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Stearoyl-acyl carrier protein desaturase-mediated conversion of stearic acid to oleic acid (18:1) is the key step that regulates the
levels of unsaturated fatty acids (FAs) in cells. Our previous work with the Arabidopsis (Arabidopsis thaliana) ssi2 /fab2 mutant
and its suppressors demonstrated that a balance between glycerol-3-phosphate (G3P) and 18:1 levels is critical for the regu-
lation of salicylic acid (SA)- and jasmonic acid-mediated defense signaling in the plant. In this study, we have evaluated the
role of various genes that have an impact on SA, resistance gene-mediated, or FA desaturation (FAD) pathways on ssi2-
mediated signaling. We show that ssi2-triggered resistance is dependent on EDS1, PAD4, EDS5, SID2, and FAD7 FADS8 genes.
However, ssi2-triggered defects in the jasmonic acid pathway, morphology, and cell death phenotypes are independent of the
EDS1, EDS5, PAD4, NDR1, SID2, FAD3, FAD4, FAD5, DGD1, FAD?7, and FAD7 FADS genes. Furthermore, the actl-mediated
rescue of ssi2 phenotypes is also independent of the FAD2, FAD3, FAD4, FAD5, FAD7, and DGD1 genes. Since exogenous
application of glycerol converts wild-type plants into ssi2 mimics, we also studied the effect of exogenous application of
glycerol on mutants impaired in resistance-gene signaling, SA, or fad pathways. Glycerol increased SA levels and induced
pathogenesis-related gene expression in all but sid2, nahG, fad7, and fad7 fad8 plants. Furthermore, glycerol-induced pheno-
types in various mutant lines correlate with a concomitant reduction in 18:1 levels. Inability to convert glycerol into G3P due to
a mutation in the nhol-encoded glycerol kinase renders plants tolerant to glycerol and unable to induce the SA-dependent
pathway. A reduction in the NHO1-derived G3P pool also results in a partial age-dependent rescue of the ssi2 morphological
and cell death phenotypes in the ssi2 nhol plants. The glycerol-mediated induction of defense was not associated with any major
changesin the lipid profile and /or levels of phosphatidic acid. Taken together, our results suggest that glycerol application and the
ssi2 mutation in various mutant backgrounds produce similar effects and that restoration of ssi2 phenotypes is not associated with
the further desaturation of 18:1 to linoleic or linolenic acids in plastidal or extraplastidal lipids.

Plants have evolved various defense mechanisms to
resist infection by pathogens. Upon recognition, the
host plant initiates one or more signal transduction
pathways that activate various plant defenses and
thereby avert pathogen colonization. In many cases,
resistance is associated with increased expression of
defense genes, including the pathogenesis-related (PR)
genes and the accumulation of salicylic acid (SA) in the
inoculated leaf. The SA signal transduction pathway
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plays a pivotal role in plant defense signaling (for
review, see Durrant and Dong, 2004). When SA accu-
mulation is suppressed in tobacco (Nicotiana tabacum)
and Arabidopsis (Arabidopsis thaliana) by expression of
the nahG transgene, which encodes the SA-degrading
enzyme SA hydroxylase, susceptibility to both com-
patible and incompatible pathogens is enhanced and
PR gene expression is suppressed (Gaffney et al., 1993;
Delaney et al., 1994). Similarly, Arabidopsis mutants
that are impaired in SA responsiveness, such as nprl
(Caoetal., 1997; Ryals et al., 1997; Shah et al., 1997), or
pathogen-induced SA accumulation, such as eds1 (Falk
etal., 1999), eds5 (Nawrath et al., 2002), sid2 (Wildermuth
et al.,, 2001), and pad4 (Jirage et al., 1999), exhibit en-
hanced susceptibility to pathogen infection and im-
paired PR gene expression.

In addition to the major phytohormone-mediated
defense pathways, fatty acid (FA)-derived signaling
has also started to emerge as one of the important
defense pathways (Vijayan et al., 1998; Kachroo et al.,
2001, 2003b, 2004; Weber, 2002; Li et al., 2003; Yaeno
et al., 2004). Desaturation of stearic acid (18:0)-acyl
carrier protein (ACP) to oleic acid (18:1)-ACP cata-
lyzed by the S512/FAB2-encoded stearoyl-ACP desat-
urase (S-ACP-DES) is one of the key steps in the
FA biosynthesis pathway that regulates levels of
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unsaturated FAs in the cell (see also Fig. 8). A mutation
in ssi2 confers stunted phenotype, constitutive PR
gene expression, spontaneous lesion formation, and
enhanced resistance to both bacterial and oomycete
pathogens (Kachroo et al., 2001; Shah et al., 2001). By
contrast, the ssi2 plants are unable to induce jasmonic
acid (JA)-responsive gene PDF1.2 and show enhanced
susceptibility to necrotrophic pathogen Botrytis cinerea
(Kachroo et al., 2001, 2003b). The activity of the mutant
S-ACP-DES enzyme was reduced 10-fold, resulting in
elevation of 18:0 content in ssi2 plants (Kachroo et al.,
2001). However, an increase in 18:0 does not contribute
to altered defense signaling because several ssi2 sup-
pressors show wild type-like signaling and yet accu-
mulate high levels of 18:0 (Kachroo et al., 2003a).

A mutation in ssi2 also results in reduction in 18:1
content. The altered morphology and defense pheno-
types in the ssi2 plants are restored by a loss-of-
function mutation in the ACTI-encoded glycerol-3-P
(G3P) acyltransferase, or in the GLYI-encoded G3P
dehydrogenase (G3Pdh), both of which elevate 18:1
levels in the ssi2 plants (Kachroo et al., 2003b, 2004). A
mutation in glyl and actl results in reduced carbon
flux through the prokaryotic pathway, which leads to
a reduction in the hexadecatrienoic (16:3) acid levels
(Kunst et al., 1988; Miquel et al., 1998). However, the
glyl and act1 plants continue to show normal growth
characteristics, suggesting that increased flux through
the eukaryotic pathway compensates for their de-
fect. Because both 18:1 and G3P are required for the
acyltransferase-catalyzed reaction, a reduction in ei-
ther is likely to reduce the carbon flux through ACT1.

The levels of G3P and of 18:1 can also be modulated
by exogenous application of glycerol. The glycerol
treatment leads to an increase in the endogenous
G3P levels, which results in quenching of 18:1. Since
the ACT1-catalyzed step is rate limiting, the quench-
ing of 18:1 is more drastic in glycerol-treated ACT1-
overexpressing lines (Kachroo et al., 2004). A reduction
in the 18:1 in wild-type plants confers phenotypes
similar to that of the ssi2 mutant.

In this study, we have attempted to establish a link
between glycerol metabolism and ssi2-mediated de-
fense signaling. We show that the glycerol-mediated
decline in 18:1 levels occurs in mutants that are im-
paired in the SA signaling pathway or affected in
various FAD steps. The defense phenotypes associated
with glycerol application are dependent on the ability
of plants to utilize glycerol or acylate the glycerol-
derived G3P with 18:1. Consistent with this result, a
mutation in nhol (gli1) renders plants tolerant to glyc-
erol and unable to induce PR-1 gene expression in
response to glycerol. We also show that ssi2-triggered
phenotypes were not influenced by mutations that
impair the SA pathway or that alter the levels of 16:3 or
trienoic acids (16:3 and linolenic [18:3]). Since muta-
tions in various FADs did not affect any of the ssi2
act]l phenotypes, we conclude that complementation
of the ssi2 mutation in the actl background is not
associated with the further conversion of 18:1 to
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linoleic acid (18:2) or 18:3 in plastidal or extraplastidal
lipids.

RESULTS
Glycerol-Induced SA Levels Are Dependent on SID2

Previously, we showed that exogenous application
of glycerol on wild-type plants lowers 18:1 levels and
results in the induction of PR-1 gene expression
(Kachroo et al., 2004). To determine the molecular com-
ponents participating in this glycerol-mediated effect
on the SA pathway, we tested the response of sid2,
nprl, edsl, pad4, ndrl, and eds5 mutants and nahG trans-
genic plants to exogenous application of glycerol
(Table I). The glycerol- and water-sprayed plants were
evaluated for cell death, SA/SA glucoside (SAG) levels,
PR expression, pathogen resistance, and 18:1 levels. All
genotypes showed cell death on their leaves, suggesting
that glycerol-induced cell death was independent of
mutations analyzed or the nahG transgene (Fig. 1A).
Next, we determined the levels of SA and SAG in
water- and glycerol-treated plants. Both Nossen (N&)
and Columbia-0 (Col-0) plants showed a 10- and 13-fold
induction in SA levels and an 8- and 10-fold induction
in SAG levels, respectively (Fig. 1B). The SA/SAG
levels in glycerol-treated edsl, eds5, and pad4 plants
were higher compared to the water-treated plants,
but significantly lower compared to the glycerol-treated
wild-type plants. The sid2 plants showed near-basal
levels of SA/SAG, whereas ndrl and nprl plants accu-
mulated higher than wild-type levels. These results
indicate that SA levels generated upon glycerol treat-
ment are partially dependent on EDS1, EDS5, and
PAD4, and completely dependent on SID2. These re-
sults also suggest that NDR1 and NPRI negatively
regulate the glycerol-triggered increase in SA/SAG
levels.

To determine whether a correlation exists between
glycerol-induced SA levels and PR gene expression,
we evaluated the expression of PR-1 and PR-2 genes in
various genotypes treated with water or glycerol (Fig.
1C). Although basal or low levels of PR-1 and PR-2,
respectively, were seen in glycerol-treated sid2 plants,
all the other mutant lines showed induction of these
transcripts upon glycerol treatment. Interestingly, the
glycerol-treated ndr1, eds5, and nprl plants induced
higher levels of the PR-2 gene as compared to the
glycerol-treated wild-type plants. Taken together, these
data suggest that glycerol-induced PR gene expression
is dependent on the presence of a certain threshold
level of SA/SAG, and these levels are derived via a
SID2-dependent pathway.

We further evaluated the effect of mutations impair-
ing the SA pathway on glycerol-induced resistance to
Peronospora parasitica biotype Emco5 (Fig. 1D). Under
the conditions tested, the wild-type Col-0 plants
showed developmental resistance to Emco5, revealing
less than 20% susceptibility as compared to the mock-
inoculated plants. By comparison, both Wassilewskija
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Table I. Mutant and transgenic lines used in this study and functional properties of the proteins encoded by their wild-type alleles

Mutant Functional Properties References
fad2 Endoplasmic reticulum-localized oleoyl-phosphatidylcholine desaturase, Miquel and Browse (1992)
desaturates 18:1 to 18:2
fad3 Endoplasmic reticulum-localized linoleoyl-phosphatidylcholine desaturase, Browse et al. (1993)
desaturates 18:2 to 18:3
fad4 Desaturates palmitate at sn-2 position of PG in plastids Browse et al. (1985)
fads Desaturates palmitate at sn-2 position of MGDG in plastids Kunst et al. (1989)
fadé6 Plastid-localized oleoyl desaturase Falcone et al. (1994)
fad7 Plastid-localized linoleate desaturase Iba et al. (1993)
fad8 Plastid-localized linoleate desaturase Gibson et al. (1994)
nhol (gliT) Encodes glycerolkinase, converts glycerol to G3P Eastmond (2004); Kang et al. (2003)
gly1 Encodes G3Pdh, converts DHAP to G3P Kachroo et al. (2004); Miquel (2003)
actl Encodes G3P acyltransferase, plastid localized, acylates 18:1 on G3P backbone Kunst et al. (1988)
dgd1 Plastid-localized galactosyltransferase; involved in synthesis of DGDG from Dormann et al. (1995)
MGDG
eds1 Encodes lipase-like protein, involved in R gene- and SA-mediated signaling Falk et al. (1999)
pad4 Encodes lipase-like protein, involved in SA-mediated signaling Jirage et al. (1999)
eds5 Encodes membrane-bound multidrug and toxin-extrusion protein transporter-like Nawrath et al. (2002)
protein, involved in SA-mediated signaling
ndr1 Encodes plasma membrane-localized protein required for nonrace-specific Century et al. (1997)
disease resistance, involved in R gene-mediated signaling
sid2 Encodes isochorismate synthase involved in biosynthesis of SA Wildermuth et al. (2001)
nahG Bacterial salicylate hydroxylase that converts SA to catachol Yamamotoj et al. (1965)
nprl Encodes a protein containing an ankyrin repeat domain, a key positive regulator Cao et al. (1997); Ryals et al. (1997)

of SA signaling and systemic acquired resistance

(Ws) and N6 showed marked susceptibility (Fig. 1D;
Kachroo et al., 2004). The glycerol-treated Col-0 plants
were as tolerant as the resistant ecotype Landsberg
erecta (Ler) and glycerol treatment of Ws and No&
showed significant reduction in pathogen growth
and sporulation (Fig. 1D; Kachroo et al., 2004). The
water-treated edsl (derived from Ws ecotype), eds5,
pad4, sid2, ndr1, nprl, and nahG plants showed marked
susceptibility to Emco5. Glycerol treatment had little
or no effect on the nahG plants. A partial enhancement
in resistance was observed in glycerol-treated pad4,
eds5, ndrl, and sid2 plants. A more pronounced effect
was observed in glycerol-treated nprl plants, which
showed an approximately 60% reduction in the num-
ber of susceptible plants. The glycerol-treated edsl
plants showed only a marginal, approximately 10%
reduction in the number of susceptible plants. Taken
together, these data suggest that glycerol-mediated
resistance to Emco5 requires the functions of EDSI,
PAD4, EDS5, SID2, and NDRI. Similar to Col-0 plants,
only approximately 10% of water-treated actl plants
displayed susceptibility. Consistent with the glycerol-
insensitive phenotype of actl plants, glycerol treat-
ment of actl did not enhance resistance to Emco5
(Fig. 1D).

To establish a correlation between the glycerol-
induced phenotypes and 18:1 levels, we next de-
termined the leaf 18:1 content 3 d after glycerol
application. Both wild-type and plants impaired in
the SA signaling pathway showed a drastic reduction
in their 18:1 levels after glycerol application (Fig.
1E), and these were comparable to 18:1 levels in ssi2
plants. By comparison, act1 plants, which are unable to

Plant Physiol. Vol. 139, 2005

acylate 18:1, did not show a decrease in their 18:1
levels.

SA Signaling Mutants Affect the SA Levels But Do Not
Restore Altered Defense Signaling in ssi2 Plants

Previously, we suggested that glycerol application
on wild-type plants converts these into ssi2 mimics by
lowering their 18:1 levels (Kachroo et al., 2004). To
determine whether the glycerol effect seen on single
mutants defective in SA or resistance (R) gene signal-
ing pathways was comparable to the presence of the
ssi2 mutation in these backgrounds, we constructed
ssi2 double-mutant plants in the eds1, pad4, eds5, ndr1,
and sid2 backgrounds. All the double-mutant plants
showed hypersensitive response-like lesions on their
leaves and, except ssi2 ndrl, all other double-mutant
and ssi2 nahG plants were slightly bigger than the ssi2
plants (Fig. 2, A and B). In comparison to ssi2, the ssi2
edsl, ssi2 pad4, ssi2 eds5, and ssi2 ndrl plants accumu-
lated lower levels, whereas the ssi2 sid2 plants showed
basal levels, of SA and SAG (Fig. 2C). Thus EDSI,
PAD4, EDS5, NDR1, and SID2 appear to contribute to
the SA levels in ssi2 plants and the SA/SAG in ssi2
plants is possibly derived via a SID2-dependent path-
way. This possibility was further supported by the
observation that exogenous application of glycerol
was able to up-regulate the SA/SAG levels in ssi2
gly1-3 plants, but not in ssi2 sid2 and ssi2 actl plants
(Fig. 2C). Consistent with the reduced levels of SA, PR-1
gene expression decreased to basal levels in ssi2 sid2
and ssi2 nahG plants (Fig. 2D). A moderate reduction
in PR-1 levels was also observed in ssi2 nprl and ssi2
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Figure 1. Glycerol-mediated effects on mutants impaired in SA or R gene signaling. A, Microscopy of trypan blue-stained leaves
from indicated genotypes treated with water or 50 mm glycerol. $512 indicates Col-0 ecotype. B, Endogenous SA and SAG levels
in the leaves of indicated 4-week-old soil-grown plants treated with water or glycerol. The values are presented as the mean of
three replicates. Error bars represent sp. C, Expression of the PR-1 and PR-2 genes in indicated genotypes. RNA gel-blot analysis
was performed on 7 ug of total RNA extracted from 4-week-old soil-grown plants treated with water or glycerol. SS5/2 indicates
Col-0 ecotype. Ethidium bromide staining of rRNA was used as a loading control. D, Growth of P. parasitica biotype Emco5 on
various plant genotypes listed at the left. The Ler and Ws ecotypes were used as the resistant and susceptible controls,
respectively. The plants were treated with water (W) or glycerol (G) for 72 h prior to pathogen inoculation and approximately
60 to 75 cotyledons were scored for infection. The shade of each box indicates the severity of infection, based on the number of
sporangiophores per cotyledon (see key at the right). Except eds7-1 (Ws background) and nahG (N6 background), all other
mutant lines were in Col-0 background. E, Glycerol-induced changes in the 18:1 levels in leaf tissue of 4-week-old plants.
Plants were treated with glycerol or water, and samples taken 72 h post treatment were analyzed for FAs using gas
chromatography (GC). $S12 indicates Col-0 ecotype. The values are presented as the mean of six to eight replicates. Error bars
represent sp.

edsb plants, whereas ssi2 eds1, ssi2 pad4, and ssi2 ndrl
plants showed levels similar to those in ssi2 plants.
Interestingly, as seen in glycerol-treated single-mutant
plants, the expression of PR-2 was up-regulated by
mutations in nprl and eds5 and increased basal-level
expression was also seen in ssi2 sid2 and ssi2 nahG
plants (Figs. 1C and 2D). These results indicate that
high levels of PR expression in ssi2 plants can be
triggered by the presence of a certain threshold of
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SA/SAG (Fig. 2D). To determine whether any correla-
tion exists between SA levels/PR gene expression and
pathogen resistance, we tested the response of ssi2 pad4,
ssi2 edsb, ssi2 sid2, and ssi2 nahG plants to the virulent
pathogen Emcob (Fig. 2E). Strikingly, and similar to the
resistance spectrum seen in glycerol-treated single
mutants (Fig. 1D), a mutation in pad4, eds5, or sid2 in-
creased the susceptibility of ssi2 plants to Emcob.
Since ssi2 eds1-2 plants were in the RPP8 background

Plant Physiol. Vol. 139, 2005
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(McDowell et al., 1998), which confers resistance to
Emcob5, we inoculated these and ssi2 ndrl plants with
a virulent bacterial pathogen, Pseudomonas syringae. The
eds1-2 mutation compromised the enhanced bacterial
resistance conferred by the ssi2 mutation (Fig. 2F). By
contrast, the ssi2 ndr1 plants were as resistant as the ssi2
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plants. These data suggest that ssi2-mediated resistance
was dependent on EDSI and independent of NDR1. A
higher degree of susceptibility seen in ssi2 pad4 as
compared to ssi2 edsb plants further suggests that ssi2-
conferred resistance does not correlate with either the
levels of SA or the expression of PR-1.
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Figure 3. Glycerol-mediated effects on mutants impaired in various FAD steps and double-mutant analysis of ssi2 in different fad
backgrounds. A, Comparison of the morphological and cell death phenotypes displayed by the wild-type (5512, Col-0 ecotype),
fad2, fad3, fad4, fad5, fade, fad7, and fad7 fad8 plants. The plants were treated with water or glycerol and photographed 3 d post
treatment. B, Expression of the PR-T gene in water- and glycerol-treated fads, wild-type (5512, Col-0 ecotype), and actT plants.
RNA gel-blot analysis was performed on 7 ug of total RNA extracted from 4-week-old soil-grown plants. Ethidium bromide
staining of rRNA was used as a loading control. C, Endogenous SA levels in the leaves of 4-week-old soil-grown wild-type (Col-0),
fad2, fad3, fad4, fad>, fad6, fad7, and fad7 fad8 plants treated with water (W) or glycerol (G). The values are presented as the
mean of three replicates. Error bars represent sb. D, Glycerol-induced changes in the 18:1 levels in leaf tissue of 4-week-old
plants. The ssi2 glyT and ssi2 act1 plants were used as controls. Plants were treated with glycerol (G) or water (W), and samples
taken 72 h post treatment were analyzed for FAs using GC. The values are presented as the mean of six to eight replicates. Error
bars represent sp. E, Comparison of the morphological phenotypes displayed by the ssi2 and various ssi2 fad double- and triple-
mutant plants. F, Microscopy of trypan blue-stained leaves from ssi2 and various ssi2 fad double- and triple-mutant plants. G,
Expression of the PR-7 and PR-2 genes in wild-type (55/12, N6 ecotype), ssi2, and various ssi2 fad double- and triple-mutant
plants. RNA gel-blot analysis was performed on 7 ug of total RNA extracted from 4-week-old soil-grown plants. Ethidium
bromide staining of rRNA was used as a loading control. H, Endogenous SA and SAG levels in the leaves of 4-week-old soil-
grown S512 (Col-0), ssi2, ssi2 fad7, and ssi2 fad7 fad8 plants. Values are presented as the mean of three replicates. Error bars
represent sb. |, Growth of P. syringae on 5512, ssi2, fad5, ssi2 fad5, fad7, ssi2 fad7, fad7 fad8, and ssi2 fad7 fad8. Four leaf discs
were harvested from infected leaves at 3 d postinoculation, ground in 10 mm MgCl,, and the bacterial numbers tittered. The
bacterial numbers = sp (n = 4) presented as colony forming units (CFU) per unit leaf area of 25 mm®. The experiment was
independently performed twice with similar results. J, Expression of the PDF1.2 gene in SSI2, ssi2, ssi2 fad7, and ssi2 fad7 fad8
plants in response to 50 um JA. Samples were harvested 48 h post treatment and analyzed by RNA gel-blot analysis performed on
7 ug of total RNA. Ethidium bromide staining of rRNA was used as a loading control.
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