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Salicylic acid-independent plant

defence pathways

Corné M.J. Pieterse and Leendert C. van Loon

Salicylic acid is an important signalling molecule involved in both locally and systemically
induced disease resistance responses. Recent advances in our understanding of plant
defence signalling have revealed that plants employ a network of signal transduction pathways,
some of which are independent of salicylic acid. Evidence is emerging that jasmonic acid and
ethylene play key roles in these salicylic acid-independent pathways. Cross-talk between the
salicylic acid-dependent and the salicylic acid-independent pathways provides great regu-
latory potential for activating multiple resistance mechanisms in varying combinations.

against pathogen attack. Specific pathogen recognition
mechanisms, governed by resistance gene products that
interact with matching avirulence gene products from the pathogen,
usualy lead to a hypersensitive response at the site of pathogen
invasion, keeping the pathogen isolated from the rest of the plant™.
The formation of necrotic lesions, either as part of the hypersensi-
tive response, or as a symptom of disease caused by a necrotizing
virulent pathogen, is associated with the co-ordinated induction of
an integrated set of defence responses. cell wall rigidification;
synthesisof phytoalexins; and accumulation of pathogenesis-related
proteins (PRs). Activation of defence-related genes extends sys-
temically, conferring broad-spectrum resistance to viral, bacterial
and fungal pathogens in distant, uninfected plant parts. Systemic
acquired resistance (SAR)? is one of the best-studied signal trans-
duction pathwaysinvolved in this complex resistance response, of
which salicylic acid is a key signalling component®. Induction of
SAR, by apredisposing infection with a necrotizing pathogen, co-
incideswith an early increase in endogenously synthesized sdicylic
acid, not only at the site of primary infection but also systemically
in the uninfected tissues*®. Evidence for the key role of salicylic
acid came from the analysis of transgenic plants expressing the
bacterial nahG gene, which encodes the enzyme salicylate hydroxyl-
ase that inactivates salicylic acid by converting it to catechol.
Transgenic NahG plants are unable to accumulate salicylic acid,
and are also incapable of developing SAR, indicating that sali-
cylic acid accumulation is required for the expression of SAR®.
NahG plants have also been valuable tools in the discovery
of novel, salicylic acid-independent defence pathways that, like
SAR, confer broad-spectrum systemic resistance. Recently, sev-
eral research groups demonstrated that specific defence responses
are unaffected by the absence of salicylic acid in the NahG plants,
which indicates that these defence reactions operate indepen-
dently of salicylic acid. This is supported by the discovery that
severa defence responses can be activated without an increase in
thelevel of salicylic acid or salicylic acid marker gene expression.
Plant growth regulators, jasmonic acid and ethylene, are now
emerging as important signalling molecules in these alternative
defence pathways.

PI ants possess multiple mechanisms to protect themselves

Salicylic acid-independent activation of PR gene

expression

PRsaccumulatein pathological or related situations and were identi-
fied originally asnovel proteinsthat accumulated in tobacco leaves
reacting hypersensitive to tobacco mosaic virus (TMV)’. Some of
these PRs, such as chitinases and glucanases, possess antimicrobial
activity, and are thought to contribute to the broad-spectrum resist-
ance that is triggered upon infection with a necrotizing pathogen.
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Pathogen-induced expression of most PR genes is correlated with
the onset of SAR in uninfected tissue, and can be mimicked by
exogenous application of salicylic acid®. Nonetheless, several
lines of evidence suggest that salicylic acid is not the only signal
involved in the induction of PR genes. Firstly, PR gene activation
does not always coincide with enhanced levels of salicylic acid®.
Secondly, the set of PR genes activated upon pathogen infection
does not always match those activated by salicylic acid or its
functional analogues, 2,6-dichloroisonicotinic acid (INA) and
benzothiadiazole (BTH)'*. For instance, infection of tobacco by
the soft-rot pathogen Erwinia carotovora or treatment of tobacco
leaves with its elicitors, systemically induces a set of PR genes
that is different from that induced by exogenous application of
salicylic acid™®®, During thefirst 12 hours after infection, Erwinia
specifically activates a basic B-1,3-glucanase (PR-2) and a basic
chitinase (PR-3) gene but not the salicylic acid-inducible PR-1
gene. Whereas, exogenous application of salicylic acid triggers
the expression of PR-1 but not that of the PR-2 or the PR-3 gene.
Interestingly, Erwinia-mediated induction of PR genes is antago-
nized by salicylic acid, whereas salicylic acid-induced PR gene
expression is antagonized by Erwinia-derived dlicitors?. The
induction of Erwinia-mediated PR gene expression is not affected
in transgenic NahG tobacco plants. Moreover, Erwinia elicitors
can enhance systemic resistance in wild type and transgenic NahG
tobacco plants®, indicating that the signalling pathway is salicylic
acid independent.

Another examplein which PR genes appear to be activated in a
salicylic acid-independent manner has been demonstrated in trans-
genic tobacco plants expressing the pokeweed antiviral protein
(PAP) from Phytolacca americana. PAPisaribosome-inactivating
protein that inhibits translation by catalytically depurinating eu-
karyotic ribosomes™. Transgenic plants expressing PAP are re-
sistant to a broad spectrum of plant viruses and show enhanced
resistanceto the fungal pathogen Rhizoctonia solani, whichiscor-
related with constitutive expression of PR genes. Interestingly,
PAP plants do not show elevated levels of salicylic acid, suggest-
ing that PR gene expression in these PAP transgenics is not
dependent on salicylic acid®™. Additional evidence for the obser-
vation that enzymatic activity of PAP is capable of inducing
salicylic acid-independent defence responses came from grafting
experiments. |n these experiments, it was demonstrated that wild-
type tobacco scions grafted onto PAP-expressing rootstocks show
enhanced resistance to TMV and potato virus X infection in the
absence of PR gene expression and increased salicylic acid ac-
cumulation'®, However, it cannot be ruled out that PAP induces
enhanced sensitivity to sdicylic acid, leading to an increase in
salicylic acid responses in the absence of elevated salicylic acid
levels.
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In Arabidopsis and tobacco, PR-1 gene
expressionisparticularly responsiveto sali-
cylic acid and is therefore often used as a
marker for the salicylic acid-dependent SAR
response’. PR-1 gene expression in tobacco
is controlled by at least two distinct sig-
nalling pathways. Polyacrylic acid (PAA)
isachemical inducer of PR-1 gene expres-
sion and enhances resistance to TMV in
tobacco at the application site. One mecha-
nism by which PAA might activate PR-1
gene expression is by inducing the accu-
mulation of salicylic acid because PAA-
treated plants also show elevated salicylic
acidlevels. However, inwild typeand trans-
genic NahG tobacco plants, PAA isequally
capable of inducing PR-1 protein accumu-
lation™’, suggesting the presence of more
than one pathway leading to PR-1 gene ex-
pression, of which one is independent of
sdlicylic acid.

Severd lines of evidence indicate that the
plant growth regulators jasmonic acid and
ethylene play an important role. For in-
stance, methyl jasmonate, a naturally occur-
ring derivative of jasmonic acid, enhances
thelevel of salicylic acid-induced PR-1 gene
expression in tobacco®®. Moreover, combi-
nations of methyl jasmonate and ethylene
synergistically induce members of both the
PR-1 and the PR-5 gene family in this
species. Recently, it was demonstrated that
the salicylic acid-independent activation of
PR genes by Erwinia elicitors involves a
concerted action of jasmonic acid and ethyl-
ene (E.T. Palva, pers. commun.), strongly
supporting earlier evidence™.

Jasmonic acid- and ethylene-regulated
plant defensins and thionins

Over the past few years, evidence has accu-
mulated demonstrating that jasmonic acid
and ethylene are indeed important signasin
theinduction of systemic defence responses.
Both are rapidly produced when the plant
is attacked by a pathogen, particularly dur-
ing necrotizing infections where therisein
jasmonic acid levels even extends to sys-
temic tissues™. Moreover, exogenous appli-
cation of these signalling moleculesinduces
aset of defence genesthat are also activated
upon pathogen infection, among which are
genes encoding plant defensinsand thionins:
small, cysteine-rich, basic proteinswith anti-
microbial activity”#. In Arabidopsis, the
thionin gene Thi2.1 and the plant defensin
gene PDF1.2 are locally and systemically
activated after infection with a necrotiz-
ing pathogen or exogenous application of
methyl jasmonate, but not after the leaves
have been treated with sdicylic acid®®*
(Fig. 1). In Arabidopsis NahG plants,
pathogen-induced systemic activation of
PDF1.2 is unaffected®, indicating that this
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Fig. 1. Characterization of GUS reporter-gene expression in transgenic Arabidopsislines har-
bouring aPDF1.2 (Panel I) or Thi2.1 (Panel I1) promoter-GUS gene construct. Plants were
treated with: (a) water; (b) 1 mM sdlicylic acid; (c) 0.1% ethanol; (d) 50 wM methyl jasmonate
in 0.1% ethanol. GUS reporter-gene activationisvisualized by the accumulation of ablue colour.
Clearly, both the PDF1.2 and the Thi2.1 promoter are activated by methyl jasmonate but not by
sdicylic acid, suggesting that PDF1.2 and Thi2.1 gene expression are both controlled by a sali-
cylic acid-independent signalling pathway. Photographs courtesy of W.F. Broekaert and . AM.A.
Penninckx (PDF1.2-GUS), and H. Bohimann, A. Vignutelli and M. Nibbe (Thi2.1-GUS).
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Fig. 2. (8) Pseudomonas fluorescens WCSAL7r bacteria on the surface of a plant root.
Rhizobacteria are visuaized by the green fluorescence of FITC-labelled antibodies that
were directed against the target bacterium. (b) Plant growth-promoting effect on Arabidopsis
plantsgrownin soil containing P. fluorescens WCSA17r bacteria. (c) P. fluorescensWCS417r-
mediated induced systemic resistance (ISR) in Arabidopsis ecotypes Columbiaand Landsberg
erecta against infection by the fungal root pathogen Fusarium oxysporum f.sp. raphani and
the bacterial leaf pathogen Pseudomonas syringae pv. tomato. Treatment of the roots with
P. fluorescens WCSA17r resultsin the elicitation of 1SR, visualized by a strong reduction of
the symptoms caused by the challenging pathogens compared with the control (d). Parts (c)
and (d) are reproduced, with permission, from Ref. 46.

response. Recently, it was demonstrated that
the jasmonate and ethylene signalling path-
ways need to be triggered concomitantly to
activate PDF1.2 upon pathogen infection®.

Infection with anecrotizing pathogen trig-
gers both salicylic acid-dependent PR gene
expression and salicylic acid-independent
PDF1.2 and Thi2.1 gene expression. This
raises the question as to whether the re-
spective pathways share certain signalling
steps. If this is the case, which signalling
components do they share and where do
these pathways diverge? Experiments de-
signed to dissect genetically the signalling
pathways controlling systemically induced
disease resistance, have greatly contributed
to our understanding. Mutant screens, which
were aimed at identifying potential sig-
nalling components of the SAR pathway in
Arabidopsis, yielded both loss-of-function
mutants and gain-of-function mutants®.
Loss-of-function mutants, such as the al-
lelic mutants nprl and niml, are unable to
mount systemic resistance or express PR
genes after pathogen infection or salicylic
acid treatment, indicating that they are
blocked in the SAR signalling pathway.
Gain-of-function mutants, such as those
from the cpr and cimseries, constitutively
express PR genes and are more resistant to
pathogen infection, indicating that these
mutants congtitutively express SAR. Experi-
ments using nprl and cprl mutants dem-
onstrated that pathogen-induced systemic
activation of PDF1.2 isunaltered, indicating
that these mutations in the SAR pathway
do not affect PDF1.2 gene expression®.
The signalling pathways |eading to PR and
PDF1.2 gene expression are distinct. How-
ever, Arabidopsis SAR mutants cpr5, cpr6
and acd2 from the gain-of-function mu-
tant class show congtitutive expression of
PR genes as well as PDF1.2 (Refs 20,27,
28) and Thi2.1 (Ref. 28), suggesting that the
corresponding signalling pathways are con-
nected, probably in the early steps of their
signal transduction pathways. Pathogen-
induced PDF1.2 gene expression is tightly
correlated with the rise in endogenous
jasmonic acid levels®, whereas PR gene
expression is strictly correlated with el-
evated levels of salicylic acid®”’. Mutants
cpr5 and acd2 form spontaneous lesions
that give rise to increased levels of both
salicylic acid and jasmonic acid®¥, indi-
cating that the early signal transduction
step that both pathways have in commonis
probably the initiation of lesion formation.

regulatory pathway is salicylic acid independent. Interestingly, Systemic defence responses induced by wounding

PDF1.2 gene expressionisblocked in the ethylene-insensitivemu-  Defence responses are triggered after wounding, some of which
tant ein2 and the jasmonic acid-insensitive mutant coil (Ref. 20), are expressed systemically. A classic example is the observation
demonstrating that the signalling pathway involved in PDF1.2  that following herbivore attack, tomato leaves systemically accu-
induction requires components of the ethylene and jasmonic acid mulate proteinase inhibitor (pin) proteins that reduce further
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insect feeding®. Wound-induced systemic resistance against fun-
gal pathogens has recently been demonstrated as well. Wounding
of young rice plants induces a systemic resistance response that
leadsto protection against infection by therice blast fungus Magna-
porthe grisea in the absence of PR gene expression®. Jasmonic
acid has emerged as an important signal in the wound response™.
Wounding not only causes arapid production of jasmonic acid but
the levels of ethylene increase as well. Recently, it was demon-
strated that neither wounding, nor jasmonic acid is able to induce
pin gene expression in the presence of inhibitors of ethylene
action. By itself, ethylene is unable to activate pin gene expres-
sion, indicating that ethylene must sensitize the tissue to the
inducing action of jasmonic acid®.

Interactions between signals

Both wounding and pathogen attack involve the production of jas-
monic acid and ethylene. However, several lines of evidence indi-
cate that their respective response pathways are distinct, or even
antagonistic. For instance, in tobacco, wounding and pathogen
attack show differential activation of different members of the PR
gene families®. Wounding appears to activate basic PR genes,
whereas pathogen attack predominantly leads to acidic PR gene
expression. A possible cause might be that upon wounding only
jasmonic acid and ethylene appear to play a role, whereas after
pathogen infection sdlicylic acid is produced aswell. Sdlicylic acid
and its functional analoguesinhibit jasmonic acid-induced defence
gene expression®*, In Arabidopsis, the expression of the jas-
monic acid- and ethylene-inducible gene PDF1.2 is enhanced in
saicylic acid non-accumulating NahG plants®, suggesting that in
wild-type plants pathogen-induced PDF1.2 gene expression is, to
some degree, suppressed by endogenous salicylic acid. Thisis sup-
ported by the observation that PDF1.2 mRNA accumulationisin-
hibited upon application of the salicylic acid analogue INA (Ref.
27). However, synergistic effects of jasmonic acid and ethylene on
salicylic acid-inducible responses have been reported as well. In
tobacco, a combined treatment with methyl jasmonate and salicylic
acid results in a stronger induction of PR-1 gene expression than
treatment with salicylic acid alone®®. Moreover, ethylene sensitizes
Arabidopsis plants for salicylic acid action, leading to a higher
level of PR-1 mRNA accumulation after salicylic acid treatment™.

Systemic resistance induced by non-pathogenic rhizobacteria

The capacity of plants to express a broad-spectrum, systemic
resistance after primary infection with a necrotizing pathogen is
well known. A relatively unknown form of induced disease resist-
anceistriggered by non-pathogenic, root-colonizing rhizobacteria
and is commonly referred to as rhizobacteriazmediated induced
systemic resistance (ISR)*®. Rhizosphere bacteria are present in
large numbers on the root surface (Fig. 2a), where plant exudates
and lysates provide nutrients. Certain strains of rhizosphere bac-
teria stimulate plant growth (Fig. 2b), and are therefore often re-
ferred to as plant growth-promoting rhizobacteria (PGPR). Selected
rhizobacterial strainswith biological control activity, mainly fluor-
escent Pseudomonas spp., reduce plant diseases by suppressing
soil-borne pathogens through competition for nutrients, sidero-
phore-mediated competition for iron or antibiosis®. Some of these
strains are also able to reduce disease through a plant-mediated
mechanism that is phenotypically similar to SAR, as the induced
resistance extends to the above-ground plant parts and is effective
against different types of plant pathogens® (Fig. 2c). Some rhizo-
bacteria trigger the SAR pathway by producing sdicylic acid
at the root surface®*, and in other cases, | SR-inducing rhizobac-
teria trigger a different signalling pathway that does not require
salicylic acid™™.
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Fig. 3. Level of induced protection against infection by Pseudomonas
syringae pv. tomato in different Arabidopsis genotypes. Wild-type
Arabidopsis Col-0 plants, and genotypes altered in their response to
either salicylic acid (NahG), jasmonic acid (jar 1), ethylene (etr1) or
inducers of systemic acquired resistance (SAR; nprl) weretreated
with non-pathogenic, induced systemic resistance (ISR)-inducing
rhizobacteria by growing them in soil containing P. fluorescens
WCSA17r bacteria. SAR was induced three days before challenge
inoculation by pressureinfiltrating three lower leaves per plant with
the avirulent pathogen P. syringae pv. tomato (avrPst) carrying the
avirulence gene avrRpt2. Chemical treatments were performed
three daysbefore challengeinoculation by dipping theleaves of five-
week-old plants in a solution containing either 100 wM methyl
jasmonate (MeJA) or 1 mM of the ethylene precursor 1-aminocyclo-
propane-1-carboxylate (ACC). Challenge inoculations were per-
formed by dipping the leaves of five-week-old plantsin abacterial
suspension of the virulent pathogen P. syringae pv. tomato. Four
daysafter challenge, plantswere eval uated on the severity of disease
symptoms. The level of protection is given as a reduction of dis-
ease symptoms compared to control-treated plants. In contrast to
pathogen-induced SAR, rhizobacteria-mediated | SR follows asali-
cylic acid-independent, and jasmonic acid-dependent and ethylene-
dependent signalling pathway. Like SAR, rhizobacteria-mediated
ISR is regulated by NPR1. Methyl jasmonate-induced protection
isblockedinjarl, etr1 and npr1 plants, whereas ACC-induced pro-
tection is affected in etr1 and nprl plants, but not in jarl plants.
Thisillustrates that components from the jasmonic acid response
and the ethylene response act in sequence and upstream of NPR1
in activating resistance against P. syringae pv. tomato.
*Statistically significant differences in disease severity compared
with the non-treated control plants (Fisher's LSD test, « = 0.05).

The existence of a salicylic acid-independent ISR pathway
induced by non-pathogenic rhizobacteria has been clearly dem-
onstrated in Arabidopsis. In contrast to pathogen-induced SAR,
ISR triggered by Pseudomonas fluorescens strain WCS417r or P.
putida strain WCS358r is not associated with the activation of PR
genes™*, Moreover, NahG plantsthat are unable to express SAR,
develop normal levelsof ISR after treatment of the roots with either
of these | SR-inducing rhizobacterial strains™* (Fig. 3). Jasmonic
acid and ethylene also appear to play an important rolein this sali-
cylic acid-independent pathway. The Arabidopsis jasmonate re-
sponse mutant jar1 and the ethylene response mutant etr1, which
show anormal response to inducers of SAR, are unable to express
ISR after root treatment with P. fluorescens WCS417r (Ref. 46),
indicating that signal transduction leading to rhizobacteria-mediated
ISR requires responsiveness to both jasmonate and ethylene. Al-
though ISR and SAR seem to follow distinct signalling pathways,
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Fig. 4. Model showing systemic signalling pathways that can be induced in plants by non-pathogenic rhizobacteria, pathogen infection or
wounding, such as caused by foraging insects. In all cases, a salicylic acid-independent pathway is triggered that involves both jasmonic acid
(JA) and ethylene. Infection with a necrotizing pathogen predominantly results in the activation of the salicylic acid (SA)-dependent systemic
acquired resistance response (SAR) leading to the accumulation of sdicylic acid-inducible PRs. In addition, jasmonic acid- and ethylene-inducible
defence responses are triggered that might be similar to those induced by non-necrotizing pathogens. Depending on the invading pathogen, the
composition of defensive compounds produced after pathogen infection could vary between predominantly salicylic acid-inducible and
jasmonic acid- or ethylene-inducible (green bar at the bottom). In this respect, jasmonic acid and ethylene have a positive effect on the action of
salicylic acid, whereas sdlicylic acid seems to have a negative effect on jasmonic acid- and ethylene-inducible defences. Wounding also resultsin
the activation of jasmonic acid- and ethylene-inducible defence responses. However, the composition differs from that induced upon pathogen
infection (blue bar at the bottom). This is probably because jasmonic acid and ethylene are the dominant signals during the wound response,
while the levels of salicylic acid do not rise. In the rhizobacteriamediated induced systemic resistance (ISR) pathway, components from the
jasmonic acid and ethylene response act in sequencein activating a systemic resistance response that, like pathogen-induced SAR, is dependent
on the regulatory protein NPR1. The ISR pathway shares signalling events with pathways that are initiated upon pathogen infection but is not
associated with the activation of genes encoding plant defensins, thionins or PRs. This indicates that |SR-inducing rhizobacteria, such as
Pseudomonas fluorescens WCSAL7r, trigger a novel signalling pathway leading to the production of so far unidentified defensive compounds
(bottom yellow box). Unlike pathogen attack and wounding, this SR response seemsto be associated with an increasein sensitivity to jasmonic
acid and/or ethylene rather than an increase in their production, which might lead to the activation of adifferent set of defence genes. Whether
some of these unknown defensive compounds are also produced upon pathogen attack or wounding needs to be investigated. Sgnalling path-
ways 1-5 adapted from: (1) Refs 42,43,46; (2) Refs 2,20,23,26; (3) Refs 12,13; (4) Refs 24,29,31,32; (5) Refs 18,34-37.

they are both blocked in the SAR regulatory mutant npr1 (Ref. 46;
Fig. 3). Thus, the regulatory factor NPR1 (also called NIM1)¥ is
not only required for the SA-dependent expression of PR genesthat
areactivated during SAR, but also for the jasmonate- and ethylene-
dependent activation of so far unidentified defence responses re-
sulting from rhizobacteria-mediated 1SR.

In Arabidopsis, the sequence of signalling eventsinthe ISR path-
way leading to resistance against the bacterial leaf pathogen Pseudo-
monas syringae pv. tomato has been investigated by application of
methyl jasmonate and the ethylene precursor 1-aminocyclopropane-
1-carboxylate (ACC) as inducing agents® (Fig. 3), which, like P.
fluorescens WCSALT7r, are effective in inducing resistance against
P. syringae pv. tomato in both wild-type and NahG plants, sug-
gesting that they trigger the same salicylic acid-independent
pathway. Analysis of the resistance-inducing capacity of methyl
jasmonate and ACC in the mutants jar1, etrl and nprl, reveaed
that in this signalling pathway components from the jasmonic acid
response and the ethylene response act sequentially and upstream
of NPR1.
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In spite of thefact that both the SAR and the | SR signalling path-
waysrequirethe regulatory factor NPR1, the defence responsesthat
areactivated downstream of NPR1 areclearly different. PRgenesare
activated in the SAR pathway but not in the ISR pathway, which
suggeststhat the associated defence responses are differentially regu-
lated by NPR1 depending on the signalling pathway that is activated
upstream of NPRL. Sequence analysisrevealed that NPR1 containsa
functionaly important ankyrin-repeat domain that might be involved
in protein—protein interactions™*, Binding of pathway-specific pro-
teinsto NPR1 might therefore account for the separation of the SAR
and ISR pathways downstream of NPR1. It would be interesting
to investigate what signalling components from the SAR and ISR
pathways confer this specificity in NPR1-dependent defence gene
activation.

Rhizobacteriamediated | SR and pathogen-induced activation of
the PDF1.2 gene are both salicylic acid-independent, but jasmonic
acid- and ethylene-dependent defence reactions. Although they
seem to share certain signalling steps, the corresponding signal
transduction pathways are not identical. Rhizobacteria-mediated



ISR requires NPR1 (Ref. 46), whereas PDF1.2 activation is an
NPR1-independent defence response®®. Most importantly, ISR is
not associated with PDF1.2 gene expression®, indicating that the
signalling pathways controlling ISR and PDF1.2 gene expression
areat least partly distinct. This might be because, unlike pathogen-
induced activation of PDF1.2, rhizobacteriasmediated ISR in
Arabidopsis does not coincide with astrong increasein the levels
of jasmonic acid and ethylene®. This suggests that ISR is associ-
ated with an increase in sensitivity to these hormones rather than
an increase in their production, which might lead to the activation
of apartialy different set of defence genes.

Outlook

Recent advancesin plant defence signalling pathway research have
shown that plants are capable of differentially activating distinct de-
fence pathways (Fig. 4). Depending on the type of invader encoun-
tered, the plant appearsto be capable of switching on the appropriate
pathway or combination of pathways. The plant signalling molecules
sdicylic acid, jasmonic acid and ethylene play an important rolein
this signalling network: blocking the response to either of these
signals can render plants more susceptible to pathogens and evenin-
sects™ %2, Resistance conferred by the salicylic acid-dependent path-
way might be directed more against certain types of pathogens,
whereasresi stance conferred by salicylic acid-independent pathways
might operate more effectively against other types of pathogens. Re-
cently, evidence supporting this notion was obtained using Arabid-
opsis genotypes that are blocked in either the jasmonic acid or the
salicylic acid response™. The jasmonic acid response mutant, coil,
lost some of its basal resistance against the necrotrophic fungal
pathogens Alternaria brassicicola and Botrytis cinerea, whereas
basal resistance against the biotrophic fungus Peronospora para-
siticawas unchanged. In contrast, mutant npr1 and transgenic NahG
plants, that are both blocked in their responseto sdicylic acid, show
alower level of basal resistance against P. parasitica, whereas basal
resistance against B. cinerea and A. brassicicola is unaffected. This
indicates that the defensive compounds produced by the salicylic
acid-dependent and -independent pathways have different specifici-
ties. A challenging question for the near futurewill be: how are plants
adapted to switch on the right combination of defence pathways
after encountering a certain pathogen? In this respect, the observed
cross-talk between the signalling compounds salicylic acid, jasmonic
acid and ethylene offers great regulatory potential. Therefore, re-
search on the interplay between the pathways that are activated by
these signalling molecules will provide important information.
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Rhodopsin-mediated photosensing in
green flagellated algae

Oleg A. Sineshchekov and Elena G. Govorunova

Green flagellated algae possess a primitive visual system that regulates the activity of their
motor apparatus. Photoexcitation of a rhodopsin-type photoreceptor protein gives rise to the
photoreceptor current, which, above a certain threshold of stimulus intensity, induces the fla-
gellar current. It is probable that the photoinduced alteration in flagellar beating is governed
by changes in intracellular Ca®* concentration. This rhodopsin-mediated sensory system
serves to align the swimming path with the direction of the light stimulus, whereas processes
of energy metabolism determine whether the oriented movement is directed towards or away

from the light source.

rvival of phototrophic organisms depends on their ability

0 optimize their exposure to sunlight. Light controlled cell
otility appeared early in evolution as one of the strategies

used to achieve this goal. Unicellular flagellated algae, as well as
motile zoospores and gametes of macroalgae, actively search for
optimal light conditions by means of phototaxis (i.e. oriented
swimming towards or away from the light source)*2 In addition,
a sudden change in light intensity, irrespective of its direction,
usualy elicits a photophobic or photoshock cell response, which
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appears as a transient stop, often followed by a brief period of
backward motion'. Most flagellates rotate around their longitudi-
nal axis during forward swimming. The ability to track the direc-
tion of light is based on the capacity to sense atemporal difference
in the amount of quanta captured in a single photoreceptive region
of the cell under lateral illumination. Structural and functional as-
pects of phototactic sensory systems found in different taxonomic
groups of algae are very diverse? and might reflect their independ-
ent evolutionary origin. Chlorophyceae are a unique group of

1360 - 1385/99/$ — see front matter © 1999 Elsevier Science. All rights reserved. PII: S1360-1385(98)01370-3



