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Abstract The characterisation of an Arabidopsis thaliana
cytochrome P450-encoding cDNA clone, B72, preferentially
expressed during the hypersensitive response (HR) provoked by
the bacterial pathogen Pseudomonas syringae pathovar maculi-
cola, is reported. The B72 cDNA clone corresponded to the
CYP76C2 gene, which belongs to a small multigene family
comprising four genes. HR-triggering bacteria harbouring
different avirulence genes induced the accumulation of tran-
scripts of this P450 gene. CYP76C2 gene expression was
moreover associated with various processes leading to cell death
such as leaf senescence, ageing of cell cultures, wounding as well
as with treatment with the necrotising heavy metal salt, lead
nitrate.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Cytochrome P450 monooxygenases (P450) are a group of
haem-containing proteins which catalyse various oxidative re-
actions [1,2]. In higher plants, they play important roles in the
biosynthesis of cell wall constituents (lignin), signal molecules
(salicylic acid) and secondary metabolites such as pigments
(flavonoids), alkaloids or antimicrobial plant defence com-
pounds (phytoalexins) [3-10], and in the catabolism of diverse
substances into non-toxic (e.g. pesticide detoxification) or
toxic compounds (e.g. proherbicide activation) [1]. Several
P450s have been identified in various plants including Arabi-
dopsis thaliana [2,7,8,11], but little is known about their in-
duction patterns in response to environmental stimuli, espe-
cially after stress or a pathogen challenge [3,5,6,10-12].
Recently, a P450 tobacco gene, Asr515, was shown to be acti-
vated preferentially during the hypersensitive response (HR)
[13], a programmed cell death generally associated with dis-
ease resistance to pathogens [14,15]. The so-called Asr (hyper-
sensitivity-related) genes [13,16,17] were identified after inoc-
ulation of tobacco plants with an avirulent isolate of the
bacterium Ralstonia solanacearum and are interesting molec-
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ular markers for this plant response. Homologues of the
hsr515 gene could not be detected in A4. thaliana (unpublished
results). We hypothesised that some of the A. thaliana P450-
encoding genes were preferentially expressed during the HR
and report here the characterisation of such a gene,
CYP76C2. We show that it is activated during processes lead-
ing to various types of cell death, and thus constitutes an
interesting tool for molecular and genetic analyses of the
role and regulation of /Asr-like genes during HR.

2. Materials and methods

2.1. Plant material

A. thaliana ecotype Columbia (Col-0) plants were grown as already
described [18]. A. thaliana cell-suspension cultures (T87-C3 cells) were
cultured under continuous illumination [19].

2.2. Bacterial strains, inoculation procedures and plant treatments

All Pseudomonas syringae strains were kindly provided by J. Dangl
and grown as described [20-22].

Plant inoculations were performed using bacterial overnight cul-
tures washed in sterile water and resuspended to an OD at 600 nm
of 0.1 (5x107 colony-forming units per milliliter). Plants were infil-
trated under vacuum for 3 min by immersing the whole plant in a
bacterial suspension, and transferred to a long-day-length growth
chamber.

Heat-shock treatment was carried out by transferring plants to a
30°C growth chamber. Natural plant senescence was monitored ac-
cording to [19]. Wounding experiments were performed by lacerating
detached leaves with a razor blade and placing them onto MS medium
[23]. Lead nitrate (Pb(NO;),) spraying was performed as described
[24]. Other treatments were carried out by immersion of the stems
of detached leaves in corresponding solutions buffered with NaH;PO,
(10 mM, pH 6): 2,4-dichlorophenoxyacetic acid (2,4-D, 10 uM), ab-
scissic acid (ABA, 50 uM), l-aminocyclopropane 1-carboxylic acid
(ACC, 50 uM), methyl jasmonate (100 uM) and salicylic acid (250
uM).

2.3. Northern and Southern analyses

20 ug of total RNA was extracted from plant leaves [25], denatured
with glyoxal and dimethyl sulphoxide [13], electrophoresed on a 1%
agarose gel and transferred onto Hybond N* membranes (Amer-
sham). The membranes were then hybridised overnight at 42°C with
the [0-*?P]dCTP-labelled probe (Pharmacia Biotech) in the following
hybridisation buffer: 6 XSSPE, 5X Denhardt’s, 50% formamide, 5%
dextran sulphate, 0.5% SDS, 100 pug/ml denatured calf thymus DNA,
and washed in 2 X SSC, 0.1% SDS solution for 20 min at 42°C and for
20 min at 65°C before autoradiography.

1 ug of total genomic Col-0 DNA extracted from leaf tissues [26]
was digested with various restriction enzymes, electrophoresed on a
0.8% agarose gel, and transferred onto Hybond N* membranes
(Amersham). The membranes were then hybridised overnight at
65°C with the [0-*?P]JdCTP-labelled probe in hybridisation buffer
(6 XSSC, 5XDenhardt’s, 0.5% SDS, 100 ug/ml denatured calf thymus
DNA) and washed in 2XSSC, 1% SDS at room temperature for 20
min and in 0.1 XSSC, 0.1% SDS for 15 min at 42°C before auto-
radiography.
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2.4. Nucleotide sequence analysis

Sequence compilation and analysis were performed using the Ge-
netic Computer Group (GCG) software [27]. Searches for homologies
in databases were performed using the BLAST algorithm [28].

3. Results

3.1. Identification of an A. thaliana P450 gene preferentially
expressed during HR

The expression of six A. thaliana cDNA clones (5C6,
40EI11, 34C5, 2ES, 2B4, B72) corresponding to different
P450 genes, randomly isolated and characterised by partial
sequencing (ESTs), was analysed. The avirulent m2 and viru-
lent m4 isolates of Pseudomonas syringae pathovar maculicola
(P.s. maculicola), inducing HR and disease, respectively, on 4.
thaliana Col-0 [20] were used to infiltrate plants under vac-
uum. Different expression patterns were observed (Fig. 1).
The ¢cDNA clones 5C6 and 40E11 corresponded to genes con-
stitutively expressed in untreated plants as well as in plants
infiltrated with the virulent or avirulent strains of the patho-
gen. The amount of 5C6 transcripts was much higher than
that of 40E11. Transcripts hybridising with the 34C5 probe
were abundant in untreated plants as well as in mock-infil-
trated plants. In leaves inoculated with bacteria, the amount
of the latter transcripts decreased after 6 h. Steady-state levels
of mRNAs hybridising with the cDNA clone 2B4 increased
from 3 h after infiltration with MgCl, as well as after inocu-
lation with the m2 or m4 bacterial strains. This increase in the
amount of 2B4 transcripts was probably related to the stress
of the inoculation procedure since it was also observed in
mock-inoculated leaves. Expression of 2E8 gene(s) also ap-
peared to be stress-inducible although higher transcript levels
were detected in untreated plants. Although mRNAs corre-
sponding to the B72 ¢cDNA clone were detected in control
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Fig. 1. Northern blot analysis of total RNA from Col-0 leaves infil-
trated with buffer (MgCly), or the m2 and m4 strains of P.s. maculi-
cola, hybridised with different P450-encoding ESTs. Total RNA
from three different plants was extracted at 0, 3, 6, 9 and 12 hpi.
The labelled inserts of the studied ESTs used as probes on the
Northern blot are indicated on the left.
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Fig. 2. Southern blot analysis of the A. thaliana B72 gene family.
1 pg of total genomic Col-0 DNA was digested with the following
restriction enzymes: E, EcoRI; S, Sspl and H, HindIll, separated
on a 0.8% agarose gel, prior to transfer and hybridisation with the
labelled B72 cDNA clone. Arrows indicate the positions of the hy-
bridisation signals corresponding to the restriction DNA fragments
containing the CYP76C2 gene. The migration of size markers is
shown on the right.

leaves, their steady-state levels increased 6 h after inoculation
by the HR-inducing bacterial strain m2 and remained at lower
constitutive levels in m4 inoculated plants. The accumulation
of B72 transcripts occurred before the onset of visible cell
death associated with HR (12 h post inoculation, hpi). Back-
ground levels of B72 mRNAs detected in control (7;) and
MgCl,-treated plants varied from one experiment to another,
probably due to the physiological state of the plants. The size
of the hybridising transcripts was 1.6 kb, whatever the nature
of the probe, which is in agreement with the estimated size of
mRNAs corresponding to P450s. A second hybridisation sig-
nal, 2 kb large, was sometimes detected after hybridisation
with two of the cDNA clones (2E8 and B72), 12 h after in-
oculation with the m2 strain, but was not reproducibly ob-
served.

The preferential accumulation of transcripts during the
early phases of HR observed with the B72 ¢cDNA clone
prompted us to study this P450 gene further.

3.2. The B72 ¢cDNA clone corresponds to the CYP76C2 gene

The complete nucleotide sequence of the B72 cDNA (1383
bp) was determined; this cDNA encodes an N-terminal trun-
cated peptide of 421 aa including the highly conserved se-
quence FxxGxRxCxG, considered a fingerprint for P450 pro-
teins [29], in its C-terminal region (data not shown). Searches
for homologies in databases [27,28] indicated that the B72
nucleotide sequence was identical to the coding region of
CYP76C2, a genomic clone located on chromosome II and
carried on a BAC clone, FI7K2 (accession number
AC003680). The genomic sequence contained two introns of
109 and 342 bp and encoded a protein of 512 aa (accession
number F17K2.10). Three other related genes (CYP76CI,
CYP76C3 and CYP76C4) belonging to the same P450 sub-
family were found as tandem repeats on the BAC clone, sep-
arated by short intergenic regions (466, 737 and 1581 bp). The
B72 ¢cDNA clone presented the highest level of similarity (42%
aa identity) with CYP76BI1, a Helianthus tuberosus gene en-
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Fig. 3. A: Northern blot analysis of total RNA from Col-0 leaves infiltrated with different strains of P. syringae pathovar tomato, hybridised
with the labelled B72 cDNA clone. Total RNA from three infiltrated plants was extracted at 0, 2, 4, 7, 10, 24 and 48 hpi. B: UV light visual-
isation of rRNA after transfer onto the membrane used in A. On the EtBr-stained gel, the lane corresponding to the inoculation with the
DC3000 strain harbouring the avrB gene, 48 hpi, was clearly underloaded with RNA, which explained the lower hybridisation signal in A.

coding a 7-ethoxycoumarin O-de-ethylase, an enzyme likely
involved in xenobiotic catabolism [30].

In order to determine the size of this gene family in A.
thaliana, Southern experiments using the insert of the B72
cDNA clone were performed at high stringency (Fig. 2).
The presence of hybridisation signals whose size is in perfect
agreement with those deduced from the nucleotide sequence
of the CYP76C genes carried by BAC clone FI7K2 was de-
tected. For example, the B72 probe hybridised with restriction
fragments of 3.1 kb and 10.5 kb (EcoRI), 1.9 kb and 0.7 kb
(Sspl) and 1.8 kb (HindIll), corresponding to the CYP76C2
genomic region. Under our hybridisation conditions, signals
corresponding to the other three genes were much fainter (Fig.
2), as expected since CYP76C2 presents lower levels of iden-
tity of 64.7%, 74.3% and 79% with CYP76C3, CYP76C4 and
CYP76CI, respectively.

These data suggested that CYP76C2 is encoded by a single-
copy gene in A. thaliana. Considering the high stringency of
our hybridisation conditions, mRNA accumulation observed
during HR using the insert of the B72 cDNA clone as a probe
is primarily due to increased transcript levels of the CYP76C2
gene, although the participation of the other CYP76C genes
cannot be excluded.

3.3. Expression patterns during different plant-bacteria
interactions

In order to confirm the preferential induction of the
CYP76C2 gene during HR, its expression was analysed in
different plant-bacteria interactions. The HR-inducing ability
of the m2 native strain of P.s. maculicola on A. thaliana Col-0
ecotype is conferred by the presence of the avrRpml aviru-
lence gene [20]. To test whether the CYP76C2 gene was in-
duced preferentially during the HR caused by other avirulent
bacteria, the accumulation of the corresponding transcripts
was estimated at different time points in Col-0 plants infil-
trated with the DC3000 strain of P. syringae pathovar tomato,
which causes disease on the Col-0 ecotype [21], and three
different derivative strains each expressing one of the three
avr genes avrB, avrRpml or avrRpt2, all of which trigger an
HR on Col-0 [22]. Northern analysis indicated that the
CYP76C2 gene was activated 2-4 h after inoculation with
bacteria expressing the avrB gene, and slightly later (4-7 h)
in plants developing a HR provoked by bacteria harbouring

the avrRpml or avrRpt2 genes (Fig. 3). In all cases, the accu-
mulation of CYP76C2 transcripts preceded the appearance of
HR (10-12 hpi). The steady-state levels of CYP76C2 mRNAs
increased and reached a plateau 10-48 h after inoculation
with bacteria expressing the different avr genes. During the
interaction leading to disease (DC3000), CYP76C2 transcripts
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Fig. 4. Northern blot analysis of CYP76C2 expression in various
conditions. Total RNA was extracted and hybridised with the la-
belled B72 cDNA clone. A: At different stages of A. thaliana leaf
development: in young leaves (YL); in fully expanded green leaves
(S0); leaves with increasing degrees of yellowing due to senescence
(S1, S2, S3 and S4: 25, 50, 75 and 100% estimated, respectively). B:
At different phases of an A. thaliana cell-suspension culture: 0-, 3-,
6-, 9-, 12-, 15-day-old cells, and the 15-day-old cells subcultured a
second time and grown for 3 and 6 days (3’ and 6’ time points). C:
In lacerated leaves maintained on liquid MS medium [18] for 0, 0.5,
1, 1.5, 2, 4, 6, and 8 h. D: In leaves sprayed with lead nitrate
(Pb(NO3)2, 10 mM) or immersed in an ABA solution (50 uM) and
frozen after 0, 1, 3, 6, 9 and 12 h.
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started to accumulate at later time points (after 10 h).
CYP76C2 mRNA accumulation therefore took place during
the early steps of the hypersensitive cell death provoked by
different avirulence specificities although small temporal dif-
ferences in the timing of transcript accumulation were ob-
served according to the bacterial strain used.

3.4. The CYP76C2 gene is expressed during senescence, after
wounding and following treatment with lead, but not in
response to general stress conditions

One of the features of genes expressed during plant-patho-
gen interactions is their tissue-specific patterns of expression
during normal plant development and in response to various
stresses [31]. Several plant P450 cytochromes are developmen-
tally regulated [32-34] and some are induced by wounding
and/or during senescence [6,11,12]. Accumulation of mRNAs
corresponding to CYP76C2 gene during plant development
and after different stress-inducing treatments was therefore
investigated (Fig. 4). No hybridising transcripts were detected
on Northern blots in healthy and mature roots, leaves, stems
and flowers (data not shown), but CYP76C2 mRNAs accum-
ulated in senescing leaves (Fig. 4A). Since some senescence-
related processes take place in A. thaliana cell-suspension cul-
tures [19], CYP76C2 transcript levels were analysed in this
system. CYP76C2 was hardly expressed in young cultures
(3- and 3'-day time points) (Fig. 4B). In growing cells (3-9
days), mRNA levels remained low, but increased gradually
toward the end of exponential cell growth, and was maximal
in 12-15-day-old cells. Highest transcript steady-state levels of
CYP76C2 (between 12 and 15 days of culture) coincided with
the decline of cell viability in this in vitro system [19]. The B72
mRNA accumulation observed at 7, probably corresponded
to the transcripts present at 15 days in cells which were diluted
with fresh medium.

After wounding, CYP76C2 gene was activated within 1-1.5
h (Fig. 4C), and the amount of hybridising transcripts grad-
ually increased until 8 h.

Finally, CYP76C2 gene expression was analysed after a
heat-shock treatment at 30°C and after application of various
compounds such as plant hormones: 2,4-D, ABA, ACC (a
precursor of ethylene), defence genes activators such as methyl
jasmonate and salicylic acid, and lead nitrate, a toxic heavy
metal salt known to induce necrosis on treated leaves [24].
Spraying with lead nitrate or treatment with ABA induced
CYP76C2 transcript accumulation (Fig. 4D). Hybridising sig-
nals were detected 1-3 h after application of either compound,
and then increased from 3 to 12 h after lead nitrate spray, or
remained at a low level until 12 h after ABA treatment.

4. Discussion

The characterisation of an A. thaliana P450 gene preferen-
tially expressed during the HR caused by avirulent bacterial
pathogens is reported in this study.

The different expression patterns of six different P450-en-
coding ESTs obtained after bacterial inoculation illustrate the
great variability of expression of these genes, which reflects
the wide diversity of functions of the encoded proteins [2].
Among these ESTs, B72 presented interesting characteristics
since it was preferentially expressed during the HR after bac-
terial inoculation. The B72 cDNA clone corresponded to a
gene, CYP76C2, present on a BAC clone. Interestingly, three
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other genes of the same P450 subfamily were also present on
the same BAC clone, illustrating the clustered organisation of
P450 gene families, previously described in mouse and human
genomes [35] as well as in plants [32].

CYP76C2 expression was preferentially activated in the
early steps of HR provoked by P. syringae bacteria carrying
different avirulence genes, and also in tissues or cell suspen-
sions undergoing developmental cell death.

Other A. thaliana genes, such as the AIG1, AIG2, and ELI3
genes, are expressed after inoculation by avirulent P. syringae
strains, but are highly dependent on the avirulence specificity
carried by the bacterium: AIGI and AIG2 genes are activated
after inoculation with P.s. maculicola carrying the avrRpt2
gene but not the avrRpml gene; conversely, ELI3 gene is
induced in the opposite way, suggesting that different resist-
ance gene/avirulence gene combinations can mediate distinct
defence responses [36]. These observations imply that different
types of genes might be involved in the establishment of HR
in plants: avr-specific induced genes, such as 4/G and ELI3
genes, which might be associated with one or a limited num-
ber of avirulence specificities, and other genes, such as
CYP76C2, which are induced more widely in the case of
HR-associated resistance, supporting the notion of common
steps in the downstream pathways leading to this plant re-
sponse [37]. It would be interesting to analyse CYP76C2 ex-
pression during HR triggered by viral or fungal pathogens.

CYP76C2 gene expression showed similar characteristics to
the tobacco Asr genes: maximal induction before development
of hypersensitive necrosis, very low expression in interactions
leading to disease, no response to classical defence gene elic-
itors, and no expression during plant development
[13,16,17,38]. In contrast to the latter genes, however, it was
expressed during senescence. A strong correlation could also
be established between the activation of CYP76C2 gene and
different treatments leading to cell death such as wounding
and lead nitrate solution spray. The latter stimulus indeed
induced visible necrotic lesions which resemble HR necroses
caused by avirulent bacteria, and the expression of several
markers associated with the HR, such as callose deposition
and increase in activities of defence-related proteins [24].

Among various effectors tested, ABA, a plant hormone
associated with senescence processes, induced CYP76C2
gene expression. The expression of another metallothionein-
like-encoding gene, LSC54, induced during senescence of
Brassica napus and A. thaliana is also associated with resist-
ance to the fungus Peronospora parasitica in A. thaliana [39].
Different physiological pathways leading to cell death (ageing,
HR, wounding, treatments with necrotising factors) might
thus share some common steps.

It would be interesting to test whether CYP76C2 gene ex-
pression is altered in A4. thaliana mutants impaired in hyper-
sensitive cell death induction, such as the /sd and acd mutants
[40,41], as this might contribute to our understanding of the
role of this P450 protein in the establishment of HR. Such
genes thus constitute useful tools for the development of strat-
egies aimed at gaining a better understanding of this plant
response.
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