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The effect of roots and shoots on fruit metabolism of grape in drought stress
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GG20-1 (1.00(0.98(0.97(0.94(0.92|0.93]0.94|0.94|0.94|0.95|0.95|0.95|0.98|0.97|0.97|0.96|0.95(0.96(0.97(0.97|0.96/0.96/0.96/0.96

GG20-2 (0.98/1.00/0.98(0.89|0.87|0.88/0.90|0.89|0.90|0.92|0.92|0.92|0.97|0.97|0.97|0.97|0.96/0.97|0.97(0.97(0.97|0.97|0.96|0.96

GG20-3 |0.97(0.98(1.00(0.87(0.85|0.85/0.89|0.88|0.89|0.90|0.90|0.90]0.96|0.97|0.96/0.95|0.96/0.96/0.97(0.96/0.97|0.96|0.95(0.95

GS20-1 ]0.94|0.89/0.87|1.00]0.98/0.99]|0.99|0.99|0.99(0.97|0.96/0.96/0.91(0.89|0.89|0.89|0.86|0.88|0.89|0.90|0.88|0.89|0.90|0.90

GS20-2 |0.92|0.87/0.85|0.98|1.00/0.98|0.97|0.97|0.97(0.97|0.97|0.97(0.89(0.88|0.87|0.87|0.86/0.87|0.88|0.89|0.86|0.88/|0.90|0.89

GS20-3 |0.93|0.88]0.85|0.99|0.98/1.00]0.98|0.98|0.98(0.97|0.96(0.97(0.90(0.88|0.88|0.88|0.86|0.87|0.88|0.89|0.86|0.88/|0.90|0.90

SG20-1 ]0.94|0.90]0.89|0.99|0.97|0.98|1.00|0.99|1.00(0.97(0.97|0.97(0.92(0.91|0.90|0.90|0.87|0.89|0.91|0.91|0.89|0.90/0.91|0.91

SG20-2 |0.94|0.89|0.88|0.99|0.97|0.98]|0.99|1.00{1.00(0.96(0.96|0.96/0.91(0.90(0.90|0.89|0.86/0.88|0.89|0.90|0.88|0.89/0.90|0.90

SG20-3 |0.94|0.90/0.89|0.99|0.97|0.98|1.00|1.00{1.00(0.97|0.96/0.97(0.92(0.90/0.90|0.89|0.87|0.89|0.90|0.91|0.89|0.90/0.91|0.91

S$S20-1 |0.95|0.92(0.90(0.97(0.97(0.97|0.97|0.96|0.97|1.00]0.99|0.99/|0.92|0.92|0.91|0.91(0.90(0.91(0.91(0.92/0.90(0.91|0.92(0.92

$S20-2  |0.95|0.92(0.90(0.96|0.97(0.96/0.97|0.96|0.96|0.99|1.00{0.99/0.92|0.92|0.91|0.91(0.91(0.92(0.92(0.92/0.91|0.92|0.93(0.92

S$S20-3 |0.95|0.92(0.90(0.96|0.97(0.97|0.97|0.96|0.97|0.99|0.99|1.00/0.92|0.92|0.91|0.91(0.91(0.92(0.92(0.92/0.91|0.92|0.93(0.92

GG100-1 ]0.98(0.97|0.96|0.91|0.89]0.90]0.92|0.91/0.92(0.92(0.92(0.92(1.00(0.99(0.99/0.98|0.97|0.98|0.99|0.99|0.98|0.98|0.98|0.99

GG100-2 10.97|0.97|0.97|0.89|0.88]0.88]|0.91|0.90/0.90(0.92(0.92|0.92(0.99(1.00{0.99/0.98|0.98/0.99/0.99/0.99/0.99|0.99/0.98|0.99

GG100-3 |0.97|0.97|0.96|0.89|0.87|0.88|0.90|0.90/0.90(0.91(0.91(0.91(0.99(0.99(1.00(0.97|0.98/0.98/0.99/0.99|0.98|0.99/|0.98|0.98

GS100-1 |0.96|0.97(0.95|0.89(0.87|0.88/0.90|0.89|0.89(0.91|0.91(0.91|0.98/0.98|0.97|1.00/0.98|0.99/0.98|0.98/0.97|0.98/0.97|0.98

GS100-2 10.95|0.96(0.96(0.86(0.86/0.86{0.87|0.86|0.87|0.90|0.91|0.91|0.97|0.98|0.98|0.98(1.00(0.99/0.98(0.97|0.98|0.98|0.98/0.98

GS100-3 10.96|0.97|0.96(0.88(0.87|0.87(0.89/0.88|0.89|0.91|0.92|0.92|0.98]0.99|0.98|0.99(0.99/1.00/0.98(0.98/0.98|0.99|0.98/0.98

SG100-1 10.97|0.97(0.97(0.89(0.88/0.88(0.91/0.89|0.90|0.91|0.92|0.92|0.99]0.99|0.99|0.98(0.98(0.98(1.00{1.00{1.00(0.99|0.98/0.99

SG100-2 |0.97/0.97(0.96|0.90(0.89|0.89(0.91|0.90|0.91(0.92|0.92(0.92]|0.99/0.99|0.99(0.98|0.97|0.98/1.00/1.00/0.98|0.99/0.98|0.99

SG100-3 10.96|0.97(0.97(0.88(0.86/0.86{0.89/0.88|0.89|0.90|0.91|0.91|0.98]0.99|0.98|0.97(0.98(0.98(1.00(0.98(1.00/0.98|0.97|0.98

SS100-1 10.96|0.97|0.96|0.89|0.88]0.88|0.90|0.89|0.90(0.91|0.92|0.92(0.98|0.99(0.99/0.98|0.98/0.99/0.99/0.99|0.98|1.00/0.98|0.98

$S100-2 ]0.96|0.96|0.95|0.90|0.90]0.90/0.91|0.90|0.91(0.92|0.93|0.93(0.98(0.98(0.98/0.97|0.98/0.98/0.98|0.98|0.97|0.98|1.00|0.99

SS100-3 |0.96|0.96|0.95(0.90|0.89(0.90]0.91/0.90|0.91|0.92|0.92|0.92(0.99|0.99/0.98|0.98|0.98|0.98|0.99(0.99|0.98(0.98|0.99(1.00

Up regulated in a response to drought Down regulated in a response t
(4029) (110)
e 2 GS SG
(4294)

GG
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Metabolomics and metabolic regulation
Metabolite and transcript analysis were conducted to investigate the response of

metabolism and its regulation to water deficit.

Metabolite profiling, Methods

The method used for extraction and analysis is similar to that described in Hochberg
et. al 2013 with minor modifications.

Immediately following leaf excision, the tissue was snap- frozen in liquid nitrogen
and kept at —80°C until further analysis. Ahead of extraction samples were freeze
dried in a lyophilizer (VIRTIS GARDINER, N.Y. R525, Model 10-MR- TR). The
freeze-dried samples were extracted for metabolite profiling using a slightly modified
version of the method described previously (Weckwerth et al. 2004). All chemicals
were purchased from Sigma-Aldrich if not indicated otherwise. Berry skin tissue was
ground using a RETCH-mill (Retsch Gmbh, 42787 Haan, Germany) with pre-chilled
steel holders and grinding beads. For metabolite extraction, 70 mg of frozen powder
were weighed and extracted in a pre-chilled methanol:chloroform:water extraction
solution (2.5:1:1 v/v). Internal standards, (i.e. 0.2 mg/ml ribitol in water, 1 mg/mi
ampicillin in water and 1 mg/ml corticosterone in methanol), were subsequently
added. The mixture was then briefly vortexed, centrifuged for 2 min at 14000 RPM
(microcentrifuge 5417R) and the supernatant was decanted into the new tubes. The
supernatant was mixed with 300 pl of chloroform (LC/MS grade) and 300 pl of
UPLC-grade water and then centrifuged at 14,000 RPM for 2 min. After that, 100 pl
of the water/methanol phase was dried in a vacuum concentrator (Eppendorf
Concentrator Plus) for derivatization (Lisec et al. 2006) for GC-MS analysis. The

remaining water/methanol phase was transferred to UPLC vials for LC-MS analysis.

GC-MS derivatization and data processing

GC-MS samples from the above extraction were re-dissolved and derivatized. Eight
microliters of a retention time standard mixture (0.029% v/v n-dodecane, n-
pentadecane, n- nonadecane, n-docosane, n-octacosane, n-dotracontane, and n-
hexatriacontane dissolved in pyridine) was added. The sample set also included a
reference quality control of authentic metabolite standards (1 mg ml-1 each)

(Additional file 2: Table S1A). Volumes of 1 pL were then injected onto 30-m VF-5
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ms GC column with 0.25 mm i.d., film thickness of 0.25 p m, and + 10 m EZ-Guard
(Agilent) in splitless and split mode (32:1) allowing a more accurate comparison of
highly abundant metabolites (e.g. tartarate, sugars, and inositol). The GC-MS system
consisted of an AS 3000 autosampler, a TRACE GC ULTRA gas chromatograph, and
a DSQII quadrupole mass spectrometer (Thermo-Fisher Itd). The parameters of the
machine were exactly as described in [69]. Spectral searching was done by consulting
the National Institute of Standards and Technology (NIST, Gaithersburg, USA)
algorithm incorporated in the Xcalibur® data software (version 2.0.7) against RI
libraries from the Max-Planck Institute for Plant Physiology in Golm, Germany
(http://www.mpimp-golm.mpg.de/mms- library/) and finally normalized by the total
metabolites and correcte d for the dilution factor.

Results

Metabolite profiling of leaf samples of the second year of research was conducted to
study the impact of presence or absence of a rootstock on the metabolites of the leaf
and its response to water deficit.

The raw data was normalized to median values and log transformed for the heatmap
visualization to emphasize the differences in metabolite profiles between conditions.
The data is given in details in Table 1. Principle Component Analysis was
implemented on the entire dataset to show the effect of the experimental conditions on
global changes in metabolism and p value calculation. P-values were calculated using
R scripts and applying the Bonferroni correction. Fold-change was calculated on

normalized data prior to log-transformation.

Evidently, as shown in the PC plot the main component (PC1) explaining the more
than 50% of the variance within the dataset separated the samples according to the
scion affiliation. The significant changes are given in the Table as well as in the

heatmap visualization.

17



~
~
~m
<
-

52.555%

Figure 1. Principle component analysis of metabolite profiling data.

When data were analyzed using Two-way ANOVA to investigate the source of the
statistical differences, the effect of the scion was prominent and evidently contributed
due to a shift in Carbon and Nitrogen metabolism between the Syrah and the
Grenache. In the first there was a general increased level of metabolites particularly
amino acids, and among them outstanding Phe with a fold change of 24.74. Smaller
changes though significant characterized the sugars. Also interesting that stress
related GABA, shikimate related quinic acid showed moderate and significant
changes accumulating in Syrah.

Unexpectedly irrigation did not show to have a wide change on metabolism when its
effect was investigated with the combined analysis of the two varieties. Having said
that, the effect of scion-rootstock interaction with drought response was significant for

shikimate related quinate and Phe.
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Scion genotype effect:

Metabolite P-value (corrected) Fold change
(Syrah/Grenache)

Amino Acids
Aspartic 0.0014 2.52
Isoleucine 2.56 e-07 6.97
Leucine 3.62 e-05 3.04
Phenylalanine 6.43 e-09 24.74
Serine 1.22 e-06 2.79
Threonine 5.49 e-05 2.38
Valine 0.0023 1.8
Organic acids
3,4-dihydroxy benzoic acid 7.30 e-05 1.18
4-amino butanoic acid 0.001 3.58
Gluconic acid 0.0001 -2.55
Phosphoric acid 9.71 e-08 2.68
Quinic acid 3.68 e-11 5.8
Succinic acid 0.0003 1.37
Threonic acid 1.65 e-05 -3.02
Epigallocatechin 0.0003 -1.97
Sugars
1,6-anhydro beta-glucose 5.72 e-06 1.7
Avrabitol 0.0006 1.54
Erythritol 0.0002 -1.75
Glucopyranose 2.47e-06 1.78
Glycerol-3-phosphate 0.0017 1.52
Lyxonic 0.0016 -1.62
Lyxose 0.0038 -1.5
Raffinose 0.0001 2.17
Irrigation effect:

Metabolite P-value (corrected) Fold change

(209%%/100%0)

Fucose 0.0002 1.65
Scion-rootstock interaction:

Metabolite P-value (corrected) Fold change

(reciprocal/singular)

Phenylalanine 0.0009 2.08
Quinic acid 0.0056 1.36

Table 1. List of metabolites significantly changing in respect to scion-rootstock
association, water deficit and the interaction between the two factors.
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Fig 2. Heatmap visualization of normalized relative content of metabolites
significantly changing in respect to either scion-rootstock interaction, drought or the
interaction between the two factors.

RNAseq analysis
Methods

To facilitate parallel comparisons to the metabolite data, frozen, ground skin tissues
from the same samples used for metabolite extraction were used. Total RNA was
extracted from three biological replicates of 70 mg of berry skin tissue at veraison as
described by Japelaghi et al. (2011). The quality and concentration of extracted RNA
was determined using Bioanalyzer Chip RNA 7500 series Il (Agilent, Santa Clara,
CA) and a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE).
Following quality assessment, poly (A) mRNA preparation and sequencing with an
Illumina HiSeq 1000 sequencer (lllumina Inc., San Diego, CA, USA) were performed
as described previously in Venturini et al. (2013). The resultant reads were aligned to
the reference Vitis vinifera genome using TopHat software (version 2.0.6), which
received as input the Vitis vinifera GTF file (option “-G”) and also using the
following parameters: “—b2-very-sensitive —+ 150 —mate-std-dev 50 (Surget-Groba et
al., 2010). Subsequently, the Cufflinks software (Trapnell et al., 2010); version 2.0.2)
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was used to assemble aligned RNA-seq reads into transcripts with the parameters “--
min-intron-length 10”; these assemblies were processed into a full transcriptome set

by CuffMerge (Roberts et al., 2011).
Results

RNAseq analysis was performed to examine the effect of irrigation and different
rootstock-scion combination on berry skin transcript at genome-wide level. There
were 19291 genes (65% of the total) differentially expressed in the rootstock-scion
combination whereas 8908 genes (30% of the total) were differentially expressed in
the irrigation treatments. The significantly (P<0.01) expressed genes were further
categorized into different biosynthetic pathways (Table 1) according to VitisNet data
base. As it is shown in table 1, more number of genes were differentially expressed in
the rootstock-scion combination compared to the irrigation treatments and the

interaction effect.

To understand gene expression in the phenlypropanoid pathway, the transcript profile
in the berry skin of control and deficit irrigation as well as the different rootstock-
scion combination under the two irrigation regimes (100% and 20%) were compared.
In response to the 20% irrigation most of the phenylpropanoid pathway genes showed
downregulation (Fig. 1). A gene coding for phenylalanine ammonia-lyase (PAL)
(VIT_16s0039g01710) significantly induced in deficit irrigation treatment compared
to the control in all the four rootstock-scion combination. In contrast, the other genes
coding for the same enzyme showed a down regulation under deficit irrigation
particularly in GG and GS rootstock-scion combination. Transcripts putatively
encoding for 4CL (4-coumarate-CoA ligase) were generally higher in the 20%
irrigation than the control. In the subsequent biosynthetic step, most of the genes
encoding for CHS (Naringenin-chalcone synthase) and STS (Stilbene synthase) were
significantly lower in the deficit irrigation treatment compared to the control. Genes
putatively encoding for FLS (Flavonol synthase) showed higher expression in the
deficit irrigation than the control treatment. The expression of transcripts coding for
the parallel biosynthesis pathway, flavonoid 3°,5” hydroxylase (F3’5’H) and flavonoid
3> hydroxylase (F3’H), were downregulated in GG and GS rootstock-scion
combination under deficit irrigation compared to the control while the genes coding
for the subsequent anthocyanin biosynthesis pathway, dihydroflavanol 4-reductase

21



(DFR), showed a general upregulation in the deficit treatment compared to the

control.

To ease the comparison and visualization of the effect of rootstock-scion combination,
the data were normalized to the average of the rootstock-scion combinations in each
irrigation regimes (Figure 2 and 3). The genes coding for PAL showed both up- and
downregulation in both the 20% and 100% irrigation. GS and GG rootstock-scion
combination showed upregulation in the deficit and control irrigation treatments,
respectively, for the genes coding for 4CL. SS rootstock-scion combination showed
an upregulation in the genes coding for stilbene (STS) and anthocyanin biosynthesis
(UFGT,OMT and AC). In the control treatment, both SG and SS rootstock-scion
combination showed an upregulation in the genes coding for STS, OMT and AC.
There were an upregulation in genes coding for F3’H in GG & GS rootstock-scion
combination while genes coding for F3’5’H upregulated in GS rootstock-scion

combination in the control treatment.
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Fig. 1 Log2 fold change (20% vs 100% irrigation) Significantly different berry skin transcripts involved
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down (blue) regulated in the tissue sample. Each row represent individual genes and each column
represents rootstock-scion combination as indicated in the key.
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Number of differentially expressed genes in different Metabolic Pathways.
Total number of annotated
genes in VitisNet (as per

WID Network Name 25.06.14 update)
http://www.sdstate.edu/ps/res
earch/vitis/pathways.cfm

Number of differentially expressead
genes (p<0.01)

Irrigation Rootstock Interaction

1 Carbohydrate Metabolism

10010 Glycolysis / Gluconeogenesis 223 71 137 108
10020 Citrate cycle (TCA cycle) 79 25 39 31
10030 Pentose phosphate pathway 89 22 36 30
10040 Pentose/glucuron. interconv. 62 25 35 24
10051 Fructose and mannose met. 117 11 31 18
10052 Galactose metabolism 176 30 67 40
10053 Ascorbate and aldarate met. 53 24 28 20
10500 Starch and sucrose met. 373 85 147 111
10530 Aminosugars metabolism 108 20 43 30
10520 Nucleotide sugars met. 72 5 11 6
10620 Pyruvate metabolism 230 14 32 26
10630 Glyoxyl., dicarboxyl. met. 88 24 35 24
10640 Propanoate metabolism 71 8 15 14
10650 Butanoate metabolism 88 1 4 3
10562 Inositol phosphate met. 70 28 36 35
2 Energy Metabolism

10190 Oxidative phosphorylation 383 47 157 119
10195 Photosynthesis 223 33 63 55
10196 Photosynthesis - antenna prot. 38 3 9 2
10710 Carbon fixation 182 5 12 6
10680 Methane metabolism 133 2 7 4
10910 Nitrogen metabolism 117 7 20 8
10920 Sulfur metabelism 48 1 3 3
3 Lipid Metabolism

10061 Fatty acid biosynthesis 86 27 48 36
10062 Fatty acid elongation in mitoc. 28 8 18 12
10071 Fatty acid metabolism 111 12 30 26
10072 Synth. / degr. of ketone bodies 20 3 6 4
10100 Biosynthesis of steroids 150 46 88 63
10140 C21-Steroid hormone met. 18 5 8 3
10561 Glycerolipid met. 159 38 67 44
10564 Glycerophospholipid met. 150 19 37 28
10565 Ether lipid metabolism 53

10600 Sphingolipid metabolism 77 11 17 15
10592 alpha-Linolenic acid met. 106 16 44 23
11040 Biosynth. unsat. fatty ac. 54

4 Nucleotide Metabolism

10230 Purine metabolism 154 34 83 62
10240 Pyrimidine metabolism 113 23 61 46
5 Amino Acid Metabolism

10251 Glutamate metabolism 97 21 41 24
10252 Alanine and aspartate met. 117 22 45 30
10260 Gly, ser and thr met. 116 36 65 47
10271 Methionine metabolism 135 42 67 47
10272 Cysteine metabolism 84 13 30 23
10280 Val, leu and lle degr. 92 10 23 21
10290 Val, leu and Ile biosynth. 73 10 25 21
10300 Lysine biosynthesis 85 23 40 38
10330 Arginine and proline met. 65 9 13 12
10340 Histidine metabolism 65 10 15 12
10350 Tyrosine metabolism 165 1 43 28
10360 Phenylalanine metabolism 224 24 55 22
10400 Phe, tyr and try biosynth. 159 37 72 62
10220 Urea cyc., met. amino grp 134 34 76 63
6 Met. of Other Amino Acids

10410 beta-Alanine met. 59 1 2 2
10450 Selenoamino acid met. 82 1 4 4
10460 Cyanoamino acid met. 39 3 19 13
10480 Glutathione met. 159 42 79 66
7 Glycan Biosynth. And Met.

10510 N-Glycan biosynthesis 56 12 36 29
10511 N-Glycan degradation 780 12 19 15
10540 Lipopolysac. Biosynth. 11 4 5 5
10550 Peptidoglycan biosynth. 20 1 1 1
10563 GPl-anchor biosynthesis 22 1 17 14
10602 Glycosphingolip. biosynth. 17 4 8 4
11030 Glycan struct. biosynth. 1 101 17 39 29
8 Met. of Cofactors and Vit.

10730 Thiamine metabolism 22 5 11 8
10740 Riboflavin metabolism 70 14 34 24
10750 Vitamin B6 metabolism 19 1 8 4
10760 Nicotinate, nicotinamide met 28 7 9 9
10770 Pantothenate, CoA biosynth. 56 5 5 5
10780 Biotin metabolism 8 1 2 2
10790 Folate biosynthesis 40 8 14 13
10670 One carbon pool by folate 49 4 5 4
10860 Porph. and chloroph. met. 75 16 41 34
10130 Ubiquinone biosynthesis 36

9 Biosynth. of Secondary Met.

10900 Terpenoid biosynthesis 192 37 74 36
10904 Diterpenoid biosynthesis 78 20 38 19
10902 Monoterpenoid biosynth. 217 32 90 46
10908 Zeatin biosynthesis 61 10 27 12
10906 Carotenoid biosynth. 49 13 27 20
10905 Brassinosteroid biosynth. 21 5 7 7
10940 Phenylpropanoid biosynth. 243 49 112 59
11013 ABA biosynthesis 18 2 1 1
10941 Flavonoid biosynthesis 190 44 95 53
10942 Anthocyanin biosynthesis 72 12 30 19
10943 Isoflavonoid biosynthesis 68 14 37 15
10950 Alkaloid biosynthesis | 65 6 21 12
10311 Penicillin/cephalosp. bioS. 13 3 7 5
11002 Auxin biosynthesis 99 19 29 25

11019 IBA mmatabalicns -4 -5 A A
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