Stimulation, cytokine measurements and proliferation assays

Resting PBLs were stimulated for typically 24 h with 1 pgml~* anti-CD3 and 5pgml—*
anti-CD28 antibodies (Pharmingen) or with 5 g ml~* PHA. We stimulated NK cells with
50 ng ml~* of either plate-bound anti-CD16 (3G8) or anti-2B4 (C1.7) antibodies
(Pharmingen) for 24 h. B lymphocytes were stimulated with either 10 ug ml™* pokeweed
mitogen (Sigma) or 10% (v/v) of SAC cells (Calbiochem) and 200 U ml~* of IL-2. Surface
molecules of interest were detected using phycoerythrin (PE)- and FITC-labelled
antibodies (Pharmingen) by standard procedures, and analysed on a FACScan flow
cytometer (Becton-Dickinson) using CellQuest (Applied Biosystems) and FlowJo
(TreeStar) software. Concentrations of immunoglobulin in the supernatants of cells at
days 7 and 13 were measured by R. Hornung at the Immunological Monitoring
Laboratory of the National Cancer Institute. For stimulations with PMA and ionomycin,
10ngml~*and 0.5 ug ml~* were used, respectively. Where indicated, cells were pretreated
for 36 h with 50 pM zVAD-fmk (Enzyme Systems Products). We measured IL-2 after 48 h
of stimulation using the Quantikine Immunoassay Kit (R&D Systems). In proliferation
assays, cells stimulated for 48 h with PHA and anti-CD28 antibody were pulsed with
tritiated thymidine for 24 h and assessed by scintillation counting.

Luciferase and calcium flux assays

Jurkat T cells were transfected with 10 pg of an IL-2—Luc construct and 0.2 g of a renilla
construct as described®, stimulated with 20 pg ml~* of plate-bound anti-CD3 and anti-
CD28 antibodies for 24 h, and analysed with the Luciferase Assay System (Promega). To
measure intracellular calcium, we loaded PBLs with 3mM Indo-1 acetoxymethyl ester
(Indo-1, Molecular Probes), incubated them at 37 °C and then stimulated them with

1 pgml~* of anti-CD3 and 5 pg ml~* of anti-CD28 antibodies for about 6 min. The Indo-1
ratio of 395 nm/500 nm fluorescence emission was calculated by flow cytometry.

Retroviral infections

Lentiviral transduction of PBLs used plasmids that contained, in order, the HIV long
terminal repeat (LTR), the caspase-8 coding sequence, an internal ribosome entry site
(IRES) and GFP (HIV-LTR—caspase-8-IRES-GFP) or HIV-LTR-IRES-GFP, together with
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DIR1 interacts with a lipid-derived molecule to promote long
distance signalling.

Genetic screens for mutants with impaired basal resistance to
initial attack by virulent pathogens or an impaired response to
exogenous salicylic acid have identified signalling genes involved in
both local and distant activation of defence mechanisms®. To
identify genes involved in the entire SAR pathway, including long-
distance signalling, the main feature of SAR, we screened a collec-
tion of tDNA tagged A. thaliana ecotype Wassilewskija (Ws) lines*
for mutants that fail to develop SAR after inoculation with avirulent
P. syringae pv tomato (Pst).

a Ws

dir1-1

b 107y OMA @MV mAV
106 3

1053

1044
103 4

102 4

Bacterial growth in plants
(CFU per leaf disc)

1014

10° Ws | dirl-1

Figure 1 Characterization of dir7-1. a, Symptoms in uninduced (MV) and induced (AV) Ws
and dir7-1 plants 3 days post-challenge inoculation with virulent Pst. b, Ws and dir7-1
were subjected to MV, MA and AV treatments. Treatments consist of inoculation in one
leaf (first letter), followed 2 days later with the second inoculation in other leaves (second
letter). M, mock inoculation; A, inoculation with avirulent Pst (first inoculation at

108 CFUmI™" or second inoculation at 10° CFUmI™"; V, inoculation with virulent Pst at
10% CFUmI™". Bacterial growth in plants was monitored after the second inoculation. A
significant difference was observed between Ws MV and AV treatments (f-test,

P < 0.05). This experiment was repeated with similar results at least four times.
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Plants were induced by inoculating one leaf with avirulent Pst
(PstavrRpt2); after 2 days, three other leaves were challenge-inocu-
lated with virulent Pst. Of 11,000 tDNA lines screened only one,
dirl-1, was specifically compromized in SAR. The SAR-defective
phenotype, as manifested by bacterial growth in plants equivalent to
that observed following challenge of uninduced control plants with
virulent Pst, segregated 3:1 (chi square, P > 0.9, P > 0.8, in inde-
pendent experiments). These results indicated that the original line
was heterozygous and that the dirl-1 mutation was dominant to
DIR1 or that the wild-type allele was haplo-insufficient. These
conclusions were confirmed by backcrossing three different dirl-1
plants to wild-type Ws.

The dirl-1 line contained more than one tDNA insertion. A SAR-
defective kanamycin-resistant individual was back-crossed to Ws to
remove unlinked tDNA inserts. One hundred F, families were tested
for kanamycin resistance and SAR competence. A dirl-1 SAR-
defective line was isolated and F; plants were monitored for
cosegregation of kanamycin resistance and the SAR defect. This
dirl-1 line was used in subsequent studies and later shown to be
homozygous for the dirl-1 allele in polymerase chain reaction
(PCR) experiments using DIR1 and dirl-1 gene-specific primers.
Experiments with homozygous or heterozygous dirl-1 lines con-
firmed that DIR1 was either recessive to dirl-1 or haplo-insufficient
with respect to the SAR phenotype, as measured by bacterial growth
in plants.

Challenge inoculation of dirl-1 homozygotes with virulent Pst 3
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Figure 2 Defence gene expression in Ws and dir7-7. Leaves were collected at 0, 6, 12,
24 and 48 hours post inoculation (h.p.i.) from plants inoculated () with Psm-avrRpm1,
107 CFUmI™" (a) and from uninoculated or systemic (S) leaves (b). RNA gel blots were
hybridized with PR-1, PR-5, GST and rDNA gene probes. Two PstavrRpt2/PR-1
expression experiments displayed similar results. ¢, Petiole exudates were infiltrated into
naive Ws and dir7-1 plants (labelled Genotype). PR-7 and rDNA gene expression was
monitored by RNA gel blot analysis 1 day post exudate infiltration; duplicate samples are
shown. Exudates were WMex (from Ws mock-inoculated leaves), WAex (from Ws leaves
inoculated with avirulent Pst, 108 CFUmI™"), dMex (from dir7-7 mock-inoculated leaves)
and dAex (from diir7-1leaves inoculated with avirulent Psf). This experiment was repeated
twice with similar results.
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days after local inoculation with avirulent Pst resulted in chlorosis
and vigorous bacterial growth similar to that in uninduced wild-
type plants (Fig. 1a, b). Fivefold greater bacterial growth (Student’s
t-test, P < 0.002) was observed in systemic leaves of PstavrRpt2-
induced dirl-1 plants challenged with virulent Pst (AV treatment;
see legend to Fig. 1 for description) compared to equivalent leaves in
wild-type plants (Fig. 1b). In contrast, there was no significant
difference between the growth of virulent Pst in uninduced, naive
dirl-1 plants (MV treatment) compared to equivalent wild-type
plants 1 day (data not shown) or 3days post inoculation (d.p.i.,
Fig. 1b). Moreover, naive dirl-1 plants restricted the growth of
PstavrRpt2 (MA treatment) to a similar extent as wild-type 1d.p.i.
(data not shown) or 3d.p.i. (Fig. 1b). Therefore, although the
mutant is impaired in PstavrRpt2-induced SAR, naive dirl-1 plants
respond as wild-type to local inoculation with avirulent or virulent
Pst and likewise produce an oxidative burst® and a visible hyperten-
sive response (HR) (data not shown). In addition, SAR was not
established in dirl-1 using PstavrRpml as the inducer (data not
shown). Therefore the SAR defect in dirl-1 plants is not specific
to the inducing gene-for-gene interaction. PstavrRpt2-induced
SAR to the unrelated oomycete pathogen, Peronospora parasitica,
was also abolished in the dirl-1 mutant (see Supplementary
Information).

Local accumulation of PR-1, PR-5 and glutathione-S-transferase
(GST) transcripts in leaves inoculated with PstavrRpm1 was similar
in Ws and dirl-1 plants, but was greatly reduced in the distant
uninoculated leaves of dirl-1 plants (Fig. 2a, b; Supplementary
Information Fig. 1). Similar results were obtained with PstavrRpt2
as the inducer (data not shown), providing further evidence that
gene-for-gene local resistance is unimpaired in dirl-1. However, loss
of PR-1 expression in distant leaves indicates that dirl-1 is defective
in long-distance signalling.

DIR1 might function in production of the mobile signal, its
transmission from the inoculated leaf or its perception in distant
leaves. To distinguish between these sites of action we collected
petiole exudates (enriched for phloem sap) from leaves that had
been induced by inoculation with avirulent Pst and assayed the
exudates for PR-1 gene-inducing activity after infiltration into
leaves of healthy, untreated plants (Fig. 2c). Exudates from Ws
leaves induced by inoculation with avirulent Pst elicited PR-1
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Figure 3 Structure of the tDNA insertion in the dir7-7 allele. a, Structure of the
3850:1003 tDNA*. b, The tDNA insertion in the dir1-1 allele. ¢, Sequence analysis of
DIR1. The putative signal peptide is underlined, and the signal sequence cleavage site is
indicated by an arrow. The translational stop codon, TAA, is in bold. The tDNA insertion in
the 3° untranslated region in the dir7-1 line is indicated by a black triangle. The eight
conserved cysteine residues are shown in bold. Position 71 (asterisk) shows an amino-
acid polymorphism between Ws (Ala) and Col-0 (Val) Arabidopsis ecotypes.

NATURE | VOL 419 | 26 SEPTEMBER 2002 | www.nature.com/nature

letters to nature

expression in leaves of healthy, untreated wild-type Ws plants,
whereas exudates collected from mock-inoculated Ws leaves had
little activity. Moreover, exudates from induced wild-type leaves
elicited PR-1 expression in recipient leaves of healthy, untreated
dirl-1 plants. In contrast, exudates from PstavrRpt2-induced dirl-1
leaves elicited little PR-1 gene expression in recipient leaves of either
wild-type Ws or dirl-1 plants. Thus we conclude that DIR1
functions in the production of an essential mobile signal or its
transmission from the emitting leaf, rather than in the perception or
transduction of the signal in recipient leaves.

Salicylic acid is an essential secondary signal for both SAR and
local resistance and 2,6-dichloroisonicotinic acid (INA) mimics
salicylic acid functions®. Free salicylic acid levels were similar in Ws
and dirl-1 plants throughout the SAR response: in the locally
inoculated leaf (induction), in distant uninoculated leaves (estab-
lishment) and after challenge inoculation in distant leaves (mani-
festation); see Supplementary Information and Table 1. Thus DIR1
is not required for the accumulation of salicylic acid either locally or
systemically. However, spraying with INA induced resistance in
both dirl-1 and the wild type, with 19/19 and 10/11 resistant plants
respectively, compared to 0/12 for water-sprayed control plants.
Therefore, DIR1 is not required for salicylic acid accumulation, but
salicylic acid may contribute to the pathway downstream of DIRL.

Genomic DNA blot hybridization showed that a full-length
tDNA plus an inverted partial tDNA were inserted in the dirl-1
line (Fig. 3 &, b). Thermal asymmetric interlaced (TAIL)-PCR” was
used to obtain the corresponding wild-type genomic DNA (Gen-
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Figure 4 Complementation of dir7-1. a, Basal levels of DIRT transcripts. RNA gel blot
analysis of DIRT gene expression in Ws, heterozygous and homozygous dir7-1. b, RNA gel
blot analysis of DIR1 transcript levels in untreated leaves from Ws, dir7-7, Ws(sense-DIR1)
and dir7-1 (sense-DIRY). ¢, Protein gel blot analysis of DIR1/LTP levels using an LTP
polyclonal antibody. C, control: purified recombinant DIR1. d, Loss of SAR in anti-sense
transgenic lines. Significant difference observed in Ws (MV versus AV), P < 0.001; no
significant difference in dir7-1 (MV versus AV) or anti-sense lines (MV versus AV),

P> 0.3. e, SAR in over-expression transgenic lines. Significant differences observed
between Ws, MV and AV, P < 0.04; and between over-expression lines, MV and AV,
P < 0.04. Experiments in d and e were repeated three times each with similar results.
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bank accession number AF342726). The cloned DNA was contig-
uous in the wild-type genome and interrupted by the tDNA in the
dirl-1 line. Sequence analysis of PCR products from the dirl-1
tDNA flanking DNA revealed an additional 80 bp compared to the
wild-type sequence (Fig. 3b). The tDNA inserted in the 3° untrans-
lated region of DIR1, 25base pairs (bp) downstream of the stop
codon (Fig. 3b).

DIR1 sequences hybridized to a single, low-abundance transcript
of about 0.5 kilobases (kb) in total RNA preparations from healthy
wild-type plants. This transcript was barely detectable in dirl-1/
dirl-1 plants and present at intermediate levels in the heterozygote
(Fig. 4a). Inoculation of wild-type plants with avirulent P. syringae
pv. maculicola, (Psm)avrRpm1, caused a reduction in DIR1 tran-
script levels in the inoculated leaf, but had some (Fig. 2b) or little
(Fig. 1 of the Supplementary Information) effect on DIR1 transcript
levels in distant, uninoculated leaves. DIR1 genomic sequences were
used as hybridization probes to screen an Arabidopsis CD4-7
complementary DNA library® and two full-length ¢cDNAs were
recovered. DIR1 contains a 306-nucleotide open reading frame
with no intron, encoding a protein of 102 amino acids with a
predicted relative molecular mass of 10,600 (Fig. 3c). DIR1 shares a
region of 54 nucleotides with a Phaseolus vulgaris nonspecific lipid
transfer-like protein (LTP) and displays 53% sequence similarity
throughout the protein. The predicted DIR1 protein contains a
hydrophobic amino-terminal signal sequence and the eight cysteine
residues conserved in all LTPs®, suggesting that DIR1 encodes an
apoplastic LTP.

DIR1 was mapped using recombinant inbred lines (Nottingham
Arabidopsis Stock Centre) with confirmation by analysis of the
Arabidopsis Genome Initiative sequence map (clone MJE7). DIR1
mapped to chromosome 5, position 84.5¢cM, between markers
ETO1 (83.5cM) and EMB15 (85.0cM) near LEAFY (LFY, locus
AT5G61850, 82.0 cM).

Because DIRL1 is either haplo-insufficient or recessive to dirl-1,
we made antisense DIRY lines in the wild-type background and
35S::DIR1 sense expression lines in both dirl-1 and wild-type
backgrounds. DIR1 transcripts accumulated abundantly in the
leaves of the overexpression lines (Fig. 4b). A DIR1 LTP polyclonal
antibody was generated (see Supplementary Information) and used
in protein gel blot analyses. Very little DIR1 protein was detected in
the leaves of either the wild-type, dirl-1 mutant or the 35S::anti-
sense DIR1 lines; however, a strong signal was detected in leaves of
the 35S::DIR1 overexpression lines (Fig. 4c).

In functional complementation tests, Ws/anti-sense DIR1 lines
3B and 12E allowed vigorous bacterial growth in plants after
challenge inoculation of distant leaves with virulent Pst 3 days
after local inoculation with PstavrRpt2 (AV) (Fig. 4d). Bacterial
growth was not significantly different from that observed in un-
induced antisense plants (MV) (P > 0.4) and hence these antisense
lines were, like the internal dirl-1 controls, SAR defective (P > 0.4).
In a second experiment (Fig. 4e), wild-type Ws plants displayed a
more robust SAR response with an 11-fold reduction in bacterial
growth after Pst challenge of plants locally induced with PstavrRpt2
(AV), compared to equivalent uninduced control plants (MV)
(P < 0.03). The dirl-1 lines 5E and 2C- over-expressed wild-type
DIR1 and limited growth of Pst in plants when induced by local
inoculation with avirulent Pst (AV) compared to uninduced con-
trols (MV) (six fold, t-test p < 0.03 and two fold, P < 0.04,
respectively). DIR1 overexpression has little or no effect on resist-
ance of naive plants to virulent Pst, with only 1 (Fig. 4e) of 6 (data
not shown) experiments showing a small, but significant effect on
growth. However, overexpression of the DIR1 protein complemen-
ted the dirl-1 SAR defect, suggesting that DIR1 is haplo-insufficient
rather than recessive to dirl-1.

The dirl-1 mutant is defective for SAR to both Pst and P.
parasitica, but exhibits a wild-type gene-for-gene response (oxi-
dative burst, accumulation of salicylic acid and bacterial growth in
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plants) that would normally induce SAR and likewise, basal resist-
ance to Pst is not compromized in dirl-1, unlike in defence mutants
such asnprl, pad4 and edsl (refs 10-13). The loss of PR-1 expression
in distant leaves in dirl-1 implies that DIR1 is required for long-
distance signalling during SAR and petiole exudate experiments
indicate that dirl-1 is compromized in the generation of an essential
moblile signal or its transmission from the induced leaf rather than
its perception or transduction in distant leaves.

In contrast to nprl (ref. 11), dirl-1 is rescued by application of
INA, which acts downstream in the pathway for the production of
pathogenesis-related proteins®. In addition, dirl-1 is unimpaired in
local responses to infection with Pst. Together these data suggest
that the dirl-1 defect lies upstream of NPR1 function in distant
leaves. We note that dirl-1 still accumulates salicylic acid during the
establishment and manifestation stages of SAR, whereas PR-1 gene
expression and SAR are lost. Salicylic acid alone is not particularly
potent as an inducer of defence mechanisms, but at physiological
levels acts in an agonist-dependent manner to amplify or potentiate
inducible defence mechanisms and the gene-for-gene HR*5,
Although salicylic acid accumulates to wild-type levels in dirl-1,
an essential signal from the induced leaf seems to be absent. It is also
possible that salicylic acid accumulation observed in distant leaves
and upon pathogen challenge in dirl-1 is not associated with SAR,
but rather with basal defense to Pseudomonas**¢7,

The Arabidopsis genome has at least 15 LTP genes and the DIR1
non-specific LTP displays 30 to 75% similarity to members of this
family*®. LTPs bind to and transfer phospholipids between mem-
branes in vitro, but there is little evidence for in vivo lipid transfer in
plants or animals®*. Structural studies predict that plant LTPs
contain an internal hydrophobic pocket that is large enough to
accommodate a fatty acid or lysophospholipid®. Plant nsLTPs
contain signal peptides, some of which target them to the cell
wall?2, LTPs are associated with diverse plant functions and some
are upregulated in response to infection and exhibit antimicrobial
activity®.

A role for DIR1/LTP in disease resistance signalling is consistent
with the observation that some mammalian LTPs act as lipid sensors
or are involved in phospholipase-C-linked signal transduction®.
While the DIR1/LTP might in principle itself be a mobile signal, that
is unlikely because overexpression of DIR1 is not sufficient to
induce SAR. Pathogen exposure is still required, implying that
either DIR1 activity or localization is regulated in some way, or
that DIR1 functions in cooperation with the mobile signal.

Lipid molecules such as oxylipins (jasmonic acid), phosphatidic
acid and N-acylethanolamines are synthesized or released from
membranes upon pathogen or insect attack. Some act as second
messengers in plant defence signalling®-2. In addition, Arabidopsis
PAD4 and EDS1 (refs 26, 27) encode putative lipases and may
initiate release of lipid-derived mobile signals. DIR1/LTP could be
either a co-signal or act as a translocator for release of the mobile
signal into the vascular system and/or chaperone the signal through
the plant. Future studies will be directed at identifying possible
bioactive ligands of the DIR1/LTP and tracking DIR1 movement in
plants.

Note added in proof: LTPs show some structural similarities to small
cysteine-rich proteins secreted by Phytophthora. These elicitins
activate disease resistance responses in some host species and can
move systematically through the plant. Sterol binding is required for
induction of host responses and a recent study has shown that a
wheat LTP competes with elicitin for a low abundance, high affinity
site on tobacco plasma membranes®. These results strengthen our
hypothesis that DIR1/LTP may bind a lipid molecule and suggest
that a plasma membrane receptor may also play a role in DIR1-
mediated long distance signaling during SAR. O
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Methods

Plant growth

Transfer DNA tagged lines of Arabidopsis thaliana ecotype Wassilewskija (Ws) were
obtained from Ohio State University (K. Feldman Collection). Seeds were surface-
sterilized and germinated on Murashige & Skoog (MS) medium for 7 to 10 days under
continuous light, then transferred to soil (Sunshine Mix #1, Sun Gro Horticulture)
hydrated with 1g1~* 20-20-20 fertilizer and grown for 3 weeks at 22°C under a 9-hour
photoperiod (150 kEm~2s™%).

Bacterial growth and inoculation

Pseudomonas syringae pv. tomato DC3000 strains (rifampicin resistance on the
chromosome and kanamycin resistance on plasmids pVSP61 or pV288[avrRpt2]) were
obtained from A. Bent. Pseudomonas pv maculicola was obtained from F. Ausubel and
contained the plasmid pLAFR3 = avrRpm1. Pst or Psm from overnight log phase cultures
were diluted to 10° or 10° CFUmI™* in 10 mM MgCl,, pressure infiltrated into leaves and
bacterial growth in plants determined as described®. Plant inoculations were initiated
about 25 days after seeds were placed on MS media.

SAR assay

SAR was monitored by comparing growth of virulent Pst in plants induced for SAR (AV
treatment), to growth in uninduced plants (MV treatment). Plants were either induced by
inoculation in one or two leaves with avirulent PstavrRpt2 (10° CFUml ™) or mock-
inoculated with 10 mM MgCI, and two to three days later challenged by inoculation of
other leaves with the isogenic virulent Pst strain (10° CFU ml™%). A control MM treatment
(mock-inoculation with 10 mM MgCl, on one leaf; 2 days later a second mock-
inoculation on other leaves) was performed to test for contamination of the leaf surface or
MgCl, solution. The Student’s t-test was used to determine the significance of differences
in bacterial growth between treatments.

RNA analysis

Total RNAwas isolated from frozen leaf samples (3 to 4 leaves per sample) using the Total
RNA Isolation Reagent (TRIzol, Gibco-BRL Life Technologies). RNA samples (5 pg) were
separated by electrophoresis through formaldehyde-agarose gels and blotted to nylon
membranes (Hybond-N, Amersham). Arabidopsis cDNA clones for PR-1, PR-5 (provided
by K. Lawton, Syngenta) and GST (Arabidopsis Biological Resource Center, Ohio State
University, clone atts1553) were *2P-labelled by random priming (Random Primer Kit,
Amersham). Hybridizations and washes were carried out according to ref. 28. RNA
loading and transfer was checked by hybridization with ubiquitin (UBQ in Fig. 4) and
rDNA probes.

Petiole exudates

This method was modified from previously published methods**. Ws and dir1-1 plants
were induced for SAR by inoculation with PstavrRpt2 (10 CFU mi ™). Ten to twelve hours
later (start of the oxidative burst®), petioles were cut above the stem, surface sterilized for
105 (50% ethanol, 0.0006% bleach), rinsed in sterile 1 mM EDTA and then submerged in
~1.7ml of 1 mM EDTA and 50 pg ml~* ampicillin (Sigma). The sterilization step must be
long enough to kill phylloplane bacteria, but not long enough to kill bacteria in the plant
intercellular spaces. Exudates (5-10 leaves per microfuge tube) were collected over 2 days.
The exudates were diluted twofold then infiltrated into naive healthy Ws or dir1-1 plants.
Infiltrated leaves (3 to 4) were collected one day later for PR-1 gene expression analysis.
Exudates were tested for sterility by plating 100 p.l on King’s B supplement with rifampicin
and kanamycin® and no contamination was detected. Exudate samples (1.7 ml) contained
between 50 to 100 p.g total protein (Biorad Protein Assay Kit).
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A cryptic protease couples
deubiquitination and
degradation by the proteasome
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The 26S proteasome is responsible for most intracellular pro-
teolysis in eukaryotes'?. Efficient substrate recognition relies on
conjugation of substrates with multiple ubiquitin molecules and
recognition of the polyubiquitin moiety by the 19S regulatory
complex—a multisubunit assembly that is bound to either end of
the cylindrical 20S proteasome core. Only unfolded proteins can
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