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Abstract

Key message The lower expression at veraison of several ripening master regulators “switch genes” can play a central
role in the induction of the berry shrivel ripening physiological disorder in grapevine.

Abstract Berry shrivel (BS) is a ripening physiological disorder affecting grape berry with visible symptoms appearing after
veraison. Berry shrivel leads to shrinking berries with a reduced weight and a lower content of sugars and anthocyanins.
In this study, for the first time a transcriptomic analysis coupled with selected metabolites quantification was undertaken
to understand the metabolic modifications induced by the disorder. Different stages of berry development were considered
including pre- and symptomatic berries. No metabolic alterations in the berry transcriptome and in the metabolite content was
observed in pre-symptomatic and pre-veraison samples. Interestingly, at veraison, with still not visible symptoms appearing
on the berry, a subset of genes, called switch genes previously suggested as master regulators of the ripening onset in grape
berries, were strongly lower expressed in BS. Later during the ripening phase and with visible symptoms of the disorder,
more than 3000 genes were differentially expressed. The genes up-regulated were related to hormone biosynthesis, response
to stress and the phenylpropanoid pathway, while the genes down-regulated during ripening belonged mainly to the flavonoid
pathway, and the sugar metabolism. In agreement, BS berries showed lower content of sugars and anthocyanins from the
onset of veraison onward, while the amount of acids was not significantly affected. In conclusion, these results highlight a
pivotal role of the switch genes in grapevine ripening, as well as their possible contribution to induce the ripening disorder
berry shrivel, although it remains unclear whether this is part of the cause or consequences of the BS disorder.
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Introduction

Ripening physiological disorders, together with biotic and
abiotic constrains, affect considerably the quality of the
grape berry and the yield of the vine. Sunburn, late-season
dehydration, bunch stem necrosis and sugar accumulation
disorder are all classified as shriveling disorders and can
commonly affect grapes. Nevertheless, some distinctive
visible symptoms and morpho-anatomical characteristics
and metabolites content make them distinguish although
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the etiology is still unclear (Krasnow et al. 2010; Bondada
and Keller 2012b). Sunburn appears only on fruits exposed
to the direct sun light; it is caused by high temperature and
ultraviolet radiations and, depending on the severity of the
stress, the consequences are browning spots on berry skin,
cracking phenomena, and complete shrivel of the berry
(Rustioni et al. 2014). Late season dehydration shrivels ber-
ries at almost the end of the ripening phase, leading berries
with a reduced turgor and weight, but higher sugar content.
There is no detectable physical or pathological damage to
the berry skin, pedicel or bunch stem (Rogiers et al. 2006).
Bunch stem necrosis is characterized by necrotic damage of
the rachis followed by a reduction or cessation of assimilate
transport towards berries. The effect on the berry metabolite
content is in function of the timing when the necrotic lesions
appear, and the altered metabolites composition influences
the quality of the wines (§uk1je et al. 2016). Sugar accumu-
lation disorder, also referred as simply berry shrivel (BS)
and topic of this study, is characterized by berries with loss
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of turgor and weight, high acidity, low pH, low sugar con-
centration and, for red varieties low amount of anthocyanins
(Krasnow et al. 2009; Griesser et al. 2012). BS symptoms
appear after veraison when seeds are fully mature and there-
fore it does not interfere with the correct seed development
(Bondada and Keller 2012a). Sugars mainly in the form
of hexoses start to be accumulated in the vacuoles at the
onset of veraison. Previous studies agree in a stopped sugar
accumulation few days before symptoms became visible on
the berry (Krasnow et al. 2009; Keller et al. 2016; Griesser
et al. 2018). Malate and tartrate are the main organic acids
present in the grape berry. It is reported that BS cause a
slightly faster malate catabolism but has no significant effect
on the final content of both tartaric and malic acid (Krasnow
et al. 2009; Keller et al. 2016). BS differs from bunch stem
necrosis because the latter starts with necrotic areas on the
rachis and pedicel, and from the late season dehydration
because the sugar content is low. Causes are still unknown
and the lack of a reliable measurable parameter determining
the onset of berry shriveling is one of the major difficulties
to identify triggering factors.

The V. vinifera cv Zweigelt (St. Laurent X Blaufrinkisch)
is one of the most important red grape varieties in Austria.
Several studies reported that this cultivar is particularly
sensitive and highly affected by BS (in German Trauben-
welke) (Knoll et al. 2010; Griesser et al. 2012; Bachteler
et al. 2015; Griesser et al. 2017, 2018). Unsteady yields are
problematic and lead to high economic losses for produc-
ers and winemakers since it is not possible to obtain good
quality grape and wine from BS grape. BS affects not only
Zweigelt, but also other cultivars in Europe and in USA such
as Cabernet Sauvignon (Krasnow et al. 2009; Keller et al.
2016), Gewiirztraminer, Pinot blanc and Pinot gris (Raifer
et al. 2014) to cite a few.

Grapevine is a non-climacteric fleshy fruit and the fruit
development follows a double sigmoid curve with three
major phases (Coombe 1992). During ripening, berry
genes expression and metabolism are finely orchestrated to
change berry size, weight, and texture, to metabolize organic
acids, and to accumulate numerous primary and secondary
metabolites like sugars, pigments and aromas (Conde et al.
2007). Nevertheless, it is at the onset of veraison that in
the berries there is a complete transcriptome reprogram-
ming (Fasoli et al. 2012, 2018) and a small subset of genes,
called switch, may actually be the key players driving this
transition (Palumbo et al. 2014; Massonnet et al. 2017).
The peculiarity of a switch gene is to be expressed in a low
level during the immature/green phase of development, to
switch on at the onset of ripening and being significantly
induced and highly expressed during the mature/ripening
phase. Moreover, switch genes are connected with several
neighboring genes that display an opposite expression pro-
file, i.e. they are expressed at high level during the immature/
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green phase, turn off at the onset of veraison and therefore
expressed at low level during the mature/ripening phase. In
the red-skinned grape varieties, 190 switch genes have been
identified and 1266 associated negative neighboring connec-
tions (Palumbo et al. 2014). The main functional categories
of the switch genes include transcription factor activity, cell
wall metabolism, development, response to stress, second-
ary metabolic process, DNA/RNA metabolic process, and
carbohydrate metabolic process; while the main functional
categories of the neighboring genes include photosynthesis,
generations of precursors, response to endogenous stimuli,
transcription, response to abiotic stimuli, and lipid meta-
bolic process (Palumbo et al. 2014).

In this study, for the first time a transcriptome analysis
using the RNA-sequencing technique coupled with targeted
metabolite analyses of major primary and secondary metab-
olites was performed comparing healthy and berry shrivel
grape berries at six developmental stages including pre- and
post-veraison stages and as well pre-symptomatic and symp-
tomatic grapes. We hypothesize that transcript and meta-
bolic changes in grapes at the onset of veraison might be
involved in BS induction and symptoms development dur-
ing the ripening process, narrowing the time frame window
of BS induction. Our presented results support the idea of
BS induction at the onset of veraison with anomalies in the
transcriptomic reprogramming due to a disturbed or delayed
shift of key ripening players, providing concise evidence on
the time frame but leaving the question of the actual induc-
ing factor still open.

Materials and methods
Plant material and berries sampling

Berries samples of the red cultivar Zweigelt grafted on
Kober 5BB were collected in 2013 from a commercial vine-
yard located in Lower Austria (Antlasberg, Mailberg) with
a recognized berry shrivel seasonal issue (Griesser et al.
2017). At the developmental stage of the grapes of pea-size
(BBCH?75), more than 300 grape clusters were randomly
selected and labeled within the vineyard as reported from a
previous year study (Griesser et al. 2017, 2018).

Soluble solids of all labeled grape clusters were weekly
measured from BBCH77 to BBCH89, which corresponded
to 30-93 days after anthesis (DAA), to follow berry growth
and ripening. The distal part of the berry cluster (8 to 10
berries max, including pedicel and rachis) was weekly
sampled and the berries were immediately frozen in liquid
nitrogen in the field, transported to the lab, and stored at
—80 °C. Each labeled cluster was sampled only once dur-
ing the season for two reasons: (i) do not interfere with the
proper cluster development; (ii) to allow an acceptable a
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posteriori categorization in healthy grape or control (C)
or berry shrivel (BS) samples. Samples selected for analy-
ses were collected at 30, 44, 51, 58, 65, and 72 DAA. 50%
veraison occurred approximately at 55 DAA. A schematic
overview of the sampling timetable is shown in Fig. 1a. The
posteriori categorization occurred at the end of the ripening
phase combining soluble solids measurements and visual
evaluation of the grape clusters as previously described (Kel-
ler et al. 2016; Griesser et al. 2017, 2018). For each sampling
point and condition, three biological replicates were con-
sidered. Each biological replicate resulted from the pooling
of three different bottom clusters and only samples which
very clearly categorized into the categories “controls” and
“BS” were used for further analyses. In case of Zweigelt,
BS is affecting whole clusters therefore a reliable categori-
zation of sampled bottom clusters throughout the season is
possible. Frozen berries, without pedicel, were grinded to a

veraison
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fine powder under liquid nitrogen using a ball mill (Retsch
MM400). The frozen powder was aliquoted for RNA and

metabolites extraction as described below.

Transcriptome analysis

Total RNA was extracted with the ‘Spectrum Plant total
RNA’ kit (Sigma-Aldrich) from 0.2 g of frozen berry pow-
der. The quantity and quality of the RNA were determined
with a 2100 Bioanalyzer (Agilent Technologies). mRNA
library preparation was performed with 1 pg of total RNA
per sample using the TruSeq RNA Sample Prep Kit v2
according to the manufacturer’s instructions (Illumina).
Sequencing was performed with an Illumina HiSeq 2500
platform at the Next Generation Sequencing (NGS) unit of
the Vienna Biocenter Core Facilities GmbH (VBCF, Vienna,

Austria).
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Fig. 1 Outline of berry shrivel occurrence in 2013 season. a Graphi-
cal representation of the sampling; the data points in the dotted rec-
tangle (30, 44, 51, 58, 65, and 72 DAA) were considered for tran-
scriptomics and metabolomics analyses. Veraison and first visible
symptoms of berry shrivel are indicated. Trend of the berry weight b
and soluble solids ¢ during berry development and ripening between

control (“C)” and berry shrivel (“BS)” samples. Gray background
highlights the onset of veraison in C vines. Bars represent mean val-
ues +SE. Asterisks indicate significant differences between condi-
tions evaluated by one-way ANOVA; *, ** *¥* ipdicates P < 0.05,

P < 0.01 and 0.001 respectively
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An average of 21.9 M 50-nt single-end reads was gener-
ated per sample (Supplementary Table S1). Trimming for
quality and length, were performed with Trimmomatic, ver-
sion 0.36 (Bolger et al. 2014). Reads were aligned against
the reference grapevine genome PN40024 12x (Jaillon et al.
2007), using the software Hisat2, version 2.1.0 (Kim et al.
2015). Aligned reads were counted with HTSeq-count (ver-
sion 0.9.1) in intersection-non-empty mode for overlap
resolution (Anders et al. 2015). Differentially expressed
genes (DEG) (FDR < 0.05) analysis was performed with
the R package DeSeq 2 (Love et al. 2014). To obtain a more
informative list of genes a cutoff of log,FC 10.5] was applied.
Functional annotations of genes were retrieved from (Grim-
plet et al. 2012). Principal component analysis (PCA) on
the transcriptome dataset was performed and visualized
using the R packages “stat” and “scatterplot3d” (Ligges
and Michler 2002). Gene ontology analyses were carried
out using the complete list of DEG. Overrepresented genes
categories were identified with the BINGO app 3.0.3 of
Cytoscape 3.6.0 (Shannon et al. 2003; Maere et al. 2005)
using GOSlim-Plant categories as described in (Savoi et al.
2016). Switch genes list was retrieved from (Palumbo et al.
2014) supplementary dataset 11. Heatmaps were drawn
using R.

Quantitative real-time polymerase chain reaction (QPCR)
analyses were carried out on a selected set of genes. The
reverse transcription of RNA samples was performed with
the QuantiTect Reverse Transcription Kit (Qiagen). gPCR
cycling condition and calculation of the relative expression
values were carried out as described in (Griesser et al. 2017,
2018).

Metabolites analyses

Major sugars, organic acids, and anthocyanins metabolites
were analyzed by HPLC (Dionex™ ICS-5000, Thermo Fis-
cher Scientific) equipped with an electrochemical detector
(pulsed amperometry) and a diode array detector (Dionex™
UltiMate™ 3000, Thermo Fischer Scientific). For the iden-
tification and quantification of the metabolites Chromeleon
software, version 7.2, was used.

Major sugar compounds, without derivatization, and
organic acids were extracted with the following procedure.
In short, 1 g of frozen berry powder was dissolved in 10 mL
of milliQ water, shaken for 20 min at room temperature, and
centrifuge for 10 min. The surnatant was collected, properly
diluted and filtered with 0.45 pm nylon syringe filter (Carl
Roth).

For the sugars, the chromatography analysis was carried
out using a Dionex CarboPac™ PA20 column, 3 X 150 mm
coupled with a Dionex CarboPac™ PA20 guard column,
3% 30 mm (Thermo Fischer Scientific) kept at 30 °C.
Mobile phase A was milliQ water; mobile phase B was
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NaOH 100 mM (Thermo Fischer Scientific). The flow rate
was 0.5 mL/min. The gradient profile was as follow: from
0 min to 11 min isocratic 52% B; followed by column
cleaning, regeneration and back to the initial condition.
Injection volume was 10 pL. During analysis samples were
kept at 4 °C in the autosampler. Glucose, fructose and
sucrose were identified and quantified using their reference
standards. The concentration of each sugar was expressed
as mg/berry grape.

For the organic acids, the chromatography analysis was
carried out using an Acclaim™ OA column (Thermo Fis-
cher Scientific), 5 pm particle size, 4 X250 mm kept at
30 °C. Mobile phase was 100 mM Na,SO,, pH 2.65 with
methanesulfonic acid. The flow rate was 0.6 mL/min. The
gradient profile was isocratic with a run of 12 min. Injec-
tion volume was 10 pL. During analysis samples were kept
at 20 °C in the autosampler to avoid tartaric acid precipita-
tion. Organic acid compounds were detected at 210 nm and
identified using their reference standards. The concentra-
tion of each compound was expressed as mg/berry grape.

Anthocyanins compounds were determined according
to (Torres et al. 2017) with some modifications. In short,
1.8 mL of methanol:water 1:1 was added to 0.18 g of fro-
zen berry powder. The metabolites were extracted using
an ultrasonic bath for 1 h at room temperature; samples
were then centrifuged for 10 min, the surnatant collected
and filtered with 0.45 pm nylon syringe filter (Carl Roth).
The separation was carried out using an Accucore C18
column, 2.6 pm particle size, 100 mm X 4.6 mm (Thermo
Fischer Scientific) kept at 25 °C. Mobile phase A was
milliQ water containing 10% of formic acid and mobile
phase B was acetonitrile 100% HPLC grade (Chromasolyv,
Sigma-Aldrich). The flow rate was 0.368 mL/min. The
gradient profile was as follow: 0 min 7.8% B; from 0.1 min
to 14.1 min linear gradient to 30% B; from 14.1 min to
14.9 min linear gradient to 50% B; from 14.9 min to
16 min isocratic 50%B; from 16.1 min to 17.1 min back
to the initial condition of 7.8% B. Injection volume was
10 pL. During analysis samples were kept at 4 °C in the
autosampler. Anthocyanins compounds were detected at
520 nm and identified following the literature (Mattivi
et al. 2006). The concentration of individual anthocyanin
was expressed as standard of malvidin-3-glucoside (Extra-
synthese) mg/berry grape.

Statistical analysis

A one-way ANOVA was performed using JMP 7 (SAS
Institute Inc.) to detect significant differences (P <0.05)
between C and BS samples at each data point. Graphs were
drawn with Sigma Plot 13 (Systat Software Inc).
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Data availability

All raw transcriptomics reads have been deposited in NCBI
Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra).
The BioProject and SRA accession are PRINA436693 and
SRP134067, respectively.

Results
Berry growth and development

Berry shrivel affected the growth and the development of the
berries. Among the grape clusters labeled at the beginning
of the season, 36.5% developed BS symptoms during the
ripening phase. The berries collected from shriveled samples
and used for further analyses showed significantly reduced
berry weight from the onset of veraison until berry ripen-
ing (Fig. 1b) and in the same timescale also soluble solids
measured as a °Brix were significantly reduced (Fig. 1c¢).
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ferent colors are for each single data point as reported in the legend.
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Berry shrivel transcriptome

We aimed to understand molecular changes induced by berry
shriveling while possibly uncovering early triggering mech-
anisms before visible symptoms appears. Therefore, RNA
sequencing was performed over six developmental stages,
which corresponded to pre-veraison and early post-veraison
sampling, and included four pre-symptomatic BS sampling
(30, 44, 51, and 58 DAA) followed by two symptomatic BS
sampling dates (65, and 72 DAA).

After trimming for length and quality, the average num-
ber of reads that uniquely mapped in the V1 version of the
grapevine genome (Jaillon et al. 2007) was 17.2 M (Sup-
plementary Table S1).

A principal component analysis (PCA) was performed to
visualize the entire transcriptome trend of the 36 samples
analyzed (2 conditions X 6 developmental stages X 3 biologi-
cal replicates) (Fig. 2a). The first three principal components
defined 52.8%, 21.8% and 4.8%, of the variance among sam-
ples, respectively. Berry transcriptome were distinctly sepa-
rated in agreement to their developmental stage; however,
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within developmental stages, the separation between BS and
C samples was less evident, with major degrees of separation
in the last developmental stages.

The total number of differentially expressed genes (DEG)
between the two conditions was 3122. The number of DEG
in the three pre-veraison samples was 0, 1, and 0; while
the number of DEG modulated by BS in post-veraison was
297 (75 up-regulated, 222 down-regulated) at 58 DAA,
1489 (955 up-regulated, 534 down-regulated) at 65 DAA
and 2451 (1415 up-regulated, 1036 down-regulated) at 72
DAA (Fig. 2b, Supplementary Table S2). Some genes were
differentially regulated in unison among two or three devel-
opmental stages and specifically 80 DEG were in common
to the three ripening stages (Fig. 2c). Interestingly, among
them, beside 13 genes with unknown function, there were
17 switch genes showing a persistent lower expression in BS
berries over the ripening phases as compared to C samples,
with only two exceptions. Twelve plant GO categories (slim
biological processes) were significantly overrepresented
among the DEG: carbohydrate metabolic process, catabolic
process, cell differentiation, cellular homeostasis, develop-
ment, generation of precursors, lipid metabolic process,
photosynthesis, response to abiotic stimulus, response to
endogenous stimulus, transcription, and transport (Fig. 2d).

Since the number of DEG in pre-veraison samples
was extremely low using the current approach (DESeq 2,
FDR <0.05, and log2 FC 10.51) we searched the DEG
detected with the DESeq 2 method with only significance
FDR < 0.05 regardless their expression but the results did
not change. We therefore used the edgeR method (Robinson
et al. 2010) with qCML approach, with GLM approach and
with QL-FTest approach but also in this case the results did
not change.

Switch genes are lower expressed at the onset
of ripening in BS samples

Veraison is a crucial event in grape berry where many pro-
cesses, like softening and important metabolites accumula-
tion such as anthocyanins and aroma compounds start. Dur-
ing this key transition (58 DAA according to our sampling)
we could identify 297 DEG (Fig. 2c). Most of them (75%)
were down-regulated in BS. Among the 190 grapevine
switch genes (Palumbo et al. 2014), at 58 DAA we identified
67 switch genes differentially expressed; all of them were
down-regulated in BS samples. As switch genes, they were
low expressed in pre-veraison (30, 44, and 51 DAA) and
then they increased their expression value in post-veraison
(58, 65, and 72 DAA) (Supplementary Table S3). During
ripening (65 and 72 DAA), several switch genes showed a
constant lower expression compared to C; others reached the
same value of expression as in C with no significant differ-
ences, few exhibited a higher expression in particular at 72
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DAA (Figs. 3 and 4). Most of these switch genes differen-
tially expressed are known to play an important role during
berry ripening (Fig. 3). For example, among them, there
were genes related to the secondary metabolism process
such as a glutathione-S-transferase 4 (VviGST4), and the
UDP glucose:flavonoid 3-O-glucosyltransferase (VviUFGT);
several transcription factors like VviMYBAI, VviMYBA?2
and VviMYBA3, a lateral organ boundaries domain pro-
tein (VviLOB15), a NAC domain protein (VviNAC60), and
a WRKY protein (VviWRKY35) Regarding the cell wall
metabolism, there were an expansin B4 (VviEXPB04), and a
xyloglucan endotransglucosylase/hydrolase 32 (VviXTH32).
Other genes were related to the carbohydrate metabolism
process such as an enolase, two alcohol dehydrogenases
(WiADH), a glyceraldehyde-3-phosphate dehydrogenase
(WiGAPDH) and a sucrose phosphate synthase (VviSPS).
A complete list is available in Supplementary Table S3.
Expanding the search to the other ripening stages of our
study, there were in total 124 (65.3%) switch genes differ-
entially expressed showing principally lower expression in
BS compared to C with few exceptions.

A closer examination of the genes differentially
expressed during ripening

Remarkably, during ripening (65 and 72 DAA) and with
manifested BS symptoms on the berry, we observed a higher
number of DEG up-regulated (Supplementary Table S4).
There were a conspicuous number of neighboring genes,
which are negatively connected to the switch genes, display-
ing an opposite expression behavior, i.e. instead of being
shut down at veraison they were up-regulated in BS dur-
ing ripening (Fig. 4). Interestingly, many neighboring genes
with higher expression in BS during the ripening phase were
related to the photosynthesis and included genes encoding
for proteins of the photosystem I and II, of the light-har-
vesting complex, and enzymes of the Calvin cycle such as
phosphoribulokinase, ribulose-1,5-bisphophate carboxylase/
oxygenase (VviRuBisCO) and sedoheptulose-1,7-bisphos-
phatase. Other genes up-regulated were genes related to hor-
mone biosynthesis and signaling, mainly ethylene, auxin and
abscisic acid. Concerning the ethylene, we observed up-reg-
ulation of two 1-aminocyclopropane-1-carboxylate oxidase
(WiACCoxidase), genes that are deputed to the biosynthe-
sis of ethylene, together with several signaling genes of the
ERF/AP2 gene family; regarding the hormone auxin, there
were up-regulated a tryptophan aminotransferase related
(WiTAR) and three flavin monooxygenase like (VviYUCCA
) which are auxin biosynthetic genes, five genes related to
the indole-3-acetic acid homeostasis such as IAA-amido
hydrolases and IAA-amido synthetases together with several
ARF, Aux/IAA, and auxin response genes such as SAURs.
Also, some abscisic acid related genes were up-regulated;
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Fig.3 Expression profile of 15 selected switch genes. Gray background highlights the ripening stages from the onset of veraison. Bars repre-
sent mean values + SE. Asterisks indicate significant differences between conditions *, **, indicates P <0.05 and P <0.01 respectively

for example, two protein phosphatases, a SnRK2, two
abscisic acid receptor PYR/PYL/RCAR, and some ABA-
responsive factors. Furthermore, some response to stress
genes were up-regulated such as thaumatin, osmotin, and

several dehydration-responsive protein; numerous genes
up-regulated were involved in transport, in transcription
factors activities (NAC, WRKY, MYB, bZIP, zinc fin-
ger), and genes of the phenylpropanoid pathway such as
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phenylalanine ammonia-lyase (VviPAL), 4-coumarate-CoA
ligase (Vvi4CL), hydroxycinnamoyl-CoA:shikimate/qui-
nate hydroxycinnamoyltransferase (VviHCT), caffeoyl-CoA
acid 3-O-methyltransferase (VviCCoAMT), cinnamoyl CoA
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reductase (VviCCR) and ferulate 5-hydroxylase (VviF5H)
and finally several thioredoxins and glutathione S-trans-
ferases (Supplementary Table S4).

On the other side, the genes down-regulated during rip-
ening were genes related to glycolysis, TCA and flavonoid
pathway (discussed below), genes involved in transport,
some auxin signaling protein, but also an ethylene VviAC-
Coxidase, even though its expression level was lower than
the other isogenes up-regulated. Lastly, the genes related
to the cell wall metabolism such as cellulases, pectinester-
ases, pectinacetylesterases, polygalacturonases, xyloglucan
endotransglucosylase/hydrolase, endo-1,4-beta-glucanase
and cellulose synthases were both up- and down-regulated
by BS during ripening.

Modulation of sugars and organic acids metabolism
in BS berries

At veraison, besides berry softening, begins the accumu-
lation of sugars in the vacuoles of the berries. BS berries
are characterized by a lower amount of sugar therefore we
explored the sugar related pathways. The DEG belonging to
the sugar metabolism pathways as well the one of glycolysis
and TCA in the grape berry are presented in Fig. 5 as the
log,FC of BS compared to C. All data are presented in Sup-
plementary Table S2 and S4.

Among the sugar transporters (Afoufa-Bastien et al.
2010), a sucrose transporter (VviSUC27) was up-regulated
by BS at 65 and 72 DAA, as well as two hexose transport-
ers (VviHT1-8 and VviHT5) that were up-regulated at 65
and 72 DAA and 72 DAA respectively. On the contrary a
monosaccharide transporter (VviMT) and a tonoplast mono-
saccharide transporter (VviTMT2) were both lower expressed
in BS at 65 and 72 DAA. Four sucrose phosphate synthases
(WiSPS) were modulated by BS. Two of them were highly
expressed in the berry, but one was down-regulated at 65
DAA, whereas the other was up-regulated at 65 and 72
DAA. Several neutral invertases (VviNI) were up-regulated
by BS at 65 and 72 DAA. Furthermore, a vacuolar invertase,
known as VviGIN2, was up-regulated at 72 DAA. Cell wall
invertases (VviCWI) were not found to be differentially
expressed by BS.

Due to differences in the response of these genes to
BS showing lack of unison pattern of expression between
classes and pathways, qPCR analyses were performed on
six selected genes, namely a hexose transporter (VviHTI-
8), a sucrose transporter (VviSUC27), a neutral invertase
(WviNI), a vacuolar invertase (VviGIN2), a cell wall invertase
(VWwiCWI), and a tonoplast monosaccharide transporter
(WiTMT2) (Supplementary Fig. S2). The analysis confirmed
the RNA-sequencing results matching the pattern of expres-
sion of these genes described above with genes up-, down-
regulated or not affected by BS.
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Glycolysis was strongly impaired in BS. Many genes such
as one hexokinase, three 6-phosphofructokinases, one fruc-
tose-bisphosphate aldolase, one triose-phosphate isomerase,
one glyceraldehyde-3-phosphate dehydrogenase, two phos-
phoglycerate kinases, one phosphoglycerate mutase, two
enolases, and six pyruvate kinases were all down-regulated
by BS. The only exception was a second fructose-bispho-
shate aldolase which was up-regulated by BS at 72 DAA
(Fig. 5).

Similarly, the TCA cycle was perturbed by BS with sev-
eral genes down-regulated especially at 65 and or 72 DAA.
Example of DEG were a citrate synthase, an aconitate
hydratase, two succinyl-CoA ligases, two fumarases, and
three mitochondrial malate dehydrogenases. The only excep-
tion was a succinate dehydrogenase that was up-regulated
by BS at 65 DAA. Furthermore, phosphoenolpyruvate car-
boxylase which is involved in the first step of conversion of
phosphoenolpyruvate in malate through oxaloacetate, was
down-regulated by BS at 72 DAA (Fig. 5). On the contrary,
the gene responsible for the rate-limiting step in the tartaric
acid biosynthesis, the L-idonate dehydrogenase (DeBolt
et al. 2006), was up-regulated at 65 and 72 DAA (Supple-
mentary Table S4). Interestingly, this gene is one of the
switch’s neighboring genes that is not turned off at veraison.

Targeted metabolite analyses were undertaken to correlate
genes expression with sugar and organic acids content. We
identified and quantified glucose, fructose, and sucrose, and
tartaric and malic acids (Fig. 6). Significant differences in
sugar accumulation were observed starting from the onset
of veraison (58 DAA) and then during ripening (65 and
72 DAA), where the content of sugars in BS berries was
significantly lower compared to the control. As described
above, it is not possible to draw a clear pattern of the genes
involved in the sugar metabolism but possibly less sugar is
translocated in the vacuoles since a key VviTMT is reported
to be down-regulated by BS. Conversely, the content of the
two organic acids we measured did not show any significant
differences between C and BS berries during the entire berry
development and ripening. Malate and tartrate are accumu-
lated in the berry before ripening and in our pre-veraison
samples, with still no symptomatic berries, we did not
observe any differences in the transcriptome of C and BS;
therefore, the biosynthesis of these acids was not affected.
Different is the situation of these acids during ripening
where malic acid is catabolically consumed, while tartaric
acid is not metabolized. No differences where observed in
the malate catabolism during ripening between BS and con-
trol. On the contrary, one of the tartrate biosynthetic genes
(L-idonate dehydrogenase) was up-regulated during ripening
in BS, although no differences were observed in the final
content of tartrate. A probable link between tartrate gene
expression and metabolite content is the possibility that tar-
trate is used for the formation of esterified phenolic acids,

like caftaric, coutaric, and fertaric acids as also several genes
of the phenylpropanoid pathway were found up-regulated
during ripening (Supplementary Table S4).

The flavonoid pathway is hampered in BS
with less content of anthocyanins

Another berry shrivel symptom is a lower accumulation
of anthocyanins. The effect of BS on the expression of
the genes involved in the flavonoid metabolic pathway is
expressed as the log, fold change (log,FC) of BS compared
to C; only the DEG were plotted into the metabolic pathways
(Fig. 7, Supplementary Table S2, S4).

Berry shrivel modulated the expression of some genes
that codify for structural enzymes of the flavonoid pathway.
These genes were all down-regulated in BS after veraison,
in one or in multiple ripening stages. The genes significantly
lower expressed in BS were three chalcone synthases, two
chalcone isomerases, five flavonoid-3'5'-hydroxylases and
one leucoanthocyanidin dioxygenase (Sparvoli et al. 1994).
Among the anthocyanin associated genes, the UFGT, one
anthocyanin-O-methyltransferases (Fournier-Level et al.
2011), one anthocyanin-3-O-glucoside-6"-O-acyltransferase
(Rinaldo et al. 2015), and two acylated anthocyanin MATE
transporters (Gomez et al. 2009) were down-regulated by
BS after veraison. Furthermore, as mentioned before, the
transcription factors regulating anthocyanins biosynthesis
(WiMYBAI-2-3) were all down-regulated at 58 DAA.

The only upregulated genes were belonging to the branch
leading to flavan-3-ols and proanthocyanidin biosynthesis. A
leucoanthocyanidin reductase was up-regulated by BS at 65
DAA; two glycosyltransferases contributing in the galloyla-
tion of proanthocyanidins (Khater et al. 2012) were both
up-regulated at 65 and 72 DAA and 72 DAA, respectively, as
well as the proanthocyanidins transporter (Pérez-Diaz et al.
2014) that was up-regulated at 65 and 72 DAA, even though
the associate transcription factor (VviMYBPAI) was down-
regulated at 72 DAA.

Fifteen anthocyanins were identified and quantified in a
target metabolite analysis undertaken at each developmental
stage, considering three biological replicates per condition,
to correlate genes expression with the anthocyanins profile.
The accumulation content profile of each of them in BS and
C grape berries during development is reported in Supple-
mentary Fig. S1. Cyanidin, peonidin, delphinidin, petunidin,
and malvidin in the form 3-O-glucosilated, acetylated and
p-coumarated were detected. Figure 8 reports the total con-
tent of anthocyanins (a), the content of di- and tri- hydroxy-
lated anthocyanins (b), and their partitioning in forms (c)
as mg/berry. Before veraison (30, 44, and 51 DAA) antho-
cyanins were not detected; their accumulation started at the
onset of ripening (58 DAA) with higher predominance of
tri-hydroxylated anthocyanins. Total content of anthocyanins
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«Fig.5 Impact of BS on the sugar metabolic pathway and TCA cycle.
Log,FC (BS/C) values of DEG are presented at 30, 44, 51, 58, 65 and
72 DAA with series of boxes from left to right. Blue and red boxes
indicate down- or up-regulation of the considered gene, respectively.
Bold margins identify significant differences (P <0.05) between con-
trol and berry shrivel samples

was significantly lower in BS samples during berry ripening.
In general, glucosylated anthocyanin were the main com-
pounds present (68.3% of the total content) followed by the
coumarated one (19.8%) and finally the acylated (12.0%).
Among the five anthocyanins, malvidin was the most abun-
dant in all the three forms. In this case, the lower content
of anthocyanins in BS berry well correlates with the down-
regulation of the entire flavonoid pathway.

Discussion

Currently the triggering factors leading to berry shrivel dis-
order in grapevine and its related symptoms such as reduced
sugars accumulation, low level of anthocyanins and flaccid
and shrinking berries, visible few days after veraison, remain
unknown.

Past studies focused on morpho-anatomical issues (Hall
et al. 2011; Bondada and Keller 2012a; Bondada 2014;
Crespo-Martinez et al. 2019), nutritional aspects (Bachteler
et al. 2015; Bondada 2016; Griesser et al. 2017), viticultural
practices (Raifer et al. 2014) or on a restricted list of genes
(Griesser et al. 2018).

Here, for the first time, a comprehensive RNA-sequenc-
ing analysis was performed, coupled with basic metabolites
analyses on healthy and berry shrivel berry samples col-
lected at six different developmental stages.

The first three samplings were collected before veraison,
when the symptoms of the disorder were not visible yet. The
transcriptomics analysis revealed no differences in term of
genes expression between the two conditions suggesting that
all the berries were following a normal and proper develop-
ment during the first growing phase and that the disorder
was not induced so far. Previous studies regarding the seed
development, which is a pre-veraison process, did not find
any difference in seed weight, shape, color, and viability
(Bondada and Keller 2012a) when comparing healthy and
BS berries.

Differentially expressed genes (more than 3000 genes)
were instead observed after veraison.

Firstly, the modulation of sugar import and accumula-
tion once the grape berry became a valuable sink organ is a
crucial aspect in BS berries. In grapevine, carbohydrates in
the form of sucrose are transported from the leaves (source)
to the berries (sink) through the phloem and apoplastically
unloaded (Zhang et al. 2006). Sucrose must then be cleaved

by invertases or sucrose synthases in the two hexoses, glu-
cose and fructose, before being transported and stored in
the vacuoles. Our results did not show a clear pattern of
expression as some isoforms of these multigenic fami-
lies were up-regulated (i.e. sucrose and hexose transport-
ers, neutral invertases), other down-regulated (i.e. sucrose
phosphate synthase, tonoplast monosaccharide transporters),
or not affected (i.e. a vacuolar invertase and the cell wall
invertases) by BS. Similar pattern of expression of these
genes was already reported in a previous study (Griesser
et al. 2018) with samples collected in a different season. As
shown in Fig. 6a, glucose, fructose and sucrose were accu-
mulated in lower amount in BS berries compared to C start-
ing at veraison. Nevertheless, some sugars were accumulated
in the BS berries indicating that the process is not com-
pletely interrupted but possibly less sugars is translocated
and accumulated in the vacuoles. In fact, a tonoplast mono-
saccharide transporter known as TMT2 was downregulated
in our dataset. This gene is known to be highly expressed
at veraison and be one of the responsible for sugar vacuolar
accumulation at the onset of ripening (Terrier et al. 2005;
Lecourieux et al. 2014). Besides the biochemistry related
processes during ripening, a possible additional explanation
of lower sugar accumulation could be a disturbed transloca-
tion of assimilates within the vascular system of affected
grape clusters. Previous studies showed reduced cell viabil-
ity in the rachis of BS grapes possibly leading to a reduced
transport function, although obvious necrosis on the out-
side of the rachis is not observed in our case (Hall et al.
2011; Bondada 2016). Recently, in-depth microscopic study
of symptomatic BS Zweigelt grapes showed cell deforma-
tions and signs of total or more likely partial occlusion of
the phloem sieve elements (Crespo-Martinez et al. 2019).
A drawback of all anatomical studies so far is that pre-
symptomatic analyses were not possible, as up to date no
method exists to predict BS clusters in vineyards as well as
areliable method to induce BS. The question of causes and
consequences is therefore crucial to understand BS. It seems
evident that BS is induced around veraison (this study) or
just before veraison (Griesser et al. 2017, 2018) and anatom-
ical studies or phloem flow analyses at that time point are
needed. A complete metabolic shutdown of berry metabo-
lism is not observed due to BS, therefore a certain support of
the vascular system seems to be sustained otherwise bunch
stem necrosis symptoms could be the consequence.
Secondly, major perturbations were observed in the
genes belonging to the flavonoid pathway where many
of them were lower expressed in BS samples especially
after veraison and in particular chalcone synthases and
isomerases, flavonoid-3'5'-hydroxylases, VviUFGT and
VviMYBAI-2. The only exception was the up-regulation
of the branch leading to the flavan-3-ols production (Vvi-
LAR). Accordingly, the anthocyanins analysis confirmed
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a lower content of all the 15 anthocyanins in BS berries
from veraison onward. This result is in agreement with
(Griesser et al. 2018) and it suggests an unusual shutdown
of this crucial pathway after veraison. Besides, sugars and
anthocyanins accumulations are tightly interconnected;
through sugar sensing and signaling, the anthocyanin bio-
synthesis is induced and therefore the anthocyanins con-
tent increases alongside sugars accumulation (Vitrac et al.
2000; Zheng et al. 2009; Lecourieux et al. 2014).

But it is at the onset of veraison, with still no visible
symptoms of the disorder on the berries, that we observed
the first transcriptomics differences between the two con-
ditions, with many genes differentially expressed in BS
samples. In particular, several switch genes, that are con-
sidered master regulators of the ripening process in grape-
vine, (Palumbo et al. 2014; Massonnet et al. 2017) were
lower expressed in BS. The failure of such genes to switch
at veraison increasing their expression at levels compara-
ble to control affected numerous other genes and lastly the
entire ripening phase. Among the DEGs, several of these
master regulators of ripening that were lower expressed
in BS are important genes involved in the carbohydrate
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+SE. Asterisks indicate significant differences between conditions
evaluated by one-way ANOVA, *, **_indicates P<0.05 and P<0.01
respectively

metabolism, secondary metabolism, but also cell wall
metabolism, response to stress, and transcription factors.

In grapevine, there is a cascade of events that triggers
berry ripening (Fasoli et al. 2018) and several of these events
depend on one or multiple switch genes functions. After the
berry transcriptome reprogramming induced by the switch
genes with the suppression of the vegetative pathways, the
decrease in cell turgor (i.e. softening) and the concomitant
increase in abscisic acid (ABA) are one of the earliest event
during the onset of ripening (Castellarin et al. 2015). ABA
has been recognized as the triggering signal of ripening
(Wheeler et al. 2009), inducing sugar accumulation and
anthocyanins biosynthesis (Gambetta et al. 2010; Castel-
larin et al. 2015). All these early processes were affected in
our study. We did not observe the suppression of the vegeta-
tive pathways since, for example, many genes related with
photosynthesis were still highly expressed in BS during
ripening when normally the transcript abundance of most
of them decline with increasing sugar levels in the berries
(Ghan et al. 2017; Fasoli et al. 2018). Regarding berry sof-
tening and therefore the cell wall metabolism, an expansin
of the group B (VviEXPB4), highly expressed in the berry,
was down-regulated at veraison together with a xyloglucan
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endotransglycosylases. In plants, expansins and xyloglu-
can endotransglycosylases are the primary catalysts of the
controlled cell wall loosening required for cell expansion
and softening (Kaewthai et al. 2013; Dal Santo et al. 2013).
Additionally, at the onset of veraison, there is a multifac-
eted hormonal signal crosstalk. In particular, in absence of
a significant ethylene burst in non-climacteric fleshy fruits
such as the grape, the auxin level decrement (Gouthu and
Deluc 2015; Vondras et al. 2016) and the ABA increment
are the events and the hormones that promotes the ripen-
ing process (Kuhn et al. 2014; Fortes et al. 2015). Recently,
(Pilati et al. 2017) focused on the signaling network of ABA
at the onset of veraison, which consists of ABA metabolism
(biosynthesis, degradation, conjugation, and transport), per-
ception, signaling cascade and extended network. There are
no switch genes (in grapevine in general) involved in the
ABA metabolism such as NCEDs, ABA 80-hydroxylases,
ABA glucosidases, or ABC transporters, or genes related
to the ABA perception such as the PYL/PYR/RCAR family
receptors, PP2C phosphatases, and kinases such as SnRK2,
CPK, and MAPK. Nevertheless, several ABA modulated
genes in the extended network (Pilati et al. 2017) and also
various transcription factors belonging to the ABA signal
cascade (NACs, MYBs, AP2/ERFs), listed in this case as
switch genes, were lower expressed by BS in our dataset at
the onset of ripening (58 DAA). TFs have fundamental role
in regulating many biological processes including develop-
ment, ripening, signaling, and biotic and abiotic responses
by controlling target genes expression. Unlike tomato, the
model climacteric fleshy fruits where the transcription fac-
tors RIN, NOR, CNR, FUL1, FUL2, TAGL1, HB1 and
AP2a together with ethylene signaling regulate the ripen-
ing phase in response to a developmental switch (Karlova
et al. 2014), there is still limited information on the specific
TFs involved in the grape ripening program. In our dataset a
NAC60, a WRKY35, a LOB15, AP2/ERFs and Zinc Fingers

@ Springer

highlights the onset of veraison. Bars represent + SE. Asterisks indi-
cate significant differences between conditions evaluated by one-way
ANOVA *, ** indicates P <0.05 and P <0.01 respectively

were lower expressed in BS samples at the onset of verai-
son, while during the following ripening phases their expres-
sion increased. Lastly, as we described above and shown in
Figs. 5 and 7, both the carbohydrate metabolism and the sec-
ondary metabolism in particular the flavonoid pathway with
the branch related to anthocyanins were affected by BS with
a reduced sugar accumulation and anthocyanins production.
During ripening (65 and 72 DAA) we observed a higher
number of DEG up-regulated. Interestingly, there were
genes related to hormones, stress related genes, transcrip-
tion factors and the activation of the phenylpropanoid path-
way. These transcriptomics changes resembled the changes
described for late stages of berry over-ripening (Cramer
et al. 2014) with more emphasis on the ones happening dur-
ing the post-harvest withering process (Zamboni et al. 2008;
Rizzini et al. 2009; Zenoni et al. 2016). In both cases an
up-regulation of ethylene genes was reported suggesting a
role of this hormone in the perception of stress due to fruit
senescence and dehydration. About dehydration, ABA is not
only the ripening hormone, but has a central role in drought
stress through the activation of the ABA-dependent and
ABA-independent signaling pathways (Savoi et al. 2017)
with the transcriptional activation of several transcription
factors of the ERF/AP2, ARF, NAC, WRKY gene families
as we reported up-regulated by BS. The modulation of the
phenylpropanoid pathway, also this already reported in with-
ering berries (Zenoni et al. 2016), fits with a higher content
of hydroxycinnamic acids, as reported for example for caf-
taric acid in Griesser et al. (2018) and can possibly explain
the use of tartaric acids necessary for their esterification.
In conclusion, the post-veraison alteration in term of
gene expression and in the metabolite content of sugars and
anthocyanins are not the causes leading to the berry shrivel
but they are consequences of a disrupted inception of the
entire ripening process which brings to the berry shrivel
physiological disorder. We highlighted that this might be
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due to a lower expression of several switch genes that do
not allow an appropriate reprogramming of the berries from
the vegetative to the ripening program. Nevertheless, further
studies are necessary to define the reasons why switch genes
do not switch at veraison at expression levels comparable to
control and if other players are involved. New evidences in
tomato support the idea of the involvement of micro-RNA
(miRNA) and/or long non-coding RNA (IcnRNA) in regu-
lating fruit ripening through TFs modulation (Chen et al.
2015; Li et al. 2018). Both miRNA and IcnRNA families
are known in grape (Mica et al. 2010; Vitulo et al. 2014)
nevertheless up to date there are no studies about their role
or expression during grape berry development and ripening
but only a recent study addressing UV-B effects on miRNAs
in the post-transcriptional regulation of TFs (Sunitha et al.
2019).

Acknowledgements Open access funding provided by Austrian Sci-
ence Fund (FWF). This study was funded by the Austrian Science Fund
(FWF) with the Project Number P28966-B29. We would like to thank
Erhard Kiihrer and Norbert Gutmayer for providing practical informa-
tion and assistance concerning the experimental vineyard in Mailberg.

Author contributions SS carried out RNA and metabolites extractions,
transcriptomics and metabolomics data analysis, interpreted the results,
and drafted the manuscript; JCH participated to the metabolite extrac-
tions and analyses, and critically revised the manuscript; AF supervised
the study and all the experiments and critically revised the manuscript;
MG conceived and designed the study, coordinated the sampling strat-
egy, supervised the transcriptomics analyses, and critically revised the
manuscript; All authors read and approved the final manuscript.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Afoufa-Bastien D, Medici A, Jeauffre J, Coutos-Thévenot P, Lem-
oine R, Atanassova R, Laloi M (2010) The Vitis vinifera sugar
transporter gene family: phylogenetic overview and macroar-
ray expression profiling. BMC Plant Biol 10:245. https://doi.
org/10.1186/1471-2229-10-245

Anders S, Pyl PT, Huber W (2015) HTSeq—a Python framework
to work with high-throughput sequencing data. Bioinformatics
31:166—-169. https://doi.org/10.1093/bioinformatics/btu638

Bachteler K, Riedel M, Merkt N, Schies W, Froehlin J, Wuensche
J (2015) Effects of Foliar Fertilization on Incidence of Berry
Shrivel and Bunch Stem Necrosis in Vitis Vinifera L. Cvs, “Pinot
Blanc” and “Zweigelt”. J Plant Nutr 38:839-853. https://doi.
org/10.1080/01904167.2014.939288

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics 30:2114-2120.
https://doi.org/10.1093/bioinformatics/btul 70

Bondada B (2014) Structural and compositional characterization of
suppression of uniform ripening in grapevine: a paradoxical rip-
ening disorder of grape berries with no known causative clues. J
Am Soc Hortic Sci 139:567-581

Bondada B (2016) Nutritional aspects of grape (Vitis vinifera L.) clus-
ters afflicted with sour shrivel is related to functionality of its vas-
cular tissues. Am J Plant Sci 07:194-200. https://doi.org/10.4236/
ajps.2016.71020

Bondada B, Keller M (2012a) Morphoanatomical symptomatology
and osmotic behavior of grape berry shrivel. ] Am Soc Hortic
Sci 137:20-30

Bondada BR, Keller M (2012b) not all shrivels are created equal—
morpho-anatomical and compositional characteristics differ
among different shrivel types that develop during ripening of
grape (Vitis vinifera L.) berries. Am J Plant Sci 3:879. https://
doi.org/10.4236/ajps.2012.37105

Castellarin SD, Gambetta GA, Wada H, Krasnow MN, Cramer GR,
Peterlunger E, Shackel KA, Matthews MA (2015) Characteriza-
tion of major ripening events during softening in grape: turgor,
sugar accumulation, abscisic acid metabolism, colour develop-
ment, and their relationship with growth. J Exp Bot. https://doi.
org/10.1093/jxb/erv483

Chen W, Kong J, Lai T, Manning K, Wu C, Wang Y, Qin C, Li B, Yu
Z,Zhang X, He M, Zhang P, Gu M, Yang X, Mahammed A, Li
C, Osman T, Shi N, Wang H, Jackson S, Liu Y, Gallusci P, Hong
Y (2015) Tuning LeSPL-CNR expression by SlymiR157 affects
tomato fruit ripening. Sci Rep 5:7852. https://doi.org/10.1038/
srep07852

Conde C, Silva P, Fontes N, Dias ACP, Tavares RM, Sousa MJ,
Agasse A, Delrot S, Ger6és H (2007) Biochemical changes
throughout grape berry development and fruit and wine qual-
ity. Food 1:1-22

Coombe BG (1992) Research on development and ripening of the grape
berry. Am J Enol Vitic 43:101-110

Cramer GR, Ghan R, Schlauch KA, Tillett RL, Heymann H, Ferrarini
A, Delledonne M, Zenoni S, Fasoli M, Pezzotti M (2014) Tran-
scriptomic analysis of the late stages of grapevine (Vitis vinifera
cv. Cabernet Sauvignon) berry ripening reveals significant induc-
tion of ethylene signaling and flavor pathways in the skin. BMC
Plant Biol 14:1-21. https://doi.org/10.1186/s12870-014-0370-8

Crespo-Martinez S, Sobczak M, Roézanska E, Forneck A, Griesser M
(2019) The role of the secondary phloem during the develop-
ment of the grapevine Berry Shrivel ripening disorder. Micron
116:36-45. https://doi.org/10.1016/j.micron.2018.09.012

Dal Santo S, Vannozzi A, Tornielli GB, Fasoli M, Venturini L, Pezzotti
M, Zenoni S (2013) Genome-wide analysis of the expansin gene
superfamily reveals grapevine-specific structural and functional
characteristics. PLoS ONE 8:¢62206. https://doi.org/10.1371/
journal.pone.0062206

DeBolt S, Cook DR, Ford CM (2006) 1-Tartaric acid synthesis from
vitamin C in higher plants. Proc Natl Acad Sci USA 103:5608—
5613. https://doi.org/10.1073/pnas.0510864103

Fasoli M, Santo SD, Zenoni S, Tornielli GB, Farina L, Zamboni A,
Porceddu A, Venturini L, Bicego M, Murino V, Ferrarini A,
Delledonne M, Pezzotti M (2012) The grapevine expression
atlas reveals a deep transcriptome shift driving the entire plant
into a maturation program. Plant Cell 24:3489-3505. https://doi.
org/10.1105/tpc.112.100230

Fasoli M, Richter CL, Zenoni S, Bertini E, Vitulo N, Santo SD, Dokoo-
zlian N, Pezzotti M, Tornielli GB (2018) Timing and order of the
molecular events marking the onset of berry ripening in grape-
vine. Plant Physiol. https://doi.org/10.1104/pp.18.00559

Fortes AM, Teixeira RT, Agudelo-Romero P (2015) Complex inter-
play of hormonal signals during grape berry ripening. Molecules
20:9326-9343. https://doi.org/10.3390/molecules20059326

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1471-2229-10-245
https://doi.org/10.1186/1471-2229-10-245
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1080/01904167.2014.939288
https://doi.org/10.1080/01904167.2014.939288
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.4236/ajps.2016.71020
https://doi.org/10.4236/ajps.2016.71020
https://doi.org/10.4236/ajps.2012.37105
https://doi.org/10.4236/ajps.2012.37105
https://doi.org/10.1093/jxb/erv483
https://doi.org/10.1093/jxb/erv483
https://doi.org/10.1038/srep07852
https://doi.org/10.1038/srep07852
https://doi.org/10.1186/s12870-014-0370-8
https://doi.org/10.1016/j.micron.2018.09.012
https://doi.org/10.1371/journal.pone.0062206
https://doi.org/10.1371/journal.pone.0062206
https://doi.org/10.1073/pnas.0510864103
https://doi.org/10.1105/tpc.112.100230
https://doi.org/10.1105/tpc.112.100230
https://doi.org/10.1104/pp.18.00559
https://doi.org/10.3390/molecules20059326

300

Plant Molecular Biology (2019) 100:285-301

Fournier-Level A, Hugueney P, Verries C, This P, Ageorges A (2011)
Genetic mechanisms underlying the methylation level of antho-
cyanins in grape (Vitis vinifera L.). BMC Plant Biol 11:179. https
://doi.org/10.1186/1471-2229-11-179

Gambetta GA, Matthews MA, Shaghasi TH, McElrone AJ, Castel-
larin SD (2010) Sugar and abscisic acid signaling orthologs are
activated at the onset of ripening in grape. Planta 232:219-234.
https://doi.org/10.1007/s00425-010-1165-2

Ghan R, Petereit J, Tillett RL, Schlauch KA, Toubiana D, Fait A,
Cramer GR (2017) The common transcriptional subnetworks of
the grape berry skin in the late stages of ripening. BMC Plant
Biol. https://doi.org/10.1186/s12870-017-1043-1

Gomez C, Terrier N, Torregrosa L, Vialet S, Fournier-Level A, Ver-
ries C, Souquet JM, Mazauric JP, Klein M, Cheynier V, Ageorges
A (2009) Grapevine MATE-Type proteins act as vacuolar
H+ -dependent acylated anthocyanin transporters. Plant Physiol
150:402-415. https://doi.org/10.1104/pp.109.135624

Gouthu S, Deluc LG (2015) Timing of ripening initiation in grape
berries and its relationship to seed content and pericarp auxin
levels. BMC Plant Biol 15:46. https://doi.org/10.1186/s1287
0-015-0440-6

Griesser M, Eder R, Besser S, Forneck A (2012) Berry shrivel of
grapes in Austria—aspects of the physiological disorder with
cultivar Zweigelt (Vitis vinifera L.). Sci Hortic 145:87-93. https
://doi.org/10.1016/j.scienta.2012.07.032

Griesser M, Crespo Martinez S, Weidinger ML, Kandler W, Forneck A
(2017) Challenging the potassium deficiency hypothesis for induc-
tion of the ripening disorder berry shrivel in grapevine. Sci Hortic
216:141-147. https://doi.org/10.1016/j.scienta.2016.12.030

Griesser M, Martinez SC, Eitle MW, Warth B, Andre CM, Schuh-
macher R, Forneck A (2018) The ripening disorder berry shrivel
affects anthocyanin biosynthesis and sugar metabolism in Zweigelt
grape berries. Planta 247:471-481. https://doi.org/10.1007/s0042
5-017-2795-4

Grimplet J, Hemert JV, Carbonell-Bejerano P, Diaz-Riquelme J,
Dickerson J, Fennell A, Pezzotti M, Martinez-Zapater JM (2012)
Comparative analysis of grapevine whole-genome gene predic-
tions, functional annotation, categorization and integration of
the predicted gene sequences. BMC Res Notes 5:213. https://doi.
org/10.1186/1756-0500-5-213

Hall GE, Bondada BR, Keller M (2011) Loss of rachis cell viability is
associated with ripening disorders in grapes. J Exp Bot 62:1145—
1153. https://doi.org/10.1093/jxb/erq355

Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A,
Choisne N, Aubourg S, Vitulo N, Jubin C, Vezzi A, Legeai F,
Hugueney P, Dasilva C, Horner D, Mica E, Jublot D, Poulain J,
Bruyere C, Billault A, Segurens B, Gouyvenoux M, Ugarte E,
Cattonaro F, Anthouard V, Vico V, Fabbro CD, Alaux M, Gasp-
ero GD, Dumas V, Felice N, Paillard S, Juman I, Moroldo M,
Scalabrin S, Canaguier A, Clainche IL, Malacrida G, Durand E,
Pesole G, Laucou V, Chatelet P, Merdinoglu D, Delledonne M,
Pezzotti M, Lecharny A, Scarpelli C, Artiguenave F, Pe ME, Valle
G, Morgante M, Caboche M, Adam-Blondon A-F, Weissenbach
J, Quétier F, Wincker P (2007) The grapevine genome sequence
suggests ancestral hexaploidization in major angiosperm phyla.
Nature 449:463-467. https://doi.org/10.1038/nature06148

Kaewthai N, Gendre D, Eklof JM, Ibatullin FM, Ezcurra I, Bhalerao
RP, Brumer H (2013) Group III-A XTH genes of arabidopsis
encode predominant xyloglucan endohydrolases that are dispensa-
ble for normal growth1[C][W][OA]. Plant Physiol 161:440-454.
https://doi.org/10.1104/pp.112.207308

Karlova R, Chapman N, David K, Angenent GC, Seymour GB, Maagd
RA (2014) Transcriptional control of fleshy fruit development
and ripening. J Exp Bot 65:4527-4541. https://doi.org/10.1093/
jxb/eru316

@ Springer

Keller M, Shrestha PM, Hall GE, Bondada BR, Davenport JR (2016)
Arrested sugar accumulation and altered organic acid metabolism
in grape berries affected by the berry shrivel syndrome. Am J Enol
Vitic. https://doi.org/10.5344/ajev.2016.16048

Khater F, Fournand D, Vialet S, Meudec E, Cheynier V, Terrier N
(2012) Identification and functional characterization of cDNAs
coding for hydroxybenzoate/hydroxycinnamate glucosyltrans-
ferases co-expressed with genes related to proanthocyanidin bio-
synthesis. J Exp Bot 63:1201-1214. https://doi.org/10.1093/jxb/
err340

Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced aligner
with low memory requirements. Nat Methods 12:357-360. https
://doi.org/10.1038/nmeth.3317

Knoll M, Achleitner D, Redl H (2010) Sugar accumulation in’Zweigelt’
grapes as affected by “Traubenwelke.” Vitis

Krasnow M, Weis N, Smith RJ, Benz MJ, Matthews M, Shackel K
(2009) Inception, progression, and compositional consequences
of a berry shrivel disorder. Am J Enol Vitic 60:24-34

Krasnow M, Matthews M, Smith R, Benz J, Weber E, Shackel K (2010)
Distinctive symptoms differentiate four common types of berry
shrivel disorder in grape. Calif Agric 64:155-159

Kuhn N, Guan L, Dai ZW, Wu BH, Lauvergeat V, Gomes E, Li SH,
Godoy F, Arce-Johnson P, Delrot S (2014) Berry ripening:
recently heard through the grapevine. J Exp Bot 65:4543-4559.
https://doi.org/10.1093/jxb/ert395

Lecourieux F, Kappel C, Lecourieux D, Serrano A, Torres E, Arce-
Johnson P, Delrot S (2014) An update on sugar transport and
signalling in grapevine. J Exp Bot 65:821-832. https://doi.
org/10.1093/jxb/ert394

Li R, Fu D, Zhu B, Luo Y, Zhu H (2018) CRISPR/Cas9-mediated
mutagenesis of IncRNA 1459 alters tomato fruit ripening. Plant J
94:513-524. https://doi.org/10.1111/tpj.13872

Ligges U, Michler M (2002) Scatterplot3d - an R package for visual-
izing multivariate data. Technical Report, SFB 475: Komplex-
itdtsreduktion in Multivariaten Datenstrukturen, Universitét
Dortmund

Love MI, Huber W, Anders S (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15:550. https://doi.org/10.1186/s13059-014-0550-8

Maere S, Heymans K, Kuiper M (2005) BiNGO: a cytoscape plugin
to assess overrepresentation of gene ontology categories in bio-
logical networks. Bioinformatics 21:3448-3449. https://doi.
org/10.1093/bioinformatics/bti551

Massonnet M, Fasoli M, Tornielli GB, Altieri M, Sandri M, Zuccolotto
P, Paci P, Gardiman M, Zenoni S, Pezzotti M (2017) Ripening
transcriptomic program in red and white grapevine varieties cor-
relates with berry skin anthocyanin accumulation. Plant Physiol.
https://doi.org/10.1104/pp.17.00311

Mattivi F, Guzzon R, Vrhovsek U, Stefanini M, Velasco R (2006)
Metabolite profiling of grape: flavonols and anthocyanins. J Agric
Food Chem 54:7692-7702. https://doi.org/10.1021/jf061538¢c

Mica E, Piccolo V, Delledonne M, Ferrarini A, Pezzotti M, Casati C,
Fabbro CD, Valle G, Policriti A, Morgante M, Pesole G, P¢ ME,
Horner DS (2010) Correction: high throughput approaches reveal
splicing of primary microRNA transcripts and tissue specific
expression of mature microRNAs in Vitis vinifera. BMC Genom-
ics 11:109. https://doi.org/10.1186/1471-2164-11-109

Palumbo MC, Zenoni S, Fasoli M, Massonnet M, Farina L, Castiglione
F, Pezzotti M, Paci P (2014) Integrated network analysis identifies
fight-club nodes as a class of hubs encompassing key putative
switch genes that induce major transcriptome reprogramming dur-
ing grapevine development. Plant Cell 26:4617-4635. https://doi.
org/10.1105/tpc.114.133710

Pérez-Diaz R, Ryngajllo M, Pérez-Diaz J, Pefia-Cortés H, Casaretto
JA, Gonzalez-Villanueva E, Ruiz-Lara S (2014) VVMATE1
and VVMATE?2 encode putative proanthocyanidin transporters


https://doi.org/10.1186/1471-2229-11-179
https://doi.org/10.1186/1471-2229-11-179
https://doi.org/10.1007/s00425-010-1165-2
https://doi.org/10.1186/s12870-017-1043-1
https://doi.org/10.1104/pp.109.135624
https://doi.org/10.1186/s12870-015-0440-6
https://doi.org/10.1186/s12870-015-0440-6
https://doi.org/10.1016/j.scienta.2012.07.032
https://doi.org/10.1016/j.scienta.2012.07.032
https://doi.org/10.1016/j.scienta.2016.12.030
https://doi.org/10.1007/s00425-017-2795-4
https://doi.org/10.1007/s00425-017-2795-4
https://doi.org/10.1186/1756-0500-5-213
https://doi.org/10.1186/1756-0500-5-213
https://doi.org/10.1093/jxb/erq355
https://doi.org/10.1038/nature06148
https://doi.org/10.1104/pp.112.207308
https://doi.org/10.1093/jxb/eru316
https://doi.org/10.1093/jxb/eru316
https://doi.org/10.5344/ajev.2016.16048
https://doi.org/10.1093/jxb/err340
https://doi.org/10.1093/jxb/err340
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/jxb/ert395
https://doi.org/10.1093/jxb/ert394
https://doi.org/10.1093/jxb/ert394
https://doi.org/10.1111/tpj.13872
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/bti551
https://doi.org/10.1093/bioinformatics/bti551
https://doi.org/10.1104/pp.17.00311
https://doi.org/10.1021/jf061538c
https://doi.org/10.1186/1471-2164-11-109
https://doi.org/10.1105/tpc.114.133710
https://doi.org/10.1105/tpc.114.133710

Plant Molecular Biology (2019) 100:285-301

301

expressed during berry development in Vitis vinifera L. Plant Cell
Rep 33:1147-1159. https://doi.org/10.1007/s00299-014-1604-9

Pilati S, Bagagli G, Sonego P, Moretto M, Brazzale D, Castorina G,
Simoni L, Tonelli C, Guella G, Engelen K, Galbiati M, Moser C
(2017) Abscisic acid is a major regulator of grape berry ripening
onset: New insights into ABA signaling network. Front Plant Sci.
https://doi.org/10.3389/fpls.2017.01093

Raifer B, Haas F, Cassar A (2014) Influence of leaf canopy height on
the occurrence of berry shrivel

Rinaldo A, Cavallini E, Jia Y, Moss SMA, McDavid DAJ, Hooper
LC, Robinson SP, Tornielli GB, Zenoni S, Ford CM, Boss PK,
Walker AR (2015) A grapevine anthocyanin acyltransferase, tran-
scriptionally regulated by VVMYBA, can produce most acylated
anthocyanins present in grape skins. Plant Physiol. https://doi.
org/10.1104/pp.15.01255

Rizzini FM, Bonghi C, Tonutti P (2009) Postharvest water loss
induces marked changes in transcript profiling in skins of wine
grape berries. Postharvest Biol Technol 52:247-253. https://doi.
org/10.1016/j.postharvbio.2008.12.004

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconductor
package for differential expression analysis of digital gene expres-
sion data. Bioinformatics 26:139-140. https://doi.org/10.1093/
bioinformatics/btp616

Rogiers SY, Greer DH, Hatfield JM, Orchard BA, Keller M (2006)
Solute transport into shiraz berries during development and late-
ripening shrinkage. Am J Enol Vitic 57:73-80

Rustioni L, Rocchi L, Guffanti E, Cola G, Failla O (2014) Charac-
terization of grape (Vitis vinifera L.) berry sunburn symptoms
by reflectance. J Agric Food Chem 62:3043-3046. https://doi.
org/10.1021/jf405772f

Savoi S, Wong DCIJ, Arapitsas P, Miculan M, Bucchetti B, Peterlunger
E, Fait A, Mattivi F, Castellarin SD (2016) Transcriptome and
metabolite profiling reveals that prolonged drought modulates the
phenylpropanoid and terpenoid pathway in white grapes (Vitis
vinifera L). BMC Plant Biol 16:67. https://doi.org/10.1186/s1287
0-016-0760-1

Savoi S, Wong DCJ, Degu A, Herrera JC, Bucchetti B, Peterlunger
E, Fait A, Mattivi F, Castellarin SD (2017) Multi-omics and
integrated network analyses reveal new insights into the systems
relationships between metabolites, structural genes, and tran-
scriptional regulators in developing grape berries (Vitis vinifera
L.) exposed to water deficit. Front Plant Sci 1:1-10. https://doi.
org/10.3389/fpls.2017.01124

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D,
Amin N, Schwikowski B, Ideker T (2003) Cytoscape: a software
environment for integrated models of biomolecular interaction
networks. Genome Res 13:2498-2504. https://doi.org/10.1101/
2r.1239303

Sparvoli F, Martin C, Scienza A, Gavazzi G, Tonelli C (1994) Cloning
and molecular analysis of structural genes involved in flavonoid
and stilbene biosynthesis in grape (vitis-vinifera 1). Plant Mol Biol
24:743-755

§uk1je K, Zhang X, Antalick G, Clark AC, Deloire A, Schmidtke LM
(2016) Berry shriveling significantly alters shiraz (vitis vinifera
1.) grape and wine chemical composition. J Agric Food Chem
64:870-880. https://doi.org/10.1021/acs.jafc.5b05158

Sunitha S, Loyola R, Alcalde JA, Arce-Johnson P, Matus T, Rock CD
(2019) The role of UV-B light on small RNA activity during

grapevine berry development. G3 Genes Genomes Genet 9:769—
787. https://doi.org/10.1534/g3.118.200805

Terrier N, Glissant D, Grimplet J, Barrieu F, Abbal P, Couture C,
Ageorges A, Atanassova R, Léon C, Renaudin J-P, Dédaldéchamp
F, Romieu C, Delrot S, Hamdi S (2005) Isogene specific oligo
arrays reveal multifaceted changes in gene expression during
grape berry (Vitis vinifera L.) development. Planta 222:832-847.
https://doi.org/10.1007/s00425-005-0017-y

Torres N, Hilbert G, Luquin J, Goicoechea N, Antolin MC (2017)
Flavonoid and amino acid profiling on Vitis vinifera L. cv Tem-
pranillo subjected to deficit irrigation under elevated tempera-
tures. J Food Compos Anal 62:51-62. https://doi.org/10.1016/j.
jfca.2017.05.001

Vitrac X, Larronde F, Krisa S, Decendit A, Deffieux G, Mérillon J-M
(2000) Sugar sensing and Ca2 +—calmodulin requirement in Vitis
vinifera cells producing anthocyanins. Phytochemistry 53:659—
665. https://doi.org/10.1016/S0031-9422(99)00620-2

Vitulo N, Forcato C, Carpinelli EC, Telatin A, Campagna D, D’Angelo
M, Zimbello R, Corso M, Vannozzi A, Bonghi C, Lucchin M,
Valle G (2014) A deep survey of alternative splicing in grape
reveals changes in the splicing machinery related to tissue, stress
condition and genotype. BMC Plant Biol 14:99. https://doi.
org/10.1186/1471-2229-14-99

Vondras AM, Gouthu S, Schmidt JA, Petersen A-R, Deluc LG (2016)
The contribution of flowering time and seed content to uneven
ripening initiation among fruits within Vitis vinifera L. cv. Pinot
noir clusters. Planta 243:1191-1202. https://doi.org/10.1007/
s00425-016-2474-x

Wheeler S, Loveys B, Ford C, Davies C (2009) The relationship
between the expression of abscisic acid biosynthesis genes, accu-
mulation of abscisic acid and the promotion of Vitis vinifera L.
berry ripening by abscisic acid. Aust J Grape Wine Res 15:195—
204. https://doi.org/10.1111/j.1755-0238.2008.00045.x

Zamboni A, Minoia L, Ferrarini A, Tornielli GB, Zago E, Delle-
donne M, Pezzotti M (2008) Molecular analysis of post-harvest
withering in grape by AFLP transcriptional profiling. J Exp Bot
59:4145-4159. https://doi.org/10.1093/jxb/ern256

Zenoni S, Fasoli M, Guzzo F, Santo SD, Amato A, Anesi A, Commisso
M, Herderich M, Ceoldo S, Avesani L, Pezzotti M, Tornielli GB
(2016) Disclosing the molecular basis of the postharvest life of
berry in different grapevine genotypes. Plant Physiol 172:1821—
1843. https://doi.org/10.1104/pp.16.00865

Zhang XY, Wang XL, Wang XF, Xia GH, Pan QH, Fan RC, Wu FQ,
Yu XC, Zhang DP (2006) A shift of phloem unloading from sym-
plasmic to apoplasmic pathway is involved in developmental onset
of ripening in grape berry. Plant Physiol 142:220-232. https://doi.
org/10.1104/pp.106.081430

Zheng Y, Tian L, Liu H, Pan Q, Zhan J, Huang W (2009) Sugars induce
anthocyanin accumulation and flavanone 3-hydroxylase expres-
sion in grape berries. Plant Growth Regul 58:251-260. https://doi.
org/10.1007/s10725-009-9373-0

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00299-014-1604-9
https://doi.org/10.3389/fpls.2017.01093
https://doi.org/10.1104/pp.15.01255
https://doi.org/10.1104/pp.15.01255
https://doi.org/10.1016/j.postharvbio.2008.12.004
https://doi.org/10.1016/j.postharvbio.2008.12.004
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1021/jf405772f
https://doi.org/10.1021/jf405772f
https://doi.org/10.1186/s12870-016-0760-1
https://doi.org/10.1186/s12870-016-0760-1
https://doi.org/10.3389/fpls.2017.01124
https://doi.org/10.3389/fpls.2017.01124
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1021/acs.jafc.5b05158
https://doi.org/10.1534/g3.118.200805
https://doi.org/10.1007/s00425-005-0017-y
https://doi.org/10.1016/j.jfca.2017.05.001
https://doi.org/10.1016/j.jfca.2017.05.001
https://doi.org/10.1016/S0031-9422(99)00620-2
https://doi.org/10.1186/1471-2229-14-99
https://doi.org/10.1186/1471-2229-14-99
https://doi.org/10.1007/s00425-016-2474-x
https://doi.org/10.1007/s00425-016-2474-x
https://doi.org/10.1111/j.1755-0238.2008.00045.x
https://doi.org/10.1093/jxb/ern256
https://doi.org/10.1104/pp.16.00865
https://doi.org/10.1104/pp.106.081430
https://doi.org/10.1104/pp.106.081430
https://doi.org/10.1007/s10725-009-9373-0
https://doi.org/10.1007/s10725-009-9373-0

	Transcriptomics of the grape berry shrivel ripening disorder
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant material and berries sampling
	Transcriptome analysis
	Metabolites analyses
	Statistical analysis
	Data availability

	Results
	Berry growth and development
	Berry shrivel transcriptome
	Switch genes are lower expressed at the onset of ripening in BS samples
	A closer examination of the genes differentially expressed during ripening
	Modulation of sugars and organic acids metabolism in BS berries
	The flavonoid pathway is hampered in BS with less content of anthocyanins

	Discussion
	Acknowledgements 
	References




