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Characterization of early induced genes in Arabidopsis thaliana
responding to bacterial inoculation: identification of centrin and of a
novel protein with two regions related to kinase domains
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Abstract The early response to bacterial inoculation has been
investigated and two Arabidopsis genes, ap3.3a and ap4.3a have
been characterized. The AP3.3A protein showed high identity to
centrin, a ubiquitous cytoskeletal protein first identified in
unicellular green alga. Amino-acid sequence analyses of the
AP4.3A protein indicates that the second gene characterized
encodes an unusual protein with two putative kinase domains.
Expression of ap3.3a and ap4.3a was rapidly induced after
pathogen inoculation. A role of ap3.3a in plant defense could be
postulated based on its preferential induction during the
incompatible interactions analyzed. In contrast, activation of
ap4.3a was not specific and could be related to a more general
stress response.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Plants have co-evolved with their pathogens by developing
mechanisms to protect themselves from microbial attack. The
perception of a potential pathogen is transduced to intracel-
lular responses by specific signalling pathways triggered at the
infected areas. Localized cell death (hypersensitive reaction)
often occurs at the sites of pathogen ingress and it is fre-
quently correlated with plant defense [1,2]. In addition to
this, the synthesis of a battery of defense-related products,
such as callose and lignin deposits, antimicrobial compounds
(phytoalexins), hydrolytic enzymes and antimicrobial proteins,
is known to contribute to limit pathogen growth and host
colonization [3]. The local response is also involved in trigger-
ing a subsequent non-specific resistance that acts throughout
the entire plant. This phenomenon, referred to as systemic
response, is correlated with the induction of a set of de-
fense-response genes in uninfected leaves that protects the
potentially weakened tissues from secondary infections [4].

A general understanding of the events mediating the plant
defense response is presently emerging, however, the molecu-
lar basis of pathogen recognition and early signalling leading
to activation of defense responses are largely unknown [5].
Many of these responses are due to transcriptional induction
of specific defense-related genes. In contrast, several processes
are known to occur by activation of preexisting components.
An example of the latter are the transient changes in the
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permeability of the plasma membrane and the release of active
oxygen species such as O, and HyO», referred to as oxidative
burst, which have often been detected as the first responses to
pathogen perception [6-9]. Activation of preexisting kinases
and phosphatases is considered to be the most likely down-
stream steps to the above described mechanisms. Several
groups have recently identified distinct MAP kinases that
are rapidly activated in response to external stimuli including
salicylic acid, fungal elicitor, and wounding [10-12]. In addi-
tion, transcriptional induction of specific kinases have also
been found to occur in response to pathogen infection as
well as other plant treatments related to the defense response
[13,14].

We have used differential display [15] to identify plant genes
whose expression was early induced in Arabidopsis leaves after
inoculation with an incompatible strain of Xanthomonas cam-
pestris pv. campestris. Changes in gene expression were exam-
ined 1 h after bacterial inoculation and two transcripts, coding
for a calcium binding protein (centrin) and a novel putative
protein kinase, respectively, were characterized.

2. Materials and methods

2.1. Plant material

Arabidopsis thaliana plants ecotype Columbia (Col-0) were grown in
chamber (22°, 70% relative humidity, 150 uE m™2 s~! fluorescent
illumination) under a 14-h light/10-h dark photoperiod. Plants were
treated and examined between 4 and 5 weeks after seed germination.

2.2. Bacterial strains

Virulent bacteria, Xanthomonas campestris pv. campestris 8004 and
Pseudomonas syringae pv. tomato DC3000, and avirulent strains Xan-
thomonas campestris pv. campestris 147 and Pseudomonas syringae pv.
tomato DC3000 avrRpml were used. Bacterial inoculation was done
by injection of the leaves with a late-logarithmic culture using a sy-
ringe. Xanthomonas strains were grown in Kado medium (1% yeast
extract, 0.8% casamino acids, 1% saccharose, 6.5 mM K,;HPO, and
6 mM MgSO,-7TH,0) at 27°C. Pseudomonas strains were grown in
King’s medium (2% proteose peptone, 2% glycerol, 6.5 mM KyHPO,
and 6 mM MgSO,-7H,0) at 27°C. After centrifugation, pellets were
resuspended in sterile water to reach a final concentration of 107
bacteria/ml. Plants were infected by forcing bacterial suspension
through the stomata by gently pressing the syringe against the abaxial
side of the leaves. Water inoculated plants were used as control.

2.3. Recombinant DNA techniques

DNA techniques were carried out according to standard protocols
[16,17]. Plasmid vectors pT3T7 and pBluescript were used for DNA
cloning. DNA sequence was determined by using the chain-termina-
tion method [18]. Oligonucleotides were synthesized using an Applied
Biosystems 380B DNA synthesizer. Sequences were analyzed using the
GCG package (version 9.0, Genetics Computer Group, Madison, WI,
USA). Database searches involved BLAST [19] and FASTA [20].
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2.4. Differential display

Differential display analyses [15] were carried out on total RNA
extracted from Arabidopsis leaves 1 h after inoculation with Xantho-
monas campestris pv. campestris (strain 147). In addition, RNA from
healthy untreated leaves was extracted and used as a control. RNA
was extracted from leaf tissue [21]. Independently prepared RNA
samples were subjected to this analysis to identify cDNA bands that
were reproducibly induced in response to bacterial inoculation. After
DNase treatment, 2 ug of each total RNA sample were used for
reverse transcription and subsequent polymerase chain reaction
(PCR) by using an RNAmap kit (GenHunter, Brookline, MA,
USA). Each RNA sample was reverse transcribed using T12MC fol-
lowed by PCR amplification in the presence of T12MC and any of
each of the five arbitrary 10-mers, AP-1, AP-2, AP-3, AP-4, and AP-5,
provided with the kit. Reaction products were separated on 6% se-
quencing gels and visualized by autoradiography. Selected bands were
excised and re-amplified according to the manufacturer’s protocol.
Reamplified products were purified from an agarose gel, cloned into
the pT3T7 vector (Stratagene), sequenced and used as probes for
RNA blot analysis and ¢cDNA library screening. cDNA fragments,
AP3.34 and AP4.3A, characterized here were amplified by using
T12MC and primers AP-3 (5'-AGGTGACCGT-3") or AP-4 (5'-
GGTACTCCAC-3"), respectively.

2.5. ¢cDNA library construction

Polyadenylated (poly(A)™) mRNA was prepared from total RNA
extracted from Arabidopsis leaves 1 h after inoculation with Xantho-
monas campestris pv. campestris (strain 147). Complementary DNA
was synthesized and cloned into the Lambda ZAP II vector (Strata-
gene) according to the manufacturer’s instructions.

2.6. Screening of the A. thaliana library

Recombinant phages were propagated in E. coli XL-1 Blue and
screened by plaque hybridization with radioactive riboprobes gener-
ated using the Stratagene RNA transcription kit. Filters (Hybond-N;
Amersham) were hybridized overnight at 42°C in 50% formamide,
5XSSC, 5% Denhardt’s solution, 0.5% SDS and 20 ug/ml denatured
herring sperm DNA, and washed twice with 5XSSC, 0.1% SDS at
42°C for 30 min and then twice with 2XSSC, 0.1% SDS at 42°C for
30 min. Filters were exposed to Hyperfilm MPfilm (Amersham) with
an intensifying screen at —80°C for 24 h. Positives clones were excised
with the helper phage and recircularized to generate a subclone in the

Fig. 1. Differential display analysis of total RNA isolated from Ara-
bidopsis leaves 1 h after inoculation with Xanthomonas campestris
pv. campestris (147) (I) or control untreated leaves (C). Duplicated
samples were processed in parallel. Positions of the AP3.3A and
AP4.3A DNA fragments characterized are indicated.
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pBluescript SK™ phagemid vector (Stratagene). A Col-0 Arabidopsis
genomic library from Mulligan and Davis, constructed in A GEM11
(Promega), was used for isolation of the 4P4.34 genomic clone. At
least 100000 plaques were screened by plaque hybridization using an
ap4.3a cDNA as a probe. Hybridization and filter washes were carried
out as described above.

2.7. Analysis of gene expression

Gene expression was examined in response to bacterial inoculation
as well as to inoculation with water, salicylic acid (1 mM) or jasmonic
acid (50 uM). Treatments were carried out by injection of the leaves
using a syringe. In addition, leaves were wounded by gently rubbing
of the upper epidermis with wet Carborundum. Tissues for RNA
extraction were harvested at the indicated times and immediately fro-
zen in liquid nitrogen prior to RNA extraction [22]. Total RNA (5 ug
per lane) was electrophoresed in 1.5% agarose-formaldehyde gels [17]
and transferred to Hybond-N membranes (Amersham). The amount
of loaded RNA was verified by addition of ethidium bromide to the
samples and photography under UV light after electrophoresis. Sin-
gle-stranded riboprobes derived from the Arabidopsis cDNAs charac-
terized were generated using the Stratagene RNA transcription kit. In
addition, riboprobes were prepared from an Arabidopsis PR-1 clone
[23] and a Vsp (vegetative storage protein) encoding cDNA (EST
accession number T22506). Blots were hybridized at 68°C in 50%
formamide, 5X SSC, 5X Denhardt’s solution, 0.5% SDS, and 20 pg/
ml denatured herring sperm DNA. Hybridizations were washed at
68°C twice with 5XSSC, 0.1% SDS for 30 min, twice with 1 XSSC,
0.1% SDS for 30 min.

3. Results

3.1. Identification of early induced genes in response to
bacterial inoculation

We used differential mRNA display [15] to identify new
genes which are early induced during bacterial infection in
Arabidopsis thaliana. To this end, total RNA was extracted
from leaves 1 h after inoculation with the bacterium Xantho-
monas campestris pv. campestris (strain 147) previously char-
acterized [24]. In addition, we included as a control RNA
extracted from healthy untreated leaves.

Differences in gene expression were examined by analysis of
two separated differential display experiments. cDNA frag-
ments shown to be reproducibly induced after bacterial treat-
ment were characterized by sequencing and expression analy-
sis (data not shown). Based on these studies, two cDNA
fragments designated AP3.34 and AP4.3A4 (Fig. 1), were se-
lected for further characterization.

As described in Section 2, a cDNA library was prepared
with total RNA extracted from Arabidopsis leaves 1 h after
bacterial inoculation, and screened using AP3.34 and AP4.34
derived probes. A 719-bp cDNA fragment hybridizing to
AP3.34 was isolated and examined by sequencing. On the
other hand, four positive clones were isolated when using
the AP4.34 fragment. The longest cDNA (967 bp) was se-
quenced completely. In both cases, the cDNAs examined
were identical, within their overlapping regions, to the DNA
fragments obtained by differential display.

3.2. The ap3.3a ¢cDNA encodes a protein with homology to
centrin

The complete DNA sequence of ap3.3a is shown in Fig. 2.
The ap3.3a cDNA insert was 719 bp long and its larger open
reading frame (504 nt) encodes a polypeptide of 168 amino
acids with a predicted molecular weight of approximately
20000. A stop codon in-frame with the proposed coding se-
quence is present in the 5’ end of the cDNA at 64 nucleotides
upstream from the first ATG of the reading frame. The pu-
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~66 TAGATTTCTTTAGACGCGCAAACTGAAAGAGCTTTGATCGATCGATTTGGAGGATCCGTA
-6 GAAGATATGTCGAGTATATACAGAACTGTTTCGAGAAAAGAGAAACCGAGACGTCATCAT

M § § I Y R T V S R K E K P R R H H 18
56 GGATTGAC’I‘ACACAGAAGAAGCAAGAGA’I'I‘AAGGAAGC'ITTI‘GAGCTATX”XCACAC'[CAT

G L T T Q K K Q E I K EAVF E L D D 38
116 GGTTCTGGTACCATTGATGC TAAAGAGC 'ITAATG'I'I‘GCTATGAGGGCGCX"IGG'K"ITTGM
G S G T I D A E L NV A M L G F E 58

176 ATGACGGAAGAGCAAATCAACAAAATGATAGCTGATGTGGATAAAGATGGAAGTGGAGCT
M T E E Q I N KM I A DV D K D G S G A 18

236 ATAGAT'I'I"ICATGAGT'I'I‘GTTCATATGATGACTGCTMGAT!‘GGTGMAGAGACACMM
I D F DE I 98

296 GAAGAGCTCACTMAGCA'ITCCAGATCATI‘GATCTTGACAAAAANGGAAGATA'ICTCCG
E K A F Q I I D L D K N G K I S P 118

356 GATGATATCAMCGCA'DGGCAAAGGACTTGGG’ICAGMTI'!‘CACNATGC NAGATACGA
D DI

138

416 GAGATGGTTGMGAAGCAGACCGAGACCGTGATGGTGAAG’I'I‘MCATGGA'ICMTI‘CATG
E M V E E D R D R D G E V N MDE 158

476 AGGATGATGAGGAGAACTGCTTATGGTGGTAACTAGAAAGGTTGTTGCTGTTCTTAACGA
R MM R RTA Y G G N

536 TATTTGATGAGCTCTATTATAGTTCTTTAACTGAGGCTTAATTATCTGTAATATTATTAC
596 TGAAGATACATATATCACAGTTTTAATCTATAGCTCAGCTTAATGGCAAAAAAAAAAAA

Fig. 2. Nucleotide and predicted amino acid sequence of the ap3.3a
cDNA (GenBank accession no. AJ009672). Nucleotides are num-
bered with the first nucleotide of the initiating ATG designated as
+1. Amino acid sequence is numbered on the right. Amino acid res-
idues proposed to be involved in Ca’* binding are underlined.

tative amino acid sequence of AP3.3A shows high similarity
to centrin, an ubiquitous cytoskeletal protein first identified in
the unicellular green alga Chlamydomonas reinhardtii [25].
Centrin has been hypothesized to have a three-dimensional
configuration that forms four EF-hand structures involved
in Ca’* binding [26]. Amino acid residues predicted to be
involved in Ca?" binding were found to be conserved in
AP3.3A (Fig. 2). The sequence identity between AP3.3A
and other known centrin proteins ranged from 79%, with
that of the land plant Atriplex nummularia [27], to 52%
with human centrin [28]. A 65% identity was found between
AP3.3A and the protein encoded by the Arabidopsis locus
ATAP21 (ESSA, EU Arabidopsis sequencing project; acces-
sion no. Z99707). Sequence alignment of AP3.3A with that
of centrins is shown in Fig. 3. The sequence similarity revealed
by these studies showed that ap3.3a encodes a centrin
protein and that the cDNA isolated here corresponds to a
different protein to that encoded by the Arabidopsis clone
799707.

3.3. The ap4.3a gene encodes a putative protein kinase

A genomic library was screened using an ap4.3a probe de-
rived from the previously selected 967-bp cDNA and a 6.5-kb
genomic fragment was isolated. Sequence analysis revealed
that the genomic clone identified corresponded to the cDNA
fragment used for the screening and that it contained an in-
terrupted open reading frame of 2727 nt encoding a polypep-
tide of 909 amino acids with a predicted molecular weight of
approximately 110000. A stop codon in-frame with the sug-
gested coding region was found at 100 bp upstream from the
first ATG. The complete DNA sequence of ap4.3a and its
encoded protein is shown in Fig. 4. The putative amino acid
sequence of AP4.3A shows significant homology to protein
kinases and two different protein regions spanning residues
174-455 and 590-852, respectively, could be defined as puta-
tive kinase domains. A schematic representation of the
AP4.3A protein is shown in Fig. 5. The AP4.3A protein re-
gion corresponding to amino acids 174455, designated as
kinase domain A, shares a 30-38% identity with receptor
like protein kinases from different plants [29,30]. Similarly,
the second putative kinase domain, designated as B, shows
homology to the same type of proteins, although the level
of identity identified was reduced to 25-30% [29,30]. Homol-
ogy of AP4.3A was essentially restricted to the kinase domain
of the different receptor like proteins examined and no signifi-
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cant homology was observed with sequences located outside
this region. Further analysis of domains A and B allows to
recognize the XI subdomains characteristic of functional kin-
ases [31], although some residues essential for activity are
lacking in the B domain. The AP4.3A regions falling outside
of these domains did not show significant homology with
other protein sequences deposited in the data base banks. In
addition to published sequences, the AP4.3A protein shows a
99% identity with the unpublished sequence (accession no.
AC003974) of a putative kinase protein present on chromo-
some II (BAC F24L7).

3.4. Expression of ap3.3a is early induced in response to
pathogen infection

The expression of ap3.3a was investigated at different time
intervals in response to inoculation with two Xanthomonas
strains, X. ¢. pv. campestris (147) and X. c¢. pv. campestris
(8004) [32] that establish an incompatible and a compatible
interaction, respectively with Arabidopsis ecotype Col-0. In
addition, gene expression was examined in response to inoc-
ulation with the virulent strain Pseudomonas syringae pv. to-
mato (Pst) DC3000 and the avirulent bacterium Pst DC3000
avrRpml. 1t has been shown that Arabidopsis ecotype Col-0 is
susceptible to Pst strain DC3000 [33] but resistant to the same
strain carrying the avirulence gene avrRpml [34,35]. The pa-
thosystems described allowed us to examine whether gene ex-
pression was induced in response to bacterial pathogen infec-
tion and to determine whether or not gene induction was
specific for a particular type of interaction.

As shown in Fig. 6, no ap3.3a transcripts were detected in
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A.thaliana
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Human

AP33A QE| KEAFELFDTDGSGT | DAKELNVAMRAL
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Fig. 3. Sequence alignment of Arabidopsis AP3.3A. Regions of iden-
tity (black) have been highlighted. Alignment and similarity identifi-
cation were performed using the MegAlign program. Sequences
shown correspond to AP3.3A and centrins from Atriplex nummu-
laria [26], Arabidopsis thaliana locus ATAP21 (ESSA, EU Arabidop-
sis sequencing project; accession no. Z99707), Chlamydomonas rein-
hardtii [25] and human [27].



<1110 AGAAAAATACAAAAGTATATAGTCTAATGTCTACATTCCTCTGCGTATATATGTGAAAAT
<1050 ATAATCTAATCTAAAGTCATCTCAATCAAGATCGGTCTTGAAGACTCAATGGCAAAATAA
-990 GGCACCGGCGAATCTTCAAAACATCCGAAAACTAAAACTAATGAAGCGATCTCAAGAACT
-930 ATATCACTATATGAATGATAACAGTTGGACCCGCCACAAATGACAAATATCATCAAAGTT
~-870 TAAATTCAGTTTATATTTGAGAAAGCCTATTTATACTAGTTAAATGATGTTGTGACATGT
-810 TTTAGTTCTCGGACCTAAAAAGTATCTGAATTTAGTACTCCACTAACAAAAAGCTCCAGG
-750 AATATGATATCATTGCCTTGTTGGTTACTTGATTCATACAATTAAAAACGCAACGAAGAA
-690 TGTCGACATGTCGTTATTGTTTGTTGCCATTTTTTTGGGTTAAATGGTTGATCATTCATG
-630 TTATTAGTTTCTCAATTGCTCAAATTTTATATTCTCGTGAAAGGCATGGACCAAAACTTT
-570 TTGCCCTTACTTCTTACTGATAGGTTAATAAAGCACATTCAAACTATGAATATAACCGAT
-510 AAGATGAAAGAAAAATACAACCTATAAAACATTTAAACTAGCGCGTAATTATTTTCAAAT
-450 GCATTACACGTCCTTGATCAAAAAGTAAAAAGTTATTCAAATTTAGAATTTAATTTAGGA
-390 AGAAAAAAAAGAAGAAAAATAGA. AAAGTTTCGACCGCGTCAATGTTCTTCCCG
-330 ACGACACGCTTCGAAAGTCTTCTTCGTTCTCATTTTTTCCATAGTAAATAAATACATTTA
=270 TTTCAATTTACATATATAGTTTCTAAGTAAAATCATTTTCGCGAAATCAATGGTTTTTTT
-210 TTAAAAAATTTATCGTTGAAAAATCAATTAGAACTAAGAATAAAACAAAAGGAAAATAAC
-150 TTTATACCAAAAAATGAAGAATCATGGGCCATGACACATCACCATAAATGACCAAACCCG
-90 ATTAAGGGGTTTGCTATATTCAAACAAAGCGAACCTAATCTTGTTGAAATTAATGCCTCC
-30 M'IC’KTCAAATTATACMACACT'I'I']‘MAGATGATAMATCACATATATI'K:TAGAMGA

K S H I F L E R 10
30 AGACACACTATAMTAMMCANC’I'IGCTGGCAMMTCCANATTCMTI“ITGGTCGG
L A G K S F N F G R 30
90 'ICMATAGATCG’ICACMMT‘G’!'PATMAGCA’I'I‘ATCACANWAMTI‘CATPCACATI‘
K F I H 50
150 TCGATA'ICTI"I‘ACACATI‘CACA'KCGC GCCAATGGCK‘ATGGATCANWNT'I‘ICGTACTA
S I S L HIHMAUPMAMUDU HTLTCT FV L 70
210 CCGACAGAATCCGGC TTAAAGCCACCGGTGATGGT CCACAGAAGAAGAA
P TE S G EL KPPV MV ETETTEE E 90
270 GAGGAGAAGAAGAGTCGTGATTGTGGACGTCAAGTTGTGAGTTTAATCGGAGATTTATTC
E E K K S RDCGRQVV S LIGUDTLTF 110
330 CGGCGATTACACGGCTCTAAGTTGGTGAAGAGCTTGAATCTCTGTAGTATCAACGAGAGT
R RL HG S KLV KSLNTILTZCSTINTE S 130
390 AAAGATTCGATTTCAATGGAGATCAATAAATCATTCACTGACATGGAAGGTGTTCAGCTT
K DS I s M E I NKSVFTIDMMETGUV QL 150
450 TCCAGCAAAGTCGGTTGCGAGAATCCAAGAATCTTTGGATACTCTGAGCTTTATATCGGA
S S K VG CENUPURTITFGYSETLYTIG 170
510 ACTAATGGTTTCAGCGACGAACTGATCCTCGGAAGCGGCGGTTTCGGCCGCGTTTACAAG
T NG F s DEL I LGS GGV F G R V Y K 190
570 GCGTTGTTACCGAGCGACGGAACCACCGTGGCTGTTAAATGCTTGGCGGAGAAGAAAGGA
A L L PSDGTTVAUV KT CILATEIKTKG 210
630 GAACAATTCGAGAAAACTTTCGCGGCGGAGCTTGTTGCGGTGGCTCACGTCCGCCATCGA
E Q F E K TF AAEUL VAV AHVRHR 230
690 AA'IC'I'I‘GTGAAGTI'AAGAGG’I'TGG'ICTCTACACGMGACGAGTTGC'ITCT’ICTI‘TACGAT

N L V X L R G W CLHETUDETLTLTLV 250
750 TACATCCCTMCCGGAGC’ITAGATCGN’ICCI"I‘I"ICCGACGACCGGMGI‘TMC'ICCGAT
P

810 'I'I‘TAAACCG'I"!Y:GAI'I‘GGGATCGGACGGGTMM’ICGTCMAGGAC'NGCCGCCGCGT‘TG

vV K G A L 290
870 'I'T(_‘I‘ACCTCCACGAGCRG'I‘TAGAGACNAGATCA’ITCACAGAGAN’ICAAGACGAGTMC
F YL HE QL ETQTITIHU RUDUVIEKTSN 310
930 GTTATGTTGGATTCTGAGTTTAACGCTAAACTCGGAGATTTTGGTTTAGCTCGGTGGTTA
V M L DS EFNAIZKULSGTDT FGIULARUWL 330
990 GAACACAAGATTGATGAAACAGAGCATGATTCGAGTTACGACTCTGTTTCTTCCTTCCGT
E H K I DETEHD S S Y DS V S S F R 350
1050 AACCACCAGTATCGAGTCGCGGATTCGACTCGGATCGGTGGGACTATCGGGTACTTACCA
N HQ YR VADSTH RTIGSGTTIGYTUL P 370

1110 CCGGAGAG'I'I"I\:CGAAMMMCCG‘I'I‘GCCACCGCI‘MMCAGATC'I'I‘TI‘CAGCTI"ICGT
P E S F R KK TV ATAZ KTUDV F S F 390
1170 GT'IGTGGT‘I'I‘TAGAGG'I'I‘GTCTCCGGTAGACGAGCCGI"ICATC’I"I'I‘CGTI‘CI‘CGGMGAT
R
1230 AAM'I\:AT'I'I‘TACTTGAT'I’GGG‘ITCGGAGA'I‘I‘ATCCGATAACCGGAAA'I'I‘AC'I\:GACGCC
K
1290 OGGGAT’I’CTCGG'I'I‘AGCAMAGGATCTI‘ATGA’I’CTC'IC'ICATATGAAGAGAA'IGAT’NAT
1350 CT’DGCTCTGC’l‘CTG’I'l‘CT’ITAAACAA'I‘CCAACGCA’I‘CGTCCCMCA’DGAAATGGGTTAN
L AL L C S L NN M K 470
1410 GGAGCACT'I'I‘CC GGCGAG’I‘I"I'I‘CCGGTMCTI‘ACCGGCG‘I‘TACC‘I'I‘CG’ITTMGAGCCAT
G L

1470 CCTC‘K'I’TATATI‘CC‘I'("X‘ATC'ITC'I“X'K‘MMTCMCCTCMC’I“I‘CGGCGACTACGACTACT
P

P L Y I L S SL KSTSTSATT T 510
1530 ACMGAACMCGATGACCACCACCACCTCCACMCI‘AGCT’ICAATCCG‘ICGI‘CGGAGTCA
T T S F N S E 530
1590 ACGCCG'I\:ATCAM'K’L‘ACGTTACTGCCC'I'I‘GAGGATTCTA’I'I‘TACCCAGACCGGCGGAGA
P S S N YV TALEUDSTIYPDURIRR 550
1650 CTGGAGAAAATCCGTAACTTTAATTACAACAGCCGGAGAGTGATGTCATCAAAGTCTTTC
L E K I RNTFNZYNSI RIRVMS S K S F 570
1710 GTATTGGACACGCCAAGAGAGA'H"KZATACMCGACC'I"IC’I'I"I'I‘AGCCAC‘ICATMTT’IC
P R E I S YNDUL V L D N F 590
GGCTTAT[‘ATGG’I‘I‘TACTMAT

1770 TCmATGCALL-l’L(:LhAl(:LLunu ,\Aunxxx
R V A E V

1830 GGAGAC CAACATA’I"IG'!CGTGAMCGTCTCGGTA’ICACTI\AAN’ICCGGCGCTI‘GTTACC
Q I R G C P A T 630

1890 CGG’I"KJ‘ICC}\CTGAACTACTTMCCTAGGCCGGCTI‘CGACACCGTAACC'I‘AGTMTGC'IC
F E L N L L L 650

1950 CGTGGTTGGTGCACCGMCACGGAGAM'ICCI‘TGTAGTGK‘ACGATI‘AT'ICCGCGM’ICGT
670

2010 AAGCTAAGNATCT’I\:TI"I'I‘CCATAA'ICATATACCTGGMAC’I\ZN’I’I"I'FGCGATGGAM
690
2070 AGTCGGTACAACG'I’GA'ICAAATCGCT'ICGTTGCGCT(?I‘ACG’!'I‘A'I‘CNCACGAGGAATGG
S Y 710

2130 G}\CGMCAAG'ICATTCACCGAAACAT’I‘AC’I‘TC’I'I‘CAACTATA'I‘I‘TC'I'I‘GATAGAGATATG

Q HRNTITS S TTIF L 730
2190 AA’ICCGCGGC’I'I‘TGCGGA’I'I‘CGCA‘I'I‘GGCAGAGTT'I'I'I’G!‘CTAGMACGACAAGGC'ICAT
F 750

2250 CMGCTGCMMMGAMGGATCI‘GC'ICAAGGGA'I'I'X'X'NGI‘TATATGGCACCAGAATAC
Q Q 770
2310 ATGGAA’ICCGGCGAGGC'I‘ACMCCATGGCGGA’ICTATACAGCT}’NGCGTGGTAGI‘GCTC

M E S GEATTMATDV Y S F GV V V L 790

2370 GAGA’IGGTTAC'I‘GG'!\:AGCCI\GCAGTGGAT'I‘ACMGAGGAMMAGMGA’ICCTCT’ITTG
E MV T G QP AV DY KRIKIKED L L 810

2430 GTG!"ICCGM'ICCGCGAAGTAG'I'I‘GGTMCCGMAAMACTCTI'GGAGGAGATI‘GCAGAT
L I v G N R K K L L E E D 830

2490 ATNA‘I"I'I‘GGATGATGAAT}\CGAGAATCGAGAAT‘I‘GGCMGGCTA’ITACGGTTAGGGTTA
I HL DDEYENU RETLA AR RTILILIZ RTILGTL 850

2550 GTTTGCACGAGAACCGATCCGAAGTTAAGGCCTAGCATTAGCCAAGTGGTGAGTATATTG
v c T RTDUPKULRPSI S QVV S IL 870

2610 GA’I‘GGAAGCGAGAGGI‘TC'I'I’CGAAGAGGMGGAGGAAAGGMGG'ICACGI‘TAGCCGCAAG
E G D V R 890

2670 CAAA'ICTATGA'I'PCGTCTATGT‘ICATGATI’AGACMATGCMGCGC'I'I‘GGGA'ICCA’ITGA
L G I H 9209

2730 GTMTGATAAAGGAMTATI‘AGGAATG’I'ICATGTM'I'TTA'!CTI‘TG'I‘I‘GAT!‘ATG‘I'I‘ATA

2790 AAGATTTTGGGACTGTTAATTGGTTCCAGGTAAAGCAAGGATAAACATAAATATTATTTG

2850 CATTTAAAACCACTGAGATCTAAATCATTACATACGGTAAGAAACCTTAGAGATGGTTTT

2910 GAGTCTGTTAATTGGTTCCAGGTAGAGTTTGGATACGACCAATGAACAAGAAGCAAACAC

2970 TTGTTCCGAGTTCAGACTTTG
Fig. 4. Nucleotide and predicted amino acid sequence of AP4.34
(GenBank accession no. AJ009671). Nucleotides are numbered with
the first nucleotide of the initiating ATG designated as +1. Amino

acids are numbered on the right.

control untreated leaves while ap3.3a hybridized to a single
transcript of approximately 700 bp (corresponding to the size
predicted for the ap3.3¢ mRNA) in RNA samples extracted 1
h after X. ¢. pv. campestris (147) treatment, and 4 h after
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inoculation with the avirulent strain Pst DC3000 avrRpml.
An additional RNA transcript of approximately 300 bp was
detected when hybridizations were carried out at lower strin-
gency conditions (data not shown). Currently, it is not known
whether this small RNA transcript corresponds to a distinct
mRNA or it represents a processed form of the ap3.3a
mRNA. The detection of centrin-related transcripts resulting
from RNA processing events has been previously reported in
Atriplex nummularia [36].

In contrast to the early activation of gene expression ob-
served after inoculation with the avirulent strains, induction
of ap3.3a was significantly delayed in plants responding to
inoculation with the two compatible bacteria examined. A
weak induction was observed 24 h after inoculation with X.
¢. pv. campestris 8004 whereas ap3.3a transcripts were barely
detected 48 h after Pst DC3000 inoculation. No activation of
gene expression was observed in water treated tissues.

3.5. Expression of ap4.3a is early activated in a
non-specific manner

The expression of ap4.3a was examined in response to in-
oculation with the bacterial strains described above. As shown
in Fig. 7, expression of the ap4.3a gene was found to be
induced in response to bacterial inoculation. However, induc-
tion of gene expression was not observed to be specifically
induced in response to a particular strain. A single transcript
of approximately 3 kb, corresponding to the size predicted for
the ap4.3a mRNA, was found to accumulate 15 min after
inoculation with both incompatible or compatible bacteria.
Furthermore, ap4.3a mRNA followed a similar pattern of
accumulation in response to the different bacteria examined
decreasing to almost undetectable levels in RNA samples ex-
tracted 2 h after inoculation.

3.6. Analysis of gene expression in response to signal molecules
mediating the plant response to pathogen infection

The role of salicylic acid (SA) and jasmonic acid (JA) as
cellular signals, affecting the plant response to pathogen in-
fection, has been documented [4,37]. To evaluate whether
these cellular signals had any effect on the expression of
ap3.3a and ap4.3a, the level of transcripts in leaves of Arabi-
dopsis plants was examined after exogenous application of SA
(1 mM) or JA (50 uM). As shown in Fig. §, no induction of
ap3.3a expression was observed in response to any of the two
treatments examined, whereas expression of ap4.3a was
weakly induced in response to SA and JA. ap4.3a transcripts
were detected 30 min after SA injection declining to undetect-
able levels 1 h after inoculation. Activation of gene expression
by JA was slightly delayed and a weak hybridization signal
was observed in RNA samples extracted 1 h after treatment.
High levels of transcripts were observed when expression of
PR-1 and Vsp, used as a control for treatments with SA and
JA, respectively, was examined (Fig. 8C).

In addition to pathogen infection, JA is known to play an
important role in the signalling pathway controlling the plant
response to mechanical stress [38]. Analyses of gene induction
by wounding revealed that ap3.3a expression was activated 15
min after mechanical damage. The level of RNA was main-
tained for the first 30 min and decreased to undetectable levels
in plants examined 2 h after treatment. The level of ap4.3a
RNA increased 1 h after mechanical wounding and was main-
tained during the first 2 h after treatment.



M.C.R. Cordeiro et al.IFEBS Letters 434 (1998) 387-393

174

391

852

kinase domain A

kinase domain B

domainA
domain B

domain A
domain B

T: LE III v
FSDELILGSGGFGRVYKALLPSDGTTVAVECLAEKKGEQFERTFAAELVAVAHVRHRNLVKLRGWCLHED
FSDARRVAEVDFGTAYYGLLNGDQHIVVER-LGMTKCPALVIRFSTELLNLGRLRHRNLVMLRGWCTEHG

v VIA VIB
ELLLVYDYMPNRSLDRVLFRRPEVNSDFEPLDWDRRGKIVKGLAAALFYT HEQLETQT THRDVKTS NVMIL,
EMLVVYDYSANRKLSHLLFHNHIPGNS —-VLRWESRYNVIKSLRCAVRYLHEEWDEQVIHRNITSSTIFL

909 aa

243
658

313
726

VII

VIII

domainA DSEFNAKLGDFGLARWLEHKIDETEHDSSYDSVSSFRNHQYRVADSTRIGGTIGYLPPESFREKTVATAK 383

domain B
IX

DRDMNPRLCGFALAEFLSR-~NDRAHQAA - ————

~~~~~~~~~ KKKGSAQGIFGYMAPE-YMESGEATTM 779

XTI

domain A
domain B
ALLC
GLVC

domain A
domainB

TDVESFGVVVLEVVSGRRAVDLSFSEDKI ILLDWVRRLSDNRKLL--DAGDSRLAKGSYDLSDMKRMIHIL: 451
ADVYSFGVVVLEMVTGQPAVDYKREREDALLVLRIREVVGNRKKLLEETIADTHLD-DEYENRELARTIRT. 848

455
852

Fig. 5. Schematic representation of the AP4.3A predicted protein. The sequence corresponding to two putative kinase domains A and B is
shown. Invariant amino acids essential for maximal enzyme activity are shown in red. Nearly invariant residues are underlined in red and
highly conserved amino acids are underlined in black. Roman numbers indicate subdomains characteristic of functional kinases. Hyphens de-

note gaps introduced to optimize the alignment.

4. Discussion

The early response of Arabidopsis thaliana to bacterial in-
fection has been examined and two cDNAs have been identi-
fied. ap3.3a shows homology to centrin, a cytoskeleton calci-
um-binding protein found to be associated with centrioles/
basal bodies, centrosomes, and mitotic spindle poles in cells
of diverse evolutionary lineages, including algal, higher plants,
invertebrates, and mammalian cells [25,27,28]. Expression of

(A)
Hours Days
01 4 8 1 2
X. c. pv. campestris ‘ » P
(147) 2
X. c. pv. campestris
(8004) .
Pst DC3000
(avr Rpm1) - - ;
Pst DC3000
Water
(B)

Fig. 6. Specificity of ap3.3a induction in response to bacterial infec-
tion. A: RNA was extracted from Arabidopsis leaves in response to
inoculation with Xanthomonas campestris pv. campestris (147), Xan-
thomonas campestris pv. campestris (8004), Pseudomonas syringae pv.
tomato DC3000, or P.s. pv. tomato DC3000 avrRPM]I. Inoculation
with water was used as a control. B: Ethidium bromide staining
used as a control for equal loading of RNA is shown.

ap3.3a was found to be induced in a specific manner, being
preferentially activated by inoculation with avirulent bacteria.
This specificity was more evident in plants responding to in-
oculation with the compatible strain Pst DC3000, where the
level of transcripts accumulated was significantly reduced with
respect to that detected by inoculation with the avirulent
strain Pst DC3000 avrRpml. Early activation of gene expres-
sion in response to avirulent pathogens has been characterized
for various genes involved in plant defense responses [39]. In

(A Min

0 15 3 1 2 4

Hours

Xc pv. campestris
(147)

Xc pv. campestris
(8004)

Pst DC3000
(avr Rpm1)

Pst DC3000

Water

(B)

Fig. 7. Analysis of ap4.3a expression in response to bacterial infec-
tion. A: RNA was extracted from Arabidopsis leaves in response to
inoculation with Xanthomonas campestris pv. campestris (147), Xan-
thomonas campestris pv. campestris (8004), Pseudomonas syringae pv.
tomato DC3000, or P.s. pv. tomato DC3000 avrRPM]I. Inoculation
with water was used as a control. B: Ethidium bromide staining
used as a control for equal loading of RNA is shown.
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Fig. 8. Analysis of ap3.3a and ap4.3a expression in response to cel-
lular signals mediating the plant response to pathogen infection.
RNA was extracted at different time intervals in response to sali-
cylic acid (SA), jasmonic acid (JA) or wounding. A: Blots were hy-
bridized to riboprobes derived from the ap3.3a cDNA. B: Blots
were hybridized to riboprobes derived from the ap4.3a gene. C:
RNA samples extracted after SA treatment were hybridized to ri-
boprobes derived from a PR-1 cDNA. RNA samples prepared after
JA inoculation were hybridized to a Vsp encoding cDNA.

this scenario, the differences in the timing of ap3.3a induction
observed between the two incompatible and the compatible
interactions examined, could be indicative of a role in plant
defense. We found that, in addition to bacterial treatment, the
expression of ap3.3a was also induced by wounding, whereas
no induction was observed in response to treatment with SA
and JA. These results could indicate that activation of ap3.3a
occurs through an SA- or JA-independent signalling pathway.
Alternatively, it is possible that gene expression would be
triggered by cellular signals generated prior to the increase
of SA and JA in the plant tissues. In accordance with the
last suggestion, expression of ap3.3a was rapidly activated
after bacterial inoculation and wounding. On the other
hand, the fact that centrin is a calcium-binding protein [40]
and that Ca?" plays an important role as an early signal in
responses such as pathogen attack and mechanical damage
[8,41], suggests that the induction of ap3.3a might be related
to the elevation of cytoplasmic calcium which is involved in
the early signal transduction leading to a HR [42].

In animal and algal cells, centrin has been found to be
associated with the cytoskeleton, and a role in microtubule
severing and cytoskeleton reorganization has been shown
[43]. Immunolocalization analyses in a number of higher
plants identified the presence of centrin at various cellular
locations, including the microtubules [44], and a possible
role of centrin in mediating developmental and environmental
signals such as touch and heat has been suggested [36]. Ac-
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cording to our results, an additional role of centrin in the
response to pathogen infection and wounding can be envis-
aged. One can speculate that centrin could perform a function
related to intracellular reorganization during early infection.
This suggestion is based on results showing that infection of
parsley cells with Phytophthora infestans is associated with a
rapid translocation of cytoplasm and nucleus to the fungal
penetration site, a response that is mediated by depolymeriza-
tion of the microtubular network [45]. Along the same line,
the arrangement of microtubules and microfilaments was
found to play an important role in the expression of non-
host resistance in barley [46].

As for ap3.3a, activation of ap4.3a was found to occur
rapidly in response to bacterial infection and wounding. Fur-
thermore, expression was also induced by SA and JA treat-
ment. Expression of ap4.3a was not specifically induced in
response to a particular type of pathogen but activation of
gene expression followed a similar pattern of mRNA accumu-
lation in all the plant-pathogen interactions examined. These
results disfavor a role of AP4.3A in plant defense but a more
general function in response to stress could be postulated.
Sequence analysis of the ap4.3a encoded protein revealed
the presence of two amino acid stretches, designated as A
and B, related to kinase domains. Despite the absence of
specific amino acids required for enzyme activity within the
B domain, the presence of all the subdomains characteristic of
complete kinases in the A domain allows to suggest that the
AP4.3A protein could act as a functional kinase. Proteins
containing two kinase domains have been previously identified
in Dictyostelium discoideum and vertebrates where, interest-
ingly, one of the two domains is often truncated [47,48]. In
vertebrates, these proteins are designated as Janus kinases
(JAKSs) and have been found to be associated to transmem-
brane receptors that mediate cellular responses to external
stimuli. Aggregation of receptors, after binding to the corre-
sponding ligand, results in their association with JAKs and
activation of downstream signalling processes. Whether
AP4.3A could function in a similar manner in plant signal
transduction is presently unknown. The rapid activation of
gene expression together with a putative kinase activity could
be correlated with the early phosphorylating events associated
with kinases and signal transduction.
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