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Noble rot results from exceptional infections of ripe grape (Vitis vinifera) berries by Botrytis cinerea. Unlike bunch rot, noble rot
promotes favorable changes in grape berries and the accumulation of secondary metabolites that enhance wine grape composition.
Noble rot-infected berries of cv Sémillon, a white-skinned variety, were collected over 3 years from a commercial vineyard at the
same time that fruit were harvested for botrytized wine production. Using an integrated transcriptomics and metabolomics
approach, we demonstrate that noble rot alters the metabolism of cv Sémillon berries by inducing biotic and abiotic stress
responses as well as ripening processes. During noble rot, B. cinerea induced the expression of key regulators of ripening-associated
pathways, some of which are distinctive to the normal ripening of red-skinned cultivars. Enhancement of phenylpropanoid
metabolism, characterized by a restricted flux in white-skinned berries, was a common outcome of noble rot and red-skinned
berry ripening. Transcript and metabolite analyses together with enzymatic assays determined that the biosynthesis of
anthocyanins is a consistent hallmark of noble rot in cv Sémillon berries. The biosynthesis of terpenes and fatty acid aroma
precursors also increased during noble rot. We finally characterized the impact of noble rot in botrytized wines. Altogether, the
results of this work demonstrated that noble rot causes a major reprogramming of berry development and metabolism. This
desirable interaction between a fruit and a fungus stimulates pathways otherwise inactive in white-skinned berries, leading to a
greater accumulation of compounds involved in the unique flavor and aroma of botrytized wines.

Noble rot results from atypical Botrytis cinerea in-
fections of ripe or overripe grape (Vitis vinifera) berries

that occur under particular environmental condi-
tions (Magyar, 2011; Vannini and Chilosi, 2013). White-
skinned grape berries affected by noble rot are used to
produce some of the highest quality dessert wines in the
world, known as botrytized wines. Botrytized wines
have been made since the 16th century, primarily in the
Tokaj (Hungary), Rheingau (Germany), and Sauternais
(France) regions. Their production has extended more
recently to Italy, Australia, New Zealand, South Africa,
and California (Magyar, 2011). These naturally sweet
wines have distinctive flavor and aroma profiles, which
include pineapple, apricot, pear, raisin, clove, and honey
features combined with roti (i.e. roasted) characters
(Magyar, 2011; Teissedre and Donèche, 2013).

B. cinerea is a necrotrophic fungal pathogen with a
broad host range (Choquer et al., 2007). Under specific
climatic (i.e. moist nights, foggy mornings, and dry
days) and edaphic (i.e. low-nutrient and well-drained
soils) conditions, B. cinerea infections may occur
slowly, causing noble rot (Ribéreau-Gayon et al.,
1980). This preferred type of infection promotes the
accumulation of aroma and flavor compounds as
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well as the concentration of sugars (Vannini and
Chilosi, 2013). In contrast, heavy rainfalls and high
humidity conditions favor a more aggressive type of
B. cinerea colonization of grape berries known as
bunch rot (Gubler et al., 2013). As opposed to noble
rot, bunch rot negatively impacts wine production
by interfering with the fermentation process and
altering the sensory properties of the resulting pro-
duct (Hornsey, 2007; Morales-Valle et al., 2011). The
molecular and biochemical processes that lead to
either noble rot or bunch rot during B. cinerea-grape
berry interactions have not been elucidated yet. It
has been proposed that the combinatory effects of
the environment, cultural practices, intrinsic char-
acteristics of the grape cultivar, and the berry micro-
biome influence the type of rot developed (Ribéreau-
Gayon et al., 1980; Sipiczki, 2006).

Noble rot causes two distinctive phenotypic altera-
tions in the white-skinned berries that do not occur
during bunch rot: (1) color change of the skin to pink and
subsequently to purple-brown; and (2) dehydration at
thefinal stages of infection caused by cracks in the cuticle
layers. The latter explains the high sugar concentration
in fully rotted and shriveled (i.e. pourri roti) berries
(Magyar, 2006). Physicochemical changes induced by
noble rot in grape berries include higher levels of sugar
alcohols (i.e. glycerol, arabitol, mannitol, sorbitol, and
inositol), enhanced sugar content, reduced Glc-to-Fru
ratio, higher concentration of malic acid, and lower
concentration of tartaric acid when compared with un-
infected berries (Ribéreau-Gayon et al., 2006).Mucic acid
and gluconic acid, two organic acids that result from
B. cinerea catabolism of plant sugars, also accumulate in
noble-rotted berries. Infected berries usually have high
concentrations of free GalA, Rha, Gal, Man, Ara, and
Xyl, which may result from the B. cinerea-induced
breakdown of pectin and cross-linking glycans present
in the fruit cell walls (Magyar, 2011). Greater abundance
of total polyphenolic compounds has also been detected
in berries affected by noble rot (Magyar, 2006). However,
the effects of noble rot in the chemical composition of the
berries vary depending on the grape cultivar, terroir, and
degree of B. cinerea infection. To date, only targeted
compositional analyses have been performed in noble-
rotted berries. Comprehensive metabolomic approaches
will help to further understand the influence of noble rot
in grape berry metabolism.

Due to their high predisposition to noble rot, grapevine
cultivars commonly used for botrytized wines include cv
Sémillon, cv Riesling, cv Sauvignon Blanc, cv Muscadel,
and cvChenin Blanc (Magyar, 2011). The compact cluster
architecture and berry cuticle with lower mechanical re-
sistance of thesewhite-skinned varieties seem to facilitate

Figure 1. Stages of noble rot in ripe cv Sémillon berries. A, Representa-
tive grape clusters with asymptomatic berries (control [C]) and berries at
stages 1 (S1), 2 (S2), and 3 (S3) of noble rot. Asterisks indicate berries with
characteristic phenotype of each noble rot stage. B, Accumulation of
B. cinerea biomass in control and noble-rotted berries from three inde-
pendent harvests. The harvest of 2013 includes control and stage 3 berries
only. Letters correspond to significant differences between stages (P #

0.01). FW, Freshweight. C,MFA of infected and control berries using four
types of quantitative variables (represented by vectors): transcript abun-
dance of 24,373 grape genes and 15,550 B. cinerea genes, accumulation

of 2,084 mass features, and B. cinerea biomass measurements. Samples
used in this analysis were harvested in 2012. Each point represents a bio-
logical replicate for a given stage of noble rot. Ellipses define confidence
areas (95%) for each stage, while squares represent their corresponding
centers of gravity. DIM, Dimension.
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B. cinerea penetration (Vail andMarois, 1991; Kretschmer
et al., 2007). During ripening, grape berries undergo a
series of complex biochemical and physiological pro-
cesses that enhance their quality for wine production but
also their vulnerability to pathogen infection (Pezet et al.,
2003; Deytieux-Belleau et al., 2009). Some ripening pro-
cesses that may promote B. cinerea infections of grape
berries are cell wall and cuticle modifications that lead to
fruit softening and microfractures on the berry surface,
modulation of the fruit’s synthesis and perception of
plant hormones, changes in the levels of organic acids
and sugars, and the loss of preformed defenses (Miedes
and Lorences, 2007; Cantu et al., 2008, 2009; Centeno
et al., 2011; Blanco-Ulate et al., 2013b; Prusky et al., 2013).
Moreover, B. cinerea infections can accelerate some of
these ripening processes in unripe fruit (Cantu et al.,
2009; Blanco-Ulate et al., 2013b; Agudelo-Romero et al.,
2015).

In this study, we integrated transcriptomics,
metabolomics, and enzyme activity assays to char-
acterize the impact of noble rot on the development
and metabolism of white-skinned grape berries un-
der field conditions. Berries at distinct stages of noble
rot were sampled during multiple years from a
commercial vineyard. We identified grape molecular
pathways that are triggered during distinct stages of
noble rot. Some of these pathways correspond to
plant responses to biotic and abiotic stresses, while
others are involved in the generation of aroma and
flavor metabolites. Particular metabolic changes in-
duced by noble rot were also similar to events that
occur during the normal development of red-skinned
berries, including the induction of pathways of sec-
ondary metabolism that have limited flux in white-
skinned cultivars. We detected in noble-rotted berries
an enhanced expression of transcription factors that
are known to regulate secondary metabolic pathways
during berry ripening. We validated the relevance of
these pathways during noble rot using targeted gene
expression and enzymatic analyses in B. cinerea-
infected berries harvested during an additional
2 years. Finally, we profiled the metabolites of com-
mercial botrytized wines produced from the same
vineyard where the berries were collected and corrob-
orated that key compounds that result from noble rot
are carried over to the wines.

RESULTS

Sampling of Naturally Occurring B. cinerea Infections

Ripe grape berries (cv Sémillon; soluble solids,
23.9%6 1%, w/v) displaying noble rot symptoms were
harvested in 2012, 2013, and 2014 from a commercial
vineyard in Napa, California. Samples were collected on
the same day as grapes that were harvested for botry-
tized wine production. B. cinerea infections occurred
naturally in thefield andwere categorized in three stages
of noble rot development. The initial stage of infection
(stage 1; Fig. 1) was characterized by a color change

of the berries from yellow to pink. As the infection pro-
gressed, the berry skin became softer and dark pink
(stage 2; Fig. 1). Berries at stage 3 (i.e. pourry plein) were
fully rotten but not dry. Stage 3 berries presented
cracked skins with evident mycelia growth and sporu-
lation and were purple-brown (Fig. 1). Berries that did
not show any symptoms of infection were harvested
simultaneously and used as controls (Fig. 1). Measure-
ments of B. cinerea biomass using the monoclonal an-
tibody BC12.CA4 (Meyer and Dewey, 2000) in the
collected samples confirmed that the stages correspond
to distinct degrees of fungal infection and presented very
similar patterns during the three independent harvesting
seasons (Fig. 1). Two-way factorial ANOVA demon-
strated a significant effect of infection stage on B. cinerea
biomass (P, 2.203 10216), while the year of harvest (P =
0.23) and the infection stage3 year interaction (P = 0.59)
were not significant.

Sugars, sugar alcohols, and organic acids were quan-
tified as reported previously (Magyar, 2011; Teissedre
and Donèche, 2013). As expected, glycerol, mannitol,
and sorbitol levels increased significantly (P # 0.01) in
the infected samples (Supplemental Table S1). Although
Glc and Fru accumulated as a result of noble rot, only a
slight reduction in the Glc-Fru ratio was observed at
stages 2 and 3 of infection (Supplemental Table S1).

Integration of Transcriptomics and Metabolomics to Study
B. cinerea Infections of Grape Berries

RNA sequencing (RNAseq) andmetabolomic analyses
were performed with samples harvested in 2012. mRNA
was isolated from four biological replicates per infection
stage (i.e. stages 1–3) and the control, and sequenced
using an Illumina HiSeq2000 platform. Supplemental
Table S2 provides a summary of the parsed reads fromall
samples aswell as the number of reads thatmapped onto
the predicted transcriptomes of B. cinerea (strains B05.10
and BcDW1) and grape (cv PN40024). The expression of
15,550 B. cinerea genes (95.42% of total B. cinerea genes)
and 24,373 grape genes (81.32% of total grape genes) was
detected across all stages of noble rot and control sam-
ples. The relative abundance of grape to fungal tran-
scripts decreased at later stages of infection, reflecting the
increase in fungal biomass with the progression of noble
rot; however, most grape genes (71.34% of total genes)
were still detectable at advanced stages of infection
(Supplemental Table S2). B. cinerea genes were function-
ally annotated based on similarity to ascomycete pep-
tides in GenBank, and Gene Ontology (GO) terms
were assigned using Blast2GO (Conesa et al., 2005). The
VitisNet functional annotations were used to assign
grape genes to functional categories and subcategories
(Grimplet et al., 2009).

The detection and quantification of metabolites in
noble-rotted (stages 1, 2, and 3) and control berries were
carried out by ultrahigh pressure liquid chromatography
quadrupole time-of-flight mass spectrometry using five
biological replicates and six technical replications. A
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total of 2,163 non-redundant mass features were identi-
fied among all samples, comprising products of both
plant and fungal metabolism (Supplemental Table S3).
The possible identities of the mass features were deter-
mined by comparisons with the METLIN database (less
than 30 ppm cutoff; Smith et al., 2005). Based on statis-
tical testing (i.e. multiple factor and cluster analyses), a
set of 688 metabolites with significant accumulation
patterns were manually curated by evaluating their re-
tention times and by matching their tandem mass
spectrometry (MS/MS) spectra to the Tandem Mass
Spectrum Database (for details, see “Materials and
Methods”). The curated metabolites were then classified
into compound classes and subclasses using the chemi-
cal taxonomy of the Human Metabolome Database
(Wishart et al., 2013).
RNAseq andmetabolomics datawere integrated into a

multiple factor analysis (MFA) to determine if the distinct
stages of noble rot could be discerned based on the
abundance of (1) B. cinerea transcripts, (2) grape tran-
scripts, and (3)mass features. Figure 1 displays the results
of the MFA, which included measurements of B. cinerea
biomass as an additional class of quantitative variables.
The MFA revealed that the noble rot stages were signif-
icantly different (95% confidence) from each other at both
transcriptome and metabolome levels. The first dimen-
sion (DIM1; 29.82%) distinguished the heavily infected
samples (i.e. stages 2 and 3) from samples at stage 1 and
the asymptomatic controls. The second dimension
(DIM2; 9.72%) further separated the samples belonging
to stage 1 and the control (Fig. 1). Eigenvalues and per-
centages of explained variance for the 15 dimensions of
the MFA are provided in Supplemental Table S4.
Quantitative variables (i.e. gene transcripts and mass

feature abundances) that significantly correlated (20.7 $
r$ 0.7,P# 0.01)with thefirst twodimensions of theMFA
were analyzed to provide insights into the molecular
pathways responsible for the development of noble rot
(Supplemental Table S5). Enrichment analyses (P # 0.05)
of GO terms using B. cinerea genes with significant corre-
lations identified functions employed by the pathogen
during berry infection (Supplemental Fig. S1). At initial
stages of noble rot (i.e. positive DIM2),B. cinerea expressed
functions related to cell growth and host tissue coloniza-
tion. These included the expression of genes involved in
plant cell wall degradation (e.g. endo-b-1,4-glucanases;
Blanco-Ulate et al., 2014) and the metabolism of reactive
oxygen species (e.g. superoxide dismutase; Supplemental
Table S5). Another function thatwas induced early during
B. cinerea infections was the biosynthesis of unsaturated
fatty acids. At stages 2 and 3 of noble rot (i.e. positive
DIM1), the transport of organic molecules (e.g. carbohy-
drates) was a prominent feature. This is in agreementwith
the necrotrophic lifestyle of B. cinerea once established in
the berry tissues. Potential virulence factors were identi-
fied among theB. cinerea geneswith the highest significant
correlations (r$ 0.9, P# 13 1026) to the positive sides of
DIM1 and DIM2 (Supplemental Table S5; Amselem et al.,
2011; Giesbert et al., 2012; Yang et al., 2013; Ambrose
et al., 2015). These comprised two putative salicylate

hydroxylases (BC1T_14568 andBC1T_15387), a protein-Tyr
phosphatase (BC1T_07726), a Ser/Thr protein phos-
phatase type 2A (BC1T_05741), and a nonribosomal
peptide synthetase (BC1T_01317).

Grape genes whose transcript accumulation signifi-
cantly correlated to each of the main MFA dimensions
(Supplemental Table S5) were evaluated to determine
plant cellular andmetabolic processes altered in response
to noble rot (Supplemental Fig. S1). Enriched biological
functions (P # 0.01) associated with stages 1 and 2 (i.e.
positive DIM2) included terpene metabolism, anthocya-
nin biosynthesis, and fatty acid metabolism. Stages 2 and
3 (i.e. positiveDIM1) presented significant enrichments in
a variety of functions, such as shikimate metabolism,
phenylpropanoid metabolism, alkaloid metabolism, Arg
and Pro metabolism, monosaccharide and polysacchar-
ide metabolism, ethylene and jasmonic acid (JA) signal-
ing, and responses to abiotic stress (e.g. oxidative stress
and wounding).

Compound classes associated with noble rot were iden-
tified using metabolite variables with significant correla-
tions to themajor dimensions (Supplemental Table S5). The
abundance of only 18 metabolites correlated significantly
with stages 1 and 2 (i.e. positive DIM2), most of which
belonged to compound classes with relevant functions in
response toplant stress aswell as in grape aromaandflavor
composition, such as benzene derivatives, cinnamic acid
derivatives, and flavonoids (Supplemental Fig. S1). The 133
metabolites that showed greater accumulation in heavily
noble-rotted samples (i.e. positive DIM1) included fatty
acids, prenol lipids, benzene derivatives, cinnamic acid
derivatives, and peptides (Supplemental Fig. S1).

The MFA results provided an initial survey of relevant
fungal and plant functions that occur throughout the pro-
gression of noble rot. Due to the distinctive and prominent
effects of noble rot on grape berrymetabolism, we focused
our subsequent analyses on characterizing changes in
grape transcript levels and metabolite abundances at spe-
cific stages of infection.

Grape Berry Responses to Noble Rot

Grape genes that have significant differential expres-
sion (DE genes; adjusted P # 0.05) at distinct stages of
noble rot were determined by comparisons between
samples from each stage and the asymptomatic control
using DESeq2 (Love et al., 2014). The DE genes were
grouped in 23 clusters according to their patterns of ex-
pression across all comparisons (Supplemental Table S6).
Among these, seven clusters included only up-regulated
genes in response to noble rot (Fig. 2). Metabolite data
were processed following a similar strategy. To detect
compounds with significant changes in abundance, sta-
tistical tests between samples at each infection stage and
the asymptomatic controls were performed for each me-
tabolite. Metabolites with statistically significant changes
(adjusted P # 0.05) were grouped in 16 distinct clusters
based on their patterns of accumulation across the stages
of noble rot (Supplemental Table S7). Six clusters
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consisted of metabolites with increased abundance due
to B. cinerea infections (Fig. 3).

Biological processes activated as a result of noble rot
were determined by enrichment analyses (P # 0.01) of
functional subcategories in the clusters of up-regulated
genes (Fig. 2; Supplemental Table S8) and by identify-
ing compound classes in the clusters with metabolites
that significantly accumulated in infected samples (Fig.
3). Distinct families of transcription factors were in-
duced as a function of B. cinerea infection (Supplemental
Table S8). Among these, APETALA2/ETHYLENE-
RESPONSIVE FACTOR (AP2-ERF), which play im-
portant roles in plant-pathogen interactions and fruit
ripening (Gutterson andReuber, 2004; Licausi et al., 2013),
were up-regulated at all stages of noble rot (gene cluster
01). The expression of NON APICAL MERISTEM/

ARABIDOPSIS TRANSCRIPTION FACTOR/CUP-
SHAPED COTYLEDON (NAC) transcription factors,
which regulate key plant developmental processes
such as fruit ripening and senescence (Kou et al., 2014;
Podzimska-Sroka et al., 2015), increased throughout the
progression of noble rot (gene clusters 01, 02, and 16). The
expression of transcription factors associated with
responses to multiple stresses, such as heat shock factors
(gene clusters 01 and 16; Scharf et al., 2012), was also
enhanced by infection.

Induction of hormone pathways, specifically ethylene,
auxin, GA, and JA, was a common berry response at all
stages of noble rot (gene cluster 01; Fig. 2). The induction
of GA biosynthesis was supported by the enhanced ac-
cumulation of two GAs at stage 2 of noble rot (metabolite
cluster 11). Similarly, the higher abundance of a JA and

Figure 2. Clusters of significant up-regulated grape genes in response to noble rot. A, Patterns of transcript accumulation in the
gene clusters. Squares correspond to the median counts of the genes in control (C) and each of the noble rot stages: 1 (S1), 2 (S2),
and 3 (S3). Asterisks indicate significant (adjusted P # 0.05) fold changes when comparing each stage with the control. B,
Enriched functional subcategories (P # 0.01) in the clusters. The sizes of the circles reflect the number of genes (log10) for each
functional subcategory. The complete data set is available in Supplemental Table S6.
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derivatives at the last stages of noble rot (metabo-
lite clusters 03 and 11) confirmed the activation of JA
biosynthesis and signaling pathways, including the up-
regulation of jasmonate-ZIM domain (JAZ) proteins
(gene cluster 01). Salicylic acid (SA) and derivatives, such
as SA b-D-glucoside (e.g. a storage form of SA), accumu-
lated atmost stages of noble rot (metabolite clusters 02, 03,
12, and 15). A role of SA during noble rot is suggested by
the up-regulation at stage 1 (gene cluster 04) of an SA-
responsive gene with a putative role in defense re-
sponses, a PATHOGENESIS-RELATED PROTEIN1
precursor (VIT_03s0088g00710). Hypothetically, B. cine-
reamay interfere with SA signaling by expressing the two
fungal salicylate hydroxylases mentioned before, which
could degrade the hormone (Ambrose et al., 2015). Sig-
nificant accumulation of abscisic acid (ABA)was detected
at the last stages of infection (metabolite clusters 11 and
16), while the expression of ABA biosynthetic and ABA-
responsive genes was differentially regulated at various
stages of noble rot (Supplemental Table S6).
B. cinerea infections caused transcriptional altera-

tions of particular primary metabolic pathways (Fig. 2;

Supplemental Table S8). Several processes involved in the
metabolism of amino acids and carbohydrates were trig-
gered by noble rot (Fig. 2). The activation of pathways
related to protein metabolism and modification, in par-
ticular proteolysis (gene clusters 01, 16, and 22; Fig. 2),
may explain the large number of peptides that accumu-
lated in the noble-rotted berries (metabolite clusters 02, 03,
04, 11, 12, and 15; Fig. 3). The observed induction of fun-
gal proteolytic enzymes (e.g. trypsin-like proteases, Cys
proteases, and Ser proteases; Supplemental Table S5) may
also contribute to the release of peptides. Another specific
feature of noble rot was the enhanced expression of fatty
acid and glycerolipid biosynthetic genes (gene clusters 01
and 16), which can partially explain the accumulation of
fatty acids, hydroxy fatty acids, glycerophospholipids,
and glycosphingolipids mostly at stages 2 and 3 (metab-
olite clusters 01, 11, 12, and 15). The up-regulation of un-
saturated fatty acid biosynthesis by B. cinerea at stages
1 and 2 (mentioned above) also could have favored the
greater accumulation of lipids in the infected berries.

The secondary metabolism of grape berries was highly
induced as noble rot progressed (Fig. 2; Supplemental

Figure 3. Clusters of metabolites with significant enhanced accumulation in noble-rotted berries. A, Bar plots show the abun-
dance of some metabolites belonging to clusters 01, 02, and 03. B, Patterns of metabolite accumulation in the clusters that
included more than 30 metabolites with significantly higher abundance at any of the noble rot stages compared with the control.
Squares correspond to the median abundance of the metabolites in each noble rot stage (S1, stage 1; S2, stage 2; and S3, stage 3)
and the control (C). Asterisks indicate significant fold changes (*, adjusted P# 0.05; **, adjusted P# 0.01; and ***, adjusted P#

0.001) when comparing each stage with the control. C, Number of metabolites in compound classes and subclasses. Metabolites
with unknown identities were not included. The complete data set is available in Supplemental Table S7.
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Table S8), especially the main and peripheral phenyl-
propanoid pathways (gene clusters 01, 16, 17, and 22).
Early products of the phenylpropanoid metabolism (i.e.
cinnamic acid derivatives) accumulated in noble-rotted
berries (metabolite clusters 01, 03, 11, 12, and 15). Ros-
marinic acid, a cinnamic acid derivativewith antioxidant
and aromatic properties (Petersen, 2013), showed a sig-
nificant accumulation relative to the control at all stages
of noble rot (metabolite cluster 01; Fig. 3). The presence
of rosmarinic acid in the noble-rotted berries was vali-
dated by 1H-NMR (Supplemental Table S9). The bio-
synthesis of stilbenes, known to be phytoalexins and
strong antioxidants (Cassidy et al., 2000; Chong et al.,
2009), was also induced in response toB. cinerea infection
(gene cluster 01). Two glycosides of a resveratrol dimer
(i.e. viniferin diglucosides) significantly accumulated at
stage 1 (metabolite cluster 03; Fig. 3). The biosynthesis of
flavonoids was also triggered in response to B. cinerea
infection (gene clusters 01 and 16), which explained the
significant accumulation of several flavonoid glycosides
and flavanones in noble-rotted berries (metabolite clusters
04, 11, and 15). Remarkably, the biosynthesis of anthocy-
anins, which is normally impaired inwhite-skinned grape
berries, was activated by noble rot (gene clusters 01 and
17). Significant accumulation of cyanidin-3-rutinoside
and delphinidin-3-rutinoside (confirmed by 1H-NMR;
Supplemental Table S9) and of cyanidin-3-gentiobioside
and delphinidin-3-gentiobioside was detected at stages
1 and 2 (metabolite clusters 02, 03, and 12).

Other aromatic compounds, including acetophenones,
benzoic acid derivatives, methoxyphenols, and phenolic
glycosides, showed increased abundance at all stages of
noble rot (metabolite clusters 01, 02, 03, 11, 12, and 15).
Thesemetabolites play biological roles as antioxidants and
antimicrobial compounds, whereas from an enological
perspective they are known to modify the aroma profiles
of grape berries and their derived wines (Cheynier et al.,
2013; Teixeira et al., 2013; Robinson et al., 2014). Among
these, 39-glucosyl-29,49,69-trihydroxyacetophenone accu-
mulated at stages 1 and2 (Fig. 3).Gallic acid, a precursor of
tannin biosynthesis (Yilmaz and Toledo, 2004), also had
increased levels as a consequence of noble rot (Fig. 3;
Supplemental Tables S8 and S9). Genes associated with
the biosynthesis of these phenolic derivatives showed up-
regulation mostly at the first stage of noble rot (gene
cluster 03; Fig. 2; Supplemental Table S8).

Secondary metabolic pathways involved in terpene
metabolism were also up-regulated by noble rot (Fig. 2;
Supplemental Table S8). Besides their biological func-
tions in plant defense and interaction with other orga-
nisms, terpenes canmarkedly influence grape andwine
aroma (Hjelmeland and Ebeler, 2014). Increased accu-
mulation of mevalonic acid, a key precursor in terpene
biosynthesis, was detected in the noble-rotted berries
(metabolite clusters 11 and 15, further validated by
1H-NMR; Supplemental Table S9). Monoterpenes, tri-
terpenes, sesquiterpenes, and terpene glycosides accu-
mulated at all stages of noble rot (metabolite clusters 03,
11, 12, and 15). While this may have resulted from the
activation of plant terpene biosynthetic pathways, the

fungal origin of these metabolites cannot be ruled out
(Collado et al., 2007).

Intersection between Noble Rot and Ripening

A phenotypic hallmark of noble rot is the color change
of the grape berries from yellow to pink to purple-brown
(Fig. 1). The pink coloration that develops at the first stage
of infection resembles the same process that healthy
berries from red-skinned varieties undergo at véraison.
The results from the analysis of responses to noble rot
provided evidence that certain transcriptional and meta-
bolic changes (e.g. biosynthesis of anthocyanins) that oc-
curred in the infected white-skinned berries are similar to
those that occur during normal ripening of red-skinned
grape berries. Therefore, a meta-analysis of publicly avail-
able data sets was carried out to identify alterations in
developmental and metabolic pathways that are shared
betweenB. cinerea infections and healthy ripening of grape
berries. Raw RNAseq data of red-skinned grape berries at
two developmental stages, pre-véraison (i.e. touch stage)
and véraison (i.e. soft stage), belonging to five differ-
ent grape cultivars (Sangiovese, Barbera, Negroamaro,
Refosco, and Primitivo) were obtained from Palumbo
et al. (2014). The data from these sampleswere processed
following the same bioinformatics pipeline used for the
noble-rotted samples.DESeq2was used to determineDE
genes between the two developmental stages of each
grape variety. A total of 6,847 DE genes that showed a
common trend across all red-skinned varieties were de-
fined as core ripening genes (3,183 up-regulated and
3,664 down-regulated genes; Supplemental Table S10).

Noble rot-responsive genes (i.e. DE genes at the noble
rot stages) were compared with the core ripening genes to
identify changes in gene expression shared between noble
rot and ripening. A total of 1,382 grape genes were com-
monly up-regulated in noble-rotted and ripening berries,
while 1,249 grape genes were commonly down-regulated
(Supplemental Table S11). Key biological processes that
were concomitantly activated or suppressed as a conse-
quence of noble rot andnormal ripeningwere identifiedby
enrichment analyses (P , 0.01) using the lists of common
and unique DE genes (Fig. 4; Supplemental Table S12).

High expression of genes involved in the biosynthesis
of amino acids, particularly aromatic amino acids, was
shared by B. cinerea infection and normal development of
red-skinned grape berries (Fig. 4). The induction of glu-
tathione biosynthetic genes was another common re-
sponse. Glutathione is a strong antioxidant with key roles
in wine aroma, particularly when it is conjugated to fatty
acid derivatives (Kobayashi et al., 2011). Other primary
metabolic pathways showed a similar activation in noble-
rotted cv Sémillon berries and red-skinned berries (Fig. 4).
These included monosaccharide and oligosaccharide
metabolism, glycolysis and gluconeogenesis, citric acid
metabolism, and glyoxylate and dicarboxylatemetabolism.

A prominent and common outcome of noble rot
and ripeningwas the enhancement of phenylpropanoid
metabolism (Fig. 4). Figure 5 depicts the central
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phenylpropanoid and flavonoid pathways, in which
specific genes were among the up-regulated noble
rot-responsive genes and core ripening genes. The
concurrent activation of 100 genes in the central and
peripheral phenylpropanoid pathways (Supplemental
Table S11) suggests that similar transcriptional regula-
tors could be functioning during B. cinerea infections of
white-skinned berries and véraison of red-skinned
berries. The R2R3-MYB family of transcription factors
has been associated with the control of the phenyl-
propanoid pathways during berry development (Deluc
et al., 2006, 2008; Bogs et al., 2007; Walker et al., 2007;
Matus et al., 2008; Höll et al., 2013; Cavallini et al., 2015).
The VvMYB5a (VIT_08s0007g07230) and VvMYB5b
(VIT_06s0004g00570) transcription factors, which are
knownmaster regulators of the central phenylpropanoid
and flavonoid pathways in grape berries, were signifi-
cantly up-regulated at different stages of noble rot
(Fig. 6). The activators of stilbene biosynthesisVvMYB14
(VIT_07s0005g03340) andVvMYB15 (VIT_05s0049g01020)

are known to be induced during berry ripening and were
highly up-regulated as noble rot progressed. The expres-
sion of a transcription factor that regulates the biosynthesis
of proanthocyanidins during grape berry development,
VvMYBPA1 (VIT_15s0046g00170), was significantly in-
creased at stage 1. Two suppressors of phenylpropanoid
pathways, VvMYBC2-L1 (VIT_01s0011g04760) and
VvMYB4a (VIT_03s0038g02310), showed differential gene
expression as a consequence of noble rot. In contrast, the
transcriptional activators VvMYBA2 (VIT_02s0033g00390)
and VvMYBF1 (VIT_07s0005g01210) were down-regulated
at stage 2. VvMYBA2 is a regulator of a key anthocyanin
biosynthetic gene, whereasVvMYBF1 controls the first step
of flavonol biosynthesis (Czemmel et al., 2009).

Boost in Phenylpropanoid Metabolism Is a Hallmark of
Noble Rot

The transcriptomic and metabolomic analyses de-
scribed above were performed with replicated grape

Figure 4. Main molecular pathways commonly activated in response to noble rot and healthy ripening. A to C, Euler diagrams represent
commonlyanduniquelyup-regulated (adjustedP# 0.05) genesbetweenB.cinerea infectionsof cvSémillongrapeberries and the ripeningof red-
skinned grape berries, which are enriched (P# 0.01) in functional subcategories of biological importance (Supplemental Table S12). Circles are
scaled to the log10 of the number of genes included in each comparison.D,Venn diagramdisplaying common andunique up-regulated (adjusted
P# 0.05) geneswhencomparing responses tonoble rot in cvSémillonberries and thenormal ripeningof red-skinnedberries; only genesenriched
(P# 0.01) in grape biological processes are included. C, Control; PreV, pre-véraison; S1, stage 1; S2, stage 2; S3, stage 3; V; véraison.
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samples harvested in 2012. To confirm that the induc-
tion of the phenylpropanoid metabolism was a consis-
tent response to noble rot and not a confounding effect
of a particular harvest, noble-rotted and control berries
collected from the same vineyard in 2013 and 2014were
analyzed. Temperature and relative humidity during
the growing seasons of 2012 and 2014 were more

suitable for the development of noble rot than during
the season of 2013 (i.e. rains occurred earlier and most
of the B. cinerea infections took place 1 month earlier
than in 2012 and 2014). Due to differences in the pro-
gression of noble rot, only berries at stage 3 and the
asymptomatic control from the harvest in 2013 were
included in this study.

Figure 5. Activation of the phenylpropanoid me-
tabolism as a common response between noble
rot and healthy ripening. A representation of the
central phenylpropanoid and flavonoid pathways
based on Kyoto Encyclopedia of Genes and Ge-
nomes pathways (www.genome.jp/kegg/pathway.
html) is provided. Dashed lines indicate that some
steps have been omitted. The gray box indicates
an enzyme that has not been completely charac-
terized and, therefore, is not found in the grape
gene annotations. Significant fold changes (log2)
in expression of noble rot-responsive genes
(Supplemental Table S6) and ripening genes
from five red-skinned cultivars (median value;
Supplemental Table S10) are depicted next to
each of the biosynthetic enzymes that they en-
code. The colors in the heat maps represent the
intensity of the expression changes. C, Control;
PreV, pre-véraison; S1, stage 1; S2, stage 2; S3,
stage 3; V; véraison. Enzymes, from the top, are as
follows: PAL, Phe ammonia lyase; C4H, trans-
cinnamate 4-monooxygenase; C3H, p-coumarate
3-hydroxylase; COMT, caffeic acid 3-O-methyl-
transferase; 4CL, 4-coumaroyl-CoA ligase; CHS,
chalcone synthase; STS, stilbene synthase; CHI,
chalcone isomerase; IFS, isoflavonoid synthase;
F3H, flavonone 3-hydroxylase; DFR, dihydro-
flavanol 4-reductase; LAR, leucoanthocyanidin
reductase; ANS, anthocyanidin synthase; UFGT,
UDP-Glc:flavonoid 3-O-glucosyltransferase; FLS,
flavonol synthase; F3959H, flavonoid 39,59-
hydroxylase; F39H, flavonoid 39-monooxygenase.
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The transcriptional induction of 18 key noble rot-
responsive genes in the central phenylpropanoid and fla-
vonoid pathways was confirmed by quantitative reverse
transcription (qRT)-PCR (Supplemental Table S13). As
shown in Figure 7, most genes presented similar patterns
of expression as a result of noble rot across the 3-year
evaluation; however, differences in the intensity of the up-
regulations were detected. For example, the expression
of two PAL-encoding genes (VIT_11s0052g01090 and
VIT_08s0040g01710)washigher in 2012 than in subsequent
harvests. The qRT-PCR results from samples harvested in
2012 validated the RNAseq expression data with a strong
significant correlation (r = 0.95, P , 2.2 3 10216; Fig. 7).
To demonstrate that the boost in phenylpropanoid

metabolism occurred not only at the transcriptional
level, the activity of key enzymes of these pathways was
measured in the noble-rotted and control samples col-
lected in 2012, 2013, and 2014 as described in “Materials
and Methods” (Fig. 7). In most cases, the enzyme activ-
ities reflected the patterns of gene expression. A few
differences were observed: (1) a constant CHS activity
and (2) increased dihydroflavonol 4-reductase activity in
noble-rotted berries when compared with the control.
To verify the activation of the anthocyanin biosynthetic

pathway, total amounts of anthocyanins were measured
in the noble-rotted and control berries. Anthocyanin
levels were significantly higher in the infected samples
than in the control across all harvests (Fig. 7). Variation in
pigment accumulation was expected among years be-
cause anthocyanin biosynthesis and oxidation are known
to be influenced by a variety of environmental factors,
such as temperature, sunlight exposure, anddifferences in
the progression of noble rot (Ortega‐Regules et al., 2006;
Tarara et al., 2008). Specific anthocyanin classes that could
explain the change in coloration of the berries during
noble rot include the cyanidin and delphinidin glycosides
mentioned previously (Supplemental Tables S3 and S9).

Metabolic Changes in Noble-Rotted Berries Reflect
Differences in the Chemical Composition of
Botrytized Wines

Botrytized wines are produced using berries at dif-
ferent stages of infection, ranging from stage 1 to stage 3

of noble rot or even later stages (i.e. pourri roti). Met-
abolic profiles of botrytized wines were analyzed to
determine if compound classes associated with noble
rot in the vineyard were detectable in the resulting
wines. These corresponded to seven distinct vintages of
commercial botrytized wines (i.e. BOT1 wines) pro-
duced with naturally infected berries (cv Sémillon)
harvested from the same vineyard blocks where the
samples of this study were collected. The BOT1 wines
were blended with late-harvest wine (e.g. cv Sauvignon
Blanc varietal, non-botrytized) during their production.
Additional wine samples were included in the analysis
to be able to distinguish specific repertoires of metab-
olites associated with botrytized wines: (1) five botry-
tized wines produced by a different winery using cv
Sémillon grape berries grown in a different location (i.e.
BOT2 wines); (2) two wines from non-botrytized cv
Sémillon berries; and (3) two wines from non-botrytized
cv Sauvignon Blanc berries. Measurements of a specific
B. cinerea antigen confirmed that the non-botrytized
wines were produced from grape berries without
detectable B. cinerea (for details, see “Materials and
Methods”).

The ultrahigh pressure liquid chromatography quad-
rupole time-of-flight mass spectrometry approach
detected a total of 299 mass features in the wines ana-
lyzed (Supplemental Table S14). The abundance of the
detected metabolites and the measurements of the level
of B. cinerea antigen were used to construct anMFA (Fig.
8). The first dimension (51.76%) of the MFA separated
the botrytized wines from the non-botrytized wines,
while the seconddimension (11.66%) distinguishedwine
varietals (cv Sémillon and cv Sauvignon Blanc). BOT1
and BOT2 likely landed in the middle of DIM2, since
they were a blend of both varietals. Supplemental Table
S15 provides the details for the other dimensions
calculated.

A correlation analysis was performed to detect me-
tabolites that were significantly more abundant (r $
0.70, P # 0.01) in BOT1 wines compared with non-
botrytizedwines. In total, 46 metabolites classified in 20
compound subclasses accumulated preferentially in the
wines produced from noble-rotted berries (Fig. 8;
Supplemental Table S16). Terpene glycosides were the

Figure 6. Noble rot induction of transcription
factors that control the phenylpropanoid metab-
olism. The bar plot depicts the expression fold
changes (log2) of MYB transcription factors be-
tween each of the three stages of noble rot
(S1, stage 1; S2, stage 2; and S3, stage 3) and
the asymptomatic control (C). VvMYBC2-L1 and
VvMYB4a are known to encode repressors of
phenylpropanoid pathways. Asterisks indicate
significant fold changes (*, adjusted P # 0.05; **,
adjusted P # 0.01; and ***, adjusted P # 0.001).
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most abundant class in the botrytized wines and ap-
pear to be key in defining their aroma and flavor profiles
(Genovese et al., 2007). Products of the phenylpropanoid
metabolism were expected to be present in the botry-
tized wines, as they were associated with noble rot de-
velopment in grape berries. Among these, six prenylated
flavonoids, two flavonoid glycosides, three chalcone

derivatives, two hydroxycinnamic acid derivatives,
and one stilbene glycoside were putatively identified
and had enhanced levels in the botrytized wines
(Supplemental Table S16). Other aromatic compounds
that seem to be relevant during berry responses to noble
rot, such as gallic acid derivatives and phenolic glyco-
sides, were also detected in the botrytized wines.

Figure 7. Induction of key steps in the cen-
tral phenylpropanoid and flavonoid pathways
during noble rot. A, Bar plots represent the
relative gene expression of a paralog involved
in the biosynthesis of phenylpropanoids and
flavonoids measured by qRT-PCR. B, Activity
of their corresponding biosynthetic enzymes.
C, Scatterplot of the correlation between the
fold changes (log2) in expression obtained by
processing the RNAseq data with DESeq2 and
the fold changes (log2) in relative expression
measured by qRT-PCR. A linear trend is
shown. The relative expression data were lin-
earized using VvACTIN as a reference gene.
D, Log2 fold change in total anthocyanins
when comparing B. cinerea-infected samples
against themedian value of anthocyanin levels
in the control samples of a given harvest.
Noble-rotted berries used in these analyses
were harvested in 2012, 2013, and 2014.
Symbols indicate significant fold changes
(■, P, 0.1; *, P, 0.05; **, P, 0.01; and ***,
P, 0.001). C, Control; S1, stage 1; S2, stage 2;
S3, stage 3.
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DISCUSSION

Developmental Plasticity of White-Skinned Grape Berries
in Response to Noble Rot

In this study, we demonstrate that noble rot causes
not only the activation of stress responses but also a

reprogramming in the development of white-skinned
berries, which results in the activation of secondary
metabolic pathways that are normally associated with
the ripening of red-skinned cultivars. During noble rot,
B. cinerea induced the expression of transcriptional
regulators that function in the healthy development (i.e.
prior to or during véraison) of red-skinned berries, in-
cluding five R2R3-MYBs that control the phenyl-
propanoid metabolism (Deluc et al., 2006, 2008; Bogs
et al., 2007; Walker et al., 2007; Matus et al., 2008; Höll
et al., 2013). Candidate master regulators of véraison
were also up-regulated by noble rot, such as VvNAC33
(VIT_19s0027g00230), VvNAC60 (VIT_08s0007g07670),
a zinc-finger transcription factor (VIT_08s0040g01950),
and a MYB transcription factor (VIT_07s0005g02730;
Palumbo et al., 2014). Noble rot triggered the expres-
sion of 55 AP2/ERFs, most of which have been associ-
ated with the ripening of healthy red-skinned berries
from cv Corvina, cv Cabernet Sauvignon, and cv
Trincadeira (Deluc et al., 2007; Licausi et al., 2010;
Fortes et al., 2011; Cramer et al., 2014). The expression of
other potential berry-ripening and plant senescence
regulators, such as the putative ortholog of SlNAC-
NONRIPENING (VIT_19s0014g03300) and all WRKY53
genes annotated in the grape genome (VIT_02s0025g01280,
VIT_15s0046g01140, and VIT_16s0050g02510), was also
induced in noble-rotted berries. Besides their roles in
berry development, some of the transcription factors
activated during noble rot (e.g. R2R3-MYBs and AP2-
ERFs) could regulate responses to biotic and abiotic
stresses (Chen et al., 2012; Mizoi et al., 2012; Nakashima
et al., 2012).

B. cinerea was recently reported to induce in grape
berries the expression of transcription factors associated
with ripening and defense responses, mainly ERFs and
WRKY33-related genes (Agudelo-Romero et al., 2015).
To detect berry responses that could differentiate noble
rot from bunch rot, we compared our transcriptomic
data on noble rot of cv Sémillon berries with the
microarray data from a field study on bunch rot of cv
Trincadeira berries at two developmental stages
(Agudelo-Romero et al., 2015). This comparative anal-
ysis provides a preliminary view of the transcriptional
signatures of noble rot and bunch rot. Additional fac-
tors, such as discrepancies in the ripening stage of the
berries and in the cultivars, may confound the different
transcriptional profiles detected in the two studies.
Only 11.9% of the 12,575 noble rot-responsive genes
showed similar expression patterns as a result of
bunch rot. Among the key noble rot-responsive tran-
scription factors, differential expression of three of
the R2R3-MYB activators (VvMYB5a, VvMYB5b, and
VvMYBPA1) was not detected during bunch rot. Out of
the 22 AP2/ERFswith increased gene expression during
bunch rot, only 14 genes were commonly up-regulated
as a result of noble rot and bunch rot. Notably, a Hy-
poxia Responsive ERF gene (VIT_07s0005g00820) and a
Related to AP2 gene (VIT_05s0077g01860), homologs of
the tomato (Solanum lycopersicum) ripening regulators
SlERF2 and SlERF6, respectively, were induced by noble

Figure 8. Metabolite profiles of botrytized wines. A, MFA of botrytized
and control (i.e. non-botrytized) wines using two types of quantitative
variables (represented by vectors): accumulation of 299 mass features
and themeasurements of the B. cinerea antigen. Each point represents a
different wine sample. The ellipse defines the confidence area (95%).
Squares represent the corresponding centers of gravity for each wine
class. DIM, Dimension. BOT1 and BOT2 are botrytized wines. B,
Abundance of metabolites that significantly correlated (r $ 0.70, P #

0.01) with BOT1 wines when compared with non-botrytized wines
(Supplemental Table S16). Metabolites with unknown identities were
not included. The number of metabolites per compound class is given
on top of each bar.
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rot but not by bunch rot (Pirrello et al., 2006; Lee et al.,
2012; Cramer et al., 2014). Although these observations
suggest that distinct transcriptional regulators may co-
ordinate part of the berry responses to each type of in-
fection, a more specific experimental design (e.g. the
same grape cultivar, berry developmental stage, and
transcriptomics technology) is needed to unequivocally
conduct these comparisons.

Metabolic Plasticity in White-Skinned Grape Berries
Affected with Noble Rot Results in Distinctive Wine
Grape Flavor and Aroma

Noble rot induced metabolic alterations favoring the
synthesis of a variety of plant compounds (e.g. glyco-
sylated and glutathionylated fatty acid derivatives) that
contribute to wine flavor and aroma (Hjelmeland and
Ebeler, 2014; Robinson et al., 2014). Grapes showing
noble rot symptoms were enriched in prenol lipids (i.e.
terpenes), which were carried over into the botrytized
wines (Genovese et al., 2007). Besides their contribution
to grape and wine aroma, terpenes are involved in plant
development (e.g. GAs) and responses to environmental
stimuli (Cheng et al., 2007). We determined that the ex-
pression of eight terpene biosynthetic genes increased
during noble rot (Table I), which corresponded to the
only annotated farnesyl-diphosphate synthase (VvFPPS)
and distinct classes of terpene synthases (TPSs; Martin
et al., 2010), including the functionally characterized
b-caryophyllene synthase (VvTPS13), a-humulene syn-
thase (VvTPS11), and b-ocimene synthase (VvTPS34).
When mining the microarray data from bunch rot
(Agudelo-Romero et al., 2015), we did not observe an
increase of expression of VvFPPS or any of the 69 can-
didate grape TPSs (Martin et al., 2010). Notably, these
genes were either not differentially expressed or down-
regulated in the bunch-rotted berries (Agudelo-Romero
et al., 2015). Moreover, the levels of grape terpenes have
been reported to decrease during typical B. cinerea in-
fections (Shimizu et al., 1982; Agudelo-Romero et al.,
2015), as B. cinerea is able to degrade and transform
plant-derived terpenes (Collado et al., 2007). These ob-
servations indicate that the accumulation of terpenes
may be a specific feature of noble rot.

A number of important wine flavor volatiles are pro-
duced from the lipoxygenase (LOX) pathway during
berry development (Schwab et al., 2008). LOXs catalyze
the dioxygenation of unsaturated fatty acids as one of the
initial steps in the synthesis of a wide range of oxylipins
(Liavonchanka and Feussner, 2006). As a consequence of
noble rot, VvLOXB, VvLOXC, VvLOXO, VvLOXK, and
VvLOXPwere up-regulated (Table I). Jasmonates are C12
oxylipins with important roles in hormone signaling and
defense responses against fungal pathogens (Wasternack,
2007). Therefore, the induction of several LOXs and the
activation of the jasmonate signaling network appear to
be common outcomes of B. cinerea infections in grape
berries and are not specific to noble rot or berry ripening
(Podolyan et al., 2010; Agudelo-Romero et al., 2015).

C6 oxylipins (e.g. C6 aldehydes, alcohols, and esters)
are important determinants of grape berry aroma
(Baumes, 2009) and are considered to be the precursors
of volatile thiols that define key aromas in several
white wine varietals, Bordeaux reds, and botrytized
wines (Bouchilloux et al., 1998; Sarrazin et al., 2007;
Bailly et al., 2009; Lund et al., 2009). High contents
of 3-sulfanylhexanol, 3-sulfanylpentan-1-ol, and
3-sulfanylheptan-1-ol provide most of the fruit and
citrus aromas in botrytized wines (Sarrazin et al., 2007;
Thibon et al., 2009). The proposed pathway for the
generation of volatile thiols starts with the conjugation
of a C6 oxylipin, such as (E)-2-hexenal, to glutathione
by glutathione S-transferases (GSTs; Kobayashi et al.,
2011). Glutathione conjugations are part of the detoxi-
fication pathways that occur during normal grape berry
development and as a response to multiple stresses
(Dixon et al., 2010; Zamboni et al., 2010). We detected
the up-regulation of 50 GSTs during all the stages of
noble rot, including two specific GSTs (VvGST3 and
VvGST4) that have been demonstrated to be involved in
the generation of volatile thiols (Table I; Kobayashi
et al., 2011). Only seven GST-encoding genes were
significantly up-regulated due to bunch rot (Agudelo-
Romero et al., 2015). The biosynthesis of volatile
thiols proceeds with the breakdown of the glutathione
S-conjugates by g-glutamyltranspeptidases and car-
boxypeptidases to generate Cys S-conjugates. We deter-
mined that a putative grape g-glutamyltranspeptidase
gene and two candidate carboxypeptidases were among
the up-regulated noble rot-responsive genes, and none
of these had differential expression during bunch rot
(Table I;Agudelo-Romero et al., 2015). TheCysS-conjugates
are then cleaved during alcoholic fermentation to pro-
duce a wide variety of volatile thiols (Thibon et al., 2010).
A 3-sulfanylpentan-1-ol Cys S-conjugate drastically ac-
cumulated in berries at stages 2 and 3 of noble rot while
being absent in healthy berries, which provides further
evidence that the biosynthesis of volatile thiol precursors
is highly induced during noble rot of cv Sémillon berries.

Noble Rot Induction of Phenylpropanoid Metabolism:
Intersection between Plant Stress Responses and
Ripening-Associated Events

Noble rot stimulated the production of phenolic
compounds that derive from the shikimate and phe-
nylpropanoid metabolism. This could explain the
higher levels of polyphenols that are present in white
botrytized wines when compared with non-botrytized
white wines (Nikfardjam et al., 2006). Phenolic com-
pounds play important roles in the flavor and aroma,
color, physical mouth feel, and health-promoting
properties of wine (Gawel, 1998; Boulton, 2001;
Waterhouse, 2002). In the context of plant-pathogen
interactions, they have antimicrobial functions and
protect the berry tissues from oxidation (Cheynier et al.,
2013; Teixeira et al., 2013). We confirmed the induc-
tion of the shikimate metabolism by the enhanced
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Table I. Key genes from secondary metabolic pathways that are induced by noble rot in ripe cv Sémillon
berries

Functional annotations and gene accessions are provided, in addition to their membership in expression
clusters (Fig. 2; Supplemental Table S6).

Functional Annotation Gene Accession Response to Noble Rot

Gallic acid biosynthesis
Shikimate dehydrogenase VIT_14s0030g00650 Cluster 01

Central phenylpropanoid biosynthesis
Phe ammonia lyase (VvPAL1) VIT_08s0040g01710 Cluster 01
Phe ammonia lyase (VvPAL2) VIT_16s0039g01300 Cluster 01
trans-Cinnamate 4-monooxygenase VIT_06s0004g08150 Cluster 01
trans-Cinnamate 4-monooxygenase VIT_11s0065g00350 Cluster 01
trans-Cinnamate 4-monooxygenase VIT_11s0078g00290 Cluster 01
4-Coumarate-CoA ligase VIT_02s0025g03660 Cluster 01
4-Coumarate-CoA ligase VIT_11s0052g01090 Cluster 01
4-Coumarate-CoA ligase VIT_16s0050g00390 Cluster 16

Flavonoid biosynthesis
Chalcone synthase (VvCHS1) VIT_14s0068g00930 Cluster 08
Chalcone synthase (VvCHS3) VIT_05s0136g00260 Cluster 04
Chalcone isomerase VIT_13s0067g03820 Cluster 03
Flavonone 3-hydroxylase VIT_02s0025g02960 Cluster 01
Flavonone 3-hydroxylase VIT_02s0025g02970 Cluster 16
Flavonone 3-hydroxylase VIT_04s0023g03370 Cluster 01
Flavonone 3-hydroxylase VIT_15s0048g02430 Cluster 16
Flavonone 3-hydroxylase VIT_16s0098g00860 Cluster 04
Dihydroflavonol 4-reductase VIT_18s0001g12800 Cluster 01

Anthocyanin biosynthesis and transport
UDP-Glc:flavonoid 3-O-glucosyltransferase VIT_03s0017g02000 Cluster 01
UDP-Glc:flavonoid 3-O-glucosyltransferase VIT_03s0017g02110 Cluster 01
UDP-Glc:flavonoid 3-O-glucosyltransferase VIT_03s0017g02120 Cluster 01
UDP-Glc:flavonoid 3-O-glucosyltransferase VIT_12s0034g00030 Cluster 04
UDP-Glc:flavonoid 3-O-glucosyltransferase VIT_12s0055g00290 Cluster 04
Glutathione S-transferase (VvGST1) VIT_19s0093g00320 Cluster 01

Terpene biosynthesis
Farnesyl-diphosphate synthase (VvFPPS) VIT_19s0015g01010 Cluster 03
Terpene synthase class A (VvTPS13) VIT_18s0001g05230 Cluster 01
Terpene synthase class A (VvTPS04) VIT_18s0001g04120 Cluster 04
Terpene synthase class A (VvTPS11) VIT_18s0001g04870 Cluster 04
Terpene synthase class A (VvTPS26) VIT_19s0014g04810 Cluster 03
Terpene synthase class B (VvTPS32) VIT_12s0059g02710 Cluster 01
Terpene synthase class B (VvTPS34) VIT_12s0134g00020 Cluster 01
Terpene synthase class C (VvTPS68) VIT_07s0151g01070 Cluster 04
Terpene synthase class G (VvTPS51) VIT_12s0134g00090 Cluster 17

Oxylipin biosynthesis
Lipoxygenase (VvLOXB) VIT_14s0128g00790 Cluster 01
Lipoxygenase (VvLOXC) VIT_14s0128g00780 Cluster 01
Lipoxygenase (VvLOXO) VIT_09s0002g01080 Cluster 01
Lipoxygenase (VvLOXP) VIT_01s0010g02750 Cluster 01
Lipoxygenase (VvLOXK) VIT_13s0064g01490 Cluster 16

Volatile thiol biosynthesis
Glutathione S-transferase (VvGST3) VIT_12s0028g00920 Cluster 01
Glutathione S-transferase (VvGST4) VIT_04s0079g00690 Cluster 04
g-Glutamyltranspeptidase (VvGGT) VIT_11s0016g02830 Cluster 01
Carboxypeptidase VIT_00s0285g00070 Cluster 04
Carboxypeptidase VIT_08s0032g00670 Cluster 03
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expression of enzymes involved in the flux toward
gallic acid biosynthesis (e.g. a shikimate dehydrogen-
ase; Table I) and by the accumulation of gallic acid and
derivatives in both noble-rotted berries and botrytized
wines.

A strong induction of the initial steps in the phenyl-
propanoid metabolism was found in noble-rotted
berries. PALs catalyze the nonoxidative deamination
of Phe to trans-cinnamic acid. PAL gene expression
and activity have been reported to be absent or re-
duced in white-skinned berries when compared
with red-skinned berries (Boss et al., 1996). During
noble rot, we observed the up-regulation of 15 PAL-
encoding genes, most of which are also induced dur-
ing véraison and bunch rot of red-skinned berries
(Palumbo et al., 2014; Agudelo-Romero et al., 2015). The
expression of two of these genes, VvPAL1 and VvPAL2,
has been reported to increase during ripening of
the white-skinned cv Chardonnay berries (Table I;
Guillaumie et al., 2011); however, their up-regulation is
not as pronounced as in noble-rotted grape berries:
1-fold change (log2) in cv Chardonnay berries com-
pared with more than 3-fold change (log2) in B. cinerea-
infected cv Sémillon berries. The C4Hs and 4CLs are
indispensable for all subsequent steps of the central and
peripheral phenylpropanoid pathways (Weisshaar and
Jenkins, 1998; Winkel-Shirley, 1999). The up-regulation
of three C4H-encoding genes and eight 4CL-encoding
genes was validated by their enhanced enzymatic ac-
tivities in noble-rotted berries collected during the 2012,
2013, and 2014 harvests (Table I). The expression of
these biosynthetic genes also increased during bunch
rot and véraison of red-skinned cultivars (Palumbo
et al., 2014; Agudelo-Romero et al., 2015). Activation of
the phenylpropanoid metabolism is known to occur in
response to oxidative stress in plant tissues (Grace and
Logan, 2000; Vranová et al., 2002; Cheynier et al., 2013).
Therefore, the accumulation of reactive oxygen species
at véraison or as a consequence of B. cinerea infections
may explain the common induction of the central phe-
nylpropanoid pathway (Torres et al., 2006; Pilati et al.,
2014).

Our data showed that the activation of the pathways
leading to lignin and stilbene biosynthesis is a common
response of grape berries to noble rot and bunch
rot (Jeandet et al., 1995; Agudelo-Romero et al.,
2015). Several genes encoding putative lignin biosyn-
thetic enzymes were up-regulated in noble-rotted
berries, including five caffeic acid 3-O-methyltransferases,
seven cinnamyl alcohol dehydrogenases, six cinnamoyl-
CoA reductases, and 23 laccases. The up-regulation of
40 genes coding for stilbene synthases together with
the accumulation of stilbene glycosides in infected
berries and botrytized wine verified the induction of
stilbene biosynthesis during noble rot. Some stilbene
dimers, in particular «-viniferin glycosides, have been
reported to be more effective phytoalexins and to have
stronger health-promoting effects than the monomeric
stilbenoids (Schouten et al., 2002; Zghonda et al.,
2012). The concomitant expression of the stilbene

synthases directly correlated with the highly signifi-
cant up-regulation of the VvMYB14 and VvMYB15
transcription factors, which are the master regulators
of the stilbene pathway (Höll et al., 2013). Although
stilbenes are generally induced in berries under biotic
and abiotic stress, they also accumulate after véraison
in healthy red-skinned and white-skinned berries
(Gatto et al., 2008; Höll et al., 2013).

Key steps in flavonoid biosynthesis were triggered
by noble rot. Consistently over the 3 years of sampling,
a CHI, five F3Hs, and a DFR were induced at the
transcriptional level and displayed higher enzymatic
activities in noble-rotted berries (Table I). During bunch
rot, CHI-encoding genes did not show differential ex-
pression, whereas DFR-encoding genes were either not
differentially regulated or down-regulated (Agudelo-
Romero et al., 2015). The induction of the main flavo-
noid biosynthetic genes in noble-rotted berries can be
explained by the significant up-regulation of the tran-
scriptional activators VvMYB5a and VvMYB5b and
the down-regulation of the transcriptional inhibitor
VvMYB2-L1, all of which have been shown to control
this pathway (Deluc et al., 2006, 2008; Cavallini et al.,
2015). On the other hand, the production of flavones
and flavonols was suppressed during noble rot. The
reduced levels of these flavonoids in noble-rotted
berries were congruent with the significant down-
regulation of the transcriptional regulator VvMYBF1
(Fig. 6; Czemmel et al., 2009) and the FLS gene ex-
pression and activity.

Interestingly, noble rot induced the synthesis and
accumulation of anthocyanins in cv Sémillon berries
(Figs. 5 and 7). To our knowledge, this is the first report
of anthocyanin accumulation in berries from a white-
skinned grape cultivar as a result of pathogen infection.
White-skinned berries arose from multiallelic muta-
tions in the VvMYBA1 and VvMYBA2 genes, which
regulate the gene expression of a UDP-Glc:flavonoid
3-O-glucosyltransferase (VvUF3GT; Kobayashi et al.,
2004; Lijavetzky et al., 2006; This et al., 2007; Walker
et al., 2007; Shimazaki et al., 2011). UF3GTs catalyze
the 3-O-glycosylation of anthocyanidins (Kobayashi
et al., 2004). The expression of the VvUF3GT gene
and the resultant enzymatic activity are absent in
white-skinned berries during normal development
(Boss et al., 1996; Kobayashi et al., 2001). Although the
grapevine genome contains at least 22 putative
UF3GTs (Grimplet et al., 2009), only VvUF3GT
(VIT_16s0039g02230) has been widely studied. Even
though this UF3GT was not significantly up-regulated,
the expression of six putative UF3GTs increased in re-
sponse to noble rot (Table I) and during ripening in red-
skinned berries (Ali et al., 2011; Palumbo et al., 2014).
The up-regulation of these genes resulted in enhanced
UF3GT activity in the noble-rotted berries across all
three growing seasons. We did not detect the expres-
sion of VvMYBA1 in the noble-rotted berries and only
found a significant down-regulation of VvMYBA2
during late stages of noble rot. The expression of
VvMYBA2 is not expected to influence anthocyanin
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biosynthesis in cv Sémillon berries, because this cultivar
carries a mutated allele of this gene, which encodes a
nonfunctional protein (Walker et al., 2007). Therefore,
this information suggests that transcriptional regula-
tors independent or downstream of VvMYBA1/2 con-
trol the expression of the additional UF3GT genes and
that a signaling molecule derived from the B. cinerea-
grape berry interaction may activate this pathway.
The up-regulation of 35 genes with potential functions

in the regulation of anthocyanin content and composition
provided further evidence of the activation of anthocya-
nin metabolism in the noble-rotted berries (Costantini
et al., 2015). These included genes encoding sev-
eral transcription regulators (e.g. VIT_02s0033g00450,
VIT_09s0018g00240, VIT_10s0116g01200, and VIT_
12s0028g03270), hormone-responsive proteins (e.g.
VIT_03s0180g00320 , VIT_04s0023g03600 , VIT_
12s0057g00420 , and VIT_17s0000g07560), and en-
zymes involved in anthocyanin modifications (e.g.
VIT_18s0041g00710, VIT_18s0041g00740, and VIT_
18s0041g00840). Two GSTs (VvGST1 and VvGST4),
shown to transport anthocyanins from the cytosol to the
vacuole (Conn et al., 2008), also had higher expression
in the noble-rotted berries (Table I). These observations
confirmed that the induction of anthocyanin metabolic
pathways is a hallmark of noble rot in cv Sémillon
berries.

B. cinerea Infection Strategies during Noble Rot

Future research focused on the understanding of the
virulence factors and the signaling molecules produced
byB. cinerea to promote susceptibility in grape berries still
needs to be pursued. These signals may include plant
hormones, small RNAs, reactive oxygen species, and/or
pathogen- and damage-associated molecular patterns
generated during B. cinerea infection (Melotto et al., 1994;
Chagué et al., 2002; Siewers et al., 2004; Sharon et al.,
2007; Segmüller et al., 2008; Weiberg et al., 2013).
We report here that several plant hormone networks

were altered during noble rot of white-skinned berries,
including ethylene, auxin, JA, GA, SA, and ABA path-
ways. ABA and ethylene are knownmodulators of both
berry ripening and plant responses to pathogen attack
(Chervin et al., 2004; van Loon et al., 2006; Ton et al.,
2009; Wheeler et al., 2009; Böttcher et al., 2013; Nicolas
et al., 2014). B. cinerea is able to produce ethylene via the
keto-g-methylthiobutyric acid pathway (Chagué et al.,
2002) and ABA from farnesyl diphosphate (Siewers
et al., 2006). However, we did not find strong tran-
scriptional evidence that the pathogen was producing
these two hormones (i.e. no significant up-regulation of
biosynthetic genes) during noble rot of cv Sémillon
berries. Instead, the data suggested that B. cinerea in-
fection caused an imbalance in the berry synthesis and
perception of hormones, which in turn activated several
ripening-associated pathways and facilitated the colo-
nization of the host tissues. The defense mechanisms
established by the plant, which could have slowed

down the infection, were inadequate to contain the
spread of B. cinerea mycelia in the berry. B. cinerea may
also rely on virulence factors, such as fungal protein
phosphatases (Amselem et al., 2011; Giesbert et al.,
2012; Yang et al., 2013), to alter plant signaling cascades
(i.e. mitogen-activated protein kinase cascades) that are
crucial for berry development and responses to envi-
ronmental cues. An experimental setup that allows a
direct comparison between noble rot and bunch rot will
be necessary to define and further characterize the
specific molecular mechanisms employed by B. cinerea
in each type of infection.

Overall, our study shows that the developmental and
metabolic plasticity displayed by white-skinned grape
berries during noble rot result from two opposing ef-
fects: (1) the induction of ripening-associated pathways
by B. cinerea to promote susceptibility; and (2) the ac-
tivation of plant responses to cope against multiple
stresses that result from interaction with the pathogen.

MATERIALS AND METHODS

Biological Material

Ripe grape (Vitis vinifera ‘Sémillon’) berries with symptoms of noble rot,
caused by Botrytis cinerea strain BcDW1 (Blanco-Ulate et al., 2013a) and other
B. cinerea strains present in the field, were harvested from the Dolce Winery
vineyard in Oakville, California, on November 6, 2012, October 13, 2013, and
November 6, 2014. These dates were chosen to coincide with the days of harvest
selected by the Dolce winemaker for the production of botrytized wines. All
sample collections were performed between 8 and 10 AM. The weather condi-
tions at the time of collection were as follows: 17.2°C 6 3.4°C with a relative
humidity of 68.3% 6 12.1% for the harvest of 2012, 10.6°C 6 5.1°C with a rel-
ative humidity of 83%6 14.7% for the harvest of 2013, and 14.4°C6 3.1°C with
a relative humidity of 78% 6 15% for the harvest of 2014.

Three distinct stages of noble rot (stages 1–3) were determined based on
visual assessment of the severity of the symptoms and confirmed by mea-
surements of fungal biomass (described below). At the same time, ripe berries
without visible B. cinerea infection were harvested as asymptomatic controls.
During the three independent harvests, samples were randomly collected from
vines in the same rows of the vineyard (Supplemental Fig. S2). Individual
berries were collected from clusters at different positions in the vine to avoid
confounding effects, such as differences in cluster sun exposure. Five biological
replicates consisting of independent pools of 20 berries from at least five dif-
ferent vineswere obtained for each stage of infection and asymptomatic control.
Berries of each biological replicate were deseeded, frozen, and ground (skin and
pulp) to powder in liquid nitrogen. Soluble solid measurements on the ho-
mogenized biological replicates were performed.

Commercial control and botrytized wines were used for metabolomic
analyses. These correspond to seven vintages (2005, 2007, 2008, 2009, 2011, 2012,
and 2013) of botrytized wines produced with berries from the Dolce Winery
vineyard, five vintages (1985, 1997, 2000, 2001, and 2010) of botrytized wines
produced with cv Sémillon berries by another winery in Napa Valley, Cal-
ifornia, two vintages (2010 and 2013 produced in Australia) of non-botrytized
cv Sémillon wine, and two vintages (2012 produced in California and 2013
produced in New Zealand) of non-botrytized cv Sauvignon Blanc wine.

B. cinerea Biomass Measurements

The amount of fungal biomass present in the noble-rotted grape berries and
botrytized wines was measured with the QuickStix Kit for B. cinerea (Envi-
roLogix), which utilizes the monoclonal antibody BC12.CA4 (Meyer and Dewey,
2000). Fungal biomass quantification in grape berries was performed with 1 g of
ground tissue from each biological replicate suspended in the kit buffer, 1:5 (w/v)
for the control samples, 1:20 (w/v) for the samples at stage 1, 1:250 (w/v) for the
samples at stage 2, and 1:500 (w/v) for the samples at stage 3. The presence of
the BC12.CA4 antigen in thewineswasmeasured using dilutions of 1:10 (v/v) for
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the control wines and 1:800 (v/v) for the botrytized wines. The antibody cross-
reactive material was quantified in 500 mL of the tissue suspension or wine di-
lution, and the intensity of the test linewas determinedusing theQuickStix reader
(EnviroLogix). Thematerial that cross-reactedwith the antibodywasmeasured in
500 mL of the tissue suspension or wine dilution. Two standard curves were
obtained using known amounts of dry B. cinerea mycelia spiked into tissue
extracts from control berries (y = 2.36x – 7.10; r2 = 0.96) and into control wines
(y = 2.09x 2 28.39; r2 = 0.98). The signal intensity measured by the QuickStix
reader was then converted into fungal biomass (mg g21 fresh weight of berry or
mg mL21 wine) based on the standard curves.

Analyses of Sugars and Sugar Alcohols

Samples were prepared by diluting 1 g of the ground tissue per biological
replicate into 2mLofdeionizedwater (1:2,w/v). Sugars and sugar alcoholswere
analyzed in an Agilent Technologies 1100 HPLC System coupled to a Hewlett-
Packard 1047A Refractive Index Detector. Three technical replications of each
sample were loaded into an Aminex HPX-87C calcium form carbohydrate
analysis column (300 mm 3 7.8 mm; Bio-Rad Laboratories) and run using the
following method: water as mobile phase, 0.6 mL min21 (isocratic) flow rate,
80°C column temperature, 20-mL sample injection volume, and 25-min run
time. Standards for Glc, Fru, glycerol, mannitol, and sorbitol (Sigma-Aldrich)
were run in parallel with the samples and used to obtain standard curves. Data
acquisition and analyses were performed with the ChemStation for LC 3D,
Rev. A.10.02 software (Agilent Technologies).

RNA Extraction

Five biological replicates representing the three stages of noble rot and the
control fromthe threeharvestingseasons (2012,2013,and2014)wereusedforRNA
extraction.TotalRNAwasobtainedfrom2gofgroundtissue (skinandpulp)using
the protocol describedbyBlanco-Ulate et al. (2013b). The concentration andpurity
of the RNA were measured using the NanoDrop 2000c Spectrophotometer
(Thermo Scientific). RNA integrity was confirmed by agarose gel electrophoresis.

mRNA Sequencing and Bioinformatics Pipeline

Sequencing of mRNAwas performed with four biological replicates of each
noble rot stage and control from the2012harvest.ComplementaryDNA(cDNA)
libraries were prepared from 4 mg of total RNA using the Illumina TruSeq RNA
Sample preparation kit version 2 with the low-throughput protocol (Illumina).
Each cDNA library was barcoded individually and analyzed for quantity and
quality with the High Sensitivity DNA Analysis Kit in the Agilent 2100 Bio-
analyzer (Agilent Technologies). cDNA libraries were combined in equal
amounts for sequencing (single end, 50 bp) at the Expression Analysis Core
Facility (University of California, Davis) in an Illumina HiSeq2000 sequencer.

Quality trimming and filtering of the Illumina reads was done with
Sickle version 1.21 (https://github.com/ucdavis-bioinformatics/sickle) with a
threshold of 20 (quality score . 20) and Scythe version 0.991 (https://github.
com/ucdavis-bioinformatics/scythe) with a prior of 0.4. A nonredundant
B. cinerea mapping reference was obtained by combining B05.10 transcripts
(http://www.broadinstitute.org/annotation/genome/botrytis_cinerea) with
BcDW1 (http://www.ncbi.nlm.nih.gov/nuccore/AORW00000000.1) tran-
script using CD-HIT (version 4.5.4). B. cinerea transcripts were combined with
the predicted transcriptome of cv PN40024 (http://www.genoscope.cns.fr/
externe/Download/Projets/Projet_ML/data/12X/annotation/) and used as a
reference for mapping the quality-trimmed reads with Bowtie2 version 2.1.0
(Langmead and Salzberg, 2012). The mapping parameters were as follow:
-q–end-to-end–sensitive–no-unal-p20. The resultant Sequence Alignment/Map
files were parsed to obtain read counts per grape gene with the python script
sam2counts.py version 0.91 (https://github.com/vsbuffalo/sam2counts). The
Bioconductor package DESeq2 (Love et al., 2014) was used to normalize the
read counts of B. cinerea and grape genes across the biological replicates of
B. cinerea-infected and control samples. Differential expression analyses of the
grape genes across stages of noble rot were tested with DESeq2.

The DESeq2-normalized counts of B. cinerea and grape transcripts for each of
the samples and their correspondent mass feature abundances (see below) and
biomass measurements (see above) were used as quantitative variables for an
MFA performed in R with the FactoMineR package (http://factominer.free.fr).
Only quantitative variables that were different from zero in at least one of the
samples were used for the MFA, which included (1) 24,373 grape genes, (2)
15,550 B. cinerea genes, and (3) 2,084 mass features.

The functional annotation of B. cinerea genes was performed using BLASTP
(National Center for Biotechnology Information, nonredundant, Asomycota
database; e-value , 1023, -v 10, -b 10, -F F) followed by GO annotation using
Blast2GO (Conesa et al., 2005). GO enrichments among the B. cinerea genes
were performed using the Bioconductor package topGO (http://www.
bioconductor.org/packages/release/bioc/html/topGO.html), and enriched
GO terms (P # 0.05) were visualized using the Reduce + Visualize Gene On-
tology Web server (http://revigo.irb.hr; Supek et al., 2011). Grape genes were
classified into functional categories and subcategories using the annota-
tions provided in VitisNet (https://www.sdstate.edu/ps/research/vitis/
pathways.cfm; Grimplet et al., 2009). Enrichment analyses of grape biological
functions were computed in R using a hypergeometric test, and a cutoff of P #

0.01 was set to determine statistical significance.
For the comparative analysis between the responses of cv Sémillon berries to

noble rot and the processes that occur during ripening of red-skinned berries,
raw Illumina reads from red-skinned grape berries (cv Sangiovese, cv Barbera,
cv Negroamaro, cv Refosco, and cv Primitivo) at three developmental
stages were downloaded from the Gene Expression Omnibus (accession no.
GSE62744). Data were processed, mapped, normalized, and analyzed for dif-
ferential expression following the same methods described above.

UltraHigh Pressure Liquid Chromatography-MS/MS and
Classification of Metabolites into Compound Classes

Five biological replicates of noble-rotted and control samples from the
harvest of 2012 were used for metabolite profiling. The samples were prepared
bydiluting 1gof the ground tissueper biological replicate into 2mLofdeionized
water (1:2,w/v). Two independent dilutionswere performed for eachbiological
replication. Three technical replications (i.e. machine replications) of each di-
lution were analyzed using the Agilent 1290 ultra-high-pressure liquid chro-
matograph coupled to an Agilent 6530 quadrupole time-of-flight mass
spectrometer as described by Collins et al. (2014).

Initial processing of the metabolomics data was performed with the Agilent
MassHunter Qualitative Analysis software version 6.00. The Molecular Feature
Extractor (MFE) tool was used to determine the presence of nonredundantmass
features by screening potential peaks for the presence of a C13 isotope and to
detect any adduct ions that might be present. MFE was run using default set-
tings with the peak filter set to include only peaks larger than 1,000 counts or
approximately 3 times the electronic noise. Mass features found using MFE
were further processed with the Agilent Mass Profiler Professional software
version 12.1. The default retention time and mass windows settings of 0.1 min
and 5 ppm, respectively, were used to align themass features across the data set
with aminimum absolute abundance of 5,000 counts. Mean retention times and
mass sizes of each feature are reported in Supplemental Tables S3 and S14.
Feature signal intensities were scaled using Z-transformation as implemented
in the Mass Profiler Professional software.

After data processing, the resulting abundance of each mass feature was
averaged to obtain a value for each of the two independent dilutions performed
per sample. If a mass feature was detected in only one out of the three machine
replications, the abundance was set to zero, as it is likely to represent a software
miscall or noise. Themass feature abundance of both independent dilutionswas
then averaged to obtain a value per biological replication. If the mass feature
abundance in one of the dilutions was zero (i.e. no detection or detection in only
one machine replication), we reported the abundance measured in the other
dilution. Differential accumulation ofmetabolites at the noble rot stages S1 to S3
was determined by Student’s t test against the nonsymptomatic control sam-
ples. P values were corrected using the Benjamini-Hochberg method imple-
mented in the R stats package. A cutoff of adjusted P # 0.05 was applied.

Possible compound identities were obtained based on mass matches to the
METLIN metabolite database (https://metlin.scripps.edu; Smith et al., 2005)
using a 30-ppm mass window. As MFE provides the neutral mass, the database
was only searched for the neutral charge. Based on statistical significance (i.e. in
the MFA and the Student’s t test), a set of 688 metabolites (642 compounds from
control and noble-rotted berries and 46 from wines) was manually curated by
evaluating their retention time and MS/MS spectra. Polarity of the potential
matches was compared with the polarity of authentic standards of a range of
polarities whose retention times in this chromatographic system had been
established previously. MS/MS fragmentation data were collected in a data-
dependent automated mode after ultrahigh pressure liquid chromatography.
The data obtainedwere qualitatively comparedwith available spectra inMETLIN
and the Tandem Mass Spectrum Database (http://www.tmsdatabase.org). The
manually curatedmetabolites were then assigned to classes and subclasses based
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on the chemical taxonomy established in the Human Metabolome Database
version 3.0 (http://www.hmdb.ca; Wishart et al., 2013).

NMR Analyses

Three biological replicates of noble-rotted and control samples from the
harvests of 2012 to 2014 were used to confirm the identities of sevenmetabolites
using an NMR approach (Supplemental Table S9). Metabolites were chosen for
NMR analysis based on three criteria: (1) they had significant accumulation
(adjusted P # 0.05) in most of the noble rot stages; (2) they represented com-
pounds with biological significance (e.g. products of the phenylpropanoid
pathway and plant hormones); and (3) most presented an unambiguous com-
pound identity based on mass, retention time, and MS/MS spectra. The
chemical extraction was done in 50 mg of freeze-dried grape tissues using
methanol:chloroform:water (2:2:1) following by sonication for 1 h. After cen-
trifugation at 11,000 rpm for 20 min at 4°C, the upper hydroalcoholic phase was
carefully separated and dried under a Speed-Vac for 24 h. To evaluate the re-
producibility of sample preparation, three portions of one of the samples were
used to perform three extractions. For the 1H-NMR quantification, the dry
residue of the hydroalcoholic phase was dissolved in 0.75 mL of deuterium
oxide phosphate buffer (150 mM, pH 7) containing 3 mM 4,4-trimethyl-4-silyl
propanoic acid (TSP) as an internal standard.

All 1H-NMR spectra were recorded at 298 K on a Bruker AVIII HD 500NMR
spectrometer (500.13 MHz for 1H) equipped with a 5-mm BroadBand Observe
cryogenic probe (Bruker Biospin). 1H spectra were referenced to TSP signal
(d = 0 ppm), whereas 13C spectra were referenced to CH-1 resonance of a-D-Glc
(d = 93.1 ppm). A standard one-dimensional pulse sequence noesypr1d (recycle
delay-90°-t1-90°-tm-90°-acquisition) was used to obtain metabolic profiles of
the grape berry extracts with the 90° pulse length of about 11 ms and t1 of 3 ms.
Water suppression was achieved with a weak irradiation during the recycle
delay (2 s) and mixing time (100 ms). Sixty-four transients were collected into
32,768 data points for each spectrum with a spectral width of 12 kHz. An ex-
ponential window function with line-broadening factor of 0.5 Hz was applied
to free induction decays prior to Fourier transformation.

For resonance assignment purposes, 1H-1H-correlation spectroscopy (COSY;
cosygpqfpr), 1H-1H-total correlation spectroscopy (TOCSY; mlevphpr), and
1H-13C-heteronuclear single quantum coherence (HSQC; hsqcetgp) two-
dimensional NMR spectra were acquired from the Human Metabolome Data-
base (Wishart et al., 2013) and from previous literature (Nakayama et al., 1999;
Seeram et al., 2002; Du et al., 2008; Abedini et al., 2013), in which complex
mixtures were used to specifically and selectively identify the chemical shifts. In
COSY and TOCSY experiments, 48 transients were collected into 2,048 data
points for each of 256 increments with the spectral width of 10 ppm for both
dimensions. Phase-insensitive mode was used with gradient selection for the
COSY experiments, whereas the well-known MLEV-17 was employed as
the spin-lock scheme in the sensitive phase. The TOCSY experiment (time-
proportional phase incrementation) had amixing time of 100 ms. 1H-13C-HSQC
NMR spectra were determined using the gradient-selected sequences with 200
transients and 2,048 data points for each of 128 increments. The spectral widths
were 26,410 Hz for 1H and 26,410 Hz for 13C in HSQC experiments. The data
were Fourier transformed into a 4 3 2k matrix with appropriate apodization
functions. 1H-NMR spectra were manually corrected for phase and baseline
distortions using TOPSPIN version 3.2 (Bruker Biospin), and the spectral region
of d = 0.5 to 9.5 was uniformly integrated into 3,166 buckets with width of 0.003
ppm (1.8 Hz) using the Chenomx software version 3.8.3 (Bruker Biospin). The
region d = 4.67 to 5.15 was discarded to eliminate the effects of imperfect water
presaturation. The spectral areas of all buckets were normalized to theweight of
extracts employed for measurements. The intensities of 30 selected 1H reso-
nances due hydroalcoholic metabolites were measured with respect to the in-
tensity of TSP signal used as an internal standard with a concentration of 3 mM.

qRT-PCR

cDNAwas prepared from total RNA using Moloney murine leukemia virus
reverse transcriptase (Promega). qRT-PCR was performed on a StepOnePlus
PCR System using Fast SYBR Green Master Mix (Applied Biosystems). The
qRT-PCR conditions used to amplify all genes were as follows: 95°C for 10 min,
followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. Based on their previ-
ously reported stability in grape berries (Licausi et al., 2010), VvACTIN
(VIT_04s0044g00580) and VvUBIQUITIN (VIT_16s0098g01190) were initially
chosen as reference genes to linearize the transcript levels for all genes of in-
terest as described in Chen and Dubcovsky (2012). The linearized values

correspond to the relative gene expression within a given sample and are
comparable across genes. Three to five biological replicates of the B. cinerea-
infected and control grape berries were used to obtain the relative gene ex-
pression data. Supplemental Table S12 provides the sequences of the primers
designed for this study. The efficiency of the primer sets was calculated using
4-fold cDNA dilutions (1:1, 1:4, 1:16, 1:64, and 1:256) in duplicate, while their
specificity was checked by analyzing the dissociation curves at temperatures
ranging from 60°C to 95°C.

The relative expression of 18genes in the samples of 2012wasused tovalidate
the RNAseq data. The results linearized withVvACTIN provided slightly better
correlation than those linearized withVvUBIQUITIN (Supplemental Fig. S3). In
addition,VvACTIN had higher expression levels in the noble-rotted and control
berries than VvUBIQUITIN, which makes it more suitable for qRT-PCR ex-
periments. Therefore, VvACTIN was selected as the reference gene for the
subsequent expression analyses using the samples of 2013 and 2014.

Enzymatic Assays

The extraction procedures for the enzymatic analyses were performed as
described by Li et al. (2013) with some modifications. For PAL (EC 4.1.3.5)
and CHI (EC 5.5.1.6), the extraction was done in 0.5 g of frozen tissue. Tissues
were homogenized at 4°C in 1 mL of 100 mM Tris-HCl buffer (pH 8.8) con-
taining 14 mM b-mercaptoethanol, 5 mM dithiothreitol (DTT), 1% (w/v) bo-
vine serum albumin (BSA), and 5% (w/v) polyvinylpolypyrrolidone (PVPP).
For C4H (EC 1.14.13.11) and DFR (EC 1.1.1.219), the same extraction buffer
was used as for PAL but with pH 7.5. For CHS (EC 2.3.1.74) and F3H (EC
1.14.11.9), 0.5 g of frozen tissues was homogenized at 4°C with 5% PVPP in
1 mL of 100 mM sodium phosphate buffer (pH 6.8) containing 14 mM

b-mercaptoethanol, 5 mM DTT, 40 mM sodium ascorbate, 3 mM EDTA, and
2% BSA at 0°C to 4°C. The homogenate was centrifuged at 12,000g for 20 min
at 4°C. The supernatant was precipitated with ammonium sulfate (70% [w/v]
saturation), kept on ice for 1 h, and centrifuged at 16,000g for 10 min at 4°C.
The resulting precipitate was dissolved in 1 mL of 100 mM sodium phosphate
buffer (pH 6.8) containing 8 mM DTT, 40 mM sodium ascorbate, and 1% (w/v)
BSA. For FLS (EC 1.14.11.23) and ANS (EC 1.14.11.19), 0.5 g of frozen tissues
was homogenized with 5% (w/v) PVPP and 1 mL of 100 mM Tris-HCl buffer
(pH 8) containing 14 mM b-mercaptoethanol, 5 mM DTT, 5 mM EDTA, 15 mM

MgCl2, and 2% (w/v) BSA. After centrifugation, the enzyme extract was
purified with ammonium sulfate as described above. All the above enzyme
extracts were desalted by passage through PD10 columns and then used for
enzyme analysis immediately.

Enzyme quantifications were performed spectrophotometrically using a
plate reader with temperature control (Biotek PowerWave HT; Biotek Instru-
ments). PAL activity was assayed in a mixture (250 mL) containing 100 mM

Tris-HCl buffer, pH 8, and enzyme extract. The reaction was initiated by the
addition of 150 mL of 200 mg mL21

L-Phe (final concentration, 6 mg mL21), and
the production of cinnamic acidwasmeasured over 10minwith variation of the
A290. C4H activity was assayed in a mixture (250 mL) containing 100 mM

phosphate buffer (pH 7.5), 1 mM DTT, 1 mM NADPH, and 100 mL of enzyme
extract. The reaction was initiated by the addition of 10 mM trans-cinnamic acid
(final concentration, 1 mM), and the variation of the A290 was recorded during
10 min. F3H activity was assayed in two independent reactions following the
conversion of naringenin to dehydrokaempferol and the conversion of eri-
dictyol to dihydroquercetin. The reaction mixture (250 mL) contained 100 mM

Tris-HCl buffer (pH 7.5), 0.5 mM DTT, 0.25 mM 2-oxoglutarate, 0.05 mM ferrous
sulfate, 5 mM sodium ascorbate, and 0.5 mM of the substrate (naringenin or
eridictyol). The addition of the substrate initiated the reaction, and the variation
of theA280 was followed over 10min. Results obtained from each substrate were
combined and plotted as F3H activity. CHI activity was assayed as follows:
29,4,49,69-tetrahydroxychalcone was synthesized from naringenin by treatment
with 50% KOH followed by acidification and recrystallization from aqueous
ethanol. Enzyme extract (100 mL) was added to 50 mM Tris-HC1, pH 7.4, con-
taining BSA (final concentration, 7.5 mg mL21) and 50 mM KCN to give a final
volume of 250mLmL21. The reactionwas initiated by adding 5mL of 1mgmL21

tetrahydroxychalcone in 2-ethoxyethanol, and changes in A381 were recorded
with the cell holdermaintained at 30°C. To allow for spontaneous isomerization
of the chalcone, the reference cell contained the assay mixture without enzyme.
The rate of disappearance of the chalcone (change in A381), in the presence of
enzyme, was used to estimate CHI activity. DFR activity was measured
according to Xie et al. (2004) with some modifications. The reaction mixture
contained 25 mM Tris-HCl (pH 7), 4 mM NADPH, 100 mM taxifolin (dihy-
droquercetin), and enzyme extract. The reactionwas initiated by the addition of
NADPH at 25°C, followed by measuring the rate of NADPH oxidation at
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340 nm. The enzyme activity was calculated using the extinction coefficient of
NADPH, 6.22 mM

21 cm21.
CHS and UFGT activities were assayed as described by Ju et al. (1995) and

Ghasemzadeh et al. (2012), respectively. Briefly, the reaction mixture for UFGT
activity contained 100 mL of enzyme extract, 1 mM UDP-Glc dissolved in 20mL of
a 330 mM solution of quercetin in methanol, and additional extraction buffer to
produce a 250-mL total volume. The reaction started by the addition of the
quercetin solution and changes in A290 at 30°C were recorded during 10 min.
Samples were incubated for 15 min at 30°C. The CHS assay was performed with
20 mL of enzyme extract mixed with 250 mL of 50 mM Tris-HCI buffer, pH 7.6,
containing 10mMKCN. The enzyme reactionwas allowed to proceed for 1min at
30°C after adding 10 mg of chalcone (prepared as described for CHI activity) to
10 mL of ethylene glycol monomethylether. The activity was determined by
measuring the A370.

For FLS and ANS activities, the methods of Wellmann et al. (2002) and Pang
et al. (2007), respectively, were used. The assay mixture for FSL activity (total
volume, 300 mL) contained 100 mM dihydroquercetin as a substrate, 83 mM

2-oxoglutarate, 42 mM ammonium iron (II) sulfate, 2.5 mM sodium ascorbate,
and 2 mg mL21 bovine catalase. FLS activity was calculated by the disap-
pearance of the dihydroquercentin at 330 nm during 10 min. ANS activity was
determined for the production of cyanidin from leucocyanidin (previously
synthetized from eridictyol andNADPH) in a final volume of 250mL containing
20 mM potassium phosphate buffer (pH 7), 200 mM NaCl, 10 mM maltose, 5 mM

DTT, 4 mM sodium ascorbate, 1 mM 2-oxo-Glu, 0.4 mM FeSO4, and enzyme
extract. Changes in the A330 at 30°C were recorded during 10 min. All the en-
zymatic activities were expressed as a function of the protein concentration of
the extracts, which were assayed and calculated following the method pro-
posed by Bradford (1976).

Quantification of Total Anthocyanin

Samples for total anthocyaninmeasurements were prepared using 100 mg of
ground tissue (skin and pulp) suspended in 350 mL of methanol 1% (v/v) HCl.
The samples were homogenized using 3-mm stainless-steel beads in a Tissue-
Lyser II (Qiagen) for 30 s with a frequency of 30 s21. The homogenized samples
were centrifuged at 10,000 rpm for 10 min, and then the supernatant was re-
covered. The sample extracts were incubated at room temperature for 10 min
and then measured spectrophotometrically at 520 nm using a plate reader
(Biotek PowerWave HT; Biotek Instruments). To calculate the total anthocya-
nins (mg g21 fresh weight of berry) present in the samples, a standard curve was
prepared with known amounts of malvidin-3-O-glucoside chloride (Sigma-
Aldrich) diluted in methanol 1% (v/v) HCl. Malvidin-3-O-glucoside is the
major anthocyanin in grape berries; therefore, the results are expressed as
malvidin equivalents for comparative purposes.

The Illumina reads were deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus under accession number GSE67932
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE67932).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Summary of quantitative variables from the mul-
tiple factor analysis from Figure 2.

Supplemental Figure S2. Map of the vineyard where the noble-rotted and
control samples were collected over 3 years.

Supplemental Figure S3. Scatterplots showing the correlation between the
fold changes in expression obtained by RNAseq data and the fold
changes measured by qRT-PCR.

Supplemental Table S1. Sugar and sugar alcohol levels in B. cinerea-
infected and control grape berries.

Supplemental Table S2. Summary of parsed and mapped mRNA reads
from noble-rotted samples and controls.

Supplemental Table S3. Scaled peak areas of detected mass features in
noble-rotted and control samples, per biological replicate and technical
replication.

Supplemental Table S4. Eigenvalues and percentage of explained variance
from the multiple factor analysis of samples at three stages of noble rot
and controls.

Supplemental Table S5. Quantitative variables significantly correlated
with the main dimensions of the multiple factor analysis of samples at
distinct noble rot stages.

Supplemental Table S6. DESeq2 and cluster analyses of grape gene ex-
pression as noble rot progressed.

Supplemental Table S7. Cluster analyses based on comparisons of metab-
olite abundance between samples of each noble rot stage and the asymp-
tomatic controls.

Supplemental Table S8. Enriched grape biological processes unique to
gene clusters with enhanced differential expression due to B. cinerea
infection.

Supplemental Table S9. 1H-NMR spectral data of key metabolites present
in noble-rotted cv Sémillon berries.

Supplemental Table S10. Core ripening genes and their functional anno-
tations based on VitisNet.

Supplemental Table S11. List of commonly up- and down-regulated DE
grape genes between the three stages of noble rot in cv Sémillon berries
and the normal ripening of red-skinned berries.

Supplemental Table S12. Enriched grape biological processes among the
common and unique DE genes when comparing the three stages of no-
ble rot in cv Sémillon berries and the normal ripening of red-skinned
berries.

Supplemental Table S13. Relative expression of 18 genes involved in the
central phenylpropanoid and flavonoid pathways in noble-rotted and
control berries harvested during the years of 2012, 2013, and 2014.

Supplemental Table S14. Scaled peak areas of detected mass features in
botrytized and control wines, per vintage and technical replication.

Supplemental Table S15. Eigenvalues and percentage of explained vari-
ance from the multiple factor analysis of botrytized (BOT1 and BOT2)
and non-botrytized wines (cv Sémillon and cv Sauvignon Blanc).

Supplemental Table S16. Metabolites significantly correlated with the
botrytized wine BOT1 when compared with two classes of non-botrytized
wines.
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