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ABSTRACT

Esca is a complex grapevine trunk disease associated with fungal infection
of the xylem. However, the inconstancy of external symptoms and the ability
of esca-associated fungi to inhabit grapevines without causing apparent
disease suggests that abiotic factors might be involved in the disease. Water
stress has been proposed to be one of the factors influencing esca symptom
manifestation but the specific role played by water stress on esca deve-
lopment is unknown. We conducted a proton nuclear magnetic resonance
spectroscopy-based metabolomic study aiming at unveiling drought-induced
modifications in xylem sap composition that could contribute to esca-related
infection progression. Vitis vinifera ‘Chardonnay’ plants were inoculated with

Phaeomoniella chlamydospora or Phaeoacremonium minimum and exposed
to water stress. Using this approach, 28 metabolites were identified in xylem
sap. The results show that water stress induces a concentration increase of
most metabolites in xylem sap. An average increase >100% was found for
asparagine, isoleucine, leucine, methionine, phenylalanine, proline, tyrosine,
valine, sarcosine, and trigonelline. The increase of these compounds seems to
be also modulated by fungal infection. This study offers further support to the
putative role of drought in esca expression, and opens new avenues of
research by extending the current knowledge about metabolites possibly
involved in esca disease.

Trunk diseases are among the most destructive diseases of
grapevine. Esca (also called blackmeasles, young grapevine decline,
or apoplexy) is a complex trunk disease affecting grapevines
worldwide. This disease, along with other grapevine trunk diseases,
has significant economic impact in regions where viticulture is an
important activity, having an estimated worldwide annual cost in
excess of U.S.$ 1.5 billion, solely for replanting vines (Hofstetter
et al. 2012). Several aspects contribute to the economic burden of
esca, mainly: (i) esca-related infection can be found at all stages of
vine culture, including nursery materials, young plants, and mature
vines (Bertsch et al. 2013; Fontaine et al. 2016; Surico et al. 2006);
(ii) esca diagnosis is difficult, most often being diagnosed only
when leaf or berry symptoms becomevisible at a late infection stage
(Feliciano et al. 2004; Kuntzmann et al. 2010); and (iii) presently,
there is no effective treatment for esca (Bertsch et al. 2013). Hence,
the disease leads to costs related to decreased production, lower
quality of berries, and, ultimately, labor and material cost for the
uprooting and replanting of vines (Calzarano et al. 2001, 2004;
Eskalen et al. 2007; Hofstetter et al. 2012; Lorrain et al. 2012;
Marchi 2001; Surico et al. 2000).
In its most severe form (named apoplexy), esca causes sudden

dieback of grapevine shoots, leaf drop, and shriveling of grape
clusters, many times culminating with plant death (Bertsch et al.
2013; Mugnai et al. 1999). In its chronic form, esca is characterized
by external symptoms in leaves and berries. Leaf symptoms appear
as chlorotic spots expanding between the veins, eventually forming
a “tiger-stripe” pattern. Berry symptoms are evident as dark spots on
the berry skin, which is why the disease is also known as black
measles (Bertsch et al. 2013; Mugnai et al. 1999). It has been
reported that physiological alterations (namely, a reduction in
photosynthesis and decrease of photosynthetic pigments) occur in

leaves before symptom appearance, and these alterations become
more serious as the symptoms progress (Fontaine et al. 2016;
Letousey et al. 2010; Magnin-Robert et al. 2011; Petit et al. 2006;
Valtaud et al. 2011). Though the etiology of esca is not fully
understood, it has been recognized that the xylem-inhabiting fungi
Phaeomoniella chlamydospora and Phaeoacremonium minimum
play a role as causal agents of the disease (Bertsch et al. 2013;
Mugnai et al. 1999; Surico et al. 2006). These fungi cause internal
symptoms in the trunk and shoots, appearing as black streaks along
xylem vessels (Bertsch et al. 2013; Larignon and Dubos 1997;
Mugnai et al. 1999). Nonetheless, these fungi are known to live in
grapevines for several years without causing apparent disease
(Bruez et al. 2014, 2016). Mugnai et al. (1999) proposed that sym-
ptoms in leaves and berries might be caused by fungal toxins
translocated to the leaves via xylem sap. In fact, several fungal
toxins (mainly scytalone, isosclerone, and other naphtalenones)
were isolated from Phaeomoniella chlamydospora and Phaeoa-
cremonium minimum cultures (Abou-Mansour et al. 2004; Andolfi
et al. 2011; Tabacchi et al. 2000), and in vitro assays showed the
ability of these toxins to produce esca-like symptoms in detached
leaves and berries (Bruno and Sparapano 2006a, 2007; Bruno et al.
2007). However, in vivo tests to reproduce esca external symptoms
by inoculating vines with esca-related fungi have rarely been
successful, suggesting that other factors, in addition to the fungi,
contribute to disease manifestation (Surico et al. 2006). Indeed, the
appearance of disease symptoms has been associated with climatic
conditions (namely, related to precipitation) (Marchi et al. 2006;
Surico et al. 2006), as well as with the occurrence of abiotic stress
(in particular, water stress) (Ferreira et al. 1999). Moreover, an
increase in esca-symptomatic vineyards has been noticed inCalifornia
since the beginning of the current drought period in 2012 (W. D.
Gubler, personal communication).
Some studies have suggested the association of water stress

with symptom expression of other grapevine trunk diseases, such
as those caused by Botryosphaeriaceae spp. and Eutypa lata
(Sosnowski et al. 2011; van Niekerk et al. 2011). Few studies
addressed the interaction of water stress and esca-related infection.
Ferreira et al. (1999) found higher symptom expression in plants
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subjected towater stress, whereas Edwards et al. (2007b,c) describe
that Phaeomoniella chlamydospora infection changes a vine’s
physiological response to water stress by interfering with normal
stomatal regulation and lowering leafwater potential.However, it has
been reported that esca infection and drought affect the functioning of
photosystem II in different ways (Christen et al. 2007).Moreover, the
growth of grapevines inoculatedwithPhaeomoniella chlamydospora
and exposed towater stress was found to be significantly affected by
water stress but not by fungal infection (Fischer and Kassemeyer
2012). Presently, the specific mechanism underlying the predisposition
ofwater-stressedvines to theprogressionof esca-related infection is not
known though, ingeneral terms, thehigherpredisposition todiseasehas
been attributed to the effects of drought on a plant’s physiology that
reduce its capacity to resist infection (Ayres 1984; Boyer 1995;
Schoeneweiss 1978, 1981).
Modern metabolomic techniques are excellent tools to study the

overall modifications induced by biotic or abiotic stresses in plants.
Though targeted approaches, particularly aiming at phenolic com-
pounds, have been used to study esca-induced chemical changes in
several grapevine tissues, fewuntargetedmetabolomic studiesof esca
disease have been done. Changes in phenolic compounds were
reported for infected grapevine calli (Bruno and Sparapano 2006b),
and an accumulation of several stilbene polyphenols, particularly
resveratrol and e-viniferin, was found in brown-red wood of esca-
diseased grapevines (Amalfitano et al. 2000, 2011). Additionally, the
total amount of phenolics was found to increase in esca-diseased
leaves, and specific compounds were shown to be highly correlated
with disease (Lima et al. 2017). Changes in the phenolic component
were also studied in green stems, cordons, and trunks of grape plants
affected with esca, showing an increase of stilbene compounds
in symptomatic woody tissues (Magnin-Robert et al. 2016). One
untargeted study used proton nuclear magnetic resonance (1H-
NMR) spectroscopy to study the influence of esca disease on the
metabolome of grapevine leaves; this approach revealed a profound
impact of esca on several metabolic pathways, with diseased leaves
showing an increase in phenolic compounds together with a
decrease in carbohydrates, suggesting that diseased leaves reroute
carbon and energy from primary to secondary metabolism (Lima
et al. 2010).
Though chemical composition of xylem sap is known to change

upon infection with xylem-inhabiting microorganisms (Wallis and
Chen 2012; Yadeta and Thomma 2013), the xylem sap was rarely
addressed in respect to esca infection. Changes in the xylem have
been studied before (Del Rı́o et al. 2001, 2004; Edwards et al.
2007a; Gómez et al. 2016) but few studies concerning xylem sap
exist. The studies on xylem sap have shown accumulation of fungal
toxins andhost phenolic compounds in sapof esca-diseasedgrapevines
(Bruno and Sparapano 2006a, 2007; Bruno et al. 2007). Thus far, no
comprehensive characterization of the metabolome of xylem sap of
esca-infected plants has been attempted.
We hypothesize that drought induces modifications in xylem sap

composition that could contribute to esca-related infection progres-
sion. In this study, we used a 1H-NMR spectroscopy metabolomic
approach and a greenhouse model of esca early infection to analyze
the impact of water stress on plant’s growth; photosynthetic pigments;
and xylem sap volume, pH, and chemical composition.

MATERIALS AND METHODS

Plant material and growth conditions. Dormant cuttings of
Vitis vinifera ‘Chardonnay’ were obtained from Foundation Plant
Services (University of California–Davis [UCD]). The base of the
cuttings was dipped in GardenTech RootBoost (TechPac LLC,
Atlanta) before being planted in 25-cm-deep coneswith a 1:1mixture
of perlite and UC soil mix (50% washed sand and 50% sphagnum
peat moss). Cuttings were allowed to root for 5 weeks in a misting
chamber. Rooted cuttings were transplanted into 7.5-liter pots with
Agronomy UC soil mix (40% washed sand, 20% sphagnum peat

moss, 20% redwood compost, and 20%pumice rock) and transferred
to a greenhouse at the UCD Orchard Park facilities. After 15 weeks,
all plants had grown a shoot 1 m in length and were all at the same
baseline size. Only one shoot at the two uppermost bud positionswas
allowed togrow; lower shootswere pruned.The last pruningoccurred
2 days prior to fungal inoculation. No pruning was done after
experimental treatments started. The experiment took place between
July and October 2015. Days were 12 to 13 h long, with average
temperature 25.6�C (minimum16.7�C andmaximum35.6�C) inside
the greenhouse. Plants were dripline irrigated four times a day with
Hoagland’s solution (33 ml/min) for 4 min until plants reached
baseline size, and for 8 min after that until the end of the experiment.
At baseline size and without further pruning, the plants grew freely,
therefore requiring the additional watering to remain unstressed.

Experimental treatments: fungal inoculation and water
stress. After 15 weeks in the greenhouse (baseline), plants were
randomized into one of six treatments using a random sequence
generated at https://www.random.org/ (n = 6): (i) mock inoculated,
water stressed; (ii) mock inoculated, nonwater stressed; (iii)
Phaeoacremonium minimum inoculated, water stressed; (iv)
Phaeoacremonium minimum inoculated, nonwater stressed; (v)
Phaeomoniella chlamydospora inoculated, water stressed; and
(vi) Phaeomoniella chlamydospora inoculated, nonwater stressed
(Supplementary Fig. S1). Fungal inoculationwas performed and the
infection was allowed to establish for 6 weeks before applying the
concurrent water stress. For fungal inoculation, the stem of each
plant was sanitized with 70% ethanol 3 cm below the growing shoot
and a longitudinal 1 cm cut was made with a sterile scalpel blade to
expose the xylem vessels. The xylem was inoculated with 50 µl of
the Phaeoacremonium minimum or Phaeomoniella chlamydospora
spore solution (4 × 103 spores/ml). Controls were mock inoculated
with the same volume of sterile deionized water. The droplet was
readily absorbed and the wound closed with Parafilm to avoid
desiccation. Sixweeks after inoculation,water stresswas applied by
disconnecting the plants from the irrigation driplines. The level of
stress was monitored by measuring stem water potential within 1 h
of solar noon, using a Sholander bomb (model 610; PMS Instrument
Company, Albany, OR). The leaves were enclosed in a humidified
plastic bag covered with aluminum foil, and left to equilibrate for
15 min before cutting the petiole (Secchi and Zwieniecki 2012).
Water-stressed plants were kept at an interval of _1.6 to _1.0 MPa
(achieved by intermittent watering events), whereas control plants
were maintained at _0.6 to _0.4 MPa (achieved by keeping the
plants connected to the dripline irrigation system for the entire
period of the experiment). Stem water potential was measured
frequently (four to six times per week) and, whenever the water
potential of water-stressed plants was below _1.6 MPa, the plants
were reconnected to the irrigation driplines for a period of 24 h. This
prevented plants from entering a severe water stress level, allowing
the plants to return to the desired moderate to high level of water
stress.

Fungal isolates maintenance and inoculum preparation.
Phaeomoniella chlamydospora and Phaeoacremonium minimum
dried frozen cultures (isolates C25 and A54, respectively, pre-
viously shown to be virulent) were retrieved from our laboratory
collection (UCD, Plant Pathology Department) and grown onDifco
potato dextrose agar (Becton, Dickinson and Company, Sparks,
MD) amended with 0.01% tetracycline (Amresco, Solon, OH)
(PDA-Tet), at room temperature (24 ± 1�C), being subcultured
every 4 weeks. On the inoculation day, 5 ml of sterile deionized
water was added to 4-week-old plates and the surface of the fungal
colonies was gently scraped with a dissecting needle to release
spores. The resulting suspension was filtered through sterile four-
layer cheese cloth to removedebris and collected into a sterile 15-ml
conical centrifuge tube. Filtrate concentration was determined by
counting spores under themicroscope using a hemocytometer, and a
fungal spore solution of 4 × 103 spores/ml was prepared for each
fungal isolate.
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Sample harvest. Harvest of plant material took place in
greenhouse 4 h after sunrise. Plant shoot growth above the baseline
sizewasmeasured, and 6 to 10 leaves from each plantwere collected,
rinsed in deionized water, immediately frozen in liquid nitrogen, and
stored at _20�Cuntil photosynthetic pigment analysis. For xylem sap
collection, the base of the stem and the top of defoliated shoot were
cut. At the base, 1 cm of the bark around the stem was removed to
avoid phloem contamination, and the dissected part of the stem was
connected through Tygon tubing to a 1.5-mlmicrotube resting inside
a vacuum chamber, as previously described (Secchi and Zwieniecki
2012). Vacuum was applied and small stem sections were cut from
the top as the xylem sapwas collected into themicrotube (Secchi and
Zwieniecki 2012). Stem sections andxylemsapwere kept on ice until
being transported to the lab. Stemsectionswere storedat 4�Covernight
for fungal isolation. Sap pH was measured using an Accumet
microelectrode (Fisher Scientific, Hampton, NH) connected to a
SevenCompact pH meter (Mettler Toledo, Columbus, OH). Xylem
sap was filtered through Whatman PVDF 0.45-µm syringe filters
(GE Healthcare Life Sciences, Pittsburgh), flash frozen in liquid
nitrogen, and stored at _20�C until further analysis.

Fungal isolation from inoculated plants. Xylem tissue sur-
rounding the inoculation site of mock- and fungal-inoculated plants
was collected under sterile conditions and plated on Petri dishes
with PDA-Tet. Plates were kept at room temperature (24 ± 1�C) for
4 weeks. Phaeomoniella chlamydospora and Phaeoacremonium
minimum were identified based on colony morphology. Identifica-
tion was confirmed by analysis of internal transcribed spacer (ITS)
region. Total DNA was extracted using the DNeasy Plant Minikit
(Qiagen, Hilden, Germany), starting by homogenizing, with a micro-
pestle, approximately 100 mg of fungal tissue in the recommended
amount of buffer AP1 and RNaseA. The next steps followed the
manufacturer’s “Plant tissue (mini protocol)” until the final elution
in 100 µl of included elution buffer AE (10 mM Tris·Cl, 0.5 mM
EDTA, pH 9.0). A polymerase chain reaction (PCR) was carried in
25 µl of reaction volumewith 2 µl of the DNA eluate, 0.4 µMprimer
ITS4, 0.4 µM primer ITS5 (White et al. 1990), and 1× PCR master
mix (Thermo Scientific, Waltham, MA). The PCR program
consisted of a step at 94�C for 2 min; followed by 35 cycles of
94�C for 1 min, 58�C for 1 min, and 72�C for 1.5 min; and a final
extension step of 5 min at 72�C. The PCR products were
electrophoresed for 1 h at 120 V on a 2% agarose gel in 1× Tris-
acetate-EDTAbuffer,with1×SYBRSafeDNAGelStain (Invitrogen,
Carlsbad, CA), alongwith a 100-bpDNA ladder (Thermo Scientific),
to verify integrity and specificity of the amplifiedDNA fragment. The
PCR product was purified using the QIAquick PCR Purification Kit
(Qiagen), following the manufacturer’s instructions, and sent for
sequencing at the UCD Division of Biological Sciences sequencing
facility. Sequences were processed using the software CodonCode
Aligner (CodonCode Corporation, Centerville, MA) and compared
with nucleotide sequences deposited in the National Center for
Biotechnology Information GenBank using the MegaBLAST tool.

Photosynthetic pigments quantification. Frozen leaves
were ground with a mortar and pestle in the presence of liquid
nitrogen. Powdered leaf tissue (approximately 100mg)was extracted
in 10ml of cold acetone:1MTris-HCl (80:20 [vol/vol], pH 8) (Fisher
Scientific; Mediatech Inc., Manassas, VA) (Sims and Gamon 2002).
Samples were incubated at 4�C for 72 h, with occasional shaking.
Absorbance was recorded in a SmartSpec Plus spectrophotometer
(Bio-Rad, Hercules, CA) at 470, 537, 647, and 663 nm. Amount of
carotenoids and chlorophylls a and b was calculated according to
Sims and Gamon (2002).

Sample preparation and 1H-NMR spectroscopy analysis.
Frozen xylem sap was thawed on ice and 10% (vol/vol) of D2O
(Acros Organics, Fair Lawn, NJ), containing 0.1% 3-(trimethylsilyl)
propionic acid-d4 sodium salt (TMSP-d4; Acros Organics) as
chemical shift reference, was added to a final volume of 200 µl. The
sample was transferred into 3-mm NMR tubes (Bruker BioSpin
Corp., Billerica, MA) and NMR spectra were acquired at the UCD

NMR facility on a 600-MHz Bruker AvanceIII Spectrometer
equipped with a SampleJet automatic sample changer. Standard one-
dimensional spectra were acquired at 300 K using the “noesypr1d”
pulse sequence with water presaturation during relaxation delay and
mixing time. Acquired spectra consisted of 128 scans, with 65,000
complex data points and a spectral width of 7,211.539 Hz. Spectra
wereprocessedusingTopspin (v3.5pl4;BrukerBioSpinCorp.).Before
Fourier transformation, the free induction decays were zero-filled to
64,000 points and multiplied by a 0.3-Hz line-broadening function.
Spectrawerephased- andbaseline-correctedmanually, and the chemical
shifts referenced to theTMSPsignal.Processedspectrawere imported to
the Chenomx NMR suite (v8.1; Chenomx Inc., Edmonton, Alberta,
Canada) for targeted identification and quantification of metabolites
present in xylem sap. Identification of compounds was also assisted by
the literature (Evidente et al. 2000; Lima et al. 2014) and the human
metabolome database (Wishart et al. 2013).

Data analysis. The experiment followed a completely ran-
domized design, with six plants per group. During the experimental
period, two mock-inoculated plants (one in the water-stressed and
one in the nonwater-stressed group) died. Statistical analysis and
plots were performed in R version 3.2.2 (R Core Team 2015), using
car (Fox and Weisberg 2011), plyr (Wickham 2011), and ggplot2
(Wickham 2009) packages. Shapiro-Wilk and Leven’s tests were
performed to assess data normality and homoscedasticity. Two-way
analysis of variance followed by Tukey’s honestly significant dif-
ference test was used to test differences in plant growth, xylem sap
volume, xylem sap pH, and photosynthetic pigments. For meta-
bolomic data, one Phaeoacremonium minimum-inoculated/water-
stressed sample was removed as outlier, before testing significant
differences using the Mann Whitney U test, and Kruskal-Wallis test
with Dunn’s post hoc test using Bonferroni correction for multiple
comparisons. Significance was considered at P £ 0.05.

RESULTS

Fungal infection. At harvest, 3 months after fungal inocula-
tion, black or dark-brown longitudinal lesions were seen inside the
stem of plants inoculated with Phaeomoniella chlamydospora or
Phaeoacremonium minimum (Fig. 1B and C), whereas no disease
discoloration was seen in control plants (Fig. 1A). The necrosis
spread along the entire length of the cut made to perform the
inoculation (1 cm) and could be seen extending by 1 to 2 mm in the
xylembeyond themargins of the cut (Fig. 1B andC). The aspect and
size of the lesions were similar regardless of whether plants had
been exposed towater stress or not. Phaeoacremoniumminimum or
Phaeomoniella chlamydospora were isolated from xylem tissue
around the inoculation site in 100% of the plants inoculated with
Phaeoacremonium minimum or Phaeomoniella chlamydospora,
respectively. None of these fungi were recovered from any of

Fig. 1. Longitudinal trunk sections at infection point 3 months after inoculation.
Typical esca black or dark-brown lesions visible at and around inoculation site
on fungal inoculated plants. A, Mock (sterile water); B, Phaeomoniella chla-
mydospora; and C, Phaeoacremonium minimum.
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control plants (0%). The results indicate that a successful infection
was established in xylem of fungal inoculated plants, though it was
slow progressing. Nonetheless, at this early infection stage, no
external leaf symptoms could be seen in any of the plants.

Assessment of combined fungal inoculation and water
stress on plant growth, xylem sap volume and pH, and leaf
photosynthetic pigments. Plant growth above baseline level was
evaluated at harvest. The results showed a marked decrease in plant
growth in response to water stress (Fig. 2A). When fungal infection
was present, a slight decrease in plant growth was seen compared

with the noninoculated control but it was not statistically significant
(Fig. 2A). Interestingly, the impact of water stress on growth of
fungus-inoculated plants seems to be lower, which translated into a
nonstatistically significant difference between water-stressed and
nonwater-stressed plants when plants were inoculated with Phaeoa-
cremonium minimum or Phaeomoniella chlamydospora (Fig. 2A).
The volume of xylem sap recovered from water-stressed plants

was generally lower than the volume collected from nonwater-
stressed plants (Fig. 2B), varying in treatment group average
between 825 and 842 µl under water stress and between 1,108 and

Fig. 2. Plant growth and xylem sap volume and pH of Vitis vinifera Chardonnay
plants at harvest time. Rooted canes were grown in greenhouse for 15 weeks
before inoculation: Mock = sterile water, Pch = Phaeomoniella chlamydospora,
and Pmi = Phaeoacremonium minimum. Six weeks after inoculation, plants were
kept regularly watered (left column in each pair) or subjected to water stress (right
column in each pair) for 7 weeks. A, Plant shoot growth (cm) above baseline size;
B, xylem sap volume (µl); and C, xylem sap pH. Average ± standard error.
Treatment groups sharing the same letter are not significantly different (two-way
analysis of variance, Tukey’s honestly significant difference, P < 0.05).

Fig. 3. Photosynthetic pigments in leaves of Vitis vinifera Chardonnay plants
at harvest time. Rooted canes were grown in greenhouse for 15 weeks before
inoculation: Mock = sterile water, Pch = Phaeomoniella chlamydospora, and
Pmi = Phaeoacremonium minimum. Six weeks after inoculation, plants were
kept regularly watered (left column in each pair) or subjected to water stress
(right column in each pair) for 7 weeks. A, Chlorophyll a (µmol/g fresh
weight); B, chlorophyll b (µmol/g fresh weight); and C, carotenoids (µmol/g
fresh weight). Average ± standard error. Treatment groups sharing the same
letter are not significantly different (two-way analysis of variance, Tukey’s
honestly significant difference, P < 0.05).
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1,170 µl in nonwater-stressed samples. The pH of water-stressed
xylem sap was slightly lower (pH 5.7 to 5.9) than that of nonwater-
stressed sap (pH 5.9 to 6.0), though the difference was not
statistically significant (Fig. 2C). These differences in xylem sap pH
were similar regardless of fungal inoculation.
Leaf chlorophyll a, chlorophyll b, and carotenoidswere quantified.

The amount of these pigments slightly decreased when plants were
exposed towater stress (Fig. 3A toC). Carotenoidswere significantly

decreased in plants inoculated with Phaeomoniella chlamydospora
and under water stress (Fig. 3C).

1H-NMR spectroscopy analysis of grapevine xylem sap.
Representative 1H-NMR spectra of grapevine xylem sap are shown
in Figure 4. The spectra of xylem sap of plants inoculatedwith either
Phaeoacremonium minimum or Phaeomoniella chlamydospora
were visually similar to those of mock (sterile water)-inoculated
plants.

Fig. 4. Typical proton nuclear magnetic resonance spectra of grapevine xylem sap. Insets refer to the 6 to 9.25 ppm region. Assignment of major peaks indicated on
top panel. A, Mock (sterile water), nonwater stress; B, mock (sterile water), water stress; C, Phaeomoniella chlamydospora, nonwater stress; D, Phaeomoniella
chlamydospora, water stress; E, Phaeoacremonium minimum, nonwater stress; and F, Phaeoacremonium minimum, water stress.
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All major signals in the spectra of grapevine xylem sap were
identified and are listed in Table 1. In total, 28 metabolites were
identified, including amino acids (alanine, arginine, asparagine,
aspartate, glutamate, glutamine, histidine, isoleucine, leucine,
methionine, phenylalanine, proline, threonine, tyrosine, and valine),
sugars (glucose, fructose, and sucrose), salt or ester forms of mono-
and dicarboxylic acids (formate and fumarate, respectively), alcohols
(ethanol and methanol), and other small molecules (choline, 4-
aminobutyrate [GABA], myo-inositol, sarcosine, and trigonelline),
as well as signals arising from polyphenols.
Additionally, the spectra were searched for signals characteristic

of themycotoxins associatedwithPhaeoacremoniumminimum and
Phaeomoniella chlamydospora (scytalone and isosclerone) but
these fungal toxins were not detected in the xylem sap of inoculated
vines.

Metabolite changes in xylem sap. The concentration of
identified compounds in xylem sapwas determined usingChenomx
software. Average concentration of each metabolite is presented in
Table 2, and boxplots in Figures 5 and 6 illustrate the variance in the
data. Overall, the results indicate that an increase in the concentration
of most metabolites was induced in xylem sap under water stress.
This includes notable concentration increase of arginine, asparagine,
aspartate, isoleucine, leucine, methionine, proline, tyrosine, sarcosine,
and trigonelline, as well as minor concentration increase of phenyl-
alanine, threonine, valine, glucose, sucrose, 4-aminobutyric acid,
and myo-inositol (Figs. 5 and 6). The concentration of some amino
acids (alanine, glutamate, glutamine, andhistidine), formate, fumarate,
ethanol, methanol, choline, and fructose seems to remain stable in
xylem sap regardless of fungal inoculation or water stress (Figs. 5 and
6). Remarkable average concentration increase >100% induced by
water stress was found for asparagine, isoleucine, leucine, methio-
nine, phenylalanine, proline, tyrosine, valine, sarcosine, and trigonel-
line (Table 2). It is noteworthy that the increase of these compounds
inxylemsapwas significantly (P£ 0.05) higher inxylemsapof plants
inoculated with Phaeoacremonium minimum or Phaeomoniella
chlamydospora (Figs. 5 and 6).

DISCUSSION

Water stress has been associated with the expression of esca
disease but the mechanism by which drought influences the
development of esca in grapevine is not fully understood. In this
work, we assessed the impact of water stress on grapevines at an
early stage of esca infection, aiming at unveiling the contribution of
drought to the development of esca disease. Because esca is caused
by xylem-inhabiting fungi, we focused on the xylem sap, because it
constitutes the environment the fungi are exposed to.
The results show that our inoculation procedure was successful

and fungal infection was achieved, which was evident by the
presence of internal symptoms (Fig. 1) and the reisolation of either
Phaeoacremonium minimum or Phaeomoniella chlamydospora
from the margins of the lesions of the inoculated plants. However,
no visible external symptoms could be seen at this early infection
stage. This is consistent with field observations that infected plants
develop symptoms long after initial infection (Bruez et al. 2014,
2016). Furthermore, our findings are in agreement with a previous
greenhouse study conducted by Fischer and Kassemeyer (2012), in
which internal but not external symptoms were found 10 months
after inoculation with Phaeomoniella chlamydospora spores.
In the field, esca-affected plants are reported to have lower growth.

However, in our greenhouse study, no significant differences were
found in plant growth due to eitherPhaeoacremonium aleophilum or
Phaeomoniella chlamydospora infection; however, significantly
lower growth was registered in response to water stress (Fig. 2A).
These results are in accordancewith those of Fischer andKassemeyer
(2012). These authors inoculated plants with Phaeomoniella chlamy-
dospora and subjected the plants to water stress; 10 months after
inoculation, significantly lower shoot growth and lower above-
ground weight were found in response to water stress but not in
response to fungal infection (Fischer and Kassemeyer 2012). The
decrease of vegetative growth of grapevines as a consequence of
drought is well documented (Chaves et al. 2010; Lovisolo et al.
2010; Schultz and Matthews 1988; Stevens et al. 1995).

TABLE 1. Metabolites observed in proton nuclear magnetic resonance spectra of grapevine xylem sap

Assignmenta d
Hppm (Multiplicity/J Hz)b

4-Aminobutyrate 1.89 (m), 2.29 (t/7.4), 3.01 (t/7.6)
Alanine 1.47 (d/7.2), 3.78 (q)
Arginine 1.64 (m), 1.71 (m), 1.90 (m), 3.23 (t), 3.77 (t/6.2)
Asparagine 2.84 (dd), 2.95 (dd), 4.0 (dd)
Aspartate 2.67 (dd), 2.81 (dd), 3.89 (dd/m)
Choline 3.19 (s), 3.51 (dd), 4.06 (m)
Ethanol 1.17 (t/7.1), 3.65 (q)
Formate 8.44 (s)
Fructose 3.55 (m), 3.69 (m), 3.82 (m), 3.89 (dd), 3.99 (m), 4.01 (dd), 4.11 (m)
Fumarate 6.53 (s)
Glucose 3.23 (dd), 3.40 (m), 3.46 (m), 3.52 (dd), 3.70 (t), 3.72 (m), 3.82 (m), 3.89 (dd), 4.63 (d/8.0), 5.22 (d/3.7)
Glutamate 2.04 (m), 2.12 (m), 2.35 (m), 3.75 (dd)
Glutamine 2.13 (m), 2.45 (m), 3.77 (t/6.1), 6.87 (s)
Histidine 3.21 (dd), 3.28 (dd), 4.01 (dd), 7.31 (s), 8.20 (s)
Isoleucine 0.93 (t/7.4), 1.00 (d/7.0), 1.25 (m), 1.46 (m), 1.97 (m), 3.66 (d)
Leucine 0.95 (t), 1.70 (m), 3.7(m)
Methanol 3.35 (s)
Methionine 2.15 (m), 2.63 (t/7.5), 3.86 (m)
myo-Inositol 3.27 (t/9.3), 3.52 (dd), 3.61 (t/9.7), 4.06 (t)
Phenylalanine 3.11 (m), 7.32 (d/7.0), 7.37 (m), 7.42 (m)
Proline 2.00 (m), 2.06 (m), 2.34 (m), 3.33 (m), 3.41 (m), 4.12 (dd)
Sarcosine 2.74 (s), 3.60 (s)
Sucrose 3.46 (t/9.3), 3.55 (dd), 3.67 (s), 3.75 (t/9.5), 3.82 (m), 3.82 (m), 3.88 (m), 4.04 (t/8.6), 4.21 (d/8.7), 5.40 (d/3.9)
Threonine 1.32 (d/6.6), 3.58 (d/4.8), 4.25 (m)
Trigonelline 4.42 (s), 8.07 (m), 8.82 (m), 9.11 (s)
Tyrosine 3.04 (dd), 3.19 (dd), 3.94 (dd), 6.89 (d), 7.18 (d)
Valine 0.98 (d/7.0), 1.03 (d/7.0), 2.26 (m), 3.60 (d)
Polyphenols* 6.87 (s), 7.60 (s)

a An asterisk (*) indicates tentative assignment.
b Chemical shifts of spin systems in bold refer to the isolated signals used to determine compound concentration in Chenomx software. Spin multiplicity
designations: s = singlet, d = doublet, t = triplet, dd = doublet of doublets, and m = complex multiplet.
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Interestingly, initial infection with either Phaeoacremonium
minimum orPhaeomoniella chlamydospora seemed to diminish the
negative impact of drought on plant growth (Fig. 2A), suggesting an
interaction of fungal infection and drought tolerance. In fact,
previous studies have shown that Phaeomoniella chlamydospora
infection interferes with the grapevine response to water stress in a
cultivar-dependent manner (Edwards et al. 2007b,c). In general, the
impact of dual stresses on plants is less studied, and the con-
sequences of combined stresses cannot be inferred from what is
known about single-stress studies (Ramegowda and Senthil-Kumar
2014; Suzuki et al. 2014). The effects of simultaneous stresses on
plants are complex, resulting in negative or positive effects of one
stress over the other, and it has been documented that previous
exposure to pathogen infection could result in tolerance to drought
stress (Ramegowda and Senthil-Kumar 2014).
Our results did not show significant differences in the amount of

chlorophyll a, chlorophyll b, and carotenoids, though their amount
was consistently lower under water-stress conditions (Fig. 3). The
larger difference was registered in Phaeomoniella chlamydospora-
inoculated plants, in which water-stressed vines presented signifi-
cantly lower carotenoid concentration than normally watered plants,
suggesting an effect of drought in the fungal infection. Damage to
photosynthetic function has been shown as a consequence of both
drought (Chaves et al. 2010; Escalona et al. 2003; Flexas et al. 1998,
2002; Maroco et al. 2002) and esca disease (Fontaine et al. 2016;
Magnin-Robert et al. 2011; Petit et al. 2006). However, it has been
reported that esca disease and drought affect photosynthetic systems
through different means (Christen et al. 2007). In esca-diseased
grapevines, a decrease of chlorophylls has been foundbut carotenoids
have been reported to be not affected (Magnin-Robert et al. 2011;
Petit et al. 2006). In our experiment, the lack of differences in the
amount of photosynthetic pigments in response to fungal inoculation
is likely due to the early infection stage.

Using 1H-NMRspectroscopy,wewere able to identify, in a single
analysis, 28 metabolites belonging to several chemical classes,
including amino acids, sugars, salt or ester forms of carboxylic
acids, alcohols, and other small molecules (Fig. 4; Table 1). This
analytical technique has several advantages (namely, the fast
sample preparation and the possibility of high-throughput) and has
proven to be useful to the study of esca disease (Lima et al. 2010).
Most of the compounds hereby identified have already been
identified in grapevine xylem sap (Andersen and Brodbeck 1989;
Peuke2000;Roubelakis-Angelakis andKliewer 1979) but, to thebest
of our knowledge, formate, fumarate, ethanol, methanol, choline,
myo-inositol, sarcosine, and trigonelline are here being reported for
the first time.Our results indicate that glutamine is themost abundant
amino acid in grapevine xylem sap, which is in agreement with
previous reports (Andersen and Brodbeck 1989; Roubelakis-
Angelakis and Kliewer 1979).
In general, the results showed a concentration increase of xylem

sap components when grapevines were under water stress. This
increase was more remarkable for amino acids, whereas sugar
concentration only slightly increased. A noteworthy concentration
increase was registered for asparagine, isoleucine, leucine, methi-
onine, phenylalanine, proline, tyrosine, valine, sarcosine, and tri-
gonelline (Table 2). The concentration increase of thesemetabolites
in sap under water stress was even more significant when plants
were infected with Phaeoacremonium minimum or Phaeomoniella
chlamydospora (Figs. 5 and 6), which suggests an interaction
between drought and esca-related fungal infection, even at an early
infection stage. To the best of our knowledge, changes in grapevine
xylem sap composition in response to drought have not been
previously reported. Drought has been shown to induce modifica-
tions in the xylem sap composition of maize, sunflower, and castor
bean, including increases in amino acids, organic acids, and
phenylpropanoid compounds (Alvarez et al. 2008; Gollan et al.

TABLE 2. Concentration of metabolites observed in proton nuclear magnetic resonance spectra of grapevine xylem sapa

Mock (sterile water) Phaeoacremonium minimum Phaeomoniella chlamydospora

Concentration (mM)b Concentration (mM)b Concentration (mM)b

Metabolite Nonwater stress Water stress Var (%)c Nonwater stress Water stress Var (%)c Nonwater stress Water stress Var (%)c

4-Aminobutyrate 0.0488 ± 0.006 0.0504 ± 0.006 3 0.0315 ± 0.002 0.0400 ± 0.004 27 0.0498 ± 0.009 0.0581 ± 0.004 17
Alanine 0.0157 ± 0.005 0.0082 ± 0.001 –48 0.0045 ± 0.001 0.0056 ± 0.001 25 0.0111 ± 0.004 0.0095 ± 0.001 –15
Arginine 0.3737 ± 0.043 0.5904 ± 0.066 58* 0.3319 ± 0.044 0.4969 ± 0.072 50 0.3621 ± 0.073 0.6590 ± 0.035 82*
Asparagine 0.0536 ± 0.018 0.1454 ± 0.030 171* 0.0374 ± 0.007 0.1873 ± 0.033 401* 0.0492 ± 0.010 0.1365 ± 0.024 177*
Aspartate 0.0403 ± 0.005 0.0807 ± 0.017 100* 0.0311 ± 0.005 0.0458 ± 0.012 47 0.0333 ± 0.005 0.0809 ± 0.011 143*
Choline 0.0066 ± 0.001 0.0072 ± 0.001 9 0.0051 ± 0.000 0.0056 ± 0.001 10 0.0058 ± 0.001 0.0074 ± 0.000 29
Ethanol 0.2727 ± 0.119 0.3622 ± 0.164 33 0.4203 ± 0.284 0.3104 ± 0.090 –26 0.2050 ± 0.064 0.1831 ± 0.057 –11
Formate 0.0171 ± 0.004 0.0110 ± 0.001 –36 0.0191 ± 0.003 0.0117 ± 0.004 –39 0.0138 ± 0.002 0.0158 ± 0.003 14
Fructose 0.5588 ± 0.088 0.5570 ± 0.054 0 0.4756 ± 0.077 0.4184 ± 0.096 –12 0.6403 ± 0.108 0.7136 ± 0.102 11
Fumarate 0.0020 ± 0.000 0.0021 ± 0.000 4 0.0026 ± 0.001 0.0020 ± 0.000 –23 0.0019 ± 0.000 0.0021 ± 0.000 12
Glucose 0.6585 ± 0.043 1.0928 ± 0.200 66* 0.7481 ± 0.090 0.8709 ± 0.116 16 0.7737 ± 0.091 1.1254 ± 0.086 45
Glutamate 0.0692 ± 0.023 0.0789 ± 0.011 14 0.0457 ± 0.009 0.0439 ± 0.008 –4 0.0523 ± 0.005 0.0839 ± 0.013 61*
Glutamine 3.0742 ± 0.911 6.1947 ± 2.089 102 2.4286 ± 0.711 2.8792 ± 0.556 19 3.2562 ± 0.836 5.8623 ± 1.435 80
Histidine 0.0222 ± 0.006 0.0268 ± 0.004 21 0.0206 ± 0.003 0.0291 ± 0.016 41 0.0209 ± 0.004 0.0293 ± 0.003 40
Isoleucine 0.0208 ± 0.005 0.0832 ± 0.021 300* 0.0148 ± 0.002 0.0681 ± 0.011 361* 0.0176 ± 0.003 0.0929 ± 0.014 427*
Leucine 0.0232 ± 0.006 0.0661 ± 0.017 185 0.0143 ± 0.002 0.0537 ± 0.012 275* 0.0200 ± 0.004 0.0748 ± 0.013 274*
Methanol 0.0081 ± 0.002 0.0070 ± 0.000 –13 0.0055 ± 0.001 0.0051 ± 0.000 –7 0.0058 ± 0.001 0.0072 ± 0.000 23
Methionine 0.0137 ± 0.002 0.0363 ± 0.010 166* 0.0082 ± 0.001 0.0336 ± 0.009 310 0.0106 ± 0.002 0.0413 ± 0.009 291*
myo-Inositol 0.0509 ± 0.008 0.0750 ± 0.007 47 0.0326 ± 0.009 0.0524 ± 0.012 61 0.0373 ± 0.007 0.0690 ± 0.007 85*
Phenylalanine 0.0252 ± 0.008 0.0508 ± 0.013 102 0.0242 ± 0.003 0.0496 ± 0.012 105 0.0255 ± 0.003 0.0527 ± 0.011 107*
Proline 0.0387 ± 0.007 0.1807 ± 0.042 367* 0.0251 ± 0.003 0.0754 ± 0.024 201 0.0368 ± 0.013 0.2002 ± 0.043 444*
Sarcosine 0.0014 ± 0.000 0.0083 ± 0.003 500* 0.0008 ± 0.000 0.0051 ± 0.001 577* 0.0012 ± 0.000 0.0062 ± 0.001 399*
Sucrose 0.3586 ± 0.073 0.6760 ± 0.178 88 0.1892 ± 0.044 0.2636 ± 0.109 39 0.1969 ± 0.035 0.5468 ± 0.201 178
Threonine 0.0415 ± 0.011 0.0583 ± 0.011 40 0.0264 ± 0.004 0.0486 ± 0.007 84* 0.0322 ± 0.006 0.0677 ± 0.008 110*
Trigonelline 0.0011 ± 0.001 0.0075 ± 0.001 560* 0.0005 ± 0.001 0.0052 ± 0.001 899* 0.0017 ± 0.001 0.0074 ± 0.002 351*
Tyrosine 0.0054 ± 0.002 0.0138 ± 0.002 156* 0.0051 ± 0.001 0.0281 ± 0.012 449 0.0060 ± 0.001 0.0156 ± 0.003 160*
Valine 0.0527 ± 0.014 0.0946 ± 0.018 80 0.0389 ± 0.006 0.0875 ± 0.016 125* 0.0499 ± 0.011 0.1110 ± 0.014 123*

a Individual data provided in Supplementary Table S1.
b Average ± standard error.
c Variation (%) calculated as the average percent increase or decrease in water-stressed xylem sap, relative to the corresponding nonwater-stressed inoculation
group. An asterisk (*) indicates concentration significantly different in water stress compared with nonwater stress (Mann-Whitney U test, P < 0.05).
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1992; Goodger et al. 2005; Schurr and Schulze 1996). In grapevine,
metabolite changes in response to drought have been studied in
shoots, leaves, and berries, and also include increases in amino
acids, organic acids, sugars, and polyphenols (Cramer et al. 2007;
Griesser et al. 2015; Hochberg et al. 2013; Savoi et al. 2016). On
the other hand, some studies have investigated modifications in
grapevine xylem sap composition induced by xylem-inhabiting
pathogens (Xylella fastidiosa and esca disease) but these studies

focused only on phenolic compounds and fungal toxins, showing
that the amount of these metabolites increases in xylem sap in
response to infection, which is expected given the known role of
phenolics in defense (Bruno and Sparapano 2006a, 2007; Bruno
et al. 2007; Wallis and Chen 2012).
The compounds we report to be changed under water stress

and fungal infection have been previously associated with plant
response to both biotic or abiotic stress, suggesting that these

Fig. 5. Boxplots of amino acid concentrations in xylem sap. Compounds were identified and quantified using Chenomx software. Left box in each pair = nonwater
stress, right box in each pair = water stress, mock = sterile water, Pch = Phaeomoniella chlamydospora, and Pmi = Phaeoacremonium minimum. Treatment groups
sharing the same letter are not significantly different (Kruskal-Wallis, Dunn’s test with Bonferroni correction, P < 0.05).
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compounds could play a role in tolerance or susceptibility to esca
disease under water-stress conditions. Trigonelline has been shown
to increase in response to oxidative, UV, and salt stresses, and has
been proposed to act as an osmoregulator and to be an inducer
of defense metabolism (Ashihara et al. 2015; Berglund 1994;
Minorsky 2002; Tramontano and Jouve 1997). Sarcosine (also
known as methylglycine, being a derivative of the amino acid
glycine) has been found in root xylem sap and implicated in the
physiological response of Cucurbita maxima to drought (Oda
et al. 2005). Branched-chain amino acids (isoleucine, leucine, and

valine), proline, and phenylalanine have been described to increase
in response to water stress in several plants, including grapevine,
and are considered to be associated with drought tolerance (Bowne
et al. 2012; Hochberg et al. 2013; Semel et al. 2007; Witt et al.
2012). Interestingly, grapevines accumulating higher amount
of amino acids associated with drought tolerance also showed en-
hanced accumulation of phytoalexins and exhibited lower suscep-
tibility to Botrytis cinerea (Hatmi et al. 2015). Additionally,
homeostasis of methionine has been implicated in the response to
concomitant water and biotic stresses in Arabidopsis (Atkinson

Fig. 6. Boxplots of sugar, organic acid, alcohol, and small molecule concentrations in xylem sap. Compounds were identified and quantified using Chenomx
software. Left box in each pair nonwater stress, right box in each pair = water stress, mock = sterile water, Pch = Phaeomoniella chlamydospora, and Pmi =
Phaeoacremonium minimum. Treatment groups sharing the same letter are not significantly different (Kruskal-Wallis, Dunn’s test with Bonferroni correction,
P < 0.05).
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et al. 2013). Our results suggest that drought’s contribution to esca
disease progression might be the increase of nutrient concentration
in xylem sap. Higher nutrient availability could lead to increased
fungal growth over time. This would be in agreement with previous
observations that increased inoculum in thewood is associated with
external symptom appearance (Magnin-Robert et al. 2014).
This experimental study adds further support to the suspected role

of water stress in esca disease. Furthermore, it broadens the current
knowledge about the plant metabolites that could be involved in
esca disease. Because grapevines are traditionallymanagedwithout
irrigation or under deficit irrigation (Chaves et al. 2010; Lovisolo
et al. 2010), it is fundamental to understand the interaction between
water stress and esca infection so that diseasemanagement practices
can be improved. Furthermore,water stress has already been described
to facilitate Pierce’s disease, E. lata, and Botryosphaeriaceae spp.
infection (Choi et al. 2013; McElrone et al. 2003; Sosnowski et al.
2011; van Niekerk et al. 2011). Nonetheless, it is likely that other
factors influence the interaction of drought and esca infection,
including the accumulation of defensive metabolites at critical
infection stages. Further studies with more advanced infection
stages and different levels of water stress are necessary to clarify the
underlyingmechanism bywhich drought predisposes grapevines to
esca disease.
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Characterization and early detection of grapevine (Vitis vinifera) stress re-
sponses to esca disease by in situ chlorophyll fluorescence and comparison
with drought stress. Environ. Exp. Bot. 60:504-514.

Cramer, G. R., Ergul, A., Grimplet, J., Tillett, R. L., Tattersall, E. A., Bohlman,
M. C., Vincent, D., Sonderegger, J., Evans, J., Osborne, C., Quilici, D.,
Schlauch, K. A., Schooley, D. A., and Cushman, J. C. 2007. Water and
salinity stress in grapevines: Early and late changes in transcript and me-
tabolite profiles. Funct. Integr. Genomics 7:111-134.
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