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ABSTRACT 

Salcylc acid (SA) accdlalatio■ apon pat11o1e• attack is a flmda•elltal 

reqllire•eat for tlle activatiea of nmnerou plallt defeace meclla■ilmL Cyto10lic 

free Ca2+ ([Ca21J is a abiqllito• •il•ll■a molecllle involved ia a lle1t of cellalar 

proceues. Uaiag tra•geaic An1billopdr 11u,a... •eedhs• e~nuillc die Ca2+-

1e•itive plloteproteia aeqaeria, we pnvio•IJ reported a npid aad traasiellt 

iacnue ill [Ca1ic •po• appleatioa of exo1e•• SA. We now iffe11ilated die 

cllancterilUcs of die SA-iadaced (Ca2ic illcreue aad report tllat die majority of 

die l'Npo■-e ii derived fro• iatenal ••ra. It appean likely dlat SA tria1en Cal+ -

iadaced Ca2+-releue. Prellllliury mdeace 1911e1u a role for die SA-illdaced 

[Ca2ic illcreue ia die recalatioa of NPJU u:pn11iea 1iace med.WU.a of die SA­

iadaced [Ca2ic respo•e wit1t die extracelalar Cal+ cllelator BAYfA causes a 

ndactio■ ia NPRJ mRNA levell. We llave ilolated two pmtive ••• dlat are 

defective ia dleir ability to prod ace a SA-ladaced [Ca1ic illcreue. Cllancterilatiea ' · 

of tllele aatam is uderway aad wil prove inv.._ble ill ideatlfyiaa die 

co•poaelltl or eve■a that cause die SA-illdaced [Ca2ic tra•ie■t, tllereby aidillg ia 

tbe lllldentalldias oftlle role of(Ca21c ill SA .. ediated 1ipal tra•dacUoa. 
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INTRODUCTION 

Owing to the diversity of envirobmental stimuli imposed upon plants, tho flexibility and 
! , 

plasticity of plant metabolism is eaential for their smvival (Somaich and Hahlbrock 

1998). It is this phenomenon that allows plants to undergo tramcriptional reprogramming 

when challenged with pathogens and mmm.t an effective defence reapome (Somssich and 

Hahlbrock 1998; Maleck et al. 2000). The complexity of defence responaes includes the· 

potcntiation of host cell death, containment of the pathogen and the synthesia of 

numerous proteins essential for the mtablisbment of defence respoDBCII (Dempeey et al. 

1999). The endogenous accmnulation of salicylic acid (SA) following pathogen attack 
~ 

has been shown to be essential for the establishment of these defence responaes and 

limitation of plant disease (Yalpani et al. 1991; Gaffney et al. 1993; Delm,y et al. 1994; 

Dempsey et al. 1999; Nawratb. and Metraux 1999), the most intriguing of which being tho 

establishmc:nt of systemic acquired resistance (SAR). SAR confers the plant with long­

lasting and broad spectrum immunity to subsequent pathogen attack of bacterial, viral or 

fungal origin (Ross 1961; Cao et al. 1994; Dempsey et al. 1999). 

Characteristic to the establishment of SAR is an increase in the cxpreuion of a family of 

low molecular weight proteins called pathogenesis-related (PR) proteins, of which some 

members are effective antimicrobial agents against certain bacteria and fungi (Dempeey 

et al. 1999). PR proteins are expressed in both infected and uninfected (systemic) plant 

tissue and consequently utilized as markers for the induction of SAR (Ward et aL 1991). 

Furthermore, it was demonstrated that application of exogenoua SA induced both SAR 
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and the expression of PR genes in the absence of an invading pathogen (Uknes et l(JL 

1992). Extensive research is focussing on elucidating the downstream components that 

mediate SA-induced signal transduction. Aiding in this investigation is the isolation¥ 

characterisation of mutants tlutt are either defective in their defence responses Ito 
' 

pathogen attack (Cao et al. 1994; Zhou et al. 1998; Nawrath and Metraux 1999) or show 

enhanced disease resistance (Rate and Gr=iberg 2001 ). 

The Arabidopsu NPRJ gene, which is predicted to encode a protein containing ankyrin­

like repeats (Cao et al. 1997; Ryals et aL 1997), has been shown to be essential in tbe 

activation of systemic, inc:mcible plant defence responses induced by SA and is requiqd 

for PRJ expression (Cao et al 1994). Additionally the binding of NPRJ to the b~ic 

leucine zipper transcription factor TGA2 was illustrated to be critical for the activation lof 

defence genes (Despres et aL 2000). 

A novel superfamily of plant-specific transcription factors called WRKY proteins, ~th 

up to 100 representatives, have recently been identified and shown to play a role lin 

regulating a wide variety of physiological responses (Eulgem et al. 2000). In a recelnt 

study some members of the WRKY gene family were shown to be induced by SA and Ito 

act upstream of NP Rl positively regulating its transcription. Others were demonstrated to 

be induced by SA but to ftmction independently of NPRJ, for example AtWRKY7 (Yu et 

al. 2001 ). Fmthennore, it was illustrated that there was a significant over-rcprcscntation 

of W-box motifs ( consensus sequence to which WRKY proteins bind), and their 

clustering, in the PRl regulon (groups of genes with common regulatory patterns) geµe 
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promoters, which suggest& that WRKY factors are crucial in the co-regulation of these 

genes (Maleck et aL 2000). 

Cytosolic free Ca1+ ([Ca2jc), is a well establilhed second messenger in both plant and 

animal systems implicated in a wide variety of cellular proceaea (Bulh 1995; Clapham 

1995; Pandey et aL 2000). Diffi:nnt enviroomartal stimuli such as cold, touch and fungal 

elicitors (Knight et aL 1991), abscissic acid (ABA) (McAinah et al. 1990) and hypo­

osmotic shock (Cessna et al. 1998) each poduce distinct transient increasea in [ea21c. 

otherwise known as specific ea1+ signatures (McAinsh mi Hetherington 1998). The 

ability of the different Ca1+ signatures to elicit a specific downstream respome ii thought 

to reside in the amplitude, tmnporal and spatial change in [Ca11c (McAimb and 

Hetherington 1998; Pandey et al. 2000). Recently it was dcmonstrated that the pettmn of 

[Ca1j 0 oscillations induced by ABA in Commdina comm1111il pant cells was 

concentration dependent and comJated with the final stomatal aperture (Stum et al. 

1999). Furthermore, studies utilizing a 'calcimn clamp' to systematically vary the [ea2ic 

oscillation parameters in A.rabidopsi8 guard cells illustrated that there is a defined nnge 

of frequency, transient munber, duration and amplitude of [Ca1j 0 olCillationa that 

determines the extent of steady-state stomatll closure (Allen et aL 2001 ). 

It bas been suggested that Ca1+ functions as a second mes1mger of SA with the 

observation that extracellular Ca2+ was required for the induction of SA-induced chitinue 

accwnulation ( at the translational level) in both tobacco leaves (Raz and Fluhr 1992) and 

carrot suspension culture (Schneider-Mullar et aL 1994). The early steps in SA-mediated 

signal transduction have recently been elucidated by providing evidence that exogenous 
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SA induces a rapid and transient generation of superoxide anion (021 followed by a 

transient increase in [Ca2ic in tobacco cell culture (Kawano et al. 1998). Using 

transgenic Arabidop&u seedlino constitutively exp-easing apoaequorin, we previously 

reported a SA-induced [Ca2ic ~e. Preliminary evidence suggested a role for both 
I 

Ca2+ influx across the plasma membrane and Ca2+ release from intc:mal stores in the 

mediation of the SA-induced [Ca2ic increase (Pe=sen 2000). 

In this study we aim to further characterise the SA-induced [Ca1ic increase and report 

that the majority of the response is derived from internal storea. Additionally, it appears 

likely Ca2+-induced Ca1+-relcaae (CICR) is triggered by SA. We have investigated the 

effect of modulating the SA-induced [Ca2ic n,spome on the expression pattern of SA­

induced genes. We have also iaolated two putative mutanta that are defective in their 

ability to produce a SA-induced [Ca1io increase and characterisation of these mutants 

will prove invaluable in deciphering the role of [Ca1i 0 in SA-mediated signal 

transduction and how this transient is produced. 
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RESULTS 

SA-ladwced (Ca2ie illcreue ocean ill botll roots and leaves 

Using tramgenic .A.rabidopm seedlings expressing the Ca2+-sensitive photoprotein 

aequorin in the cytosol, we previously reported that the application of exogenous SA (to a 

final concentration of 1 mM) induces a specific Ca1+ signature. The [Ca2ic immediately 

rises from basal levels reaching a maximum at approximately 2 min followed by a 

gradual decline within 8 to 10 min (Petersen 2000). We now investigated whether this 

Ca1+ signature differs in different parts of the plant. Following overnight reconstitution in 

5 µM coelenterazine, the roots and leaves of 7 day old transgenic seedlings were 

separated and individually treated with SA to a final concentration of l mM. The SA­

induced [Ca2i0 response of the roots is significantly larger than that of the leaves, 

reaching maximal levels of 1.2 µM [Ca2ic by 200 sec and rapidly declines compared to 

the leaves where the [Ca2ic gradually increases only reaching levels of 0.35 µM by 

200 sec and maintained at that level fi>r duration of the experiment (Figure I). The 

response in intact whole seedlings is less pronoWlCed than that of the roots but greater 

than that ofleaves. This data suggests that the SA-induced [Ca.21c increase occurs in one 

tissue type with the largest contribution occurring from response in the roots. 
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The majority of the SA-induced [Ca1i, respon1e 11 derived from an intracellalar 

Ca1+ ■tore 

Preliminary evidence suggeste4 that the SA-induced [Ca1Jc increase is derived from both 
\ 

extra- and intracellular Ca1+ pools (Petenen 2000). To investigate this further, here we 

varied the [Ca1j in the plant growth media in an attempt to reduce the apoplaatic [Ca2j 

and determine the effect on the SA-induced [Ca1Jc response. There was no significant 

difference observed in the SA-induced [Ca2i 0 response even with a 20-fold reduction of 

[Ca2i in the growth mediwn (Figure 2A). Similarly, increasing the [Ca2j in the plant 

growth medimn above the normal 2 mM, produced no significant difference in the SA­

induced [Ca1jc response ( data not shown). In ordt"l' to illustrate that the apoplastic [Ca2j 

was affected, transgenic seedlings grown on varying [Ca2j were treated with mannitol, 

which imposes drought stress,. to a final concentration of 0.6 M. The [Ca1ic increase in 

response to mannitol is largely due to Ca1+ influx across the plasma membrane (Knight et 

al 1997). A significant reduction in the magnitude of the [Ca1ic increase in response to 

mannitol was observed with a 20-fold reduction in the [Ca1i of the growth media 

(Figure 2B). These results suggest that, unlike the response to mannitol, intracellular c,i-+ 

stores are the principle players in the SA-induced [Ca1jc increase. 

SA may cau1e Cai+ -induced Ca1+ -releue (CICR) 

The external Ca1
+ chelator BAPTA was shown to completely inhibit the SA-induced 

[Ca2+]c increase both in tobacco cell culture (Kawano et al. 1998) and intact whole 

transgenic ArabidoP3is seedlings constitutively expressing cytosolic aequorin (Petersen 

2000). SA treatment of transgenic Arabidopsis seedlings (C24 ecotype), which report 
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increases in [Ca1ic around the microdomain adjacent to the tonoplut (Kniaht et al. 

1996), produced a large increase in [C'1c reaching magnitudes similar to tnmgenic 

plants expressing cytosolic &eqllOrin (Figure 3A). This data supports the observatipo the 

intracellular Ca1+ stores contrib'1es a large part to the SA-induced [ea2io increase. 
i 

However, treatment of C24 seedlings with S mM BAPTA prior to application of l mM 

SA completely abolishes the SA-induced [Ca1i 0 increase (Figure 3A). Since~ is a 

known extracellular Ca1+ chelator we had to test that it was not leaching intracellular 

Ca1+. Treatment of cytosolic aequorin expn:aing seedlings with S mM BAPTA for IS min 

followed by 1 mM SA yielded no respo111e and immediate treatment of cold ltr1'II to 

these plants resulted in a cold~induced [ea2i0 increase (Figure 3B). The cold-iqduced 

response has been shown to be largely duo to release from an intracellular Ca2t pool 
i . 

(Knight et al. 1996). This demonstrates that the absmce of the SA-induced [~io 

increase after treatment with BA.PT A is due to the chelation of extracellular ea1+ 1-1 not 

leaching by internal stores. Therefore we suggest that SA firstly inducel ea2+ Jnf1ux 
across the plasma membrane and this increase in [Ca1ic causes a releue of ea2+ frdm the 

vacuole. 

CICR is the phenomenon whereby Ca1+ itlldf mediates the release of ea1+ from intemal 

stores. In animaJ cells, both inositol triphosphate (IP3) and ryanodine-mediatedr ea2+ 

channels located on intracellular membranes has the capacity to be activated by I Ca2+, 

which underlies their involvement in CICR (Rudd and Franklin-Tong 1999; SIIJdeq et aL 

1999). A model for the involvement of IP3 C:..2+ channels in the formation of Ca2+ waves, 
dependent on the concentration of both IP3 and [Ca2ic, in plants was recmtly propoled 
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(Trewavas 1999). Preliminary evidence indicates a role for IP3-activated ca:+ cbmmela 

in the SA-induced [Calio elevation. Pre-treatment of cytosolic aequorin expressing 

seedlings with 0.3 mM neonxycin, which blocks metabolism of phosphoinolitidcs 

reducing IP3 synthesis (Knight tJt aL 1996), causes a slight reduction in the magnitude of 

the SA-induced [Calio response (Figure 3C). This result strengthens the hypothesis for a 

putative mechanism of CICR in opcnting the SA-induced [Calic increase. 

The effect of the SA-induced [Ca2ic elevation on pne expraalon 

SA is known to induce the expression of some pathogenesis related (PR) proteins, which 

are commonly used as markers for the establishment of systemic acquired resistance 

(Dempsey et al. 1999). We reported that the SA-induced [Calio increase was dependent 

on the concentration of SA (Petersen 2000) and comequeody investigated the expression 

pattern of PRl at different [SA] using W eatem analysis. As expected the e:xpreasion of 

PRl increases with increasing concentrations of SA in 2 week old A.rabidopsu seedlings 

(Figure 4A). However, seedlings preincubated in 5 mM BAPTA followed by treatment 

with 1 mM SA did not show a reduction in the amount of PRl protein present compared 

to seedlings treated only with 1 mM SA. Thia suggests that PRl expression in response to 

SA is independent of the [Calio increase. 

We therefore decided to investigate the expression profile of genes that are induced much 

earlier in response to SA. NPRl has been shown to be essential for mediating SA-induced 

disease resistance in .Arabidopsu thaliana and ftmctions upstream of PR proteins (Cao et 

al. 1994; Zhang et al. 1999). The RNA blots for northern analysis in Figure 4B and 4C 

were transferred and hybridised together under the exact same conditions. Therefore 
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despite the unequal RNA loading, we observed that SA induces NPRJ by 2 hoUl'I with 

transcript levels being maintained until 12 boura (Figure 4B). In addition, there is a 

distinct reduction in NPRJ expression in samples treated with S mM BAPTA prior to 

application of exogenous SA ~ifically at the 12 hour time point (Figure 4C). We have 

noted that the endogenous NPRi levels in tissue tn,ated with S mM BAPTA for 12 houri 

is high ( compared to the loading) and may be due to possible contamination that was not 

visible at the time of treatment (Figure 4C, lane 3). These results suggest a link betwom 

the SA-induced [Ca2ic increase and the regulation of NPRJ, however further 

investigation is required to ensure these prelirninuy findings are reproducible and to 

reconcile the effect oflong-tenn incubation in BAPTA. 

Clonln1 and expnalon analym1 of AtWRIY7 

The WRKY proteins are a supmfamily of transcription factors that are unique to plants 

and involved in the regulation of a variety of physiological programmes (Eulpm et al. 

2000). Numerous WRKY proteins have been shown to be induced by SA in .A.rabldop8i8 

thallana, within as little as 2 hours (Yu et al. 2001 ). Some of these (includfna ..4.IWRKY7) 

show induction independently of NPRJ, suggesting they may be expressed 1lpltream of 

NPRJ in a SA signalling pathway (Eulgem et al. 2000; Yu et al. 2001). We were 

therefore interested in investigating whether .A.tWRKY7, one of these early SA-induced 

genes, was responding to the SA-induced [Ca2ic incrcaae. 

We designed primers (see materials and methods) to amplify a cDNA fragment of 

.A.tWRKY7 of approximately 969 bp in length, spanning the coding region of .A.tWRKY7 

closest to the 3 '-end of the gene. After PCR of cDNA synthesised from 3 week old 1 mM 
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SA treated leaves, which gave a single PCR. product (Figure 5), the resulting DNA 

fragment was cloned into pGEM®-T easy vector. Sequence analysis verified that the 
I 

correct fragment bad been cloned (data not shown). 

We determined the axpression pattern of AtWRKY7 in 2 week old seedlings treated with 
I 

1 mM SA (Figure 6). Whereas published data revealed that AtWRKY7 is induced within 

2 hours and decreases to basal levels by 8 homs in 4 week old Arabidop8u plants sprayed 

with 2 mM SA (Yu et aL 2001 ), we observed that AtWR.KY7 reached maximal expression 

at 12 hours in response to 1 mM SA under our experimental conditions. Furthermore, the 

endogenous AtWRKY7 expression is induced in the H2O samples at 2 and 12 hours, 

although to a lesser extent than that of the SA treated amples at the same time points 

( compare loadings of Figure 6: lanes 2 and 3 to lanes 8 and 10 respectively). Therefore 

At WRKY7 may be responding to other additional ltrels signals under our experimental 

conditions. In order to reconcile this data and determine whether At WKRY7 responds to 

the SA-induced [Ca2ic increase further investigation into its induction is required. 

Isolation and characterisation of mutantl defective in abillty to prodace the SA­

induced [Ca21c elevation 

Transgenic Arabidopsu seedlings (RLD ecotype) constitutively expressing cytoplasmic 

aequorin were EMS mutagenised and screened for their lack of ability to produce an 

increase in [Ca2ic in response to 2 mM SA. Following SA treatment, seedlings were 

chilled and those that showed a reduced cold response were discarded to ensure mutants 

were chosen in which the reduction in the SA-induced [Ca2ic increase was not due to 

failure to reconstitute ftmctional aequorin. Mutant M2 plants were selected and the M3 
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gc:oeration plants were screened with 1 mM SA using luminometry to confirm the 

phenotype. Two putative mutants were aelccted for further study and there was no 

obvious morphological difference between putative mutants and wild type Arabidop3i.J 

seedlings. 

Both mutants, 7-102 and 1-126, exhibited reduced magnitudes of 0.5 :!:: 0.03 µM [Ca~c 

compared to 0.7 :!:: 0.05 µM [Ca1ic obeerved in the pmmtal transgenic line upon 

treatment of 1 mM SA. Additionally, peak maxima were establiahed slightly quicker in· 

both mutant lines, around 120 sec ·for the mutants compan,d to 180 sec obaerved in the 

control (Figure 7 A). 

In order to ascertain whether the observed reduction in the SA-induced [Ca2i0 increue in 

the mutants is due to a general inability to establish [Ca1ic increases or specific to SA, 

we investigated the effect of other stresses known to cause an incn,ae in [ea2i0 in these 

mutants. In response to cold 7-102 and 1-126 displayed similar kinetics to wild type 

(Figure 7B and 7C). Similarly, imposing drought strms, by treatment with 1 M mmmitol, 

results in both 7-102 and 1-126 reaching JDl&Ditudes not significantly different from that 

of the parental line (Figure 7D). 

In response to salt stress both putative mutants exln'bit altered kinetics compared to those 

of the control (Figure 7E). Herc the mutants abow a biphaaic Ca2+ signature wbenu RLD 

produced the characteristic single [Ca1i 0 tramient in response to salt (Knight et aL 1997). 

This data suggests that the mutations in both mutants have an effect on the alt-induced 

[Ca2ic increase and that salt and SA may operate via a similar [Ca2i 0-bued lipalling 

mechanism. The mutants appear to have an increased sensitivity to oxidative strea since 
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the magnitude of the [Ca2ic increase in both mutants is significantly higher than that of 

the wild type RLD but the kinetics of the responses are similar (Figure 7F). Although the 

Ca2+ signatures produced by both mutants in response to the stresses tested in this report 

were not always identical to those of the parent line, it is evident that 7-102 and 1-126 are 

not defective in mounting an increase in [Ca2i0 in response to these stresses and none of 

the responses are lower than wild type when altered. Thus ftnther characterisation of 

these mutants could provide significant clues in SA-mediated signal transduction and the 

issue of specificity of the SA-induced [Ca2ic response. 

RLD 7-102 shows reduced NPRJ expression in response to SA 

In this study we reported that treatment of A.rabidopsis seedlings with the extracellular 

Ca2+ chelator BAPTA prior to SA treatment caused a reduction in NPRl gene expression. 

Therefore we investigated the effect of the mutation in 7-102 on NPRJ expression in 

response to SA. Since BAPTA completely inht'bited the SA-induced [Ca2ic increase but 

only partially inhibited NPRl gene expression, we did not expect a large reduction in 

NPRJ expression in the mutant. 

NPRJ expression was maximal at 6 hours following SA application and decreased 

slightly at 12 and 24 hours in the RLD ecotype (Figure 6A). The expression pattern in 

7-102 is similar to that of wild type also reaching maximal levels at 6 hours but there is a 

reduction in the level of NPRJ induction in 7-102, with a significant reduction observed 

at the earlier time points (15 min to 2 hours) as well as at 12 and 24 hours in the mutant 

compared to the wild type samples (Figure 6B). The level of NPRJ in the 24 hour H2O 

sample of 7-102 is unexpectedly high (Figure 6B, lane 4), however, for each sample an 
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individual plate of Arabidopsis seedlings is utilized and it is possible thaij plate could 

have been contaminated leading to NPRJ induction. This experiment woul~ need to be 

repeated in order to confirm the observed reduction in NPRJ exprcssi~ in 7-102 

compared to wild type. 

These results together with the expression pattern in the BAPTA treated s~les holds 

promise for linking the SA-induced [Ca2ic to an end response but further infestigation is 

required to confirm these preliminary findings. 

DISCUSSION 

The versatility of Ca2
+ enables it to function in a host of physiological re5Ronses either 

through chemical stabilization of biological molecules or the ability of [Ca2ic to act as a 

second messenger (Taiz and Zeiger 1998; Pandey et al. 2000). There are extensive 

reports which demonstrate an increase in [Ca2ic in response to various eqviromnental 

stimuli (Knight et al. 1991; Cessna et al. 1998; Xu and Heath 1998) and Ctlllent research 

is focussing on identifying the sensing components that convert the [ Ca2+]c c~ange into a 

specific downstream response. 

Recently it has been demonstrated that specific kinetics of [Ca~ ... ]c osc'1}ations are 

required for initiating stomatal closure in response to extracellular Ca2+ ~d hydrogen 

peroxide (Allen et al. 2000; Allen et al. 2001). However, nothing is k.noWJ;l about how 

specific oscillations are sensed or transduced. Furthermore, recent evidenqe illustrated 

quantitative differences in changes in the [Ca2ic between the functionally I diverse cell 
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types of the Arabidopsu root in their response to cold, osmotic and salt stress (Kiegle et 

al. 2000), which suggests that there are specific roles for certain cell types in the 1m1ing 

and/or response to the same environmental cue. Thus evidence is ever ICCUIDWltina to 

support the hypothesis that specificity of ea1+ based signal transduction relidel in the 

physiological condition of the cell, source of Ca2+ mobiliz.ation and the apetial and 

temporal patterns of [Ca1i 0 change (McAinah and Hetherington 1998; Pandey et al 

2000). Our research is focused on determining whether the SA-induced [Ca2ioincrellc is 

a key regulator in mediating SA-dependent defence responses in plants and bow 

specificity of the [Ca1io increase is achieved. 

We investigated whethez the SA-induced [C..2io increase differed in the vari0111 pll'tl of 

the plant and report that the response is greater in the root compaml to the leaves 

(Figure 1 ). This suggests that the root either is the primary effector of the SA-induced 

[Ca2i0 increase or responds faster than the leaves. It is possible that the leucr reapcmo of · 

the SA-induced [Ca1io increase in the leaves could be due to the acceaibility of SA to 

these organs owing to the greater complexity of cells within the leaves coiq,m,d to the 

roots. In support for the argument of accessibility, the kinetics of the SA-induced [ea2ic 

increase observed in tobacco cell culture (Kawano et al. 1998) is remi:niacent of that seen 

in the roots. Furthermore, in vivo studies in tobacco showed that upon infection. with 

necrotizing pathogen SA accumulates in the both the inoculated and upper uninoculated 

leaves but little or no increase in SA is observed in the roots (Shulaev et aL 1995). 

Similarly, following pathogen infection SA has been shown to accumulate in cucumber 

(Meuwly and Mctraux 1993) andArabidop:Ju leaves (Nawrath and Metraux 1999). These 
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data supJX)rt the possibility that the actual response of cells to SA is an immediate 

increase in [Ca2ic and is dependt.nt on the accessibility of SA to the individual cells. 

Previously we reported a role fOl" both extracellular and intracellular Ca2+ stores for the 

SA-induced [Ca27c response (Petersen 2000). We have provided evidence that the 

· intracellular Ca2+ stores are primarily responsible for the observed SA-induced [Ca27c 

increase since varying the apoplastic Ca2+ had no significant effect on this response 

(Figure 2) and transgenic C24 seedlings expressing acquorin targeted to the microdomain 

of the tonoplast yielded a large increase in [Ca2ic of similar magnitude as the 

cytoplasmic aequorin expressing line (Figure 3A). However, the involvement of 

extracellular Ca2+ cannot be excluded and subsequent experiments suggest the 

mechanism of CICR, which is established in animal systems (Sanders et al. 1999) and 

bas recently been briefly reviewed in plants (Rudd and Franklin-Tong 1999), in operating 

the SA-induced [Ca27c response. 

The extracellular Ca2+ chelator BAPTA was shown here and previously to completely 

abolish the SA-induced [Ca2ic increase in both the cytosolic (Petersen 2000) and 

microdomain expressing aequorin lines (Figure 3A). However, BAPT A failed to inht"bit 

the [Ca2ic increase in response to cold (Figure 3B), which was reported to be largely due 

to Ca2+ release from the vacuole {Knight et al. 1996), illustrating that BAPTA is not 

leaching intracellular Ca2
+. Therefore, if the observed Ca2+ influx and Ca2+ release in 

response to SA were separate reSJX>nses, BAPT A would be unable to inhibit the SA­

induced [Ca2+]c increase in the C24 seedlings. The fact that BAPTA can inhibit this 

response in C24 seedlings indicates that the two stores are not acting independently in the 
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SA-induced [Ca2ic response. Fmthermore, preliminary ~dcnce implicates a role for 

IP3-activated Ca1+ channels in the SA-induced [Ca1ic respoDSe (Figure 3C). These 

channels have been shown to be l'egulated by both IP3 andllocal Ca1+ concentrations and 

are involved in CICR in animal systems (Marchant and Taylor 1997; Sanders et aL 1999; 

Trewavas 1999). We therefore propose that the mechani~ for the SA-induced [Ca1ic 

increase is CICR where SA firstly induces Ca1+ influx ,-cross the plasma membrane 

causing an increase in [Ca1ic which, in conjunction ◄ IP3 synthesis, activates IP3-

activated Ca1+ channels on the tonoplast resulting in Ca1+ RJcase from the vacuole. 

SA mediates a host of responses to confer disease resi~e in plants including the 

establishment of systemic acquired resistance (SAR) charac~sed by the up regulation of 

PR proteins (Dempsey et al. 1999). Western analysis tj,vealed that PRl expression 

increases with increasing concentration of SA in Arabidppsu seedlings (Figure 4A), 

which correlated to the ability tjf the various [SA] to induc~ changes in [Ca2ic (Petersen 

2000). However, pre-treatment with 5 mM BAPTA did notl cause a reduction in the level 

of PRI present. This implies either that PRI expression is iJldepcndent of the SA-induced 

[Ca1ic elevation or othrr compensatocy pathways are acti~ating PRl expression in the 

absence of Ca1+, suggesting that changes in [ Ca1i 0 in response to SA might be one of 

two or more parallel SA signalling pathways. This is not ~thout precedent, for example, 

the expression of PR genes and disease resistance were sho,tm to be induced by SA in the 

dominant ssil mutation independently of NPRJ (Shah et al. I 1999). 
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A clearer picture in linking changes in [Ca2ic to ~A-mediated signal transduction may be 

provided by investigating the effects of the SA-i4duced [Ca2ic increase on genes that are 

induced more directly and more rapidly by SA. We chose NPRJ as a candidate gene, since 

NPRJ operates upstream of PRJ expression (Caq et al 1994). Our data suggests that the 

SA-induced .[Ca2ic increase affects NPRJ ~ion since modulation of the [Ca~o 

response with BAPTA causes a reduction in lfPRl especially at later time interval• 

( compare figures 4B and 4C). However, these ~ents must be repeated to confirm 

these preliminary findings which suggest a role ltor the SA-induced [Ca2ic respome in. 

the regulation of NPRJ expression. 

Additionally, we were interested in investigating the effect of the SA-induced [Ca~0 

response on the plant specific transcription factor IWRKY7, because it is early responsive 

to SA, reaching maximal levels by 2 homs fol\owing SA treatment (Yu et al. 2001). 

More importantly its regulation is independent of NPRJ (Yu et al. 2001) suggesting 

AtWRKY7 functions upstream of NPRJ or in an ipdependent SA signalling pathway. We 

have successfully cloned a 969 bp cDNA frwnent of AtWRKY7 and shown that 

At WRKY7 is induced by SA in 2 week old Ar(lbidopsu seedlings but at a later time 

interval (12 hours as opposed to 2 hours) comp~ to a previous report (Yu et al. 2001). 

Future experiments will entail modulating the SA.-induced [Ca2ic response to determine 

if this response is able to regulate AtWRKY7 exp~ession. These data together with NPRJ 

expression studies may provide evidence that th~ SA-induced [Ca2ic response is able to 

regulate the expression of SA-inducible genes! suggesting a role for [Ca2i 0 in the 

establishment of defence responses when plants ate challenged with pathogm. 
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Another important approach we adopted in order to elucidate the early events of SA­

mediated signal transduction, as well as the issue of specificity of the SA-induced [Ca11c 

response, is the isolation of putative mutants which lack the [Ca11c elevation in response 

to SA. These mutants should prove to be useful toola to identify the components or events 

leading to the [Ca11c change in response to SA. We have isolated two putative mutants, 

7-102 and 1-126, that display reduced magnitude of the SA-induced [Ca11c response. No 

mutants were isolated in which the response is completely abolished possibly since both 

SA and [Ca2ic are ubiquitous in signalling cascades (Dempsey et al. 1999; Pandey et al 

2000) and such a mutation could prove lethal. Furthermore, we have shown that the 

observed reduction in the SA-induced [Ca1ic elevation is not due to a general deficiency 

in Ca1+ signalling since other stresses, known to induce increases in [Ca2i 0, produced 

similar increases in [Ca2io in the mutants and wild type. However, the Ca1+ signature of 

the mutants in response to salt stress displayed altered kinetics to that of wild type plants. 

Similarly, in response to oxidative stress the mutants produced increases in [Ca1i 0 that 

were significantly larger than that produced in wild type. These observations cause us to 

speculate that Ca1+ -based signalling involves a complex network of components and 

various environmental cues, for example SA, salt and H1O1, might utilize the same 

components but in a different manner in order to elicit a specific change in [Ca11c• 

We have also observed a partial reduction in NPRJ expression in 7-102, which was 

consistent with the expression studies utilizing BAPTA that completely inbt"bits the SA­

induced [Ca2ic increase. These preliminary findings strengthens the hypothesis that 

NPRJ is regulated by the SA-induced [Ca2ic response and further characterisation of 
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these mutants may provide insightful clues into the rol, of [Ca2i 0 in SA-mediated signal 

transduction. 

In this study we have further ch.afacterised the SA-~ed [Ca2i 0 transicut, showing that 

the response differs in the different parts of plant apd that majority of tho reapomo 

derives from intracellular Ca2+ stores. We also provide ~dcnce for a mechanilm of CICR 

in this response, with the involvement of IP3-acµvated ca?-+ channels requiring 

verification. The initial NPRJ expresaion studies report~ here suggests a role for the SA-· 

induced [Ca2i 0 increase in the regulation of this SA-~ible gene. Micromay analysis 

of the mutants versus wild type would reveal wheth~ the SA-induced [Cai+:]0 inareaae 

acts as a global regulator of SA-mediated gene express~on and assist in the elucidation of 

a direct link between the SA-induced [Ca2i 0 el~vation and an end responso's. 

Furthennore, future characterisation of the mutants y.rill help in the ideotificaticm of 

components or events that leads to the SA-induced [C~ic increase thereby aiding in the 

understanding of the role of [Ca2ic in SA-mediated •~ transduction and establilhmmlt 

of disease resistance. 
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MATERIALS AND METHODS 

Plant Material and Growth Condltion1 

Unless otherwise stated, experiments were performed using seedlings of transgenic 

.Arabidopsis Colmnbia ecotype constitutively expressing recombinant apoaequorin, a 

Ca1+-sensitive photoprotein, in their cytosol as described by Knight et al. (1996). Where 

stated, transgenic Arabidopsis of the RLD ecotype expressing cytoplasmic apoaequorin 

and C24 ecotype expressing apoacquorin-pyrophosphatase fusion protein that targets 

aequorin to the cytoplasmic face of the vacuolar membrane (both a kind gift from Dr. H. 

Knight, Department of Plant Sciences, University of Oxford, Oxford, UK) were used. All 

plants were grown on nutrient media (Haugh and Sommerville, 1986) under fluorescent 

light (80-100 µmol photon/sec/m1
) in a controlled environment chamber at 21 °C. Where 

the calcimn concentration was varied, the [Ca(N03)1.4H10] was altered. Columbia 

ecotype seedlings were grown on soil for 3 weeks under fluorescent light (80-100 µmol 

photon/sec/m1
) in a controlled enviromnent chamber at 21°C. 

Chemical1 

Chemically synthesized coelenterazine (Prolume) was stored in 20 nmole aliquots at 

-20°C. Coelentrazine was dissolved in methanol and dilute in sterile H10 to obtain the 

desired concentration. Salicylic acid, 4-hydroxybenzoic acid ( 4-HBA), l,2-bis(2-

aminophenoxy)-ethane-N,N,N',N'-tetraacetic acid (BAPTA), neomycin and sodimn 

salicylate were plll'Chased from Sigma. SA and 4-HBA were dissolved in ethanol and 
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diluted to desired concentrations with stmile H2O to a final ethanol concentration of 

0.5 %(v/v). 

111 ""'° Reconstitution of Aequorln and [Ca21c meuurementa •llll1 lambaometry 

R.econltitution of aequorin was performed essentially as delcn'bed by Knight et al. (1991) 

with individual seedlings incubated in microtitre plates in a final concentration of S µM 

coelenterazine in the dark overnight at 20°C. Transgenic .A.rabidopm C24 ecotype 

seedlings were individually incubated in 10 µM coelentcrazinc under the same 

conditions. Following reconstitution, seedlings were placed individually in a plastic 

cuvette in 0.5 ml H20 for approximately 10 min or in O.S ml Ca2+ channel inbibiton and 

Ca2+ chelators for an hour (lDllas1 otherwise stated) prior to addition of SA. SA, mmmitol, 

NaCl, H202 and ice cold H20 were delivered through a light tight pcxt to the final 

concentrations specified in individual a:q,eriments. For cold atrea, eeec:Qinp were 

individually placed in a plastic cuvette and subjected to 1 ml ice cold H20. To determine 

SA-induced [Ca2j 0 increase in roots and leaves, the roots and leaves were aeparated 

following reconstitution and individually placed in plastic cuvettel for 1 hour pior to SA 

application. Bioluminescence counts were recorded over S sec intmvaJ.1 (1 sec intava1a 

for treatments other than SA), recorded as average light units per second, with a digital 

luminometer (Luminod:an TL Plru Luminometer, Labsystems, Finland). At the end of 

each experiment the remaining aequorin was discharged by addition of 1 ml 2 M CaC}z in 

20 % ethanol (Knight et al 1997). Cahl>ration of [Ca2i 0 was performed as described by 

Knight et al. (1996) using the calibration equation: pCa = 0.332588(-logk) + 5.5593, 
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where k is a rate constant equal to lwninescence counts per second divided by the total 

remaining counts. 

Protein Extraction and Western Blot Analysis 

Seedlings were grown on nutrient medium for 2 weeks post germination an~ 250 mg 

plant tissue was place in microtitre plates for the following treatments. Seedlings were 

incubated in various SA concentrations for 30 min and subsequently placed in H20 or 

incubated in 5 mM BAPTA for 5 min prior to addition of SA to a final conc~tration of 

1 mM and subsequently placed into 5 mM BAPTA. For the control treatments! seedlings 

were incubated in 4-HBA or sterile H20 for 30 min followed by subsequent pl*emcnt in 

H20, incubated in 5 mM BAPTA for duration of experiment or immediatelylharvested 

without any treatment in liquid N2. Tissue was harvested in liquid N2 after 48 fboura and 

homogenized in a 1 X TBS protein extraction buffei- (2 mM PMSF, 2 mM beJ12l8Illide, 10 

mM E amino caproic acid and 1 mM EDT A). Protein concentrations were cJetermined 

using the Bradford assay (Bradford 1976). 23 µg of protein was electrophore*d in a 12 

% polyacrylamide gel. Proteins were transferred overnight onto nitrocellulose niembranes 

and probed with anti-PR I antiserum at a dilution of 1 :62.5 for 4 hours I at 37°C. 

Oiemiluminescent detection was performed as previously described (Durrant iqid Fowler 

1994). 

RNA Extraction and Northern Blot Analysis 

Seedlings (250 mg) were treated 2 weeks post germination with a final conc~tration of 

1 mM SA for 30 min following subsequent placement in H20. For samples pre-treated 
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with 5 mM BAPTA, following SA application samples were subsequently placed into 

5 mM BAPTA for duration of experiment. Tissue was harvested in liquid ~2 at indicated 

time points. Total RNA was isolated utilizing Trizol (Life Technologies) as per 

manufacturer's instructiom. 1~ µg RNA of each sample was elqctrophoresed 

in formaldehyde-agarose gels and blotted onto Hybond W membranes by capillary action 

using standard procedures (Peters et al. 1996). Membranes were probed with 

a-[32P]dCTP-labelled cDNA fragments (Megaprime DNA labelling kit, Aplersham) of 

the NPRJ gene from the L35 clone set (Mendel Biotechnology) or the AtWRKY7 cDNA. 

lloladon of mutants defecdve In SA-induced [Ca1ic response 

Transgenic Arabidopsis seedlings (RLD ecotype) constitutively expressins cytoplasmic 

apoaequorin were mutagenised with ethyl metbanesulfonate (EMS). The µritial screen 

entailed identifying individual seedlings that lacked the ability to produce * increase in 

[Ca2+]c in response to 2 mM SA. Seedlings were subsequently chilled and t:J;lose showing 

a reduced end response were discarded to ensure mutants were chosen in which the 

reduction in SA-induced [Ca2ic increase was not due to failure to reconstitute functional 

aequorin. Mutant M2 plants were chosen and M3 generation plants were screened with 

1 mM SA to confirm the phenotype. K. Denby and N. Adams carried out the primary 

screen and secondary screen. For characteriz.ation of putative mutants, a\l subsequent 

luminometry and northern analysis were performed as described for that lof wild type 

(Colwnbia ecotype) treatments. 
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Cloning of AtWRKY7 cDNA 

Three week old Arabidopsu (Colmnbia ecotype) leaves were excised and tn;lted with 

1 mM SA for 30 min followed by incubation for 2 hours in H20. Tissue was ~ in 

liquid N2 and total RNA was isolated utilizing Tri2nl (Life Teclmo~) as per 

manufacturer's instructions. cDNA was synthesized from total RNA utiJlnng the 

oligo(dT) protocol of the Gibco BRL Sup«Script• kit (Life Tecbnol~) as per 

manufacturer's instructions. To isolate the AtWRKY7 gene probe used for~ gel blot· 

analysis, we designed two primers (5'-CGGAGGAGGAOGTGATGGTT-3'1 mi 5'­

TGGTCTCCTfCGTACGTCACG-3') for PCR amplification. A.tWRKY7 cqNA was 

amplified under the following conditions: 90°C for 3 min followed by 35 cycle, of94°C 

for 2 min, 63°C for 1 min, 72°C for 1.5 min, ending with 10 mm at Tr'C. IA single 

product of the expected size (approximately 969 bp) was obtained and following agmoae 

gel purification (Qiagcn gel extraction kit) the fragment was cloned into pOE~ -T euy 

vector (Promega). DNA sequence analysis was carried out by the Sequmcing Quit in the 

Department of Molecular and Cell Biology at UCT. 
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Figure 1: SA-induced [Ca21c elevatloa ln the roots, leava and Intact whole 

seedHnp of tran11enlc Arabltlopm thtditm• upra1in1 the 

photoprotein aequorin 

Seven day old.Arabidopsu seedlihgs (Columbia ecotype) were reconstituted overnight iq. 

S µM coelenterazine and either left intact (whole) or the roots and leaves were sep~ 

and individually treated 1 hom after separation with SA to a final concentration of 1 m.M~ 

Bioluminescence measmements from several experiments (n=S each treatment) were 

converted to [Ca2ic (Knight et al. 1996). The vertical line represents the standard error 

of the mean at peak maxima. 

Flpre2: Effect of varying apopla1tic [Ca2i on the SA-Induced [Ca2ic lac~ 

Transgenic Arabidopsis seedlings were grown on plant growth media ranging ~ 

Ca(NO3)2.4H2O concentration from 2 mM to 0.1 mM. Seven days post germinatiotj. 

seedlings were reconstituted in 5 µM coclenterazine and treated with (A) 1 mM SA or (B) 

0.6 M mannitol (n=10 for each trace). 

Figure 3: SA-Induced [Ca21c increase poaibly cau1ed by Ca1+ -induced Ca2+ - . 

release 

Transgenic Arabidopsis expressing aequorin in the cytosol (cyt) and seedlings expressing 

aequorin targeted to the microdomain adjacent to the tonoplast (MD) seven days po5l 

germination were reconstituted in 5 and IO µM coclenterazine respectively. Scedlinsis 

were preincubated in Ca1
+ channel inhibitors and chelators followed by application of 

1 m.MSA. 
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A: 5 mM BAPTA for 5 min, followed by 1 mM SA at time 0 (n-11). 

B: 5 mM BAPTA for 5min, 1 mM SA at time 0 and SOO µI ice cold 

H2O at time 275 sec (n=S). 

C: 0.3 mM Neomycin for 1 hour, followed by 1 mM SA at time 0 (n-5). 

Figure 4: 'The effect of SA-Induced [Ca21c lncreue on PRl and NPRl pne 

expression 

A: Protein blot showing PRl protein levels. 14 day old Arabidop8i3 (Colmnbia 

ecotype) seedlings were treated with different concentrations of SA, rmging from 

0.1 to 1 mM, for 30 min followed by subsequent placement in Hz(). Seedlinga 

pre-treated with 5 mM BAPT A for 5 min were subaequently placed in S mM 

BAPTA, following 1 mM SA treatment. Lanes: Time Ohr (l); H1O (2); 1 mM 

4-HBA (3); 0.1, 0.25, 0.5, 0.75 and 1 mM SA (4-8); 1 mM Sodium saJicylate (9); 

5 mM BAPTA (10) and 5 mM BAPTA + 1 mM SA (11). 

B: RNA blot probed with NPRl cDNA 14 day old Arabidopsu (Columbia ecotype) 

seedlings were treated with 1 mM SA or H20 for 30 min followed by sublequmt 

placement in H20. Lanes: Time 0 hr (1); IS min, 2 hr and 12 hr H20 (2-4); 15 

min, 30 min, 1, 2, 6 and 12 hr l mM SA (5-10). 

C: RNA blot probed with NPRl cDNA 14 day oldArabidopsis (Colmnbia ccotypc) 

seedlings were treated with 5 mM BAPTA prior to treatment with 1 mM SA for 

30 min followed by subsequent placement in 5 mM BAPT A. Coll1r01 samples 

were incubated in 5 mM BAPTA for the time points indicated. Lanes: lS min, 2 
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and 12 hr 5 mM BAPTA (1-3); 15 min, 30 min, 1, 2, 6 and 12 hr 5 mM BAPTA + 

1 mM SA ( 4-9). 

FlpreS: PCR amplfflcaUon of AtWRKY7 cDNA ,-e1dl linpe DNA fra&ment 

Primers were designed to amplify a 969 bp DNA fragD]/Cllt of .A.tWR.KY7 from cDNA 

synthesized from 3 week old SA treated leaves. PCR reactfona were electrophoresed on a 

1 % agarose gel. Lanes: (1) 1,, DNA digested with Eccj, Rl and Hind III (2-3) PCR 

reactions with .1.5 and 2 mM MgCh respectively ( 4) H20 qontrol PCR reaction. 

Flpre6: SA Induces AtWRKY7 ln tran11enlc ~ldoplis 1eec1Hn11 

RNA blot probed with AtWRK.Y7 cDNA. 14 day old .A.,pbidopsi!J (Cohnnbia ccotypc) 

seedlings were treated with 1 mM SA or H2O ( control s8'JPles) for 30 min followed by 

subsequent placement in H20. Lanes: Time Ohr (l); 15 $11, 2 and 12 hr H20 (2-4); 15 

min, 30 min, 1, 2, 6 and 12 hr 1 mM SA (5-10). 

F'lgure 7: CharacteriaUon of the [Ca21c lncreue 1, n1pon1e to various ltreae■ 

In the putative mutants 7-102 and 1-126 

Transgenic seedlings (RLD ecotypc) expressing cytopl~c aequorin and the mutant 

lines 7-102 and 1-126 seven days post germination werq incubated overnight in 5 µM 

coelenterazine and treated with the following solutiona: 

A: 1 mM SA (IF10 each trace) 

B: Cold stress: 1 ml ice cold H2O (n=5 each) 

C: Cold stress: 1ml ice cold H2O (n=5 each) 

33 



D: Drought: 1 M MIIIDitol (n=S each) 

E: Salt stress: 0.5 M NaCl (n-5 each) 

F: Oxidative stress: 10 mM H202 (n=5 each) 

Flpre 8: The effect of reduced SA-Induced (Ca21c elevation on NP .. l pae 

exprasion 

RNA blot probed with NPRl cDNA. 14 day old A.rabidopsu seedlinp, RLD (A) and_ 

7-102 (B), were treated with 1 mM SA for 30 min and subsequcmtly placed into H20 and 

harvested at the indicated time points. Lanes for both A and B: Time Ohr (l); 2, 12 and 

24 hr H20 (2-4); 15 min, 30 min, 1, 2, 6, 12 and24 hr 1 mM SA (5-11). 
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