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Salicylic acid (SA) is an important signal molecule in plants.
Two pathways of SA biosynthesis have been proposed in plants.
Biochemical studies using isotope feeding have suggested that
plants synthesize SA from cinnamate produced by the activity of
phenylalanine ammonia lyase (PAL). Silencing of PAL genes in
tobacco or chemical inhibition of PAL activity in Arabidopsis,
cucumber and potato reduces pathogen-induced SA accumu-
lation. Genetic studies, on the other hand, indicate that the
bulk of SA is produced from isochorismate. In bacteria, SA is
synthesized from chorismate through two reactions catalyzed
by isochorismate synthase (ICS) and isochorismate pyruvate
lyase (IPL). Arabidopsis contains two ICS genes but has no
gene encoding proteins similar to the bacterial IPL. Thus, how
SA is synthesized in plants is not fully elucidated. Two recently
identified Arabidopsis genes, PBS3 and EPSI, are important for
pathogen-induced SA accumulation. PBS3 encodes a member of
the acyl-adenylate/thioester-forming enzyme family and EPSI
encodes a member of the BAHD acyltransferase superfamily.
PBS3 and EPS1 may be directly involved in the synthesis of an
important precursor or regulatory molecule for SA biosynthesis.
The pathways and regulation of SA biosynthesis in plants may be
more complicated than previously thought.

Introduction

A wide range of prokaryotic and eukaryotic organisms including
plants produces salicylic acid (SA). Studies over the last two
decades have shown that SA has important regulatory functions
in plants. In thermogenic plants such as voodoo lilies, SA is the
natural trigger of heat production by activating alternative respi-
ration, which volatilizes putrid-smelling compounds that attract
pollinating insects.! The most established role of SA is as a signal
molecule in plant defense responses. Application of exogenous SA
activates expression of plant pathogenesis-related (PR) genes and
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induces disease resistance.>3 In resistant tobacco plants, infection
of tobacco mosaic virus (TMV) triggers increased SA levels not only
in lower infected leaves that develop hypersensitive response (HR)
but also in upper uninfected leaves that develop systemic acquired
resistance (SAR).4-¢ Blocking SA increase through expression of a
bacterial salicylate hydroxylase gene in transgenic tobacco nahG
plants compromises TMV-induced HR and abolishes SAR.” The
critical role of SA in plant disease resistance has been demonstrated
in other plants including Arabidopsis, cucumber and potato.31? In
addition, SA participates in the regulation of plant responses to a
variety of abiotic stresses such as low and high temperature, salts
and oxidative conditions.!3-1°

How plants synthesize SA has been studied for almost half a
century. Biochemical studies suggest that SA is synthesized from
phenylalanine with benzoate as the immediate precursor.®1”
More recent genetic analyses, on the other hand, indicate that the
bulk (>90%) of SA is synthesized from isochorismate.!® While the
role of plant isochorismate synthases in SA production has been
established, plant enzymes that convert isochorismate to SA have
not been identified. Thus, how SA is synthesized in plants is still
not fully defined.

Biochemical Studies of the SA Biosynthetic Pathways in
Plants

Biochemical studies using isotope feeding have suggested that
plants synthesize SA from cinnamate produced by phenylalanine
ammonia lyase (PAL) (Fig. 1). PAL is a key regulator of the phenyl-
propanoid pathway and is induced under a variety of biotic and
abiotic stress conditions. SA can be formed from cinnamate via
o-coumarate or benzoate depending on whether the hydroxylation
of the aromatic ring takes place before or after the chain-short-
ening reactions. In sunflower, potato and pea, isotope feeding
indicated that SA was formed from benzoate, which is synthesized
by cinnamate chain shortening reactions most likely through a
B-oxidation process analogous to fatty acid B-oxidation.!” Feeding
of 14C-labeled phenylalanine and cinnamate to young Primula
acaulis and Gaultheria procumbens leaf segments indicated that
SA was formed via o-coumarate.”’ In the same plants, labeled
SA was also formed after treatment with 4C-labeled benzoate,°
suggesting that these plants may use both pathways for SA
synthesis. Likewise, in young tomato seedlings, SA appeared to
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be formed mostly from cinnamate via benzoate but after infection
with Agrobacterium tumefaciens, 2-hydroxylation of cinnamate to
o-coumarate was favored.?!

In tobacco and rice, several lines of evidence suggest that SA
is synthesized from cinnamate via benzoate.2224 First, infiltration
of healthy tobacco leaf discs with 0.1 mM benzoate increased
total SA level 14 fold after 18 hours.?4 Second, in TMV-infected
tobacco, large increases in the levels of benzoate and SA were
detected.?* Third, in both TMV-infected tobacco leaves and rice
seedlings, labeled benzoate and SA, but not o-coumarate, were
detected after feeding with '4C-labeled cinnamate.?>2* More
label was incorporated into SA when 4C-labeled benzoate was
fed than when '%C-labeled cinnamate was used, consistent with
benzoic acid being the immediate precursor of SA.2>24 Similar
results were also obtained from the labeling experiments in potato
and cucumber.!’?> Furthermore, a benzoic acid 2-hydroxylase
(BA2H) activity was detected in plants including tobacco and rice.
In tobacco, the BA2H activity was induced by TMV infection and
was partially purified as a soluble 160 kDa protein that could be
immunoprecipitated by antibodies against the soluble SU2 cyto-
chrome P450 from Streptomyces griseolus.?*> Despite the extensive
biochemical and molecular evidence, none of the enzymes required
for the conversion of SA from cinnamate in the PAL pathway
has been isolated from plants. Although partial purification and
immunoprecipitation of a tobacco BA2H activity were reported
in 1995,22 there has been no further report on its purification or
isolation of the corresponding gene(s).

Genetic Studies of the SA Biosynthetic Pathways in
Arabidopsis

Some bacteria can synthesize SA from chorismate through two
reactions catalyzed by isochorismate synthase (ICS) and isochoris-
mate pyruvate lyase (IPL).!® Arabidopsis contains two ICS genes:
ICS1 (also known as SID2) and ICS2.2° In icsI mutants, total SA
accumulation is only about 5-10% of wild-type (WT) levels after
infection by the virulent biotroph Erysiphe or avirulent strains
of Pseudomonas syringae.”® The residual levels of SA in pathogen-
induced ics/ mutants might be synthesized by ICS2 or through
another pathway. To examine these possibilities, Garcion et al.?’
have generated 7es/ ics2 double mutant plants and compared them
with the Zes] single mutant plants for UV-induced SA accumula-
tion. Upon UV exposure, the ics/ mutant accumulated roughly
10% and the 7cs ies2 double mutant accumulated about 4% of
total SA compared to the wild type.?” Thus, roughly 95% of SA
is synthesized from the ICS pathway in UV-treated Arabidopsis
plants with the remaining 4% from an alternative pathway.

SA accumulation in Nicotiana benthamiana is also dependent
on ICS. The ICS gene from N. benthamiana was cloned and
silenced using the well-established tobacco rattle virus (TRV)-based
silencing system.?® Three days after UV irradiation treatment,
total SA levels increased more than 10 fold in control plants but
only 4 fold in plants with silenced /CS expression.”® Two days
after infection with the bacterial pathogen P syringae pv. tomato
DC3000, the total SA levels increased strongly in the control
wild-type plants.?® By contrast no accumulation of SA could be
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Figure 1. Pathways of SA biosynthesis in plants. Isotope feeding experi-
ments suggest that plants synthesize SA from cinnamate produced by
PAL. Genetic studies have indicated that the bulk of SA is produced from
isochorismate. Given the importance of both PAL and ICS in SA accumula-
tion demonstrated from experiments using genetic mutants, gene silencing
and chemical inhibition, it is possible that the PAL and ICS pathways are
integrated through a metabolic or regulatory grid in SA biosynthesis. The
recently identified PBS3 and EPS1 are important for pathogen-induced SA
production and may encode enzymes catalyzing related, and possibly
sequential, reactions in the synthesis of an important precursor or regula-
tory molecule for SA biosynthesis.

detected after the pathogen infection in the /CS-silenced plants.28

These results indicate that the bulk of SA after exposure to biotic
or abiotic stress is also synthesized from the ICS pathway in .
benthamiana.

Unsolved Puzzles in SA Biosynthesis in Plants

If the PAL and ICS pathways act independently and the ICS
pathway is responsible for synthesis of more than 95% of SA, one
would expect the PAL pathway to be responsible for synthesis of
only a small percentage of SA in pathogen-infected or UV-treated
Arabidopsis and N. benthamiana plants. Intriguingly, several
studies have suggested that a high PAL activity is important for
pathogen-induced SA formation in plants. In tobacco, the levels
of free SA produced in both TMV-inoculated and upper systemic
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leaves of PAL-silenced plants are roughly fourfold lower than those
in control plants.?>3% As a result, TMV-induced PR proteins were
not accumulated in systemic leaves and TMV-induced SAR was
blocked in the PAL-silenced tobacco plants.??30

Furthermore, PAL inhibitor 2-aminoindan-2-phosphonic acid
(AIP) reduced pathogen- or pathogen elicitor-induced SA accumu-
lation in potato, cucumber and Arabidopsis.!!?%3! In Arabidopsis,
treatment of the PAL inhibitor made the plants completely suscep-
tible to the downy mildew oomycete Hyaloperonospora parasitica
and SA could restore resistance, suggesting that production of SA
precursors is a major function of PAL in Arabidopsis downy mildew
resistance.>! The nature of the metabolite measured as SA in the
AIP-treated Arabidopsis, however, has been questioned recently
because the metabolite was determined using HPLC separation
and detected by absorption at 280 nm.?” It was indicated that at
this wavelength, SA is barely detectable for the amount present in
Arabidopsis and fluorescence detection is required for adequate
measurement.”’ However, fluorescence detection was used in SA
quantification in the determination of reduced SA accumulation
in PAL-silenced tobacco and AIP-treated potato plants.?>2% If the
ICS pathway alone is responsible for synthesis of the bulk of SA
in plants, one needs to account for such a strong effect of reduced
PAL activity on SA accumulation.

In bacteria, two enzymes catalyze the synthesis of SA from
chorismate.!® ICS catalyzes the synthesis of isochorismate from
chorismate and IPL catalyzes the conversion of SA from isocho-
rismate. Although plant ICS have been identified and analyzed,
no plant IPL has been reported and the sequenced Arabidopsis
genome contains no genes encoding proteins similar to the bacte-
rial enzyme (Chen Z, unpublished data). Thus, how isochorismate
is converted into SA in plants is still unknown. Plants may contain
IPLs that are structurally unrelated to or highly divergent from
the bacterial counterparts. Alternatively, conversion of SA from
isochorismate in plants might be through a metabolic pathway
distinct from that of bacteria and, consequently, catalyzed by
enzymes unrelated to IPL.

Insights from other SA-Deficient Mutants

There are other Arabidopsis mutants with altered SA accumula-
tion. Some mutants such as eds! and pad4 have defects upstream
of SA biosynthesis in R gene-mediated disease resistance.?> The
nprl mutants are defective in SA signaling and contain elevated
SA levels after pathogen infection presumably due to perturbations
in negative feedback regulation of SA biosynthesis in the absence
of normal SA signaling.?> The eds5 mutants accumulate very little
SA after pathogen infection.?* EDS5 is a member of the MATE
(multidrug and toxin extrusion) transporter family and, therefore,
could be involved in the transport of certain precursors for SA
biosynthesis.>

We have recently isolated an enbanced pseudomonas susceptibility
mutant (eps]) in Arabidopsis.?® The eps/ mutants are compromised
in resistance to both virulent and avirulent strains of P syringae and
pathogen-induced PR gene expression. In addition, accumulation
of total SA is greatly reduced in the ¢ps/ mutants following infec-
tion of P syringae. SA restored resistance to P syringae and induced
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PRI expression in the eps/-1 mutants. These phenotypes of the
eps] mutants are strikingly similar to those of pbs3 (also known as
gdgl or win3) mutants.’*38 These results suggest that PBS3 and
EPS1 function upstream of SA in plant defense responses.

EPS1 is a member of the BAHD acyltransferase superfamily,>
which was named based on the first letter of the first four plant
enzymes characterized in this family (BEAT, AHCTs, HCBT and
DAT) that all catalyze CoA-dependent acylations, a common
and significant modification of plant secondary metabolites
including small volatile esters, modified anthocyanins, constitutive
defense compounds and phytoalexins. PBS3 is a member of the
acyl-adenylate/thioester-forming enzyme family (also known as
GH3 proteins).”’40 GH3 proteins include JAR1 (GH3.11) that
adenylates JA and displayed JA-amido synthetase activity.#! Other
GH3 proteins adenylate indoacetic acid (IAA) and catalyze IAA
conjugation to amino acids through amide bonds.*> Using a novel
high throughput adenylation assay, Okrent et al.*> have found that
PBS3 can catalyze conjugation of a benzoate to an amino acid in
vitro. 4-Substituted benzoates such as 4-aminobenzoate are favored
whereas 2-substituted benzoates including SA are disfavored. In
the amino acid conjugation reaction with 4-aminobenzoic acid,
Glu was strongly preferred over other amino acids and Glu vari-
ants.3 Interestingly, SA specifically and reversibly inhibits PBS3
activity. It is unclear whether 4-substituted benzoates are the physi-
ological substrates of PBS3 and, if so, how the synthesized benzoic
conjugates promote SA biosynthesis.

Based on the strikingly similar mutant phenotypes and predicted
enzymatic activities, PBS3 and EPS1 may promote SA biosynthesis
by catalyzing related, and possibly sequential, reactions in the
synthesis of an important precursor for SA biosynthesis. Since
the ICS pathway is the major pathway for SA biosynthesis in
Arabidopsis, PBS3 and EPS1 might function in the ICS pathway
by catalyzing reactions in the conversion of SA from isochorismate
(Fig. 1). In P aeruginosa, IPL catalyzes the elimination of the
enolpyruvyl side chain from isochorismate to give SA and pyruvate
through a concerted pericyclic pathway, in which the hydrogen
atom at C2 is transferred to C9 of the side chain simultaneous with
C-O cleavage.® It is not obvious how the demonstrated activity
of PBS3 and the predicted acyltransferase activity of EPS1 can
be incorporated into reactions for mere elimination of the enol-
pryruvyl side chain from isochorismate.

As discussed earlier, silencing or disruption of ICS results in
a drastic reduction of pathogen- or UV-induced SA accumula-
tion but silencing or inhibition of PAL also has a major impact
on pathogen-induced SA accumulation. The importance of both
PAL and ICS for SA biosynthesis raises a possibility that SA
synthesis in plants relies on intermediates from both the ISC and
PAL pathways. For example, isochorismate from the ICS pathway
might not be directly converted into SA as in bacteria but instead
might be conjugated with an intermediate from the PAL pathway
to produce an unknown SA precursor (Fig. 1), analogous to the
way in which intermediates of two different pathways are involved
in lignin biosynthesis in the form of the phenylpropanoid inter-
mediate p-coumaroylshikimate.*> The critical role of EPSI, a
putative acyltransferase, in pathogen-induced SA accumulation is
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consistent with an integrated grid through formation of an ester
conjugate from intermediates synthesized from two pathways.
Alternatively, PBS3 and EPS1 may promote SA biosynthesis by
catalyzing synthesis of a regulatory molecule for SA biosynthesis.
Since PBS3 can catalyze conjugation of 4-substituted benzoates to
an amino acid in vitro,%3 the regulatory molecule may be derived
from the PAL pathway and positively regulate production or
activity of certain enzymes in the ICS pathway for SA biosynthesis.
Further analysis of the two mutants and the previously reported 7cs
mutants should provide important insights into how SA is synthe-
sized in Arabidopsis. This information will help understand how
this important plant signal molecule is synthesized and regulated
in response to biotic and abiotic stresses in other plant species
including crop plants.
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