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SUMMARY

The ascomycete Sclerotinia sclerotiorum is a necrotrophic plant
pathogen with an extremely broad host range. It causes stem rot
in Camelina sativa, a crucifer with great potential as an alternative
oilseed crop. Lignification is a common phenomenon in the
expression of resistance against necrotrophs, but the molecular
mechanisms underlying this defence response are poorly under-
stood. We present histochemical, gene expression and biochemical
data investigating the role of monolignols in the resistance of
C. sativa to S. sclerotiorum. Comparative studies with resistant
and susceptible lines of C. sativa revealed substantial differences
in constitutive transcript levels and gene regulation patterns for
members of the gene family encoding cinnamoyl-CoA reductase
(CCR), the first enzyme specifically committed to the synthesis of
lignin monomers. These differences were associated with anatomi-
cal and metabolic factors. While the induction of CsCCR2 expres-
sion after inoculation with S. sclerotiorum was associated with the
deposition of lignin mainly derived from guaiacyl monomers, high
constitutive levels of CsCCR4 paralleled a high syringyl lignin
content in healthy stems of resistant plants. The results provide
evidence that plant cell wall strengthening plays a role in the
resistance of C. sativa to S. sclerotiorum, and that both constitu-
tive and inducible defence mechanisms contribute to reduced
symptom development in resistant germplasm. This study provides
the first characterization of quantitative resistance in C. sativa to
S. sclerotiorum.

INTRODUCTION

Sclerotinia sclerotiorum (Lib.) de Bary is a ubiquitous necrotrophic
plant pathogen with an extremely broad host range, causing
disease in at least 408 species belonging to 75 families (Boland
and Hall, 1994; Bolton et al., 2006). Among its hosts is Camelina
sativa (L.) Crantz, a member of the Brassicaceae family, that is
attracting interest as an alternative oilseed crop.

The phenylpropanoid pathway is a crucial component of a
plant’s defence repertoire against abiotic and biotic stress factors
(Dixon et al., 2002). This pathway produces various compounds
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belonging to a wide range of structural classes and with numerous
biological functions. Such compounds include UV protectants and
pigments, phytoalexins and phytoanticipins, as well as salicylic
acid, a crucial signalling molecule in the interaction between
plants and microorganisms. Furthermore, certain phenylpropanoid
compounds are polymerized to form defensive barriers, such as
lignin (Durbin et al., 2000; Gayoso et al., 2010; Thomma et al.,
2001).

Lignin, a major component of secondary cell walls, is an amor-
phous phenolic heteropolymer resulting from the oxidative polym-
erization of at least two units of the cinnamyl alcohols
(monolignols) p-coumaryl, coniferyl and sinapyl alcohol, forming
p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignins, respec-
tively. Lignification is a terminal process of highly specialized plant
cells capable of forming secondary cell walls, such as xylem and
phloem cells, their neighbouring fibre cells and sclereids (Ros
Barcelo, 1997). Lignin appears to be a fundamental cell wall com-
ponent of all vascular plants. Its composition varies across plant
lineages and tissue. Gymnosperms generally contain H and mainly
G lignin units, whereas, in angiosperms, lignin primarily consists of
G and S units and traces of H lignin (Baucher et al., 2003; Boerjan
et al., 2003). Within the vascular tissue of angiosperms, such as
Arabidopsis thaliana, G lignin predominates in the walls of xylem
vessels, whereas fibre and parenchyma cells contain a mixture of
G and S lignin, with the latter predominating in heavily lignified
parenchyma cells (Chapple et al., 1992; Fergus and Goring, 1970).

There is strong evidence that lignification is a common phe-
nomenon in the expression of disease resistance in plants. Lignin
synthesis is induced in response to mechanical damage or wound-
ing, and many plants respond to invading pathogens with the
deposition of lignin and lignin-like material (Boudet et al., 1995;
Dixon and Paiva, 1995; Nicholson and Hammerschmidt, 1992;
Vance et al., 1980). It is generally thought that lignin plays an
important role in the modification of the mechanical properties of
cell walls by increasing cell wall rigidity to limit the diffusion of
toxins from the pathogen to the host, and of nutrients from the
host to the pathogen, and to limit polysaccharide degradation by
exogenous enzymes (Ride, 1978; Weng and Chapple, 2010). Lig-
nification of cell walls has been shown to enhance the resistance
of many herbaceous and woody plants to fungal attack (Dushnicky
et al., 1998; Hammerschmidt and Ku¢, 1982; Southerton and Dev-
erall, 1990). Although little is known about the chemical nature,
temporal and spatial regulation of deposition or molecular
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mechanisms involved in gene activation with regard to disease-
induced lignins, it appears that stresses, such as pathogen attack,
can change lignin composition with regard to monomer ratios
(Gayoso et al., 2010; Hammerschmidt et al., 1985; Pomar et al.,
2004; Ros Barcelo, 1997; Southerton and Deverall, 1990).

Despite the substantial impact of S. sclerotiorum on agricultural
production, the molecular mechanisms of host resistance to this
pathogen have received little attention and remain poorly under-
stood. The evidence for a role of lignification in resistance against
S. sclerotiorum is mainly of a histochemical nature (Green et al.,
1998; Rodriguez et al., 2004). In a study comparing transgenic
carrots over-expressing different pathogenesis-related (PR) pro-
teins for their susceptibility to Botrytis cinerea and S. sclerotiorum,
the highest levels of resistance were seen in transgenic lines
over-expressing the peroxidase POC1. Petioles of these plants had
higher constitutive levels of lignin relative to control plants, and
lignification was enhanced after inoculation with S. sclerotiorum
in transgenic plants, but not in wild-type plants (Wally et al.,
2008). However, studies conducted on soybean provided evidence
that lignification does not play a role in the resistance of this
particular host to S. sclerotiorum (Calla et al., 2009; Peltier et al.,
2009). Based on the results of gene expression profiling in
soybean stems shortly after inoculation with S. sclerotiorum, Calla
et al. (2009) proposed that substrates from the lignin pathway are
diverted to the synthesis of isoflavonoids and anthocyanins.

Stem rot-resistant germplasm of C. sativa has been identified
recently (C. Eynck et al., unpublished data). The current study
reports the histochemical, biochemical and gene expression data
investigating the role of monolignol biosynthesis in the resistance
of C. sativa to S. sclerotiorum. This study provides the first char-
acterization of quantitative resistance in C. sativa to S. sclerotio-
rum and contributes to the understanding of stem rot resistance in
crucifers.

RESULTS

Disease development

Necrotic lesions were first observed at 48 h post-inoculation
(hpi) on unwounded stems of C. sativa lines 36011 (stem rot-
resistant) and 36012 (stem rot-susceptible) inoculated with
ascospores of S. sclerotiorum at the early flowering stage. At
72 hpi, lesions were significantly (P = 0.01) smaller on 36011
than on 36012 plants and, at 96 hpi, 36011 plants showed
lesions that were less than half the size of lesions on 36012
plants (Fig. 1A). After 96 hpi, lesions on susceptible plants were
characterized by rapid growth. Wilting was first observed at 7
days post-inoculation (dpi) and most 36012 plants died within
14 dpi. In contrast, disease progression was very slow in 36011
plants; lesions remained confined to the outer cortex of the stem
and no wilting occurred (Fig. 2).
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Fig. 1 Lesion development and CsCCR2 gene expression in Camelina sativa
lines 36011 (grey bars) and 36012 (black bars) at 48-96 h post-inoculation
(hpi). (A) Lesion development. (B) Changes in transcript level relative to
mock-inoculated plants. Columns and bars represent the means and standard
deviations of four biological replicates. Asterisks denote a significant
difference at P = 0.01.

Histochemical studies

Stem lignification was studied by bright field microscopy after
treatment with phloroglucinol-HCl and the Maule reagent, and by
confocal laser scanning microscopy.

Synthesis of phenolic compounds, indicated by autofluores-
cence after illumination with blue light, occurred in inoculated
plants of the resistant line in response to infection (Fig. 3A-F). At
3 dpi, accumulation of fluorescent material was observed in cells
adjacent to the site of pathogen ingress. In addition, walls of
xylem vessels and of cells of the outer layers of the interfascicular
tissue in proximity to the infection site exhibited much stronger
autofluorescence in inoculated than in mock-inoculated plants
(Fig. 3B). There was a steady increase in the amount of deposited
fluorescent material, which formed a lens-shaped barrier zone
around colonized tissue in resistant plants (Fig. 3D, F). Similarly,
walls of xylem vessels and of cells of the outer layers of the
interfascicular tissue continued to show stronger autofluorescence
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Fig. 2 Typical stem rot symptoms on resistant Camelina sativa line 36011
(A) and susceptible line 36012 (B) at 14 days post-inoculation (dpi).

when compared with mock-inoculated plants (Fig. 3D, F). There
was no autofluorescence observed in cell walls along the border of
the developing lesion or the interfascicular tissue in inoculated
susceptible plants. Only a slight increase in autofluorescence was
observed in the walls of xylem vessels (Fig. 3G-L). Stems of inocu-
lated susceptible plants showed massive colonization by the
fungus, detected as clusters of circle-like cross-sections of fungal
hyphae in peripheral stem tissue (arrowheads, Fig. 3H, J, L; Fig. S1,
see Supporting Information).

The Méaule reagent is a histochemical stain used to qualitatively
determine lignin monomer composition. Lignified tissues stain red
if they contain S units and yellow to brown if only G units are
present (Goujon etal., 2003a). Lignin monomer composition
typical for angiosperms, i.e. G lignin predominating in walls of
xylem vessels and S lignin appearing as the main constituent of
the walls of interfascicular fibres, was observed in mock-
inoculated plants (Fig. 4E, G). In inoculated plants, at 7 dpi,
stronger staining for S lignin in the walls of xylem parenchyma
(Fig. 4F, arrows) and in interfascicular fibre cells was observed
than in mock-inoculated plants. Further, in inoculated resistant
plants, a distinct deposition of G lignin, visible as orange to brown
staining, was observed in the walls of xylem vessels and cell walls
of the outer layers of the interfascicular tissue and xylem paren-
chyma (Fig. 4F, arrowheads). No clear differences with regard to
lignin deposition were observed in the susceptible line between
mock-inoculated and inoculated plants (Fig. 4G, H).

The Wiesner test revealed pink-stained xylem vessels and
parenchyma cell walls (Fig. 4A-D). At 7 dpi, inoculated resistant
plants exhibited strong staining of vessel and parenchyma cell
walls, indicating the deposition of lignin (Fig. 4B). This reaction
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was extremely prominent in the outer layers of xylem parenchyma
and interfascicular tissue (Fig. 4B, arrowheads). In contrast, stem
sections of inoculated susceptible plants, vessel elements and cell
walls of interfascicular and xylem parenchyma showed only a
slightly stronger staining for lignin than the corresponding tissues
of healthy plants (Fig. 4C, D).

Gene expression

In order to elucidate the mechanism(s) underlying the differences
observed between the lines during the course of the histochemical
studies, the expression profiles of 21 genes involved in lignin
biosynthesis were analysed by real-time reverse transcriptase-
polymerase chain reaction (qRT-PCR) in mock-inoculated plants
and plants inoculated with S. sclerotiorum. Analyses were per-
formed from 12 to 96 hpi using peripheral stem tissue comprising
the inoculation site. The Actin2 and CsNIS genes were chosen as
reference genes (Table 1).

The changes in gene expression levels following inoculation
with S. sclerotiorum in lines 36011 and 36012 are shown in
Table 2. In both lines, the differences in transcript levels between
mock-inoculated and inoculated tissues were most pronounced
from 48 to 96 hpi, and the number of differentially expressed
genes was highest at 96 hpi. Overall, the transcripts of 12 genes
(CsPALT, CsPAL2, Cs4CL1, CsC3H, CsHCT, CsF5H, CsCCOMTI,
CsCCOMT2, CsCCR1, CsCCR3, CsCAD4, CsCAD5) were down-
regulated and the transcripts of six genes (CsCCR2, CsCCR5,
CsCCR6, CsCCR8, CsCCRY, CsCCR10) were up-regulated in both
lines at these later time points. In most cases, changes in transcript
abundance appeared to be moderate. However, transcript levels of
genes down-regulated in both lines decreased equally or to a
significantly greater extent in susceptible plants than in plants
showing resistance. Correspondingly, the up-regulation of genes
occurred to the same or a significantly greater extent in resistant
plants than in plants of the susceptible line. Members of gene
families reacted either in a similar manner (e.g. CsPALT and
CsPAL2, CsCCOMTT and CsCCOMT2) or differently (e.g. CsCCR1-
CsCCR10, CsCAD4 and CsCAD5) to infection.

All genes that were up-regulated on challenge with the stem rot
fungus belonged to the gene family coding for cinnamoyl-CoA
reductase (CCR), the first enzyme of the phenylpropanoid pathway
specifically committed to the synthesis of lignin monomers. Tran-
script levels of seven CCR genes, including CsCCR2 and the para-
logues CsCCR4—CsCCR10, were elevated either only in 36011 or in
both lines following inoculation. The highest pathogen-induced
change in the transcript ratio was observed for CsCCR2. This gene
exhibited elevated expression levels in both lines starting at
48 hpi. Although no clear differences in transcript abundance
between 36011 and 36012 were detected at 48 and 72 hpi,
expression of CsCCR2 was significantly more strongly
up-regulated in resistant plants at 96 hpi (P = 0.01). CsCCR2
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Fig. 3 Reaction of Camelina sativa lines 36011 (resistant) and 36012 (susceptible) to infection by Sclerotinia sclerotiorum at 3, 7 and 14 days post-inoculation
(dpi). Line 36011: (A, C, E) mock-inoculated plants; (B, D, F) inoculated plants; deposition of autofluorescent material. Line 36012: (H, J, L) mock-inoculated plants;
(G, I, K) inoculated plants; massive colonization by the fungus (arrowheads). Arrows indicate point of inoculation.

transcripts were 20.6-fold more abundant in inoculated than in
mock-inoculated stem tissue of resistant plants. In the susceptible
line, this gene was up-regulated only 6.8-fold. This difference in
gene regulation in response to pathogen attack at 96 hpi coin-
cided with differences in symptom development (Fig. 1).
qRT-PCR analysis of the constitutive transcript levels of CsCCRT,
CsCCR2, CsCCR3 and CsCCR5—CsCCR10 in stem tissue revealed
slight differences in expression among these genes (Fig. 5). The
highest relative expression compared with the reference genes in
both lines was found for CsCCR?7, followed by CsCCR6. No statis-
tically significant differences in constitutive transcript abundance
were observed between the lines. In contrast, the constitutive
transcript level of CsCCR4, which showed similar expression levels
to other CsCCR genes in susceptible 36012, was, on average, 11.6
times higher in resistant line 36011. On inoculation with S. scle-
rotiorum, CsCCR4 was down-regulated in susceptible plants,
which led to a relative expression level almost 30 times lower than
the corresponding transcript level in inoculated resistant plants
(Fig. 6). The expression of CsCCR4 did not exhibit tissue specificity;
as observed in peripheral stem tissue, expression in the leaves of

resistant plants was also about 12 times higher than in the cor-
responding tissues of susceptible plants. However, transcript levels
in leaves were considerably lower than in stem tissue (data not
shown), a result that likewise suggests the involvement of CsCCR4
in stem lignification.

Lignin monomer composition

After the detection of substantial differences in the constitutive
transcript levels of CsCCR4 between resistant and susceptible
plants, lignin monomer yield and composition in whole stem
samples of both lines were compared.

Following the removal of soluble and cell wall-bound phenolic
compounds, stem samples were subjected to thioacidolysis, and
the recovered thioethylated monomers were analysed by gas chro-
matography. In this approach, the uncondensed arylglycerol-B-aryl
ether-linked H, G and S monomers of lignin are cleaved from the
polymer and their abundances can be determined (Robinson and
Mansfield, 2009; Rolando et al., 1992). The total yield and relative
proportion of the monomers closely reflect the amount and type of
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Fig. 4 Detection of lignin in Camelina sativa lines 36011 (resistant) and 36012 (susceptible) at 7 days post-inoculation (dpi). (A-D) Phloroglucinol-HCl staining
(guaiacyl lignin). Line 36011: (A) mock-inoculated; (B) inoculated; guaiacyl (G) lignin particularly in xylem vessel walls and outer cell layers of interfascicular fibres
(arrowheads). Line 36012: (C) mock-inoculated; (D) inoculated. (E-H) Mé&ule staining (S lignin indicated by red reaction; G lignin indicated by yellow to brown
reaction). Line 36011: (E) mock-inoculated; (F) inoculated; S lignin in interfascicular tissue and xylem parenchyma cell walls (arrows); G lignin in xylem vessel walls
and outer cell layers of interfascicular tissue and xylem parenchyma (arrowheads). Line 36012: (G) mock-inoculated; (H) inoculated: no differences to mock
inoculation. ¢, cortex; iff, interfascicular fibres; ph, phloem; sc, sclereids; xy, xylem. Magnification, 40x.

lignin units involved in labile ether bonds. Monomers were
detected as the thioethylated products of p-hydroxycinnamyl alde-
hydes (Fig. 7, peaks Gs and S3) and the erythro- and threo- isomers
corresponding to each p-hydroxycinnamyl alcohol (Fig. 7, peaks

© HER MAJESTY THE QUEEN IN RIGHT OF CANADA 2012

G;, Gy and S+, S;) (Rolando et al., 1992). Discrete measurements of
each form were only possible for the G- and S-derived monomers,
as the H-derived monomers were present only at trace levels in all
samples.
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Table 1 Monolignol biosynthesis candidate genes in Camelina sativa and
reference genes used in this study.

Corresponding locus in

Gene Arabidopsis thaliana Enzyme

CsPALT At2g37040 Phenylalanine ammonia-lyase

CsPAL2 At3953260 Phenylalanine ammonia-lyase

CsC4H At2g30490 Cinnamate-4-hydroxylase

Cs4CL1 At1g51680 4-Coumarate CoA ligase

CsC3H At2g40890 Coumaroyl-CoA-3-hydroxylase

CsHCT At5g48930 Hydroxycinnamoyl:CoA
shikimate/quinate hydroxycinnamoyl
transferase

CsF5H At4g36220 Ferulate-5-hydroxylase

CsCCOMTT  At4g26220 Caffeoyl CoA O-methyltransferase

CsCCOMT2  At1924735
CsCCR1 At1g15950
CsCCR2 At1g80820
CsCCR3 At2G02400
CsCCR4 At5¢58490
CsCCR5 At2g33590
CsCCR6 At1g76470
CsCCR7 At2923910
CsCCR8 At2933600
CsCCR9 At4g30470
CsCCR10 At5g14700
CsCAD4 At3g19450 Cinnamyl alcohol dehydrogenase
CsCAD5 At4g34230 Cinnamy! alcohol dehydrogenase
CsACT2 At5g09810 Actin2

CsNIS At4g26410 Unknown function

Caffeoyl CoA O-methyltransferase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase
Cinnamoyl-CoA reductase

Lignin subunit ratios and total monomer yields differed sig-
nificantly between the lines (P < 0.01) (Table 3, Fig. 7). Although
total G lignin content was equal in both lines, S lignin content in
the resistant line was increased by 40% when compared
with that in the susceptible line (5.86 vs. 4.19 peak area/mg
dry weight). Correspondingly, the S/G ratio in the resistant line
(1.7) was substantially higher than that in the susceptible line
(1.2).

As it is generally seen that the induction of expression of
lignin biosynthetic genes leads to an increase in lignin content
which is not proportional to the increase in transcript level, we
analysed peripheral stem tissue of mock-inoculated and
pathogen-inoculated plants of both lines in order to detect
potential changes in lignin monomer yield and monomer ratios
in response to an infection with S. sclerotiorum. Tissue was har-
vested at 7 dpi, subjected to thioacidolysis and analysed by gas
chromatography. Plants of the resistant line showed an increase
in lignin content after inoculation with S. sclerotiorum when
compared with mock-inoculated plants. Interestingly, this
increase was almost exclusively caused by an increase in G
lignin subunits (2.93 vs. 2.13 peak area/mg dry weight).
Accordingly, the S/G ratio was lower in pathogen-inoculated
resistant plants than in mock-inoculated plants (0.9 and 1.2,
respectively). Only a slight increase in G lignin was observed in
the peripheral stem tissue of pathogen-inoculated susceptible
plants (Table 4).

DISCUSSION

Sclerotinia sclerotiorum is a soil-borne necrotrophic pathogen that
causes stem rot in C. sativa. The pathogen causes the rapid mac-
eration of host tissue through the concerted action of oxalic acid
and cell wall-degrading enzymes (Hegedus et al., 2008). In a recent
study, we identified germplasm of C. sativa exhibiting a high level
of resistance to S. sclerotiorum (C. Eynck et al., unpublished data).
As in Brassica napus (Garg et al., 2010; Zhao et al., 2009), the
resistance phenotype of C. sativa manifests itself in the restriction
of lesion progression rather than in the prevention of infection. The
results presented here and in previous work (C. Eynck et al., unpub-
lished data) show that, on inoculation at early flowering, lesions
remain confined to the stem cortex in resistant plants. The absence
of wilt or other symptoms in plant parts above the inoculation site
suggests that the fungus is not able to colonize xylem vessels or to
effectively release pathogenicity factors, such as toxins or hydro-
lytic enzymes, into the vascular system of resistant plants.

Histochemical analyses revealed that resistant plants react to
infection with the rapid deposition of lignin in cells in the imme-
diate vicinity of the infection site. This reaction was most promi-
nent in the outer layers of xylem parenchyma and interfascicular
tissue observed using the Wiesner test. Although it has been more
recently disputed, the Wiesner test has been considered to be
specific for G lignin, giving weak or no staining in the presence of
S units (e.g. Anterola and Lewis, 2002; Sarkanen and Ludwig,
1971). In our study, xylem vessel walls, which are known to have
a high content of G lignin in angiosperms (Chapple et al., 1992;
Fergus and Goring, 1970), showed much stronger staining than
interfascicular fibres treated with phloroglucinol-HCl. However,
staining with the Maule reagent indicated an abundance of S
lignin units in the interfascicular tissue. These observations
suggest that the Wiesner reagent indeed shows stronger affinity
for G rather than S lignin units, even if it is not absolutely specific
for coniferaldehyde end groups. The results of our histochemical
analyses therefore indicate that induced lignification in stems of
C. sativa as a resistance response to infection by $. sclerotiorum
mainly involves the de novo synthesis of G lignin units.

Differences in monolignol composition between lignin formed
during the normal development of healthy plants and defence-
related lignin in infected plants have been described for a number
of host—pathogen interactions (reviewed by Vance et al., 1980).
However, our study is the first to report this phenomenon for
plants infected by S. sclerotiorum. All three lignin subunit types
have been shown to be specifically increased depending on the
pathosystem under investigation (Gayoso et al., 2010; Hammer-
schmidt et al., 1985; Hawkins and Boudet, 2003; Lange et al.,
1995; Menden et al., 2007).

G lignin monomers are monomethoxylated and thus offer more
extensive possibilities of cross-linking compared with S monomer
units, which are dimethoxylated (Baucher et al., 2003; Boudet
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Table 2 Regulation of transcripts (fold change - - - - -

relative to mock-inoculated plants) in Camelina 12 hpi 24 hpi 48 hpi 72 hpi 96 hpi

sativa lines 36011 (resistant) and 36012 Gene 36011 36012 36011 36012 36011 36012 36011 36012 36011 36012

(susceptible) inoculated with Sclerotinia

sclerotiorum at 12-96 h post-inoculation (hpi). CsPALT 12 0.9"** 1.0 0.7 0.8 0.5 0.3 0.3 0.6 04
CsPAL2 13 1.1* 0.9 0.8 0.9 0.7 0.5 0.4 0.9 0.5%**
CsC4H 1.6 1.1 1.0 0.9 1.1 0.8 0.8 0.6 1.2 0.8**
Cs4CL1 1.2 0.9*** 1.2 0.9 0.8 0.7 0.5 0.4 0.6 0.4
CsC3H 1.2 0.9 1.3 0.9 0.8 0.6 0.4 0.4 06 05
CsHCT 13 0.9*** 13 1.0 0.9 0.7 0.5 0.4* 0.6 0.4**
CsF5H 1.3 0.9*** 13 0.9*** 1.0 0.9 0.6 0.4 0.6  0.3***
Csccomrtr 1.3 1.4 1.2 0.9 0.7 0.7 0.7 0.5 0.7 0.5
CsCCOMT2 1.6 1.0%** 1.0 0.9 0.7 0.6 0.5 0.4 0.7 04
CsCCR1 1.1 1.0 1.0 0.8 0.6 0.6 0.5 0.3*** 0.7 0.3
CsCCR2 1.5 1.6 1.4 0.6%** 3.7 2.9 73 5.2 206  6.8%**
CsCCR3 1.2 0.7*** 1.1 0.9*** 0.7 0.5 0.5 0.4 0.6 0.5
CsCCR4 1.5 1.4 1.3 0.8*** 0.8 0.7 0.9 0.5 1.4 06***
CsCCR5 2.1 1.9 1.1 1.1 2.1 1.9 1.6 2.0 2.2 2.2
CsCCR6 0.7 1.3 1.1 1.4 7.3 6.6 8.9 4.9 48 52
CsCCR7 1.0 1.1 0.7 0.8 0.8 0.6 1.4 1.0 1.1 0.6%*
CsCCR8 1.3 1.3 1.2 1.0 1.3 1.4 2.0 1.5 22 21
CsCCR9 13 1.1 1.1 1.0 1.9 1.4 1.5 1.6 1.5 1.4
CsCCR10 1.5 1.8 1.3 0.8 2.4 1.8%* 2.6 1.9 29 16
CsCAD4 1.4 1.4 1.1 1.0 0.8 0.8 0.8 0.9 1.0 0.8
CsCAD5 1.2 1.0 1.3 0.9%** 0.9 0.7 0.7 0.6 1.0 06"

Asterisks indicate statistically significantly different means between the two lines at *P < 0.1, **P < 0.05 and

**¥P < 0.01.
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Fig. 5 Constitutive expression levels of cinnamoyl-CoA reductase genes
CsCCR1-CsCCR10 in peripheral stem tissue of Camelina sativa resistant line
36011 (grey bars) and susceptible line 36012 (black bars) at 96 h
post-inoculation (hpi). Asterisks denote a significant difference at P < 0.01.

et al., 1995). Increased deposition of the more condensed G lignin
in line 36011 after inoculation with S. sclerotiorum may present an
effective measure to prevent pathogen ingress into the vascular
system, particularly as the main lignin type present in xylem vessel
walls is G lignin.

In order to further elucidate the potential role of monolignol
biosynthesis in the resistance of C. sativa to S. sclerotiorum, the
changes in expression of 21 genes homologous to A. thaliana
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Fig. 6 Transcript levels of cinnamoyl-CoA reductase gene CsCCR4 in
peripheral stem tissue of mock-inoculated and inoculated plants of Camelina
sativa lines 36011 (resistant) and 36012 (susceptible) at 48-96 h
post-inoculation (hpi). Line 36011: mock-inoculated, black bars; inoculated,
white bars. Line 36012: mock-inoculated, dark grey bars; inoculated, light
grey bars. Expression levels are given as means and standard deviations of
four biological replicates. Asterisks denote a significant difference at P =
0.01.

genes known to be involved in monolignol biosynthesis were
analysed. These genes cover each of the enzymatic steps in the
pathway, except for the enzyme caffeic acid O-methyltransferase
(COMT), because of the lack of a corresponding homologue in the
existing expressed sequence tag (EST) collection.
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Fig. 7 Thioacidolysis products of stem tissue of Camelina sativa line 36011
(resistant, grey line) and 36012 (susceptible, black line). Gy,
erythro-guaiacyl-CHR-CHR-CH,R; G,, threo-guaiacyl-CHR-CHR-CH;R; G;,
guaiacyl-CH,-CHR-CHRy; Sy, erythro-syringyl-CHR-CHR-CH,R; S,,
threo-syringyl-CHR-CHR-CH,R; S5, syringyl-CH,-CHR-CHR; FID, flame
ionization detection; IS, internal standard.

The conversion of cinnamoyl-CoA thioesters to the corre-
sponding cinnamaldehydes by CCR is considered as the first step
in the general phenylpropanoid pathway specifically committed
to the synthesis of monolignols. The activity of CCRs in plants is
generally low, indicating that this enzymatic step may be an
important control point regulating the carbon flux towards
lignins (Chabannes et al., 2001; Lacombe et al., 1997; Piquemal
et al., 1998). Transgenic approaches in tobacco, A. thaliana and
poplar have demonstrated that CCR activity can profoundly
affect the amount and composition of lignin deposited in plant
cell walls (Boerjan et al., 2003; Boudet et al., 2003). An in silico
analysis of the A. thaliana genome sequence database revealed
11 annotated CCR homologues (Costa et al., 2003). Of these,
only the isoforms AtCCRT and AtCCR2 had been identified and
shown to be differentially expressed during development and in
response to infection (Lauvergeat et al., 2001). Although AtCCR1
appeared to be involved in constitutive lignification, the expres-
sion level of AtCCR2 increased strongly during the incompatible
interaction with Xanthomonas campestris pv. campestris, and
the enzyme was therefore assumed to be involved in the bio-
synthesis of phenolics, whose accumulation may lead to resist-
ance. Prior to the identification of CCRs in A. thaliana, Pichon
etal. (1998) identified two CCR isoforms in maize (Zea mays)
(ZmCCR1 and ZmCCR2) which, likewise, showed differential
expression patterns, with ZmCCR1 being predominantly associ-
ated with lignification during development. Interestingly, the
ectopic lignification in cellulose-deficient eli7-1 mutants of
A. thaliana involved, among other defence-related responses, the
induction of expression of AtCCR2, but not AtCCR1 (Cafo-
Delgado et al., 2003).

We investigated the changes in the expression of 10 CCR genes
with a putative function in lignification on inoculation with S. scle-
rotiorum in both resistant and susceptible lines of C. sativa. As in
A. thaliana and maize, CsCCR2 mRNA levels increased in both lines
after inoculation with S. sclerotiorum, whereas CsCCRT expression
was not induced. In addition to CsCCR2, the transcript levels of
seven additional CsCCRs were elevated in response to infection. Of
these, two isoforms were up-regulated only in resistant line 36011.
CsCCR3, like CSCCR1, did not show an increase in expression level
on pathogen challenge. These results corroborate the suggestion
made earlier (Costa et al., 2003; Lauvergeat et al., 2001) that the
CCR gene family may be divided into two groups, one involved in
defence responses and the other in developmental lignification. In
C. sativa, as in A. thaliana (Kawasaki et al., 2006), these two
groups cannot be distinguished on the basis of sequence similarity
(data not shown). Of all the CCR homologues that showed
up-regulation after inoculation with S. sclerotiorum, CsCCR2 not
only exhibited the strongest induction overall, but also showed a
significantly stronger increase in expression in resistant than in
susceptible plants. The resistance phenotype of 36011 may there-
fore be partly associated with gene expression changes of CsCCR2,
and thus timely activation of monolignol biosynthesis, prior to the
onset of rapid fungal growth, as observed in the susceptible line
36012.Two possible roles of CCR2 expression in the stress response
have been suggested (Boudet et al., 2004). First, the synthesis of
defence lignins that help to prevent the progression of the patho-
gen, and/or, second, the synthesis of other defence-related com-
pounds. It has been reported that coniferaldehyde and coniferyl
alcohol, both immediate precursors of G lignin, may function as
phytoalexins in the incompatible interaction between flax and
Melampspora lini (Keen and Littlefield, 1979).

Purified CCR1 and CCR2 enzymes from a number of species,
including poplar (Sarni et al., 1984) and A. thaliana (Lauvergeat
et al., 2001), have been shown to be active towards 4-coumaroyl-
CoA, caffeoyl-CoA, feruloyl-CoA, 5-hydroxyferuloyl-CoA and
sinapoyl-CoA. However, the highest efficiency for both enzymes
was observed with feruloyl-CoA (Lauvergeat et al., 2001; Luderitz
and Grisebach, 1981; Ma, 2007; Patten et al., 2005; Sarni et al.,
1984), suggesting the preferential biosynthesis of G lignin. Like-
wise, the primary phenotype of tobacco plants silenced for CCR
was a decrease in total lignin content and an increased S/G ratio,
primarily caused by a decrease in extractable G units (O'Connell
et al., 2002; Piquemal et al., 1998; Ralph et al., 1998). Hence, not
only the results of our histochemical analysis, but also the strong
induction of CsCCR2 expression in the resistant line, suggest that
increased synthesis of mostly G lignin is part of the resistance
response of C. sativa to S. sclerotiorum. This hypothesis is further
supported by the results of the chemical analysis. As revealed by
thioacidolysis, total lignin content increased 7 days after inocula-
tion with the pathogen in resistant plants only, and this increase
was caused almost exclusively by an increase in G units.
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Table 3 Lignin monomer composition in whole
stems of Camelina sativa lines 36011 (resistant)
and 36012 (susceptible) at early flowering
(BBCH 63).

Table 4 Lignin monomer composition in
peripheral stem tissue of Camelina sativa lines
36011 (resistant) and 36012 (susceptible)
inoculated with Sclerotinia sclerotiorum (7 days
post-inoculation) compared with
mock-inoculated plants.

Monolignol biosynthesis and stem rot resistance 895
Lignin monomer composition
Line G+ S* G* G (%) S* S (%) S/G ratio
36011 9.26 (+0.38) b 3.4 (+0.16) a 36.7 5.86 (+0.23) b 63.3 1.7
36012 7.69(+0.28) a 3.5(+0.17) a 45.5 419 (£0.12) a 54.5 1.2
G and S, guaiacyl and syringyl lignin monomers, respectively.
Mean (*standard deviation) values based on five samples measured in triplicate.
Values in the same column followed by the same letter do not differ at P < 0.01.
*Quantity is given in peak area/mg dry weight.
Lignin monomer composition

Line G+S* G* G (%) S¥ S (%) S/G ratio
36011 mi 4.66 (+0.04) 2.13(+0.02) 45.7 2.53 (+0.02) 54.3 1.2
36011 in 5.52 (*0.04) 2.93 (+0.03) 53.1 2.59 (+0.02) 46.9 0.9
36012 mi 4.09 (+0.07) 1.64 (+£0.02) 40.1 2.45 (+0.05) 59.9 1.5
36012 in 3.98 (+0.08) 1.67 (+0.04) 42.1 2.29 (+0.05) 57.7 1.4

G and S, guaiacyl and syringy! lignin monomers, respectively.

Mean (*standard deviation) values based on one biological replicate analysed in triplicate.
*Quantity is given in peak area/mg dry weight.

in, inoculated; mi, mock-inoculated.

Lignification may not only be an induced mechanism in the
resistance of C. sativa to S. sclerotiorum, but may also play an
important role as a constitutive resistance component. We
observed a constitutive transcript level of CsCCR4 that was, on
average, about 12 times higher in the stem tissue of the resistant
line than in that of the susceptible line. To our knowledge, this is the
most distinctive difference in constitutive gene expression for lignin
biosynthesis genes between lines of the same species reported to
date. In the present study, high CsCCR4 mRNA levels were associ-
ated with higher lignin content in whole stem samples of line
36011. Similarly, comparing two wheat cultivars, Ma (2007)
reported that high TaCCRT mRNA levels were associated with both
high CCR enzyme activity and a higher lignin content and stem
rigidity in a cultivar showing lodging resistance. Strikingly, our data
revealed that the difference in constitutive lignin content was
caused exclusively by an increased amount of lignin derived from S
monomers. This result suggests stronger lignification of tissue rich
in S lignin in the resistant line, such as parenchyma cells in the
interfascicular tissue (Chapple et al., 1992; Fergus and Goring,
1970).

The latter results lead to the tantalizing hypothesis that the
activity of CCR isoform CsCCR4 may be specifically committed to
the conversion of sinapoyl-CoA and, consequently, specific for S
lignin biosynthesis. Currently, there is debate about whether the
monolignol biosynthetic pathway represents a ‘metabolic grid’
leading to both G and S units, or whether metabolic channelling
allows for independent pathways to G and S lignin. The notion of
independent pathways is more consistent with recent findings on
enzyme specificity and the results of the modification of lignin
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biosynthetic enzyme activities through transgenic approaches
(Dixon et al., 2001). Two enzymes have been identified so far that
are considered to be specific for the synthesis of sinapyl alcohol,
namely ferulate 5-hydroxylase (F5H) (Osakabe et al., 1999) and
COMT (Li etal., 2000). Arabidopsis thaliana plants over-
expressing F5H under the C4H promoter have been reported to
accumulate high levels of S lignin and to show increased resist-
ance to nematode infection (Wuyts et al., 2006). A transgenic
approach is currently underway to further elucidate the specificity
of CsCCR4 activity.

Lignification is known to be one of a plethora of mechanisms
for the prevention of successful colonization by pathogens.
However, this study describes, for the first time, the association of
monolignol biosynthesis with the resistance of C. sativa to S. scle-
rotiorum. The results presented provide a strong indication for a
role of lignification, both as an induced and constitutive compo-
nent of resistance, halting the spread of S. sclerotiorum following
infection. Although the induced deposition of lignin as a response
to pathogen attack appears to mainly involve the de novo syn-
thesis of G lignin monomers, the higher lignin content in healthy
plants of the resistant line compared with that in healthy plants of
the susceptible line is exclusively based on an increased amount
of S lignin. Further work will indicate whether the differences in
expression of CsCCR4 and CsCCR2, and the corresponding differ-
ences in lignin content and monomer composition, in healthy vs.
inoculated plants are indeed crucial for the mounting of an effec-
tive defence against S.sclerotiorum in resistant plants of
C. sativa. In conclusion, this study has provided new insights into
aspects of plant defence against S. sclerotiorum and contributes
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to an improved general understanding of stem rot resistance in
crucifers.

EXPERIMENTAL PROCEDURES

Fungal isolate and inoculum production

Clone 321 of S. sclerotiorum was used, as it is one of the most prevalent
aggressive clones in western Canada (Kohli et al., 1995). Inoculum was
prepared as described previously (C. Eynck et al., unpublished data).
Briefly, sclerotia, produced from fungal mycelium mixed with sterilized
hull-less barley, were incubated on moist sand in darkness at 15 °C for 4-5
weeks and then transferred to daylight under the same temperature
conditions to induce apothecia formation. Harvest of ascospores was
performed using a vacuum filter; 10-uL droplets of ascospore solution (2 x
10 viable spores/mL) were applied to senescent petals of B. napus cv.
Westar, a canola variety highly susceptible to sclerotinia (Zhao et al.,
2009). Inoculated petals were incubated in a growth room at room tem-
perature for 24 h.

Plant material, growth conditions and inoculation
procedures

Camelina sativa line 36011, derived by inbreeding from stem rot-resistant
accession CS5, and line 36012, derived by inbreeding from stem rot-
susceptible accession CS17 (C. Eynck et al., unpublished data), were used
in the study.

For all experiments described herein, seeds were sown in 10-cm-
diameter pots containing a soil-less mixture (Stringam, 1971) amended
with controlled release fertilizer (15-9-12 Osmocote PLUS, Scotts Fertilizer
Company, Marysville, OH, USA). Plants were grown in a growth chamber
programmed for 20 °C/18 °C day/night temperatures and 16 h day/8 h
night fluorescent illumination (250 umol/m¥s light).

Plant inoculations were performed at early flowering (BBCH 63, 30% of
flowers open; Martinelli and Galasso, 2011). For gene expression analyses,
the upper part of the main stem was inoculated at three sites (every other
internode) with infested petals. Petals were secured to the stem with strips
of Parafilm™. Plants used for the histochemical and lignin analyses were
inoculated at a single site on the upper part of the main stem. In all
experiments, control plants were treated with petals inoculated with a
drop of deionized water (mock inoculation).

Histochemical analysis

Ten inoculated and 10 mock-inoculated plants were sampled at 7 dpi.
Internodes bearing the inoculation site as well as the corresponding inter-
nodes of mock-inoculated plants were excised and preserved in a solution
of acetic acid, formalin and ethanol (AFE; 5 : 5 : 90, v/v/v). Cross-sections
(one to two cell layers thick) were made with a razor blade, treated with
histochemical reagents and immediately examined under bright field
using a Zeiss Axiovert 100 microscope (Zeiss, Mississauga, ON, Canada)
equipped with a Sony DSC-F717 digital camera (Sony, Toronto, ON,
Canada). Histochemical stains included phloroglucinol-HCl (Wiesner test)
and the Maule reagent. Following the protocol established by Jensen

(1962) for the Wiesner test, sections were immersed in 1% phloroglucinol
solution in 96% ethanol for 2 min. Excess phloroglucinol solution was
rinsed off with 32% HCl and sections were mounted in a mixture of
glycerol and 32% HCI (1 : 1, v/v). Méaule staining was performed according
to the protocol established by Chapple et al. (1992). Sections were treated
with 0.5% KMnO, for 10 min, rinsed with water, treated with 10% HCl for
5 min, rinsed again with water and mounted in concentrated NH,OH for
examination.

In a second experiment, stem segments of inoculated and mock-
inoculated plants were sampled at 3, 7 and 14 dpi, dehydrated in an
alcohol series and embedded in paraffin using an MVPI tissue processor
(Instrumentation Laboratory, Bedford, MA, USA) and a Tissue Tek embed-
ding unit (Miles Laboratories, Elkhart, IN, USA) following a modified pro-
tocol according to the manufacturer's manual. Cross-sections of 20 um
were cut on a rotary microtome (MICROM D6900, Microm International
GmbH, Walldorf, Germany), expanded and gently heat fixed onto micro-
scope slides. After the removal of paraffin, staining was performed with
1% acid fuchsin in deionized water dissolved 1 : 10 in lactophenol. After
rinsing with lactophenol, samples were mounted in drops of lactophenol
and immediately examined using a Leica TCS SP2 confocal laser scan-
ning microscope (CLSM, Leica, Richmond Hill, ON, Canada). Digital
images were acquired by two-channel analysis with ensuing drafting of
an overlay (488 nm for excitation/500-530 nm for emission and 543 nm
for excitation/560—-650 nm for emission). This technique allowed for the
detection of phenolic polymers which autofluoresce after excitation with
blue light. Acid fuchsin was used as a counter stain to depict nonligni-
fied stem structures. The histochemical experiments were conducted
twice.

Lignin biosynthesis

Enzymes for lignin biosynthesis are encoded by multiple gene families, but
not every member of a gene family is involved in or contributes equally to
lignin biosynthesis (Bi et al., 2011). Therefore, the identification of the
most appropriate targets is the first step towards further characterization.
A list of candidate lignin biosynthesis genes was established on the basis
of previously published gene expression analysis data (Chen et al., 2000;
Ehlting et al., 1999; Kiedrowski et al., 1992; Raes et al., 2003; Sibout et al.,
2003; Tronchet et al., 2010), mutant analyses (Chapple et al., 1992; Franke
etal., 2002a, b; Goujon et al., 2003b; Jones et al., 2001) and the com-
monly accepted model of the monolignol biosynthesis pathway (e.g.
Bhuiyan et al., 2009) (Table 1).

Sequences of candidate genes from A. thaliana were compared with a
C. sativa EST library using BLASTN (Basic Local Alignment Search Tool), and
the orthologues with the highest scores were chosen for gene expression
analyses. Identical C. sativa sequences were homologous to A. thaliana
4CL1 and 4CL2, and therefore only one 4CL gene was analysed. All
members of the CCR gene family were included in the analyses, except for
CsCCR11 (At1g68540), because it does not have a putative role in lignin
biosynthesis (http://www.arabidopsis.org). A homologue to the A. thaliana
COMT gene could not be identified in the C. sativa EST collection.

cDNA synthesis and qRT-PCR

Tissue was harvested as described by Zhao et al. (2009). At 12, 24, 48,
72 and 96 hpi, peripheral stem tissue of inoculated and mock-inoculated
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plants was excised with a razor blade from 10 mm above to 10 mm
below the inoculation site and 1 mm deep. For each line, treatment and
time point, the tissue of six plants (three inoculation sites per plant)
was pooled. The experiment was conducted three times for all time
points and an additional replicate was obtained for time points 48, 72
and 96 hpi. In an additional experiment, whole leaves from healthy
plants of both lines were sampled just before flowering (BBCH 55; Mar-
tinelli and Galasso, 2011) at the fifth internode below the apical meris-
tem in order to elucidate whether the expression of CsCCR4 exhibits
tissue specificity.

Total RNA from up to 1 g of ground tissue was isolated using the
AMBION Totally RNA kit (AMBION, Austin, TX, USA) and the concentration
was measured with an Ultrospec 3000 spectrophotometer (Amersham
Pharmacia Biotech Inc., Uppsala, Sweden). Fifty micrograms of total RNA
were purified and treated with RNase-free DNase using the plant RNeasy
kit (Qiagen, Mississauga, ON, Canada). The final concentration was deter-
mined using a NanoDrop Spectrophotometer (NanoDrop Technologies,
Montchanin, DE, USA) and RNA integrity was confirmed using an Agilent
2100 Bioanalyser (Agilent Technologies Inc., Mississauga, ON, Canada).
One microgram of total RNA was subjected to ¢cDNA synthesis (Super-
script™ 11l reverse transcriptase, Invitrogen, Burlington, ON, Canada) fol-
lowing the manufacturer's protocol. qPCR assays were performed in a
C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) in a 20-pL
reaction mixture composed of 3 uL (7.5 ng) ¢cDNA, 1 x Platinum SYBR
Green qPCR SuperMIX-UDG (Invitrogen) and 0.2 um of each gene-specific
primer. PCR conditions were chosen according to the manufacturer’s rec-
ommendations: 50 °C for 2 min, 95 °C for 2 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 30 s. Quantitative analysis was performed
using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories).
The amplification specificity of primers was confirmed by identification of
a single peak in the melting curve analysis. Primers were designed using
Invitrogen's OligoPerfect Designer (http://www.tools.invitrogen.com) and
the following criteria: an amplicon size of 80-230 bp, a primer size of
20-24 bp and a GC content of 40%—60% (Table S1, see Supporting Infor-
mation). All designed primers had efficiencies equal to or greater than
90% when tested using a five-fold dilution series of the template starting
with 30 ng. Actin2 and the C. sativa homologue of the A. thaliana gene
At4g26410 were used as endogenous reference genes. At4g26410 has
been shown to be extremely stable under biotic stress conditions in
A. thaliana (Czechowski et al., 2005), and the corresponding C. sativa
homologue was shown to be unresponsive to S. sclerotiorum infection in
preliminary experiments, herein named CsNIS (Not Induced by Sclerotinia
infection). Expression ratios in samples of inoculated plants compared
with mock-inoculated plants were calculated using the 27" method
(Livak and Schmittgen, 2001) with data corrected for PCR efficiency and
normalized against both reference genes. In order to compare data from
different PCR runs, an internal calibrator was used in every run. Data were
obtained from all biological replicates and each measurement was per-
formed in triplicate.

Analysis of lignin monomer composition
(thioacidolysis)

To compare the total yield and proportion of monomers in whole stem
samples of healthy plants, five samples of line 36011 and line 36012 at
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early flowering were analysed by thioacidolysis. Each sample consisted of
internodes harvested from three plants. For the analysis of lignin monomer
composition in inoculated and mock-inoculated plants, thioacidolysis was
performed on peripheral stem tissue. Tissue was excised according to the
procedure described for gene expression analysis. Samples were taken at
7 dpi and pooled from 30 inoculation sites for each treatment and line. All
samples were extracted and analysed in triplicate.

Soluble phenolic acids and cell wall-bound phenolic compounds
were extracted as described by Eynck etal. (2009). Subsequently,
samples consisting of 10 mg of ground, oven-dried extract-free cell wall
residue material were subjected to a modified thioacidolysis procedure
developed by Robinson and Mansfield (2009) with further minor
modifications.

Each sample was transferred to a 5-mL glass Wheaton vial with a
Teflon-lined screw cap and 1 mL of the freshly prepared thioacidolysis
reagent [2.5% BF; etherate, 10% ethanethiol, in recently distilled dioxane
(v/v)] was added to each vial. Nitrogen gas was used to blank the reaction
prior to sealing. Vials were incubated in a dry heating block at 100 °C for
4 h with hourly gentle agitation. To stop the reaction, samples were placed
at—20 °C for 5 min. Subsequently, 200 L of tetracosane (5 mg/mL meth-
ylene chloride) was added as an internal standard. Further, 300 pL of 0.4 m
sodium bicarbonate was added to adjust the pH of the reaction to
between pH 3 and 4. Extraction of the reaction products from the aqueous
mixture was achieved by the addition of 2 mL of water and 1 mL of
methylene chloride. Each sample was vortexed and allowed to settle for
about 5 min. After phase separation, 1.5 mL of the lower organic phase
containing the lignin breakdown products was removed, filtered and
cleared of residual water by passing through a Pasteur pipette packed with
a paper plug and about 2.5 cm of granular anhydrous Na,SO,. The cleared
filtrates were evaporated to complete dryness in a dry heating block at
65 °C overnight and resuspended in 2 mL of methylene chloride. Deriva-
tization of samples was performed by combining 100 uL of sample with
100 uL of pyridine and 400 uL of N,0-bis(trimethylsilyl)acetamide. An
incubation of at least 2 h at 25 °C was required before 5 uL of sample was
analysed by gas chromatography.

Gas chromatography

Gas chromatography was conducted on a Hewlett Packard 6890 instru-
ment (Agilent Technologies, Santa Clara, CA, USA), equipped with an
autosampler, splitless injector, flame ionization detector (FID) and a 30-m
HP5 ms 0.32-mm internal diameter capillary column. Five microlitres
were injected and separated using helium as a carrier gas at a flow rate
of 1 mL/min. Inlet and detector temperatures were set to 250 °C and the
oven profile set-up was as follows: 130 °C initial temperature, 3 min
hold, ramp temperature 3 °C/min for 40 min to end in a final tempera-
ture of 250 °C, 5 min hold and then cool. The identification of peaks was
consistent with Rolando etal. (1992) and Robinson and Mansfield
(2009).

Statistical analysis

Statistical analysis was conducted using the software StatGraphics (Stat-
point Technologies Inc., Warrenton, VA, USA). Differences among means
were tested with Fisher's least significance difference test and significance
was determined at P =< 0.01, 0.05 and 0.1.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Camelina sativa line 36012, 14 days after inoculation
with Sclerotinia sclerotiorum. Fungal hyphae appear green after
staining with WGA Alexa Fluor 488 and plant structures appear
red after staining with Congo Red.

Table S1 Sequences of primers used for real-time reverse
transcriptase-polymerase chain reaction (qRT-PCR).
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