The Plant Journal (2011) 67, 852–868

doi: 10.1111/j.1365-313X.2011.04639.x

Metabolomic approaches reveal that cell wall modifications
play a major role in ethylene-mediated resistance against
Botrytis cinerea
Amanda J. Lloyd1, J. William Allwood2, Catherine L. Winder2, Warwick B. Dunn2,3, James K. Heald1, Simona M. Cristescu4,
Anushen Sivakumaran1, Frans J. M. Harren4, Joseph Mulema5, Katherine Denby5, Royston Goodacre2,3, Aileen R. Smith1
and Luis A. J. Mur1,*
1
Aberystwyth University, Institute of Biological, Environmental and Rural Sciences, Aberystwyth SY23 3DA, UK,
2
School of Chemistry, Manchester Interdisciplinary Biocentre, The University of Manchester, 131 Princess Street,
Manchester M1 7DN, UK,
3
Manchester Centre for Integrative Systems Biology, Manchester Interdisciplinary Biocentre, The University of
Manchester, 131 Princess Street, Manchester M1 7DN, UK,
4
Department of Molecular and Laser Physics, University of Nijmegen, 6525 ED Nijmegen, The Netherlands, and
5
Department of Molecular and Cell Biology, University of Cape Town, Private Bag, Rondebosch 7700, South Africa
Received 17 April 2011; accepted 13 May 2011; published online 1 July 2011.
*
For correspondence (fax +44 1970 622350; e-mail lum@aber.ac.uk).

SUMMARY
In Arabidopsis, resistance to the necrotrophic fungus Botrytis cinerea is conferred by ethylene via poorly
understood mechanisms. Metabolomic approaches compared the responses of the wild-type, the ethyleneinsensitive mutant etr1-1, which showed increased susceptibility, and the constitutively active ethylene
mutants ctr1-1 and eto2 both exhibited decreased susceptibility to B. cinerea. Fourier transform–infrared
(FT-IR) spectroscopy demonstrated reproducible biochemical differences between treatments and genotypes.
To identify discriminatory mass-to-charge ratios (m/z) associated with resistance, discriminant function
analysis was employed on spectra derived from direct injection electrospray ionisation-mass spectrometry on
the derived principal components of these data. Ethylene-modulated m/z were mapped onto Arabidopsis
biochemical pathways and many were associated with hydroxycinnamate and monolignol biosynthesis, both
linked to cell wall modification. A high-resolution linear triple quadrupole-Orbitrap hybrid system confirmed
the identity of key metabolites in these pathways. The contribution of these pathways to defence against
B. cinerea was validated through the use of multiple Arabidopsis mutants. The FT-IR microspectroscopy
indicated that spatial accumulation of hydroxycinnamates and monolignols at the cell wall to confine disease
was linked ot ethylene. These data demonstrate the power of metabolomic approaches in elucidating novel
biological phenomena, especially when coupled to validation steps exploiting relevant mutant genotypes.
Keywords: metabolomics, Botrytis cinerea, ethylene, defence.

INTRODUCTION
Plant interactions with pathogens are characterised by a
deployment of chemical signals and highly coordinated
reprogramming of metabolites (Allwood et al., 2008).
A metabolomic approach, describing the low-molecularweight compounds (Fiehn et al., 2000a,b; Fiehn, 2002), could
represent the most appropriate approach to define key
defence responses. The necrotrophic pathogen Botrytis
cinerea has a wide host range (Jarvis, 1977; Staats et al.,
2005), including the model plants Arabidopsis thaliana and
Solanum esculentum, and its interactions with both have
852

been extensively characterised (van Kan, 2006; Choquer
et al., 2007). The cell wall is emerging as a significant influence on the outcome of interactions between B. cinerea and
its host. The increased expression of genes encoding
enzymes of the phenylpropanoid biosynthetic pathways,
including phenylalanine ammonia-lyase (pal) 1, pal2 and
ferulate-5-hydroxylase 1 (fah1) (Ferrari et al., 2007) and in
lignin biosynthesis (Rowe et al., 2010) have been noted.
Phenylpropanoid units contribute towards the derivation
of three monolignol monomers – p-coumaryl, coniferyl and
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sinapyl alcohol – which are incorporated into lignin in the
form of p-hydroxyphenyl (H), guaiacyl (G) and syringal (S),
respectively (Boerjan et al., 2003). Cell wall modification and
increased activity of lignification enzymes occur during nonhost resistance to B. cinerea in wheat, narcissus bulbs and
carrot (Maule and Ride, 1976; Garrrod et al., 1982; O’ Neill and
Mansfield, 1982; Mitchell et al., 1994). Enzymes involved in
monolignol biosynthesis, including putative cinnamoyl-CoA
reductases increase in Arabidopsis inoculated with B. cinerea (Ferrari et al., 2007). More recently, it has been shown that
increased activity of type III cell wall peroxidases, presumably
influencing the degree of crosslinking, heightened resistance
to B. cinerea (Ramı́rez et al., 2011). Characterisation of the
reduced wall acetylation (rwa2) mutant showed that polysaccharide acetylation aided development of B. cinerearelated disease. Thus, the plant cell wall exerts a complex
influence on the interactions of B. cinerea with its hosts.
Although strain-specific host responses to B. cinerea have
been described (Rowe et al., 2010), resistance against
B. cinerea is thought to be influenced by ethylene (Penninckx et al., 1996; Thomma et al., 1999; Zimmerli et al., 2001;
Berrocal-Lobo et al., 2002). Resistance of Arabidopsis to
B. cinerea requires a functional ethylene signal transduction
component, EIN2 (Thomma et al., 1999), whilst suppression
of the ETR1 receptor in tobacco (Nicotiana tabacum) reduced
resistance to B. cinerea (Knoester et al., 1998). Botrytis
cinerea-induced ethylene production is dependent on mitogen-activated protein kinase (MAPK) 3 and 6 (Han et al.,
2010), whilst defensive signalling against B. cinerea involves
MAPK3, )6 and MAPK phosphatase 2 (MKP2; Lumbreras
et al., 2010). Transcriptomic experiments indicated that at
least 30 ethylene-regulated transcription factors are induced
by B. cinerea infection (AbuQamar et al., 2006). Increased
resistance against B. cinerea was observed if the ethyleneresponse factors (ERF) ERF1 or ORA59 were induced
(Berrocal-Lobo et al., 2002; Pré et al., 2008). Further, WRKY33,
a key regulatory component of the response of Arabidopsis
to B. cinerea, infection was weakly induced by the ethylene
precursor ACC [1-aminocyclopropane-1-carboxylic acid
(Zheng et al., 2000)]. Nevertheless, the mechanisms of
ethylene-mediated resistance remain poorly defined.
We employed metabolomic approaches to identify the
mechanisms of ethylene-mediated resistance against
B. cinerea strain IMI169558 in Arabidopsis, by comparing
metabolite profiles in three ethylene mutants; the ethyleneresistant etr1-1 receptor mutant (Bleecker et al., 1988), a
mutant in the MAPKKK negative regulator constitutive
triple response 1 (ctr1-1) (Kieber et al., 1993) and the
biosynthetic ethylene overproducer eto2 mutant (Vogel
et al., 1998). Metabolite fingerprinting and profiling coupled with data analysis identified analytes linked with
ethylene-mediated resistance. Modulated metabolites were
mapped onto Arabidopsis biochemical pathways, suggesting that important unsuspected sources of resistance were

associated with hydroxycinnamate and monolignol metabolism. Key metabolites were confirmed using a highresolution linear triple quadrupole (LTQ)-Orbitrap hybrid
system. Functional, rather than correlative (for example
with gene expression), validation was a major objective of
this project, and specific mutants in these pathways
showed altered resistance to B. cinerea. In addition, Fourier transform–infrared (FT-IR) imaging correlated metabolite changes with mutant susceptibility. Thus, with no
a priori assumptions, metabolomic approaches successfully identified sources of ethylene-mediated resistance to
B. cinerea.
RESULTS
Elucidating the key cytological events in ethylene-mediated
defence against B. cinerea
As metabolomic changes reflect cytological and physiological events within the host, key microscopic and macroscopic events during the interaction of B. cinerea with Col-0
and the ethylene mutants etr1-1, eto2 and ctr1-1 were
compared. On all plant genotypes (Table 1) B. cinerea
conidia germinated within 6 h post-infection (hpi; as represented by Col-0 in Figure 1a). Hyphal elongation occurred at
the same rate in all genotypes (Figure S1). The formation of
appressorial-like swollen tips was similar in all genotypes,
with the exception of ctr1-1 where these were slightly less
prominent after 24 h (Figure S2i). Thin infection hyphae
which formed in planta (Figure 1b) were first noted after
24 hpi and did not differ between the genotypes
(Figure S2ii). Some hyphae did not differentiate into specialised structures (Figure S2iii) but were still associated with
localised host cell death (Figure 1c). Clusters of B. cinerea
hyphae formed in all genotypes as infections progressed
(Figure 1d). One of the first visible host responses was host
autofluorescence localised to the infection region (Figure S2iv), suggesting phenolic deposition, where there was
a significant (P < 0.001) increase in ctr1-1 and eto2 compared with Col-0. At 24 hpi etr1-1 was the first to exhibit local
water-soaking (Figure 1e) and all subsequent cytological
events were more rapid in etr1-1 than with Col-0, eto2 or
ctr1-1. Trypan blue staining indicated single cell death
(Figure 1c) to first occur at about 24 hpi and was more
prominent in etr1-1 than the other genotypes (data not
shown). Conidiophore formation (Figure 1f,g) started at
about 48 hpi, independent of genotype.
A semi-quantitative scoring scheme was developed to
describe the variation in lesion phenotypes (Table S1 in
Supporting Information). Symptoms associated with resistance were given positive arbitrary scores dependent on the
degree of the response (Figure 1h,i), whilst symptoms of
susceptibility were given negative scores in proportion to
their severity (Figure 1j,k). This scheme was applied to Col-0
and ethylene mutants infected with B. cinerea and displayed
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Table 1 Arabidopsis genotypes used in this study
Abbreviated
name

Ecotype

Columbia 0
Wassileskija
Ethylene
response 1
Ethylene
overproducer 2

Col-0
Ws-2
etr1-1

Col-0
Ws-2
Col-0

eto2

Col-0

Constitutive
triple response 1

ctr1-1

Col-0

Underinducer after
pathogen and stress

ups1-1

Col-0

Constitutively
induced resistance 3

cir3-1

Col-0

Reduced epidermal
fluorescence 1

ref1-3

Ws-2

Aldehyde dehydrogenase
(sinapaldehyde
dehydrogenase)

Reduced epidermal
fluorescence 3
Reduced epidermal
fluorescence 4
Ferulate-5-hydroxylase 1

ref3-2

Col-0

cinnamate-4-hydroxylase

ref4-4

Col-0

fah1-2

Col-0

Possibly at beginning of
phenypropaniod pathway
ferulate-5-hydroxylase (F5H)

Production of
anthocyanin pigment 1

pap1-D

Col-0

PAP1 MYB transcription
factor

Sinapoyl glucose
accumulator 1
Bright trichomes 1

sng 1-5

Ws-2

brt1-1

Col-0

Sinapoylglucose: malate
sinapoyl-transferase
sinapic acid: UDPG
glucosyl-transferase

Name

Mutated gene product

Phenotype

References

ETR1: Ethylene receptor

Wild type
Wild type
Ethylene insensitive

Chang et al. (1993)

1-aminocyclopropane1-carboxylate
synthase 5
Constitutive triple
response 1
(CTR1); kinase

with hierarchical cluster (HCA) analysis, which also included
cir3-1 and ups1-1 (Figure 1l), respectively, mutants displaying greatly increased and decreased resistance to B. cinerea
(Murray et al., 2005). Appropriately both eto2 and ctr1-1, as

Constitutive ethylene production,
constitutive triple response

Vogel et al. (1998)

Constitutive triple response;
very small rosette leaves;
short inflorescence; expression
of ethylene-regulated genes;
encodes a serine/threonine
protein kinase (related
to Raf family)
Reduced expression of
phosphoribosylanthranilate
transferase, a tryptophan
biosynthetic enzyme;,
greatly reduced camalexin
accumulation after infection
with Pseudomonas syringae
or Botrytis cinerea
Constitutive expression of the
marker gene PR-1::luciferase
in the absence of pathogen
infection; enhanced resistance
to the necrotrophic pathogen
Botrytis cinerea
Reduced ferulate and cell-wall
bound ferulic acid, and sinapate
esters, no alteration in
lignin content
Reduced sinapate esters and
reduced total lignin content
Reduced sinapoylmalate and
reduced total lignin content
Altered phenylpropaniod
metabolism; reduced
sinapoyl malate, sinapoyl
choline and syringyl lignin
(accumulates only guaiacyl
lignin)
Enhanced expression of pal, chs,
dihydroflavonol reductase, and
glutathione S-transferase.
Increased lignin, wall-bound
hydroxycinnamic acid esters,
flavonols and anthocyanins
Excess sinapoylglucose

Kieber et al. (1993)

Elevated levels of sinapate
esters. reduced Sinapoylmalate,
no alteration in lignin content

Denby et al. (2005)

Murray et al. (2005)

Nair et al. (2000)

Ruegger and Chapple
(2001)
Ruegger and Chapple
(2001)
Ruegger et al. (1999)

Borevitz et al. (2000)

Lorenzen et al. (1996)
Sinlapadech et al.
(2007)

elevated resistance mutants, appeared on the same cluster
as cir3-1, whereas etr1-1, where ethylene signalling is
compromised as is resistance to B. cinerea, closely clustered
with ups1-1.
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cir3-1
- **
ctr1-1 **
eto2 *
Col-0
etr1-1 **
ups1-1 **
Euclidean distance

0

0.614

1.227

1.841

Figure 1. Microscopic and macroscopic analysis of the Botrytis cinerea: Arabidopsis interaction.
Five-week-old Col-0, etr1-1, eto2 and ctr1-1 were inoculated with 5 ll droplets of 1 · 105 B. cinerea spores ml)1 in 2.4% potato dextrose broth (PDB) maintained at
24C with an 8 h photoperiod (80 lmol m)2 sec)1) and 50–80% relative humidity. Samples were stained using Trypan blue or aniline blue for microscopic
observation. Lesions were also scored using a semi-quantitative scoring scheme and photographed. Key morphological features of interest are indicated by arrows.
Bar 20 lm.
(a) Typical asynchronous germination and hyphal elongation 6–12 h post-inoculation (hpi).
(b) Elongated hypha with multiple tips at 48 hpi.
(c) Single-cell death showing granular cytoplasm at 72 hpi (eto2).
(d) Colonisation of the host surface on the leaves at 48 hpi, with little cell death.
(e) Water soaking in the inoculation area (etr1-1 at 24 hpi).
(f) Conidiophore formation and progressive cell death at 72 hpi.
(g) Conidiophore formation at 96 hpi.
(h) Small non-penetrative resistant site: non-necrotic lesion, irregular in shape and smaller than the inoculation drop, with one to three attempted penetration sites
but no actual penetration through the leaf surface (eto2 at 36 hpi).
(i) Large non-penetrative resistant site: non-necrotic lesion as (h) but with more than three attempted penetration sites, approximately the size of the inoculation
drop (eto2 at 48 hpi).
(j) Small necrotic susceptibility lesion, circular in shape, less than the size of the inoculation drop and cuticle penetration.
(k) Large necrotic susceptibility lesion larger than (j) with pronounced chlorosis closely associated with the lesion (etr1-1 at 72 hpi).
(l) Hierarchical clustering analysis of the symptom development over 96 h on leaf 7 or 8 of 5-week-old Col-0, etr1-1, eto2 and ctr1-1 and the additional mutants ups1-1
and cir3-1 described in Table 1. Green indicates more resistant responses and positive scores, while the red denotes susceptibility and negative scoring.
Significance levels compared with wild-type controls at two or more time points are indicated (**P < 0.001; *P < 0.01).

Responses to B. cinerea infection were related to ethylene
production, as revealed by photoacoustic laser detection
(Figure 2). All uninfected genotypes showed the same basal

level of ethylene emanation, so only data for Col-0 are
included in Figure 2. Ethylene production within infected
Col-0 first increased at 18–24 hpi and peaked at 24–36 hpi,
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Figure 2. Ethylene emanation from Col-0, etr1-1, eto2 and ctr1-1, after
Botrytis cinerea infection.
Ethylene emanation [nmol h)1 g)1 fresh weight (FW)] from Col-0, etr1-1, eto2
and ctr1-1 with a continuous airflow at a rate of 1.5 L h)1, after infection with
180 ll of 1 · 105 spores ml)1 B. cinerea and controls with potato dextrose
broth (PDB) (Col-0 only, as there were no differences in the ethylene
emanation between the genotypes treated with PDB).

prior to the formation of visible lesions (‡48 hpi; Figure 2).
The eto2 and ctr1-1 mutants exhibited higher rates of
ethylene production between 24 and 36 hpi (data not
shown) but were lower in value, most likely reflecting the
smaller lesion sizes. The infected etr1-1 mutant displayed
enhanced ethylene accumulation peaking at about 42–
46 hpi, correlating with increased lesion sizes but also
reflecting loss of autoinhibitional control of ethylene
production (Lund et al., 1998). Thus, inducible ethylene
defences are displayed after 24 hpi.
Targeting ethylene-regulated changes in the metabolome
A hierarchy of metabolomic approaches was employed to
assess metabolite changes during the interaction. Col-0,
etr1-1, eto2 and ctr1-1 were spray inoculated with 180 ll of
1 · 105 spores ml)1 B. cinerea in potato dextrose broth
(PDB) per 5-week-old rosette. This approach ensured nearuniformity of response by each leaf. Symptom development
in each genotype followed the same trends as when infected
using spore suspension droplets (data not shown). Samples
were taken over a time-course representing ungerminated
conidia (0 hpi), hyphal elongation (12 hpi), production of
infection structures and increased ethylene production
(24 hpi) and initial symptoms (48 hpi).
A FT-IR analysis of homogenised leaf material was
employed to establish if reproducible results from each
experimental class had been obtained. Unsupervised
principal components (PCs) analysis (PCA) could not separate between FT-IR absorbance spectra of the different
classes; hence, supervised PC discriminant function analysis
(PC-DFA) was performed on the PCs. The data were

validated by the independent projection of test biological
replicates for each experimental class into the PC-DFA space
of the trained replicates (as detailed in Allwood et al., 2006).
Due to the complex experimental design, validated PC-DFA
was performed at each time point. Genotypic-specific
differences were observed at 12 hpi and all subsequent
time points. For brevity, models for only one time point are
shown (24 hpi; Figuer 3a). At 24 hpi infected etr1-1 and ctr11 were biochemically different from their uninfected controls
and uninfected and infected samples of eto2 and wild-type
Col-0 (circled, Figure 3a).
Polar and non-polar phases were extracted from samples
and profiled by direct injection electrospray ionisation-mass
spectrometry (DI-MS) operating in the negative ion mode
(example spectra are given in Figure S3). The PC-DFA
revealed clear discriminatory clustering between the experimental classes over time. Figure 3(b,c) display exemplar
validated PC-DFA models for polar and non-polar metabolite extracts, respectively, at 24 hpi. It was not possible to
discriminate between the polar extracts of uninfected
samples (circled, Figure 3b), but infection allows the resolution of genotype-specific responses, particularly those of
ctr1 and eto2. With the non-polar extracts, the uninfected
controls could be discriminated into a Col-0 and etr1-1
group and a constitutive ethylene responding group (separately circled in Figure 3c). In both Figure 3(b,c) responses
to infection were the major sources of variations (i.e.
described in PC-DF1). Although, PCA and PC-DFA models
can illustrate differences in datasets they cannot provide a
measure of their significance. We have previously used
multivariate analysis of variance (MANOVA) which parallels
the more familiar univariate analysis of variance (ANOVA) to
describe metabolite changes during sample storage (Johnson et al., 2007). Applying MANOVA to these present data
established significant (P < 0.001) differences for major
effects as well as (P < 0.01) first order [Genotype
(G) · Infection (I), G · Time (T), I · T] but not second order
interactions (G · I · T) (Table S2). Thus, multivariate
approaches demonstrate that reproducible genotypespecific responses to infection were obtained which were
subsequently examined in more detail.
Identification of possible ethylene-associated
discriminatory biosynthetic pathways
Discriminatory m/z values which contributed to the variance
induced by B. cinerea infection at each time point were
identified using a multistage stage process to identify
sources of variation associated with ethylene mediated
effects (Table S2; see Experimental Procedures and also
Figure S4 for details). This involved identifying in turn m/z
associated with baseline genotypic variation, infection and
changes over time based on a series of PC-DFA models
(data not shown). The significance (P < 0.05) of the
differences in the subtracted dataset was tested by two-way
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Figure 3. Principal component-discriminant function analysis (PC-DFA) of
Fourier transform–infrared (FT-IR) and direct injection electrospray ionisationmass spectrometry (DI-MS) data from Col-0, etr1-1, eto2 and ctr1-1, post
Botrytis cinerea infection.
Col-0 (w), etr1-1 (e), eto2 (t) and ctr1-1 (c) were spray inoculated with 180 ll of
1 · 105 spores ml)1 of B. cinerea in potato dextrose broth (PDB) (*inoculated
with B. cinerea) and controls were inoculated with PDB (no asterisk). Plants
were maintained at 24C with an 8-h photoperiod (80 lmol m)2 sec)1 and 50–
80% relative humidity). At 0, 12, 24 and 48 h post-inoculation (hpi), leaf
material from three individual plants was pooled together for each treatment · genotype combination.
(a) FT-IR spectroscopy measured the absorbance over 4000–600 cm)1 and
after pre-processing steps, PC-DFA models were created. Each model was
validated by the independent projection of biological replicates from each
experimental class (the test data set; blue) into the PC-DFA space of their
remaining replicates (the training data set; red). Successful superimposition
of the datasets indicated the validity of the cluster analysis. Only 24 hpi is
shown as an example. (ai) Validated two-dimensional PC-DFA model of PCDF1 versus PC-DF2 [17 PCs; 99.69% of the total explained variance (tev)] and
(aii).
For metabolite profiling the (b) polar and (c) non-polar phases were separated
and run in negative mode DI-MS over the m/z range 100–1400. The data were
binned to unit mass, normalised to percentage total ion count, and then
analysed by PC-DFA. Only 24 hpi is shown as an example. Validated PC-DFA
model of DI-MS data for PC-DF1 against PC-DF2 for polar (seven PCs 99.116%
of tev) and non-polar extractions (nine PCs; 91.95% of tev). The grey circles are
of no mathematical significance and are used to indicate uninoculated
samples.

0.15

ANOVA of non-averaged infected and control spectra. The
final discriminatory lists of consisted of polar and non-polar
metabolites were prominent in the lists for PC-DFA loading
vectors (designated ‘d’) and following ANOVA subtraction
spectra (designated *). The validity of this multistage
approach was illustrated by a dendrogram and associated
heat map for discriminatory polar metabolites which
exhibited patterns associated with increased and decreased
susceptibility (Figure S5). Discriminatory and significantly
modulated m/z were tentatively identified using TAIR
AraCyc (http://plantcyc.org/) and KEGG databases (http://
www.genome.jp/kegg/), and mapped onto known Arabidopsis biochemical pathways. Key pathways were targeted if
they contained a number of discriminatory metabolites
which responded in one manner in eto2 and ctr1-1 and in
the opposing manner in etr1-1 (Table S3).
The targeted pathways are indicated schematically in
Figure 4 including: (i) phenylpropanoid biosynthesis – especially hydroxycinnamate biosynthesis, (ii) monolignol biosynthesis, and (iii) tryptophan metabolism. As an example,
m/z data mapped onto phenylpropanoid and monolignol
biosynthetic pathways are shown in Figure S6. It should be
noted that salicylic acid biosynthesis, not thought to be
important in early responses to B. cinerea, did not appear
highly discriminatory (Table S3).

Confirmation of key metabolites within the
phenylpropanoid pathways
Targeted phenylpropanoid biosynthesis, and especially
hydroxycinnamate biosynthetic pathways, have been
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Shikimate

Chorismate

Indoles-IAA,
camalexin,
glucosinolates

L-tryptophan

Figure 4. Tentative identifications – metabolic
maps.
A key was applied to summarise the discrimination and significance of biosynthetic pathways,
permitting key possibly ethylene-mediated pathways to be identified. The actual percentages on
which these maps were derived are given in
Table S3.

L-phenylalanine
Coniferyl alcohol
(G-unit)

H-unit
Coniferyl
aldehyde

4-coumarate
Ferulate

Sinapyl alcohol
(S-unit)

Sinapate and esters

= The biosynthetic pathway for all of the mutants showed a d* value of <25%
compared with Col-0
= The biosynthetic pathway for at least one of the mutants showed a d*
value of >25 <50% compared with Col-0, in addition to opposite changes
in accumulation seen by the mutants and with Col-0
= The biosynthetic pathway for at least one of the mutants showed a d*
value of >50% compared with Col-0, in addition to some opposite changes
in accumulation seen by the mutants and with Col-0

associated with cell wall modifications so that this could be
important in resistance. Hence, these pathways were the
focus of our further studies. A high-resolution LTQ-Orbitrap
hybrid system and tandem MS were used to confirm key
metabolites in these pathways (Table S4). High-resolution
LTQ-Orbitrap
unambiguously
confirmed
shikimate
(Figure 5ai standard; 5aii sample) and phenylalanine
(Figure 5bi,ii) by determination of the accurate mass. These
m/z, with appropriate standards, were subjected to tandem
MS, and the fragment ions were compared (Figure 5ci
standard; 5cii sample; Figure S8ai standard; S8aii sample).
Ferulate (Figure 5di,ii) and sinapate (5ei, ii) were both
unambiguously confirmed with the LTQ-Orbitrap and
tandem MS (Figure S8bi standard; S8bii sample; S8ci
standard; S8cii sample). The monolignol precursor sinapyl
alcohol was verified using the LTQ-Orbitrap (Figure 5fi
standard; 5fii sample) and tandem MS (Figure S7di,ii).
However, the tandem MS fragmentation spectra indicated
a mixture of sinapyl alcohol and another compound of a
similar molecular mass, possibly jasmonic acid. A summary of the metabolites confirmed is shown in Table S2.
Thus, some key metabolites which are differentially accumulating in ethylene signalling mutants (Figure S5) during
infection with B. cinerea have been confirmed to be associated with the biosynthesis of hydroxycinnamate and
monolignol.

Spatial reprogramming towards defence lignin during
a resistant response
To confirm that monolignol reprogramming played a major
role in defence against B. cinerea, the responses of Arabidopsis monolignol biosynthetic mutants to attack by this
pathogen were assessed (Table 1). These included ref3-2,
with reduced sinapate esters and guaiacyl and syringyl
residues (Ruegger and Chapple, 2001) and fah1-2, with
reduced sinapate esters and no detectable syringyl residues
(only guaiacyl residues) (Ruegger et al., 1999). Also the
transgenic line pap1-D was employed, with enhanced
expression of pal, dihydroflavonol reductase and glutathione S-transferase, resulting in increased lignin and wallbound hydroxycinnamic acid esters (Borevitz et al., 2000).
Compared with Col-0, ref3-2 showed significantly increased
susceptibility at later time points (48 hpi) while fah1-2
showed early (24 hpi) susceptibility (Figure 6a). Within the
HCA these closely clustered with etr1-1 and upsl-1 with
pap1-D line significantly more resistant than Col-0. Considering that monolignols were differentially accumulating in
ethylene mutants these data, suggesting that these
metabolites were sources of resistance, implicate them as a
source of resistance.
To further investigate this hypothesis, FT-IR microspectroscopy was employed to spatially image metabolites
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Figure 5. Confirmation of key metabolites within discriminatory pathways.
Linear triple quadrupole (LTQ)-Orbitrap accurate mass spectra of (ai) shikimate standard; (aii) shikimate in an eto2 sample 48 h post-inoculation (hpi) with Botrytis
cinerea and of (bi) phenylalanine standard; (bii) phenylalanine in etr1-1 48 hpi; tandem-MS spectra of (ci) shikimate standard; (cii) shikimate in eto2 48 hpi.; LTQOrbitrap mass spectra of (di) ferulate standard; (dii) ferulate in Col-0 48 hpi; (ei) sinapate standard; (eii) sinapate in eto2 48 hpi; (fi) sinapyl alcohol standard and (fii)
sinapyl alcohol in Col-0 48 hpi.

during infection of Col-0, etr1-1 and eto2 at 24 hpi
(pre-lesion formation) with B. cinerea. ctr1-1 mutant plants
were not included due to their small size and occasional

tendency to exhibit necrotic flecking. The FT-IR images were
integrated over the wavenumbers 3400–3300 cm)1, representing the hydroxyl groups in phenolic and aliphatic
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(a)

syringyl-type lignin compared with Col-0, showed increased
absorbance around the lesion (Figure 7d LI; IR). This may
indicate that syringyl-type lignin in particular is important
for successful defence against B. cinerea. Imaging PDB
treated controls verified that the increased lignin absorbance was not an artefact of the PDB.
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Figure 6. Symptoms in phenylpropanoid and monolignol biosynthetic
mutants following Botrytis cinerea infection.
Hierarchical clustering analysis (as Figure 1l) of the symptom development of
Col-0, etr1-1, eto2 and ctr1-1, the standard mutants cir3-1 and ups1-1 and
phenylpropanoid and lignin composition mutants (described in Table 1),
caused by 5 ll droplets of 1 · 105 B. cinerea spores ml)1 in potato dextrose
broth. Green indicates resistant responses and positive scores, while red
denotes susceptibility and negative scoring: (a) lignin composition mutants;
(b) phenylpropanoid mutants. Significance levels compared with wild-type
controls (either Col-0 or Ws-2) at two or more time points are indicated
(**P < 0.001; *P < 0.01).

structures in lignin (Boeriu et al., 2004). The resultant
chemical images were illustrated in false colours representing relative IR absorption. Col-0 tissue showed a slight
increase in absorbance over these wavenumbers in the
vicinity of B. cinerea attack and in the leaf veins [Figure 7ai
light image (LI); 7aii IR image (IR)], while markedly, etr1-1
showed no increased absorbance (Figure 7b LI; IR). The
localised absorption of this region was most prominent in
eto2 (Figure 7c LI; IR), which showed increased absorption
in the tissue surrounding the inoculated site compared with
Col-0. Also examined were pap1-D, fah1-2 and ref3-2. The
pap1-D line showed a similar increase in lignin absorbance
as eto2 (Figure 7e LI; IR), which was in agreement with its
recorded ability to accumulate increased syringyl-type
lignin. By contrast fah1-2, with no detectable syringyl-type
lignin, showed similar trends to etr1-1, with very little
increased absorbance upon infection (Figure 7f LI; IR),
correlating with dramatically reduced resistance. Interestingly, ref3-2, which can only accumulate low levels of

ref1-3, with reduced cell-wall-bound ferulate (Nair et al.,
2004), showed enhanced early susceptibility to B. cinerea
compared with Col-0 (Figure 6b). However, ref1-3 also
accumulated reduced concentrations of sinapate esters,
which may have influenced its susceptibility. Other mutants
with reduced sinapate esters included: ref4-4, with reduced
sinapoylmalate (Ruegger and Chapple, 2001); sng1-5, which
only accumulated sinapoylglucose (Lehfeldt et al., 2000);
and brt1-1, which had reduced sinapoylmalate (Sinlapadech
et al., 2007). These all exhibited increased susceptibility to
B. cinerea compared with the wild-type (Figure 6b). FT-IR
microspectroscopy imaged ferulate in situ, focusing on a
characteristic absorption region of 3470–3430 cm)1. Col-0
tissue showed an increase in absorbance 24 hpi (Figure 8ai
light image; 8aii IR image), while significantly, etr1-1 showed
little increased absorbance around the infection site
(Figure 8b LI; IR). An increase in absorbance was most
prominent in eto2 (Figure 8c LI; IR). Both pap1-D and ref1-3
were also examined by imaging, where pap1-D showed a
similar increase in absorbance as eto2 (Figure 8d LI; IR), and
ref1-3 showed the same trends as etr1-1, with very little
absorbance upon infection (Figure 8e LI; IR). Again, controls
verified that the increased absorbance was not an artefact of
PDB (data not shown). Hence, the increased IR absorbance
associated with ferulate correlated with the levels of resistance to B. cinerea.
DISCUSSION
Botrytis cinerea contributes to significant losses in plant
production, thus there is a need to characterise mechanisms
of resistance against this pathogen. Work based on Arabidopsis ethylene mutants demonstrated that ethylene mediates resistance against necrotrophic pathogens (Thomma
et al., 1998, 1999). Similarly, overexpression of ERF1 or the
ethylene-influenced ORA59 transcription factor conferred
resistance to B. cinerea (Berrocal-Lobo et al., 2002; Pré et al.,
2008). This paper describes the characterisation of ethylenemediated resistance in Arabidopsis against B. cinerea at a
metabolomic level. Many groups have realised that metabolomic analyses provide clear ‘functional’ information of
how a plant responds during attack (Allwood et al., 2008),
and that there are instances where gene transcription and
metabolite levels are poorly correlated (Rowe et al., 2010).
A growing number of metabolomic studies have been published (Choi et al., 2004; Allwood et al., 2006; Choi et al.,
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Figure 7. Spatial imaging targeting the hydroxyl groups in phenolic and aliphatic structures in lignin.
Light (i) and (ii) corresponding Fourier transform–infrared (FT-IR) images targeting 3400–3300 cm)1 (Boeriu et al., 2004): (a) Col-0; (b) etr1-1; (c) eto2; (d) ref3-2;
(e) pap1-D and (f) fah1-2, 24 h post-infection (hpi). The arrows denote areas of interest, where (1) shows the fungal material; (2) the plant response and (3) plant vein.
Bar = 50 lm. The colour bar map represent the intensity of the IR signal absorbed, white–pink–red showing high and blue showing low. The FT-IR image was
collected using a 64 · 64 focal plan array (FPA) detector, generating 4096 spectra giving a spatial resolution of about 4 lm (whilst we of course recognise that this is
effectively diffraction limited at 10 lm).

2006; Abu-Nada et al., 2007; Parker et al., 2009; Allwood
et al., 2010; Ward et al., 2010). This current study adopts the
multi-platform approach to understand metabolite changes
that we have previously used (Allwood et al., 2006), but also
establishes biological validation as a key step in metabolomic studies.
Microscopic analyses suggested that although germination and hyphal growth were rapid (>6 hpi; Figure 1a), actual
host penetration occurred >24 h (Figures S1 and S2). Also,
although cell autofluorescence was seen in eto2 and ctr1-1
within 12 hpi, cell death was not prominent until 24–48 hpi.
Ethylene emanation increased >18 hpi, correlating with the
formation of infection structures and, presumably, host
penetration. Hence, it is likely that ethylene-induced defence
acts from this point onward.
A key aspect of our strategy was to correlate cytological
events with metabolomic changes. We related effects to
ethylene using ethylene mutants but acknowledge that

some of the infection phenotypes could be associated with
developmental effects accumulated during the plant’s lifetime. The PC-DFA models based on FT-IR fingerprints
demonstrated reproducibility within experimental classes,
and discriminated between genotypes upon attack as early
as 12 hpi, preceding noticeable cytological changes (Figure 3a). Our MS-based metabolomics platform yielded
information-rich spectra and, with PC-DFA, showed clear
discriminatory clustering between classes (Figure 3b). The
m/z values contributing to the variance induced by B. cinerea infection were selected by identifying the most influential analytes associated with class discrimination within the
models. As in microarray analyses (Brazma et al., 2001)
ANOVA was also applied to confirm differences between
experimental classes. The ‘pathway mapping approach’
effectively added another selection criterion, targeting
whole pathways rather than individual metabolites. Accepting that there are difficulties in unambiguously identifying
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Figure 8. Spatial imaging targeting the key ferulate wavenumbers.
Light (i) and (ii) corresponding Fourier transform–infrared (FT-IR) images targeting 3470–3430 cm)1: (a) Col-0; (b) etr1-1; (c) eto2; (d) pap1-D and (e) ref1-3, 24 h postinfection (hpi). The arrows denote areas of interest, where (1) shows the fungal material; (2) the plant response and (3) plant vein. Bar = 50 lm. The colour bar map
represents the intensity of the IR absorption.

metabolites based on DI-MS data, through binning fractional
m/z ratios to the nearest integer m/z (Dunn et al., 2005) we
reasoned that: (i) the concentration of metabolites forming
ethylene-mediated biochemical pathways would differ
greatly between wild-type and mutants, and (ii) that it was
unlikely that a series of metabolites forming a discriminatory
pathway would occur by pure chance. Hence, pathways
containing a large number of discriminatory m/z were
analysed further (Figure 4). Selection was also biased
towards pathways which changed early in the infection
process where living host cells would aim to reduce fungal
penetration, rather than any post-necrotic ‘containment’
phase.
Our confirmatory MS platforms included the LTQ-Orbitrap
hybrid system which identified metabolites based on highaccuracy mass measurements and tandem MS analysis,
which involved comparing fragmentation patterns of
metabolites with those of standards. The concentration of
many of the metabolites in the samples did not allow further
fragmentation of product ions (MS3), which can provide
greater confidence in identification. It was not feasible to
confirm all the m/z within each discriminatory pathway due

to a lack of representative standards. Importantly, other
crucial validation methods included spatial metabolite
observations and symptom screening of mutants after
attack.
Our unbiased metabolomic analyses indicated the
importance of phenylpropanoid metabolism which underlined the validity of our approach. In Arabidopsis, the
expression of numerous genes involved in phenylpropanoid
biosynthesis is influenced by ethylene (Schenk et al., 2000;
van Zhong and Burns, 2003) and also B. cinerea infection (Ferrari et al., 2007). A novel finding was that
ethylene-influenced phenylpropanoid metabolism fed into
hydroxycinnamate biosynthesis, e.g. ferulate, which we
hypothesised was rapidly incorporated within cell walls
upon attack. This is highly probable as ferulate has a
well-established role in the formation of ester-linked,
ferulate-dimers which can cross-link cell wall polysaccharides, forming an enhanced structural barrier. Upon infection with Fusarium proliferatum, wheat sheaths increase the
deposition of wall-bound ferulate-dimers (Ishii, 1991; Ralph
et al., 1995; Bishop et al., 2002). Although B. cinerea has
effective pectinolytic machinery (ten Have et al., 2001),
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ferulate dimer cross-linking could reduce the biodegradability of the cell wall (Fry, 1984, 1986). This hypothesis was
substantiated when ref1-3, with reduced free and cellwall-bound ferulate, showed enhanced susceptibility to
B. cinerea compared with the wild-type 24 hpi (Figure 6b).
However, ref1-3 also accumulated reduced sinapate esters,
which was indicated to be a discriminatory pathway (Figure S3). Accurate mass confirmation of sinapate further
strengthened the link between ethylene and sinapate ester
biosynthesis (Figures S5 and 6). Mutants with reduced
sinapate esters, ref4-4 and sng1-5, exhibited increased
susceptibility with B. cinerea compared with the wild-type;
however, ref1-3 showed even greater susceptibility (Figure 6b). Thus, both sinapate and ferulate re-channelling is
involved in ethylene-mediated resistance against B. cinerea.
Ferulate dimers can also serve as sites for lignification
(Ishii, 1991; Ralph et al., 1995). A characteristic response of
plants to pathogen attack is cell wall reinforcement with
‘defence lignin’ (Trockenbrodt, 1994; Stange et al., 2001).
The DI-MS followed by discriminatory m/z selection indicated monolignol biosynthesis as a possible ethylene-mediated defence pathway (Figure S6), with re-channelling of
the precursor, sinapyl-alcohol, in eto2 upon infection.
Previously, FT-IR microspectroscopy has been used to
assess cell wall characteristics (Mouille et al., 2003). Hence,
to further characterise cell wall changes across B. cinerea
attack sites, FT-IR images were integrated over 3400–
3300 cm)1, representing lignin structures (Boeriu et al.,
2004; Figure 7ci,ii). Local accumulation of ‘defence lignin’
was investigated in fah1-2, a syringyl-deficient mutant, and
crucially, decreased resistance correlated with decreased
lignification (Figures 6a and 7fi,ii). In agreement with this,
increased syringyl biosynthetic enzyme activity and the
accumulation of syringyl-type lignin has been shown around
lesion borders during non-host interaction between B. cinerea and wheat (Maule and Ride, 1976).
We also considered how far the trends we observed were
specific to the highly virulent IMI 169558 strain (Thomma
et al., 1999). In an extensive characterisation of jasmonatemediated defence against B. cinerea, which included both
targeted metabolite analyses and transcriptomics, considerable strain-specific variation in responses was noted
(Rowe et al., 2010). For example, with Bc83-2, accumulation
of the phytoalxin camalexin, unlike others, was dependent
on both jasmonate-dependent and -independent signalling.
Further, we particularly noted that Kliebenstein et al. (2005)
failed to detect any significantly enhanced susceptibility to
three different strains of B. cinerea in phenolic biosynthesis
mutants, including fah1. When screening the ethylene (etr11, eto2) mutants and fah1 with 20 B. cinerea strains isolated
from various hosts considerable variation in symptom
development was noted (Figures S9 and S10). Thus, to a
degree, our observations can be considered to be most
relevant to the IMI 169558 strain. To strengthen our conclu-

sions we examined the expression of genes involved in
monolignol and ferulate biosynthesis following inoculation
with a GLUK-1 strain of B. cinerea of isolated Arabidopsis
leaves rather than intact plants (Figure S11). These data
indicated the up-regulation of genes involved in the biosynthesis of ferulate, sinapate and conferyl alcohol. Thus, data
from a different experiment with a different strain with a
different inoculation procedure suggested similar metabolomic changes as observed in our metabolomic approach.
To conclude, we have used metabolomic approaches to
reveal that ferulate and monolignol metabolism appeared to
be major sources of ethylene-mediated resistance against
Botrytis cinerea. Multiple metabolomic platforms coupled
with chemometric analyses can generate defence-related
hypotheses and these can be effectively validated using
spatial metabolite imaging, and crucially, with targeted
mutagenic analyses. We suggest that such a varied
approach augments the value of metabolomic programmes
which focus on highly heterogeneous, dynamic and spatially
varied systems.
EXPERIMENTAL PROCEDURES
Plant material
Unless otherwise stated in the Acknowledgements Arabidopsis
genotypes (Table 1) were obtained from the Nottingham Arabidopsis Stock Centre (NASC) and were in a Col-0 background.
Plants were cultivated as stated in Johnson et al. (2003) in
Lovington Universal compost in trays with 24-compartment
inserts. Plants were maintained in Conviron (Controlled Environments Ltd, http://www.conviron.com/) growth rooms at 24C
with a light intensity of 110 lmol m)2 sec)1 and an 8 h photoperiod for 4 weeks. For ease of treatment, plants were transferred to Polysec growth rooms (Polysec Cold Rooms Ltd, UK;
http://www.polysec.co.uk/), maintained at the same conditions.
Aerial plant parts were treated at the fully expanded rosette stage
at 5 weeks (stage 3.7 as defined by Boyes et al., 2001). At
5 weeks, all genotypes appeared phenotypically normal, with
only slight differences in size, with the exception of ctr1-1 which
was much smaller. Mutant pap-1D plants were purple, indicative
of anthocyanin accumulation.
For the transcriptomic experiment Arabidopsis seeds were stratified for 4 days at 4C prior to planting in soil composed of peat
plugs (Jiffy Products, International AS, Norway; http://www.
jiffygroup.com/) and vermiculite mixed in a ratio of 1:1 (v/v).
A temperature of 21C, relative humidity of approximately 60%
and a photoperiod of 16 h of light (80–120 lmol m)2 sec)1) and 8 h
of dark were maintained in the growth room.

Botrytis cinerea culture and inoculation
The B. cinerea strains used in this study are listed in Table 2,
although this study was almost exclusively based on the grape
IMI169558 isolate (Thomma et al., 1999). Botrytis cinerea was cultured and harvested as stated in Johnson et al. (2007) and diluted
to a concentration of 1 · 105 spores ml)1 in PDB (Formedium, UK;
http://www.formedium.com/uk/index.htm). Plants were inoculated
using two methods. For cytological and imaging investigations,
single leaves (leaf stage 7 or 8 as defined by Boyes et al., 2001) were
inoculated with 5 ll of spore suspension pipetted onto the adaxial
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Table 2 Botrytis cinerea strains used in this study
Strain name

Short name

Source

References

iMi169558
bcd-zinfandel
bo5.10
meap-6g
gallo1
gallo2
grape-vivier
philo-mendo
triple-7
katie-tomato
kgb1
triple-3
fresa-sd
esparto-fresa
framboise-d’or1
framboise-d’or-2
raspberry
apple-s17
Geranium
davis-navel
Molly-rot
rose
Ausubel

iMi
bcd-z
bo5.10
MEAP
GLO1
GLO2
GV
PHM
T7
KT
kgb1
T3
F-SD
EF
FDOR1
FDOR2
RASP
A-S17
Ger
DN
Molly
rose
Aus

Grape
Grape
Grape
Grape
Grape
Grape
Grape
Grape
Tomato
Tomato
Tomato
Tomato
Strawberry
Strawberry
Raspberry
Raspberry
Raspberry
Apple
Geranium
Orange
Orange
Rose
Brassicas

1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

References: 1, Thomma et al. (1999); 2, Kleibenstein et al. (2005).

surface of the leaf. Controls were inoculated with PDB. For the
metabolomic experiments, an airbrush was used to ensure whole
rosette coverage, spraying 4.32 ml of suspension onto a tray (about
180 ll per rosette). Plants remained under Stewart micropropagators to sustain a relative humidity of 50–80% and lightly watered
every 24 h.
For the transcriptomic experiment, infection with B. cinerea was
carried out as in Denby et al. (2004) using the GLUK-1 isolate (Denby
et al., 2004). For the time experiment, 8–10 drops of 10 ll spore
suspension were placed on top of each leaf, whereas in the spatial
experiment a single droplet per leaf was used. Mock-inoculated
leaves had the same number of droplets of inoculation medium
with no spores.

Staining methods
Trypan blue and epifluorescent aniline blue staining was undertaken as described in Routledge et al. (2004).

Photoacoustic laser spectroscopy
Ethylene production was monitored in real-time using a gas
flow-through in-line system fitted with a photoacoustic laser-based
ethylene detector (ETD-300, Sensor Sense B.V.; http://www.sensorsense.nl/), able to detect on-line 300 parts per trillion volume of
ethylene within 5 sec (Cristescu et al., 2008). Gas was regulated by
an automated valve control box (VC-6, Sensor Sense) and ethylene
emanation from each cuvette was alternately monitored for 15 min
(5 sec per acquisition point), at a controlled continuous flow rate of
1.5 L h)1 by flushing with air and preventing accumulation-induced
effects. KOH and CaCl2 scrubbers were incorporated into the system
to remove CO2 and H2O, respectively.
Cuvettes containing plants in soil modules were set up in a Sanyo
environmental test chamber (Sanyo Biomedical; http://us.sanyo.
com/biomedical) and allowed to acclimatise. The airbrush method

was not available at this time, so to ensure maximum coverage;
rosettes were treated with 36 · 5 ll droplets of 1 · 105 spores ml)1
and controls with PDB. A reference cuvette was set up containing
a module of soil, and the low level of background ethylene was
subtracted from experimental cuvettes. Each experiment was
repeated and representative data are shown.

Gene expression profiling using microarrays
Two microarray experiments were carried out. In the time course,
leaves were harvested 24 h after inoculation. Five biological replicates (independently grown and inoculated plants) were used. In
the spatial experiment, leaf discs were cut 0–6 and 6–12 mm from
the edge of the lesion after 48 h. This experiment used three
biological replicates.

Microarray analysis
Total RNA was extracted using a lithium chloride method. A reverse
transcription reaction was performed using 25 lg total RNA and
Superscript III reverse transcriptase (Invitrogen; http://www.
invitrogen.com/) and cDNA purified using RNeasy mini columns
(Qiagen; http://www.qiagen.com/). Samples were labelled with Cy3
or Cy5 (Amersham Pharmacia, http://www.gehealthcare.com/) in
0.1 M NaHCO3 and unincorporated dyes removed using RNeasy
mini columns (Qiagen). Each infected sample was directly compared with the relevant mock sample, including dye swaps within
the experiment.
The Galbraith laboratory Qiagen-Operon long oligonucleotide
microarray slides (version 3) for Arabidopsis (http://www.ag.
arizona.edu/microarray) were used in this study and hybridization
carried out according to their standard protocol. Slides were
incubated in a sealed chamber in a 55C water bath for 8–12 h,
then washed in 2 · SSC, 0.5% (v/v) SDS for 5 min at 55C followed
by 0.5 · SSC for 5 min and 0.05 · SSC for 5 min at room temperature. The slides were scanned using a GenePix scanner 4200A and
intensity data extracted using Genepix version 5.1 (Axon Instruments, http://www.moleculardevices.com/).
The gene expression pattern analysis suite (GEPAS) software
(Herrero et al., 2003) was used for normalisation. Print-tip (LOWESS) normalisation was used and replications within slides were
merged based on average log-transformed ratios. All genes having
more than two missing values across the experiment were not
considered for significance analysis. Using the normalised log
ratios for each array, differentially expressed genes were determined using a one-class t-test of the significance analysis of
microarray (SAM) package (Tusher et al., 2001) with a 5% false
discovery rate.

Fourier transform-infrared (FT-IR) spectroscopy
The airbrush method was employed to inoculate plants. Samples
consisted of infected leaf material (leaf 7 or 8) from three individual
plants pooled together, flash-frozen in liquid N2 and stored at )80C.
Samples were homogenised using a ball mill at a beating frequency
of 30 Hz for 30 sec (in microcentrifuge tubes containing steel ballbearings), under liquid N2 chilled conditions.
The FT-IR reflectance spectra were obtained using a Bruker Vertex
70 (Bruker Optics; http://www.brukeroptics.com/) as described in
Gidman et al. (2003), but using a mercury–cadmium telluride (MCT)
detector to measure sample reflectance. Data were analysed using
MATLAB version 6.5 (MathWorks; http://www.mathworks.co.uk/).
In-house algorithms were used to convert the resultant spectra into
absorbance. The CO2 peaks were replaced with a smooth trend
using an in-house code and the spectra were normalised to total
absorbance (Timmins et al., 1998).
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Direct injection electrospray ionisation-mass spectrometry
(DI-MS)
The extraction procedure followed that of Allwood et al. (2006).
Samples consisted of 40  1 mg of leaf material from three individual pooled plants. Analysis was carried out using DI-MS on a
Micromass LCT mass spectrometer (Micromass/Waters Ltd, http://
www.waters.com/) in negative ionisation mode where metabolites
are singly ionised by the loss of an H+, which has been shown to be
effective for the characterisation of plant extracts (Mattoli et al.,
2006). The polar extracts were reconstituted in 0.25 ml 30% (v/v)
methanol:H2O in 2 ml glass vials with 200 ll inserts (Waters Ltd).
Extracts of 10 ll were introduced by DI at a flow rate of 0.5 ml min)1
in 30% (v/v) methanol:H2O running solvent, using a Harvard 11
syringe pump (Harvard Apparatus Ltd; http://www.harvardapparatus.co.uk/). The conditions employed were as stated in Johnson
et al. (2007). The DI-MS data were acquired over the m/z range 100–
1400 and were imported into MATLAB, binned to unit mass and
then normalised to percentage total ion as stated in Johnson et al.
(2007).

Data analysis
The data analysis pipeline is illustrated graphically in Figure S4.
Multivariate analysis of variance (MANOVA) was used to describe
the significance of different factors in the experimental series as
described in Johnson et al., (2007) and PCA and PC-DFA were used
as described in Allwood et al. (2006) and followed accepted Metabolomics Standards Initiative (MSI) standards (Goodacre et al.,
2007). The PCA reduces the dimensionality of multivariate data
whilst preserving most of the variance following which DFA is used
to discriminate between groups on the basis of the retained PCs and
the a priori knowledge of class structures within the datasets
(MacFie et al., 1978; Windig et al., 1983). This process does not bias
the analysis in any way.
Due to the complex class structure separate PC-DFA models
were generated to specifically identify m/z changing with time,
infection or plant genotype: (i) The PC-DFA plots were constructed at each time point (0, 12, 24 and 48 hpi) for B. cinereatreated material and PDB controls to target infection-associated
m/z. (ii). In the next step derived PC-DFA plots for each individual
genotype (Col-0, etr1-1, eto2 and ctr1-1; over all the time points)
were created with the loading variables to target genotype
associated m/z. (iii) Then PC-DFA plots at separate time
points (12, 24 and 48 hpi) were created for B. cinerea on Col-0,
etr1-1, eto2 and ctr1-1 to target genotypic time-treated changes.
In each case, discriminatory m/z were identified from the loading
vectors, which contributed ‡1 standard deviation (SD) to the
variation.
In a parallel approach, electrospray ionisation spectra for each
replicate were averaged and mean uninfected subtracted from
mean infected spectra for each genotype and time point. The major
m/z changes were ranked whilst ANOVA provided a method for
analysing individual m/z that were significantly different from
uninfected controls and from other genotypes. ANOVA were performed using Minitab (version 12.23), and m/z that appeared to be
significantly different compared with Col-0 (P < 0.05), for each
genotype, at each time point, were determined.
A comparison was made of the lists of discriminatory and
significantly regulated m/z at each step. Those that appeared
discriminatory at all three steps were denoted as ‘d’. Those that
appeared as having significantly different m/z were ‘denoted as ‘*’.
Those that had both discriminatory and significantly different m/z at
all three steps were denoted as ‘d*’.

LTQ-Orbitrap hybrid mass spectrometry
Samples analysed by DI-MS were diluted 50-fold by addition of 80%
(v/v) aqueous methanol. Standards were diluted to 1 mM in 80%
(v/v) methanol:H2O. The LTQ-Orbitrap hybrid mass spectrometry
system (ThermoFisher Scientific; http://www.thermofisher.com/)
was operated in negative ion mode and accurate mass calibration
was achieved using a solution containing sodium taurocholate, sodium dodecyl sulphate and MRFA (Sigma-Aldrich; http://www.
sigmaaldrich.com/). All solutions were infused into the MS system
at a flow rate of 5 ll min)1 using an in-built syringe pump. Accurate
mass measurements were gained by averaging the masses of 30
spectra. Identification of a metabolite was confirmed if the mass of
the molecular ion matched that of the standard within 3 p.p.m.

Tandem MS (electrospray ionisation-MS-MS)
Tandem-MS using collision-induced dissociation was performed in
the LTQ to provide structural information and aid in metabolite
confirmation. Helium was used as a collision gas with an activation
mass width of 1 atomic mass units. The normalised collision energy was optimised for each metabolite to provide an ion response
for the precursor ion of 5–20% of the base peak in the mass
spectrum.

FT-IR microspectroscopy
For FT-IR imaging, whole leaves (leaf 7 or 8) were cleared of chlorophyll with 70% ethanol for 24 h to allow the IR beam to transmit
through the sample. The leaves were washed three times in distilled
H2O prior to being freeze-dried for 24 h. Samples were imaged on
calcium fluoride discs using a Hyperion 3000 microspectroscopy
accessory, incorporating a focal plane array (FPA) detector attached
to an Equinox 55 FT-IR. An IR transmission map was produced of
the region, containing 4096 spectra arranged in a 64 · 64 array
(described by Patel et al., 2008), giving a spatial resolution of about
4 lm (whilst we of course recognise that this is effectively diffraction limited at 10 lm). Absorbance was calculated using OPUS
software (http://www.brukeroptics.com/opus.html) and regions
were integrated over specific wavebands. For each genotype between 6 and 10 inoculation sites (24 hpi) and PDB controls were
imaged.

Arabidopsis mutants employed in phenotypic symptom
screening
The Arabidopsis mutants employed in phenotypic symptom
screening are shown in Table 1. These mutants were purchased
from NASC, apart from ref1-3, ref2-1, ref3-2, sng1-5 and brt1-1 which
were kindly donated by C. C. S. Chapple, University of Guelph,
Canada.
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Figure S6. Displaying targeted biosynthetic pathways based on
tentatively identified m/z.
Figure S7. Confirmation of key metabolites within discriminatory
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Figure S8. Control spatial imaging targeting the hydroxyl groups in
phenolic and aliphatic structures in lignin (3400–3300 cm)1; Boeriu
et al., 2004).
Figure S9. Variation in symptoms in wild-type and mutant Arabidopsis genotypes following challenge with different Botrytis cinerea
strains.
Figure S10. Multivariate analyses of symptom variation in wild-type
and mutant Arabidopsis genotypes following challenge with different Botrytis cinerea strains.
Figure S11. Transcriptional regulation of key genes involved in
monolignol and ferulate biosynthesis.
Table S1. Devised scoring method of ‘susceptible’ and ‘resistant’
macroscopic symptom development in Arabidopsis in response to
Botrytis cinerea.
Table S2. Multivariate analysis of variance (MANOVA) of DI-MS of
extracts from Botrytis cinerea-infected Arabidopsis leaves using
eight principal components accounting for >99% total explained
variance, derived from the direct injection electrospray ionisationmass spectrometry (DI-MS) data.
Table S3. Selecting biosynthetic pathway showing discrimination
and significantly modulated m/z.
Table S4. Summary of confirmed key metabolites within discriminatory pathways.
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