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Abstract

Key message The core promoter of the antiquitin
ALDH7B4 gene was compared between selected Bras-
sicaceae. Conserved cis elements controlling osmotic
stress and wound-induced expression were identified
and analysed in Arabidopsis thaliana leaves and seeds.
Abstract Aldehyde dehydrogenases metabolise a wide
range of aliphatic and aromatic aldehydes, which become
cytotoxic at high levels. Family 7 aldehyde dehydrogenase
genes, often described as antiquitins or turgor-responsive
genes in plants, are broadly conserved across all domains.
Despite the high conservation of the plant ALDH7 pro-
teins and their importance in stress responses, their regula-
tion has not been investigated. Here, we compared ALDH7
genes of different Brassicaceae and found that, in contrast
to the gene organisation and protein coding sequences, sim-
ilarities in the promoter sequences were limited to the first
few hundred nucleotides upstream of the translation start
codon. The function of this region was studied by isolating
the core promoter of the Arabidopsis thaliana ALDH7B4
gene, taken as model. The promoter was found to be
responsive to wounding in addition to salt and dehydration
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stress. Cis-acting elements involved in stress responsive-
ness were analysed and two conserved ACGT-containing
motifs proximal to the translation start codon were found
to be essential for the responsiveness to osmotic stress in
leaves and in seeds. The integrity of an upstream ACGT
motif and a dehydration-responsive element/C-repeat—
low temperature-responsive element was found to be nec-
essary for ALDH7B4 expression in seeds and induction by
salt, dehydration and ABA in leaves. The comparison of the
gene expression in selected Arabidopsis mutants demon-
strated that osmotic stress-induced ALDH7B4 expression in
leaves and seeds involves both ABA- and lipid-signalling
components.

Keywords ACGT motif - Aldehyde dehydrogenase -
Antiquitin - DRE/CRT motif - Osmotic stress -
Turgor-responsive gene - Wounding stress

Abbreviations
ALDH Aldehyde dehydrogenase

FAST Fast Agrobacterium-mediated seedling
transformation

ABA Abscisic acid

ABRE ABA-responsive element

DRE/CRT Dehydration-responsive element/C-repeat—
low temperature-responsive element

Introduction

Aldehyde dehydrogenases (ALDHs) constitute the protein
superfamily of NAD(P)"-dependent enzymes (ALDH, EC
1.2.1.3) that metabolise a wide range of aliphatic and aro-
matic aldehydes, which are toxic, if their levels are not reg-
ulated. A steadily increasing number of ALDHs has been
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identified in almost all taxa (Sophos and Vasiliou 2003;
Brocker et al. 2013). The Arabidopsis genome contains 16
members distributed over ten protein families (Kirch et al.
2004; Stiti et al. 2011). ALDH7B4 belongs to family 7 of
the ALDH superfamily. Members of the ALDH7 protein
family (EC 1.2.1.31) are also known as §1-piperideine-6-
carboxylate dehydrogenases, a-aminoadipic semialdehyde
dehydrogenases or antiquitins, which reflects their evo-
lutionary ‘““antique” nature (Lee et al. 1994). The ALDH7
proteins are highly conserved in living organisms. A com-
parison of the amino acid sequences of plant and animal
ALDH?7 shows about 60 % sequence identity. The high
degree of conservation between evolutionarily distant
species implies that physiological functions are also con-
served. The mammalian orthologous protein, ALDH7AI,
plays a role in lysine catabolism by converting aminoadi-
pic acid-3-semialdehyde to its corresponding carboxylic
acid a-aminoadipic acid using NAD" (Brocker et al. 2010).
Mutations in ALDH7A1I are the reasons for both pyridox-
ine-dependent epilepsy and folic acid-responsive seizures
(Mills et al. 2006; Gallagher et al. 2009). Both disorders
often result in status epilepticus and death, if left untreated.
In pyridoxine-dependent epilepsy ALDH7AI mutations
lead to o-aminoadipic semialdehyde accumulation in
the body fluids (Mills et al. 2006). A condensation prod-
uct is formed between o-aminoadipic semialdehyde and
pyridoxal-5’-phosphate and causes cofactor inactivation
and acute vitamin B6 depletion. Increased accumulation
of a-aminoadipic semialdehyde in the brain of pyridoxine-
dependent epilepsy patients was proposed to contribute to
cerebral atrophy due to the toxicity of this aldehyde (Mills
et al. 2006). In addition, Brocker et al. (2010) showed that
human ALDH7A1 protects against hyperosmotic stress
by generating osmolytes and metabolising toxic alde-
hydes. Purified recombinant ALDH7A1 proteins efficiently
metabolised a number of aldehyde substrates, including the
osmolyte precursor, betaine aldehyde, lipid peroxidation-
derived aldehydes, and the intermediate lysine degradation
product, a-aminoadipic semialdehyde. The ALDH7A1 pro-
tein was found in the cytosol, nucleus, and mitochondria.
Previous studies revealed essential functions of plant
ALDHs in growth, development, and stress adaptation.
The garden pea (Pisum sativum) turgor-responsive pro-
tein 26 g (now referred as ALDH7B1) was the first plant
ALDH7 protein to be discovered and was expressed
upon dehydration, low temperature, heat shock and ABA
(Guerrero et al. 1990). An increase of the ALDH7 gene
transcripts was reported under osmotic stress in canola
(Brassica napus) (Stroeher et al. 1995). In Arabidopsis,
the ALDH7B4 protein showed a strong induction upon
osmotic stress and ABA (Kirch et al. 2005; Stiti et al.
2011). Overexpression of ALDH7B4 in Arabidopsis thali-
ana has conferred osmotic and oxidative stress tolerance
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to transgenic plants (Kotchoni et al. 2006). T-DNA inser-
tion mutants of ALDH7B4 are more sensitive to NaCl and
dehydration treatments (Kotchoni et al. 2006). Our results
from transgenic tobacco (Nicotiana tabacum) plants over-
expressing ALDH7B4 further confirmed the importance
of the ALDH7B4 protein in plant stress responses (Raza
2010). Similarly, tobacco and Arabidopsis plants ectopi-
cally expressing the soybean (Glycine max) antiquitin-like
ALDH7 gene showed reduced malondialdehyde levels
associated with improved drought and high salinity toler-
ance in addition to decreased sensitivity to hydrogen per-
oxide and methyl viologen (Rodrigues et al. 2006). The
disruption of the rice ALDH7 orthologous gene affected
seed maturation and viability (Shin et al. 2009), which is
due to the accumulation of malondialdehyde and of the yel-
low pigment oryzamutaic acid A, a product of aminoadipic
semialdehyde polymerization, in mutant seeds (Shin et al.
2009; Shen et al. 2012).

Despite the high conservation and the importance of
ALDHT7 proteins in plant stress responses, the regulation
of their expression has not been investigated. Here, we iso-
lated the core promoter of the Arabidopsis ALDH7B4 gene
to examine whether osmotic stress-induced expression in
vegetative tissues and in seeds share the same regulatory
pathways. In addition to salt and dehydration stress, the pro-
moter was found to be responsive to wounding, indicating
that ALDH7B4 may also be involved in response to plant
pathogens. Like the homologous gene in rice, the protein
was found to accumulate in seeds, thus showing that plant
ALDH?7 proteins are responsive to osmotic stress in both
vegetative tissues and seeds. Cis-acting elements involved
in stress responsiveness were analysed and two conserved
ACGT-containing motifs proximal to the translation start
codon were found to be essential for the responsiveness to
osmotic stress in leaves and in seeds. A comparison of the
gene expression in selected Arabidopsis mutants demon-
strated that osmotic stress-induced ALDH7B4 expression
in seeds involves both ABA- and lipid-signalling pathways.
Comparative analyses showed that the genomic organisa-
tion of the ALDH7 gene locus and the promoter architec-
ture are conserved between closely related Brassicaceae
species endemic to different habitats.

Materials and methods
Plant material, growth conditions and stress treatments

Wild-type Arabidopsis thaliana ecotypes Col-0 (Colum-
bia-0) and Ws (Wassilewskija) were used in this study. Ws,
opr3, and fad3-2fad7-2fad8 seeds were obtained from Dr.
J. Browse (Institute of Biological Chemistry, Washington
State University, USA). Seeds of aos and oxil mutants
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were obtained from Dr E. E. Farmer (Plant Molecular Biol-
ogy Department, University of Lausanne, Switzerland) and
Dr H. Hirt (INRA/CNRS—URGY, France), respectively.
Seeds for Col-0 and all other mutants were obtained from
the Nottingham Arabidopsis Stock Centre, UK. Seeds
were germinated and plants were grown in plastic pots
containing potting soil under short-day conditions (day/
night cycle of 8/16 h) at 22 °C in white light of approxi-
mately 120150 pE x m~2 x s~!. All experiments were
performed with approximately 6-week-old soil-grown
plants, if not otherwise stated. For treatments, plants were
removed from soil and incubated for the indicated time and
solute concentration. Salt stress treatments were performed
with up-rooted plants for 16 h using 250 mM NacCl if not
stated otherwise. For dehydration experiments up-rooted
plants were placed on filter paper at room temperature for
16 h, which leads to an average water loss of around 40 %
per plant. For ABA treatments up-rooted plants were incu-
bated in 100 uM cis-, trans-ABA (Sigma, St. Louis, MO,
USA) solution at room temperature. Plants were sprayed
with 100 wM jasmonic acid (Sigma) in 0.1 % (v/v) ethanol.
Soil-grown plants were wounded by cutting the leaf with
scissors or by treating the leaf surface area with abrasive
sandpaper. All treated plant materials were frozen in liquid
nitrogen and stored at —80 °C until further analyses.

Recombinant DNA techniques and gene expression
analyses

Manipulation of nucleic acids by standard molecular
techniques was performed according to Sambrook et al.
(1989). RNA extraction and reverse transcription PCR
were performed according to Missihoun et al. (2011). The
following primers were used to amplify the ALDH7B4
transcripts:  5-GAAGCAATAGCCAAAGACACACGC-3’
and 5'-GATATCTCGATTATCGTAGGCTCC-3’. Densito-
metric analysis of the signal intensity of the ALDH7B4 and
Actin-2 transcripts was done using the ImageQuant Version
5.2 software. The protein-blot analyses were performed
according to Missihoun et al. (2012). The membrane was
probed with 5,000-fold diluted ALDH7B4 antiserum
according to Kotchoni et al. (2006). The immuno-detection
assay was performed using the ECL Plus Western Blotting
detection Kit (Amersham, Braunschweig, Germany). Sig-
nals were detected under a CCD camera (Intelligent Dark
Box II, Fujifilm Corporation, Tokyo, Japan). DNA blots
were performed according to Missihoun et al. (2011).

Promoter analysis and construction of promoter::GUS
(B-glucuronidase) fusion plasmids

The promoter sequences were retrieved from the Phyto-
zome V9.1 database (www.phytozome.net) then aligned

using the Align X tool in the Vector NTI Advance® 11
software. The ALDH7B4 promoter was amplified by PCR
from A. thaliana Col-0 genomic DNA using the primer
pair Aldh7B4-prom-5’ (5'-TCCCACTACTGAATTGAC
CTTCA-3/) and Aldh7B4-prom-3’ (5-CTCTGCGCAA
GAATTCACCCCA-3"), which contains an EcoRI site
(underlined). The PCR product was digested with EcoRI
and purified from an agarose gel. The resulting 0.64 kb
EcoRI promoter fragment was subcloned into the pBT10-
GUS plasmid (Sprenger-Haussels and Weisshaar 2000).
One recombinant clone was digested with BamHI and Bg/Il
to isolate the ALDH7B4-promoter::GUS::nos_terminator
cassette, which was then subcloned into the unique BamHI
site of the binary vector pBIN19 (Bevan 1984; Frisch et al.
1995). Recombinant binary plasmids were transformed into
Agrobacterium tumefaciens cells by electroporation.

The promoter sequences were screened for cis-acting
elements using the plant cis-acting regulatory DNA ele-
ments (PLACE) database (http://www.dna.affrc.go.jp/
PLACE/index.html) (Higo et al. 1999). Mutagenesis of
cis-acting elements was done with the QuikChange® II
Site-Directed Mutagenesis Kit (Stratagene, Heidelberg,
Germany). Mutations were introduced via a PCR reaction
with mutagenesis primers (Suppl. Table S1). The recom-
binant pBT10-GUS plasmid containing the ALDH7B4-
promoter::GUS::nos_terminator cassette was used as DNA
template in each PCR. Transient transformation of Arabi-
dopsis seedlings was performed by the fast Agrobacte-
rium-mediated seedling transformation (FAST) assay (Li
et al. 2009). Stably transformed Arabidopsis plants were
obtained in Col-0 background by the floral dip method
(Clough and Bent 1998).

Histochemical detection and measurement of the GUS
activity

In situ detection of GUS activity was performed according
to Jefferson et al. (1987). Transiently transformed seed-
lings were incubated in GUS-staining buffer (0.5 mg/ml
X-Gluc; 50 mM NaH,PO, buffer pH 7.2; 0.1 % (v/v) Tri-
ton X-100; 8 mM B-mercaptoethanol) at 37 °C for 14-16 h.
The tissues were destained in 80 % (v/v) ethanol at 80 °C
to remove the chlorophyll and kept in 10 % (v/v) glycerol.
Photographs of the seedlings were taken under a dissect-
ing microscope (Nikon SMZ-800, Diisseldorf, Germany).
Fluorometric measurement of the GUS activity was done
according to Jefferson et al. (1987). Protein concentra-
tions were determined according to Bradford (1976) with
a BioRad protein assay kit (Bio-Rad Laboratories GmbH,
Munich, Germany). The absolute GUS activity in seeds
was normalised to the activity in the leaves of the same line
under non-stress growth conditions. This normalisation was
necessary to account for the position effect related to the
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site of insertion of the transgene into the genome, and for
the possible effect of copy numbers of the reporter cassette
in individual lines.

Results

ALDH7B4 genes in selected Brassicaceae species:
conserved gene organisation and promoter architecture

The amino acid sequences of ALDH7 proteins were
reported to be well conserved between plants and ani-
mals within the ALDH protein superfamily (Wu et al.
2007; Brocker et al. 2013). We have studied the ALDH7
genes in the Brassicaceae species Brassica rapa, Capsella
rubella, Eutrema salsugineum (formally known as Thel-
lungiella halophila or T. salsuginea), Arabidopsis lyrata,
and A. thaliana to examine to which extend the genomic
organisation has been conserved. Figure la shows that
the ALDH7 amino acid sequences are nearly identical
including the ALDH glutamic acid active site signature
265 ELSGNNA?"? (PROSITE PS 00687; Perozich et al.
1999) and the hydrophobic region **VGVITAFNFPCAV
LGWNACIAL'” in all five species (Guerrero et al. 1990;
Lee et al. 1994). Also the intron exon structure is mostly
conserved with a high level of conservation in the exons
and more variation in the introns (Fig. 1b). Only A. lyrata
has one exon less than the other four species. Although the
intergenic region is longer, the gene structure is identical in
A. thaliana and A. lyrata (Fig. 1b). Additional similarities
were found in the spatial organisation of the ALDH7 gene
in the genome of the five species (Fig. 1b). A gene homolo-
gous to cation calcium exchanger 4 is present in the oppo-
site orientation upstream of the ALDH7B4 gene in all five
species. A gene encoding a membrane fusion protein (usel,
Atl1g54110 and 923976 in A. thaliana and A. lyrata, respec-
tively) was found between the cation calcium exchanger 4
gene and the ALDH7 gene in A. thaliana and A. lyrata but
not in B. rapa, C. rubella and E. salsugineum.

To investigate whether the sequence conservation
extends to the non-transcribed promoter region, nucleo-
tide sequences of the 2-kb region upstream of the ATG
translation start codon were compared. The sequences
were retrieved from the Phytozome v9.1 database
(www.phytozome.net) and aligned using the Align X tool of
the Vector NTI Advance® 11 software. The analysis showed
a well-conserved promoter architecture for all five species
within a region 0.6 kb upstream of the ATG of the A. thali-
ana ALDH7B4 gene taken here as reference (Fig. 1c). Four
blocks of high conservation were identified (block 1: AGC
CAAAA; block 2: CAGCTCAGCTwWTCGyyTT; block 3:
AAGWCGTACACGTCTCTCTCwCTy; block 4: TTCTTy
GATACSATC; w = A/T, y = C/T, s = C/G) (Fig. 1c). The
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Fig.1 Multiple amino acid and nucleotide sequence alignments p
and genomic organisation overview of ALDH7B4 orthologs in
selected Brassicaceae. a Multiple amino acid sequence align-
ments of ALDH7B4 proteins from selected Brassicaceae spe-
cies. The AlignX™ program (Vector NTI® 11) was used to align
amino acid sequences of the ALDH7B4 protein from five Bras-
sicaceae species: B. rapa (gene name: Bra030906), C. rubella
(gene name: Carubvl0008892m), E. salsugineum (gene name:
Thhalv10011405m), A. lyrata (gene name: Aly474541) and A. thali-
ana (gene name: At1g54100). The sequences were retrieved from
the Phytozome v9.1 database (www.phytozome.net), and shown by
the name of the species from which they were derived. Amino acids
identical in at least three species are shown in black. The ALDH
glutamic acid active site signature 2LELSGNNA?’?> (PROSITE PS
00687; Perozich et al. 1999) and the hydrophobic region '*VGVI-
TAFNFPCAVLGWNACIAL'” (Guerrero et al. 1990; Lee et al.
1994) are shown in dashed and continued underlines, respectively.
b Genomic organisation of the ALDH7B4 orthologs and their neigh-
bouring genes in selected Brassicaceae viewed in Gbrowse environ-
ment (http://www.phytozome.net). The ALDH7 genes are shown
in green background in the middle along with the two 5’ and 3’
adjacent genes. Arrows indicate 5’ and 3’ orientation of the genes.
¢ Multiple nucleotide sequence alignment of the putative pro-
moter regions of ALDH7B4 and its orthologs from selected Bras-
sicaceae. The sequences were retrieved from the Phytozome v9.1
database (www.phytozome.net), and shown here by the name of
the species from which they were derived. The alignment was per-
formed as above and for the same species. Here a cut-off (0.6 kb) is
shown of the alignment of 2-kb fragments upstream of the transla-
tion start codon of each gene. Thus, the last nucleotide of the 3/
end of each sequence is the one before the translation start codon
ATG of the gene. Identical or conserved nucleotides between indi-
vidual species are shown in black background. Ten to 20 consecu-
tive and identical nucleotides determine block 1 AGCCAAAA,
block 2 CAGCTCAGCTwTCGyyTT, block 3 AAGwCGTACA
CGTCTCTCTCwCTy, block 4 TTCTTyGATACSATC (w = A/T,
y = C/T, s = C/G). The nucleotide sequence between the nucleotides
underlined by an asterisk (*) and the plus sign (+) represents the
DNA fragment that was cloned from A. thaliana and tested for pro-
moter activity. Nucleotides above P1, P2, and P3 represent the first
nucleotide of the 5’ end of the promoter deletion fragments in lines
P1, P2 and P3, respectively. The motifs DRE/CRT, ACGT1, ACGT2,
and ACGTS3 are shown by the grey-shaded nucleotides (see text for
details). Black, blue, and red lines denote intron, 5 UTR, and inter-
genic sequences, respectively

conservation of the promoter sequences was not observed
outside the 0.6 kb promoter region (Suppl. Fig. S1).

In silico analysis of a putative promoter region
of ALDH7B4 from A. thaliana

The A. thaliana ALDH7B4 gene was chosen as a model to
examine the nucleotide sequences of the ALDH7 gene pro-
moter in detail. The 0.6 kb region upstream of the transla-
tion start codon ATG was scanned using PLACE Web Sig-
nal Scan (Prestridge 1991; Higo et al. 1999). This region
includes from 5’ end to 3’ end: the 5 UTR of Azlg54110
which encodes a membrane fusion protein putatively
involved in cation transport and is adjacent to ALDH7B4
(At1g54100), the intergenic nucleotide sequence between
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a

Brassica rapa (1)
Capsella rubella (1)
Eutrema salsugineum (1)
Arabidopsis lyrata (1)
Arabidopsis thaliana (1)

4GS e VE LSBTGS N A VG GKHSENG P LV TLNPANNQP TAQVVEAS LEDY EGLKACEEAAKGMOVgA PKRGD TVRQTGDALRSKLDYT
PGS ANNAEVEF LSR 1oL T SNANLGEYVAGKHQANGP LS TLNPANNQP TAQVVER S LEDYEQULKACEEARK IHOV TAPKRGD IVRQTGDALRSKEDYT
piGS AN R EVEF 55 TGS RANLGS VG KNORNG AV TLNPANNOP TAQVVERS gDV E G LACE B ARK MOV gA PKRGD TVRQTGDALRSKEDYT

GRLLSLEMGKILAEGIGEVQEVIDMCDFAVGLSRQLNGSVIPSERPHMMLEMANPLGIVGVITAFNFPCAVLGWNACIALVCGNCVVWKGAPTTPLITI]

[AMTKLVAEVLEKN:LPGATFTAMCGGAEIGEAIAKDTRI PLVSFTGS SKVGLUVOQTVSARSGKTLLELSGNNAI IVMDDAD IQLAARSVLFAAVGTAGY)
[AMTKLVAEVLEKNNLPGAIFTAMCGGAEIGEAIAKDRRIPLVSFTGSSKVGLUVQQTVSARSGKTLLELSGNNAI IVMDDADIQLAARSVLFAAVGTAGY
AMTKLVAEVLEKNNLEGAT FTANCGGAE TGEATAKDTRI PLVSFTGSS gVaE VOOTVEARSGRTLLELSGNNAT TVMDDAD T QLARRSVLFAAVGTAGO)
AMTKLVAEVLEKNNLPGAT FTANCGGAE IGEATAKDTRI PLVSF TGS SAVCR
----- (CMGKYLTGGKAVEGEGNFVERTI 1ET SSDAAVVKEEL
RCTTCRRLLLHE SRYDKVLEQLLTSYKQVKT GNPLEKGTLLGPLHT PESKKNFEKGTEV IKSQGRGR 1 LTGOKAVEGEGNEVEPTI TET SSDAR

RCTTCRRLL LGV YDKVLEQLLTSYKOVKT GRPLEKGTLLGP LA T PESKKNFEKGTEVTKSQGRKT LTGKAREGEGNEVEP T TETSSOAGVVKEET

[RCTTCRRLLLHESVYDKVLEQLLTSYKQVKIGNPLEKGTLLGPLHTPESKUNFEKGIEVIKSQEIGKILTGGKAVEGEGNFVEPTIIEISLDAAVVKEEL)

[RCTTCRRLLLHESVYDKVLEQLLTSYKQVKIGNPLEKGTLLGPLHTPESKKNFEKGIEVIKSQGEGKILTGGKAVEGEGNFVEPTIIEISEDAAVVKEEL)
*

[FAPVLYIMLKFRWFEEAVAINNSVPQGLSSSIFTRSPENI FKWIGPUGSDCGIVNVNI PTNGAE I GGAFGGEKATGGGREAGSDSWKQYMRRSTCTINYG
HEPVLYVLKFRSFERAVATNNS VEOGLSSS T TRNPENT HgWI GPLGSDCGTVNVN T PTNGAE T GGAF GGEKATGGGREAGSDSWKQTMRRSTCTINYGN

5 Kbp | |

Brassica rapa (100)
Capsella rubella (100)
Eutrema salsugineum (99)
Arabidopsis lyrata (99)
Arabidopsis thaliana (99)
Brassica rapa (200)
Capsella rubella (200)
Eutrema salsugineum (199)
Arabidopsis lyrata (199)
Arabidopsis thaliana (199)
Brassica rapa (300)
Capsella rubella (300)
Eutrema salsugineum (299)
Arabidopsis lyrata (299)
Arabidopsis thaliana (299)
Brassica rapa (394)
Capsella rubella (399)
Eutrema salsugineum (398)
Arabidopsis lyrata (399)
Arabidopsis thaliana (398)
Brassica rapa (494)
Capsella rubella (499)
Eutrema salsugineum (498)
Arabidopsis lyrata (499)
Arabidopsis thaliana (498)

b

680k 685K

Brassicarapa

Bra030904

686k 6ask  6ask 689k 690k 691k 69k 693k 694k 695k 696k 697k 698k €99k 700k 701k 702k

Bra030905 Bra030906 Bra030907 Bra030908

5 kbp ¢ |

1001k 19002k 19003k 19004k 19005k 19006k 19007k 19008k 19000k 19010k 19011k 19012k 19013k 1901dk 19015k 19016k 19017k 19018k 19019k 19020k 19021k

Capsellarubella

Carubv10008575m

Carubv10010504m Caruby10008541m Carubv10010653m
— —T»

Carubv10008892m

5 kbp ;
. 720k 721k 72k 723k 724k 725k 726k 727k 728k 720k 730k 731k 732k 733k 734k 735k 736k 73k 738k
Eutrema salsugineum
Thhalv10011868n Thhalv10012398m Thhaly10011405m Thhalv10011952n Thhalv10011317n
<11 D, <J

5 kbp . .

8046k 28947k 28048k  28949K

Arabidopsis lyrata
474539

28950k 28951k 28952k 28953k 28054k 28955k 28956k 28057k 28958k 28950k 28060k 28061k 28962k 28063k  28964K

314716 474541 923976 474542
=

(g

5 kbp , |

20188k 20189k 20190k 20191k 20192k 20193k 20194k 20195k 20196k 20197k 20198k 20199k 20200k 20201k 20202k 20203k 20204k 20205k 20201

Arabidopsis thaliana

both genes, and the 5’ UTR of ALDH7B4 (Fig. 1b, ¢).
Several stress-related cis elements were identified (Suppl.
Table S2), including one putative dehydration-responsive
temperature-responsive element

element/C-repeat—low

AT1654090.1 AT1654095.1 AT1654100,1 AT1654110.1 AT1654115.1
oD

(DRE/CRT motif: RYCGAC; R = A/G, Y = C/T; Sven-
sson et al. 2006) and three ACGT motifs (Simpson et al.
2003): ACGT1, ACGT2 and ACGT3 (Fig. 1lc). DRE/
CRT and ACGT motifs form the core of G-boxes and
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Cc

Brassica rapa ( )
Capsella rubella ( )
Eutrema salsugineum (1355
( )

( )

GTHTAGGGTTTAAARTTTAGTGTTTAGAGT TGAAAGTGGGGTTTTAG
CTGATCNAAGHA---TATAAGABTAACTTGGTCGAGAGT GABAGACCATATCAGTT]
T} ATTGTMAAAATAGGA--ATCTGGTEAGTTAATTCACTGARCHAARCCTCT -~ --AACGACT CIAAMAGGGT TAGHTTAGA

TARGATTTCAAATTTTAAAANMAANAAATAAATIARAAT
ARGCATATTTCA--TACATAATIGGECTTTCGCCHATTC-

Arabidopsis lyrata (1409 BG--GTTTATGARAARATTGGAA-AGGAARABGGATAGTGAGAATAMARAARGGTTT----TCCAAAAAGARTGTC -~ CCARAG-
Arabidopsis thaliana (1332) [rar GGAEGTEQAATTCTATCAECACAATC— ---acaTcaTgccacaaTGAACTAGEARccBeaa----—- CCAGAAAGTHGGTAATCGHTTAG-

First intron - Atlg54110

Brassica rapa ( )
Capsella rubella ( )
Eutrema salsugineum (1440)
( )

( )

TTTAAA-ATAAAAAATARTRTTTTGGTCATHTTAGT-TTTTRGAGTTTATTTT
TCTCTACATAATGAGTGHTRAAGCCGTTTAWATTGCACATARTTTTAATGGGC
TGGGCTTATAAAGCG-GITAATCCGTTT-WATTGCACATARTTATATGGGTCABGCC]

5'UTR - Atlg54110
g ATRTTCGARAGAATTECCCATAGT

GASRARATTTT-AARATIRE

GCERATRAAGGCCTGGTAREGAGRAATGGRAAAGATEGTAATCGT

Arabidopsis lyrata (1499) GGGCTAG----TGAGATRTRMAATCCAACGARCGATCAGGGARGCGATTTCTCCTEACH
Arabidopsis thaliana (1421) TGGAC------- GAGATHGA-TCARAGGTICAAGT-GGTARTCGTTTTCTCCTEACG
— = o
Brassica rapa (1589) TT-PaRacc@ecr---------- AAAATHTTATATAATRTGG
Capsella rubella (1535 TAAC----AACAACAACHCCGATCCTCHTCCT--@T

Arabidopsis lyrata

( )
( )
Eutrema salsugineum (1533)
( )
Arabidopsis thaliana ( )

cGCBTGACCCGGARACCAATAGHTGATTCGTTITAGTGGE

GlAAAA--CCCGGTTTEATGAACAAATATH GGGC!TGGCICATACGAG—I

Brassica rapa
Capsella rubella
Eutrema salsugineum
Arabidopsis lyrata
Arabidopsis thaliana

Intergenic sequence

GacaarfcT
G--GCRARAG

AAGTGTTAACATAATGAIICCG--—-AG
JiATTAATTAACTATAGTAATACACATA

TAGGAC——ACGTGACACAEGTG———ATG

Brassica rapa
Capsella rubella
Eutrema salsugineum
Arabidopsis lyrata
Arabidopsis thaliana

Brassica rapa
Capsella rubella
Eutrema salsugineum
Arabidopsis lyrata
Arabidopsis thaliana

TIGTTGTIWTCAGCTTTIMNTACCA,
TR TGTTTITAAGCTTTITTACA,

Brassica rapa
Capsella rubella
Eutrema salsugineum

ACGT1

- —EGGICCAHCA

ATAATAATATTGGGAAARE- AEGAEC

57UTR - Atlg54l

TWTAGGTEATTTC-—ji
TAGGTEATTTTTTCT--Cpy

Arabidopsis lyrata !
Arabidopsis thaliana CC.
Brassica rapa (1973) ABRTACHCEGTTAAATCATHTCGTAGAG-—-------
Capsella rubella 1961

Arabidopsis lyrata

( )
( )
Eutrema salsugineum (1928)
( )
Arabidopsis thaliana ( )

ARCCGETH--CCTATTAAICCATGAATTTT -~ ~TGGGGGCAGAG= === ============——————— =~~~
GEATGTHARG- CATCTACTITCAACTCGTTATGT TATTGACTTTGATTTTTTGTTGGGTGAATTTGTAGAAGAG
CERTCTIAR--CATCAATTCTCTGGTTTTT- ~~TGTTGGCAGAG=—= === === == === === == === ==~~~
CRATGTRAR- -CGATAATTiCTCTGGATTTTCTTTCTGGGGTGAATTTTTGCGCAGAGATE ———=—= ===~

First intron - Atlg54100

Fig. 1 continued

ABA-responsive cis elements (ABRE), respectively.
The motifs ACGT2 and ACGT3 are both included in
the block 3 of conserved nucleotides (AAGwWCGTA
CACGTCTCTCTCwCTy; w = A/T, y = C/T) (Fig. lc¢).
Two MYBI recognition sequences (WAACCA; W = A/T;
Abe et al. 2003) and three MYC recognition sequences
(CANNTG; N = A/T/G/C; Abe et al. 2003; Chinnusamy
et al. 2004) were also found. A list of stress-related cis ele-
ments within the 0.6-kb promoter region is provided in
Suppl. Table S2.

Each DNA sequence was scanned using PLACE Web
Signal Scan to compare the promoter sequences of the
five Brassicaceae species. The DRE/CRT motif and the
three ACGT motifs are present in similar spatial arrange-
ments in all five promoters (Fig. 2). The motifs ACGT2 and
ACGT3 are found towards the 3’ end of the sequence, and
near the translation start codon (Fig. 2). The ACGT1-box
is embedded in a MYC recognition sequence. Additional
ACGT motifs are present in B. rapa but absent in the other
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species. The DRE/CRT motif was only found in B. rapa
and A. thaliana. Except for the MYC recognition sequence
harbouring the ACGT1 motif (indicated by the vertical
dashed line in Fig. 2), no other MYC or MYB recognition
sequences were found to be conserved within the examined
Brassicaceae species.

Promoter analyses in transgenic Arabidopsis thaliana lines

The functional relevance of the 0.6 kb promoter region was
investigated. A 646-bp DNA fragment from A. thaliana
was chosen, transcriptionally fused to the reporter gene S-
glucuronidase (GUS) coding sequence and integrated into
the wild-type A. thaliana Col-0 genome. The 646-bp DNA
fragment, which spans the region of —11 to —656 upstream
of the translation start codon ATG (the A was set as +1;
Fig. 1c), includes the 5’ UTR of Atlg54110, the intergenic
nucleotide sequence between both genes, and the 5 UTR
of ALDH7B4 (except for the last 10 nucleotides) (Fig. 1b,
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Fig. 2 Distribution of putative cis-acting regulatory elements within
the promoter regions of ALDH7B4 and orthologuous genes from
selected Brassicaceae. Distribution of putative cis-acting regulatory
elements associated with salt-, dehydration-, and ABA-induced gene
expression within 0.6 kb of A. thaliana, A. lyrata, E. salsugineum,
C. rubella, and B. rapa ALDH7 promoter regions. Identical cis ele-
ments are shown with the same colour for all species whereas differ-
ent cis elements are shown with different colours. The name of each
colour-coded cis element is shown at the upper panel (A. thaliana).
Conserved cis-acting regulatory elements within the ALDH7 pro-

¢). Independent transgenic lines were selected on kanamy-
cin and confirmed by PCR and DNA-blot analyses. The
majority of kanamycin-resistant lines harboured more than
one copy of the transgene (Suppl. Fig.S2). The segregation
of the kanamycin resistance was monitored in the two lines
B8 and B10, which have a single T-DNA insertion. The
kanamycin resistance segregated as a single locus in the B8
and B10 siblings. No phenotypic difference was observed
between these lines and the wild type with respect to ger-
mination rate, growth, flowering time and seed yield (data
not shown). Offsprings from the lines B8 and B10 were
used in the subsequent experiments. Measurement of the
GUS activities in plant tissues indicated an increase of the
GUS activities upon salt or dehydration treatments (Fig. 3a),
which is in agreement with previously reported transcript
and protein accumulation (Kirch et al. 2005; Kotchoni et al.
2006). Further characterisation of the GUS reporter lines led
to the discovery that wounding increased the GUS activ-
ity strongly (Fig. 3b, c¢). Wounding activated GUS gene
expression in the injured leaves and in leaves opposite to the
wounded leaves, indicate a local and systemic expression of
ALDH?7B4 in response to wounding (Fig. 3d, e).

Microarray data (http://www.genevestigator.com) (Zim-
mermann et al. 2004) indicated the increase of the ALDH7B4
expression during seed maturation and in mature dry seeds.

50 bp

moter regions are connected with dashed lines. The putative ACGT-
containing ABA-responsive elements ACGT1, ACGT2, ACGT3, and
drought-responsive element/C-repeat (DRE/CRT) within the ALDH7
promoter fragments are displayed. MYB recognition sequences
(WAACCA; W = A/T; Abe et al. 2003), MYB core motif (CNGTTR;
Urao et al. 1993), and MYC recognition sequences (CANNTG;
N = A/T/G/C; Abe et al. 2003; Chinnusamy et al. 2004) are also
shown. The horizontal black lines with arrows P1, P2, and P3 rep-
resent the deletion constructs of the ALDH7B4 promoter (see text for
details)

The expression of the ALDH7B4 gene was therefore ana-
lysed in reproductive organs and seeds. Floral buds, opened
flowers, siliques, and seeds were assayed for ALDH7B4
promoter GUS activity. The activity strongly increased dur-
ing the maturation of siliques and stayed at a high level in
mature seeds, which is consistent with protein-blot analy-
sis of seeds (Fig. 4a—f). These findings demonstrate that the
646-bp DNA fragment contains all necessary cis elements
directing the ALDH7B4 expression in a tissue-specific man-
ner and in response to salt, dehydration and wounding stress.

Functional analysis of the cis elements within the
Arabidopsis thaliana ALDH7B4 promoter in response
to different stress factors

To identify the cis elements that confer stress and tissue-
specific gene activation, a mutational analysis of the
ALDH7B4 promoter was performed. Point mutations were
introduced in the ACGT motifs and the putative DRE/CRT-
box by site-directed mutagenesis. Each of the ACGT motifs
was changed to ATTT, whereas the ATCGAC in the DRE/
CRT-box was changed to ATATTT. The construct A and the
construct D lack the motifs ACGT1 and DRE/CRT, respec-
tively. The construct AD lacks both the motifs ACGT1
and DRE/CRT and the construct AB the motifs ACGT2
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Fig. 3 Salt-, dehydration-, and wounding-induced activity of the
0.6 kb ALDH7B4 promoter measured as enzymatic activity of the
B-glucuronidase (GUS) reporter protein. a Promoter activity in
leaves of 4-week-old transgenic plants (lines B8 and B10) following
200 mM NacCl or 16 h dehydration treatments. Error bars with dif-
ferent letters are significantly different from each other and from the
control treatment (water); P < 0.05, Student 7 test. b In situ detection
of the promoter activity in wounded wild-type (Col-0) and transgenic
leaves (B8 line). Leaves of 6-week-old plants were wounded with
scissors and were detached from the plant after 4 h for GUS stain-

¥

Cc

and ACGT3 (Fig. 5a). The GUS activity of the promoter
constructs A, D, AD, and AB GUS was first examined in
young seedlings of A. thaliana by transient transformation
(Fig. 5b). A strong decrease was observed for the construct
AB carrying mutated motifs ACGT2 and ACGTS3.

In addition to the constructs carrying mutated cis ele-
ments, deletion constructs were generated and fused to the
GUS gene: P1 (—11 to —474), P2 (—11 to —335), and P3
(—11 to —219) (Fig. 2). All mutated promoter constructs
were analysed in stably transformed fully developed A.
thaliana plants and compared to the wild-type promoter
using the B8 line as reference. Salt and dehydration treat-
ments induced higher GUS activity than wounding or ABA
treatment in the wild-type B8 line (Fig. 6). The mutations
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Systemic

ing. Pictures were taken after destaining the tissues in 80 % (v/v)
ethanol. ¢ Agarose gel showing the accumulation of ALDH7B4 tran-
scripts after wounding. Transcript accumulation is shown at O h in
control non-wounded leaves and in leaves 4 and 48 h after wounding
leaves with abrasive sandpaper. d, e Local and systemic expressions
of the ALDH7B4 gene in wounded and non-wounded leaves: light
blue arrows indicate the wounded leaves and red arrows indicate
the opposite non-wounded leaves; wounding was done with abrasive
sandpaper (d). GUS expression was examined for local and systemic
responses in these leaves (e)

affected the responsiveness to the various stimuli differ-
ently. The simultaneous mutation of the motifs ACGT2
and ACGT3 (line AB) abolished the induction of the pro-
moter upon salt or dehydration treatment, which is consist-
ent with the transient transformation of seedlings (Figs. 5b,
6). A strong decrease was observed following the mutation
of the motif ACGT1 (line A), particularly upon dehydra-
tion (Fig. 6). The mutation of the DRE/CRT motif (line D)
decreased the amplitude of induction upon dehydration, but
less than the mutation of the motif ACGT1 (line A) (Fig. 6).
A similar trend was observed for salt, but the decrease was
not significant. Lines A and AB (mutated ACGT motif) as
well as the lines P2 and P3 (deletion constructs P2 and P3)
showed a low responsiveness to ABA similar to the wild
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Fig. 4 Tissue-specific activity of the 0.6 kb ALDH7B4 promoter
measured as the enzymatic activity of the P-glucuronidase (GUS)
reporter protein. a flowers, b stamens, c¢ pistil, d seeds. e Measure-
ment of the promoter activity in different organs. f Immuno-detection

type (Fig. 6). However, the mutation of the DRE/CRT
motif (line D) or the deletion of the first 172 nucleotides
(line P1) strongly increased the activity of the promoter in
response to ABA (Fig. 6). GUS activity in line P1 was not
only higher in response to ABA but also in response to salt
and dehydration (Fig. 6).

Surprisingly, none of the deletion constructs showed a
significant decrease in GUS activity upon wounding. The
lines A and AB showed a slightly lower GUS activity
than the wild type (Fig. 6). The analysis of the wounding
response in the different promoter GUS lines did not reveal
a direct correlation between cis elements and wounding.

Regulatory roles of the cis elements within the ALDH7B4
promoter in mature seeds

To analyse whether the same regulatory mechanisms are
active in response to environmental factors and during seed
dehydration, the effects of the promoter mutations were

n Ponceau S

D Siliques-1-3 cmafter one w eek

of the ALDH7B4 protein (54 kD) by protein-blot analysis of total
protein extracts from the transgenic B-line and wild-type (WT) A.
thaliana leaves and dry seeds

examined in seeds. The relative induction of the GUS activ-
ity driven by each mutated promoter construct in seeds was
determined as the ratio of the GUS activity in seeds to the
activity measured in leaves of the same line under normal
growth conditions. Mutations represented by the lines A
and AB did not affect the promoter activity in seeds sub-
stantially and only a small, non-significant increase of GUS
activity was seen in seeds of the lines D and AD (Fig. 7).
In contrast, the deletion constructs P2 and P3 abolished the
GUS expression in seeds, whereas the deletion in P1 led to
an increase (Fig. 7). This indicates that sequences in front
of the fragments P2 and P3 are necessary for the ALDH7B4
promoter activation in seeds.

Summary of promoter activities
The analysis of the deletions and point mutations revealed

that the motifs ACGT2 and ACGT3 are required for the
promoter induction by salt and dehydration but not by
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ABA. The integrity of motifs ACGT1 and DRE/CRT is
required for induction by salt, dehydration, ABA and for
ALDH?7B4 expression in seeds. The mutations of the motifs
ACGT1, ACGT2 and ACGTS3 affected the promoter activ-
ity upon wounding stress weakly. An overview is presented
in Table 1.

Mutations affecting the ALDH7B4 expression
upon wounding and in seeds

The magnitude of changes by wounding was not very large
except for the mutations A and AB. Therefore ALDH7B4
expression was analysed in selected mutants by monitor-
ing the gene expression in response to wounding. The
mutants included those affected in ABA and jasmonic acid
biosynthesis as well as signalling, as wounding response
involves both phytohormones. A list of the mutants is
shown in Table 2. The ALDH7B4 expression was examined
in mature leaves without wounding and four hours after
wounding. The ALDH7B4 gene expression substantially
increased as early as 4 h upon injury in the wild type and
in the aba3, fad2, opr3, and pld double mutants. Only a
minor increase of the expression was observed in the other
mutants (Fig. 8a). Because of the involvement of jasmonic
acid in the wounding response, we also verified the induc-
tion of ALDH7B4 transcripts in response to jasmonic acid.
The expression level of ALDH7B4 in response to jasmonic
acid alone or to combined application of wounding stress
and jasmonic acid was similar to that of wounding in all
tested mutants (data not shown).

Fig. 6 Induction of the GUS activity driven by the mutated promoter p
fragments in leaves of stably transformed A. thaliana plants. The
lines A, D, AD, AB, P1, P2, and P3 denote transgenic plants express-
ing the corresponding mutated promoter fragment. The relative
induction is the ratio of measured GUS activity from leaves treated
by NaCl, dehydration, or ABA for 16 h, and wounding for 4 h to the
GUS activity measured from leaves of untreated plants. Data repre-
sent means from four independent lines expressing each wild-type or
a mutated promoter fragment. Nine biological replicates were used
for each independent line. Error bars with different letters are signifi-
cantly different from each other and from the wild-type non-mutated
promoter of the B8 line; P < 0.05, Student 7 test

The comparison of the ALDH7B4 protein level in
mutant seeds indicated that ALDH7B4 accumulation
was impaired in abil, abi5, PLD33, and PLDa1/53 seeds
(Fig. 8b).

Discussion

The amino acid sequence identity among members of the
family 7 of ALDH proteins is about 60—-80 %, making them
besides histone H2A proteins one of the most evolutionar-
ily conserved eukaryotic proteins (Lee et al. 1994; Fong
et al. 2006; Wu et al. 2007). The proportion of identical
amino acid residues is even higher between the selected
Brassicaceae species. A decrease in nucleotide sequence
conservation was expected in the putative gene promoter
region, and this was confirmed when the DNA sequences
upstream of the translation start codon (ATG) were aligned

b GUS activity (NaCl/water)

ATG (+1 , ; ; ; |
R o W e |_--_|_I_k o0 #—
EcoRl (-655) ]

EcoRl (-15)
(-385) (-322) (180)  (-174) A
A [ ore | i ‘
L
D —H—
D [ “acem } 1 ‘
1
AD ——
: i i g

.

AB —l DRE I—l ACGT1 i

Fig. 5 Schematic representation and activity of the mutated versions
of the 0.6 kb ALDH7B4 promoter region. a Schematic representation
of the mutated versions of the 0.6 kb ALDH7B4 promoter region. WT
denotes the 0.6 kb wild-type promoter fragment used to generate the
line B8 and B10. The mutated versions of the wild-type fragment are
A, D, AD, AB, which are characterised by point mutations within the
ACGT- or DRE/CRT-containing motifs. P1, P2 and P3 derived from
sequential 5" end deletions of the wild-type promoter. The locations
of the ACGT- or DRE/CRT-containing motifs relative to the transla-
tion start codon ATG are shown in brackets. b GUS activities derived
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from the mutations in the promoter fragments A, D, AD and AB. The
activities were assayed upon transient transformation of A. thaliana
seedlings and were normalised to the activity of the 0.6 kb wild-type
promoter (in the line B8). The GUS activities of NaCl-treated sam-
ples were divided by the activities of water-treated samples for each
promoter fragment. This ratio represents the magnitude of the induc-
tion and is shown as the mean of three independent transformations.
A solution of 100 mM NaCl was used. Data are mean + SE from
three biological replicates. Significant difference between B8 and AB
is shown with (asterisks); P < 0.05, Student 7 test
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for selected monocot and dicot species, for which genome  ALDH7 promoters of the examined Brassicaceae species,
sequences are available (Fig.S1). However, blocks of con-  which reflects their close relationship and conservation
served nucleotide sequences were identified within the  of functional units within the promoters. The Arabidopsis

@ Springer



1292

Planta (2014) 239:1281-1298

350

300

250

200

150

;
100
” i:
NN | |

B8 A D AD AB

Fig. 7 Relative induction of the GUS activity driven by the mutated
promoter fragments in seeds of stably transformed A. thaliana plants.
The lines A, D, AD, AB, P1, P2, and P3 denote transgenic plants
expressing the corresponding mutated promoter fragment. The activ-
ity in seeds is shown as the ratio of the measured GUS activity in
seeds to the activity measured in the leaves of the same line under

GUS activity in seeds

Table 1 Summary of the promoter activity resulted from the muta-
tions

NaCl Dehydration ABA Wounding Seeds
A (ACGTI) 1 1 O N
D (DRE/CRT) — l 0 N —
AD (ACGT1 + — N 0 — —
DRE/CRT)
AB (ACGT2 + | 1 - -
ACGT3)
P1 0 — 4 — 4
P2 ¥ N — — 3
P3 N ¢ — — 1l

The modified cis elements are shown in brackets for the fragments A,
D, AD, and AB. See Fig. 1 for further details for the fragments P1,
P2, and P3

1, up-regulation with reference to wild-type promoter; |, down-reg-
ulation with reference to wild-type promoter); —, no change with
respect to wild-type promoter

ALDH7B4 gene was taken as a model to investigate the
function of conserved promoter sequences.

Osmotic stress is triggered in plant vegetative tissues by
environmental stresses such as high salinity or dehydra-
tion and it is physiologically induced by internal cues dur-
ing seed and pollen maturation. Consistently ALDH7 pro-
teins have been shown to be induced by osmotic stress in
several plant species (Guerrero et al. 1990; Stroeher et al.
1995; Kirch et al. 2005; Kotchoni et al. 2006; Rodrigues
et al. 2006; Raza 2010), and in seeds of rice and Arabidop-
sis (Shin et al. 2009; Shen et al. 2012; this work). It has so
far been unclear whether osmotic stress-induced ALDH7
expression is regulated in vegetative tissues and in seeds
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non-stress growth conditions. Data represent means from four inde-
pendent lines expressing each the wild-type or a mutated promoter
fragment. Three biological replicates were used for each independent
line. Error bars with different letters are significantly different from
each other and from the wild-type non-mutated promoter of the B8
line; P < 0.05, Student ¢ test

through similar signalling pathways. To examine this ques-
tion cis elements and signalling pathways were analysed
for the Arabidopsis ALDH7B4 gene. We demonstrated
here that wounding is a main trigger besides osmotic stress
for ALDH7B4 induction. Therefore, it was investigated
whether wounding and osmotic stress share signalling
pathway or are independent from each other.

Promoter analysis of genes that are differentially
expressed in response to abscisic acid (ABA) or osmotic
stresses identified a number of ACGT-containing cis
motifs (Zhang et al. 2005). Stress signalling was shown
to be regulated by both ABA-dependent and ABA-inde-
pendent pathways (Shinozaki and Yamaguchi-Shinozaki
2007). Particularly, ABA-responsive elements (ABREs;
PyACGTGGC), G-box elements (CACGTGGC) and
DRE/CRT (A/GCCGAC) motifs were found to medi-
ate the ABA-dependent and the ABA-independent gene
expression, respectively (Fujita et al. 2011). Our results
from mutated ALDH7B4 promoter constructs indicate
that the ACGT motifs (ACGT2 and ACGT3) near to the
translational start codon are relevant for salt and dehydra-
tion stress responses (Fig. 6). The presence of the motifs
ACGT?2 and ACGTS3 within the block 3 of conserved nucle-
otides in all tested Brassicaceae ALDH?7 promoters suggests
that these motifs determine salt and dehydration responses
within Brassicaceae species. Our results indicate that these
motifs would only be of minor importance in response to
ABA, since mutating them did not alter the response of the
promoter to ABA. In a previous study, we reported that the
induction of ALDH7B4 by dehydration and salt occured in
an ABA-dependent and ABA-independent manner, respec-
tively (Kirch et al. 2005). Although both salt and dehydra-
tion stress trigger changes in the cell turgor, the signalling
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Table 2 List of A. thaliana mutants used in this study

Mutants Gene or pathway affected References

abal-1 Zeaxantin epoxidase; ABA biosynthesis Koornneef et al. (1982), Marin et al. (1996)

aba3-2 Xanthosin oxidase; ABA biosynthesis Koornneef et al. (1982), Léon-Kloosterziel et al. (1996)

abil-1 Protein phosphatase 2C; ABA signalling Koornneef et al. (1984), Leung et al. (1994)

abi2-1 Protein phosphatase 2C; ABA signalling Koornneef et al. (1984), Leung et al. (1997), Rodriguez et al.
(1998)

abi5-1 Protein phosphatase 2C; ABA signalling Finkelstein (1994)

PLDul Phospholipase D, isoform al; lipid signalling Bargmann et al. (2009)

PLDé3 Phospholipase D, isoform 33; lipid signalling Bargmann et al. (2009)

PLDa1/53 Phospholipase D, isoforms a1 and 33; lipid signalling Bargmann et al. (2009)

fad2-1 Phosphatidylcholine 18:1 desaturase; fatty acid biosynthesis Lemieux et al. (1990), Miquel and Browse (1992)

fad3-2fad7-2fad8

aos

Phosphatidylcholine 18:2 desaturase (FAD3)—chloroplast
16:2/18:2 desaturase (FAD7)—chloroplast 18:2 desaturase
(FADS); fatty acid biosynthesis

Allene oxide synthase; jasmonic acid biosynthesis

opr3 12-oxo-phytodienoic acid reductase; jasmonic acid biosyn-
thesis
oxil Oxidative signal-induciblel encoding a serine/threonine

kinase; responsive to oxidative stress and wounding

Lemieux et al. (1990), McConn and Browse (1996)

Park et al. (2002)
Stintzi and Browse (2000)

Rentel et al. (2004), Anthony et al. (2004)

through an ABA-dependent or ABA-independent pathway
may discriminate between cis elements involved in the
activation. This likely explains why we observed different
effects for the same mutation depending on the treatment
applied to the tissues. The observation that mutations of
the ACGT2 and ACGT3 motifs did not affect the ABA
response suggests that these motifs may not function as
ABRESs to mediate the dehydration response. ACGT-con-
taining sequences that do not function as ABREs have been
reported (Kao et al. 1996; Busk et al. 1997). Mehrotra and
Mehrotra (2010) showed that two copies of ACGT motifs
separated by five nucleotides imparted salicylic acid induc-
tion to a basal promoter whereas ABA-responsiveness was
obtained when the distance was at least 25 nucleotides
between both ACGT elements. Other data indicated that
several plant cis-acting elements actually contain the core
ACGT-sequence but the flanking sequences are required for
correct functions (Guiltinan et al. 1990; Salinas et al. 1992;
Busk et al. 1997). Therefore, it could be that the region
mediating the ABA response is not restricted to the ACGT2
and ACGT3 motifs but includes surrounding nucleotides
in the ALDH7B4 promoter. Alternatively, additional more
distant cis elements could be required to modulate the pro-
moter activity in response to ABA, salt and dehydration.
Often, a single copy of the ABRE element is not sufficient
for ABA-responsive transcription, and ABREs require cou-
pling elements such as CEl and CE3 for ABA-induced
gene transcription (Shen et al. 1996; Fujita et al. 2011). In
some cases an adjacent copy of ABRE or DRE/CRT was
found to function as a coupling element (Narusaka et al.
2003). Most of the known coupling elements are similar to

ABRESs and contain an A/GCGT motif (Hobo et al. 1999).
In contrast to ACGT2 and ACGT3, ACGT1 (fragment
A) functions as an ABRE and is involved in the activa-
tion of the ALDH7B4 gene promoter by salt and dehydra-
tion, given that deletion of ACGT1 suppressed activation
of ALDH7B4 by dehydration or salt. The GUS activities
obtained with the promoter deletion fragments P1, P2, and
P3 indicated that both cis elements DRE/CRT and ACGT1
are essential together with ACGT2 and ACGT3 for the
induction by salt and dehydration. Therefore, ACGT2 and
ACGT3 could function as coupling elements for the motifs
DRE/CRT or ACGT1 to modulate promoter activation by
salt and dehydration.

Neither the mutations of the ACGT motifs (constructs
A and AB) nor the deletions in the constructs P2 and P3
affected the promoter responsiveness to ABA. We, how-
ever, found that the mutation of the DRE/CRT motif
(fragment D) has increased the activity of the promoter in
response to ABA. This suggests the presence of cis-acting
elements, which attenuate the ALDH7B4 promoter activity.
These elements must be present in the region upstream of
the ACGT1-box including the DRE/CRT-box, and would
negatively modulate the response of the promoter to the
ABA signal. This conclusion is further supported by the
data from seeds. The comparison between P1, P2 and P3
showed that the DRE/CRT and ACGT1 motifs are essential
for the promoter activity in seeds. Thus, cis-acting elements
that enhance the ALDH7B4 promoter activity are also active
in seeds, as suggested by the strong increase of the GUS
expression in P1 lines compared to the wild-type promoter
B8 line. It is unclear which elements upstream of the DRE/
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Fig. 8 Analysis of the

ALDH7B4 gene expression in a 1.6
selected A. thaliana mutants. a,
b Semi-quantitative analysis of s 1.4
the ALDH7B4 gene expression. <
The expression was assayed by 5 12 .
RT-PCR and the intensity of the % 10 T _
signal was related to that of the S
ACTIN-2 gene amplified from S os T F T
the same tissue. All plants were 2
kept in soil and were either left S 06
untreated (CTRL) or wounded E
(Wd). Leaf samples were har- k= 0.4
vested 4 h upon the treatment. @ 0.2 1
All mutants are in A. thaliana
Col-0 background except for 0.0
opr3, which is in Ws back- Col-0 abat aba3 abil abi2 abi5
ground. Data are mean £+ SE
from three biological replicates. 1.6
Significant difference between & 14 OCTRL BWd
control and wounded samples is £
shown with (asterisk); P < 0.05, E 1.2 .
Student 7 test. ¢ Accumula- 3 1.0 T *
tion of the ALDH7B4 protein S .
in the wild type and mutants. g 08
Fifteen micrograms crude 2 06
protein extracts from seeds e 04 T
was analysed by immunoblot. g
Antiserum raised against the D 0.2
ALDH7BA4 protein (Kotchoni ? o0
et al. 2006) was used for the Col-0 fad2 fad378 aos Ws opr3
immuno-detection assay. The
upper panel indicates the signal 1.6
from the ALDH7B4 protein OCTRL B Wd R
obtained by chemo-lumines- _ 14
cence. The lower panel shows ‘é“ T T T
the red Ponceau S staining of g 12 .
the membrane to monitor equal < 10 T
. [ B
load of proteins c
S os- T T
e
® 06
<
E} 0.4 T
(7]
0.2
0.0
Col-0 pld o1 pld &3 pldat1/83 oxil
b
Col-0 abat aba3 abi1 abi2 abi5 Col-0 Ws opr3 fad2 aos oxi1 pldod pldd3 pldoi/33
Bl — e il e O —

CRT motif in the analysed 646-bp DNA region could be
responsible for the promoter activity. This part of the 646-
bp DNA fragment (—475 to —656; Fig. 1c) contains from
the 5’ end sequences of intron 1 of Arl1g54110, the 5’ UTR
of At1g54110, and the last 90 nucleotides of the intergenic
sequence between ALDH7B4 and At1g54110. Although our
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reporter gene analyses showed that the 646-bp DNA frag-
ment retained the activation pattern of the chromosomal
ALDH7B4 gene, the actual promoter may be limited to the
length of the P1 fragment. Consistent with this conclusion,
we often observed that the endogenous level of ALDH7B4
transcripts was higher than that of the GUS transcripts in
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Fig. 9 Proposed regulatory pathways for the osmotic stress-induced
ALDH7B4 expression in leaves upon external stimuli and in seeds. In
this model, ALDH7B4 is induced by osmotic stress generated from
either outside (wounding, dehydration, salt) or endogenous (seed
desiccation) to the plant. The expression of ALDH7B4 in response
to wounding, dehydration, salt and in seeds is mainly mediated by
PLD- and ABA-signalling components. However, the expression in
leaves and seeds is likely to involve different transcription factors.
At the promoter level, the DRE/CRT, ACGT1, ACGT2 and ACGT3
motifs are required for the induction by salt and dehydration. DRE/
CRT is essential for the activation by ABA whereas ACGT1, ACGT2
and ACGT3 are relevant for the wounding response. The DRE/CRT

the B8 line (data not shown). The findings suggest that The
endogenous gene expression likely depends on the P1 frag-
ment only instead of the longer fragment in the B8 line. It
is difficult to guess which sequences correspond to the P1
fragment in the promoter region of the other Brassicaceae
ALDH7 genes. This is mainly due to the absence of the
DRE/CRT motif from these promoter regions and the dis-
similarities in the occurrence of stress-related cis elements
upstream of the ACGT1 motif (Fig. 2). The existence of
conserved blocks between the Brassicaceae ALDH7 gene
promoters, however, suggests that the P1 fragment from A.
thaliana may also be functional and similarly activated in
the other Brassicaceae species.

It is still unclear how the ALDH7B4 promoter is acti-
vated by wounding stress. Wounding response was shown

Internal signals |

Osmotic stress during seed maturation

|

ABI1
A
1
1
v
ABI5

Transcriptions
factors

, DRE/CRT ACGTH ACGT2 ACGT3
3 5 1 | !:H:I 3
ALDH7B4 —

Osmotic stress in seeds
promoter \ )

and ACGT1 motifs are particularly important for the expression in
seeds. Continued arrows indicate steps or routes for which evidence
has been provided either from our previous works (Kirch et al. 2005),
this study, or in the literature. Dotted arrows with a question mark
indicate hypothetical routes or steps, which require experimental
verification. The discontinued line with a question mark indicates a
probable inhibition. Compounds are in italics. Proteins are in capital
letters and regular font. OPDA 12-oxo-phytodienoic acid, ABA absci-
sic acid, FAD fatty acid desaturase, ABAI, ABA3 ABA biosynthesis
genes, ABII, ABI2, ABI5 ABA insensitive/ABA-signalling genes,
PLD phospholipase D, OXI1 oxidative signal-inducible 1, AOS allene
oxide synthase (see Table 2 for mutant details)

to be orchestrated by jasmonic acid or the jasmonic acid-
related compound 12-oxo-phytodienoic acid, and by oli-
gogalacturonides released from the cell wall components
following injury (Howe 2004). Because the wounding
response was impaired in the aos mutant but not in the opr3
mutant, we hypothesised that 12-oxo-phytodienoic acid
could be a signalling molecule activating the expression
of ALDH7B4 upon wounding. Other oxylipins including
volatile aldehydes could also be involved, since ALDH7B4
expression was also impaired in the triple mutant fad3-
2fad7-2fad8, which does not accumulate linolenic acid,
a precursor of oxylipins (Berger 2002; Matsui 2006). In
contrast to jasmonic acid and 12-oxo-phytodienoic acid,
little is known about the signalling by oligogalacturon-
ides. Because our results from the mutant analyses did not
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indicate a dependence on jasmonic acid of the promoter
activation by wounding (data not shown), it remains to be
tested which volatile aldehydes, 12-oxo-phytodienoic acid,
and oligogalacturonides derived from cell wall degrada-
tion could activate the ALDH7B4 promoter. In a microar-
ray study, ethylene and ABA-signalling components were
found to be involved in the local wounding response in
Arabidopsis, regulating the repression of photosynthetic
genes and expression of drought-responsive genes, respec-
tively (Delessert et al. 2004). G-box-related motifs were
found in significant proportion of the promoters of genes
affected by wounding (Delessert et al. 2004). A substan-
tial overlap was previously shown between wounding- and
water stress-responsive genes (Reymond et al. 2000), and
wounded plants were found to accumulate ABA in the
region surrounding the wound site (Pefia-Cortés et al. 1995;
Birkenmeier and Ryan 1998). These previous data indicate
that responses to water stress and wounding significantly
overlap, and they support our observations that the dele-
tions of either ACGT1 or both ACGT2 and ACGTS3 led to
the decrease of the promoter activity upon wounding, even
though weaker than upon dehydration or salt (Fig. 6). In
addition to the local response, we found that the ALDH7B4
promoter is systemically induced in non-wounded leaves.
While genes induced at the wound site are thought to play
a role in wound healing, protection against water loss and
pathogen invasion, systemically induced genes are pro-
posed to prime the plant against further attack by herbi-
vores and pathogens (Bowles 1993; Delessert et al. 2004).
We therefore hypothesise that ALDH7B4 may be induced
by pathogen and herbivore attacks and involved in plant
biotic stress response too. The rice homolog, ALDH7B7,
was indeed found to be induced in rice leaves infected by
the incompatible race of the blast fungus Magnaporthe gri-
sea (Wu et al. 2007).

Altogether, the results from previous and present stud-
ies indicate that ALDH7 genes code for versatile osmotic
stress-responsive proteins involved in both biotic and abi-
otic stress responses. We propose a model, which com-
bines our previous results (Kirch et al. 2005) and the data
from this study with the currently available literature, to
summarise our understanding of ALDH7B4 regulation in
response to osmotic stress in vegetative tissues and seeds
(Fig. 9). In this model, ALDH7B4 is induced by osmotic
stress generated from both outside (wounding, dehydration,
salt) and inside (seed desiccation) the plant. The expres-
sion of ALDH7B4 in response to wounding, dehydration or
salt is likely to be mediated by PLD- and ABA-signalling
components. The dehydration response may additionally be
through lipid signalling (Kirch et al. 2005). At the promoter
level, the DRE/CRT, ACGT1, ACGT2 and ACGT3 motifs
are required for the induction by salt and dehydration.
DRE/CRT is essential for the activation by ABA whereas

@ Springer

ACGT1, ACGT2 and ACGT3 are relevant for the wound-
ing response. As in leaves, the expression of ALDH7B4 in
seeds appears to involve both PLD- and ABA-signalling
pathways. Different transcription factors in leaves and
seeds may, however, be involved. For cis-regulation, the
DRE/CRT and ACGT1 motifs in the promoter are particu-
larly important for the expression in seeds.
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