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SUMMARY

The COP9 signalosome (CSN) is a multi-protein complex that regulates the activities of cullin-RING E3
ubiquitin ligases (CRLs). CRLs ubiquitinate proteins in order to target them for proteasomal degradation. The
CSN is required for proper plant development. Here we show that the CSN also has a profound effect on plant
defense responses. Silencing of genes for CSN subunits in tomato plants resulted in a mild morphological
phenotype and reduced expression of wound-responsive genes in response to mechanical wounding, attack
by Manduca sexta larvae, and Prosystemin over-expression. In contrast, expression of pathogenesis-related
genes was increased in a stimulus-independent manner in these plants. The reduced wound response in CSV-
silenced plants corresponded with reduced synthesis of jasmonic acid (JA), but levels of salicylic acid (SA) were
unaltered. As a consequence, these plants exhibited reduced resistance against herbivorous M. sexta larvae
and the necrotrophic fungal pathogen Botrytis cinerea. In contrast, susceptibility to tobacco mosaic virus
(TMV) was not altered in CSN-silenced plants. These data demonstrate that the CSN orchestrates not only
plant development but also JA-dependent plant defense responses.

Keywords: COP9 signalosome, jasmonic acid, plant-insect interactions, plant-pathogen interactions, syste-
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INTRODUCTION

The COP9 signalosome (CSN) is a multi-protein complex
that is conserved among all eukaryotes. It consists of eight
subunits: CSN1-CSN8. A well-documented function of the
CSN is its deneddylation activity (Wei and Deng, 2003).
Multi-protein Cullin-RING-type E3 ubiquitin ligases (CRLs)
comprise a cullin protein, which functions as a scaffold, a
RING protein, an adapter protein and a substrate recognition
protein. Once assembled, CRLs polyubiquitinate substrate
proteins, thereby targeting them for proteasomal degrada-
tion. Many CRLs pass through a cycle of assembly and dis-
assembly, and this cycling is regulated by the conjugation
and removal of NEDD8 (deneddylation) (Wee et al., 2005;
Wei et al., 2008). NEDD8/RUB1 is a ubiquitin-like protein that
is covalently attached to cullins, and deneddylation is per-
formed by the CSN subunit CSN5 via its metalloisopeptidase
activity, which resides in a JAMM (JAB1/MPN domain met-
alloenzyme) motif located within the MPN (MPR1-PAD1-N-
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terminal) domain (Lyapina et al., 2001; Cope et al., 2002; Wei
and Deng, 2003; Gusmaroli et al., 2007). None of the other
CSN subunits are known to exhibit enzymatic activities, but
they are required for assembly of the holocomplex and the
deneddylation activity of CSN5. Null mutants of all Arabid-
opsis CSN subunits exhibit the same overall morphological
features and seedling lethality (cop/det/fus mutant pheno-
type) (Kwok et al., 1998; Dohmann et al., 2005, 2008b;
Gusmaroli et al., 2007). The holocomplex is not assembled,
and neddylated cullins accumulate. Furthermore, complete
knockout of CSN5, 6, 7 and 8 resulted in destabilization
of other CSN subunits, with the exception of CSN2 and 4
(Kwok et al., 1998; Gusmaroli et al., 2007). CSN reduction-
of-function lines show a less dramatic morphological phe-
notype, intermediate cullin neddylation, and altered gene
expression patterns (Mayer et al.,, 1996; Schwechheimer
et al., 2001).
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In Arabidopsis, CSN5 and CSN6 are both present as two
copies. Unlike CSN6A and CSN6B, which seem to have the
same function, CSN5A and CSN5B do not function in a
redundant manner and are incorporated into distinct CSN
complexes (Gusmaroli et al., 2004). The null mutant csn5a
shows severe morphological distortions, but is viable and
can produce offspring, while the csn5b null mutant does not
show a visual phenotype or a reduction in deneddylation
activity. In contrast, the double null mutants csnba csn5b
show the typical cop/det/fus phenotype (Gusmaroli et al.,
2004, 2007; Dohmann et al., 2005, 2008a). Additional func-
tions of the CSN in Arabidopsis and other eukaryotes include
prevention of auto-ubiquitylation-mediated proteasomal
degradation of F-box proteins, the specific substrate recog-
nition proteins within a CRL (Stuttmann et al., 2009), and
regulation of the nuclear localization of COP1, an E3 ligase
involved in light signaling (Chamovitz et al., 1996; Wang
et al., 2009). In some eukaryotes, there is evidence for a CSN
holocomplex-independent function of CSN5 (Wei et al.,
2008), but it appears that this is not the case in Arabidopsis
(Dohmann et al., 2008a).

CRLs that are known to interact with the CSN include
SCF™®' (auxin signaling) (Schwechheimer et al., 2001),
SCFUF© (flower development) (Wang et al., 2003), SCFEO"
(jasmonate signaling) (Feng et al., 2003) and SCFS-Y" (gib-
berellic acid signaling) (Dohmann et al., 2010), in which
TIR1, UFO, COI1, and SLY1 represent substrate-recognition
F-box proteins. Indirect interactions of other CRLs with the
CSN have also been demonstrated (Azevedo et al., 2002;
Stone et al., 2003). As part of SCFS'", COI1 functions as a
JA receptor by binding the JA conjugate JA-isoleucine. The
SCFCO""_JA-isoleucine complex then interacts with repres-
sor proteins of the JAZ (jasmonate ZIM-domain) family.
This interaction results in polyubiquitination of the JAZ
proteins and their subsequent degradation by the protea-
some. This de-repression liberates a MYC2 transcription
factor that regulates expression of a subset of JA-respon-
sive genes (Chini et al., 2007; Thines et al., 2007; Katsir
et al., 2008; Chung and Howe, 2009; Yan et al., 2009). As a
pleiotropic plant hormone, JA is involved in plant develop-
ment and defenses. As a consequence, tomato (Solanum
lycopersicum), Arabidopsis and Nicotiana attenuata coil
mutant plants show abnormal reproductive organ and
trichome development, as well as reduced resistance to
herbivory and necrotrophic fungal pathogens caused by
compromised expression of JA-responsive defense genes
(McConn et al., 1997; Thomma et al., 1998; Li et al., 2004;
Devoto et al., 2005; Paschold et al., 2007). In contrast,
salicylic acid-dependent resistance against biotrophic
pathogens is not reduced in coi? plants (Thomma et al.,
1998; Glazebrook, 2005). Other JA biosynthetic and signal-
ing mutants generally show compromised resistance
against a wide range of herbivores, including lepidopteran
larvae, thrips, spider mites and isopod crustaceans, and
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also to necrotrophic pathogens (Walling, 2000; Howe and
Jander, 2008; Browse, 2009; Farmer and Dubugnon, 2009).
Successful defense often depends on the concerted action
of JA and ethylene (O'Donnell et al., 1996; Penninckx et al.,
1998; Browse, 2009).

In solanaceous plants such as tomato and N. attenuata,
the JA-dependent wound response to herbivory is well
characterized. Extracellular primary signals, including fatty
acid-amino acid conjugates present in the oral secretions of
lepidopteran larvae (Halitschke et al., 2001; Schmelz et al.,
2009), mechanical signals triggered by mechanical stimula-
tion of insect mandibles (Mithofer et al., 2005) and the
wound signaling peptide systemin and functional systemin
analogs (Ryan and Pearce, 2003), result in activation of an
intracellular signaling network. Major nodes in this network
include ion fluxes, reactive oxygen species, ethylene, mito-
gen-activated protein kinase (MAPK) cascades and jasmonic
acid (Ryan, 2000; Kandoth et al., 2007; Paschold et al., 2007;
Wau et al., 2007).

JA-dependent genes encode an arsenal of plant defense
proteins involved in resistance to insects. Wound response
proteins comprise various groups of proteinase inhibitors
(Ryan, 2000), amino acid-catabolizing enzymes such as
arginase, threonine deaminase and leucine aminopeptidase
(Chen et al., 2005; Fowler et al., 2009), and polyphenol
oxidases (Constabel et al., 1995). Most of these anti-diges-
tive proteins function inside the insect digestive tract,
resulting in reduced assimilation of essential amino acids.
In lepidopteran larvae, the net effect is reduced growth and
retarded larval development (Howe and Jander, 2008). As
expression of these genes starts several hours after wound-
ing, insect attack or application of wound signals such as
systemin, they are classified as ‘late’ wound response genes.
In contrast, genes encoding JA biosynthesis enzymes and
prosystemin, the precursor protein for systemin, are
expressed at basal levels in a JA-independent manner.
However, JA perception leads to rapidly increased expres-
sion of these ‘early’ wound response genes (Li et al., 2004).
Wound response genes may also function in defenses
against necrotrophic pathogens (Diaz et al., 2002), while
build-up of defenses against biotrophic pathogens includes
SA-dependent pathogenesis-related (PR) genes. Further-
more, JA- and SA-induced signaling pathways negatively
regulate each other (Glazebrook, 2005; Spoel et al., 2007;
Balbi and Devoto, 2008; Koornneef and Pieterse, 2008).
However, only a few genes regulating the interplay between
JA and SA signaling networks have been identified.

Here we show a function for the CSN in defenses against
herbivory and necrotrophic pathogens. JA synthesis,
expression of wound response genes and resistance against
M. sexta larvae and B. cinerea fungi are attenuated in
tomato plants with reduced CSN levels, and expression of
PR genes is up-regulated without a concomitant increase
in SA levels.
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RESULTS
CSN5 genes in tomato

CSN5 is one of the two MPN domain-containing subunits
of the CSN, and is encoded by two genes in Arabidopsis,
AtCSN5A and AtCSN5B, which share 86% sequence identity
(88% at the amino acid level) (Kwok et al., 1998; Gusmaroli
et al., 2004). We identified two tomato (Solanum lycopersi-
cum) CSN5 genes, CSN5-1 (GenBank accessions BT014209,
AF175964, AK329790) and CSN5-2 (GenBank accessions
AK328186 and AK329574), that share 92% sequence identity
(94% at amino acid level). The JAMM/MPN+ domain for
deneddylation activity is highly conserved among the Ara-
bidopsis and tomato CSN5 proteins. Although CSN5-1 with
AtCSN5B and CSN5-2 shares a few amino acids with
AtCSNBA at the C-terminus, this may not constitute true
orthology because of the overall similarity between the two
tomato CSN5 genes (Figure S1).

Developmental effects of CSN5/4/3 silencing

To test whether the CSN plays a role in tomato defense
responses, we reduced CSN5 expression by virus-induced
gene silencing using a tobacco rattle virus-based system
(TRV-VIGS) (Ratcliff et al., 2001; Liu et al., 2002a,b; Kandoth
et al., 2007). The vectors pTRV1 and pTRV2 carry the bipar-
tite TRV genome inserted between left and right border
sequences of Agrobacterium tumefaciens T-DNA. A 367 bp
sequence from the CSN5-7cDNA was cloned into a multiple
cloning site present in the viral genome on pTRV2 (CSN5-
VIGS). Due to the high sequence homology between CSN5-1
and CSN5-2 (Figure S1), this construct targets both CSN5
sequences for silencing. A. tumefaciens cultures containing
pTRV1 and pTRV2-CSN5 were co-infiltrated into tomato
cotyledons of 11-14-day-old seedlings. As controls, plants
were infiltrated with A. tumefaciens transformed with
pTRV2 containing a partial green fluorescent protein cDNA
(GFP) sequence (control VIGS plants), or with A. tumefac-
iens containing no pTRV vectors (mock treatment). Four
weeks later, control VIGS plants appeared normal and did
not show morphological differences compared to mock-
treated plants (Figure 1a). This shows that the presence of
the virus does not interfere with tomato development.
Growth and development of control VIGS and mock-treated
plants was slightly delayed (approximately 3 days) com-
pared to completely untreated plants due to a short recovery
period after the infiltration treatment at the cotyledon stage.
In contrast to mock-infiltrated and control VIGS plants,
CSN5-VIGS plants (Rio Grande, MicroTom and Castlemart
varieties) showed stunted growth (height reduced by
approximately 50% compared to controls), and slightly
curled leaves, but otherwise normal development (Fig-
ures 1a and S2). This is a relatively mild phenotype com-
pared to Arabidopsis csnba or csnba csn5b null mutants
(Gusmaroli et al., 2004, 2007; Dohmann et al., 2005). CSN5

protein and transcript levels were strongly reduced in CSN5-
VIGS plants compared to controls (Figures 1b and 2a). The
mean reduction in CSN5 protein levels was 50-60%, and the
maximal reduction was >90%. Occasionally, plants that were
infiltrated with pTRV2-CSN5 did not show an altered growth
phenotype, and these plants also did not have reduced CSN5
protein levels (Figure S3a). The correlation between growth
phenotype and reduction in CSN5 protein levels in CSN5-
VIGS plants was very reliable.

In Arabidopsis, CSN5A and CSN5B appear to be function-
ally different (Gusmaroli et al., 2007). We were unable to
silence the two tomato CSN5 genes individually using
dissimilar sequences found in the untranslated regions.
Therefore, we do not know the relative contribution of both
genes to the observed effects in CSN5-silenced plants. As
the anti-CSN5 antibody recognizes both Arabidopsis CSN5
proteins, it is highly likely that it also recognizes the two very
similar tomato CSN5 proteins.

A morphological phenotype similar to CSN5-VIGS plants
was observed when CSN4 or CSN3 were silenced by VIGS
(Figure S2). We identified only one copy each of CSN4
(accession number AK325540 on chromosome 4) and CSN3
(accession number AK322699 on chromosome 2) in the
tomato genome.

We tested whether silencing of CSN5and CSN4in tomato
plants caused a change in the composition and abundance
of the CSN complex. The Arabidopsis CSN holocomplex
elutes from gel filtration columns with a peak at approxi-
mately 500 kDa. We found a similar elution pattern in
control VIGS tomato plants (Figure 1c,d). In CSN5-VIGS
plants, CSN5, but not CSN4, was reduced by 85% (Figure 1c,
input). Accordingly, levels of the CSN5-containing CSN
complex were also strongly reduced in these plants (Fig-
ure 1c, gel filtration fractions, upper panel). However, when
testing for CSN4 in CSN5-VIGS plants, a similar amount
of CSN complex as in control VIGS plants was detected
(Figure 1c, gel filtration fractions, lower panel). This indi-
cates that the CSN complex assembles in CSN5-VIGS plants
but that the majority of complexes do not contain CSN5.
In CSN4-VIGS plants, the levels of CSN4-containing CSN
complex were strongly reduced (Figure 1d, gel filtration
fractions, lower panel), correlating with a reduction of CSN4
protein by 88% (Figure 1d, input, lower panel). CSN5 protein
levels were also reduced in CSN4-VIGS plants by 63%
(Figure 1d, input, upper panel), and this correlated with a
reduced amount of CSN complex compared to control VIGS
plants (Figure 1d, gel filtration fractions, upper panel).
Therefore, silencing of CSN4 has a more striking effect on
CSN complex abundance than silencing of CSN5. These
data are consistent with gel filtration experiments in
Arabidopsis ¢sn4 and csn5 null and partial loss-of-function
mutants (Kwok et al., 1998; Serino et al., 1999; Dohmann
et al., 2005, 2008a; Gusmaroli et al., 2007; Stuttmann et al.,
2009).
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Figure 1. Virus-induced gene silencing of CSN5 and CSN4.
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(a) Rio Grande plants 4 weeks after infiltration with either Agrobacterium without TRV (mock), Agrobacterium containing pTRV2-GFP (control VIGS) or

Agrobacterium containing pTRV2-CSN5 (CSN5-VIGS).

(b) Immunoblot analysis of CSN5 protein levels in leaves of CSN5-VIGS and control plants using anti-CSN5 antibody. After immunodetection, proteins on

membranes were stained to demonstrate equal protein loading (loading control).

(c, d) Gel filtration analysis of the CSN complex in CSN-VIGS plants. Total soluble proteins from control VIGS (c, d), CSN5-VIGS (c) or CSN4-VIGS (d) plants were
separated by gel filtration, and fractions were analyzed by immunoblotting with anti-CSN5 antibody (upper panel) and anti-CSN4 antibody (lower panel).
Unfractionated total protein inputs (30 ug) are shown in left lanes (input: control VIGS and CSN-VIGS). The numbers refer to peak fractions of molecular weight
markers. Low-molecular-weight fractions showing low levels of CSN5 and CSN4 monomer in control VIGS plants are not shown.

When testing additional plants, we confirmed that CSN5
levels are slightly reduced in CSN4-VIGS plants compared
to controls (Figure 1d, input, upper panel, and Figure S3b).
We also found that CSN4 levels were somewhat reduced
when the silencing efficiency of CSN5 was 98% (Figure S3b,
lanes 5,6); however, in plants that had a lower CSN5
silencing efficiency, CSN4 levels remained unchanged (Fig-
ure 1c, input, lower panel, and Figure S3b, lane 4).

Taken together, VIGS of CSN subunits in tomato plants
results in strong similarities to Arabidopsis csn reduction-of-
function plants with regard to overall morphology and the
composition and assembly of the CSN complex.

The CSN controls defense gene expression

We measured the expression of tomato defense genes in
control VIGS and CSN5-VIGS plants. CSN5 was silenced in
plants of the MicroTom variety, including plants that over-
express the Prosystemin gene (35S:PS plants) (Chen et al.,
2006). CSN5 transcript levels were strongly reduced in
CSN5-VIGS plants compared to control VIGS plants, but
transcripts of three housekeeping genes (Actin, Ubiquitin

© 2011 The Authors

and elF4A) were unaltered (Figures 2a and S4a). Expression
of the ‘late’ strictly JA-dependent wound response genes
Proteinase Inhibitor-1 (PI-l), PI-Il and Leucine Aminopepti-
dase (LAP) was strongly reduced in CSN5-VIGS MicroTom
plants compared to control plants, even in the absence of
a wound stimulus (Figure 2a). Over-expression of Prosy-
stemin (PS) is known to up-regulate late wound response
genes, but this up-regulation was strongly reduced in
355:PS MicroTom plants silenced for CSN5 (Figure S4a).
Expression of the ‘early’ JA-independent wound response
genes Lipoxygenase D (LOXD) and Allene Oxide Cyclase
(AOC) was only reduced in 35S5:PS MicroTom CSN5-VIGS
plants (Figures 2a and S4a).

Consistent with the reduced transcript levels of late
wound response genes in CSN5-VIGS plants, we found that
protein levels of PI-Il in 35S:PS MicroTom plants were
reduced by 73 + 5% when CSN5 was silenced (Figure 2b).
In non-transgenic CSN5-VIGS MicroTom plants, mechanical
wounding- and methyl JA (MeJA)-induced levels of PI-lI
were reduced by 50 + 9 and 39 + 6%, respectively, com-
pared to control plants (Figure 2b).

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), 65, 480-491
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Figure 2. Reduced expression of wound response genes and increased
expression of PR genes in CSN-VIGS plants.

MicroTom plants were infiltrated with Agrobacterium (mock infiltrated),
pTRV2-GFP (control VIGS), pTRV2-CSN5 (CSN5-VIGS) or pTRV2-CSN4 (CSN4-
VIGS), and analyzed 4 weeks later.

(a) Transcript levels in control VIGS and CSN5-VIGS plants were assessed by
semi-quantitative RT-PCR in leaf tissue. Ethidium bromide-stained agarose
gels containing PCR products are shown. For cycle numbers, see Table S2.
(b) PI-Il protein levels in CSN5-VIGS plants (white bars) and CSN4-VIGS plants
(gray bar) were quantified in leaf tissue of 35S:Prosystemin MicroTom plants
(35S:PS) (n = 30, four independent experiments for CSN5-VIGS; n = 10, one
experiment for CSN4-VIGS), and in non-transgenic MicroTom plants 24 h
after wounding (wounded) (n = 20; two independent experiments) or MeJA
treatment (n = 26; three independent experiments). The levels in VIGS plants
were expressed as percentages of the mean levels in control VIGS plants
(black bars), which were defined as 100%, with bars representing the
mean + SE. *P < 0.05 between controls and VIGS plants (Student's t test).
(c) PR gene expression in four replicate samples of mock-infiltrated, control
VIGS, CSN5-VIGS and CSN4-VIGS plants, assessed by RNA blotting.

Expression of the pathogenesis-related genes PR-71a
(accession number AJ011520), PR-2a (accession number
M80604; pB-1,3-glucanase) and PR-5 (accession number
AJ277064) was much higher in CSN5-VIGS plants compared
to controls (Figure 2a,c). In 355:PS MicroTom plants, silenc-
ing of CSN5 resulted in up-regulation of PR-71a and PR-2a,
while PR-5 was down-regulated, indicating that these PR
genes are differentially regulated by over-expression of PS
(Figure S4a). When CSN5, CSN4 and CSN3 were silenced in

the Rio Grande variety, the CSN-silenced plants accumu-
lated relatively high levels of PR-1a and PR-2a transcripts,
but PR gene transcripts in control plants were barely
detectable (Figures 2c and S4b).

The CSN controls synthesis of jasmonic acid, but not
salicylic acid

Late wound response genes in tomato are strictly
JA-dependent, and their expression is reduced in JA bio-
synthetic or signaling mutants (Li et al., 2003, 2004). In
contrast, expression of PR-1a, PR-2a and PR-5 is induced
in response to pathogens and SA (Van Loon and Van Strien,
1999; Schaller et al., 2000). To determine whether the CSN
modulates gene expression by regulating JA and SA syn-
thesis, we measured the levels of the two plant hormones
in tomato Rio Grande plants. JA levels in untreated tomato
leaves are below the detection threshold, but strongly and
rapidly increase after wounding (Stenzel et al, 2003; Li
et al., 2005; Kandoth et al, 2007). In CSN5-VIGS plants,
synthesis of JA after wounding was strongly reduced
compared to control VIGS plants (Figure 3a). This corre-
sponded with the reduced expression of JA-dependent
wound response genes in CSN5-VIGS plants. SA levels
in control and CSN5-VIGS plants were not significantly
different (Figure 3b). This indicates that constitutive
up-regulation of PR genes in CSN5-VIGS plants does not
depend on increased accumulation of SA. We also tested
SA levels 1 h after wounding, and found no change com-
pared to unwounded plants. Similar results were obtained
for the MicroTom variety and transgenic 35S5:PS MicroTom
plants (Figure Sb). Taken together, these data show that
the CSN positively regulates expression of JA-dependent
wound response genes but negatively regulates expression
of SA-responsive PR genes.
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Figure 3. JA and SA levels in CSN5-VIGS Rio Grande plants.

Plants were infiltrated with pTRV2-GFP (black bars) or pTRV2-CSN5 (white
bars).

(a) Leaves were wounded 4 weeks after infiltration, and JA levels were
measured 1 h after wounding. Bars represent the mean of >4 plants + SE.
*P < 0.05 between controls and CSN5-VIGS plants (Student's t test).

(b) SA levels were measured in unwounded plants 4 weeks after infiltra-
tion. Bars represent the mean of 15 plants + SE from two independent
experiments.
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CSN function is required for defenses against
herbivorous insects

Late wound response genes encode an arsenal of anti-
digestive proteins that protect tomato plants against insects.
We reasoned that CSN5-VIGS plants with reduced expres-
sion of wound response genes would be more susceptible
to insect attack than control plants. After 14 days of constant
unrestricted feeding of lepidopteran Manduca sexta larvae
on CSN5-VIGS and control VIGS Rio Grande plants, CSN5-
VIGS plants were almost completely defoliated but control
plants retained much of their foliage (Figure 4a). The defo-
liation of the CSN5-VIGS plants can partially be explained
by their smaller stature. However, M. sexta larvae that con-
sumed these plants showed an overall larger size (Figure 4b)
and a significantly increased growth rate compared to larvae
from control plants (Figure 4c). Also, larval mortality on
control VIGS plants was five times higher than on CSN5-
VIGS plants. When protein levels of PI-Il were measured in
the remaining tissue of insect-exposed plants 14 days after
onset of feeding, CSN5-VIGS plants were found to contain
very low levels of PI-Il, while control VIGS plants had
high PI-Il levels (Figure 4d). Similar results were obtained
using plants of the Castlemart and Micro-Tom varieties
(Figure S6).

The CSN plays a variable role in defenses against pathogens

A trend in Arabidopsis research suggests that resistance
to necrotrophic pathogens is mainly mediated by JA and
ethylene, while resistance to biotrophic pathogens is
dependent on SA and often characterized by a hypersensi-
tive response. We therefore tested whether CSN5-VIGS
plants with reduced JA synthesis exhibit altered resistance
against the necrotrophic fungal pathogen Botrytis cinerea.
Excised tomato leaves were drop-inoculated with a B. cine-
rea conidial suspension. CSN5-VIGS plants showed
increased susceptibility to the pathogen 48 and 72 h later,
characterized by larger lesion sizes and necrosis spreading
to major veins (Figure 5a,b). Five days after infiltration, cell
death occurred outside the infiltration zones and spread
over the entire leaf, while expansions of cell death zones in
control plants were more confined (Figure 5b, lower panel).

Infection of tomato plants with tobacco mosaic virus
(TMV) and other viruses results in mosaic patterns of
chlorosis and up-regulation of some PR genes without
concomitant resistance to the virus (Brederode et al., 1991;
Xu et al., 2003). We tested whether susceptibility to TMV
was altered in CSN5-VIGS plants that express PR genes
constitutively (Figures 2 and S3). In uninoculated CSN5-
VIGS plants, PR-71a expression was higher than in control
plants (Figure S7, lanes 1 and 4). After TMV inoculation, PR-
1a transcript levels in control plants increased strongly,
reaching levels similar to uninoculated CSN5-VIGS plants,
but PR-7a expression in infected CSN5-VIGS plants did not

© 2011 The Authors
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Figure 4. CSN5-VIGS plants exhibit increased susceptibility to herbivory.
Rio Grande plants were infiltrated with either pTRV2-GFP (control VIGS) or
pTRV2-CSN5 (CSN5-VIGS). Four weeks after infiltration, newly hatched
M. sexta larvae were placed on upper leaves of plants (one larva per plant)
and allowed to feed ad libitum for 14 days.

(a) Representative plants are shown after 14 days of herbivory.

(b) M. sexta larvae after 14 days of feeding. Similar results were obtained
in three independent experiments.

(c) Larval growth rate (n > 18; two independent experiments).

(d) PI-Il protein levels after 14 days of herbivory. The levels in VIGS plants
(mean =+ SE) (white bars) are expressed as percentages of the mean levels in
control plants (black bars), which were defined as 100% (n=18; two
independent experiments).

For (c) and (d), *P < 0.05 between controls and CSN5-VIGS plants (Student’s
t test).

increase above the levels of uninoculated CSN5-VIGS plants
(Figures 5¢ and S7). However, in all infected plants, tran-
scripts for the TMV coat protein increased in a similar
manner (Figures 5¢ and S7), and this increase correlated
with the development of disease symptoms. Therefore,
constitutive expression of PR genes in CSN5-VIGS plants did
not alter propagation of TMV.

In both the B.cinerea and TMV experiments, mock-
infiltrated plants (no TRV) were compared to control VIGS
plants and no differences were observed. This excludes the
possibility of confounding effects of the TRV on defense
responses to the two pathogens.
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Figure 5. CSN5-VIGS plants show increased susceptibility to B. cinerea but
not to TMV.

Rio Grande plants were infiltrated with Agrobacterium (mock), Agrobacte-
rium containing pTRV2-GFP (control VIGS) or Agrobacterium containing
pTRV2-CSN5 (CSN5-VIGS).

(a) Four to five weeks after infiltration, leaflets were excised from plants and
inoculated with B. cinerea. The diameter of disease lesions was measured at
48 h (n > 37; one experiment) or 72 h (n > 56; one experiment) after inocu-
lation. *P < 0.05 between controls and CSN5-VIGS plants (Student's t test).
(b) Excised inoculated leaflets 3 days (upper panel) and 5 days (lower panel)
after B. cinerea inoculation.

(c) Four to five weeks after infiltration, terminal leaflets were inoculated with
TMV. Ten days after inoculation, transcript levels of PR-1a, TMV coat protein
(TMV-CP) and Actin were assessed in systemic leaflets by RNA blotting. Four
replicate samples each of CSN5-VIGS, control VIGS and mock-infiltrated
plants are shown. Uninoculated controls (no TMV) are shown for CSN5-VIGS
(lane A), control VIGS (lane B) and mock-treated (lane C) plants. Similar
results were obtained in two independent experiments.

CSN5 transcript and protein levels are not changed
during defense responses

Plant responses to herbivory or pathogens have pronounced
effects on primary metabolism and plant development.
Involvement of the CSN in developmental processes and
responses to stress suggests that CSN activity is regulated
by environmental and developmental cues. CSN-associated
kinases and phosphorylation of CSN subunits have been
described previously (Harari-Steinberg and Chamovitz,
2004; Malec and Chamovitz, 2006), but it is not known how
these factors affect CSN activity. As a first attempt to assess
possible regulation of CSN activity, we tested whether the
CSN5 subunitis regulated at the transcriptional level or post-
translationally through changes in protein abundance in
response to application of the microbe-associated molecular
pattern flg22, the wound signaling peptide systemin, MeJA
or wounding by M. sexta larvae over a period of 6 h. Both

CSN5 transcript and CSN5 protein levels remained
unchanged (Figure S8).

DISCUSSION

By reducing levels of CSN subunits and the CSN holocom-
plex, we have demonstrated that the CSN controls wound-
inducible JA synthesis and defense responses against an
insect herbivore and a necrotrophic pathogen in tomato.
VIGS of CSN subunits resulted in a reduction of CSN func-
tion that affected plant development marginally but had a
pronounced effect on JA synthesis and plant defense.

The relatively moderate morphological phenotype in
CSN5-VIGS plants combined with strongly reduced CSN5
protein levels and the absence of virus-induced disease
symptoms or developmental defects in control VIGS plants
show that VIGS is an appropriate method to test the effect
of CSN5 silencing on plant defense responses. In order to
assess the efficiency of a reduction-of-function approach
such as VIGS, it is important to correlate reductions in
transcript and protein levels. The use of CSN-specific
antibodies enabled us to demonstrate that VIGS of CSN5
and CSN4 resulted in significant reductions in CSN5 and
CSN4 protein levels. However, the remaining CSN protein
appears to be sufficient for a relatively normal growth
pattern compared to c¢sn null mutants, which are lethal at the
seedling stage, at least in Arabidopsis. It is conceivable that
the presence of the virus (TRV) induces defense responses
in VIGS plants. However, when mock-treated plants (no TRV
present in the plant) were compared to control VIGS plants
(TRV present in the plant) with regard to growth and defense
parameters, no differences were observed. Also, responses
to another virus, TMV, were not altered in control VIGS
plants compared to mock-treated plants. Moreover, we
identified a similar pattern of gene expression in Arabidop-
sis csn reduction-of-function mutants (see below). Taken
together, these results largely exclude confounding effects
of TRV on the data presented, and validate VIGS as a rapid,
convenient and efficient gene silencing tool in tomato.

The CSN is required for JA signaling through its control
of SCF" activity. However, it is not known whether JA
synthesis is affected in Arabidopsis csn mutants. We envis-
age two mechanisms for CSN effects on JA synthesis. First,
as the CSN regulates SCF®"" activity, JA signaling is likely to
be impaired in CSN-silenced plants. Reduced JA perception
and signaling may in turn have a negative feedback effect on
JA synthesis via reduced gene expression of JA-biosynthetic
genes. Consistent with this, we found that expression of the
JA-biosynthetic genes AOC and LOXD is reduced in CSN5-
VIGS plants that over-express Prosystemin (Figure S4a).
Moreover, the Arabidopsis coil mutant shows reduced
wound-inducible JA synthesis (Glauser et al., 2008). This
suggests that SCFE°"" is at least one target of the CSN that
affects defense responses. Alternatively, the CSN may
regulate other CRLs that control JA biosynthesis via
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ubiquitination of JA-biosynthetic enzymes or proteins that
regulate those enzymes. If SCF©'" were the sole CSN target
for JA-mediated defenses, coi? mutants would not only
show a reduced expression of wound response genes, but
also exhibit constitutive PR gene expression. Reduced JA
levelsin coi1or CSN5-VIGS plants may mitigate the negative
effects of JA on PR gene expression. However, we did not
find evidence for increased PR gene expression in the
tomato coi1(jai-1) or Arabidopsis coiT mutant to support this
(Kloek et al., 2001; Feng et al., 2003; Zhao et al., 2003; Li
et al., 2004; Mur et al., 2006; Hruz et al., 2008). In Arabidop-
sis, several SCF-type CRLs have been implicated in defenses
against pathogens (Azevedo et al., 2002; Kim and Delaney,
2002; van den Burg et al., 2008; Craig et al., 2009; Gou et al.,
2009). Therefore, it is possible that our results may be the
consequence of CSN interactions with E3 ligases other than
SCFCO'", This is a likely scenario with regard to the charac-
teristic defense gene expression pattern in CSN-VIGS plants,
which is not found in coi7 mutants. Alternatively, recent
developments suggest a more direct role of the CSN in
regulation of transcription (Wei et al., 2008; Chamovitz,
2009). The pleiotropy of the CSN is an important aspect of
its well-established role in development, based on known
CSN interactions with SCF™®" and SCFU™©, which regulate
auxin signaling and flower development (Schwechheimer
et al., 2002; Wang et al., 2003; Wei et al., 2008).

As resistance to herbivorous insects and necrotrophic
pathogens is known to be compromised in coi1 mutants
of Arabidopsis, tomato and Nicotiana attenuata (Thomma
et al., 1998; Li et al., 2004; Paschold et al., 2007; AbuQamar
et al., 2008), it is likely that the reduced synthesis of JA in
CSN5-VIGS plants is the cause of their impaired defenses
against M. sexta and B. cinerea. This suggests that interac-
tion between the CSN and SCF®®'" is not only critical for
proper plant development, but is also necessary for plant
defenses.

We also tested whether CSN-VIGS plants would be less
susceptible to TMV because of their constitutively elevated
PR gene transcripts. However, CSN5-VIGS plants were as
susceptible to TMV as control plants. In the only other study
examining the role of the CSN in defenses to pathogens,
CSN3/8-VIGS tobacco plants carrying the N resistance gene
did show reduced resistance against TMV (Liu et al., 2002c),
implicating the CSN in R gene-mediated resistance against
pathogens. Interestingly, the F-box protein ACRE189/ACIF1
is part of a SCF-type E3 ligase, and tobacco plants with
reduced levels of ACIF1 showed compromised N-mediated
resistance to TMV, Pto-mediated resistance to Pseudomo-
nas syringae pv. tabaci, and Cf-9-mediated resistance to
Cladosporium fulvum (van den Burg et al., 2008). Taken
together, our findings suggest a relatively specific role for
the CSN in defense responses to various pathogens.

An altered gene expression pattern of defense genes
was observed for Arabidopsis csn8 (cop9) mutants, which
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constitutively express three SA-responsive PR genes
(Mayer et al., 1996). It has also been shown that expression
of most JA-responsive genes in Arabidopsis requires a
functional CSN (Feng et al., 2003). Furthermore, microarray
experiments in public databases reveal a similar gene
expression pattern for JA- and SA-responsive genes in
Arabidopsis ¢sn mutants as in CSN5-VIGS tomato plants:
for example, expression of SA-responsive genes such as
PR-1and NPR1 was strongly increased, while expression of
JA-responsive genes such as VSP7 was strongly decreased
in the Arabidopsis csn4-1 (Schwager et al., 2007) (Gene
Expression Omnibus accession numbers GSM88049-
GSM88051), csnba-2, csn5b-1 and csn3-1 mutants (Gene
Expression Omnibus accession number GSE9728)
(Dohmann et al., 2008a). As these studies were concerned
with general or developmental aspects of the CSN, neither
herbivory or pathogenesis studies nor direct measurements
of JA and SA were performed in these csn mutants. The
similar gene expression pattern in CSN-VIGS tomato plants
(Solanaceae) and Arabidopsis (Brassicaceae) csn mutants
indicates a conserved role for the CSN in controlling plant
defenses.

In Drosophila, the CSN is known to play a role in immunity
(Harari-Steinberg et al., 2007), but most previous analyses
of CSN function in plants focused on development and hor-
mone signaling. Reduced sensitivity to JA in Arabidopsis csn
mutants and increased PR gene expression have been noted
previously (Mayer et al., 1996; Schwechheimer et al., 2002);
however, no integrated view of the role of the CSN in plant
development and defense has been provided. Here, we bring
the various aspects of CSN signaling together, and show that
the CSN, by controlling JA synthesis and inversely affecting
wound response and PR gene expression, exerts a profound
effect on plant defense responses. These findings reveal a
function of the CSN as a central signaling node that connects
environmental and developmental signaling networks.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

Tomato plants (Solanum lycopersicum, formerly Lycopersicon
esculentum) of the MicroTom, Rio Grande or Castlemart varieties
were grown in AR66L growth chambers (Percival Scientific, http:/
www.percival-scientific.com) under 17 h light (120 + 20 uE m™2
sec”") and 7 h dark periods. For optimal VIGS conditions, plants
were grown at 20°C (day) and 18°C (night). One week before sam-
pling, the day and night temperatures were increased to 27 and
22°C, respectively, in order to increase Pl protein synthesis. The
transgene in 35S:Prosystemin MicroTom plants had been back-
crossed five times from Castlemart (Chen et al., 2006).

Identification of CSN5 genes in tomato

GenBank accessions BT014209, AF175964 and AK329790 are
referred to as SICSN5-7and accessions AK328186 and AK329574 are
referred to as SICSN5-2. The tomato genome is currently being
assembled, and a tentative genome shotgun sequence has been
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released by the International Tomato Genome Sequencing
Consortium via the Solanaceae Genome Network (http://
solgenomics.net). ABAC clone containing CSN5-1is currently being
sequenced by the ‘chromosome 4 sequencing project’, but it is not
clear whether it maps to chromosome 4. A BAC clone containing
the CSN5-2 sequence is being sequenced by the chromosome 6
sequencing project. ESTs corresponding to both CSN5-1 and
CSN5-2 were found by the Solanaceae Genome Network to be
present in various tissues, including leaves (CSN5-7 unigene ID:
SGN-U585559; CSN5-2 unigene ID: SGN-U585560).

VIGS

The TRV-based VIGS vectors pTRV-RNAT (pTRV1) and pTRV-RNA2
(pTRV1) were obtained from S.P. Dinesh-Kumar (Department of
Molecular, Cellular and Developmental Biology, Yale University,
New Haven, CT, USA). The pTRV2-GFP construct has been
described previously (Kandoth et al., 2007). CSN gene fragments
were amplified from a cDNA library generated from MicroTom
plants. Primers used for amplification of CSN gene fragments are
shown in Table S1. PCR products were inserted into the multiple
cloning site of pTRV2. Cotyledons of 11-14-day-old seedlings were
infiltrated with Agrobacterium tumefaciens GV3101 containing both
pTRV1 and pTRV2 cultures using a 1 ml syringe as described
previously (Ekengren et al., 2003; Kandoth et al., 2007).

Wounding and MeJA treatments

Four weeks after infiltration, VIGS plants were wounded or treated
with MeJA as previously described (Kandoth et al., 2007). Plants
were wounded using a hemostat and incubated for 24 h before
sampling, or were treated with MeJA for 12 h and then sampled
12 h after the end of treatment.

Insect feeding assays

Tobacco hornworm (Manduca sexta) eggs were hatched on an
artificial diet at room temperature. Immediately after hatching, lar-
vae were placed on the upper leaves of plants (one larva per plant)
and allowed to feed ad libitum.

Botrytis and TMV assays

Growth and culturing of Botrytis cinerea strain B05 were performed
as described previously (Mengiste et al., 2003). Four weeks after
VIGS infiltration, leaflets were excised from plants, placed on wet
filter paper and inoculated with 10 pl droplets of 2 x 10° conidia
per ml suspension. Leaf material was kept under 100% humidity,
and lesion diameter was scored at 48 and 72 h after inoculation.
Three independent inoculation experiments were performed, each
including at least 10 of mock, control VIGS and CSN5-VIGS plants.
For each experiment, at least 20 detached leaves per treatment were
drop-inoculated.

TMV was propagated on 30-day-old Nicotiana clevelandii plants.
Infected leaves were excised, air-dried, and stored at 4°C. TMV
inoculum was prepared by homogenizing 1 g of TMV-containing
dried N. clevelandii leaves in 0.05 m phosphate buffer (pH 7.0).
Carborundum was applied to the terminal leaflet of a tomato leaf,
and inoculum was carefully rubbed onto the leaf surface using a
cotton swab. At the times indicated after inoculation, 20 leaf discs
were obtained using a hole puncher from random leaves of the
plant (not including the inoculated leaf).

Tissue sampling

Leaf material was collected as described previously (Kandoth et al.,
2007). For RNA transcript analysis, 20-25 leaf disks (approximately

100 mg fresh weight) were punched with a hole puncher and frozen,
and two or three leaflets were harvested for immunoblotting and
radial immunodiffusion analysis.

Protein extraction, gel electrophoresis and
immunoblotting analysis

Frozen leaf material was homogenized in extraction buffer con-
taining 50 mm Hepes/KOH (pH 7.6), 2 mm DTT, 1 mm EDTA, 1 mm
EGTA, 20 mm B-glycerophosphate, 20% v/v glycerol, 10 um leu-
peptin, 1 mm NasVO, 1 mm NaF, 0.5% w/v polyvinylpyrrolidone
and 1 mm phenylmethanesulfonylfluoride. Homogenates were
centrifuged twice for 10 min at 18 000 g at 4°C. Protein concentra-
tions were determined using Bio-Rad protein assay solution (http://
www.bio-rad.com/) using BSA as the standard.

Protein aliquots (30 pg) were separated using 7.5 or 10%
polyacrylamide gels, and transferred to Immobilon-P PVDF
membranes (Millipore, http://www.millipore.com/) using a mini
trans-blot electrophoretic transfer cell (Bio-Rad) according to the
manufacturer's recommendations. After transfer, membranes
were blocked in 5% w/v BSA (fraction V, Fisher Scientific, http:/
www.fishersci.com) in TBST (10 mm Tris/HCI pH 7.5, 150 mm NaCl,
0.1% v/v Tween-20) for 1 h at room temperature. Blots were washed
twice in TBST before incubating with the primary antibody. All
primary antibodies were incubated overnight at 4°C. After five
washes with TBST, blots were incubated with alkaline phosphatase-
conjugated secondary antibody for 1 h at room temperature. Blots
were washed five times with TBST, and then incubated for 5 min
with a LumiPhos chemiluminescence detection system (Thermo
Fisher/Pierce, http://www.piercenet.com) and visualized using
HyBlot CL autoradiography film (Denville Scientific Inc., http:/
www.denvillescientific.com). Primary antibodies used were
anti-CSN5 (both 1:2000 in 1% w/v BSA; Enzo Life Sciences, http://
www.enzolifesciences.com), and proteins for loading controls were
determined using a MemCode reversible protein stain kit for PVDF
membranes (Thermo Fisher/Pierce). The secondary antibody used
was monoclonal mouse anti-rabbit alkaline phosphatase-
conjugated antibody (1:20 000; Sigma-Aldrich, http:/www.
sigmaaldrich.com/).

Semi-quantitative RT-PCR

Total RNA was isolated from approximately 100 mg of leaf tissue
using TRIzol reagent according to the manufacturer’'s recommen-
dations (Invitrogen, http://www.invitrogen.com/). RNA was treated
with a TURBO DNA-free kit (Applied Biosystems/Ambion, http://
www.appliedbiosystems.com/) to remove contaminating DNA.
First-strand cDNA synthesis was performed with 6 pg of RNA using
a SuperScript Il first-strand synthesis kit (Invitrogen). The cDNA
(0.3 ul) was used for subsequent PCR amplifications using 0.3 pl
of PCR Extender System enzyme (5 PRIME Inc., http://www.5prime.
com) in a 30 pl reaction volume. Thermal cycling conditions were as
follows: one cycle of 3 min at 95°C, up to 35 cycles of denaturing for
30 sec at 95°C, annealing for 30 sec at 56°C and extension for 45 sec
at 72°C, and then one cycle of 7 min at 72°C. During the PCR, 5 pl
samples were removed 30 sec into the extension step at three-cycle
intervals (see Table S2). Samples were separated on 1.5% w/v
agarose-TAE gels by electrophoresis, and stained with ethidium
bromide for visualization and documentation.

RNA gel-blot analysis

Total RNA was isolated from approximately 100 mg of leaf tissue
using TRIzol reagent according to the manufacturer’'s recommen-
dations (Invitrogen). The total RNA (10 ug) was separated on a 1.2%
formaldehyde agarose gel and transferred by overnight capillary
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transfer to Hybond NX nylon membrane (Amersham Pharmacia
Biotech, http://www5b.amershambiosciences.com/). Radiolabeled
DNA probes were generated using the random primer DECAprime |l
kit (Applied Biosystems/Ambion). Unincorporated radionucleotides
were removed using Micro Bio-Spin 30 columns (Bio-Rad). The
membrane was blocked for 3 h in ULTRAhyb hybridization buffer
(Applied Biosystems/Ambion) before addition of the radiolabeled
probe, and incubated overnight at 42°C (38°C for elF4A). Blots were
washed twice with 2 x SCC/0.1% SDS heated to 65°C for 15 min
each, and then washed once in 0.1 x SSC/0.1% SDS heated to 65°C
for 10 min (no last wash for elF4a). Radiolabeled RNA was visual-
ized using a Storm phosphoimaging system (Amersham).

PI-Il analysis

PI-Il protein levels in leaf juice were measured using a radial
immunodiffusion assay as described previously (Kandoth et al.,
2007).

JA and SA analysis

Samples were collected from VIGS plants 4 weeks after infiltration,
and jasmonic acid analysis was performed as described previously
(Kandoth et al., 2007). Salicylic acid analysis was performed as
described by Schmelz et al. (2004). Tissue from the upper three or
four leaves of 5-week-old plants was collected for hormone analy-
sis. Briefly, one half of each leaflet was excised to act as unwounded
controls, and thereafter, the other half of the leaflet was wounded
using a hemostat. One hour later, the wounded half of the leaflet
was excised from the midvein. Each sample was weighed before
freezing the tissue in liquid nitrogen, and samples were stored at
-70°C. Approximately 300 mg of leaf tissue was collected for each
sample. The internal standards (100 ng) were added during grind-
ing of the plant tissue in liquid nitrogen before continuing with the
hormone extraction as described by Schmelz et al. (2004). JA
analysis using dihydro-JA (dhJA) as an internal standard (Kandoth
et al., 2007) and SA analysis using 2-hydroxybenzoic acid-dg (C/D/N
Isotopes Inc., https://www.cdnisotopes.com/) as an internal stan-
dard were performed as described previously (Schmelz et al., 2004;
Kandoth et al., 2007). The retention time for JA (224.1412) was
23 min 39 sec, and that for dihydro-JA (226.1569) was 23 min
49 sec. The retention time for SA (152.0473) was 10 min 49 sec, and
that for 2-hydroxybenzoic acid-dg (156.0725) was 10 min 46 sec.

Gel filtration chromatography

Protein extracts were prepared as described previously (Gusmaroli
et al., 2004). Frozen leaf material (three plants per sample) was
homogenized in extraction buffer, centrifuged twice for 10 min each
at 13 000 g at 4°C, and then filtered through 0.2 um filters. Total
proteins (1500-2000 pg) were loaded onto a Superose 6 10/300 GL
column (GE Healthcare Bio-Sciences, http://www.gehealthcare.
com) that had been equilibrated using equilibration buffer (50 mm
Tris/HCI pH 7.5, 150 mm NaCl, 10 mm MgCl, and 2.5 mm EDTA).
A total of 22 fractions of 0.5 ml were collected at a flow rate of
0.5 ml min~". The column was calibrated using gel filtration
molecular weight standards (Sigma-Aldrich). Fractions corre-
sponding to the column void volume (7 ml) were not subsequently
analyzed. Other fractions were concentrated using 5 pl StrataClean
resin (Agilent Technologies, http://www.agilent.com), and eluted in
5 ul of 3x SDS sample buffer. The entire sample volume and resin
was subjected to immunoblotting.
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MicroTom plants.

Figure S6. CSN5-VIGS plants (Castlemart and MicroTom varieties)
show increased susceptibility to herbivory.

Figure S7. Susceptibility to TMV is not altered in CSN5-VIGS plants.
Figure S8. CSN5 transcript and protein levels do not change in
response to herbivory-related stimuli.
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