
Abstract In plants, changes in the levels of oleic acid

(18:1), a major monounsaturated fatty acid (FA),

results in the alteration of salicylic acid (SA)- and

jasmonic acid (JA)-mediated defense responses. This is

evident in the Arabidopsis ssi2/fab2 mutant, which

encodes a defective stearoyl-acyl carrier protein-

desaturase (S-ACP-DES) and consequently accumu-

lates high levels of stearic acid (18:0) and low levels of

18:1. In addition to SSI2, the Arabidopsis genome

encodes six S-ACP-DES-like enzymes, the native

expression levels of which are unable to compensate

for a loss-of-function mutation in ssi2. The presence of

low levels of 18:1 in the fab2 null mutant indicates that

one or more S-ACP-DES isozymes contribute to the

18:1 pool. Biochemical assays show that in addition to

SSI2, four other isozymes are capable of desaturating

18:0-ACP but with greatly reduced specific activities,

which likely explains the inability of these SSI2

isozymes to substitute for a defective ssi2. Lines con-

taining T-DNA insertions in S-ACP-DES1 and

S-ACP-DES4 show that they are altered in their lipid

profile but contain normal 18:1 levels. However,

overexpression of the S-ACP-DES1 isoform in ssi2

plants results in restoration of 18:1 levels and thereby

rescues all ssi2-associated phenotypes. Thus, high

expression of a low specific activity S-ACP-DES is

required to compensate for a mutation in ssi2. Tran-

script level of S-ACP-DES isoforms is reduced in high

18:1-containing plants. Enzyme activities of the desat-

urase isoforms in a 5-fold excess of 18:1-ACP show

product inhibition of up to 73%. Together these data

indicate that 18:1 levels are regulated at both tran-

scriptional and post-translational levels.
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Abbreviations
S-ACP-DES Stearoyl-ACP-desaturase

FA Fatty acid

18:1 Oleic acid

18:0 Stearic acid

SCD Stearoyl-CoA-desaturase

Introduction

Plants respond to stress treatments by modulating

various phytohormone triggered pathways (reviewed

in Kachroo and Kachroo 2006). Upon recognition of

pathogens, the host plants initiate one or more signal
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transduction pathways that eventually avert pathogen

colonization. Resistance is often associated with

increased expression of defense genes, including the

pathogenesis-related (PR) and plant defensin

(PDF1.2) genes, which coincides with accumulation of

the phytohormones salicylic acid (SA) and jasmonic

acid (JA), respectively. Although SA and JA activate

distinct signaling pathways, there is a growing body of

evidence that shows that these pathways do not func-

tion entirely independently and are involved in a

complex signaling network. The mechanism of cross

talk between SA and JA signaling pathways in plant

defense response remains to be elucidated.

In addition to the SA- and JA-mediated defense

pathways, fatty acids (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, 2005; Weber 2002; Li et al. 2003; Yaeno

et al. 2004). In Arabidopsis, oleic acid (18:1) has been

implicated to participate in SA- and JA-mediated de-

fense pathways (Kachroo et al. 2001, 2003a, b, 2004,

2005). Oleic acid is one of the major monounsaturated

FA of membrane glycerolipids in both plants and ani-

mals. In plants, de novo FA biosynthesis occurs

exclusively in the plastids and, upon its synthesis, 18:1

can either enter glycerolipid synthesis via the pro-

karyotic pathway in the chloroplasts or is exported out

of plastids as CoA thioesters to enter the eukaryotic

glycerolipid synthesis pathway. The first step of the

plastidial glycerolipid synthesis is mediated by the

ACT1 encoded glycerol-3-phosphate (G3P) acyltrans-

ferase, which catalyzes the acylation of 18:1 to G3P and

initiates formation of phosphatidic acid and other

chloroplastic lipids.

In mammalian systems, the formation of 18:1 is

catalyzed by stearoyl-CoA-desaturase (SCD) (see re-

view by Dobrzyn and Ntambi 2005). The levels of SCD

play an important role in metabolic processes and al-

tered expression of the SCD gene appears to be asso-

ciated with cancer (Lu et al. 1997; Thai et al. 2001),

obesity (Enser 1975; Sivaramakrishnan and Pynadath

1982; Smith et al. 1999; Bassilian et al. 2002), diabetes

(Worcester et al. 1979; Shimomura et al. 1999; Waters

and Ntambi 1994), and neurological disease (Breuer

et al. 2004). Recent studies using mice carrying a nat-

urally occurring mutation or a targeted disruption in

SCD1 have revealed the central role of this protein in

metabolic control and in addition has identified SCD1

as a potential target for the treatment of obesity, dia-

betes and other metabolic disorders (Zheng et al. 1999;

Miyazaki et al. 2001). SCDs have been studied in

several systems and several mammalian genomes

including rat and mouse have several isoforms of this

gene (Mihara 1990; Ntambi et al. 1988). Although the

specific roles of each isoform is not clear, there is some

evidence suggesting that multiple isoforms of SCD may

be related to the tissue-specific expression and/or

substrate specificities of the different isozymes (Zheng

et al. 2001).

In plants, 18:1 formation is catalyzed by the soluble

stearoyl-acyl-carrier-protein-desaturase (S-ACP-DES).

The members of S-ACP-DES are specific for particular

substrate chain length and introduce double bond be-

tween specific carbon atoms. Since S-ACP-DES are the

only plant enzymes which catalyze conversion of 18:0

to 18:1 in plants, their activity primarily regulates the

ratios of saturated to monounsaturated FAs. The S-

ACP-DES has been purified from several plants and

the encoding genes characterized from several differ-

ent species (Shanklin and Somerville 1991; Thompson

et al. 1991; Cahoon et al. 1996, 1998; Whittle et al.

2005). The archetypal S-ACP-DES from castor has

been the focus of extensive structure–function studies

and is the only member of the acyl-ACP desaturase

family for which a three-dimensional crystal structure

has been reported (Lindqvist et al. 1996). Antisense

suppression of S-ACP-DES has also been used as a

strategy to increase the saturated FA content in

transgenic Brassica napus (Knutzon et al. 1992).

The Arabidopsis genome carries seven S-ACP-DES-

like genes, including the SSI2/FAB2. The ssi2 allele

encodes a S-ACP-DES of reduced function and, as a

result the mutant plants accumulate increased levels of

18:0 and reduced levels of 18:1 (Lightner et al. 1994;

Kachroo et al. 2001). The mutant plants are dwarfed,

constitutively activated in SA-mediated signaling but

repressed in certain JA-mediated responses (Shah

et al. 2001; Kachroo et al. 2001). We have previously

shown that a reduction in 18:1 levels is the likely cause

of altered defense signaling in ssi2 plants (Kachroo

et al. 2001, 2003a, b, 2004, 2005). The altered mor-

phology, as well as defense-related phenotypes in ssi2,

can be restored by elevating the endogenous 18:1 levels

via second-site mutations in the act1 (Kachroo et al.

2003b) or the gly1 genes (Kachroo et al. 2004; Nandi

et al. 2004). The GLY1 gene encodes G3P dehydro-

genase, which catalyzes the formation of G3P from

dihydroxyacetone phosphate (DHAP).

In this study, we have attempted to define the phys-

iological roles of the different S-ACP-DES isoforms of

Arabidopsis, particularly with respect to defense sig-

naling. We have analyzed the expression of these genes

in different tissues and also examined the effects of

overexpression of S-ACP-DES1 and SSI2 in both wild-

type as well as the ssi2 backgrounds. Characterization

of lines carrying T-DNA insertions in S-ACP-DES1
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and 4 isoforms showed that these influence the lipid

profiles but not the 18:1 levels. However, unlike the ssi2

mutation, a defect in S-ACP-DES1 and 4 isoforms does

not lead to defective SA- or JA-mediated signaling.

Biochemical analyses of five S-ACP-DES isozymes

shows that SSI2 plays a dominant role in determining

the 18:1 pool in Arabidopsis leaves.

Materials and methods

Plant growth conditions, transgenic analyses and

generation of knock-out lines

Plants were grown in the MTPS 144 Conviron (Win-

nipeg, MB, Canada) walk-in-chambers at 22�C, 65%

relative humidity and 14 h photoperiod. T-DNA lines

generated by the Salk Institute genomic analysis lab-

oratory (Alonso et al. 2003) were obtained from

ABRC.

The full length cDNA corresponding to S-ACP-

DES1 and SSI2 genes were PCR amplified using

linkered primers and cloned downstream of a double

35S promoter in pRTL2.GUS. For Arabidopsis trans-

formation, the fragment containing the promotor,

cDNA and terminator was removed from pRTL2-SSI2

and pRTL2-S-ACP-DES1 vectors and cloned into

binary vectors pBIN19 and pBAR1, respectively.

These clones in binary vectors were moved into

Agrobacterium tumefaciens strain MP90 by electropo-

ration and were used to transform Arabidopsis via the

floral dip method (Clough and Bent 1998). Selection of

transformants was carried out on media containing

kanamycin (pBIN19), or BASTA (pBAR1).

The presence of T-DNA in the S-ACP-DES1 and

4 was confirmed by amplifying an insertion site using

left border and gene specific primer and sequence

analysis of the amplified product. Knock-outs

(KO’s) homozygous for the insertion were confirmed

by genomic and RT-PCR analysis, which showed an

absence of product in these lines. KO’s were further

analyzed in T4 and T5 generations.

RNA extraction and Northern analyses

Small-scale extraction of RNA from one or two leaves

was performed with the TRIzol reagent (Invitrogen),

following the manufacturer’s instructions. Northern

blot analysis and synthesis of random-primed probes

for PR-1 and PDF1.2 were carried out as described

(Kachroo et al. 2001).

Reverse transcription-PCR

RNA quality and concentration were determined by gel

electrophoresis and determination of A260. Reverse

transcription (RT) and first strand cDNA synthesis was

carried out using Superscript II (Invitrogen). Two to

three independent RNA preparations were used for RT-

PCR and each of these were analyzed at least twice by

RT-PCR. The RT-PCR was carried out for 35 cycles in

order to determine absolute levels of transcripts. The

number of amplification cycles was reduced to 23–25 in

order to evaluate and quantify difference among tran-

script levels before they reached saturation. Gene-spe-

cific primers used for RT-PCR analysis were, ACT1

(At1g32200) atgactctcacgttttcctcc and ctaattccaaggttg-

tgaca, MOD1 (At2g05990) gatcgaaatcatgtctgaatccagtga

and gtacgacgtcctaattcttgctgttaagg, FATA1 (At4g13050)

ggacgaaatcatgttgaagctttcgtgta and agtcggatccttaacttgaa-

ggcttcttt, FATA2 (At3g25110) ggacctcgagatcctgatggtg-

gccacctctgcta and agtctctagagtcgacttacggtgcagttccccaa,

ACX1 (At4g16760) atggaaggaattgatcacctcg and ttaac-

catatcgagtatcaagc, ACS9 (At1g77590) ggacgtcgaccaat-

gattccttatgctgg and agtcctgcagttaggcatataacttggtga,

PED1 (At2g33150) atggagaaagcgatcgagagac and ctagc-

gagcgtccttggacaa, MFP2 (At3g06860) atggattcacgaacc-

aagggg and ttacaaccgtgagctggattg.

FA, lipid and SA analyses

FA analyses of isolated chloroplasts and leaf tissue

were carried out as described (Dahmer et al. 1989; He

et al. 2002). Lipid profiles and acyl group identification

were carried out using the automated electrospray

ionization-tandem mass spectrometry facility at the

Kansas Lipidomics Center. SA and SAG were ex-

tracted and measured from 0.25 g of fresh weight leaf

tissue as described (Bowling et al. 1997).

S-ACP-DES expression, purification, assay,

regiospecificity and product inhibition

The putative signal peptide regions of all S-ACP-DES

proteins were predicted based on TargetP and ChloroP

analyses. cDNAs for the truncated proteins were

amplified such that they lacked the N-terminal se-

quence corresponding to the putative signal peptide

(Table 1), and the subsequent amino acid was con-

verted to a methionine. The cDNAs were cloned into

the NcoI site of pET-28a vector and expressed without

a tag. Purification and determination of desaturase

activity were carried out as described (Cahoon and

Shanklin 1997). Regiospecificity was determined by

mass spectral analysis of the pyrrolidine adducts as
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described before (Cahoon and Shanklin 1997). Product

inhibition was carried out by addition of a 5-fold excess

of unlabelled product to a standard 14C-labeled acyl-

ACP assay (Whittle et al. 2005).

Cell death staining and pathogen infection

Trypan blue staining for cell death detection was per-

formed as described (Chandra-Shekara et al. 2006).

Infections with Hyaloperonospora parasitica Emco5

were performed by spraying asexual inoculum sus-

pension as described (Kachroo et al. 2001). Landsberg

(Ler) and Col-0 ecotypes were used as resistant and

susceptible controls, respectively. The ssi2 plants were

derived from the Nössen ecotype, which show slightly

more susceptibility to Emco5 as compared to Col-0

(Kachroo et al. 2003).

Results

The Arabidopsis S-ACP-DES family consists of

seven highly conserved members

A database search of the Arabidopsis genome identi-

fied six genes predicted to encode proteins with high

sequence similarity to SSI2 (Fig. 1). Of the seven S-

ACP-DES genes (Table 1), three are located in tan-

dem on chromosome 3, two in tandem on chromosome

5 and one each on chromosomes 1 and 2. The predicted

peptides encoded by the seven Arabidopsis isoforms

range from 391 to 411 amino acids (aa) and all except

S-ACP-DES6 are predicted to localize to the plastids

(Table 1). Although TargetP (Emanuelsson et al.

2000), predicts localization of S-ACP-DES6 to the

mitochondria, the difference between the scores for a

mitochondrial target peptide versus a plastidal transit

peptide is very low (0.004) and the program places this

prediction in the lowest reliability class. Sequence

comparisons and phylogenetic analysis of the different

isozymes conducted using DNASTAR program re-

vealed that the S-ACP-DES2 and 4 isozymes are the

most similar, showing ~90% similarity at the aa level,

followed by S-ACP-DES1 and 5, which are ~86%

similar (supplemental Fig. 1A, B). Strikingly, the SSI2

protein showed highest relatedness to a heterologous

desaturase from castor plant (S-ACP-DESRc; Shanklin

and Somerville, 1991), followed by S-ACP-DES1 and 5

(72–74% similarity) and S-ACP-DES2, 3, 4, 5, 6 (64–

66% similarity). The S-ACP-DES6 protein shows

maximum divergence from other desaturases, arising

from a completely separate branch point (Fig. 1).

Sequence comparisons of regions between the pre-

dicted translational start site and ~500 bp upstream

showed 65% identity between S-ACP-DES2 and 4 and

35% identity among the remaining isoforms (data not

shown).

The S-ACP-DES genes exhibit tissue-specific

differences in their expression

The low level of sequence similarity in the 5¢ untrans-

lated regions of the various S-ACP-DES genes suggests

a possible divergent tissue-specific expression. To

provide clues as to possible physiological roles of each

of the seven isozymes, we examined their expression

patterns in various tissues of wild-type plants. Reverse

transcriptase (RT)-PCR analysis of RNA from leaf,

stem, root, flower and silique using gene-specific

primers for the seven isoforms revealed that all except

S-ACP-DES2, 4 and 6 showed detectable transcript in

all these tissues (Fig. 2). Furthermore, except S-ACP-

DES6, all of the other isoforms showed tissue speci-

ficity with increased or reduced levels of transcripts in

Table 1 The Arabidopsis S-ACP-DES gene family

Designation Locus Lengtha

(a.a)
MWb

(kDa)
TPc

(a.a)
Predicted
localizationd

SSI2/FAB2 At2g43710 401 45.69 35 C (stroma)
S-ACP-DES1 At5g16240 391 45.02 36 C (stroma)
S-ACP-DES2 At3g02610 411 46.95 44 C (stroma)
S-ACP-DES3 At5g16230 401 45.86 35 C (stroma)
S-ACP-DES4 At3g02620 396 45.5 68 C (stroma)
S-ACP-DES5 At3g02630 396 45.3 29 C (stroma)
S-ACP-DES6 At1g43800 391 44.15 44 M/C (stroma)

a Length of the pre-processed protein is indicated as number of amino acids (a.a.)
b Molecular weight of mature polypeptide
c Length of the N-terminal transit peptide (TP)
d Predictions based on Target P; C, Chloroplast; M, Mitochondria
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one or more tissues. For example, S-ACP-DES4

showed relatively high expression in roots compared to

its levels in leaf, stem, flower and silique, while S-ACP-

DES3 showed high expression in leaves, but not in

roots. The S-ACP-DES5 isoform was expressed at high

levels in leaf, stem and flower tissues, but at low levels

in roots and siliques. The S-ACP-DES2 isoform was

only expressed at low levels in roots and flowers, while

S-ACP-DES6 was not detected in any of the tissues

analyzed. The expression patterns observed in our

study are largely consistent with the data available

from the Massively Parallel Signature Sequencing

project (http://mpss.udel.edu/at/).

We next determined the FA profile of leaf, stem,

root, flower and silique of wild-type plants to evaluate

how they differed in their 18:1 content (Table 2). Since

S-ACP-DES might use 16:0 or 18:0 as substrates,

emphasis was placed on analysis of 16:1 and 18:1 levels.

In plants 18:1 can also be synthesized upon extension

of 16:1D9 and these differ from 18:0 desaturation

products in double bond position; 18:1 derived from

18:0 has a D9 double bond while 18:1 derived from

16:1D9 has a D11 double bond. The 18:1 levels in roots

were ~2.5-times higher than levels in leaves and al-

though 18:1D9 levels were comparable, the majority of

the 18:1 in root was present as the D11 isomer. The

18:1D9 levels in flowers were comparable to those of

leaves but the flowers consistently showed a ~2-fold

higher levels of 18:1D11. By comparison, the 16:1 levels

in leaves were ~9-fold higher as compared to those in

flower, root or stem tissues. Strikingly, even though

silique tissue showed low expression of SSI2 and other

isoforms, they contained highest levels of 18:1D9.

Similarly, leaf and flower tissues showed high expression

of several isoforms but did not contain a proportional

increase in their 18:1 levels (Fig. 2, Table 2).

Expression of the S-ACP-DES isoforms is not

affected by a mutation in ssi2

Although the various S-ACP-DES isozymes are similar

in sequence to SSI2, these enzymes are unable to

complement the reduced 18:1 levels in the ssi2 mutant

plants (Kachroo et al. 2001). This raises the possibility

that either a mutation in ssi2 affects the expression of

the various isoforms or that these isozymes have dif-

ferent substrate specificities. In mammalian systems, it

was reported that alterations in the expression of a

specific desaturase affected the expression of other

isoforms. For example, SCD1-deficient mice lack

SCD3 expression in their preputial gland, although the

expression of SCD2 remains unaltered (Miyazaki et al.

2002). We therefore examined the expression patterns

of the S-ACP-DES isoforms in the ssi2 mutant. RT-

PCR analysis using gene-specific primers revealed that

the expression patterns for SSI2, S-ACP-DES1, 4, and

5 were similar to those in leaves of wild-type plants

(Fig. 3). However, the levels of the S-ACP-DES3

transcript were reduced in ssi2 leaves, as compared to

those in wild-type plants, indicating that the ssi2

mutation results in slight repression of the S-ACP-

DES3 isoform. The S-ACP-DES2 and 6 tran-

scripts were undetectable in ssi2 leaf tissue (data not

shown).

We next determined transcript levels of the various

S-ACP-DES isoforms in ssi2 act1 and ssi2 gly1 plants.

Our previous work has shown that second-site muta-

tions in the act1 or the gly1 genes, resulting in in-

creased 18:1 levels, are able to restore wild-type-like

phenotypes in the ssi2 mutant (Kachroo et al. 2003a,

Fig. 1 Sequence conservation in the Arabidopsis S-ACP-DES
family. Phylogenetic analysis of predicted sequences of Arabid-
opsis S-ACP-DES proteins including SSI2, S-ACP-DES1, 2, 3, 4,
5 and 6 and a D9 desaturase from castor (S-ACP-DESRc).
Phylogenetic analysis was carried out using the Megalign
program in the DNASTAR package

Fig. 2 Tissue-specific expression of the Arabidopsis S-ACP-DES
family. RT-PCR analysis of RNA extracted from leaf, stem, root,
flower and silique tissues of Col-0 plants using gene-specific
primers for SSI2, S-ACP-DES1, 2, 3, 4, 5 and 6. The level of
b-tubulin was used as an internal control to normalize the
amount of cDNA template
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2004). In the ssi2 gly1 plants, levels of the S-ACP-

DES3 transcript were increased, while all the other

isoforms were expressed at their wild-type levels

(Fig. 3). By contrast, ssi2 act1 plants showed a sub-

stantial reduction in the transcript levels of SSI2,

S-ACP-DES3 and 4 transcripts, and a slight reduction

in the transcript levels of S-ACP-DES1 and 5, as

compared to wild-type. Both S-ACP-DES2 and 6

transcripts were undetectable in ssi2 act1 and ssi2 gly1

plants (data not shown). Repression of S-ACP-DES

isoforms in ssi2 act1 plants, which contain ~3-fold

higher 18:1 as compared to wild-type, suggests that the

18:1 levels may be under feedback control and that

higher than threshold levels of 18:1 result in downre-

gulation of various S-ACP-DES isoforms. However,

we discounted this possibility because the act1 single

mutant, which like ssi2 act1, accumulated high levels of

18:1, but did not show repression of S-ACP-DES iso-

forms. These observations suggest that presence of ssi2

mutation in act1 plants was responsible for repression

of S-ACP-DES isoforms.

The S-ACP-DES isozymes have greatly reduced

specific activities as compared to SSI2

To determine how various S-ACP-DES isozymes

contribute to the FA pool in the leaf, we next exam-

ined the enzymatic activities of S-ACP-DES 1, 3, 4, and

5 isozymes, which showed detectable mRNA in leaf

tissue. The substrate specificities, specific activities and

regiospecificity of these were determined for C14:0-,

C16:0-, and C18:0-ACP substrates. The SSI2, S-ACP-

DES1, 3, 4 and 5 enzymes were expressed in Eschere-

chia coli and the purified proteins were assayed for

their desaturase activity (Cahoon and Shanklin 1997).

Biochemical analyses showed that the SSI2, S-ACP-

DES1 and 5 proteins utilize C18:0-ACP as a preferred

substrate, while S-ACP-DES3 preferentially utilizes

C16:0-ACP as a substrate (Fig. 4A, B). The S-ACP-

DES4 isozyme showed very low activity on both C16:0-

and C18:0-ACP substrates. In comparison to SSI2, the

specific activities of S-ACP-DES1, 3, and 5 were ~53-,

~219- and ~45-fold less on C18:0-ACP substrate and

~20-, ~1.6- and ~29-fold less on C16:0-ACP substrate,

respectively (Fig. 4A, B).

Table 2 Tissue-specific FA composition of Col-0, SD1 KO and SD4 KO plants

Tissuea Genotype Fatty acidb

16:0 16:1 16:2 16:3 18:0 18:1D9 18:1D11 18:2 18:3

Leaf Col-0 16.5 ± 1.1 3.5 ± 0.1 0.7 ± 0.2 13.5 ± 0.8 1.0 ± 0.2 2.3 ± 0.3 0.3 ± 0 13.7 ± 1.0 48.5 ± 2.1
sd1 ko 16.5 ± 0.4 3.9 ± 0.2 0.4 ± 0 13.4 ± 0.3 1.0 ± 0.3 2.4 ± 0.6 0.4 ± 0 11.4 ± 1.4 50.6 ± 1.8
sd4 ko 18.5 ± 0.8 3.8 ± 0.4 0.3 ± 0.1 12.2 ± 0.5 1.2 ± 0.3 2.0 ± 0.4 0.4 ± 0 13.3 ± 1.7 48.3 ± 1.6

Flower Col-0 25.5 ± 1.2 0.4 ± 0 0.4 ± 0 4.8 ± 0.4 1.4 ± 0.3 2.2 ± 0.2 0.8 ± 0.1 27.4 ± 1.1 37.1 ± 2.1
sd1 ko 25.4 ± 0.5 1.0 ± 0.1 nd c 3.9 ± 0.1 1.5 ± 0 2.2 ± 0.3 1.9 ± 0.3 25.5 ± 1.0 38.6 ± 1.2
sd4 ko 25.2 ± 0.2 0.7 ± 0.1 nd 4.1 ± 0.2 1.2 ± 0.1 1.9 ± 0.2 0.9 ± 0 29.1 ± 1.1 36.9 ± 1.2

Root Col-0 27.3 ± 0.5 0.4 ± 0 nd nd 2.4 ± 0.4 1.9 ± 0.5 4.6 ± 0.5 46.0 ± 1.5 17.0 ± 1.0
sd1 ko 26.0 ± 2.3 0.1 ± 0 0.2 ± 0.1 nd 2.0 ± 0.2 2.0 ± 0.2 5.5 ± 0.9 43.7 ± 4.0 20.5 ± 2.0
sd4 ko 27.7 ± 0.9 nd nd nd 1.8 ± 0.1 1.6 ± 0.1 4.5 ± 0.8 45.3 ± 2.0 19.1 ± 1.5

Stem Col-0 20.3 ± 1.1 0.4 ± 0 0.5 ± 0 8.5 ± 0.5 1.1 ± 0.1 1.4 ± 0.2 0.4 ± 0 24.3 ± 2.7 43.1 ± 2.4
sd1 ko 21.7 ± 1.0 2.1 ± 0.4 0.2 ± 0 6.8 ± 0.8 1.0 ± 0 2.1 ± 0.7 0.9 ± 0.2 23.9 ± 3.1 41.3 ± 3.4
sd4 ko 21.2 ± 0.4 2.5 ± 0 0.3 ± 0 7.9 ± 0.4 1.1 ± 0.2 1.7 ± 0.4 0.3 ± 0.1 24.6 ± 1.8 40.4 ± 2.6

Silique Col-0 22.0 ± 0.9 1.0 ± 0.1 0.3 ± 0 4.7 ± 0.5 2.7 ± 0.2 5.3 ± 0.4 1.3 ± 0.4 32.3 ± 1.2 30.4 ± 2.1
sd1 ko 22.3 ± 1.0 1.5 ± 0.2 0.1 ± 0.1 4.9 ± 0.3 2.0 ± 0 4.4 ± 1.0 1.0 ± 0.3 30.3 ± 2.2 33.5 ± 1.9
sd4 ko 22.1 ± 0.5 1.4 ± 0.1 0.3 ± 0.1 4.1 ± 0.2 2.1 ± 0.2 4.1 ± 0.7 1.1 ± 0.3 33.8. ± 1.9 31.0 ± 2.7

a All measurements were made on plants grown at 22�C
b Data are described as mol% ± SE (n = 6)
c nd, not detected

Fig. 3 Expression of the S-ACP-DES isoforms in various genetic
backgrounds. RT-PCR analysis of RNA extracted from SSI2
(Nö), ssi2, ssi2 gly1, ssi2 act1, act1, SD1 KO, SD4 KO and 35S-
SD1(ssi2) leaves, using gene-specific primers for SSI2, S-ACP-
DES1, 3, 4 and 5. The level of b-tubulin was used as an internal
control to normalize the amount of cDNA template
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We further determined the regiospecificities of

S-ACP-DES 1, 3, 4 and 5 enzymes by mass spectral

analysis of the pyrrolidine adducts of their reaction

products. S-ACP-DES1, 3, 4 and 5 preferentially de-

saturated C18:0-ACP substrate at C9 position

(Fig. 4A). With the C16:0-ACP substrate, S-ACP-

DES1, 3 and 5 also exhibited a preference for the C9

position (Fig. 4B). Technical problems precluded the

determination of regiospecificity for S-ACP-DES4.

The possibility of product inhibition of their activi-

ties was investigated by the addition of a 5-fold excess

of unlabeled product (either C16:1- or C18:1-ACP) to a

standard 14C-labeled acyl-ACP assay. In contrast to the

castor D9–18:0-ACP desaturase, which was reported to

be insensitive to a 30-fold excess of unlabelled 18:1-

ACP product (Whittle et al. 2005), the desaturases

investigated in this report showed 7–73% inhibition in

the presence of 5-fold excess of unlabeled product

(Fig. 4C). The highest level of inhibition was shown by

SSI2 (73%), followed by S-ACP-DES3 (67%), S-ACP-

DES4 (50%), S-ACP-DES 5 (27%) and S-ACP-DES1

(7%). The rates of desaturation of C16:0-ACP were

insufficient to perform the product inhibition analysis

of all but SSI2 and S-ACP-DES3, which showed 37

and 40% product inhibition, respectively. Because

S-ACP-DES1, 3, 4, 5 are poorly active on C16:0 and

Fig. 4 Enzymatic activities,
substrate specificities,
regiospecificity and product
inhibition of S-ACP-DES
isozymes. Specific activities
analysis was carried out with
~90% pure preparations of
bacterially expressed S-ACP-
DES proteins. Activities are
reported in nmol/min/mg and
the error bars represent SE
(n = 4). Enzymatic studies
were carried out using C18:0-
ACP (A ) or C16:0-ACP
(B) as substrates and castor
desaturase was used as a
positive control (Cahoon
et al. 1998). The specific
activity of the SSI2 proteins is
as previously reported
(Kachroo et al. 2001).
Regiospecificity of S-ACP-
DES 1, 3, 4 and 5 enzymes
was determined by mass
spectral analysis of the
pyrrolidine adducts of their
reaction products and is
indicated at the top of each
bar. The S-ACP-DES4
catalyzed reaction on C16:0-
ACP substrate did not
accumulate sufficient product
for double bond analysis
(ND = not determined).
(C) Mean percent activity of
SSI2, S-ACP-DES1, 3, 4 and 5
in presence of 5-fold excess of
product (C16:1-ACP or
C18:1-ACP). The rates of
desaturation of C16:0-ACP
were insufficient to perform
the product inhibition
analysis of S-ACP-DES1, 4
and 5 (ND = not determined)
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C18:0-ACP substrates, we investigated the possibility

that they may recognize C14:0-ACP, similar to a

desaturase isolated from geranium trichomes (Schultz

et al. 1996). However, no activity was detected on

C14:0-ACP, even in the presence of a large excess of

the purified proteins (data not shown). The observation

of product inhibition in the presence of monounsatu-

rated acyl-ACPs, along with recent reports that a

desaturase from ivy recognizes monounsaturated sub-

strates (Whittle et al. 2005), prompted us to test whe-

ther S-ACP-DES1, 3, 4, 5 enzymes exhibit activity

towards C16:1- or C18:1-ACP substrates. None of the

four desaturases showed any detectable activity to-

wards C16:1- or C18:1-ACP, even in the presence of a

large excess of the enzyme (data not shown).

Taken together, these data show that S-ACP-DES1,

3, 4, and 5 can desaturate C16:0- and C18:0-ACP sub-

strates at C9 position. Furthermore, these data also

indicate that SSI2 is regulated at post-translational le-

vel and is perhaps the major activity responsible for the

synthesis of 18:1D9.

Knock-out mutations in S-ACP-DES1 and 4 alter

lipid profiles but do not alter defense phenotypes

Next, we investigated the function of the S-ACP-DES

isoforms by analyzing the effect of loss-of-function

mutations in the genes encoding these isozymes.

T-DNA knock-out (KO) lines were identified in

S-ACP-DES1, 2, 3, 4 and 5 isoforms but in spite of

analyzing three generations of selfed heterozygous

plants we were unable to obtain homozygous line for

S-ACP-DES2, 3 and 5. At present it is not clear if

homozygosity in these desaturase KO genes is associ-

ated with reduced viability or lethality. Homozygous

KO lines were obtained for S-ACP-DES1 (SD1 KO)

and S-ACP-DES4 (SD4 KO). The SD1 KO line

carried a T-DNA insertion in the first intron, while the

SD4 KO line carried an insertion in the third exon.

Plants carrying homozygous insertions were identified

using gene-specific primers flanking the T-DNA

insertion site and a T-DNA left border primer. The

KO phenotype was confirmed by RT-PCR analysis,

which showed absence of any detectable transcript for

S-ACP-DES1 or 4 genes, respectively (Fig. 3). RT-

PCR analysis of SSI2, S-ACP-DES3 and 5 transcripts

in the KO lines revealed that disruption of SD4

downregulated expression of S-ACP-DES1, 3 and 5

genes but a disruption of SD1 only resulted in a slight

reduction of S-ACP-DES3. No transcripts for S-ACP-

DES2 and 6 genes were detected in SD1 KO and SD4

KO lines (data not shown). Unlike ssi2 plants, the SD1

KO and SD4 KO lines showed a wild-type-like

morphological phenotype, absence of any visible or

microscopic cell death (data not shown) and basal level

expression of PR-1 (Fig. 5A). Their JA responsiveness

was also unaltered, and both SD1 KO and SD4 KO

lines induced high levels of the PDF1.2 (Plant Defen-

sin 1.2) transcript upon exposure to JA (Fig. 5B).

Analysis of response to inoculation with a virulent

isolate of Hyaloperonospora parasitica revealed that

both SD1 and 4 KO lines behaved similar to wild-type

plants, and were susceptible to the pathogen (Fig. 5C).

To examine if a loss-of-function mutation in S-ACP-

DES1 and 4 genes had any effects on various steps of FA

synthesis and/or b–oxidation, we analyzed the expres-

sion of some representative genes involved in these

processes in wild-type and KO lines. RT-PCR analysis of

genes involved in FA synthesis showed that the leaf

tissue of SD1 KO line expressed wild-type-like levels of

MOD1 (enoyl-ACP-reductase) and FATA1 (acyl-ACP

thioesterase), but showed reduced expression of FATA2

(acyl-ACP thioesterase) and failed to amplify any tran-

script for ACS9 (acyl-CoA synthetase) and ACT1 (G3P

acyltransferase). The leaf tissue of SD4 KO line

expressed wild-type levels of MOD1 but showed

reduced levels of ACT1, FATA1 and FATA2, and did

not amplify any transcript for ACS9 (Fig. 6). By com-

parison, the ssi2 leaves showed wild-type-like levels of

MOD1, ACT1 and FATA2 but increased amounts of the

ACS9 and FATA1 transcripts. Analysis of genes in-

volved in FA b-oxidation revealed a marginal reduction

in expression of PED1 (acetyl CoA acyl transferase)

gene and no detectable expression levels of ACX1 (acyl-

CoA oxidase) and MFP2 (multifunctional protein)

genes in SD1 KO plants. By comparison, SD4 KO lines

also showed marginal reduction in PED1 transcript and

no detectable amplification of ACX1 transcript but these

plants contained normal levels of MFP2 transcript. In

contrast to SD1 and SD4 KO lines, ssi2 plants were up-

regulated in expression of ACX1 gene but similar to SD1

KO did not amplify MFP2 transcript (Fig. 6).

To determine if these alterations in the expression of

FA metabolism genes result in an altered FA/lipid

profile in these KO lines, we carried out FA as well as

lipid analysis of the SD1 KO and SD4 KO lines. Unlike

ssi2 plants, the SD1 and 4 KO plants showed no sig-

nificant differences in 18:0 accumulations compared to

wild-type plants in any of the tissues analyzed

(Table 2). Furthermore, the FA profile of leaf tissue

did not show any change in their total or chloroplastic

FA content (Table 2 and data not shown). FA profiling

revealed a ~5–6-fold increase in 16:1 levels in stems of

SD1 KO and SD4 KO plants. In addition, the SD1 KO

plants also showed a ~2.3-fold increase in the 18:1D11

content in flowers.
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Analysis of total lipid content in leaves from SD1

KO and SD4 KO plants showed a ~22% and 16%

reduction, as compared to wild-type, respectively

(Fig. 7A). However, the total lipid content in SD1 KO

and SD4 KO leaves was higher than the total lipid

content in ssi2. Similarly, the levels of monogalacto-

syldiacylglycerol (MGDG) in leaves from SD1 KO and

SD4 KO was lower than wild-type plants but higher

than that of ssi2 (Fig. 7B). There were no significant

changes in the profiles of other leaf lipids between

wild-type and KO lines. Analysis of acyl carbon species

showed that the SD1 KO and SD4 KO plants con-

tained reduced levels of 34:6 (no. of carbons:no of

double bonds) species of acyl carbon on MGDG, 34:4

on phosphatidylglycerol (PG) and 34:3 on phosphatidic

acid but accumulated higher levels of 34:3, 36:3, 40:3,

42:2 and 43:3 acyl species on phosphatidylserine (PS)

(Fig. 7C).

Overexpression of S-ACP-DES1 complements the

ssi2 mutation

In order to determine whether various isoforms are

active in vivo and can contribute to the total 18:1 pool

if present at sufficiently high levels, we overexpressed

S-ACP-DES1 in ssi2 plants (35S-SD1-ssi2), because it

has high structural similarity to SSI2 and similar sub-

strate specificity for 18:0. Twenty-five T1 transgenic

plants were obtained, and all of these showed wild-

type-like morphology (Fig. 8A). Three lines were

analyzed in the T2 generation and these segregated ~3

wild-type-like: 1 ssi2-like (56 wild-type-like, 22 ssi2-

like; v2 = 0.42, P = 0.51). PCR analysis of genomic

DNA amplified S-ACP-DES1 cDNA transgene only in

the wild-type-like plants and not in the ssi2-like plants,

suggesting that the wild-type-like phenotype co-segre-

gated with the presence of transgene. This was further

confirmed by analyzing the S-ACP-DES1 transcript

levels in the transgenic plants; 14 plants were tested

and all showed increased levels of the S-ACP-DES1

transcript (Fig. 5A). The 35S-SD1-ssi2 lines lacked

spontaneous cell death lesions and increased expres-

sion of the PR-1 gene; both of these phenotypes are

triggered by the ssi2 mutation (Figs. 8B, 5A). In

addition, the JA-related phenotypes of ssi2 plants were

also restored in the 35S-SD-ssi2 lines and, unlike in ssi2

plants, exposure to JA induced high levels of expres-

sion of the PDF1.2 gene in 35S-SD1-ssi2 plants

(Fig. 5B). Overexpression of S-ACP-DES1 also

restored the wild-type-like responses to pathogen

inoculations and these transgenic ssi2 plants were as

susceptible as the wild-type parent (Fig. 5C). This

Fig. 5 PR-levels, JA-responsiveness and pathogen response of
SD1 KO, SD4 KO and 35S-SD(ssi2) plants. (A ) Northern blot
analysis of PR-1, PR-2 and S-ACP-DES1 gene expression in ssi2,
SSI2 (Col-0), SD1 KO, SD4 KO and 35S-SD1(ssi2) plants. Each
lane shows RNA from a single plant. Ethidium bromide staining
of rRNA was used as a loading control. (B) Northern blot
analysis of PDF1.2 as a measure of JA-responsiveness of ssi2,
SSI2, SD1 KO, SD4 KO and 35S-SD1(ssi2) plants. The 4-weeks-
old plants were treated with water or 50 lM JA and the samples
were collected 48 h post-treatment. Ethidium bromide staining

of rRNA was used as a loading control. (C) Comparison of
Hyaloperonospora parasitica ecotype Emco5 growth on cotyle-
dons of 7-day-old seedlings. Various genotypes, listed on the left
were inoculated by spraying conidiospores at a concentration of
106 spores/ml. Pathogen growth was assessed by counting the
number of sporangiophores per cotyledon at 8 days after
inoculation. The shading of each box indicates the severity of
infection, based on the number of sporangiophores per cotyledon
(see key at right). Numbers at right of the sample boxes indicate
the number of cotyledons assayed. Ler, Landsberg erecta
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result correlated well with the reduction in SA levels in

the S-ACP-DES1 overexpressing lines; in comparison

to ssi2, the 35S-SD-ssi2 plants showed basal levels of

SA and SA glucoside (SAG), similar to the levels seen

in wild-type plants (Fig. 8C). Taken together, these

results show that overexpression of S-ACP-DES1 was

sufficient to replace SSI2 functionally in the ssi2 mu-

tant line.

Since a reduction in 18:1 levels in the ssi2 mutant

plants is implicated in the altered phenotypes, the 35S-

SD1-ssi2 transgenic lines were analyzed for their leaf

FA content. The 18:1 levels in these plants were

restored to wild-type-like levels (Table 3). In addition,

16:3 levels, which are lower in ssi2 plants, were also

restored to wild-type-like levels. Analysis of the

chloroplastic FAs from ssi2 and 35S-SD1-ssi2 plants

showed wild-type-like 18:1 levels in 35S-SD1-ssi2

plants (Fig. 8D). To determine if S-ACP-DES1 over-

expression impacted the lipid profile, we measured the

levels of individual lipids and the levels of total acyl

carbons on each of these lipids. The overexpression of

S-ACP-DES1 in ssi2 plants increased the total lipid,

MGDG, digalactosyldiacylglycerol (DGDG) and

phosphatidylglycerol (PG) content to an intermediate

level between that seen for wild-type and ssi2

plants (Fig. 7A, B). Particularly, overexpression of

S-ACP-DES1 increased the levels of 34:6 species of

acyl carbon on MGDG, 34:6 and 34:3 on DGDG and

34:3 and 34:4 on PG; the levels of these acyl carbons

were reduced in ssi2 leaves as compared to wild-type

(Fig. 7C). There were no significant changes in the

profiles of other leaf lipid, lyso-lipids or the total acyl

carbons on each lipid (Fig. 7B, C). These data suggest

that the increased levels of S-ACP-DES1 enzyme are

sufficient to restore normal FA levels in ssi2 plants.

Overexpression of SSI2 and S-ACP-DES 1 in wild-

type plants does not alter morphological or defense

phenotypes

Our data thus far suggests that it is crucial for plants to

maintain certain threshold levels of 18:1 for proper

defense signaling. To determine if increased levels of

18:1-ACP sensitizes the defense-signaling pathway, we

overexpressed SSI2 and S-ACP-DES1, that differ in

specific activity by ~50-fold, in wild-type plants under

the same promoter. Transgenic plants (ecotype Col-0)

expressing SSI2 (35S-SSI2 Col-0) and S-ACP-DES1

(35S-SD1 Col-0) under control of the CaMV 35S pro-

moter were generated, and these showed high levels of

the SSI2 or the S-ACP-DES1 transcripts, respectively

(data not shown). Both 35S-SSI2 Col-0 and 35S-SD1

Col-0 plants were morphologically indistinguishable

from wild-type plants and showed normal SA- and JA-

responsivenes; exogenous application of SA and JA

induced expression of PR-1 and PDF1.2 genes,

respectively, in the overexpressing plants (data not

shown). To assess if increased expression of SSI2 and

S-ACP-DES1 affected 18:1 content, we determined the

FA levels from the overexpressing plants. Interest-

ingly, 18:1 levels in both 35S-SSI2 Col-0 and 35S-SD1

Col-0 plants were similar to that seen in wild-type

plants (Fig. 8D), suggesting that desaturase activity is

not limiting for accumulation of 18:1 in Col-0 plants.

Discussion

Plants are dependent on the stearoyl-ACP desaturase

for the synthesis of the monounsaturated FA 18:1 and

its polyunsaturated derivatives. Our previous work has

demonstrated the importance of 18:1 in normal defense

signaling in Arabidopsis (Kachroo et al. 2001). A

mutation in the ssi2 gene, resulting in reduced 18:1

levels, constitutively upregulates the SA-mediated

pathway and represses the JA-mediated pathway.

Besides SSI2, the Arabidopsis genome encodes six

other S-ACP-DESs, which show high levels of

Fig. 6 Expression analysis of the genes involved in FA metab-
olism in ssi2, SD1 KO and SD4 KO plants. RT-PCR analysis of
RNA extracted from SSI2 (Col-0), ssi2, SD1 KO and SD4 KO
plants. Gene specific primers for enoyl-ACP-reductase (MOD1),
FA-CoA synthetase (ACS9), G3P acyltransferase (ACT1), acyl-
ACP-thioesterase (FATA1 and A2), acyl-CoA oxidase (ACX1),
acetyl CoA acyl transferase (PED1) and multifunctional protein
(MFP2) were used to detect transcript levels for the correspond-
ing genes in various genotypes. The level of b-tubulin was used as
an internal control to normalize the amount of cDNA template
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sequence conservation (supplemental Fig. 1A, B). In

this study, we have examined the enzymatic activities

and the possible physiological roles of the various

Arabidopsis S-ACP-DES isozymes. Our data suggests

that S-ACP-DES isozymes are likely to participate in

various biological processes and are capable of making

minor contributions to the total 18:1 pool in the plant.

Even though the SSI2 protein shares up to 74%

amino acid sequence similarities with the other iso-

zymes, these are unable to substitute for a defective

ssi2 protein in the mutant plants. This raises the

question as to the role of these isozymes in plants and

whether they contribute to the total 18:1 pool. Al-

though both the ssi2 and fab2 mutations reduce the

desaturase activity by 90 or 100%, respectively

(Kachroo et al. 2001), they do not completely abolish

the 18:1 content in the mutant plants; both ssi2 and

fab2 plants continue to accumulate low levels of 18:1.

This suggests that other S-ACP-DES isozymes make

minor contributions to the total 18:1 pool. This is fur-

ther supported by the observation that, except for SSI2,

all other S-ACP-DES enzymes tested showed very low

specific activity towards C16:0- and C18:0-ACP sub-

strates in vitro. The observed low specific activity of S-

ACP-DES1 also explains why its overexpression was

required to complement the various ssi2-associated

phenotypes. Taken together, these observations sug-

gest that the majority of the 18:1 pool in the plant

results from SSI2 activity, while the other isozymes

make minor contributions.

Various S-ACP-DES isoforms are likely to partici-

pate in normal physiological processes. This is sug-

gested by the observation that a loss-of-function

mutation in S-ACP-DES1 or 4 resulted in a reduction

in the total lipid content by ~23% and ~17%, respec-

tively. Similarly, a mutation in ssi2 also causes ~36%

reduction in their lipid content as compared to wild-

type plants. However, unlike the ssi2 mutation, KO

Fig. 7 Total lipid content, lipid profile and and total acyl species
present on each lipid. (A ) Total lipid content from leaves of SSI2,
ssi2, SD1 KO, SD4 KO and 35S-SD1(ssi2) plants. (B) Comparison
of levels of individual lipids in genotypes shown in A. Symbols for
various components are DGDG, digalactosyldiacylglycerol;

MGDG, monogalactosyldiacylglycerol; PG, phosphatidylglycer-
ol; PC, phosphatidylcholine; PE, phosphatidylethaloamine; PI,
phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic
acid. (C) Levels of acyl carbon species present in individual lipids.
For A, B and C, error bar represents SD (n = 5)
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Fig. 8 Morphological and
molecular phenotypes of ssi2
and 35S-SD1(ssi2) plants. (A )
Comparison of the
morphological phenotypes
displayed by 4-week-old soil
grown, ssi2 and 35S-SD1(ssi2)
plants. (B) Microscopy of
trypan-blue stained leaves
from ssi2 and 35S-SD1(ssi2)
plants. Leaves from ssi2
plants contain intensely
stained areas of dead cells
(marked by an white arrow),
while the 35S-SD1(ssi2)
leaves exhibit no cell death.
(C) Endogenous SA and SA
glucoside (SAG) levels in
leaves of 4-week-old, soil-
grown, wild-type, ssi2 and
35S-SD1(ssi2) plants. The
values are presented as a
mean of three replicates. The
error bars represent SD. (D)
The levels of chloroplastic
18:1 in SSI2, ssi2, 35S-SSI2
(Col-0) and 35S-SD1 (in ssi2
and Col-0 backgrounds)
plants. The values are a mean
of six independent replicates.
The error bars represent SD

Table 3 Fatty acid composition of total leaf lipids from SSI2, ssi2, 35S-SSI2, 35S-SD1(ssi2), SD1KO and SD4KO plants

Genotypea Fatty acida

16:0 16:1 16:2 16:3 18:0 18:1b 18:2 18:3

SSI2 (Col-0) 14.7 ± 0.3 3.4 ± 0.1 0.5 ± 0.2 15.1 ± 1.2 1.1 ± 0.3 2.2 ± 0.5 12.9 ± 0.7 49.7 ± 1.3
ssi2 (Nö)c 15.9 ± 1.1 2.8 ± 0.3 0.2 ± 0.2 11.7 ± 0.4 16.9 ± 1.7 0.8 ± 0.1 12.1 ± 0.8 39.2 ± 1.3
35S-SSI2 (Col-0) 15.6 ± 0.5 3.9 ± 0.4 0.9 ± 0.2 14.4 ± 1.6 1.1 ± 0.3 2.0 ± 0.7 15.0 ± 1.8 46.8 ± 1.6
35S-SD1 (ssi2) 12.6 ± 0.4 3.6 ± 0.1 1.0 ± 0.1 14.2 ± 0.6 5.1 ± 1.3 2.1 ± 0.4 12.8 ± 1.0 48.4 ± 0.9
SD1KO (Col-0) 14.4 ± 0.4 4.6 ± 0.1 1.2 ± 0.1 17.1 ± 0.2 0.4 ± 0 2.4 ± 0.3 14.2 ± 0.1 45.5 ± 1.0
SD4 KO (Col-0) 15.3 ± 0.3 4.3 ± 0.8 1.1 ± 0.1 16.1 ± 0.7 0.5 ± 0 2.5 ± 0.1 15.2 ± 0.3 44.8 ± 1.2

a All measurements were made on plants grown at 22�C. Data are described as mol% ± SE (n = 6)
b 18:1D9

c FA profile of Nö ecotype is similar to that of Col-0 (Kachroo et al. 2003b)
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lines of S-ACP-DES1 or 4 did not reduce total leaf or

chloroplastic 18:1 content and did not show any mor-

phological or defense phenotypes. It is possible that the

effects of mutations in SSI2 and S-ACP-DES1 and 4 may

trigger a reduction in lipid content by impacting differ-

ent physiological processes. For instance, a mutation in

SSI2 may influence plant phenotypes due to lack of 18:1

whereas a mutation in S-ACP-DES1 or 4 could influence

various physiological processes via downregulation of

the FA biosynthetic enzymes. These results are similar

to those reported for SCD1 deficient mice carrying a

targeted disruption in the SCD1 gene that have reduced

body mass and exhibit increased oxidation of FAs

(Ntambi et al. 2002). Unlike the scd1 mutation, a

mutation in ssi2 also upregulated genes involved in FA

synthesis, which suggests that plants possibly react to

deficiencies in 18:1 by adjusting their FA metabolism.

Interestingly, wild-type-like levels of various S-ACP-

DES isoforms was insufficient to complement a defect

in ssi2 plants. This could be because ssi2 plants continue

to accumulate wild-type levels of ssi2 protein, which

competes with other desaturases for substrate and/or

cofactors. Thus, increased levels of a low specific

activity desaturase would be required to out compete

defective ssi2 protein. This would also explain why in-

creased expression of S-ACP-DES1 was required to

complement ssi2 phenotypes. However, this possibility

can be discounted because fab2 plants, which contain a

null mutation in SSI2, shows severe stunted morpho-

logical phenotype and like ssi2 plants are defective in

SA- and JA-mediated defense pathways.

Because overexpression of SSI2 or S-ACP-DES1 in

wild-type plants did not result in increased accumula-

tion of 18:1, it suggests that synthesis of 18:1-ACP is

either tightly regulated or that it is rapidly metabo-

lized. It is also possible that overexpression is unable to

increase 18:1-ACP content beyond the wild-type levels

because of substrate or cofactor limitations. Downre-

gulation of SSI2 transcript in ssi2 act1 plants, which

carry high levels of 18:1, suggests that 18:0-ACP de-

saturation is regulated via feedback control. This is

further supported by the observation that a 5-fold ex-

cess of 18:1-ACP substrate resulted in 73% reduction

in activity of SSI2, which is perhaps the major activity

responsible for the synthesis of 18:1D9. It is also con-

ceivable that increased 18:1 in the ssi2 act1 plants

inhibits the further formation of 18:1 by downregulat-

ing SSI2 transcript levels. However, unlike ssi2 act1

plants, act1 single mutants carry wild-type levels of the

SSI2 transcript even though the 18:1 levels in act1

plants are similar to those in ssi2 act1 plants. An

important difference between act1 and ssi2 act1 plants

is that the latter contain high levels of 18:0 in addition

to high levels of 18:1. It is possible that, due to the

increased abundance of the 18:0-ACP substrate, the

ssi2 act1 plants have the potential to generate even

more 18:1-ACP, which could be potentially detrimen-

tal to the plant. Interestingly, the levels of the other

S-ACP-DES isoforms in ssi2 act1 plants were also

downregulated, which further indicates that these iso-

zymes may also be contributing to the 18:1 pool. These

observations suggest that the expression of S-ACP-

DESs is tightly regulated in order to exercise control

over 18:1 levels, further emphasizing the importance of

this monounsaturated FA in the normal, as well as

defense-related physiology of the plant.

In comparison to ssi2 act1, the ssi2 gly1 plants did

not show any repression of SSI2 transcript even though

these plants accumulated wild-type-like levels of 18:1

(Kachroo et al. 2004). One possible explanation for

this difference could be that the levels of 18:1 in ssi2

gly1 plants are 2–3-fold lower than those in ssi2 act1

plants. Furthermore, ssi2 phenotypes reappear in 4-

week-old ssi2 gly1 plants but not in ssi2 act1 plants

(Kachroo et al. 2004). The reappearance of phenotypes

in ssi2 gly1 plants correlates with an age-dependent

decline in 18:1, which suggests that the increased levels

of 18:1 present during the early stages of development

are sufficient to complement ssi2 phenotypes. We have

previously attributed the increased levels of 18:1 in ssi2

gly1 plants to the reduced availability of G3P for

acylation to 18:1, resulting from a mutation in the G3P

dehydrogenase gene in these plants. Our present re-

sults have revealed that in comparison to ssi2 act1

plants, the ssi2 gly1 plants show marked increase in

levels of the S-ACP-DES3 transcript. Whether the in-

creased levels of S-ACP-DES3 in these plants con-

tribute to the increase in 18:1 levels and thereby the

complementation of ssi2 phenotypes remains to be

investigated.

In conclusion, we have shown that S-ACP-DES

isoforms contribute to the 18:1 pool, although a major

portion of this pool reflects contributions from SSI2

activity. We have also shown that, unlike SSI2, the

other isoforms have much lower specific activities.

Furthermore, when SSI2 and S-ACP-DES1 isozymes,

differing in specific activity by ~50-fold were overex-

pressed, they restored wild-type levels of 18:1 in ssi2

plants along with wild-type responses to pathogen

challenge. The data presented here supports our

hypothesis that the ssi2-associated, altered defense

signaling results from reduced levels of 18:1.
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