizes on the left and were
32
synthesized as described in Materials and Methods. In vitro transcribed
P-labeled RNA
substrate was incubated with 10 µg of HIS-tag purified proteins HIS-IRE1a and HIS-IRE1b (C
terminal region) or HIS-GST or enzyme buffer as a control, for 1 h at 37ºC in the presence (+) or
absence (-) of ATP. Reaction products were purified and run on a 12% denaturing
polyacrylamide gel, which was exposed overnight to an X-ray film. Schematics on the right-hand
side show the expected fragments and their calculated potential sizes.
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3.4. bZIP60 is not cleaved by yeast IRE1
Previous work by Noh et al. (2002) reported that yeast HAC1 mRNA was not cleaved by
Arabidopsis IRE1s. Identification of Arabidopsis bZIP60 allowed us to ask whether the
plant substrate was recognized by the yeast IRE1. In this experiment, Saccharomyces
cerevisiae cells were transformed with a construct expressing plant bZIP60 transcript
(including 5’ to 3’UTR) under the control of the ADH1 promoter. UPR was induced with
DTT and splicing by endogenous yeast IRE1 was assessed by RT-PCR. The gel in
Figure 24 shows that bZIP60 is not processed by endogenous yeast IRE1 protein,
although HAC1 is spliced under those conditions. Various reasons could account for this
result. The first may be that yeast IRE1 is not able to recognize bZIP60 mRNA as a
substrate. This is likely as yeast HAC1 is quite different from its animal XBP1 and plant
counterpart despite similar secondary structures. The yeast HAC1 intron is notably much
larger (252 bases). Furthermore, the local environment within the yeast cell may not
allow bZIP60 transcript to deploy and form secondary and tertiary structures readily
recognizable by the yeast IRE1 catalytic grooves. The main limitation of this experiment
resides in the technique used: PCR only allows detection of splicing if it is followed by
ligation, which implies that yeast ligase Rlg1 would also need to recognize bZIP60 splice
fragments as substrates and be able to ligate the exons.
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Figure 24 – RT-PCR assay of bZIP60 splicing activity in yeast
S.cerevisiae cells transformed with the indicated constructs were cultured in the presence (+) or
absence (-) of DTT. Total RNA was extracted and semi -quantitative PCR was performed using
HAC1 as a positive control for stress-induced splicing. HAC1-specific and bZIP60-specific
primers were used as described in Materials and Methods and Appendix A1. The grey and white
arrows respectively show full-length and spliced HAC1.
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4. bZIP60 protein variants localize to different cellular compartments
4.1. Hypothesis
Discovery of bZIP60 transcript splicing provides evidence for the existence of a nonconventional splicing mechanism in plants. Most importantly it can provide an interesting
regulation mechanism by allowing a switch between the production of two protein
variants with distinct roles within the cell. As illustrated in Figure 4, the frame shift
induced by splicing should theoretically give rise to two different protein variants. The
form derived from the unspliced transcript, referred to as the “full-length” variant,
contains a hydrophobic region that allows it to be tethered to the ER membrane. Iwata et
al. (2008) showed using microsomal membrane fractionation that bZIP60 protein colocalized with ER resident chaperone BiP1. The variant derived from translation of the
spliced transcript, referred to as the “spliced” form for convenience, is more hypothetical.
As described in the introduction, the current literature supports the notion that the
transcriptionally active form of bZIP60 is released by intra-membrane proteolysis,
although only indirect evidence has been obtained to date. Constructs expressing an
artificially cleaved protein variant show that it localizes to the nucleus and does activate
the transcription of ER response genes through ER response elements present in their
promoters (Iwata et al., 2008; Iwata et al., 2009). However the results presented in the
previous paragraphs suggest that the transcriptionally active form is actually translated
from the splice transcript. Compared to the cleaved version, the splice protein is slightly
longer and displays a specific amino-acid sequence at the C-terminal end.

In this

paragraph, I therefore set out to test the following hypothesis: the active form of bZIP60
results from the spliced transcript and has a distinct fate within the cell compared to the
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full-length variant, allowing it to perform its function as a transcription factor. To test this
hypothesis, the first step was to detect both protein variants.

4.2. Detection of protein variants
The most direct way to detect bZIP60 protein variants was to generate antibodies. To
ensure specificity, antibodies had to be raised against chemically synthesized peptides
specific to each spliced variant and not full-length proteins. Those peptides were
designed so that they could not only allow discrimination between the two variants but
also prevent cross-reaction with other proteins in Arabidopsis proteome. Therefore each
peptide antigen corresponded to a unique C-terminal region in each variant as illustrated
in Figure 25.
Antibody efficiency was first assessed by dot blot using the synthetic peptide antigens.
Sequential dilutions of the peptides were bound to a nitrocellulose membrane, along with
negative and positive controls. Both antibodies reacted against their corresponding
antigens but the detection threshold seemed quite high (in the 0.1 µg range instead of a
more common ng range for this type of polyclonal antibody).
The antibodies were then tested in vitro. His-tagged full-length and spliced protein
variants were expressed in E.coli using an inducible system similar to the one used for
IRE1a and b expression (see section 3.3). Crude cell lysates were run on SDS-PAGE
and Western blots were performed using either an antibody recognizing the His tag or
the custom antibodies.
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Figure 25 – Regions used to raise antibodies specific to bZIP60 protein variants
Peptides corresponding to the boxed sequences were used as antigens to raise antibodies
against full-length (A) and spliced (B) bZIP60 isoforms (see Materials and Methods).
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Figure 26 – Inducible expression of recombinant bZIP60 variants in E.coli
A. Diagram illustrating the recombinant proteins expressed in E.coli corresponding to tagged
bZIP60 variants full-length (top) and spliced (bottom). The calculated molecular weights
corresponding to the proteins are respectively 37.9kDa and 33.7kDa.
B, C and D are Western blot pictures where commercial anti -His antibody, purified custom
antibody raised against bZIP60 full -length C-terminal region or purified custom antibody raised
against bZIP60 spliced C-terminal region were used respectively. Wells were loaded with similar
amounts of bacterial lysates. Lanes 1 and 2 correspond to cell extracts expressing the full length construct, lanes 3 and 4 the spliced construct, and lanes 5 and 6 the empty vector as
negative control. Cultures were induced with IPTG (lanes 1, 3, 5) or left uninduced (lanes 2, 4,
6). Please see Materials and Methods for a more detailed description of the procedure.
HIS histidine, TMD transmembrane domain
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Although successfully induced in E.coli and detected using the His-tag, the recombinant
proteins failed to be detected by the custom antibodies (Figure 26). Similar attempts to
detect the endogenous protein variants in planta were not successful either. Expression
of a N-terminal myc-, YFP- and FLAG-tagged bZIP60 in planta were also attempted, but
did not yield better results despite the use of commercial anti-tag antibodies. Attempts to
detect the protein by an alternative approach using fluorescent protein translational
fusions are described in the next paragraph.

4.3. Localization of protein variants
As explained earlier, the existence of bZIP60 protein variants might have profound
effects at the cellular level because each protein has the potential to perform different
functions. In particular they are predicted to be present in different locations in the cell.
While cell fractionation studies have shown that full-length bZIP60 co-localizes with ERresident chaperones, a truncated GFP-tagged form of the protein has been localized to
the nucleus (Iwata and Koizumi, 2005). The goal was to show that the localizations of
the full-length and spliced variants were indeed different.
Different constructs were prepared to test this (Figure 27). Several tags and vector
systems were utilized and the most representative results are shown here. All constructs
were under the control of the 35S promoter. In construct A, the tag was fused to the Nterminal end of the protein whereas in all other constructs, the tag was at the Cterminus. Constructs B and C, respectively, allowed the expression of the tag fused to
the full-length and spliced bZIP60 proteins. Construct D was designed so that the tag
would be fused to the spliced bZIP60 protein only under conditions that allowed the
splicing of the intron (see Materials and Methods for details).
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The first approach was to generate stable transgenic lines using constructs A and C
(Figure 27) to express N-terminal YFP-bZIP60 and C-terminal bZIP60 spliced-YFP
fusions. Several lines over-expressing the transgenes were successfully generated but
no fluorescent protein could be observed using confocal microscopy. In addition,
Western blots were performed to detect the YFP fusions as noted in the previous
paragraph but no protein could be detected.
Given the challenges to detect the fusion proteins in a stable expression system, we
hypothesized that transcript, protein stability or addressing issues might be involved. We
therefore used alternative approaches aimed at expressing the bZIP60 variants in
transient expression systems. BY2 tobacco suspension cells and Arabidopsis roots were
bombarded with the constructs illustrated in Figure 27.
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Figure 27 – Diagram illustrating the proteins expressed from different constructs for
fluorescent protein localization.
Two scenarios are considered with predicted proteins resulting from unspliced (left) and spliced
(right) transcripts.
TMD transmembrane domain

52

Transient expression in tobacco BY2 cells
First, the localization of bZIP60 full-length was investigated. As mentioned previously,
the protein has been shown to be anchored to the ER-membrane in a cell fractionation
experiment (Iwata et al., 2008). In the context of this work it was important to repeat this
result under our conditions to be able to compare full-length bZIP60 localization to the
other protein variant. Constructs A and B (Figure 27) were tested using either N-terminal
or C-terminal fusions. Different tags were tested, with the two fluorescent proteins YFP
and GFP being used, respectively, in binary and non-binary vectors, as well as the myc
tag. In all cases, cells were co-bombarded with RFP fused to the “HDEL” ER retention
signal.
No clear ER localization was observed for full-length bZIP60. Constructs bearing a Cterminal tag did not allow expression of the fluorescent protein at all, despite the
successful expression of co-bombarded controls (Figure 28). This might be explained in
two ways. First bZIP60 is a type II transmembrane protein, which implies that it is
translated in the cytosol without going through the ER system. It is tethered to the
membrane post-translationally, allowing its C-terminal domain to be inserted into the ER
lumen. Therefore, it is possible that large tags such as YPF or GFP are too cumbersome
to be properly inserted in the ER. Second, even if the fusion protein is successfully
anchored to the ER membrane, the pH environment in the ER lumen might not allow
fluorescence of the chromophore.
Constructs bearing the N-terminal tag gave somewhat better results, although overall
fluorescence levels were low and not consistently localized to the same areas within the
cell (Figure 28-A). When signal could be observed, it was never clearly associated with
the ER and did not overlap with the ER marker (Figure 28-A.a). In some instances, it
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seemed to be quite ubiquitous and in others it looked more abundant in the nucleus. To
bypass a potential problem of fusion with large fluorescent tags, an N-terminal myc tag
was used instead of YFP and GFP and was indirectly detected by a GFP-coupled antimyc antibody. Further, MG132, a potent proteasome inhibitor (Zangar et al., 2003), was
used to minimize issues with protein stability and degradation. When observed, the
signal was increased some, but very few of the transformed cells (i.e. cells that
expressed the RFP control) actually expressed the construct. Even if in some instances
the protein seemed to co-localize with the ER marker, this was not true in most cases
and the expression was most often ubiquitous in the cytosol and nucleus (Figure 28A.b). The addition of DTT did not seem to have an impact on protein localization (Figure
28-A.c) despite the fact that this treatment is expected to result in the synthesis of the
nucleus-localized bZIP60 variant.
Second, the localization of the bZIP60 spliced variant was investigated using construct C
(Figure 28). This construct results in a predicted protein that is highly similar to the
truncated version used by Iwata and Koizumi (2005). However, its C-terminal end is
slightly different and its localization has never been shown. This construct was cobombarded with free RFP as a transformation control. It consistently and strongly
expressed in the nucleus as illustrated in Figure 28-B. This result was obtained in at
least four independent experiments, which allowed the observation of at least 5
transformed cells each. In some cases, DAPI (4',6-diamidino-2-phenylindole) staining
was also performed to precisely localize the nucleus and consistently overlapped with
the GFP signal. This unambiguous result confirmed the expected localization of the
spliced protein variant to the nucleus, and supports the role of bZIP60 as a transcription
factor.
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Third, the effect of in vivo splicing on bZIP60 localization was investigated. Construct D
(Figure 28) was used in an experiment to demonstrate inducible splicing and its effect on
protein localization in vivo. This construct is similar to construct C but still contains the
23-base intron. The C-terminal GFP is not in frame with the protein translated from the
transcript unless the intron is removed and the exons are ligated back together. Under
normal conditions, bombardment with this construct should not produce any
fluorescence since an early stop codon prevents the fusion with GFP (see Figure 28B.b). Under conditions triggering splicing however, such as treatment with DTT, a frame
shift is expected to take place and the transcript should be translated into a fluorescent
protein fusion identical to the one constitutively expressed with construct C.
Unfortunately, no fluorescence was observed after addition of DTT under the conditions
tested (see Figure 28-B.c). Further optimization might be needed (concentration of DTT,
time after treatment, etc) to observe the signal. In addition, the main assumption in this
experiment is that the exogenous transcript is recognized by endogenous tobacco IRE1
and ligase. This might not be the case. For that reason, another transient system was
used as well.
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Figure 28 – Sub-cellular localization of bZIP60 protein in BY2 suspension cells
The constructs described in the text and in Figure 27 were co-bombarded with constructs
expressing RFP (see Materials and Methods).
In A., localization of the protein resulting from translation of construct A (N -terminal tag followed
by full-length bZIP60 sequence) is shown under normal (A-a and b) or ER stress conditions (Ac). Picture B-a. shows the localization of the protein resulting from translation of construct C (C terminal tag following spliced bZIP60 sequence). In B-b and c, localization of the protein
resulting from translation of construct D (C -terminal tag requiring splicing to be in frame with
upstream bZIP60 sequence) is investigated, under conditions that are expected to either prevent
(B-b, no treatment) or induce (B-c, DTT treatment) splicing.
A. Construct A co-bombarded with HDEL-RFP
(a) N-terminal GFP-tagged full-length transcript, fixed 6h after bombardment, no DTT
(b) N-terminal myc-tagged full-length transcript, fixed 6h after bombardment, MG132, no DTT
(c) N-terminal myc-tagged full-length transcript, fixed 6h after bombardment, MG132, with DTT
B. Constructs C and D co-bombarded with RFP
(a) C-terminal GFP-tagged constitutively spliced transcript
(b) C-terminal GFP-tagged conditionally spliced transcript, no DTT
(c) C-terminal GFP-tagged conditionally spliced transcript, with DTT
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Figure 29 – Sub-cellular localization of bZIP60 protein in Arabidopsis roots
The constructs described in the text and in Figure 27 were co-bombarded with constructs
expressing RFP (see Materials and Methods).
In A., localization of the protein resulting from translation of construct A (N -terminal tag followed
by full-length bZIP60 sequence) is shown. Picture B. shows the localization of the protein
resulting from translation of construct C (C -terminal tag following spliced bZIP60 sequence).
A. Construct A co-bombarded with RFP
B. Construct C co-bombarded with RFP
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Transient expression in Arabidopsis root cells
Arabidopsis roots were bombarded with the constructs used previously and results are
shown in Figure 29. Using this system, no expression was observed for full-length
bZIP60, using either N- or C-terminal tags (A). When using construct C, spliced bZIP60
expression was consistently strong and localized mostly to the nucleus, although it was
also visible in the cytosol in many cases (B). The conditional experiment using construct
D did not yield any better result than in BY2 cells. One might have to optimize the
conditions and follow the fluorescence at different times and DTT treatment.
Alternatively, a shorter tag could be used in case the mRNA structure is affected by the
fusion with a large fluorescent tag.
In any case, the contrasting results observed for full-length and spliced variants at the
least strongly suggest very different fates in the cell. While the production and
localization of the full-length form is still enigmatic, whether it is retained in the ER or
elsewhere or degraded, the spliced form localizes to the nucleus where it performs its
function as a transcription factor. This raises the question of the physiological role of
each protein variant in relationship to the conditions that favor the expression of one
form versus the other. To try to answer this question, mutant and transgenic approaches
were pursued.
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5. The bZIP60/IRE1 pathway controls plant responses to stress at the molecular
and plant level
5.1. bzip60 mutant and transgenic lines
A bzip60 mutant was first described by Iwata et al. (2008). The T-DNA insertion
(salk_50204) disrupts the first exon of the gene (see diagram Figure 3) and leads to a
total abolition of its transcription in homozygous plants. Under normal growth conditions
those mutant plants did not display any obvious defect compared to wild type. However
microarray analysis showed that the mutant transcriptional response to ER stress was
affected (Iwata et al., 2008). Among the 129 genes that were induced more than three
folds by TM treatment in WT, 54 were induced at significantly lower levels in this mutant.
Among those genes, the induction of BiP3 transcript was much reduced in the mutant
and the authors also showed that BiP3 protein was barely present after ER stress
treatment in the mutant.
Stable transgenic lines over-expressing bZIP60 full-length and spliced variants were
generated. The corresponding cDNAs were cloned in a binary vector that allowed
expression of both variants under the control of the 35S promoter and permitted
selection on gentamycin medium. Transformation was performed in both wild type and
bzip60 mutant backgrounds. Although the procedure was carried out in parallel for both
constructs in all backgrounds, it turned out to be a lot more difficult to obtain
transformants bearing the spliced construct than the full-length construct. More than 20
independent lines were recovered in each background in the latter case while only two
lines were in the former. T3 plants were used for further analysis. Real-time PCR data
acquisition and analysis were performed as described in Materials and Methods.
Specificity of the primer pairs used for full-length and spliced transcripts quantification
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was verified by running dissociation curves in all experiments and analyzing PCR
reactions on agarose gels to check the presence of a single amplification product. Figure
30 shows quantitative expression levels for two lines in each construct/background
combination.
This analysis confirmed that the transgenes were successfully over-expressed in all
backgrounds. Interestingly, it also showed that over-expression of the full-length
transcript resulted in increased amounts of spliced variant as well, even in the bzip60
mutant background. This result suggests that some proportion of the transgene itself
undergoes splicing in vivo (Figure 30-A). In addition, the data obtained for the lines overexpressing the spliced variant showed that the resulting protein is sufficient to induce the
transcription of its own transcript, as illustrated by the drastic over-expression of the fulllength variant in the WT background (Figure 30-B). This was not the case in the bzip60
mutant background, where no full-length variant was induced, due to the presence of the
T-DNA insertion at the bZIP60 locus.
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Figure 30 – Real-time PCR data showing the over-expression of bZIP60 transcripts in
transgenic lines.
Expression levels of both transcript variants were analyzed in lines expressing the full -length
transcript (A) and in lines expressing the spliced version ( B). “/WT” and “/bzip60” respectively
refer to the genetic background used for transformation. The graph in C is a close-up view of the
region of the graph in B showing gene expression in bzip60 mutant compared to WT.
Relative quantification of bZIP60 transcript was performed as described in Materials and
Methods. Primers specific to the full-length and the spliced transcript of bZIP60 were used as
well as primers for Ubiquitin 5 as a house -keeping gene. Fold changes were calculated taking
into account primer pair efficiencies (see Materials and Methods).
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5.2. Altering the IRE1/bZIP60 pathway induces changes in BiP expression
As explained in the introduction, the ER-resident chaperone BiP is one of the main
targets of the UPR (Martinez and Chrispeels, 2003; Kamauchi et al., 2005). In
Arabidopsis, BiP3 has been shown to be one of the main transcriptional targets of active
bZIP60 transcription factor. Its promoter contains two ERSE (ER-stress element,
CCAAT-N9-CCACG), sufficient for the ER stress response in mammalian cells.
Characterization of a truncated active form of bZIP60 revealed that it is able to activate
BiP promoter in a dual luciferase assay in Arabidopsis protoplasts (Iwata et al., 2009).
Although BiP3 expression seems to be mostly dependant on bZIP60, the transcript is
still induced in a bzip60 null mutant and it has been shown to be dependent on active
bZIP28 as well. Thus, making a direct link between bZIP60 splicing and expression of
ER responsive genes, in particular BiP, is not straightforward and might not accurately
capture the stress status of the plant. On a global scale however, knocking-out bZIP60
expression does have a significant impact on the transcriptome in response to stress
(Iwata et al., 2008). Therefore, it is not unreasonable to expect that the absence of
bZIP60 in the mutant would result in measurable molecular and physiological
consequences under stress conditions due to the combination of direct and indirect
smaller scale effects. BiP protein accumulation rather than transcript levels was thus
used as a tool to monitor the overall stress status of the cell, and in particular of the ER.
A commercial anti-BiP monoclonal antibody was used to monitor the ER-resident
chaperone BiP. The antibody, commercialized by Stressgen (Enzo Life Sciences), was
raised against recombinant spinach HSP70. This antibody was successfully used in
previous publications to detect BiP in plant and more specifically in Arabidopsis (Pontier
et al., 2002; Cheng et al., 2003; Morris et al., 2008; Jin et al., 2009). It is assumed that
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the single band detected on Western blots around 70-75 kDa could correspond to any of
the three BiP proteins (predicted MWs of 73.6, 73.5 and 75.1 kDa).
The antibody was first validated as a tool in an experiment aiming at repeating the result
obtained by Iwata et al. (2008) as illustrated in Figure 31. Wild type and bzip60 seedlings
were treated with DTT for 4 to 8 h and total protein extracts were analyzed. As shown on
the Western blot of Figure 31, BiP is highly induced in response to DTT treatment in wild
type. This is not the case in the bzip60 mutant where the induction is barely visible.
The second step was to assess BiP levels in the different bZIP60 transgenic lines and
thus get a snapshot of the level of ER-stress response in those lines. As shown in Figure
32, after 8 h of DTT treatment, BiP protein levels in transgenic plants were at least equal
to or higher than in the wild type (and thus also higher than in the bzip60 mutant). This
was the case for both full-length (A) and spliced (B) lines. As visible on the blots some
lanes displayed clear BiP accumulation whereas others showed levels only slightly
higher than the wild type.
The last step was to assess the status of lines impaired in IRE1 activity in order to
confirm its role in the ER signaling cascade. RNAi lines described in paragraph 3.2 were
used in this experiment. Similarly to the previous experiment, seedlings were treated
with DTT for 8 h and total protein extracts were analyzed in the same way (see Figure
33).
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Figure 31 – BiP fails to be induced in DTT-treated bzip60 mutant seedlings
Western blot showing BiP levels in total protein extracts from 8 d -old W T and bzip60 seedlings
treated with 2 mM DTT (+) or mock solution ( -) for 4 and 8 h. The extracts were run on a SDS PAGE gel, blotted onto a nitrocellulose membrane. The commercial anti-BiP antibody was used
as described in the text and in Materials and Methods.
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Figure 32 – BiP induction in bZIP60 transgenic lines
Western blot showing BiP levels in total protein extracts from 8 d-old WT and bZIP60 overexpressing lines treated with 2 mM DTT for 8 h. A and B show the results obtained respectively
when full-length and spliced bZIP60 were expressed. The extracts were run on a SDS -PAGE
gel, blotted onto a nitrocellulose membrane. The commercial anti-BiP antibody was used as
described in the text and in Materials and Methods.
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The blot in Figure 33 shows normal induction of BiP in ire1a and somewhat reduced
levels in heterozygous ire1b. Overall, RNAi lines displayed a lower induction although
line 1 expressing the construct in ire1a background showed amounts comparable to WT.
This trend seems to be independent of IRE1a as results were similar in RNAi lines
generated in both WT and ire1a backgrounds.
The concentrations of BiP protein in bzip60 mutants, bZIP60 over-expression lines and
IRE1b RNAi lines (Figure 32 and Figure 33) revealed that globally the ER-resident
chaperone tends to accumulate with increased bZIP60 expression and its induction is
impaired when either bZIP60 or IRE1b is not present. This is consistent with the
hypothesis that the IRE1/bZIP60 pathway mediates the ER response through induction
of chaperone synthesis in the ER. One can then wonder whether the over-accumulation
of the chaperone under stress conditions is a desirable trait and whether it provides an
advantage to the plant when faced with adverse environmental conditions. This was
investigated to determine the response of the transgenic and mutant lines to stress.
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ire1a
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Figure 33 – BiP induction in IRE1-deficient seedlings
Western blot showing BiP levels in total protein extracts from 8 d -old W T, ire1a mutant,
heterozygous (HZ) ire1b mutant and IRE1b RNAi lines treated with 2 mM DTT for 8 h. The
extracts were run on a SDS-PAGE gel, blotted onto a nitrocellulose membrane. The commercial
anti-BiP antibody was used as described in the text and in Materials and Methods.
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5.3. Altering the IRE1/bZIP60 pathway induces changes in plant stress
response
Similarly to the bzip60 mutant, none of the bZIP60 transgenic lines displayed any
obvious and consistent phenotype when grown on soil under standard conditions
(Appendix A4-A). When the spliced version was over-expressed, plants grew normally
but looked slightly bigger and seemed to produce more branches. However, proper
measurement and statistical analysis should be performed to confirm this phenotype. In
contrast, IRE1b RNAi lines seemed overall smaller (Appendix A4-B) but again that would
have to be verified.

Despite those small differences, the plants seemed otherwise

normal under standard conditions.

For that reason and in the light of our previous

experiments, efforts were concentrated on stress conditions that might reveal more
important positive or negative effects on the plants.
We previously observed that BiP induction in response to DTT was altered in transgenic
and mutant lines. Therefore, we then considered whether a similar treatment would have
phenotypic effect at the plant level. The protocol was modified because the method used
in previous assays involved transient DTT treatment in liquid medium after germination,
which was not amenable to observation of longer term effects. A preliminary experiment
was performed to measure the impact of chronic DTT stress on plant growth and
development. MS medium was supplemented with increasing amounts of DTT and both
germination and root length were recorded. The results are shown in Figure 34.
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Figure 34 – Effect of DTT on germination and root growth
Germination rates and root lengths were measured 1, 3 and 6 d after sowing on the medium.
Germination was defined as the emergence of the root. Root lengths were measured using
ImageJ software as described in Materials and Methods. Values correspond to averages of
biological replicates and corresponding standard errors. Please refer to Materials and Methods
for a detailed description of the experiment.
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DTT treatment has a profound effect on root elongation at concentrations as low as 0.5
mM. Effects on germination start being more significant at slightly higher concentrations.
At 10 mM, germination is completely inhibited. In contact with air, DTT can be easily
oxidized and its reducing power depletes gradually in the medium. It is therefore
reasonable to consider that within a week at room temperature and in contact with air its
reducing power is completely lost. This was visible under our conditions where the
effects of the chemical faded away after a few days and seedlings started recovering
from the treatment.
In light of those results, further experiments were performed to test IRE1/bZIP60
transgenic lines and mutants. The conditions were chosen so that the impact of the
treatment was significant but did not completely inhibit seed germination. Results are
presented in Figure 35.
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Figure 35 - Root length in mutants and transgenic lines
Average root length measured 3 d after sowing on MS medium supplemented with indicated
concentrations of DTT in WT, mutant (A), lines over -expressing bZIP60 full-length (B), lines
over-expressing bZIP60 spliced (C) and RNAi lines for IRE1b (D). Values correspond to
averages of biological replicates and corresponding standard errors. Please refer to Materials
and Methods for a detailed description of the experiment. S tatistical tests were performed to
assess the significance of the results for the different genetic lines as compared to W T under
the same condition. Statistically significant comparisons are indicated on the graphs with * and
** denoting respectively a t-test p-value ≤ 0.05 and 0.01.
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The bzip60 mutant is more sensitive to DTT treatment than wild type. As illustrated in
Figure 35-A, untreated WT and bzip60 mutant displayed similar root lengths, where if
anything the mutant had slightly longer roots although this was not statistically significant
under our experimental setup. However, the responses of WT and mutant to increasing
DTT concentrations were quite different and the mutant was more severely affected by
the stress agent than the wild type. This difference was statistically significant at 2.5 mM
DTT and above.
BZIP60 over-expression lines perform at least as well as the WT under DTT stress.
Figure 35-B and -C respectively show root length measurements for lines overexpressing the full-length transcript or the spliced version. Except for one line, transgenic
plants over-expressing the full-length transcript did not behave significantly differently
from the WT. One line expressing the construct in the mutant background successfully
complemented the mutant phenotype while the other one did not. This line already
performed worse than the mutant under normal conditions, making it difficult to compare
to the others. Transgenic plants over-expressing the spliced construct on the other hand
grew better under normal conditions and the difference was statistically significant for 3
out of the 4 lines. Treated with increasing amounts of DTT, those lines were not
statistically different from the WT but performed better than the mutant.
IRE1b RNAi lines were also assessed for their response to DTT treatment. As
mentioned earlier, the plants were already smaller than the wild type when grown on soil
under standard conditions (see Appendix A4-B). On MS plates, the difference was
statistically significant for transgenics in the ire1a mutant background which exhibited
much shorter roots than either the WT or ire1a mutant alone (see Figure 35-D and
Figure 36-B). The impact of DTT was more severe on all RNAi lines tested than on the
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WT. At 3 mM DTT, all transgenic lines in both WT and ire1a backgrounds performed
significantly worse than the WT. The ire1a mutant also seemed more affected by the
treatment than the WT but the difference was not significant under our experimental
conditions.
Altogether, these results demonstrate that the IRE1/bZIP60 pathway has effects at the
plant level that are mostly visible under stress conditions. Furthermore, the effect is
positively correlated with the activation of the pathway. Finally, expression of the spliced
version of bZIP60 seems to have a more positive impact compared to the full-length
version, and supports the idea that the spliced variant is the active form of the protein. It
would be interesting to see what impact the stress treatment would have on bip mutant
plants. As a preliminary experiment, a bip3 mutant was included in this study but did not
display any significant phenotype. This is most likely because of redundancy with other
BiPs. This study suggests a positive correlation between BiP expression and
performance under the DTT stress condition.
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Figure 36 – Phenotypes of transgenic lines under ER stress
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To go further in this study and confirm the phenotype results from the accumulation of
misfolded proteins, I tested the impact of the molecular chaperone TUDCA
(tauroursodeoxycholic acid) as a potential way to reverse the effects of DTT. TUDCA is
a bile derivative that has been shown to specifically alleviate ER stress in animal
systems (Ozcan et al., 2006). Recently, the molecule has been successfully used with
plants to alleviate TM-induced and heat-induced ER stresses (Watanabe and Lam,
2008; Williams et al., 2010). In the context of this work, an experiment was set up to
rescue the plants that performed worse than WT when treated with DTT (i.e. bzip60
mutant and IRE1b RNAi lines). These plants were simultaneously treated with TUDCA
to assess its potential compensatory mechanism. Figure 37 shows the effect of TUDCA
on root length of bzip60 mutant and IRE1b RNAi lines grown under 3 mM DTT
compared to WT.
Adding TUDCA to the medium did not seem to have a significant impact on root growth
under ER stress (Figure 37). Although addition of 0.25 mM TUDCA seemed to have a
positive effect on root growth in the bzip60 mutant and 3 out of 4 RNAi lines, the
difference with the untreated control was not statistically significant at least under our
experimental setup (four replicates of five seedlings each). On the contrary, TUDCA
seemed to even have a negative effect at 1 mM under our conditions. The
concentrations used in this experiment were chosen to be in the range (0.5 mM) used in
previously published studies (Watanabe and Lam, 2008; Williams et al., 2010). However
the experimental setup was different, notably because DTT was used instead of TM.
Further experiments should be performed to draw clear conclusions about the potential
role of TUDCA on compensating DTT-induced ER stress.
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Recently, a study was published in an animal model system where the action of TUDCA
was looked at in more detail (Malo et al., 2010). The authors confirmed the role of
TUDCA as an ER stress specific chaperone. However, TUDCA was found to exert no
impact on XBP1 splicing despite its clear effect on other ER stress markers such as BiP
induction and PERK phosphorylation. The question remains thus open as to whether it
would have a significant effect on the IRE1/bZIP60 pathway in plants.
In a last set of experiments, heat treatment was investigated as a naturally occurring
stress with potential effect on IRE1/bZIP60 pathway. We showed at the beginning of this
chapter that heat induces bZIP60 activation. It therefore made sense to submit our
mutant and transgenic lines to various levels of heat stresses. Plants were treated for 30
min to 4 h at 42ºC, with or without pre-treatment at 37ºC. Treatment at 42 ºC for 2 h or
more without pre-treatment at 37ºC had an effect on all seedlings and induced a
senescence phenotype visible after 2 to 3 d. However, both wild type and
transgenic/mutant lines were affected to a similar extent and no obvious difference was
observed under the conditions tested.
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Figure 37 – Effect of TUDCA on ER stress phenotype
Values correspond to averages of biological replicates and corresponding standard errors.
Please refer to Materials and Methods for a detailed description of the experiment.
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6. Occurrence of kissing loop splicing in other species and transcripts
6.1. High-throughput secondary structure analysis in Arabidopsis
bZIP60 splicing was first suggested by in silico analysis of its mRNA after narrowing
down the list of potential IRE1 splicing targets to a few candidates that satisfied specific
criteria (bZIP TFs, induced by ER stress agents). In mammalian cells, only XBP1 has
been identified to date as a splicing target (Niwa et al., 2005). A few other mRNAs have
been suggested to be regulated by IRE1 ribonuclease activity and their accumulation
seems to be attenuated under conditions of ER stress through an IRE1-dependant
mechanism (Tirasophon et al., 2000; Oikawa et al., 2010). However, those mRNAs do
not display the secondary structure exhibited by HAC1, XBP1 or bZIP60 and their
regulation through an mRNA degradation mechanism is still not completely understood.
In order to identify other potential candidates for bZIP60-type IRE1 splicing, a more
comprehensive experiment was designed to search for similar structures in the
Arabidopsis transcriptome. As was done for bZIP60 identification, M-fold (Zuker, 2003)
was used at default salt concentrations. Since temperature is an important parameter
from a biological standpoint and is part of the model algorithm, it seemed particularly
relevant to consider different temperatures in this case and three temperatures were
entered in the program (21, 37, or 42ºC). Sub-sequences that were 400, 500, 600, or
800 nucleotides long were used. The algorithm was designed to identify structures
forming two consecutive stem loops displaying the conserved nucleotides identified in
yeast, mammalian cells and now Arabidopsis (see Figure 3-B and C).
Using this method, eight transcripts were identified that satisfied the above criteria under
at least one temperature condition (Figure 38). BZIP60 was one of them and was
predicted to form its double-looped secondary structure at 37ºC and 42ºC. The seven
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remaining transcripts corresponded to six genes involved in various processes. Two loci
were transposable elements and were ruled out as IRE1 targets, since these sequences
are expected to form loops as part of the excision/transposition process. The four
potentially meaningful remaining genes were a putative vacuolar sorting receptor,
glycine-rich protein 9, GPAT8, and a methyl-transferase family protein.
The next step was to check in vivo if any splicing activity could be observed for those
genes in the vicinity of the predicted stem loops. Under our experimental conditions,
none of those genes seemed to be spliced at the predicted sites. Figure 39 illustrates
this result for GPAT8. The region flanking the predicted splicing sites was amplified
using gene-specific primers and no variant was amplified after DTT or TM treatment.
This result can be due to our experimental conditions which might not allow the capture
of the splicing event. However, it is possible that those structures are simply not
recognized in vivo as IRE1 substrates.
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Transcript
AGI

Model
Predicted
Sequences of predicted loops
temperature intron size
(conserved bases are boxed)
(ºC)
(bases)

Description

37, 42

23

C U G CU G UG… C U G CU G UU

37, 42

18

AC C U G AG G … C U G AU G AC

AT2G05440.2 glycine-rich protein 9

42

21

C G G AG G AG… C G G AG G AG

AT2G05440.5 glycine-rich protein 9

21, 37

21

C G G AG G AG… C G G AG G AG

transposable element gene,
AT3G43573.1 non-LTR family retrotransposon

37, 42

24

UU C A G GU G …AU C A G CU G

37, 42

19

GC C U G AA G …A C G G UG G U

21, 37, 42

21

AA C A G AG G …AA C A G AG G

42

18

C C C G GA G U…C C C G GA G A

AT1G42990.1 AtbZIP60 transcription factor
AT1G30900.1

AT4G00400.1

putative vacuolar sorting
receptor

GPAT8 (glycerol-3-phosphate
acyltransferase 8)

AT4G08030.1 transposable element gene
AT5G37170.1

O-methyltransferase family
protein 2

Figure 38 – Candidate transcripts identified in silico
Conserved nucleotides are boxed in blue.
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Figure 39 – Splicing assay for GPAT8
Semi-quantitative RT-PCR assaying for the presence of splice variant after treatment. Ten d-old
Arabidopsis seedlings were treated with 2 mM DTT, 2 ug/ml tunicamycin or mock treatment,
tissue was harvested at different times after treatment. Please see Materials and Methods and
Appendix A1 for a more detailed description of the procedure.
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6.2. Identification of similar splice variants in other plant species
Given the conservation of the IRE1 pathway in eukaryotes, one might expect other plant
species, in particular crops, to display a similar regulatory mechanism.
This was confirmed first in silico where analyses of bZIP60 orthologs in rice and corn
revealed predicted mRNA folding patterns similar to Arabidopsis bZIP60 (Figure 40).
Identity of AtbZIP60 with its orthologs was quite low overall (49.6 and 46.6% respectively
with rice and corn bZIP60) but very high in the splice region and in particular the
nucleotides identified as essential for IRE1-mediated splicing were conserved in both
species (Figure 40-A). Further analysis revealed a similar secondary structure prediction
in this area (Figure 40-B).
Splicing in corn was then confirmed in vivo as illustrated in Figure 41. Corn seedlings
were submitted to heat stress for 1 h and primers surrounding the predicted splice sites
were used to detect the variant. A faster migrating species appeared after heat treatment
confirming the in silico prediction. As previously observed with Arabidopsis bZIP60, three
bands were visible on the gel, the upper one being a hybrid of the spliced and nonspliced species.
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Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60

……ATGAAATCGAGGGAGAGGAAGAAGATGTATGTTAAGGACCTAGAGACTAAGAGCAAG 553
……ATGAAATCCAGGGAGAGGAAGAAGTCGTACATAAAGGACTTGGAGACAAAGAGCAAG 522
……GTTAGATCGAGAGAGAGGAAGAAGGAATATGTACAAGATTTAGAGAAGAAGAGTAAG 523
* * *** ** ************
** * * ** * **** ***** ***
TATCTAGAGGCCGAGTGTCGTCGCCTCAGCTACGCGCTTCAGTGCTGCGCAGCTGAGAAC 613
CACTTGGAGGCAGAGTGCCGTCGCCTCAGCTACGCACTTCAGTGCTACGCAGCTGAAAAC 582
TATCTCGAAAGAGAATGCTTGAGACTAGGACGTATGCTTGAGTGCTTCGTTGCTGAAAAC 583
* * **
** **
* ** *
*** ****** ** ***** ***
ATGGCGCTGCGCCAGAGCTTGTTGAAGGATAGGCCTGTCGGTGCCGCCACAG---CCATG 670
ATGGCACTGCGCCAGAGCTTGCTGAAGGATAGGCCTCTTGGTGCTCCCACAG---CCACG 639
CAGTCTCTACGTTACTGTTTGCAAAAGGGTAATGGCAATAATACTACCATGATGTCGAAG 643
* * ** ** * * ***
**** **
* * ***
* * *
CAGGAGTCTGCCGTACTCACG---GAAACCCTGCCGCTGGTTTCCCTGCTTTGGCTC--- 724
CAGGAGTCTGCCGTACTCACG---GAAACCCTGCCGCTGGTTTCCCTGCTTTGGCTG--- 693
CAGGAGTCTGCTGTGCTCTTGTTGGAATCCCTGCTGTTGGGTTCCCTGCTTTGGCTTCTG 703
*********** ** *** *
*** ****** * *** ***************
---GTGAGCATCGTGTGCCTACTCCCGGTGCCCGGTCTACCCAACCGAAACCCGGTGGCT 781
---GTGAGCATCGTCTGCCTGTTCCTGATGCCCGTTCTGCCCAACCGAAGCCCAGCTGCT 750
GGAGTAAACTTCATTTGCCTATTCCCT-TATATGTCCCACACAA---AGTGTTGCCTCCT 759
** * * ** * ***** ***
*
* * * ***
*
**
CGAAGCAGCGCCGGAAGAGAT--CTCGCGACGGTAACCGGAAAGAAGACAAGCAGTGA-A 838
CCAAGCAGCGGCGGAAGAGAC--CTCGTGATGGCAGCCGGAAAGA---CAAGCAGTGAGA 805
ACGTCCAGAACCAGAAAAGCTGGTTCTAAACGG--GCTCGGGAGT-----AGTAGCAAAC 812
***
* *** **
**
* **
* * **
** ** *
CAACAGCTAGAA-GAAACATTACTACTCCATGGGAGGCGTTGCAAGGGCTCGAGGGC…… 897
CCCCAGAGATACTGGAAC-TCATC-CTCCATGGAAGGCGTTGCAAGAGCACGAGGGC…… 863
CGTC--TTATACCGG--CGTTA-------GTCGGAGATGT---AAGGGTTCGAGGCC…… 858
* *
* * *
* * *
* * ** **
*** * ***** *

B

C

Figure 40 – In silico analysis of bZIP60 orthologs in corn and rice
A.
Multiple
alignment
of
Arabidopsis,
corn
(AY104864)
and
rice
(Os06g0622700/NM_001064635) mRNA sequences using Clustal 2.1 (Chenna et al., 2003) with
default parameters. Only the region surrounding the predicted splice sites is shown here (for a
complete alignment, see Appendix A3. Blue boxes denote the conserved nucleotides thought to
be required for splicing in other species.
B. Secondary structure of corn (left) and rice (right) orthologs as predicted by Mfold (Zuker,
2003) using the default parameters.
C. Close-up view of the kissing-loop region, conserved nucleotides are circled and two pairs of
potential splicing sites are indicated by arrows.
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Figure 41 – Heat stress induces splicing of bZIP60 ortholog in corn
Eight-day old corn seedlings were transferred to a 42ºC chamber (+) or left at room temperature
(-) for 1 h. RNA was extracted from whole seedlings and reverse transcribed, PCR was
performed using cDNA and primers specific to ZmbZIP60 (see Materials and Methods and
Appendix A1).
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6.3. Forward genetics screen for genes involved in the ER stress response
A genetic screen was designed to identify additional players in the IRE1 pathway, and
more generally genes involved in the ER stress response. This experiment took
advantage of the deleterious effect of DTT on wild type plants as observed in Figure 34
to design a forward genetics screen. Our previous experiments showed that DTT
inhibited germination when added to standard MS plates. In particular, germination was
extremely low at 5 mM in the first day compared to the control, but recovery was still
possible after a few days when DTT started to oxidize and lose its reducing power. This
concentration had intermediate effects to the other concentrations tested. Indeed, under
our conditions, lower levels of DTT still allowed more than 75% of the seeds to
germinate, while higher levels irreversibly inhibited germination even after complete
inactivation of DTT. Five mM DTT was thus defined as the concentration of choice for
this experiment.
A population of pooled T-DNA insertions lines (Alonso et al., 2003) were obtained from
the Arabidopsis Biological Resource Center (ABRC) and screened for DTT resistance or
recovery. Our experimental setup allowed the identification of seedlings that would
bypass DTT inhibition in the early stages and also seedlings that would display an
enhanced recovery when the effective DTT level in the medium began to decline.
Seedlings that performed better than WT were rescued on MS plates and transferred to
soil for seed collection.
To ensure that the conditions for the screen could successfully identify resistant
seedlings, a preliminary experiment was conducted where ~200,000 seeds belonging to
100 pooled populations representing ~10,000 lines were screened. Among those, 23
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resistant seedlings which successfully germinated and developed cotyledons (see
Figure 42) were transferred to standard MS and 19 plants were rescued.
The preliminary experiment was a proof of principle to verify the feasibility of this
strategy. The next step will involve testing the progeny of those rescued plants to ensure
that the observed phenotype holds true in the next generation. If this is the case, this
screen could open an exciting door to identify novel ER stress resistant mutants.

Figure 42 – Pictures showing phenotypes of DTT-resistant seedlings
Pictures were taken 3 to 5 d after sowing on MS + 5 mM DTT.
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7. Discussion
This chapter provided new insights into a basic cellular stress response pathway, the
UPR. The results presented in this chapter report a novel mechanism for stress signal
transduction in plants. Already known in other eukaryotic systems, this specific branch of
the UPR is mediated in Arabidopsis by bZIP60 and involves a non-conventional splicing
mechanism. These data contrast with the current hypothesis surrounding bZIP60
activation mechanism and establish a direct link with plant IRE1b. Indeed they suggest
that the activation of bZIP60 transcription factor is not the result of a proteolytic
cleavage, but rather is a consequence of de novo protein synthesis from a novel, spliced
RNA variant.
In silico analyses of mRNA structures were instrumental in identifying bZIP60 as a
potential target for IRE1-mediated splicing. The finding was verified in vivo as bZIP60
mRNA was shown to undergo splicing in response to chemically-induced ER stress.
BZIP60 splicing was found to be an early response to stress and was alleviated after a
few hours. Survey of various abiotic stress conditions identified heat as another inducer
of this splicing event. It is still unclear whether heat is specific to the pathway since no
other condition tested was able to elicit this response. Other stresses such as drought or
cold might also trigger this pathway since they are likely to inhibit proper protein folding.
Splicing was found to be mediated by at least one of the two IRE1 proteins in
Arabidopsis. Different strategies were used to demonstrate this point. Although the ire1a
mutant induced normal levels of splicing, knocking down of IRE1b activity using an RNAi
strategy inhibited significantly the appearance of the splice variant. This point was further
confirmed by colleagues using a knock-down ire1b T-DNA insertion line. An in vitro
splicing assay showed that both IRE1a and IRE1b displayed some splicing activity,
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although IRE1b seemed the most efficient as was observed in vivo. Interestingly, yeast
IRE1 was not successful at splicing Arabidopsis bZIP60. This result might thus be useful
to further reconstitute the pathway in vitro. One could use this semi-in vivo system to coexpress plant IRE1s along with their bZIP60 substrate and monitor the splicing activity.
The system could then be used to map splicing sites on the bZIP60 transcript or active
sites on IRE1 for example, search for inhibitors of the reaction and so on.
The splicing event is predicted to allow the de novo synthesis of a novel protein variant
under stress conditions. However, under our experimental conditions none of the bZIP60
variants could be detected in vivo. Various reasons such as low concentration, organelle
localization, and the 3-dimensional structure of the protein might contribute to this
difficulty. The lack of detection of the full-length form of the protein is especially
surprising since Iwata et al. (2008) were able to detect it successfully (along with a
stress-induced faster-migrating species), although in a somewhat unconventional
system (Arabidopsis MM2d suspension cell line).
In contrast, transient localization experiments yielded interesting and unexpected results
and revealed that the splice variant has a distinct fate within the cell compared to its
unspliced counterpart. The splice variant was consistently localized to the nucleus in all
our experiments, which was not the case for the full-length variant. This latter form of the
bZIP60 protein could not be reliably detected despite the many strategies attempted.
Interestingly, the currently published studies are somewhat unclear on this point.
Although Iwata and Koizumi (2005) reported the nuclear localization of a fluorescent
protein fusion of truncated bZIP60 in Arabidopsis protoplasts, they did not include fulllength bZIP60 in their study. In a later article however, they reported that the full-length
form co-localized with ER markers using a cell-fractionation method (Iwata et al., 2008).
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One then wonders whether the authors encountered similar challenges that prompted
them to use this particular detection method.
Along with the localization study, the phenotypic evidence gathered so far supports the
differential function of bZIP60 protein variants. Alteration of the IRE1/bZIP60 pathway
seems to have profound molecular and physiological impacts on plant stress response.
Chaperone BiP3 is one of the most strongly induced genes in response to ER stress and
has also been identified as a main target for bZIP60-mediated transcription. Our results
show that alteration of the IRE1/bZIP60 pathway leads to differential overall
accumulation of the protein and that BiP can successfully be used to monitor stress
levels in plants. Following transcript levels on the other hand reveals to be more
challenging. As noted by Iwata et al. (2008), there does not seem to be a simple
correlation between bZIP60 activation, induction of ER stress responsive genes in
general and the presence of ER responsive stress elements. This is probably due to the
presence of multiple compensatory mechanisms and involvement of other TFs such as
bZIP28. In fact, similar observations have been made with mammalian cells where the
discrepancy between ATF6/XBP1 activation and BiP transcript induction has even been
the subject of a full study by Shang and Lehrman (2004). Altogether, these studies
suggest that the transcriptional regulation of target genes in response to ER stress is
much more complex than anticipated. Although it likely depends on other unidentified
TFs, mechanisms of differential mRNA stability might also be involved and would explain
why at a given time RNA levels might not reflect the level of activation of the pathway. It
would make sense that processes related to unfolded protein stabilization might also be
intertwined with processes involving RNA stabilization as one can easily conceive that
the conditions triggering protein misfolding might at least partially overlap with conditions
triggering RNA misfolding.
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Phenotypic results obtained using DTT as a stress agent indicated that the IRE1/bZIP60
route has the potential to exert a strong effect not only at the cellular level but also at the
whole plant level. Overall, activation of the pathway by over-expression of bZIP60 led to
an increased resistance to the stress agent while inhibition of the pathway by knock
down of IRE1b expression or use of the bzip60 mutant led to an increased sensitivity. A
more comprehensive and controlled study should be conducted to identify naturallyoccurring stress conditions where such phenotypes might be observable. Heat is a good
candidate since it was found to elicit splicing of bZIP60. However, no obvious difference
was observed between mutants, transgenic lines and wild type in response to heat
stress. Our specific experimental conditions might have to be optimized since in our
hands the bzip28 mutant did not show any phenotype either, despite the fact that Gao et
al. (2008) reported that it was more sensitive to heat than the wild type.
The last set of experiments aimed at surveying other transcripts, species or mutants for
their potential link to bZIP60 splicing and more generally to the UPR. It is interesting to
note that although this specific pathway is highly conserved across species, there is no
evidence to date of the existence of multiple similar pathways within a given species.
Since bZIP60 was successfully identified using in silico mRNA structure prediction, we
tried to identify similar conformations in the Arabidopsis transcriptome using this
strategy. Our results show that the structure exhibited by bZIP60 is potentially not
unique. However, the specific 3D conformation recognized by IRE1 may only be
occurring in vivo in very particular molecular and cellular contexts. As mentioned earlier,
many attempts have been made in mammalian cells to identify additional targets and so
far XBP1 remains the only structure known to be spliced by IRE1 (Niwa et al., 2005).
Using our algorithm, candidates were identified in other species such as human (51) and
mouse (134) for example. The existence of multiple IRE1 targets thus remains open. As
92

a side note, a quick look at our results allowed the identification of at least one potential
flaw in this in silico analysis and raised the problem of false negatives. Indeed, the
algorithm failed to identify a GPAT8-related transcript that should have been picked up.
GPAT8 mRNA shares a high level of similarity with another member of the same family,
GPAT4. In particular, the region identified by the algorithm as loop-forming in GPAT8 is
100% identical to GPAT4 and one could then expect the transcript to fold in a similar
way, at least in silico. However, the program did not identify GPAT4 as a potential
candidate, maybe because of its nucleotide context outside this region which may be the
result of the arbitrary use of sub-sequences.
Although the IRE1-mediated splicing mechanism seems unique to the regulation of
bZIP60 function, cross-species comparisons suggest that it is highly conserved among
the plant kingdom in particular in monocots such as corn and rice. A corn bZIP60
ortholog was found to undergo alternative splicing upon heat stress, confirming the
existence of this pathway in this species. Further experiments are under way to identify
additional genes involved in this response and understand the mechanisms in more
detail. In particular, a forward genetics screen seems very promising and might help get
a more complete picture of the pathway. The knowledge generated on this nonconventional splicing event could be used as a novel tool to control the expression of
genes of interest in crops1. The regulation system is particularly appealing because it
would allow targeted expression of a transgene independently of the use of a time- or
tissue-specific promoter. Notably, the “kissing” loop region is spliced by active IRE1
under stress resulting from the accumulation of misfolded proteins above a critical
1

U.S. Patent Application No. 12/985,315, Materials and methods for modulating the functi on of
a stress-induced mRNA splicing factor and the expression of a transcription factor which is
activated by the splicing factor and materials and methods for monitoring stress response in
plants.
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threshold. This system constitutes a molecular switch turned on under conditions that
have yet to be characterized in more detail, but our results indicate that heat is among
them.
The study of ER stress response in plants is a relatively new topic but has received
considerable attention in the last few years. The UPR in particular is not only of interest
as a model system to study ER-to-nucleus signaling but also as one of the core
mechanisms evolved by eukaryotes to alleviate stress. It is highly conserved among
eukaryotic cells and therefore must have provided a significant advantage to be retained
throughout evolution. A recent article by Goff (2011) offers an interesting point of view on
the possible role of such a mechanism. The author postulates that the metabolic cost
associated with the maintenance of protein and RNA folding and stability could explain
the growth advantage of hybrids over their inbred parents. In other words, hybrids would
reduce their metabolic expense by having for each locus the option of selecting the allele
leading to the most stable form of the transcript and/or protein. Although this theory
clearly requires further experimental testing, it suggests that fundamental aspects of
cellular homeostasis such as the unfolded protein response are key to cellular
performance, and could therefore prove extremely useful in the context of crop
improvement. Interestingly, the first genetically-engineered crop marketed for its
enhanced response to environmental stress has been recently announced by Monsanto
and expresses a bacterial RNA chaperone. This protein is thought to confer stress
tolerance by playing a role in the stabilization of RNA in conjunction with protein
synthesis (Castiglioni et al., 2008).
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GENOME-WIDE TRANSCRIPT PROFILING OF CORN IN RESPONSE TO COMBINED NITROGEN
AND WATER STRESSES

1. Impact of abiotic stresses on crop yield
Sometime late this year, the world population will reach 7 billion and it is expected to
exceed 10 billion by 21002. Food supply is critical if we are to sustain such a growth. To
make matters worse, the gap between rural and urban population continues to grow and
more than half of the world now relies on an ever smaller number of farmers to feed
them. Twentieth century agriculture has met the growing food demand by achieving
unprecedented increases in crop yields and taking advantage of resources which cost
had not been prohibitive until now. In the past two decades however, a constant decline
of natural resources along with the high environmental and economical price of intensive
production methods have become strong incentives for a profound change in the
agricultural world. The challenge lies not only in increasing production but also in
developing economically and environmentally sustainable practices.
Agriculture is by far the biggest user of water, and accounts for almost 70 percent of all
withdrawals worldwide. Although the drinking-water requirements per person are 2 to 4 L
every day, it takes 2,000 to 5,000 L of water to produce a person’s daily food3. According
to the International Panel on Climate Change, water availability will be problematic in the
years to come as the timing and geographical patterns of precipitations are predicted to
undergo significant changes, along with the increased frequency of droughts, the
amount of snowmelt runoff and temperature-induced evaporation (Backlund et al.,
2

“World Population Prospects: The 2010 Revision”, United Nations, Department of Economic and
Social Affairs (www.un.org/esa/population)
3
“Climate Change, Water and Food security”, FAO, Natural Resources Management and
Environment Department (www.fao.org/nr/water)

95

2008). Water has become a highly sought-after resource that should be managed
carefully to maximize its benefits.
The use of fertilizer in agriculture has increased fivefold since the 60s 4 and about 65
percent of it is used on cereals. Nitrogen plays a major role in plant nutrition but it is the
mineral element most often deficient in arable soils. Although it is directly linked to cereal
crop yield, inadequate or inefficient fertilization is a major contributor to soil and water
pollution and represents a substantial financial loss worldwide.
Corn (Zea mays L.) is the most important crop in terms of area planted (almost 160
million ha in 2009) and production (820 tonnes in 2009) before rice and wheat5. It is
highly demanding in both water and fertilizer. However, in most areas, environmental
conditions are far from ideal and corn productivity depends on large amounts of inputs.
Adequate application of irrigation water and nitrogen fertilizer is key to maximizing profit
and reducing environmental cost.
Research is essential for generating the knowledge necessary to promote sustainable
agricultural practices and meet our global challenges. This project proposes to contribute
to these long term goals by focusing on the relationship between water and nitrogen in
corn at the molecular level. More specifically, this experiment tests the following
hypothesis: the dynamic interactions between water and nitrogen stresses observed at
the physiological level have a profound signature at the molecular level. This knowledge
might not only contribute to a better understanding of corn response to stress but might
also influence current strategies for candidate gene discovery.

4
5

“Fertilizer Use by Crop”, FAO Fertilizer and Plant Nutrition Bulletin 17 (2006)
FAO Statistics Division, accessed May 2011 (http://faostat.fao.org)
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2. Potential interactive effects of nitrogen and water stresses
Both irrigation and nitrogen fertilization have a direct impact on corn yield. Besides, field
studies have shown that there is a substantial interactive effect between those two
factors that leads to a multiplicative increase in grain yield and water use efficiency (Di
Paolo and Rinaldi, 2008). Empirical models have been built in an attempt to predict corn
productivity and optimize the timing and quantity of inputs (for example, the Maize
Simulation Model, Zand-Parsa and Sepaskhah, 2006). Still, little is known about the
molecular mechanisms that contribute to increases in yield in response to the availability
of water and nitrogen. Many transcript profiling experiments have been published on
plant response to nutrient or water deficiency individually. Lists of genes responsive to
nitrogen have been generated in Arabidopsis (Wang et al., 2000; Wang et al., 2003;
Scheible et al., 2004; Bi et al., 2007; Gutierrez et al., 2007; Gutierrez et al., 2008), rice
(Lian et al., 2006; Zhu et al., 2006) and several other species (see Oktem et al., 2008 for
review). Similarly, the effects of drought have been surveyed in Arabidopsis (Seki et al.,
2002; Kankainen et al., 2006; Huang et al., 2008), rice (Zhou et al., 2007; Degenkolbe et
al., 2009), and corn (Li et al., 2007; Marino et al., 2009). The few studies that actually
examined the potential interactive effect of abiotic stresses mostly focused on the
combination of heat and water stress (for example, Rizhsky et al., 2002; Rizhsky et al.,
2004). To our knowledge, this study is unique in exploring the genome-wide expression
profile of corn plants subjected to individual and combined nitrogen and water stresses
in a controlled environment. The information generated might therefore be very useful in
the context of crop improvement and provide valuable insight into current transgenic
approaches.
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3. Experimental design
The goal of this experiment was to study the individual and combined effects of nitrogen
limitation and water stress followed by recovery in corn. Plants were grown in the
greenhouse using a system that allows control of both the amount of nutrient and water
while trying to best mimic natural conditions. To achieve proper development of the root
system while being able to supply precise amounts of fertilizer and water, a clay-based
substrate (Turface) was chosen instead of a complete hydroponic system. Plants
received controlled amounts of fertilizer and water (see Materials and Methods for a
detailed description of the experimental setup). Stress and recovery conditions were
empirically determined using this system.
Optimal and limiting nitrogen conditions were defined in this experiment, respectively as
20 mM and 8 mM NH4NO3 (see Materials and Methods). The limiting nitrogen condition
allowed a chronic, moderate stress that translated into an obvious phenotype of the
plants starting at around week 4 (Figure 43). Nitrogen-deprived plants were smaller and
lighter green compared to control plants. However, since the stress applied was only
moderate, these plants were able to develop normally and go through a complete life
cycle.
Water conditions were also defined empirically so as to achieve visible but potentially
reversible physiological changes. Those conditions were not lethal and allowed complete
recovery once water was supplied again. Two drought levels were achieved by
withdrawing water for 3 d (mild stress) and 5 d (severe stress) before sampling (see
Materials and Methods). Leaf rolling and wilting were clearly observable on severely
stressed plants, while moderately stressed plants only displayed intermediate effects
(Figure 43).
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Re-watering was also tested to assess plant recovery from drought stress. Severely
stressed plants were watered again 2 h and 5 h before sampling. After 2 h rehydration,
plants could barely be distinguished from the well-watered controls while after 5h
rehydration they could not be distinguished from the controls at all.
To quantify the physiological status of stressed plants compared to untreated controls, a
series of measurements were performed. The impact of nitrogen stress was assessed
by quantifying dry weight loss. For each water condition, plant dry weight was measured
under optimal and limiting nitrogen supply and the relative loss was estimated by
calculating the ratio. Results are shown in Figure 44. The limiting nitrogen treatment
resulted in 15 to 30% loss in dry weight. The loss was more pronounced under water
stress conditions than under optimal water supply.
The impact of water limitation was estimated by measuring the relative water content
(RWC) in leaves (Figure 45). The RWC is the ratio between the actual water content and
the saturated water content. In this experiment, the RWC was about 95% under optimal
water supply but decreased markedly under mild (about 80%) and severe (about 70%)
water stresses. The decrease was less drastic when plants were grown under limiting
nitrogen conditions but still significant (respectively about 90% and 85%). When plants
were watered again, the RWC was restored gradually to non-stress levels. This trend
was in agreement with the phenotypes described previously upon re-watering.

Figure 43 – Phenotypes of plants treated under the different nitrogen -water stress
combinations
The pictures show phenotypic differences between treatments at the time of the sampling. The 5
week-old plants were treated as indicated; the lower set of pictures shows a detail of the
corresponding leaves.
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Figure 44 – Dry weight loss
The loss in plant dry weight under nitrogen limiting condition was assessed by calculating the
ratio between limiting and optimal nitrogen conditions for each water treatment. Bars represent
the standard error of 4 biological replicates.
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Figure 45 – Relative Water Content (RWC)
RW C was measured in the first fully developed leaf under different water and nitrogen
treatments. Dark green bars correspond to optimal nitrogen supply and light green bars
correspond to limiting nitrogen supply. Bars represent the standard error of 4 biological
replicates (please see Materials and Methods).
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4. Microarray results
A transcript profiling experiment was performed using an Affymetrix-based maize
microarray containing 46784 entities. About 70% of all entities on the chip are
associated with functional annotation (see Materials and Methods for a more detailed
description of this experiment). Thirty conditions were studied, each being a unique
combination of three parameters: organ (leaf, root or stem), nitrogen supply (optimal or
limiting) and water supply (optimal, mildly stressed, severely stressed, severely stressed
followed by 2 h re-watering, or severely stressed followed by 5 h re-watering). Each
condition was run in a set of three biological replicates, totaling 90 samples. Raw data
files (.cel files) were imported in Genespring GX (Agilent, CA, USA). Eighty-eight out of
the 90 samples were exploitable and used in the analysis. The data were normalized
using RMA (Robust Multichip Average) and log-transformed. Baseline transformation of
the normalized signal was then performed to the median of all samples. Figure 46 shows
the Box Whisker plot of the normalized intensities for all chips.
The data were checked according to a quality control procedure (Figure 47). Replicate
chips were highly correlated indicating a good reproducibility of the experiment (Figure
47-A). The Principal Component Analysis (PCA) identified three main vectors that
contributed respectively to 47.34%, 29.12% and 14.07% of the variation of the data. As
in the correlation analysis, replicates gathered nicely together on the PCA plot (Figure
47-B). In addition, the PCA revealed that chips corresponding to samples from the same
organ were clearly grouped together suggesting that organ identity was the most
discriminating parameter (as opposed to the other two parameters, nitrogen or water
stresses).
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Normalized intensities

Figure 46 – Box Whisker plot of normalized intensity values of all chips
The bottom and top of the boxes respectively show the lower and upper quartiles, while the
middle line represents the median of the data. The whiskers indicate respectively 1.5 interquartile below and above the lower and upper quartiles.

To filter out probes that were consistently detected at low levels, pre-filtering was
performed on the raw data and an arbitrary detection threshold of 20 signal intensity unit
was used. Out of 46784 entities, 39664 had a raw signal above 20 in 100% of the
replicate values in at least one out of the 30 conditions. This list was used in all
subsequent analyses. For homogeneity, differentially expressed genes were identified
by first filtering on a fold change ≥ 2 and then performing statistical tests using the
Benjamini-Hochberg multiple testing method with a false discovery rate set at 0.05. A
few biological questions of interest were then focused on.

103

A

Correlation coefficient:

B
X-axis: component 1 (47.34%)
Y-axis: component 2 (29.12%)
Z-axis: component 3 (14.07%)

Figure 47 – Microarray quality control
2

A. Correlation plot of all chips, the color code of the correlation coefficient (R ) is indicated
below the plot. The chips are ordered by series of replicates.
B. 3-D graph illustrating the 3 principal components identified in the PCA.
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4.1. How is each organ affected by stress?
Our experimental setup allowed profiling plant responses to stress in the leaf, stem and
root. The different roles of those organs in the plant as well as the trends observed
during the quality control suggested distinct transcriptional responses under stress
conditions. The goal of this analysis was to assess the extent of nitrogen and water
stresses on leaf, root and stem transcriptomes in both quantitative and qualitative
manners.
The individual impact of nitrogen limitation on the transcriptome of each organ was
studied using the six treatment combinations where plants did not undergo any water
stress (i.e. optimal and limiting nitrogen supply in leaf, root and stem). For each organ,
genes that displayed a fold change ≥ 2 when comparing optimal vs. limiting nitrogen and
a t-test p-value below 0.05 were retained. As shown in Figure 48-A, very few genes
passed these criteria under our conditions: only 68, 17 and 6 entities respectively were
found to be responsive to chronic nitrogen limitation in leaf, root and stem.
The individual impact of drought was then assessed using 9 of the 30 conditions, where
the nitrogen supply was optimal and dismissing re-watered samples from the analysis
(i.e. optimal water supply, mild and severe water stresses in leaf, root and stem). For
each organ, a similar procedure as described above was followed. Respectively 6841,
6262 and 8903 entities were found to be differentially regulated under mild or severe
water stress in leaf, root and stem (Figure 48-B).
In this experiment, the number of genes differentially expressed under nitrogen limitation
was extremely low (0.2% of all chip entities) in all organs (Figure 48). This was most
likely due to our experimental setup, which consisted of a mild and chronic nitrogen
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stress. Under such conditions, transcriptional changes are expected to be limited since
the plant has had some time to adjust to stress.
By contrast, the water treatments performed in this experiment were much more sudden
and therefore gene expression was profoundly affected (Figure 48-B). Overall, 15.8%
and 29.8% of chip entities respectively were found to vary significantly from the wellwatered control under mild and severe water stresses. Changes affected all organs but
to slightly different extents (Figure 48 and Figure 49). The leaf transcriptome was the
most strongly affected by a mild water stress (5151 entities differentially expressed) but
quite surprisingly this response was not aggravated by a severe stress (4954 entities).
This was the case however for root and stem, where the number of differentially
expressed entities increased with the acuteness of the stress (2370 to 5994 entities for
root, and 1539 to 8767 entities for stem).
The distinct behavior of the leaf transcriptome compared to stem and root is also
illustrated in Figure 49. Under mild water stress, most differentially regulated genes were
unique to leaf, but this was not the case under severe stress (Figure 49-A). Under such
conditions, most differentially regulated genes were unique to stem and the overlap of
regulated genes was highest between stem and root (Figure 49-A). In addition, Figure
49-B shows that in leaf, most regulated entities were common between mild and severe
stresses whereas in root and stem most regulated entities were unique to severe stress.
This suggested that the transcriptional response of the plant to water stress was first
initiated in leaf, which already expressed most transcriptional changes under milder
stress conditions, while in root and stem, gene regulation was triggered under more
acute stress conditions and to a larger extent than in leaf.

106

A
Nitrogen
limitation
Leaf

68

Root

17

Stem

6

Total

90
(0.2%)

B
Mild Water
Stress

Severe Water
stress
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(12.8%)
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Figure 48 - Differential impact of stresses on leaf, root and stem
Number of entities differentially regulated under limiting nitrogen (A) and drought stress (B)
conditions. Numbers in parentheses indicate percentages relative to the total number of entities
on the chip.
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Figure 49 – Impact of water stresses on leaf, root and stem
A. Venn diagrams showing the overlap of the response to water stresses between organs.
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Overall, the overlap of induced genes between the different organs was rather limited
relative to the total number of induced entities (see Figure 49-A), suggesting that the
response of each organ to stress is unique. Visualization of the genes induced in each
organ under severe water stress in Mapman (Thimm et al., 2004) confirmed that the
functional categories which were affected by the transcriptional changes were distinct
(please refer to Appendix A6 for a complete view). For example, many genes involved in
light reactions were down-regulated in leaf under severe water stress, but that was not
the case for root and stem (Figure 50). On the other hand, genes involved in cell wall
and general carbohydrate metabolism were differentially expressed in stem and root but
were not in leaf.

Leaf

Stem

Root

Figure 50 – An example of differences in gene regulation under severe water stress
between organs
Detail of the photosynthesis pathway showing the genes differentially regulated in leaf, root and
stem that are associated with the l ight reactions as displayed in Mapman.
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4.2. General stress genes
Water and nitrogen stresses trigger different levels of gene regulation, ranging from
genes controlling pathway-specific enzymes to genes involved in regulating more
general aspects of the stress response, in particular transcription factors. In this
paragraph I investigate the existence of such general response genes by trying to
identify entities that are involved in the transcriptional regulation of both kinds of stresses
applied independently. Such entities might correspond to master regulator genes that
would set off a cascade of stress response pathways in response to any kind of abiotic
stress.
Figure 51 shows the overlap between genes differentially regulated under each stress
condition in different organs. Few overlapping genes could be identified, mostly because
the lists of genes induced under nitrogen limiting condition were already short for the
reason explained in the previous paragraph. Still, 54, 11 and 3 entities were found to be
differentially regulated under nitrogen and mild or severe water stress conditions
respectively in leaf, root and stem. Figure 52 provides a detailed list of those entities and
their annotations. Among those, only 1 and 3 entities were found in the leaf and root
respectively (indicated with arrows in the table) that might have a role in transcription.
Interestingly, some entities identified in previously published articles as responding to
nitrogen limitation or drought were found to also respond to drought or nitrogen
respectively in the present study. This is the case for example of glutamine synthetase
(GS), which was found to be down-regulated under limiting nitrogen conditions while
being up-regulated under severe water stress. GS catalyses the synthesis of glutamine
from ammonium and glutamate. The reaction is a major checkpoint controlling inorganic
nitrogen assimilation (see Miflin and Habash, 2002, for review) and GS activity has been
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positively correlated with yield (Hirel et al., 2001). Several attempts at improving nitrogen
use efficiency have been made by over-expressing GS (for example, Gallardo et al.,
1999; Harrison et al., 2000). However, the consequences of increased GS activity on
overall plant fitness are not clear and results on plant resistance to abiotic stresses such
as drought seem contradictory (el-Khatib et al., 2004; Cai et al., 2009; Diaz et al., 2010).
Our experiment indicates that GS expression responds to nitrogen limitation and drought
in an antagonistic manner. This might explain why increasing GS expression to achieve
a positive effect at the overall plant level remains challenging and would certainly require
further optimization.
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Figure 51 – Overlap between nitrogen and water stress in different organs
Venn diagrams depicting the overlap between differentially regulated genes under nitrogen or
water stress conditions for each organ.
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Probe Set ID

Zmv2_GRMZM2G345700_01_at
Zmv2_S50711182_u_at
Zmv2_GRMZM2G079616_01_at
Zmv2_GRMZM2G043162_01_at
Zmv2_GRMZM2G134219_01_at
Zmv2_S50711182_ug_at
Zmv2_S50703672_ug_at
Zmv2_GRMZM2G099003_01_at
Zmv2_Zm081824_x_at
Zmv2_AC234185.1_FGT004_at
Zmv2_Zm019796_x_at
Zmv2_GRMZM2G065244_01_at
Zmv2_S50703373_ug_at
Zmv2_GRMZM2G040441_s_at
Zmv2_GRMZM2G065244_s_at
Zmv2_GRMZM2G342327_s_at
Zmv2_S48290624_u_at
Zmv2_GRMZM2G410352_02_at
Zmv2_GRMZM2G044591_s_at
Zmv2_Zm010077_x_at
Zmv2_GRMZM2G108723_01_at
Zmv2_S48293194_ug_at
Zmv2_S48286942_ug_at
Zmv2_AF001634_x_at
Zmv2_AC226235.2_FGT001_at
Zmv2_GRMZM2G339488_01_at
Zmv2_GRMZM2G147819_01_at
Zmv2_GRMZM2G080466_s_at
Zmv2_S48284311_ug_at
Zmv2_GRMZM2G008773_01_at
Zmv2_GRMZM2G150248_s_at
Zmv2_GRMZM2G024104_s_at
Zmv2_GRMZM2G410916_s_at
Zmv2_GRMZM2G056908_01_at
Zmv2_S46905711_ug_at
Zmv2_S50707715_ug_at
Zmv2_S48285618_ug_at
Zmv2_S48299399_ug_at
Zmv2_Zm017299_x_at
Zmv2_GRMZM2G154578_01_at
Zmv2_Zm002532_x_at

Organ

Leaf

-4.4
-3.8
-3.7
-3.5
-3.3
-3.3
-3.2
-3.0
-2.7
-2.7
-2.7
-2.6
-2.5
-2.5
-2.4
-2.4
-2.4
-2.4
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.2
-2.2
-2.2
-2.2
-2.2
-2.1
-2.1
-2.1
-2.1
-2.1
-2.1

FC

pvalue
0.038
0.011
0.047
0.024
0.024
0.039
0.044
0.041
0.045
0.024
0.041
0.014
0.035
0.036
0.038
0.014
0.034
0.042
0.005
0.044
0.009
0.045
0.045
0.038
0.011
0.042
0.034
0.041
0.045
0.042
0.045
0.034
0.035
0.045
0.034
0.039
0.047
0.047
0.045
0.034
0.045

Limiting
vs
Optimal
Nitrogen

Mild Water
Stress
vs
Optimal
Water
pFC
value
2.9 0.008
6.7 0.003
-2.7 0.024
2.9 0.006
-3.2 0.025
7.0 0.002
-8.6 0.005
7.0 0.004
-4.6 0.005
6.8 0.002
-4.0 0.002
-2.3 0.003
-5.1 0.004
-7.8 0.002
-2.2 0.004
-3.2 0.002
NS
NS
-5.2 0.016
NS
NS
8.1 0.020
NS
NS
-7.9 0.001
-8.0 0.001
-2.8 0.002
NS
NS
-4.5 0.002
NS
NS
-8.7 0.002
-8.3 0.001
12.0 0.002
NS
NS
NS
NS
-5.0 0.004
-2.5 0.004
-4.9 0.001
NS
NS
-15.0 0.002
-14.9 0.002
2.7 0.010
-3.2 0.002
NS
NS

Severe Water
Stress
vs
Optimal
Water
pFC
value
NS
NS
5.2 0.001
-4.5 0.005
4.6 0.002
-5.5 0.001
6.0 0.002
-7.4 0.002
8.3 0.004
-5.3 0.004
5.7 0.001
-4.8 0.001
-3.3 0.002
-4.4 0.004
-7.4 0.002
-3.2 0.003
-3.3 0.002
-4.9 0.002
-3.0 0.020
2.1 0.002
7.4 0.003
-6.2 0.000
-15.2 0.001
-15.3 0.001
-2.5 0.003
-4.9 0.001
-3.8 0.006
-3.9 0.002
-21.2 0.000
-15.3 0.001
3.8 0.003
-2.4 0.030
2.4 0.020
-8.2 0.001
-2.5 0.007
-3.3 0.011
-2.4 0.019
-11.6 0.000
-11.8 0.000
NS
NS
-3.0 0.002
-3.8 0.007
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Aquaporin
Calcium/calmodulin-dependent protein kinase, Plastid
Methyl-transferase, Peroxisome
Pathogenesis-related, Cell wall, Cytoplasmic membrane
Cell wall, Cytoplasmic membrane
Hydrolase activity
Extra-cellular region, Response to freezing
Thioredoxin, Response to freezing

Cytoplasmic membrane
Peptidoglycan-binding, Cell wall macromolecule
FAD-dependent oxido-reductase, Electron carrier activity
Glutamine synthetase, Nitrogen metabolism

Plant lipid transfer protein
Epimerase, Regulation of nitrogen utilization, Transcription repressor
Transmembrane transport activity
Ribosomal protein L29, Translation

Agglutinin
Conserved hypothetical protein

Thioredoxin, Chloroplastic

CTP synthase
Mannose-binding lectin
Cytochrome b 561
DNA binding and repair
Cell death
Cytochrome b 561

Plant lipid transfer protein
CTP synthase
Acyl-transferase activity
Ferredoxin, Photosynthesis, Response to freezing
Proteinase inhibitor
CTP synthase
Cell death
LEA protein, Response to stress

Annotations

Figure 52 - List of genes differentially regulated under limiting nitrogen condition and
under mild or severe water stress condition

The arrows indicate entities predicted to be involved in transcription. NS: non -significant

Zmv2_GRMZM2G044591_s_at
Zmv2_Zm010077_x_at
Zmv2_GRMZM2G108723_01_at
Zmv2_S48293194_ug_at
Zmv2_S48286942_ug_at
Zmv2_AF001634_x_at
Zmv2_AC226235.2_FGT001_at
Zmv2_GRMZM2G339488_01_at
Zmv2_GRMZM2G147819_01_at
Zmv2_GRMZM2G080466_s_at
Zmv2_S48284311_ug_at
Zmv2_GRMZM2G008773_01_at
Zmv2_GRMZM2G150248_s_at
Zmv2_GRMZM2G024104_s_at
Zmv2_GRMZM2G410916_s_at
Zmv2_GRMZM2G056908_01_at
Zmv2_S46905711_ug_at
Zmv2_S50707715_ug_at
Zmv2_S48285618_ug_at
Zmv2_S48299399_ug_at
Zmv2_Zm017299_x_at
Zmv2_GRMZM2G154578_01_at
Zmv2_Zm002532_x_at
Zmv2_GRMZM2G089140_01_at
Zmv2_S48282865_u_at
Zmv2_GRMZM2G410352_s_at
Zmv2_GRMZM2G145972_02_at
Zmv2_GRMZM2G171466_01_at
Zmv2_GRMZM2G158117_01_at
→ Zmv2_GRMZM2G094353_s_at
Zmv2_GRMZM2G122324_01_at
Zmv2_GRMZM2G352618_01_at
Zmv2_GRMZM2G090266_01_at
Zmv2_S46909382_u_at
Zmv2_GRMZM2G082608_01_at
Zmv2_GRMZM2G474555_01_at
Root Zmv2_GRMZM2G086179_01_at
Zmv2_GRMZM2G022740_01_at
Zmv2_GRMZM2G048073_01_at
Zmv2_GRMZM2G060886_s_at
Zmv2_Zm010804_x_at
→ Zmv2_GRMZM2G103647_s_at
Zmv2_AC205413.4_FGT001_at
→ Zmv2_Zm008878_x_at
Zmv2_GRMZM2G154789_01_at
→ Zmv2_GRMZM2G105494_01_at
Zmv2_S52183762_u_at
Stem Zmv2_GRMZM2G160447_01_at
Zmv2_GRMZM2G148904_s_at
Zmv2_GRMZM2G106980_s_at

-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.2
-2.2
-2.2
-2.2
-2.2
-2.1
-2.1
-2.1
-2.1
-2.1
-2.1
-2.1
-2.1
-2.0
-2.0
2.1
2.2
2.2
2.7
2.7
2.8
3.2
4.8
5.0
-3.8
-3.1
-2.4
-2.3
-2.2
-2.2
-2.0
-2.0
2.0
2.1
2.4
-3.3
2.1
3.5

0.005 NS
NS
2.1 0.002
0.044 8.1 0.020 7.4 0.003 Agglutinin
0.009 NS
NS
-6.2 0.000 Conserved hypothetical protein
0.045 -7.9 0.001 -15.2 0.001
0.045 -8.0 0.001 -15.3 0.001
0.038 -2.8 0.002 -2.5 0.003 Plant lipid transfer protein
0.011 NS
NS
-4.9 0.001 Epimerase, Regulation of nitrogen utilization, Transcription repressor
0.042 -4.5 0.002 -3.8 0.006 Transmembrane transport activity
0.034 NS
NS
-3.9 0.002 Ribosomal protein L29, Translation
0.041 -8.7 0.002 -21.2 0.000
0.045 -8.3 0.001 -15.3 0.001 Cytoplasmic membrane
0.042 12.0 0.002 3.8 0.003 Peptidoglycan-binding, Cell wall macromolecule
0.045 NS
NS
-2.4 0.030 FAD-dependent oxido-reductase, Electron carrier activity
0.034 NS
NS
2.4 0.020 Glutamine synthetase, Nitrogen metabolism
0.035 -5.0 0.004 -8.2 0.001
0.045 -2.5 0.004 -2.5 0.007 Aquaporin
0.034 -4.9 0.001 -3.3 0.011 Calcium/calmodulin-dependent protein kinase, Plastid
0.039 NS
NS
-2.4 0.019 Methyl-transferase, Peroxisome
0.047 -15.0 0.002 -11.6 0.000 Pathogenesis-related, Cell wall, Cytoplasmic membrane
0.047 -14.9 0.002 -11.8 0.000 Cell wall, Cytoplasmic membrane
0.045 2.7 0.010 NS
NS Hydrolase activity
0.034 -3.2 0.002 -3.0 0.002 Extra-cellular region, Response to freezing
0.045 NS
NS
-3.8 0.007 Thioredoxin, Response to freezing
0.026 2.2 0.010 NS
NS Oligopeptide transporter, Membrane
0.026 NS
NS
-3.4 0.002 Protein binding, Zinc ion binding
0.043 -3.9 0.011 -2.5 0.021
0.044 3.7 0.002 NS
NS FAD-dependent oxido-reductase
0.044 -3.3 0.005 NS
NS Ubiquitin-associated/translation elongation factor EF1B
0.039 -100.5 0.001 -143.1 0.000 SANT, DNA-binding, Homeodomain-like
0.039 17.6 0.001 22.9 0.000 Zinc finger, Intracellular
0.045 -3.5 0.008 NS
NS Acyl carrier protein (ACP), Fatty acid biosynthetic process
0.040 15.0 0.002 18.6 0.001
0.035 NS
NS
-3.1 0.007
0.014 2.1 0.002 3.9 0.001 GCN5-related N-acetyl transferase, Chloroplast
0.047 7.9 0.006 5.7 0.010
0.017 NS
NS
2.8 0.009
0.037 NS
NS
13.0 0.005
0.037 -8.4 0.007 -45.2 <0.001 Phenyl propanoid biosynthesis, Response to oxidative stress
0.037 NS
NS
-2.8 0.022 Hydrolase activity
0.037 NS
NS
4.4 0.001 Methyl-transferase
0.037 -2.7 0.003 -5.3 0.001 Phenyl propanoid biosynthesis, Response to oxidative stress
0.019 NS
NS
-2.4 0.003 CREB protein, bZIP transcription factor, bZIP-1, Transcription regulator , Nucleus
0.049 -5.2 0.001 -13.3 0.002 Phenyl propanoid biosynthesis, Response to oxidative stress
0.019 -2.1 0.005 -3.3 0.004 CREB protein, bZIP transcription factor, bZIP-1, Transcription regulator , Nucleus
0.037 NS
NS
2.1 0.030
0.019 2.2 0.002 3.2 <0.001 Helix-loop-helix DNA-binding domain, Nucleus, Transcription regulator
0.019 8.1 0.002 7.4 <0.001
0.048 NS
NS
-8.5 0.003 Cysteine-type endopeptidase, Proteolysis,
0.048 NS
NS
4.5 0.002 Methyl-transferase
0.048 NS
NS
-3.5 0.001 BURP

Figure 52 (continued)
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4.3. Is there a synergistic effect of nitrogen and water limitation?
Our experiment was designed to study specifically the interactive effect of nitrogen and
water stresses in a way that attempted to best mimic field conditions: chronic nitrogen
limitation and transient drought. Under such conditions, the expression of some genes
might be dependent on the nitrogen status, the water status, both, or the dynamic
interaction between nitrogen and water. The latter category is the focus of this
paragraph.

Only

combinations

of

the

following

conditions

were

considered:

optimal/limiting nitrogen, optimal/severe water stress (4 combinations for each organ).
Entities that had a fold change ≥ 2 in at least one of the comparisons in Figure 53 were
retained. An analysis of variance (ANOVA) was performed for each organ separately.
Entities that had a p-value (nitrogen x water) ≤ 0.05 were considered significant. Their
variation across the set of chosen conditions was explained at least partly by the
interactive effect of nitrogen and water. Among those, entities having a p-value
(nitrogen) > 0.05 and a p-value (water) > 0.05 were considered to be responding
exclusively to the nitrogen x water interaction. Results are summarized in Figure 54. In
leaf, 1904 entities out of the 8042 that passed the fold change cut-off were found to be
significantly affected by the interaction between nitrogen and water, 99 of which were
exclusively explained by this interaction. In root, 1668 of the 6983 entities that passed
the fold change cut-off were found to be explained by the interaction and among those
20 were exclusively explained by this interaction. In stem, 6693 of the 10017 entities that
passed the fold change cut-off were explained by the interaction between nitrogen and
water, 188 of which were exclusively explained by the interaction. An overview of the
cellular responses displayed in Mapman (Thimm et al., 2004) is shown in Figure 55.
Entities regulated by the interaction nitrogen x water were found to participate in a wide
array of cellular responses for all organs. Entities belonging to the abiotic stress bin were
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highly represented, as well as the bin corresponding to development, especially in the
stem (Figure 55).

Condition 1

Condition 2

Optimal Nitrogen – Optimal Water

Optimal Nitrogen – Severe drought

Optimal Nitrogen – Optimal Water

Limiting Nitrogen – Optimal Water

Optimal Nitrogen – Severe Drought

Limiting Nitrogen - Severe drought

Limiting Nitrogen – Optimal Water

Limiting Nitrogen – Severe drought

Figure 53 – Pair-wise comparisons performed prior to the ANOVA
Entities that displayed a fold change ≥ 2 in at least one of the comparisons below were used in
the ANOVA.

A

B
Nitrogen

Water

Nitrogen x
Water

Leaf

1703 (122)

7260 (5016)

1904 (99)

Root

1575 (48)

6474 (4307)

1668 (20)

Stem

6309 (109)

9458 (1527)

6693 (188)

Total

8043
17.2%

16046
34.3%

8574
18.3%

72

656

1153
153
787
526

5227
STEM

Figure 54 – Entities differentially regulated in response to the interaction between
nitrogen and water stresses
A. Number of differentially regulated entities per organ explained by nitrogen, water or the
interactive effect of both stresses. Numbers in brackets denote entities exclusively regulated by
either nitrogen, water or the interaction. The percentages in the last row indicate the proportion
of differentially regulated entities relative to the total number of entities on the chip.
B. Venn diagram showing the overlap between differentially regulated entitie s that are explained
by the interactive effect of nitrogen and water in each organ.
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A

B

C

Figure 55 – Cellular responses overview in Mapman
Diagram displaying an overview of cellular responses in Mapman illustrating the regulation of
entities found to be dependent on the interaction between nitrogen and water stresses in leaf
(A), root (B) and stem (C).
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4.4. Patterns of expression during water stress and recovery
Our experimental setup included a re-watering step to assess the transcriptional profile
of plants during re-hydration. Severely stressed plants were re-watered 2 h and 5 h
before sampling and all samples were harvested approximately at the same time of the
day to exclude variations of gene expression due to the circadian rhythm.
In this paragraph, leaf samples were taken as an example. To illustrate the potential of
such a study for “a priori data mining”, the data set was searched for entities that
behaved in pre-defined patterns of gene expression. Intuitively, one can think of two
types of responses to the water treatments performed in our experiment: genes are
either up-regulated in response to drought and down-regulated in response to rehydration (pattern A), or the opposite way (pattern B). In both cases, regulation is dosedependent. Figure 56 illustrates those two cases. Entities that followed those patterns
were then mined in Genespring in a step-wise manner (see Appendix A7 for a detailed
description of the procedure). Briefly, entities responding to mild or severe water stress
in a statistically significant manner (p-value ≤ 0.05) were filtered so that only entities
having a fold change ≥ 2 in each step of the successive conditions (optimal water → mild
stress → severe stress → 2 h re-watering → 5 h re-watering) were retained. This
strategy allowed identifying 31 entities (25 loci) following pattern A and 13 entities (10
loci) following pattern B (Figure 57). Figure 58 shows the actual expression profiles of
those entities under optimal nitrogen conditions.
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Normalized intensity

8

0

-8

Figure 56 – Patterns of gene expression in response to the water treatments
Pattern A is shown in blue and pattern B in red.
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Entities identified as following patterns A and B might be interesting candidate genes to
study plant response to drought and re-watering. In fact, some of the genes in Figure 57
belong to families already identified in previous studies as good targets to increase
drought tolerance. For instance, a transcription factor belonging to the NAM (No Apical
Meristem) family was identified in our experiment as closely following pattern A in
response to water stress and re-watering. This family has been shown to mediate plant
response to abiotic stress and over-expression of NAM transcription factors was
reported to enhance drought tolerance in Arabidopsis (Tran et al., 2004) and rice
(Nakashima et al., 2007; Hu et al., 2008). Similarly, two transcripts annotated as ACC
synthase (1-aminocyclopropane-1-carboxylate synthase) were found in our experiment
to follow pattern B. ACC synthase mediates the first step in the ethylene biosynthesis
pathway and was shown to regulate drought tolerance in maize (Young et al., 2004).
Our experimental design allowed exploring whether the genes identified as good
candidates for drought response enhancement when nitrogen was not limiting would still
be good candidates under non-ideal conditions. Figure 59 shows the expression profile
of the entities identified previously when nitrogen is limiting. Although the overall trend is
maintained under severe water stress, the entities do not seem to be as affected by mild
water stress and re-hydration.
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FC
FC
FC
FC
Optimal Water
Mild
Severe Water
Re-water 2h
vs
vs
stress
Probe Set ID
Locus
Description
vs
Mild Water Severe Water
vs
Rewater 5h
stress
stress
Re-water 2h
Zmv2_AC204212.4_FGT001_at
AC204212.4
13.3
4.2
-3.5
-7.0
DNA-binding, Myb domain protein
Zmv2_GRMZM2G040508_01_at GRMZM2G040508
30.2
2.3
-4.1
-3.3
Protein kinase-like domain
Zmv2_GRMZM2G123654_01_at GRMZM2G123654
12.2
3.1
-2.6
-3.8
Acyl-transferase
Zmv2_GRMZM2G371167_01_at GRMZM2G371167
2.8
6.2
-2.4
-2.6
Serine/threonine kinase, Protein folding, Chloroplast thylakoid
Zmv2_S46907502_ug_at
Zm#S46907502
4.8
4.1
-2.0
-2.8
lumen
NAM transcription factor, Response to cytokinin, abscisic acid and
Zmv2_S46910916_u_at
Zm#S46910916
7.1
2.6
-4.7
-2.5
brassinosteroid , Xylem development, Nucleus
Zmv2_S46911941_ug_at
Zm#S46911941
10.8
2.0
-2.8
-3.5
NAD-dependent epimerase
Chaperone, Heat shock protein Hsp40, DNA-binding, Myb domain,
Zmv2_S48282372_ug_at
Zm#S48282372
10.0
3.3
-2.9
-5.4
Mitochondrion
Zmv2_S50705496_ug_at
Zm#S50705496
2.3
2.6
-2.1
-2.5
Aldehyde reductase, Redox system, Plastid
GRMZM2G149702,
Zmv2_Zm015514_x_at
3.2
2.3
-3.1
-2.2
Chaperone, Heat shock protein HSP40 , Protein folding
GRMZM2G175860

A

Figure 57 - List of genes following patterns A and B
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Zm#S48299344
Zm#S48300760
Zm#S52137526
Zm#S52145266
AC195587.4,
GRMZM2G074496,
GRMZM2G084788

Zmv2_S52137526_ug_at

Zmv2_S52145266_ug_at

Zmv2_Zm025030_x_at

Zmv2_Zm020379_x_at

AC208221.3
AC235543.1
GRMZM2G028535
GRMZM2G055802
GRMZM2G075430

Zmv2_AC208221.3_FGT002_at
Zmv2_AC235543.1_FGT003_at
Zmv2_GRMZM2G028535_s_at
Zmv2_GRMZM2G055802_01_at
Zmv2_GRMZM2G075430_01_at
Zmv2_GRMZM2G084788_01_at
Zmv2_GRMZM2G084788_s_at
Zmv2_GRMZM2G088064_02_at
Zmv2_GRMZM2G088064_03_at
Zmv2_GRMZM2G088064_s_at
Zmv2_GRMZM2G095968_01_at
Zmv2_GRMZM2G113967_01_at
Zmv2_GRMZM2G139813_01_at
Zmv2_GRMZM2G163311_s_at
Zmv2_GRMZM2G340656_s_at
Zmv2_S25102985_ug_at
Zmv2_S35378360_u_at
Zmv2_S35719953_u_at
Zmv2_S48230749_u_at
Zmv2_S48276082_u_at
Zmv2_S48277247_u_at
Zmv2_S48277247_ug_at
Zmv2_S48294300_ug_at
Zmv2_S48297593_u_at
Zmv2_S48297593_ug_at
Zmv2_S48299344_ug_at
Zmv2_S48300760_u_at
Zm#S48297593

Zm#S48294300

Zm#S48277247

GRMZM2G095968
GRMZM2G113967
GRMZM2G139813
GRMZM2G163311
GRMZM2G340656
Zm#S25102985
Zm#S35378360
Zm#S35719953
Zm#S48230749
Zm#S48276082

GRMZM2G088064

GRMZM2G084788

Locus

Probe Set ID

B

-5.7

-3.9

-8.5

-9.6

7.0

5.6

4.4

3.7
ATPase, Apoptosis

FC
FC
FC
FC
Optimal Water
Mild
Severe Water
Re-water 2h
vs
vs
stress
Description
vs
Mild Water Severe Water
vs
Rewater 5h
stress
stress
Re-water 2h
-9.6
-3.2
2.9
9.0
Serine-type endo-peptidase inhibitor, Extra-cellular region
-3.3
-5.0
2.8
3.3
-20.5
-3.6
4.9
14.6
Glutamate 5-kinase, Proline biosynthesis, Cytoplasm
-4.8
-3.1
3.4
2.1
Serine-type endo-peptidase inhibitor, Extra-cellular region
-28.0
-4.4
4.6
3.4
-8.5
-7.3
5.3
3.6
-4.4
-8.8
7.3
3.8
-8.3
-4.4
2.4
7.0
-2.6
-4.0
2.4
2.5
1-aminocyclopropane-1-carboxylate synthase, Carbon fixation
-12.0
-4.7
2.7
6.2
-41.1
-2.0
22.1
2.3
Expansin, Extra-cellular region
-2.0
-5.0
2.0
2.8
Serine-threonine/tyrosine-protein kinase, Signal transduction
-20.6
-2.7
4.4
2.7
1-aminocyclopropane-1-carboxylate synthase, Carbon fixation
-17.2
-2.9
8.2
2.7
Glutamine amido-transferase
-56.7
-2.1
2.3
3.4
Raffinose synthase
-11.5
-4.0
2.7
7.2
-28.3
-3.4
4.0
4.7
-3.2
-4.1
2.5
2.8
-21.8
-3.4
4.6
4.6
-5.9
-3.3
2.8
3.0
Redox system, Endo-membrane system
-11.5
-3.7
3.0
15.3
Serine-type endo-peptidase inhibitor, Extra-cellular region
-17.9
-3.2
3.2
11.9
-13.3
-3.2
9.1
2.5
-11.6
-3.7
3.0
15.3
Serine-type endo-peptidase inhibitor, Extra-cellular region
-15.8
-3.1
3.2
9.2
-14.9
-3.7
4.6
12.0
Glutamate 5-kinase, Proline biosynthesis, Cytoplasm
-8.0
-2.6
2.1
2.6
Glycoside hydrolase, Xylan catabolic process
Calcium/calmodulin-dependent serine/threonine-protein kinase,
-2.8
-5.0
2.1
3.0
Signal transduction
-4.4
-6.2
8.5
2.2

Figure 57 (continued)
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Figure 58 – Expression profiles of entities following patterns A and B under optimal
nitrogen conditions
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Figure 59 - Expression profiles of previously identified entities under limiting nitrogen
conditions
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5.

Discussion

This study provided an overview of gene expression patterns in corn in response to
nitrogen limitation and water stress followed by re-hydration. The experimental design
closely mimicked conditions encountered by plants in the field. Nitrogen availability is
most often a characteristic of the plot and its limitation is thus perceived as a mild
chronic stress. By contrast, water stress is much more sudden and transient. Over the
time of a growing season, the water supply usually fluctuates between rainfalls and dry
spells and plants undergo several episodes of drought followed by recovery. In this
experiment I tried to reproduce the characteristics of both stresses in order to provide
the most meaningful data possible.
Under the conditions chosen, both nitrogen limitation and drought had significant and
measurable effects on plants, showing that the levels of stress applied were comparable.
However, the extent of transcriptional changes in response to those stresses was very
different and paralleled the intensities and durations mentioned above: while the list of
entities significantly regulated by nitrogen was limited, the transcriptome was largely
affected by water stresses in a dose-dependent fashion.
A first look at the data set revealed that the three tissues harvested in this experiment
behaved very differently in response to stresses and thus led us to perform separate
analyses in order to address our biological questions. A larger number of entities were
affected by mild drought in leaf compared to stem or root. Surprisingly, gene expression
was not increased under severe drought in this tissue, suggesting that the transcriptional
response to drought had reached saturation. The situation was different in stem and
root, where gene induction was more limited than in leaf under mild stress but
significantly increased under severe stress. This indicated that the threshold for
124

transcriptional changes in response to drought might be higher in root and stem than in
leaf. This adds a molecular dimension to our understanding of drought in corn and
provides a basis to the known physiological events that take place in response to this
stress: plants first respond to a moderate drought by slowing down their photosynthetic
machinery and reducing transpiration, events mostly taking place in the leaf (HayanoKanashiro et al., 2009; Pinheiro and Chaves, 2011). Only when the stress becomes
more severe do other coping mechanisms come into play in all organs.
This led me to investigate in more detail the existence of potential master regulators of
stress. Some genes, notably transcription factors, could be involved in the general
response to abiotic stress. Our experiment identified very few genes that met this
criterion. This result could be explained by the limited number of genes identified as
responding to the chronic nitrogen stress used in our experimental procedure. However,
one cannot exclude that more genes would be identified in response to a sudden
nitrogen withdrawal as well as a sudden water stress. The possibility of common
response pathways shared by nitrogen and water stresses thus remains open.
Due to our experimental design, a more meaningful way to explore this particular data
set was to investigate the dynamic interaction between both stresses. Indeed, it was
clear that plants that were nitrogen deprived did not respond to water stress to the same
extent as plant grown under non-limiting nitrogen conditions. This suggested that for
some proportion of the transcriptome, gene expression in response to stress not only
depended on the additive effects of drought and nitrogen stress, but was also explained
by a synergistic interaction parameter. This study revealed that 18.3% of the chip entities
were differentially expressed in response to the interactive effect of water and nitrogen
supplies, which was surprisingly high, given the fact that respectively 17.2% and 34.3%
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of the chip entities responded to nitrogen and water stress, individually. This unexpected
result underlines the importance of interactive effects on gene expression. It
demonstrates the major impact that multiple stresses may exert in natural conditions.
This one difference between experimental and field conditions is often overlooked as a
practical necessity but significantly undermines our efforts to identify candidate genes
that would prove beneficial in the field. Very few of the genes identified in recent years
have proven to be useful in practice. The challenge lies in the fact that field
environments are much more complex than the controlled conditions used to identify
genes of interest. Multiple stresses are almost always present simultaneously and
mostly counteract the potentially positive effect of artificially expressed genes.
This observation led us to study in more detail a specific subset of entities and illustrate
the impact of multiple stresses on gene expression. “Ideal” patterns of gene expression
were defined and used to identify genes responsive to drought and re-hydration. The
high stringency of this approach identified only few but potentially meaningful genes. The
entities were identified under optimal nitrogen conditions and closely followed the
patterns. However, a look at their expression under limiting nitrogen supply revealed that
they significantly deviated from the patterns, especially under our less acute conditions
(mild drought and 2 h re-watering). This illustrated how such an approach, no matter
how stringent, may fail at identifying candidate genes that would be expressed in a
desirable fashion under all conditions. This is especially true for milder types of stresses,
which are also the most frequently encountered in the field, and should be kept in mind
when designing strategies for candidate gene discovery.
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CONCLUSION AND PERSPECTIVES
Abiotic stress conditions are responsible for extensive losses in crop productivity
worldwide. Current predictions on climate change suggest this will be an increasingly
more important issue as environmental conditions are expected to become more
extreme. A better understanding of how plants deal with abiotic stress is essential in
order to develop alternative genetics and agronomic practices required for modern
agriculture to sustain our growing population. This thesis proposes to contribute to this
knowledge by following two approaches.
The first approach focused on a basic cellular stress response pathway, the Unfolded
Protein Response. Although well studied in mammalian and yeast systems, this topic is
fairly recent in plants. Our work identified key players in the signaling cascade using bioinformatics, molecular biology and genetics techniques. In Arabidopsis, a transcription
factor, bZIP60, was found to undergo unconventional splicing upon stress. Notably, heat
stress was shown to elicit the response. Our data suggest that this step is mediated by
IRE1b and constitutes a molecular switch allowing downstream events to take place. In
particular, the ER-resident chaperone BiP3 is induced in response to bZIP60 splicing.
Activation of the pathway seems to correlate with plant fitness under stress conditions as
illustrated by the phenotypes of transgenic plants. Our study sheds new light on this
response and contrasts with our current view of the UPR in plants. Further
understanding of this pathway might prove valuable for crop improvement.
The stress detection mechanisms in the ER lumen certainly deserve further attention.
IRE1 is likely to be involved as is the case in mammalian and yeast systems. However,
its mode of action, in relation with the chaperone BiP, is still highly controversial. Given
the conservation of the pathway in eukaryotes, there must be common mechanisms
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dictating the nature and the threshold of unfolded protein detection. Surprisingly
however, the lumen-facing domains of IRE1, which are believed to act as sensors of
unfolded protein accumulation, share extremely low levels of similarity across species.
This suggests that the mechanisms at play are likely more complex than anticipated.
In addition, a better understanding of the events taking place downstream of bZIP60
splicing would surely provide useful information. Active bZIP60 induces the transcription
of genes involved in protein stability and degradation. However, as discussed earlier,
there is no clear correlation between bZIP60 activation and the mRNA levels of its
transcriptional targets. Here again, complex mechanisms might be intertwined. In
particular, it would be interesting to focus on the bZIP60/IRE1 pathway in relation with
the other signaling cascades that contribute to maintaining protein homeostasis. One
clue might be provided by looking at this system in a multi-cellular context. The current
view of protein homeostasis regulation in metazoans proposes a centralized control
through the nervous system (see Gidalevitz et al., 2011 for review). It would be
interesting to translate this idea in the context of plants and experimentally test its
implications.
The second approach taken in this thesis explored the relationship between two of the
most commonly encountered abiotic stresses in agriculture, drought and nitrogen
limitation. Our experimental setup aimed at providing a system that was as close as
possible to environmental conditions while still controlling carefully for the different
parameters. Corn plants were subjected to individual and combined stresses and the
genome-wide transcript profiles of three tissues were generated. The dataset obtained is
highly valuable because it allows direct comparison of the impact of water and nutrient
stress in a single experiment. Our results indicate that both the nature and the extent of
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the transcriptional profile in response to stress are highly specific to the tissue. Due to
the particular setup of the experiment we were not able to identify genes that could be
involved in mediating the response to stress in general. However, this study provides the
first direct evidence of strong synergistic effects between nitrogen limitation and drought
at the transcriptional level. Our data suggests that the combination of stresses elicits a
unique response that is clearly distinct from the response triggered by the same stresses
applied individually. This supports the ideas brought forward in recent articles (Mittler,
2006; Mittler and Blumwald, 2010) and calls for new ways of approaching the study of
stress responses: stress combination by itself should be thought of as a novel form of
stress rather than the addition of independent stresses. This dataset has the potential to
provide yet further insights into our understanding of nitrogen and water stresses.
Indeed, given the unique nature of the stress combination, it will be exciting to search for
cis-elements specifically involved in the regulation of the transcriptome under combined
stresses. Our results could be explained by the existence of unique regulatory motifs
recruited in response to stress combinations and can be used in gene discovery
programs for crop improvement.
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MATERIALS AND METHODS
1. Plant growth conditions and stress treatments
Arabidopsis growth conditions
Seeds were stratified at 4°C for 3 d before germination. Unless indicated otherwise,
plants were grown under continuous white light (~100 µmol m-2.s-1) at 23–25 °C in LA4
soil or on Murashige and Skoog (MS) medium (1× MS salts, 1% sucrose, 0.8% Agar).
Arabidopsis calli experiment
Media used for calli transformation were previously described (Kakimoto, 1998).
Sterilized Arabidopsis thaliana seeds were germinated on Germination Medium and
grown under continuous light at 23oC. For the above experiment, hypocotyls from 15
day-old seedlings were cut with a scalpel and placed on Callus Inducing Medium for 10
to 12 d at 23oC under continuous light. Induced calli were soaked in a suspension of
Agrobacterium tumefaciens strain GV3101 (0.2 OD600) in Agrobacterium Infection
Medium for 5 min. The excess liquid was removed on filter paper, and calli were placed
on CIM medium and grown in continuous light at 23oC for 2 d. Calli were then washed
thoroughly in washing medium (WASHM) and placed on GM medium plus 100 mg/l
cefotaxime, 50 mg/l carbenicilin, 3 mg/l Bialaphos and 0.3 mg/l indolebutyric acid, or
Germination Medium plus 100 mg/l cefotaxime, 50 mg/l carbenicilin, 3 mg/l Bialaphos,
0.3 mg/l IBA and 1 mg/l trans-zeatin and cultured for 3-4 weeks.
DTT screen
In the genetic screen experiment, sterilized seeds were stratified at 4°C for 3 d, sowed
on MS medium supplemented with 5 mM DTT, grown for up to 2 weeks under a cycle of
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16 h light (~100 µmol m-2.s-1) at 23°C-8 h night at 21°C. They were then rescued on MS
medium without DTT before being transferred to soil for seed collection.
Corn experiment
Zea mays (inbred line SRG-200) plants were grown in a semi-hydroponic system
consisting of 2 L plastic pails filled with “turface”, a baked montmorillonite clay
(International Minerals and Chemical, Blue Mountain, MS), and placed in trays irrigated
with controlled amounts of solution. Plants were fertilized once at the beginning of the
experiment with a 6 L-solution containing 187 mg/L HPO4 (850 g.kg–1), 375 mg/L KHCO3
(0-0-47), 400 mg/L MgSO4.7H2O (100 g.kg–1), 30 mg/L of Plant-Prod chelated
micronutrient mix (all nutrients supplied by Plant Products, Bramalea, ON), and
supplemented with ammonium nitrate (NH4NO3, 34-0-0). Concentrations of 20 mM and 8
mM NH4NO3 were defined respectively as optimal and limiting nitrogen conditions. The
pH was adjusted to 5.5 to 6.0 with HCl. Plants were subsequently irrigated with purified
water up to a 6 L-mark every 2 to 3 d and grown in the greenhouse under a long-day
regime of 16 h light (~500 µmol m-2.s-1) at 29°C, and 8 h dark at 23°C.
At week 4, plants were treated with one of the three water treatments defined as optimal
water supply, mild water stress or severe water stress. Plant grown under optimal water
conditions were watered regularly up to the 6 L-mark throughout week 4. Plants grown
under mild and severe stress conditions were watered regularly up to the 6 L-mark until
respectively day 3 and day 5 before sampling. At that time, any residual water at the
bottom of the trays was drained and the plants were not irrigated until sampling. Two rewatering treatments were performed the day of sampling by re-supplying water to
severely stressed plants respectively 2 h and 5 h prior to sampling.
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Stems, leaves and roots were harvested separately at the end of the fourth week. Three
biological replicates were collected for each condition and frozen in liquid nitrogen. The
tissue collected from the leaves consisted of the top 30 cm of the first fully expanded leaf
(which corresponded to leaf 6 or 7 depending on the developmental stage of the plants
given their stress treatment). The tissue collected from the stem consisted in the 15-cm
region below the first node. The root system was extracted from the Turface substrate
and collected.
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2.

Genetic material

Arabidopsis thaliana (L.) Heynh ecotype Columbia was used in the first chapter. The
pools of T-DNA insertion lines screened were obtained from the Arabidopsis Biological
Resource Center (seed stock #CS76508). Mutants for bzip60 (SALK_050203), ire1a
(SALK_018112), and ire1b (SALK_018150) were also obtained from the ABRC.
Transgenic lines were obtained by Agrobacterium-mediated transformation as previously
described (Clough and Bent, 1998). The genetics was basically performed as follows: T0
seeds were selected on MS medium supplemented with gentamycin or kanamycin
depending on the construct. T1 seedlings were transferred to soil and seeds were
harvested individually for each transformation event. T2 seedlings were selected again
on antibiotic medium and the segregation ratio was assessed for most lines. Most of
them displayed a ratio>3:1, and a few lines were carried forward for each transformation
even if the number of insertions was predicted to be higher than 1. T3 plants were grown
on soil, genotyped individually and checked for segregation on antibiotic-supplemented
medium. Non-segregating T2 seed stocks (T3 plants) were used in all phenotyping
assays.
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3. Physiological measurements
Arabidopsis Root Length measurements
Seedlings germinated on MS medium supplemented with varying amounts of DTT of
TUDCA were grown vertically for the indicated periods of time. Petri dishes were then
scanned at 600 dpi resolution and root lengths were determined using ImageJ software
(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/, 1997-2011). For each concentration of chemical in the medium,
four Petri dishes were used as biological replicates that allowed calculating the average
value of 5 to 10 seedlings each. The data shown on the graphs correspond to averages
and standard errors for those biological replicates.
Corn Relative Water Content (RWC)
Leaf discs of ~1-inch diameter were removed using a leaf punch about 15 cm from the
tip of first and second fully expanded leaves, taking care to avoid the mid-vein. Each
sample was placed in a pre-weighed airtight tube and weighed to obtain the fresh weight
(FW). The samples were then hydrated in distilled water with gentle shaking at 4ºC
overnight and weighed to obtain the turgid weight (TW). Water was then discarded and
the samples were finally dried overnight in an oven and weighed again to obtain the dry
weight (DW). The RWC was calculated according to the formula: RWC (%) = [(FW-DW) /
(TW-DW)] x 100
The results shown are averages of four biological replicates.
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4.

Microarray experiment

All tissues were ground in liquid nitrogen and RNA was extracted using TRI-Reagent
(Sigma-Aldrich Co.) following the manufacturer’s instructions. Samples were DNase
treated using RQ1 RNase-free DNase (Promega). Total RNA was quantified using a
Nanodrop 2000c spectrophotometer (ThermoScientific).
Samples were further processed at Syngenta. Briefly, total RNA was reverse
transcribed. Complementary RNA was synthesized in vitro from double stranded cDNA,
biotin-labeled

and

hybridized

to

a

proprietary

Affymetrix-based

chip

(SYNG007a520046_25Aug2010). The chip contained probes mapped to the maize
genome

and

to

transcript

datasets

http://ftp.maizesequence.org/current/,

(Maize

Maize

ftp://ftp.ncbi.nih.gov/repository/UniGene/Zea_mays/,

Genome

NCBI
Maize

full-length

Data
Unigene
cDNAs

http://www.maizecdna.org/) as well as Maize Illumina Expressed Sequence Tags (runs
corresponding to leaf, shoot apical meristem and seedlings, NCBI Sequence Read
Archive www.ncbi.nlm.nih.gov/sra).
The chip definition file contains coordinate information on 558,801 probes assigned to
46,681 probe sets. Probe sets were annotated either directly from the maize genome
site (Gene Ontology and Interproscan, www.maizesequence.org) or using BLAST (Gene
ontology and KEGG pathways).
Data analysis was performed in Genespring GX version 11 (Agilent Technologies).
Pathway analyses were performed in Mapman (Thimm et al., 2004), version 3.5.0 beta
using Zea mays mapping Zm_B73_5b_FGS_cds_2011 (2011 update).
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5.

In vitro ribonuclease reaction

Synthesis of substrate
The kissing loop region of bZIP60 mRNA was synthesized as follows. The template for
in vitro RNA synthesis was PCR-amplified using primers T7bZIP-F and bZIP-8R. In
addition to bZIP60-specific forward and reverse sequences, the primers respectively
contain the T7 promoter used for in vitro transcription and a hairpin-forming sequence to
prevent exonucleolytic degradation of the transcript, as described in Higgins and Hames
(1994). Using this template, the resulting RNA is expected to be 124-base long and
includes a 98-base sequence corresponding to the region surrounding the predicted
splice sites in bZIP60 mRNA (bases 624 to 721 of the transcript). The PCR product was
gel-extracted and precipitated using sodium acetate and ethanol. In vitro transcription
was performed using the MEGAshortscript kit (Ambion AM1354) following the
manufacturer’s instructions. Radioactive CTP was incorporated using 4 µl [α32P]-CTP
per reaction (Perkin-Elmer BLU508H250UC, 3000 Ci/mmol 10 mCi/ml). The reaction
was incubated 4 h at 37ºC and treated with TURBO DNase. The product was denatured
5 min at 95ºC and run on a 0.4 mm-thick denaturing 10% polyacrylamide-urea gel for 2 h
at 400 V. The gel was then transferred to a filter paper, wrapped in a plastic film and
exposed to an X-ray film to localize the labeled RNA band, which was eluted overnight at
4ºC in equal volumes of acetate (0.3 M NaOAc, 10 mM Mg(OAc)2) and
phenol:chloroform:isoamylalcohol (25:24:1). The labeled RNA was purified two
additional times, precipitated using sodium acetate and ethanol, and resuspended in 20
µl DEPC-treated H2O before being used in the ribonuclease reaction. Radio-labeled size
markers (20, 40, 55, 70, 90 bases) were synthesized following this protocol but using
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annealed oligonucleotides instead of PCR-amplified templates for in vitro transcription
(see sequences below).
Purification of recombinant enzymes
Partial IRE1a and IRE1b sequences were amplified from wild-type Arabidopsis cDNA
and cloned into pET28a using EcoRI and NotI sites. These constructs allow the
synthesis of recombinant proteins comprised of a N-terminal His tag fused to the Cterminal regions of IRE1 proteins starting after their predicted transmembrane domains
and including the ribonuclease and kinase sites (respectively regions 345-841 and 375881 of IRE1 a and b protein sequences). pET42a vector was used for the expression of
His-tagged GST. Recombinant protein expression was performed in E.coli strain BL21
and induced using 300 µM IPTG for 5.5 h at 30ºC. The recombinant proteins were
purified using Ni-NTA agarose beads (Qiagen), dialized overnight in 10 mM HEPES pH
7.6 and quantified using a Bradford assay (Bio-Rad Protein Assay, #500-0006).
Reaction
The procedure was modified from Back et al. (2005). The 50-µl reaction mixture
contained 7 µg of recombinant His-tagged protein (or an equivalent volume of 10 mM
HEPES pH 7.6), 50 mM KOAc, 10 mM Mg(OAc)2, 1 mM DTT, 2 mM ATP, 40 U RNasin,
and 2 µl of radio-labeled RNA substrate. The reaction was incubated at 37ºC for 1 h and
stopped using five volumes of stop buffer (100 mM NaOAc pH 5.2, 2 mM EDTA, 0.2%
SDS). The processed RNA products were purified with phenol:chloroform:isoamylalcohol
(25:24:1) then with chloroform, precipitated using sodium acetate and ethanol and
washed with 70% ethanol in DEPC-treated H2O. One tenth of the reaction products were
resolved on a 12% polyacrylamide-urea gel for 2 h at 400 V along with 1/20th of the
amount of intact radio-labeled substrate used in the reactions and a mix of radio-labeled
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size markers. The gel was then transferred to a filter paper, wrapped in a plastic film and
exposed to an X-ray film overnight.
Sequences of bZIP60 substrate and size markers transcribed in vitro
bZIP60 substrate (5’>3’):
GGGATACTACCATGATGTCGAAGCAGGAGTCTGCTGTGCTCTTGTTGGAATCCCTG
CTGTTGGGTTCCCTGCTTTGGCTTCTGGGAGTAAACTTCATTTGCTGCAATCCGATG
CATCGGATTGCA
Marker 20 bases (5’>3’): GGGATACTACCATGATGTCGAAGC
Marker 40 bases (5’>3’):
GGGATACTACCATGATGTCGAAGCAGGAGTCTGCTGTGCT
Marker 55 bases (5’>3’):
GGGATACTACCATGATGTCGAAGCAGGAGTCTGCTGTGCTCTTGTTGGAATCCCT
Marker 70 bases (5’>3’):
GGGATACTACCATGATGTCGAAGCAGGAGTCTGCTGTGCTCTTGTTGGAATCCCTG
CTGTTGGGTTCCCT
Marker 20 bases (5’>3’):
GGGATACTACCATGATGTCGAAGCAGGAGTCTGCTGTGCTCTTGTTGGAATCCCTG
CTGTTGGGTTCCCTGCTTTGGCTTCTGGGAGTAA
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6. Subcellular localization
Transient expression in tobacco cells
The constructs pRTL2/RFP-MCS, pRTL2/RFP-HDEL, pRTL2ΔN/S/GFP-MCS and
pUC18-NcoI/GFP were kind gifts from Dr S. Gidda and have been described previously
in Shockey et al. (2006). The construct used to express GFP-bZIP60 full-length was
obtained by inserting the unspliced version of bZIP60 coding sequence in
pRTL2ΔN/S/GFP-MCS using BamHI and XbaI sites. The construct used to express
bZIP60 spliced-GFP was obtained by inserting the spliced version of bZIP60 coding
sequence in pUC18-NcoI/GFP using the NcoI site. In addition to missing the 23-base
intron, this spliced version of bZIP60 is truncated at its 3’end (starting from base 802 in
the unspliced bZIP60 mRNA transcript) and thus does not contain the early stop codon
that would prevent the translation of the C-terminal fusion with GFP. The construct used
to express bZIP60 full-length-GFP was obtained by inserting the full-length version of
bZIP60 coding sequence in pUC18-NcoI/GFP using the NcoI site.
Biolistic bombardment
Tobacco (Nicotiana tabacum L. cv BY-2) suspension cell cultures were maintained and
prepared for biolistic bombardment as described in Banjoko and Trelease (1995).
Transient co-transformations were performed using 2 µg of each plasmid DNA with a
biolistic particle delivery system (Bio-Rad). Following bombardment, cells were
incubated for 6 to 24 h to allow for expression and sorting of the introduced gene
products and then fixed in 4% (w/v) formaldehyde. Each construct shown in Figure 27
was used in a minimum of two independent experiments, which allowed the observation
of at least five transformed cells. The most representative results are shown in Figure 28
and Figure 29.
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Image acquisition
Confocal Laser Scanning Microscopy images were acquired with a Leica DM RE (Leica
Microsystems Inc., Richmond Hill, Canada) microscope connected to a Leica TCS SP2
system using a Leica 63x Plan Apochromat oil-immersion objective. Fluorophore
emissions were collected sequentially. Confocal images were acquired as single optical
sections and saved as 512 x 512 pixel digital images.
Dissecting microscope images were obtained using a Leica Mz6 system mounted with a
Nikon camera.
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7.

Protein Extraction and Western blotting

Seedlings were frozen in liquid nitrogen and homogenized at 4°C in 1 ml extraction
buffer per gram of fresh tissue. The extraction buffer was composed of HEPES (100
mM, pH 7), 20% glycerol, EDTA (1 mM, pH 8), Triton-X 100 (0.1% final), βmercaptoethanol (10 mM), and PMSF (phenylmethanesulphonyl fluoride, 0.1 mg/ml).
The mixture was immediately centrifuged at 12200 g for 15 min at 4°C and the
supernatant was transferred into a fresh tube for further analysis. Protein concentration
was estimated using a Bradford assay (Bio-Rad Protein Assay, 500-0006) and bovine
serum albumin was used as a calibration standard.
Protein extracts were resolved on a 10% SDS-PAGE gel (Protogel, National
Diagnostics) using a Mini-Protean apparatus (Bio-Rad) and transferred to a
nitrocellulose membrane (iBlot, Invitrogen). His-tagged proteins were revealed with a
mouse anti-His monoclonal antibody (27-4710-01, GE Healthcare) and a HRP
(horseradish peroxidase)-linked anti-mouse antibody (NXA931, GE Healthcare).
Custom-made polyclonal anti-peptide antibodies corresponding to the C-terminal regions
of bZIP60 protein variants were generated in rabbit at Pacific Immunology (Ramona, CA)
according to the facility’s procedures. They were used along with an HRP-linked antirabbit antibody (NA934, GE Healthcare). Detection was performed using an enhanced
chemiluminescence kit (ECL Plus, RPN2124, GE Healthcare).
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8.

Real-time polymerase chain reaction (PCR)

Total

RNA

was

quantified

using

a

Nanodrop

2000c

spectrophotometer

(ThermoScientific). One µg was reverse transcribed using qScript cDNA SuperMix
(QuantaBiosciences). The Real-Time PCR mix was prepared using PerfeCTA SYBR
Green I mix (QuantaBiosciences) following the manufacturer’s instructions. PCR
amplification was run on a 7300 RealTime PCR system (Applied Biosciences). Primer
pair efficiency was determined by generating standard curves where cDNA dilutions
ranged from 1/1 to 1/32.
In all assays, 1/4 dilutions of cDNA were used and each data point corresponded to the
average of two technical replicates on the plate. Relative amounts were assessed using
Ubiquitin 5 as the reference gene and WT as the reference treatment. Calculations were
performed taking into account reference gene primers and target primers efficiencies.
The values shown in the figures using transgenic and mutant lines correspond to 2 to 3
biological replicates per line and error bars show the standard error among those
biological replicates.
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9.

Semi-quantitative PCR

First strand cDNA was synthesized as described in the previous section. PCR reactions
were performed using Taq DNA Polymerase (M0273, New England Biolabs) following
the manufacturer’s instructions. Cycling conditions were optimized for each primer pair,
using the following basic cycling parameters: 94 ºC for 2 min; n cycles at 94 ºC for 30 s,
X ºC for 30 s, 72 ºC for 1 min per kb; 72 ºC for 5 min. Ubiquitin 5 was used as a control.
For Ubiquitin-specific primers, X=58 ºC and n=28. For IRE1a- and IRE1b-specific
primers, X=58 ºC and n=30. For bZIP60-specific primers (splicing assays), X=58 ºC and
n=32. The splicing assays were not considered quantitative for two main reasons. First,
the primers could potentially amplify two products in a single reaction mixture and primer
efficiency for each product was not known. Second, in the cases were both products
were amplified, a third “hybrid” band was detected on the gels, making quantitative
comparisons impossible. Consequently, the Ubiquitin controls were not shown in the
corresponding figures and only qualitative conclusions were drawn (i.e. presence or
absence of the splice variant).
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APPENDIX
A1. Primer list
Name

Sequence (5’>3’)

T7bZIP-F

AAATTAATACGACTCACTATAGGGATACTACCA
TGATGTCGAAGC
Synthesis of T7-bZIP60 template for in
TGCAATCCGATGCATCGGATTGCAGCAAATGA vitro transcription
AGTTTACTCCCAG

bZIP-8R

Comments

T7-F

AAATTAATACGACTCACTATAGGG

MRK20-R

GCTTCGACATCATGGTAGTATCCCTATAGTGA
GTCGTATTAATTT

MRK40-R

AGCACAGCAGACTCCTGCTTCGACATCATGGT
AGTATCCCTATAGTGAGTCGTATTAATTT

MRK55-R

AGGGATTCCAACAAGAGCACAGCAGACTCCTG
CTTCGACATCATGGTAGTATCCCTATAGTGAG Synthesis of T7-size marker templates
TCGTATTAATTT
for in vitro transcription (T7-F+MRK-R)
AGGGAACCCAACAGCAGGGATTCCAACAAGA
GCACAGCAGACTCCTGCTTCGACATCATGGTA
GTATCCCTATAGTGAGTCGTATTAATTT

MRK70-R

MRK90-R

TTACTCCCAGAAGCCAAAGCAGGGAACCCAAC
AGCAGGGATTCCAACAAGAGCACAGCAGACT
CCTGCTTCGACATCATGGTAGTATCCCTATAG
TGAGTCGTATTAATTT

ZmZIP60-F

GCAGAGTGCCGTCGCCTCAGCTAC

ZmZIP60-R

GCTGCCATCACGAGGTCTCTTCCG

bZIP60 3F

GCTTGAGACTAGGACGTATGCTTG

bZIP60 3R

GCTTTTCTGGTTCTGGACGTAGG

bZIP60F4

GAAGGAGACGATGATGCTGTGGCT

b60UB1

GCAGGGATTCCAACAAGAGCACAG

b60SB2

AGCAGGGAACCCAACAGCAGACT

UBQ5-F

CTTGAAGACGGCCGTACCCTC

UBQ5-R

CGCTGAACCTTTCCAGATCCATCG

IRE1a-F

CCTTGTTCGATCTCATCATGAGGTT

IRE1a-R

ACTCGTAACAAGTCACGGATGCTAT

IRE1b-F

AGAATCATGAGAGCGTACAGTTCAT

IRE1b-R

TCATTGCGGAGTTGTTCAGGTGCT

IRE1bCdel-F

GTGAATTCATGAGAGGATCTGCACTACTTG

IRE1bCdel-R

CGCTCGAGTTATCCAGATATAAATCCATTCTC

IRE1b 1636-F

TTCTCGAGCGGTTAAGCGTCTAGTACAATC

Semi-quantitative RT-PCR of corn
bZIP60 ortholog
Semi-quantitative RT-PCR of bZIP60
(primers flanking the splice sites)
Real-time PCR of bZIP60 specific to fulllength (F4+UB1) and spliced (F4+SB2)
variants
Semi-quantitative and Real-Time PCR of
Ubiquitin 5 used as reference gene
Semi-quantitative RT-PCR of IRE1a

Semi-quantitative RT-PCR of IRE1b

IRE1b 1885-R GCGGTACCTCAAAGATTGGGTTTATCTG
IRE1b 1885-F

GCAAGCTTCTCAAAGATTGGGTTTATCTG

IRE1b 1636-R ATTCTAGAGCGGTTAAGCGTCTAGTACAATC
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Dominant negative strategy – cloning of
IRE1b N terminal region in pROK2 using
EcoRI and XhoI
IRE1b RNAi sense (construct 1) cloning
in pHANNIBAL using XhoI and KpnI
IRE1b RNAi antisense (construct 1)
cloning in pHANNIBAL using HindIII and
XbaI

Primer list (continued)

Name

Sequence (5’>3’)

Comments

IRE1b 187-F

TGCTCGAGAGAGGATCTGCACTACTTG

IRE1b 385-R

GCGGTACCTTCTGTGAAGACATATCC

IRE1b RNAi sense (construct 2) cloning
in pHANNIBAL using XhoI and KpnI

IRE1b 385-F

GCAAGCTTCTGTGAAGACATATCCAC

IRE1b 187-R

AGTCTAGAGAGAGGATCTGCACTACTTG

bZIP60-8F

GACCATGGCGGAGGAATTTGGAAGCATA

bZIP60spl-5R

TACCATGGACTCCCGAGCCCGTTTAG

bZIP60-8F

GACCATGGCGGAGGAATTTGGAAGCATA

bZIP60-11R

TACCATGGACGCCGCAAGGGTTAAGAT

bZIP60-6F

CAGGATCCATGGCGGAGGAATTTGGAAG

bZIP60-10R

TATCTAGATCACGCCGCAAGGGTTAAGAT
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IRE1b RNAi antisense (construct 2)
cloning in pHANNIBAL using HindIII and
XbaI
bZIP60 localization: cloning of spliced
bZIP60 in pUC18-NcoI/GF using NcoI
bZIP60 localization: cloning of full-length
bZIP60 in pUC18-NcoI/GF using NcoI
bZIP60 localization: cloning of full-length
bZIP60 in pRTL2ΔNS/GF-MCS using
BamHI and XbaI sites

A2. M-fold prediction of bZIP60 mRNA secondary structure
Lowest free-energy form predicted by M-fold for bZIP60 mRNA.
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A3. Nucleotide alignment of bZIP60 orthologs
CLUSTAL
2.1
multiple
sequence
http://www.ebi.ac.uk/Tools/msa/clustalw2/
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60
Os bZIP60
Zm bZIP60
At bZIP60

alignment

with

---GAGAGACAAAAATATCTCCATCGC-GATCTCCATGGATGT--AGAGTTCTTCGCCGA
-----------------------GCAC-GA-----GTGGACAT--CGACCTCTTCCCCGA
GACCATGGCGGAGGAATTTGGAAGCATAGATTTACTCGGAGATGAAGATTTCTTCTTCGA
*
**
*** *
** ***** ***
CCTCGACCTCGACGCGCTCCTCGCCTCCTTCTCCT---------CCTCCGCCGCCGCCGC
CATCGACCTTGACGCCCTCCTCGCCTCCTTCTCCGGCG------ACCCCGCCGCCGTCTC
TTTCGATCCTTCAATCGTAATTGATTC-TCTTCCGGCGGAGGATTTTCTTCAGTCTTCAC
**** *
* * * ** * ***
* * * * * *
CGGCTCCGGCGTCTCGGGCC--TCTTCGCC----CCGTCACC-GCCGCACGATGCG---CGGCCTCATCATCCCGTCCCCGCCTCCGCCGGCGCCGGCGAC-GGCGCACGATGCG---CGGATTCATGGATCGGAGAA----ATCGAGA-----ATCAATTGATGAACGATGAGAATC
***
*
*
**
*
* * ****** *
-----GAGGCGGGGTCGCCGGAGTCGG-TGAGCTCCCGGCGGCCCAGCCCTTCCCGGGAG
-----GAGGCGGGGTCGCCGGAGTCGG-TGACCTCCCGGACG---AACCCGCTCGGGGAG
ATCAAGAGGAGAGTTTTGTGGAATTGGATCAGCAATCGGTTTC--AGATTTCATAGCGGA
**** * * *
*** * ** * * *
***
*
* *
GCGGCGCTGTCGGAGATCGAG--AG-GTTCCTGATGGAGGAGGGCCCCGCG-------GC
GTGGCGCTCTCGGAGATCGAG--AG-GCTCCTGATGCAGGAGGGGGAGGCGGAACTGGGC
TCTACTC-GTTGATTATCCAACTAGCGATTCTGGCTCCGTTGA-TTTGGCG-------GC
* * * *
*** *
** * * ***
* *
***
**
GGAGGAG-----GGGGTCGGCGCGGAGGATTTCTTCGACGCGCTGCTCGTCGACGGCGGG
GGGGAGGTCGATGGGATCAGCGTGGACCAGTTCTTCGACGCGCTGTACG---ACGGCG-TGATAAA-----GTTCTAACCGTCGA----TTCTCCCGC-CGCCGCT-GATGATTCCG-*
*
*
** **
**** * * *** *
*
*
**
GAGGAGGAGGAGGAAGAAGAGGGGAAGGGGAGTGAGGCGGGGGGAAGCACGGATGGGGAT
----AGGAGGCGAAAGGTGAGCGG---------GAGGCGGGGGCAAGCGCGGATGTGGAC
----GGAAGGAGAATTCGGATTTGG--------TTGTTGAGAAGAAGT-CTAAT---GAT
* *** * *
**
*
* * *
*** * **
**
TCCGGGAAGGAGAATGAGGTGGCTACCCCGGACGCGGAGAAGGAGGATGTGGAGGCGGAG
TCCGGCAGGGACGATGTGCTGGAAGTCGTG-ACGCCAGAGGCGGGGACG-----GTGGAG
TCTGGTAGCGA-GAT----------TCATG----------ATGATGATG-----ACGAAG
** ** * ** **
* *
* ** *
* **
GTGGATGGCGATGATCCCATGAGCAAGAAGAAGAGGAGGCAGATGAGAAATAGGGATTCT
GTGGATGGCGATGATCCCATCAGCAAGAAGAAGATGAGGCAAATGAGGAACAGAGATTCC
AAGGA-GACGATGATGCTGTGGCTAAAAAACGAAGAAGGAGAGTAAGAAATAGAGATGCG
*** * ******* * *
** **
* ***
* ** ** ** *** *
GCCATGAAATCGAGGGAGAGGAAGAAGATGTATGTTAAGGACCTAGAGACTAAGAGCAAG
GCCATGAAATCCAGGGAGAGGAAGAAGTCGTACATAAAGGACTTGGAGACAAAGAGCAAG
GCGGTTAGATCGAGAGAGAGGAAGAAGGAATATGTACAAGATTTAGAGAAGAAGAGTAAG
** * * *** ** ************
** * * ** * **** ***** ***
TATCTAGAGGCCGAGTGTCGTCGCCTCAGCTACGCGCTTCAGTGCTGCGCAGCTGAGAAC
CACTTGGAGGCAGAGTGCCGTCGCCTCAGCTACGCACTTCAGTGCTACGCAGCTGAAAAC
TATCTCGAAAGAGAATGCTTGAGACTAGGACGTATGCTTGAGTGCTTCGTTGCTGAAAAC
* * **
** **
* ** *
*** ****** ** ***** ***
ATGGCGCTGCGCCAGAGCTTGTTGAAGGATAGGCCTGTCGGTGCCGCCACAG---CCATG
ATGGCACTGCGCCAGAGCTTGCTGAAGGATAGGCCTCTTGGTGCTCCCACAG---CCACG
CAGTCTCTACGTTACTGTTTGCAAAAGGGTAATGGCAATAATACTACCATGATGTCGAAG
* * ** ** * * ***
**** **
* * ***
* * *
CAGGAGTCTGCCGTACTCACG---GAAACCCTGCCGCTGGTTTCCCTGCTTTGGCTC--CAGGAGTCTGCCGTACTCACG---GAAACCCTGCCGCTGGTTTCCCTGCTTTGGCTG--CAGGAGTCTGCTGTGCTCTTGTTGGAATCCCTGCTGTTGGGTTCCCTGCTTTGGCTTCTG
*********** ** *** *
*** ****** * *** ***************
---GTGAGCATCGTGTGCCTACTCCCGGTGCCCGGTCTACCCAACCGAAACCCGGTGGCT
---GTGAGCATCGTCTGCCTGTTCCTGATGCCCGTTCTGCCCAACCGAAGCCCAGCTGCT
GGAGTAAACTTCATTTGCCTATTCCCT-TATATGTCCCACACAA---AGTGTTGCCTCCT
** * * ** * ***** ***
*
* * * ***
*
**
CGAAGCAGCGCCGGAAGAGAT--CTCGCGACGGTAACCGGAAAGAAGACAAGCAGTGA-A
CCAAGCAGCGGCGGAAGAGAC--CTCGTGATGGCAGCCGGAAAGA---CAAGCAGTGAGA
ACGTCCAGAACCAGAAAAGCTGGTTCTAAACGG--GCTCGGGAGT-----AGTAGCAAAC
***
* *** **
**
* **
* * **
** ** *
CAACAGCTAGAA-GAAACATTACTACTCCATGGGAGGCGTTGCAAGGGCTCGAGGGCGAG
CCCCAGAGATACTGGAAC-TCATC-CTCCATGGAAGGCGTTGCAAGAGCACGAGGGCGAA
CGTC--TTATACCGG--CGTTA-------GTCGGAGATGT---AAGGGTTCGAGGCCTAG
* *
* * *
* * *
* * ** **
*** * ***** * *
GATCAAG--CTAGATACCGGACCGTTCCGTTTAGCAGCAGCTGCTTGCTAG--GCTGCCGATTAAG--CTATGTATTTTACCATTTCAT---GCAGGAGCTGCTTGCTAGTAGTTGCTA
GATGAAATACCAAAT-CTTAACCCTTGCGGC--GTGACAACGCCTTTTTTA--ACTGCT*** **
* * *
*** ** *
*
* * *** *
***
-GCTTC------CTTGCAAAGTTGTTTCCAGTCTGTATT---GTAGCTAGCAAATCAAAT
GGCTTTGAGCCTCTTGCAAGCTTACCTCTA-TATGTAGT---GTACCC-GCAAATC---T
---TCT------TTTGCG----CATTTTGAGT-TGTAGATGAGTGTCTTTTAGTTTTCTC
*
****
* * * ****
** *
* *
TGGCGTGT---CTAT-CGCCTGTCGTGCTG------CCGCT---TATCCATGGACTA--TACCGTGCTCGCTATGCGCCTGTCTTGCAGAGAAGCCTGTCGA-TATCCATGGAGTAGTA
TCTCTTGTTTTGTATTTCGCTGTTG---AAAGTTTTCTGTCTAATATCGATAAGTTAACA
* * **
***
****
* *
**** **
**
TCTTTTTCTTTTTT--TGGTTCCT-----TCCCC---------------CCTTGTTTTTA
CCTTTTTTTTGTTTAATAGCTCCTG-TGCTACCCAGAATATGTTTAAAATCTGGATTTTG
GTGAATGTGGGTCTTATGGTTATGGATGATATCT--------------------ATCTAA
*
* * * * *
* *
* *
TAATATCCTC------------------CTA--TGC-------ATAA---TGCATTATCC
TGTTATTTTCTATTTCTTCACCTTATCTCTAGTTGCTCCTGATATAAAGTTCCTTCGCTC
TAATGCTTC------------------------TGCCTTT---AAAATGTTGATTTTGAG
* *
***
* **
*
*
AGGTAGTTTTGAA- 1127
GAAAAATCTTAGGA 1162
GCATAACTTCAGGT 1102
*
*
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default

54
29
60
105
83
119
154
138
170
208
189
228
258
246
279
313
301
326
373
348
370
433
402
404
493
462
463
553
522
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582
583
670
639
643
724
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703
781
750
759
838
805
812
897
863
858
952
918
912
1002
970
958
1046
1029
1015
1084
1088
1055
1114
1148
1088

parameters

A4. Phenotype of transgenic lines under normal growth conditions
A. Plants over-expressing full-length and spliced versions of bZIP60 as well as bzip60
mutant and WT.
B. Plants expressing RNAi constructs for IRE1b knock-down.

A

WT

bzip60

35S::bZIP60/WT
- line 1 -

35S::bZIP60
spliced/WT
- line 1 -
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35S::bZIP60/WT
- line 2 -

35S::bZIP60
spliced/WT
- line 2 -

35S::bZIP60/bzip60 35S::bZIP60/bzip60
- line 1 - line 2 -

35S::bZIP60
spliced/bzip60
- line 1 -

35S::bZIP60
spliced/bzip60
- line 2 -

B

WT

ire1a

ire1b (HZ)

RNAi/WT
- line 1 -

RNAi/WT
- line 2 -

RNAi/ire1a
- line 1 -
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RNAi/ire1a
- line 2 -

A5. Tissue collected in the corn microarray experiment

20 mM NH4NO3

Leaf

Stem

Roots

160

8 mM NH4NO3

A6. Metabolism overview under severe water stress
Gene differentially regulated under severe water stress in leaf, root and stem were
visualized in Mapman (Thimm et al., 2004).
In leaf, root and stem respectively, 4954, 5994 and 8767 entities were found to be
differentially regulated under severe water stress (FC ≥ 2, p-value ≤ 0.05, see Figure 48)
and corresponded to 4476, 5401 and 7843 unique transcript IDs imported in Mapman.

Leaf - Metabolism Overview
Data points: mapped 2969 of 4476, visible 492
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Root- Metabolism Overview
Data points: mapped 3601of 5401, visible 525

Stem- Metabolism Overview
Data points: mapped 5121 of 7843, visible 715
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A7. Selection of entities following pre-defined patterns of expression
Entities following specific expression patterns in response to drought stress and rewatering were mined in a step-wise manner.

FC≥2
Severe stress
vs Re-water 2h

FC≥2
Optimal vs Mild
stress
6841
Entities differentially
regulated by drought
FC≥2 (optimal vs mild or
severe stress), p≤0.05

UP

FC≥2
UP
Mild vs Severe
stress
2361
493
Entities
Entities

154
Entities

DOWN

FC≥2
Mild vs Severe
stress
2916
397
Entities
Entities

85
Entities
DOWN

0
Entity
FC≥2
Re-water 2h vs
Re-water 5h
85
Entities

UP

339
Entities
288
Entities

UP

FC≥2
Re-water 2h vs
Re-water 5h

FC≥2
Severe stress
vs Re-water 2h

DOWN

109
Entities

UP

61
Entities
DOWN

163

61
Entities

UP

31
Entities

10
Entities

23
Entities
DOWN

0
Entity

1
Entity

32
Entities
DOWN

DOWN

5277
Entities

UP

13
Entities

