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A rootstock trial was established in 1997 at the OSU Woodhall vineyard, located in the 

Southern Willamette Valley, which included two experiments.  The first experiment was 

a factorial of four varieties grafted on to 9 rootstocks, and also as ungrafted vines (a split-

plot design).  The second experiment was a randomized complete block design of Pinot 

noir on 19 rootstocks, and ungrafted vines.  Evaluation of these experiments was 

conducted in order to assess rootstock impact on vine physiological performance, and 

fruit and wine composition, between 2002 and 2005. 

While there were changes in gas-exchange and the hydraulic properties of the scion in 

response to the different rootstocks, these changes were not directly linked to vine size.  

Some rootstocks could not cope with the large water demand that their larger canopies 

required, while other rootstocks appeared to have reduced canopy size as a strategy of 

drought avoidance.  Evidence also indicated that Vitis rootstocks can induce changes to 

the scion stomatal behavior under drought conditions. 



 

The vegetative growth potential of the rootstock appeared to interact with the scion, 

affecting the hydraulic properties and water status of the vines, as well as fruit 

composition.  Sugars levels across all rootstocks were very similar, provided that 

rootstocks achieved an adequate leaf area to fruit ratio, suggesting that rootstock growing 

cycles are not necessarily different.  Juice titratable acidity (TA) increased with 

vegetative growth.  Skin tannin (proanthocyanidin) concentration was independent of the 

vigor imposed by the different rootstocks.  Skin proanthocyanidin (mg/berry) was highest 

for 125AA, 1616C, and 420A, while 161-49C, Schwarzmann, 3309C and Riparia Gloire 

had the lowest tannin content.  Rootstocks SO4, 8B, 420A, and 140Ru had higher levels 

of anthocyanins.  Differences in berry weight were not related to the concentration of 

skin tannin or total anthocyanin (mg/kg fruit) found. 

In order to produce wine lots from the different rootstocks, a micro-scale fermentation 

technique was developed.  Based upon chemical and spectral analyses, this technique 

approximated the results obtained with a commercial red wine fermentation. 

In 2005, Pinot noir wines were made from all rootstocks.  The wine phenolic profile 

did not entirely reflect fruit composition, since extraction of skin components into wine 

varied greatly with the rootstock.  These results suggest that there was a direct effect of 

the rootstock on fruit and wine chemistry, rather than a consequence of differences in 

crop size, vine vigor or berry weight. 



 

 

 

 

 

 

©Copyright by Tiago Luís Barros Sampaio 

January 19, 2007 

All Rights Reserved 



 

Using Rootstocks to Manipulate Vine Physiological Performance and Mediate Changes 

in Fruit and Wine Composition 

 

 

by 

Tiago Luís Barros Sampaio 

 

 

A DISSERTATION 

submitted to 

Oregon State University 

 

 

in partial fulfillment of 

the requirements for the 

degree of 

Doctor of Philosophy 

 

 

 

Presented, January 19, 2007 

Commencement June 2007 



 

Doctor of Philosophy dissertation of Tiago Luís Barros Sampaio presented on January 

19, 2007. 

 

APPROVED: 

 

 

Major Professor, representing Horticulture 

 

 

Head of the Department of Horticulture 

 

 

Dean of the Graduate School 

 

 

I understand that my dissertation will become a part of the permanent collection of 

Oregon State University libraries. My signature below authorizes release of my 

dissertation to any reader upon request. 

 

 

 

 

 

Tiago Luís Barros Sampaio, Author 



 

ACKNOWLEDGEMENTS 

I am honored to express my sincere appreciation to the people that have gone to 

extraordinary measures on my behalf to help me complete this dissertation. 

I would like to express my deep gratitude and appreciation to my major professor for 

this project, Dr. Carmo Vasconcelos.  Under her tutelage, she has inspired, motivated and 

supported me to achieve my greatest potential.  Thank you for your mentorship and 

friendship, and for always believing in me. 

My sincere gratitude also to the other members of my committee: Dr. Markus Keller, 

Dr. Gary Banowetz, and Dr. Ronald Wrolstad, and specially Dr. James Kennedy - each of 

whom has asked important questions, shared valuable insights, and given me new ways 

to think about the work that I have done. 

My special thanks to the people who have put countless hours of work with me in the 

field and lab: Aurelien Revillot, Daryl Richardson, Denise Guinn, Greg Waldref, Jeff 

Cygan, Margaret Lubkin, Marsha Merifield, Michael Moyer, Samuel Trashel, Scott 

Robbins, Stacy Kish, Stephanie Hernandez, Suzanne Lovelady, and Teresa Anderson, 

among others.  Without you all, this large project would not have been possible.  

I want to acknowledge all of the friends and family members whose unwavering belief 

in my ability to complete this challenging project was exactly what enabled me to do so.  

Among many others, I am especially grateful to my father, sister, and my grandparents, 

and to Derek.  Your emotional support, your interest and encouragement, and your 

patience and tolerance along the course of this journey have sustained me all the way 

through.  Thank you for being there. 

Last but not least, I also would like to acknowledge the Fundação para a Ciência e 

Tecnologia-Portugal for the scholarship and the funding organizations that supported this 

project: American Vineyard Foundation, Viticulture Consortium, and Northwest Center 

for Small Fruits Research. 



 

CONTRIBUTION OF AUTHORS 

Dr. James A. Kennedy was involved with the design and writing of Chapter 4, and in 

the interpretation of the data of Chapter 5. 



 

TABLE OF CONTENTS 

Page 

1. INTRODUCTION ...........................................................................................................1 

2. Can Rootstocks Affect Scion’s Stomatal Behavior Under a Developing Water 

Deficit?  Case Study of Vitis vinifera L. cv. Pinot noir. ................................................6 

ABSTRACT................................................................................................................... 7 

KEYWORDS ................................................................................................................. 7 

INTRODUCTION............................................................................................................ 8 

MATERIALS AND METHODS........................................................................................ 10 

RESULTS AND DISCUSSION......................................................................................... 14 

CONCLUSION ............................................................................................................. 24 

ACKNOWLEDGEMENT................................................................................................ 25 

REFERENCES.............................................................................................................. 26 

TABLES. .................................................................................................................... 30 

FIGURES. ................................................................................................................... 37 

3. Rootstock-Variety Interactions: Canopy Development, Gas-Exchange, Water 

Status and Hydraulic Properties in Chardonnay, Merlot, Pinot gris and Pinot noir. ...43 

ABSTRACT................................................................................................................. 44 

KEYWORDS. .............................................................................................................. 45 

INTRODUCTION.......................................................................................................... 45 

MATERIALS AND METHODS........................................................................................ 46



 

TABLE OF CONTENTS (cont.) 

Page 

RESULTS AND DISCUSSION......................................................................................... 49 

CONCLUSION ............................................................................................................. 61 

ACKNOWLEDGMENT.................................................................................................. 61 

REFERENCES.............................................................................................................. 63 

TABLES. .................................................................................................................... 68 

FIGURES. ................................................................................................................... 76 

4. Rootstock-Variety Interactions: Yield Components and Fruit Composition.................83 

ABSTRACT................................................................................................................. 84 

KEYWORDS. .............................................................................................................. 85 

INTRODUCTION.......................................................................................................... 85 

MATERIALS AND METHODS........................................................................................ 86 

RESULTS AND DISCUSSION......................................................................................... 89 

CONCLUSION ............................................................................................................. 99 

ACKNOWLDGEMENT................................................................................................ 100 

REFERENCES............................................................................................................ 101 

TABLES. .................................................................................................................. 106 

FIGURES. ................................................................................................................. 121 

5. Use of Micro-Scale Fermentations in Grape and Wine Research. ..............................126 



 

TABLE OF CONTENTS (cont.) 

Page 

ABSTRACT............................................................................................................... 127 

KEYWORDS ............................................................................................................. 127 

INTRODUCTION........................................................................................................ 128 

MATERIALS AND METHODS...................................................................................... 129 

RESULTS AND DISCUSSION....................................................................................... 134 

CONCLUSIONS ......................................................................................................... 140 

ACKNOWLEDGMENT................................................................................................ 140 

REFERENCES............................................................................................................ 141 

TABLES. .................................................................................................................. 144 

FIGURES. ................................................................................................................. 147 

6. Effect of Rootstocks on Vine Physiological Performance and Fruit and Wine 

Composition...............................................................................................................153 

ABSTRACT............................................................................................................... 154 

KEYWORDS. ............................................................................................................ 155 

INTRODUCTION........................................................................................................ 155 

MATERIALS AND METHODS...................................................................................... 157 

RESULTS.................................................................................................................. 161 

DISCUSSION............................................................................................................. 173 

CONCLUSIONS ......................................................................................................... 181 



 

TABLE OF CONTENTS (cont.) 

Page 

ACKNOWLEDGMENT................................................................................................ 182 

REFERENCES............................................................................................................ 183 

TABLES. .................................................................................................................. 190 

FIGURES. ................................................................................................................. 209 

7. CONCLUSIONS..........................................................................................................221 

BIBLIOGRAPHY............................................................................................................225 

 



 

LIST OF FIGURES 

Figure               Page 

2.1.  Rootstocks used in this trial and their parentage. ......................................................37 

2.2.  Total exposed leaf area (m2) of Pinot noir grafted to various rootstocks.  
Horizontal line represents the overall mean across all rootstocks.  Vertical bars 
represent ± SE. ..........................................................................................................38 

2.3. Relationship between intrinsic water use efficiency (A/gs) and stomatal 
conductance (gs) of Pinot noir grafted to various rootstocks (n=600). .....................39 

2.4.  Relationship between pruning weight as an estimate of canopy size and vine 
vigor and vine water status (ψstem).  Vertical line represents the mean pruning 
weight and horizontal line represents the mean midday ψstem.  Each point is the 
average of 30 measurements. The four quadrants distinguish different drought 
avoidance strategies.  Vertical and horizontal bars are ± SE....................................40 

2.5.  Relationship between Pinot noir midday stem water potential (ψstem) and 
stomatal conductance (gs) as affect by different rootstocks.  Values of gs were 
expressed as a percent of maximum for each sampling point within each of the 
five field replicates of each rootstock; (Ln (% max. gs) = a+b (ψstem)2; n=30). ........41 

2.6.  Comparison of the regression curves of the relationship between midday stem 
water potential (ψstem) and stomatal conductance (gs, % of maximum) for all the 
rootstocks used in this trial.  Regression lines for ungrafted vines and those 
grafted to 101-14 are marked....................................................................................42 

3.1.  Shoot length (cm) before hedging of Chardonnay, Merlot, Pinot gris and Pinot 
noir as affected by rootstock.  Variety effect: P<0.001; Rootstock effect: 
P<0.001 (2002 and 2003) and non-significant (2004); no interaction between 
variety and rootstock was found.  Vertical bars are ± SE.........................................76 

3.2.  Internode length (cm) of Chardonnay, Merlot, Pinot gris and Pinot noir as 
affected by rootstock.  Variety effect: P<0.01 (2002) and P<0.05 (2004); 
Rootstock effect: P<0.001 in 2002 and P<0.01 (2004); no interaction between 
variety and rootstock was found.  Vertical bars are ± SE.  Horizontal lines are 
the annual average response across all rootstocks: 2002 (dashed) and 2004 
(solid). .......................................................................................................................77 

3.3.  Leaf chlorophyll content (g/m2) evolution over the 2002 season as affected by 
rootstock.  Variety effect: P<0.001; Rootstock effect: P<0.001; no interaction 
between variety and rootstock was found.  Vertical bars are ± SE...........................78 



 

LIST OF FIGURES (cont.) 

Figure               Page 

3.4.  Relationship between intrinsic water use efficiency (A/gs) and stomatal 
conductance (gs) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks (n=1200). ....................................................................................79 

3.5.  Midday stem water potential (ψstem) of Chardonnay, Pinot gris and Pinot noir as 
affected by rootstock.  Rootstock effect: P<0.01 (Chardonnay) and P<0.001 
(Pinot gris and Pinot noir).  Vertical bars are ± SE. ................................................ 80 

3.6.  Relationship between pruning weight as an estimate of canopy size and vine 
vigor and vine water status (ψstem) of Chardonnay, Merlot, Pinot gris and Pinot 
noir grafted to various rootstocks.  Vertical line represents the mean pruning 
weight and horizontal line represents the mean midday ψstem.  Each point is the 
average for the month of September over three seasons (n=15).  The four 
quadrants distinguish different drought avoidance strategies.  Vertical and 
horizontal bars are ± SE........................................................................................... 81 

3.7.  Relationship between pruning weight as estimate of canopy size and vine vigor 
and leaf specific hydraulic conductance for the pathway soil-stem (Kl) of 
Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various rootstocks.  
Lines are regression lines for the varieties Chardonnay and Merlot (P<0.001).  
Vertical and horizontal bars are ± SE. ..................................................................... 82 

4.1.  Juice pH of Merlot (a) and Pinot noir (b) grafted to various rootstocks.  Error 
bars are ± SE.  Significance for main effect is indicated in parenthesis. ............... 121 

4.2.  Average number of seeds per berry of Merlot and Pinot noir grafted to various 
rootstocks.  Error bars are ± SE.  Significance for main effect is indicated in 
parenthesis.............................................................................................................. 122 

4.3.  Average fresh (a) and dry (b) individual seed weight of Merlot and Pinot noir 
grafted to various rootstocks.  Error bars are ± SE.  Significance for main effect 
is indicated in parenthesis. ..................................................................................... 123 

4.4.  Average dry skin weight per berry of Merlot and Pinot noir grafted to various 
rootstocks.  Error bars are ± SE.  Significance for main effect is indicated in 
parenthesis.............................................................................................................. 124 

4.5.  Relative contribution of the skin (after drying, a) and seed (b) tissues to the total 
berry mass, of Merlot and Pinot noir grafted to various rootstocks.  Error bars 
are ± SE.  Significance for main effect is indicated in parenthesis........................ 125 

5.1.  Design of the optimized fermentation vessel.......................................................... 147 



 

LIST OF FIGURES (cont.) 

Figure               Page 

5.2.  Temperature dynamics of research and commercial ferments.  Error bars are ± 
SE.  C1-C4 represent the cold soak period. ............................................................148 

5.3.  Fermentation progress of research and commercial ferments, as accessed by 
specific gravity.  Error bars are ± SE.  C1-C4 represent the cold soak period. ......149 

5.4.  Total proanthocyanidin accumulation of research and commercial ferments, as 
determined by phloroglucinolysis.  Flavan-3-ol monomers were not subtracted 
from the total proanthocyanidin content.  Error bars are ± SE.  C2 and C4 
represent the cold soak period.................................................................................150 

5.5.  Change in skin proanthocyanidin concentration (a), total red pigments (b) and 
seed proanthocyanidin concentration (c) of research and commercial ferments.  
Flavan-3-ol monomers were not subtracted from the total proanthocyanidin 
content.  Error bars are ± SE.  C2 and C4 represent the cold soak period..............151 

5.6.  Final wine concentration of gallic acid, hydroxycinnamic acids (caffeic acid 
equivalents), flavonols (quercetin equivalents) and stilbenes (trans-resveratrol 
equivalents), as determined by reverse-phase HPLC.  Error bars are ± SE............152 

6.1.  Genetic origin of the 19 rootstocks in this investigation: rootstock name and 
species or species crosses used to derive each rootstock........................................209 

6.2.  Canopy archicteture (% gaps) of Pinot noir grafted to various rootstocks during 
the 2005 growing season.  Vertical bars are ± SE. .................................................210 

6.3.  Relationship between pruning weight as estimate of canopy size and vine vigor 
and vine water status (ψstem).  Vertical line represents the mean pruning weight 
and horizontal line represents the mean midday ψstem.  Each point is the average 
of 40 measurements taken between 2003 and 2005. The four quadrants 
distinguish different drought avoidance strategies.  Error bars are ± SE................211 

6.4.  Relationship between the ratio of exposed leaf area to fruit (cm2/g) and sugar 
accumulation in the fruit (°Brix).  Each point is the annual average for each 
rootstock between 2002 and 2005...........................................................................212 

6.5.  PLS prediction of skin proanthocyanidin and anthocyanidin concentration 
(mg/berry) between 2003 and 2005 based on weather parameters including 
growing degree days (GDD) in August (8) and September (9) and Precipitation 
in August (Variance explained in X: 80% PC1, 20% PC2; in Y: 63% PC1, 6% 
PC2). .......................................................................................................................213 



 

LIST OF FIGURES (cont.) 

Figure               Page 

6.6.  Skin proanthocyanidin and anthocyanidin concentration (mg/kg fruit) of Pinot 
noir grafted to various rootstocks during the 2003 (a) and 2004-2005 (b) 
growing seasons.  Vertical bars are ± SE................................................................214 

6.7.  Relationship between berry weight and skin proanthocyanidin and anthocyanidin 
concentration (mg/kg fruit) of Pinot noir grafted to various rootstocks between 
2003 and 2005.  Each point is the average of 15 measurements taken between 
2003 and 2005.  No significant relationship was found..........................................215 

6.8.  PLS regression analysis of leaf transpiration (E) during the months of July (7) 
and August (8), stem water potential and leaf photosynthesis (A) in August and 
September (9), shoot length before hedging; leaf temperature in July and 
September, and leaf stomatal conductance (gs) in September, as the X matrix, 
and the total skin proanthocyanidin and anthocyanin amount per berry (Y 
matrix) between 2003 and 2004.  Top: Rootstock scores on first two 
dimensions.  Bottom: Loadings for the X and Y matrix (Variance explained in 
X: 70% PC1, 16% PC2; in Y: 72% PC1, 8%PC2). ................................................216 

6.9.  Fermentation progress for the different rootstocks in 2005.  Specific gravity 
values represent the mean of triplicate fermentations.  Error bars are ± SD. .........217 

6.10.  Relative proportion of fruit skin proanthocyanidins and anthocyanins that was 
extracted into wine of Pinot noir grafted to various rootstocks in 2005.................218 

6.11.  PLS prediction of the relative proportion of skin proanthocyanidin extracted 
into wine based on juice pH, individual fresh seed weight and stem water 
potential (ψstem) in September (9) of Pinot noir grafted to various rootstocks in 
2005 (Variance explained in X: 59% PC1, 21% PC2; in Y: 78% PC1, 1%PC2)...219 

6.12.  Relationship between yield per vine of Pinot noir grafted to various rootstocks 
and wine total proanthocyanidin and anthocyanin content.  No significant 
relationship was found. ...........................................................................................220 

 



 

LIST OF TABLES 

Table               Page 

2.1.  Vegetative growth and crop load characteristics of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous)....................................................................................30 

2.2.  Leaf transpiration (E), stomatal conductance (gs) photosynthesis (A) and intrinsic 
water use efficiency (A/gs), under ambient conditions, of Pinot noir grafted to 
various rootstocks.  Rootstocks are sorted in function of vine vigor imposed to 
the scion (from most to least vigorous).....................................................................31 

2.3.  Maximum quantum yield of PSII (Fv/Fm) and midday stem water potential 
(ψstem), of Pinot noir grafted to various rootstocks.  Rootstocks are sorted in 
function of vine vigor imposed to the scion (from most to least vigorous). .............32 

2.4.  Leaf specific hydraulic conductance (Kl) for the pathway soil-stem, of Pinot noir 
grafted to various rootstocks.  Rootstocks are sorted in function of vine vigor 
imposed to the scion (from most to least vigorous). .................................................33 

2.5.  Hydraulic conductance (K) for the pathway soil-stem, of Pinot noir grafted to 
various rootstocks.  Rootstocks are sorted in function of vine vigor imposed to 
the scion (from most to least vigorous).....................................................................34 

2.6.  Relative drop in leaf specific hydraulic conductance (Kl soil-stem) across the 
different months, of Pinot noir grafted to various rootstocks.  Values represent 
the mean observed during the years 2003 and 2004.  Rootstocks are sorted in 
function of vine vigor imposed to the scion (from most to least vigorous). .............35 

2.7.  Relationship between Pinot noir leaf specific hydraulic conductance (Kl soil-stem) 
and stomatal conductance (gs) as affect by different rootstocks.  Values of gs and 
Kl soil-stem where expressed as a percent of maximum for each sampling point 
within each of the five field replicates of each rootstock (n=30).  Rootstocks are 
sorted in function of vine vigor imposed to the scion (from most to least 
vigorous). ..................................................................................................................36 

3.1. Genetic origin of 9 rootstocks in this investigation: rootstock name, abbreviation, 
and species or species crosses used to derive each rootstock. ..................................68 

3.2.  Pruning weight (kg/vine) of Chardonnay, Merlot, Pinot gris and Pinot noir 
grafted to various rootstocks.....................................................................................69 

3.3.  Cane weight (g) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. ....................................................................................................70 



 

LIST OF TABLES (cont.) 

Table               Page 

3.4.  Leaf chlorophyll content (g/m2) of Chardonnay, Merlot, Pinot gris and Pinot noir 
grafted to various rootstocks.....................................................................................71 

3.5.  Leaf transpiration (E), stomatal conductance (gs) photosynthesis (A), intrinsic 
water use efficiency (A/gs), maximum quantum yield of PSII (Fv/Fm) under 
ambient conditions, of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks.  Data shown represents the average response for the years 
2003 and 2004, for the months of July, August and September. ..............................72 

3.6.  Evolution of midday stem water potential (MPa) for the variety Merlot grafted to 
various rootstocks. ....................................................................................................73 

3.7.  Leaf specific hydraulic conductance (kg MPa-1 m-2 s-1 x 104) for the pathway 
soil-stem, of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various 
rootstocks.  Each value is the average for the years 2003 and 2004.........................74 

3.8.  Hydraulic conductance (kg MPa-1 s-1 x 104) for the pathway soil-stem, of 
Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various rootstocks. 
Each value is the average for the years 2003 and 2004. ...........................................75 

4.1.  Genetic origin of the 9 rootstocks used in this investigation: rootstock name, 
abbreviation, and species or species crosses used to derive each rootstock. ..........106 

4.2.  Yield (kg/vine) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. ..................................................................................................107 

4.3.  Bud fruitfullness (clusters/shoot) of Chardonnay, Merlot, Pinot gris and Pinot 
noir grafted to various rootstocks. ..........................................................................108 

4.4.  Berries per cluster of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. ..................................................................................................109 

4.5.  Cluster length (mm) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. ..................................................................................................110 

4.6.  Berry weight (g) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. ..................................................................................................111 

4.7.  Cluster compactness (berries/cm) of Chardonnay, Merlot, Pinot gris and Pinot 
noir grafted to various rootstocks. ..........................................................................112 

4.8.  Cluster weight (g) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. ..................................................................................................113 



 

LIST OF TABLES (cont.) 

Table               Page 

4.9.  Ravaz index (kg yield/kg pruning weight) of Chardonnay, Merlot, Pinot gris and 
Pinot noir grafted to various rootstocks. .................................................................114 

4.10.  Exposed leaf area to fruit ratio (cm2/g of fruit) of Chardonnay, Merlot, Pinot 
gris and Pinot noir grafted to various rootstocks. ...................................................115 

4.11.  Juice soluble solids (°Brix) of Chardonnay, Merlot, Pinot gris and Pinot noir 
grafted to various rootstocks...................................................................................116 

4.12.  Juice titratable acidity (g L-1) of Chardonnay, Merlot, Pinot gris and Pinot noir 
grafted to various rootstocks...................................................................................117 

4.13.  Juice pH of Chardonnay and Pinot gris grafted to various rootstocks...................118 

4.14.  Skin proanthocyanidin (PA) concentration of Merlot and Pinot noir grafted to 
various rootstocks. ..................................................................................................119 

4.15.  Relative molar proportion of (-)-epigallocatechin extension subunits (%) of 
skin proanthocyanidins of Merlot and Pinot noir grafted to various rootstocks.....120 

5.1.  Final wine concentration of flavan-3-ol monomers and anthocyanins as 
determined by reversed-phase HPLC. ....................................................................144 

5.2.  Total proanthocyanidin concentration and composition analysis of final wines as 
determined by phloroglucinolysis...........................................................................145 

5.3.  Extraction of skin and seed proanthocyanidin into wine as determined by 
phloroglucinolysis...................................................................................................146 

5.4.  Final wine spectral analysis and volatile acidity......................................................146 

6.1.  Vegetative growth and midday stem water potential (ψstem) of Pinot noir grafted 
to various rootstocks.  Each value is the average of 3 seasons.  Rootstocks are 
sorted in function of vine vigor imposed to the scion (from most to least 
vigorous). ................................................................................................................190 

6.2.  Leaf transpiration (E), stomatal conductance (gs) photosynthesis (A) and intrinsic 
water use efficiency (A/gs), under ambient conditions, of Pinot noir grafted to 
various rootstocks (average of the months of July, August and September, 2003-
2004).  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous)..................................................................................191 



 

LIST OF TABLES (cont.) 

Table               Page 

6.3.  Yield (kg/vine) of Pinot noir grafted to various rootstocks.  Rootstocks are sorted 
in function of vine vigor imposed to the scion (from most to least vigorous)........192 

6.4.  Average berry weight, cluster length and cluster compactness of Pinot noir 
grafted to various rootstocks (2002-2005).  Rootstocks are sorted in function of 
vine vigor imposed to the scion (from most to least vigorous)...............................193 

6.5.  Average seed count per berry, seed moisture, dry skin weight, and relative 
contribution of the skin (after drying) and seed tissues to the total berry mass, of 
Pinot noir grafted to various rootstocks (2003).  Rootstocks are sorted in 
function of vine vigor imposed to the scion (from most to least vigorous). ...........194 

6.6.  Average seed count per berry, seed moisture, dry skin weight, and relative 
contribution of the skin (after drying) and seed tissues to the total berry mass, of 
Pinot noir grafted to various rootstocks (2004-2005).  Rootstocks are sorted in 
function of vine vigor imposed to the scion (from most to least vigorous). ...........195 

6.7.  Ravaz index (kg yield/kg pruning weight) of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous)..................................................................................196 

6.8.  Exposed leaf area to fruit ratio (cm2/g of fruit) of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous)..................................................................................197 

6.9.  Juice soluble solids (°Brix) of Pinot noir grafted to various rootstocks.  
Rootstocks are sorted in function of vine vigor imposed to the scion (from most 
to least vigorous).....................................................................................................198 

6.10.  Juice titratable acidity (g/L) of Pinot noir grafted to various rootstocks.  
Rootstocks are sorted in function of vine vigor imposed to the scion (from most 
to least vigorous).....................................................................................................199 

6.11.  Juice pH of Pinot noir grafted to various rootstocks.  Rootstocks are sorted in 
function of vine vigor imposed to the scion (from most to least vigorous). ...........200 

6.12.  Skin proanthocyanidin concentration (mg/berry) of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous)..................................................................................201 



 

LIST OF TABLES (cont.) 

Table               Page 

6.13. Total anthocyanin content (mg/berry) of Pinot noir grafted to various rootstocks.  
Rootstocks are sorted in function of vine vigor imposed to the scion (from most 
to least vigorous).....................................................................................................202 

6.14.  Skin proanthocyanidin composition by phloroglucinolysis of Pinot noir grafted 
to various rootstocks (2003).  Rootstocks are sorted in function of vine vigor 
imposed to the scion (from most to least vigorous). ...............................................203 

6.15.  Skin proanthocyanidin composition by phloroglucinolysis of Pinot noir grafted 
to various rootstocks (2004-2005).  Rootstocks are sorted in function of vine 
vigor imposed to the scion (from most to least vigorous). .....................................204 

6.16.  Concentration of wine flavan-3-ol monomers, hydroxycinnamic acids, 
stilbenes, flavonols and anthocyanins as determined by reversed-phase HPLC of 
Pinot noir grafted to various rootstocks.  Rootstocks are sorted in function of 
vine vigor imposed to the scion (from most to least vigorous)...............................205 

6.17. Wine proanthocyanidin (PA) concentration and composition by 
phloroglucinolysis of Pinot noir grafted to various rootstocks.  Rootstocks are 
sorted in function of vine vigor imposed to the scion (from most to least 
vigorous). ................................................................................................................206 

6.18.  Extraction of skin and seed proanthocyanidin (PA) into wine as determined by 
phloroglucinolysis.  Rootstocks are sorted in function of vine vigor imposed to 
the scion (from most to least vigorous)...................................................................207 

6.19.  Pinot noir wine spectral analysis as affected by rootstock.  Rootstocks are 
sorted in function of vine vigor imposed to the scion (from most to least 
vigorous). ................................................................................................................208 

 



 

DEDICATION 

 

This dissertation is dedicated to the memory of my mother. 



 1

Using Rootstocks to Manipulate Vine Physiological Performance and Mediate 

Changes in Fruit and Wine Composition 

1. INTRODUCTION 
 

Rootstocks have been used in vineyards since the second half of 19th century as a 

consequence of the phylloxera (Daktulosphaira vitifoliae) invasion in Europe.  Although 

used primarily for pest resistance (Omer et al. 1999; McKenry et al. 2004; Pinkerton et al. 

2005), rootstocks, as a link between the soil and the scion, play an important role in vine 

adaptation to environmental factors.  These include water and nutrient availability or soil 

characteristics.  It has been established that the rootstock can have a substantial influence 

on the vegetative growth, gas-exchange and on the water status of the scion (Pongrácz 

1983; Carbonneau 1985; Southey and Jooste 1992; Candolfi-Vasconcelos et al. 1994; 

Düring 1994; Ezzahouani and Williams 1995; Galet 1998; Keller et al. 2001b; 

Paranychianakis et al. 2004; Soar et al. 2006); however, there is no convincing 

mechanistic explanation for this phenomenon.  Genetically determined rootstock 

characteristics that can have an effect on vegetative growth include root distribution 

(Swanepoel and Southey 1989; Williams and Smith 1991; Smart et al. 2006), vine 

hormonal status (Nikolaou et al. 2003; Soar et al. 2006), water and nutrient-uptake 

efficiencies (Wolf and Pool 1988; Bavaresco et al. 2003; Alvarenga et al. 2004; Wolpert 

et al. 2005) and associated differences in root hydraulic conductivity (Bavaresco and 

Lovisolo 2000; Cohen and Naor 2002; Atkinson et al. 2003).  These factors can have 

direct and indirect effects on leaf gas-exchange and plant water status. 
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It has been argued that rootstocks can have differential effects depending on the scion 

they are grafted onto.  According to Teleki, Couderc observed that some varieties did 

well on one rootstock but poorly on another (Howell 1987).  However, little research has 

been devoted to the study of the interaction between variety and rootstock, particularly at 

the vine physiological performance level.  Few studies involving fully randomized 

factorial trials between variety and rootstock are described in the literature.  Extrapolating 

results obtained in different locations can often be misleading as environmental variables 

can strongly interact with the performance of rootstocks.   

Within certain limits, rootstocks that promote vegetative growth will have a positive 

effect on yield (Ough et al. 1968; Lipe and Perry 1988; McCarthy and Cirami 1990; 

Ezzahouani and Williams 1995; Main et al. 2002; McKenry et al. 2004).  By affecting 

berry size and specific fruit chemistry, such as content of sugar, organic acids, 

anthocyanins, etc., rootstocks can determine wine composition (Kubota et al. 1993; 

Koblet et al. 1994; Walker et al. 1998; Gawel et al. 2000; Reynolds and Wardle 2001; 

Ollat et al. 2003).  In most cases, it is difficult to establish whether changes in grape 

composition are directly due to the accumulation of metabolites, or indirectly due to 

differences in vine vigor, yield, or canopy architecture.  In a review by Jackson and 

Lombard (1993), the authors reinforced that rootstock effects on grape composition and 

wine quality are not well known.  They suggested that these effects are probably 

dependent on rootstock vigor, and consequently, their influence on canopy expansion and 

fruit exposure. 

There is also a common perception that rootstocks affect the length of the scion 

growing cycle and consequently advance or delay ripening.  It is generally accepted that 
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high vigor rootstocks tend to lengthen the vegetative growth period and this reduces 

sugar accumulation in the fruit, whereas low vigor rootstocks will induce early ripening 

of the crop.  Pongrácz (1983) referred to 101-14 and Riparia Gloire as rootstocks with a 

shorter vegetative cycle than other rootstocks.  However, it as been shown that under 

stress situations, low vigor rootstocks can have less sugar at harvest when compared to 

balanced vines with more vigor (Whiting 2004). 

A considerable amount of research has been devoted to determine the impact of 

rootstocks on several scion varieties around the world.  The effect of rootstock on scion 

fruit composition is controversial, particularly with red cultivars.  Much of these trials 

offer conflicting information, depending on the scion cultivar used and the environmental 

conditions of the experimental region.  Few studies determined the impact of rootstocks 

on anthocyanin composition.  Most surprising is the lack of knowledge on the tannin 

profiles of fruit coming from different rootstocks.   

The purpose of this study was to provide a better understanding of the role that 

rootstocks have in determining the scion’s physiological performance and how these 

differences impact fruit and wine chemistry. 

This first chapter introduces the major themes of this dissertation, which is presented as 

a series of publishable papers. 

In the second chapter of this dissertation, it was investigated whether Vitis rootstocks, 

with different genetic and geographical backgrounds, used different strategies in response 

to a developing water deficit, and therefore could affect the scion response to water 

stress.  To test this hypothesis, the response of stomatal conductance to xylem water 

potential and to hydraulic conductance was studied.  It was also investigated whether 
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scion vigor was associated with differences in hydraulic conductance in the soil-stem 

pathway.  

Chapter 3 and Chapter 4 describe the impact of 9 different Vitis rootstocks in the 

physiological performance and fruit composition of four grapevine varieties.  The work 

presented in these Chapters addresses the common argument that each cultivar responds 

differently to rootstock.  Of particular interest was to elucidate the mechanisms behind 

the interaction between rootstock and variety and extent of this occurrence. 

In order to produce wines from this rootstock trial, a micro-scale fermentation 

technique was developed, which is described in Chapter 5.  In viticulture research, fruit 

production is often a limiting factor when wine production is a concern.  Because of this, 

researchers are usually forced to scale-down fermentation volumes to a practical and 

cost-effective level.  Of particular concern is that anecdotal evidence suggests these 

wines frequently have faults, their extraction is not representative of larger scale 

fermentations, and as a result, their relevance to commercial practice is questionable.  

The goal of the winemaking method described in Chapter 5 was to develop a simple and 

cost-effective technique that could be easily reproduced over time and by other research 

groups around the World.  The method utilized 4 L fermentors and 3.5 kg of fruit, and 

was compared against commercial size fermentations. 

Chapter 6 describes the performance of Pinot noir grafted onto 19 different rootstocks 

and compared to ungrafted vines, on plant growth, leaf gas-exchange, water status, yield 

components and fruit composition of the scion, evaluated between 2002 and 2005.  The 

focus of this Chapter is the impact of rootstocks on fruit and wine phenolic profiles.  An 
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effort was made to unravel relationships among vine physiological performance as 

affected by rootstock and fruit and wine chemistry. 
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ABSTRACT

The purpose of this study was to investigate whether Vitis rootstocks with different 

genetic and geographical backgrounds could affect the scion response to water stress.  In 

this study, we compared the performance of Vitis vinifera L. cv. Pinot noir grafted on to 

19 different rootstocks and also as ungrafted vines.  Plant growth, leaf gas-exchange and 

hydraulic properties for the pathway soil-stem of the scion, were evaluated over two 

seasons.  While there were changes in gas-exchange and hydraulic properties of the scion 

in response to the different rootstocks, these changes were not directly linked to the vine 

vigor imposed by the rootstock.  We found that some rootstocks could not cope with the 

large water demand that their large canopies provided, while others appeared to have 

reduced canopy size as a strategy for drought avoidance.  The differences in leaf stomatal 

conductance (gs) of the scion reflected differences in hydraulic architecture among 

rootstocks.  The overall relationship between gs, stem water potential (ψstem) and leaf 

specific hydraulic conductance (Kl) were affected by the different rootstocks.  Some 

rootstocks maintained gs close to the maximum independent of the ψstem reached, while in 

other rootstocks, drops in gs were closely associated to a decrease in ψstem.  Although the 

overall relationship between gs and Kl was not linear, for some rootstocks this coupling 

was very close.  All of these components seem to indicate that Vitis rootstocks can 

impose changes on the scion stomatal behavior during periods of water deficit. 

 

KEYWORDS.  Vitis vinifera; rootstock effect; Pinot noir; hydraulic conductance; gas-

exchange; stomatal control; water relations. 
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INTRODUCTION 

It is well known that stomata play a key role in regulating water loss from plants, but it 

still not clear how this regulation is achieved.  Differences in stomatal sensitivity during 

drought between cultivars or species may serve to adjust for differences in the 

vulnerability of xylem to cavitation (Jones and Sutherland 1991).  The stomata are 

thought to respond to hydraulic and chemical signals in a way that integrates the 

hydraulic conductance of the soil to leaf pathway, thus maintaining a constant water 

potential and maximizing photosynthesis while minimizing the risk of hydraulic failure 

through xylem cavitation (Sperry 2000).   

Vascular architecture can impact woody perennials water relations, gas exchange, the 

distribution of trees over different habitats, and perhaps even the maximum height that a 

particular species can achieve (Tyree and Ewers 1991).  There is considerable evidence in 

support of a general interdependence between stomatal and hydraulic conductance 

(Sperry et al. 1993; Cochard et al. 2000; Hubbard et al. 2001; Meinzer 2002; Sperry et al. 

2002).  The estimation of soil-to-leaf hydraulic conductance in situ, based on the liquid 

water flux per unit of driving force,  is a very valuable measure of whole-plant water 

transport efficiency (Meinzer 2002).  Increased conductivity (leaf-area specific hydraulic 

conductance) is usually associated with higher rates of leaf gas exchange (Sperry 2000; 

Franks 2006).  Changes in hydraulic conductance of both the roots and graft union have 

been presented as possible explanations how rootstocks can control scion vigor.  In 

Actinidia, hydraulic conductance of the rootstock and scion was shown to reflect the 

overall size of the plants (Clearwater et al. 2004).  Cohen and Naor (2002) found that in 

dwarfing apple rootstocks, reductions in scion vigor corresponded with reduced 



 9

conductance from the soil to stem.  When working with Vitis rootstocks, Bavaresco and 

Lovisolo (2000) showed that the highest specific conductivity was associated with the 

highest rate of shoot growth and leaf chlorophyll content. 

In this study we compared the physiological performance of Vitis vinifera L. cv. Pinot 

noir grafted to 19 different Vitis rootstocks and also as ungrafted vines.  These rootstocks 

are widely used around the world to provide resistance to pests or adapt to site 

difficulties.  Rootstocks can also control vigor, yield, and fruit composition in modern 

viticulture.  The selections studied in this work are crosses or clones of other Vitis species 

other than V. vinifera, including V. berlandieri, V. cinerea, V. cordifolia, V. riparia, V. 

rupestris and V. solonis.  These species have their origins in North and Central America. 

V. berlandieri is found naturally in southern Texas and northern Mexico, and presents 

high vigor and drought tolerance.  V. cinerea can be found in moist woodlands in central 

and eastern N. America.  It tolerates wet conditions, but does not perform well under dry 

conditions.  V. cordifolia is native to the river banks and bottom lands of southern and 

eastern N. America, and has been classified as somewhat drought tolerant.  V. rupestris 

originated in the southern part of the United States and also presents a high degree of 

drought resistance and vigor.  V. solonis is found in the wetlands of northern Texas, with 

resistance both to humidity and saline soils.  V. riparia is the most widely distributed of 

any American grape species, found in moist and shady riparian environments, with low to 

moderate vigor and poor drought tolerance (Carbonneau 1985; Galet 1998; Padgett-

Johnson et al. 2003).   

In some species, homeostatic control of leaf water potential appears to be related to a 

tight regulation of stomatal conductance (Jones 1990; Davies et al. 1994).  Tardieu and 
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Simonneau (1998) suggested that isohydric behavior is linked to an interaction 

between hydraulic and chemical information, while anisohydric behavior is linked to an 

absence of this interaction.  While differences in hydric behavior have been observed 

previously in different species, in Vitis vinifera, it was shown that intraspecific 

differences in hydric behavior exist.  Recently, Schultz (2003) hypothesized that the near-

isohydric and anisohydric behavior of stomatal conductance found in two winegrape 

cultivars of different geographical origin, could be related to differences in water-

conducting capacity of stems, and especially petioles.  

With this study, we investigated whether Vitis rootstocks with different genetic and 

geographical backgrounds, used different strategies in response to a developing water 

deficit, which could affect the scion response to water stress.  To test this hypothesis, we 

studied the response of stomatal conductance to xylem water potential and to hydraulic 

conductance.  We also investigated whether scion vigor was associated with differences 

in hydraulic conductance in the soil-stem pathway. 

 

MATERIALS AND METHODS 

Experimental design.  A rootstock trial was established in 1997 at the OSU Woodhall 

Research Vineyard, in the southern Willamette Valley.  The vineyard is located on a 15° 

south-facing slope with vine rows orientated north-south. This planting was established 

on silty clay loam soils (Bellpine and Willakenzie series) with a pH of 6.1, on a 1.2 x 2.1 

m spacing using a randomized complete block design with five replicates. Certified vines 

used in the plots were supplied by a commercial nursery (Vinifera, Inc., Woodburn, OR).  
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Rootstocks (Figure 2.1) were grafted with the Pinot noir clone FPS 2A scion.  Self-

rooted Pinot noir vines of the same clone served as a control in the experiment. Each 

block contained five vines per plot for each rootstock treatment.  This paper reports data 

for the years 2003 and 2004. 

Viticultural Practices:  Vines were trained using a double-Guyot system (a vertical 

trellis) with the training wire set at 0.8 m aboveground.  Vines were balance pruned to 30 

buds per kg of one year old pruning wood removed.  Shoot thinning, to one per bud was 

performed at the five leaf stage.  Hedging was done at 2.5 m aboveground in mid-July 

each year. Vines did not receive any supplemental irrigation.  In 2004, yield per vine was 

limited to 2 kg/vine, by removing clusters at lag phase. 

Plant size, leaf area and yield.  During the winters of 2004 and 2005, vine vigor was 

assessed by recording the pruning weights of the one-year old wood removed.  Exposed 

leaf area was estimated from pruning weight.  Digital photographs (OptioS50, Pentax) 

were taken during the ripening phase of the 2005 growing season, against a colored 

background and calibrated with a square of known area.  Color photographs were taken 

on the east side of the canopy, under overcast conditions with the compression level set to 

highest quality.  The camera was installed on a tripod, at a distance of 1.8m from the 

vine’s trunk.  Images were cropped to exclude leaf area from adjacent vines.  

Photographs were analyzed with Adobe© Photoshop© CS2 v. 9.0.1 (Adobe Systems 

Incorporated, U.S).  Leaf area was isolated from the background using the “magic wand” 

threshold tool and “select similar” command.  The “histogram” function was then used to 

count the number of pixels, and leaf area calculated in function of the number of pixels 

present in the known area standard.  The sum of both sides of the canopy gave the total 
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exposed leaf area (m2).  The relationship between the exposed leaf area estimated from 

the digital imaging and the pruning weight measured was given by the following 

equation: 

Total exposed leaf area = 2.91556 + 0.951158 Ln (Pruning weight) (R2=0.684; 

p<0.0001) (1) 

Each year in the beginning of October, when the vines where at commercial ripeness, 

the total fruit from each five-vine experimental unit was harvested and weighed.  The 

Ravaz index (a crop load index) was determined as the ratio of fruit yield to pruning 

weight removed (Ravaz 1903).  

Leaf gas-exchange.  Photosynthesis (A), transpiration (E) and stomatal conductance (gs) 

in attached leaves was measured with a portable IRGA model CIRAS-1 used in 

conjunction with a PLC(B) assimilation chamber (PP Systems, Hitchin, Herts., UK).  At 

the beginning of each season, the tenth fully expanded leaf of a representative shoot of 

the central vine for each rootstock treatment was identified, and used for all the gas-

exchange measurements.  Three measurements were made across the growing season, 

roughly corresponding to bloom, lag and the beginning of ripening phases (early July, 

August, and September, respectively).  Measurements took place between 10:00-14:00hr 

with a PPFD greater than 1200 µmol m–2 s–1, and ambient CO2 concentration (ca) of ~375 

µmol mol–1.   

Chlorophyll a fluorescence of PSII.  Chlorophyll fluorescence was measured on the 

same leaves used for gas-exchange, with a portable fluorescence system (FMS, 

Hansatech Instruments Ltd., Kings Lynn, UK).  The maximum quantum yield of PSII 

(Fv/Fm) was measured in dark-adapted leaves. 
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Chlorophyll determination.  Leaf greenness was measured non-destructively with 

the leaf greenness-meter SPAD-502 (Minolta Corp., Japan), on the same leaves used for 

gas-exchange.  Regression between chlorophyll content and leaf greenness was 

calculated as described by Candolfi-Vasconcelos et al. (1994). 

Water relations.  Midday stem water potential (ψstem) was measured on the same day 

as gas-exchange measurements, between 13:00-15:00hr with a pressure bomb (PMS 

Instrument Co., Albany, OR, USA), on fully expanded leaves positioned near the trunk.  

Leaves were enclosed in a plastic bag and covered with aluminum foil, and allowed to 

equilibrate for 90 minutes prior to measurement.  Pressure chamber measurements on 

non-transpiring leaves reflects the water potential of the xylem in the stem to which the 

leaf is attached (Meinzer et al. 2001).  

Hydraulic conductance.  Hydraulic conductance (K) for the pathway soil to stem, was 

estimated using the evaporative flux method from measurements of transpiration and 

stem water potential (Tsuda and Tyree 2000; Cohen and Naor 2002; Clearwater et al. 

2004).  Leaf-specific hydraulic conductance was expressed as kg MPa–1 m-2 s–1, and 

calculated as: 

Kl=E/(ψsoil – ψstem) (2) 

Matric potential (ψsoil) was estimated from measurements of soil volumetric water 

content (Aquapro, Aquapro Sensors, Reno, NV, USA), which was measured on the same 

day as ψstem.  Calculation was made based on the soil texture for the site (Campbell 1985; 

Campbell 1988), for the deepest section measured (100cm).   

Hydraulic conductance (K; kg MPa–1 s–1) was calculated from Kl as: 

K=Kl * leaf area (3) 
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Under steady-state conditions, the relationship between gs, ψ and K can be assumed 

to follow the Ohm’s law analogy for fluid flows, leading to: 

Kl=gsDl/(Δψ) (4),  

where D1 is the vapor pressure deficit (Hubbard et al. 2001; Clearwater et al. 2004).  

According to the hydro-active local feedback hypothesis of stomatal control (Buckley et 

al. 2003; Buckley 2005), a relative drop in ψstem (expressed as the relative increase in soil-

stem ψ gradient) should be induced by a given relative increase in Dl (δ Δψ/ δ Dl).  For a 

near homeostatic control of water potential, this quotient should also remain constant in 

time.  

Statistical and data analysis.  Statistical analyses were performed using JMP (version 

6.0, SAS Institute, Cary, NC, US), using Standard Least Squares procedure for repeated 

measures in mixed models.  When rootstocks x month interactions were present, data was 

analyzed separately by month.  Means were separated with LSD Student’s t test.  When 

comparing regression lines, Stagraphics Centurion XV (version 15.1.02, StatPoint Inc.) 

was used.  After transformation, slopes and intercepts were compared on linear regression 

curves. 

 

RESULTS AND DISCUSSION 

Canopy size and crop load.  Rootstocks where found to dramatically affect plant size.  

The estimated exposed leaf area is shown in Figure 2.2.  On average, Pinot noir grafted 

to rootstocks 125AA, 1103P, and 140Ru more than tripled the amount of wood removed 

during pruning when compared to Riparia Gloire (Table 2.1).  Other high vigor 
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rootstocks in this trial were 1616C, 161-49C, 420A and 99R.  In addition to Riparia 

Gloire, canopy size was also strongly reduced for vines grafted to Schwarzmann, 

Boerner, 44-53M and 3309C.  The change in vine vigor did not affect the crop load 

carried by the difference rootstocks as estimated by the Ravaz index.  Considering that 

vines were balanced pruned these results were expected.  Significant differences were 

found across the seasons (Table 2.1).  Crop load was substantially higher in 2003 than in 

2004 as a result of fruit thinning in the later year.  However when expressing crop load 

relative to the exposed leaf area, major differences were found.  In general, rootstocks 

that induced a higher vigor of the scion had a lower ratio of exposed leaf surface per 

amount of fruit.  This was particularly exacerbated for rootstocks 1103P, 140Ru and 

420A (Table 2.1).  The much smaller crop produced by the lower vigor rootstocks 

Riparia Gloire and 44-53M was possibly the main determining factor explaining the 

higher ratios of leaf to fruit.  Also interesting was the fact that the ratio of exposed leaf 

area to fruit was better correlated with sugar accumulation in the fruit than the Ravaz 

index (data not shown), proving to be a valuable indicator.   

Gas-exchange and maximum quantum yield of PSII.  Leaf gas-exchange of the 

scion was not directly associated with vigor imposed by the rootstock.  Although there 

was a tendency for vines grafted to higher vigor rootstocks to have increased rates of E, 

gs and A, this was not always the case (Table 2.2).  As an example, the rootstock 5BB, 

which in this trial was ranked as moderate vigor, imposed the highest rates of E, gs and A.  

Also Riparia Gloire and 101-14Mgt, two very contrasting rootstocks in terms of vigor, 

had the lowest rates of photosynthesis.   
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Intrinsic water use efficiency (A/gs) increased as gs decreased due to the aggravated 

water stress as the season progressed.  Once again there were no clear trends in response 

to vine vigor.  Rootstocks 1103P and 1616C, which were not significantly different in 

terms of vigor, had respectively the lowest and the highest photosynthetic efficiency per 

unit of stomatal conductance.  Efficiencies were also low for 125AA, 140Ru, 101-14, 

Gravesac and 8B.  An increase in A/gs is a mean to offset the decrease in A, as stomata 

close.  A/gs as a function of gs is shown in Figure 2.3.  When water stress became too 

intense (gs < 100 mmol m-2 s-1) efficiency sharply dropped and A rates were very low, 

indicating that non-stomatal limitation to A became dominant, where a general decline in 

the activity and amount of photosynthetic enzymes is observed (Flexas et al. 1998; Cifre 

et al.; Flexas et al. 2006). 

When analyzing data separately for the month of September, there was a very close 

relationship between A and gs in most rootstocks (R2> 0.8, p<0.001).  Leaf gas-exchange 

therefore appeared to be limited in some rootstocks mostly by stomata closure.  In the 

case of vines grafted to SO4, 3309C, Schwarzmann, and particularly for ungrafted vines, 

this relationship was not as close (R2=0.73, 0.69, 0.68 and 0.49, respectively).  When 

analyzing these curves separately, one could find that these vines sustained 

photosynthetic rates close to their maximum, although gs had decreased considerably.  

This appears to imply that gs was not limiting A and that possibly carboxylation 

efficiency was increased for these rootstocks (Farquhar and Sharkey 1982).   

The efficiency of energy capture by PSII as estimated by Fv/Fm was only slightly 

affected by the different rootstocks (Table 2.3).  Neither vine vigor nor stomatal closure 

seemed to be directly involved in determining maximum quantum yield of the PSII.  
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Fv/Fm was not affected by water deficit, in agreement with other studies (Lawlor and 

Cornic 2002; Tezara et al. 2003), suggesting that PSII activity is somehow resistant to 

this stress.  It is possible that in this trial, stomatal closure due to water deficit did not 

reach extreme levels that could cause photoinhibition, as seen previously (Blaikie and 

Chacko 1998; Düring 1998; Werner et al. 1999).  

Water relations.  Xylem water potential measured at midday did not entirely reflect 

the vigor imparted by the rootstock (Table 2.3).  Stem water potential was lower for 

vines grafted to 101-14 and Riparia Gloire, while 1103P and 5BB had the least negative 

water potentials.  Figure 2.4 shows the relative distribution of ψstem in relation to the 

canopy size as estimated by the pruning weight.  The four quadrants seem to distinguish 

different drought avoidance strategies. Rootstocks in quadrant 1 seem to avoid drought 

by restricting canopy size.  Rootstocks in quadrant 2, despite the large canopies, are able 

to maintain vine water status at non-stressing levels.  Rootstocks in quadrant 3 are able to 

produce vigorous growth early in the season, but in the presence of an increasing water 

deficit, are unable to cope with the increased evaporative demand thereby reaching fairly 

low water potentials.  Rootstocks and ungrafted vines in quadrant 4 produce small 

canopies and appear to be sensitive to drought or present a lower stress threshold. 

When comparing overall averages, it becomes clear that most of the variance 

encountered in leaf gas-exchange rates was due to the water status of the vines imposed 

by the different rootstocks.  Stem water potential was closely related to gs (R2=0.632; 

p<0.001) and even more so to A (R2=0.730; p<0.001).  It is well known that water stress 

causes both A and gs to decrease, with gs response more sensitive (Cuevas et al. 2006).  

Although this was not the case in this trial, it provided some leads to explore if stomatal 
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behavior of the scion was affected by the rootstocks.  Figure 2.5 and 2.6 depict the 

relationship of gs in function of ψstem, with separated regressions for each rootstock.  To 

avoid possible interferences of leaf age (assuming that gs declines with leaf age and this 

decline could be different for different rootstocks, as in Keller et al. (2001), gs for each 

rootstock was expressed as a percentage of the maximum at each date (% max gs) for the 

five field replicates measured.  The overall relationship between % max gs and ψstem was 

sigmoid (lagging at extremely high and low values of ψstem; R2=0.40, p<0.001).  As 

expected, gs decreased with decreasing water potential.  If stomata were merely 

responding to changes in ψstem (as affected by rootstock), one would assume that the 

slopes of the relationship between gs and ψstem would not change with rootstock, as the 

scion was the same in all treatments.  Comparison of linear regression lines (after % max 

gs was transformed to the natural log and ψstem was squared) revealed that intercepts were 

not statistically different (p>0.05), indicating that for all rootstocks, gs is maximum at less 

negative water potentials, independent of the rootstock.  The rootstock effect was 

observed in the coupling of gs with ψstem, as indicated by the different slopes of the 

regression lines.  This relationship was found not to be significant for the ungrafted vines.  

Vines grafted to 125AA, Boerner, Gravesac and Riparia Gloire, were not statistically 

distinc from ungrafted vines.  These vines maintained gs close to the maximum, 

independent of the water potential reached.  The induction of stomatal closure at higher 

leaf water potentials places these vines more at risk of xylem cavitation (Jones and 

Sutherland 1991; Tyree and Ewers 1991; Sperry et al. 1993; Schultz 2003).  Stomatal 

conductance of vines grafted to 110R, SO4, 99R and 101-14 was highly coupled to ψstem 

(R2>0.60). 
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The apparent feed-forward behavior of stomata, with respect to regulation of leaf 

water potential, has been attributed to the presence of chemical signals in the 

transpiration stream arriving at the leaf, particularly the plant hormone abscisic acid 

(Wilkinson and Davies 2002).  The control of stomatal opening by chemical signals 

generated in roots growing in drying soil has been termed non-hydraulic signaling to 

distinguish it from strictly hydraulic signaling involving transpiration-induced 

fluctuations in leaf xylem tension (Meinzer 2002).  Several authors have reported the 

differential impact of Vitis rootstocks in the production and translocation of growth 

regulators (Skene and Antcliff 1972; Kelen and Ozkan 2003; Nikolaou et al. 2003; Soar 

et al. 2006).  It is reasonable to speculate that rootstock genotype differences in the 

production of some chemical modulators of stomatal opening may account for the 

differences observed in the degree of stomatal control.  

Hydraulic conductance.  There were seasonal changes in K and Kl, and the values 

presented here are averages for each of the months measured (Tables 2.4 and 2.5).  As 

an example, vines grafted to 420A had the highest K and Kl in the beginning of the 

season, but by September their conductance was one of the lowest.  Conversely, 

ungrafted vines that consistently started the season showing very low conductance values 

ended showing higher than average K and Kl. 

Root to stem hydraulic conductance in this study was estimated using the Ohm's law 

analogy.  This reflects the “apparent resistance” of the root system to the water flow 

along the continuum soil-stem, as there are several possible error sources.  In this study, 

the estimation of the ψsoil was based on the water content at 100cm.  It was assumed that 

variability across the soil profile was negligible and that all the rootstocks still have 
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access to this soil layer.  It was unlikely that this was not the case considering that 

many studies have shown that grapevines have fairly deep root systems (Smart et al. 

2006).  In most studies where hydraulic conductance was derived from the evaporative 

flux method, ψsoil was estimated by the ψplant at predawn (Tsuda and Tyree 2000; Schultz 

2003; Clearwater et al. 2004).  This assumes that ψplant equilibrate with the ψsoil of the 

wetter soil layers accessed by the roots during the night.  There is growing evidence, 

however, that some species exhibit substantial predawn disequilibrium (PDD), defined as 

ψplant at predawn substantially more negative than the ψsoil accessed by roots (Donovan et 

al. 2003).  Leaf area was estimated from measured pruning weight.  The regression curve 

of pruning weight and exposed leaf area saturates to a maximum, leading to an 

underestimation of the leaf area in high vigor rootstocks.  Hydraulic conductance would 

probably be higher in these rootstocks.  More so, the saturation of regression line between 

pruning weight and exposed leaf area also indicates that canopies in higher vigor 

rootstocks were probably much denser, where possibly substantial leaf shading occurred.  

Measurements of gas-exchange were performed in fully exposed leaves.  One would 

expect lower rates of E and gs in the shaded parts of the canopy (Pons et al. 2001).  This 

would also contribute to an overall overestimation of K and Kl where the scion was 

grafted to higher vigor rootstocks.  With the large differences in hydraulic conductance 

observed across the rootstocks, it is unlikely that those errors would invalidate the results 

found.  The estimation of soil-to-leaf hydraulic conductance in situ, has been classified as 

a very valuable measure of whole-plant water transport efficiency based on the liquid 

water flux per unit driving force (Meinzer 2002). 
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While decreases in plant hydraulic conductance have the effect of amplifying the 

water stress and increasing the sensitivity of the stomatal response to drought, substantial 

decreases in plant Kl can occur during soil drying because of cavitation and other 

processes in the extra-xylary tissues (Sperry 2000).  Table 2.6 shows the relative drop in 

Kl across the season for each rootstock.  Rootstocks 161-49C, 1616C and Boerner had the 

largest drop in Kl early in the season.  For this same period the smallest variation 

occurred for 1103P, 110R, 5BB and 3309C.  Conductivity continued to decrease sharply 

for 420A and 1616C during the period between August and September.  The major drop 

in conductivity for the rootstocks 1103P, 99R and 8B, also occurred between August and 

September.  Across the entire season rootstocks 420A, 1616C, 125AA and 161-49C 

presented the highest changes in Kl.  With the exception of 99R, all rootstocks positioned 

in quadrant 3 of Figure 2.4, had higher than average drops in Kl.  It appears that these 

rootstocks can not cope with the increased water demand that their large canopy 

represents.  Conductivity for ungrafted vines and 3309C varied the least across the 

season.  

Analysis of the drop in conductivity requires careful consideration, as consistently for 

the first measurement of the season, some rootstocks, such as Riparia Gloire, 

Schwarzmann, 3309C and ungrafted vines were already presenting a lower than average 

ψstem.  Lower variability is expected if ψstem is already very low at the beginning of the 

season.  However there were no interactions between rootstock and month in terms of 

water potential, so within limits, some conclusions can be made.  Higher resistance 

(lower conductance) as the soil dries usually results from an increase in below-ground 
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resistance (including root and soil-to-root resistance) to water flow, in agreement with 

Fisher et al. (2006). 

Vine vigor and hydraulic conductance.  Bavaresco and Lovisolo (2000), comparing 

self-grafted Vitis rootstocks and on its own roots, saw a reduction on K with grafting.  In 

this study, grafting did not appear to affect K, as ungrafted Pinot noir vines had lower 

overall conductivities.  Studies have linked an association of vigor imposed to scion by 

the rootstock to changes in hydraulic properties.  Observations in apple rootstocks have 

shown that the roots and graft tissue of a dwarfing rootstock had a lower hydraulic 

conductivity compared to a more vigorous rootstock (Cohen and Naor 2002; Atkinson et 

al. 2003).  In Actinidia rootstocks, Clearwater et al. (2004) found that the whole plant 

hydraulic conductance reflected the overall size of the plants but not leaf-area specific 

hydraulic conductance.  This association of vine vigor to the hydraulic properties 

imposed by the rootstocks was not seen in the present work.  The tendency was for 

increased root-stem conductivity in high-vigor rootstocks, with the exception of 101-14, 

1616C, 161-49C, 5C and 99R (Table 2.4).  Hydraulic conductance was particularly 

coupled to the water status changes imposed by the rootstocks.  There was an increase in 

Kl when compared to K in some of the lower vigor rootstocks, particularly for 3309C and 

to lesser extend in 44-53M (Table 2.5).  This reinforces the indication that these 

rootstocks are restricting canopy expansion as a means of preventing drought stress.  

Other factors, such as nutrient uptake or growth regulators produced in the roots, may 

have also played an important role in determining scion vigor. 

Stomatal behavior and hydraulic conductivity.  Leaf stomatal behavior appeared to 

be coupled to leaf-specific hydraulic conductance.  Again, to avoid interferences of leaf 
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age or increasing water stress, both gs and Kl were expressed as a percentage of 

maximum for each date.  Stomatal conductance was strongly related to Kl (R2=0.58; 

p<0.001).  The overall relationship was curvilinear but for some rootstocks this 

relationship was linear (Table 2.7).  These were 1103P, 110R, 140Ru, 161-49C, 1616C, 

3309C, 420A, 44-53M, 5BB, 99R, Schwarzmann and SO4.  

Hubbard et al. (2001) proposed that homeostatic control of water potential (isohydric 

behavior) should be associated with a linear relationship between stomatal conductance 

(gs) and whole-plant leaf-specific hydraulic conductance (Kl plant).  It was also proposed 

that anisohydric behavior should be associated with a curvilinear relationship between 

stomatal and hydraulic conductance in which the decline in gs with declining Kl plant is at 

first gradual, and then becomes increasingly steep as Kl plant continues to decline.  In this 

study, hydraulic conductance was estimated for the pathway soil-stem and not the entire 

pathway of soil-leaf.  Nevertheless, when comparing Actinidia rootstocks, Clearwater et 

al. (2004) found that leaf-specific conductance differed in the soil to stem portion (Kl, soil-

stem) of the pathway rather than in the stems and leaves (Kl, stem-shoot and Kl, leaf) of the 

scion.  In the latter study, stomatal conductance was only significantly correlated to Kl, soil-

stem, and it was concluded that stomatal behavior therefore appeared to be coupled to 

differences caused by the rootstocks in the pathway from the roots to the scion main 

stem.  

A truly isohydric species would maintain ψ nearly constant over a wide range of 

conditions.  This was not the case of any of the vines in this trial.  Xylem water potential 

decreased steadily along the season pointing to an anisohydric behavior.  The variety 

Pinot noir is of mesic origin, particularly known in the Burgundy region in France.  Due 
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to its genetic background it was expected that this variety would have this behavior 

(Schultz 2003).   

Meinzer (2002) pointed out that it is not clear whether examples of apparent curvilinear 

versus linear relationships between stomatal and hydraulic conductance reflect 

anisohydric versus isohydric regulation of ψ as suggested by Hubbard et al. (2001).  For 

instance, an “isohydric” species that normally operates at a relatively low range of Kl 

where gs changes linearly with Kl, may begin to behave like an anisohydric species if Kl 

is enhanced by relief from drought or other constraints.  Schultz (2003) also found that gs 

varied linearly with Kl for two grapevine cultivars and still concluded that these varieties 

presented different hydric behavior.   

It seems that more important than the type of relationship between gs and Kl, is how 

close the two variables are interrelated.  For rootstocks 110R, SO4, Riparia Gloire, 5C, 

Boerner, 101-14, 99R and 161-49C, more than 60% of variation in gs was explained by 

the variation in Kl (Table 2.7).  In these vines, stomata appear to be more responsive to 

the hydraulic signaling involving transpiration-induced fluctuations in leaf xylem tension.  

This was not the case when the scion was grafted to 125AA and Gravesac. 

 

CONCLUSION 

It is well known that stomata play a key role in regulating water loss from plants, but it 

is still unclear how this regulation is achieved.  In this paper some evidence is presented 

that Vitis rootstocks can impose changes to the scion stomatal behavior under a 

developing water deficit.  Leaf gas-exchange and hydraulic properties for the pathway 
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soil-stem of the scion were affected by the different rootstocks.  These changes were 

not directly linked to the vine vigor imposed by the rootstock but more so to the water 

status of the vine.  Leaf gas-exchange therefore appeared to be limited in some rootstocks 

mostly by stomata closure during water deficit.  While some rootstocks could not cope 

with the large water demand that their canopies represented, others appeared to have 

reduced canopy size as a strategy of drought avoidance.  The differences in stomatal 

conductance of the scion reflected differences in hydraulic architecture (as estimated by 

Kl) among rootstocks.  While in some rootstocks this coupling was very tight, other 

rootstocks induced stomatal closure at relatively high ψstem and only responded to Kl early 

in the season.  For most of the rootstocks compared in this study, stomatal closure 

appeared to have a feedback response to bulk Eleaf or ψstem.  
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TABLES. 

Table 2.1.  Vegetative growth and crop load characteristics of Pinot noir grafted to 
various rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous). 

 Pruning weight Ravaz index Exposed leaf area/fruit
Rootstock (kg/vine) (kg fruit/ kg of pruning) (cm2/g) 
125AA 0.83 ab 4.02 abcd 11.21 def 
140Ru 0.75 b 3.79 bcd 10.27 ef 
1103P 0.73 b 4.66 a 9.07 f 
1616C 0.70 bc 3.89 abcd 13.34 bcde 
161-49C 0.66 cd 3.51 cd 12.05 cdef 
420A 0.61 de 4.26 abc 10.87 ef 
99R 0.61 de 3.92 abcd 12.45 cdef 
101-14 0.58 ef 4.13 abcd 11.26 def 
5C 0.57 ef 4.06 abcd 11.80 cdef 
SO4 0.56 efg 4.14 abcd 11.24 def 
5BB 0.55 fg 4.58 ab 10.99 def 
Gravesac 0.50 gh 3.91 abcd 13.77 bcde 
8B 0.50 gh 4.30 abc 11.91 cdef 
Ownroots 0.47 hi 3.99 abcd 13.12 bcde 
110R 0.43 ij 3.48 cd 14.51 bcd 
Schwarzmann 0.40 j 4.24 abc 12.86 bcde 
Boerner 0.38 j 3.69 cd 15.11 bc 
4453M 0.31 k 3.45 cd 16.26 b 
3309C 0.29 k 4.56 ab 13.61 bcde 
Riparia 0.22 l 3.33 d 23.64 a 
Sig.a <0.001 0.088 <0.001 
       
Year       
2003 0.49 b 5.07 a 9.95 b 
2004 0.57 a 2.92 b 15.98 a 
Sig. <0.001 <0.001 <0.001 
a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05) 
No interactions were found. 
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Table 2.2.  Leaf transpiration (E), stomatal conductance (gs) photosynthesis (A) and 
intrinsic water use efficiency (A/gs), under ambient conditions, of Pinot noir grafted to 
various rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous). 

 E gs A A/gs

Rootstock (mmol H2O m-2 s-1) (mmol H2Om-2 s-1) (μmol CO2 m-2 s-1) 
(μmol CO2  
mol-1H2O) 

125AA 5.4 abb 378 a      14.8 a      41.98 de 
140Ru 5.4 abcd   366 ab     14.0 abc    41.51 de 
1103P 5.5 a      378 a      14.8 a      41.18 e 
1616C 4.8 def 317 cdef 13.3 bcde  48.77 a     
161-49C 4.9 bcdef 308 def 12.7 cdef 44.95 abcde 
420A 5.2 abcde  371 a      14.1 ab     44.49 bcde 
99R 4.9 cdef 301 ef 12.9 bcdef 47.33 ab    
101-14 4.8 def 331 abcde  11.9 f 41.99 de 
5C 4.8 def 297 ef 12.9 bcdef 48.41 ab    
SO4 5.0 abcdef 328 abcdef 13.8 abcde  45.99 abcd  
5BB 5.5 a      374 a      14.9 a      42.29 de 
Gravesac 5.4 abc    357 abc    13.4 bcde  41.54 de 
8B 4.8 def 310 cdef 12.6 def 44.25 bcde 
Ownroots 5.2 abcdef 333 abcde  13.8 abcde  44.60 abcde 
110R 5.1 abcdef 312 cdef 13.0 bcdef 46.91 abc   
Schwarzmann 5.0 abcdef 331 abcde  13.8 abcd   45.67 abcd  
Boerner 4.7 ef 297 ef 12.4 ef 47.72 ab    
4453M 5.1 abcdef 321 bcdef 13.4 bcde  44.95 abcde 
3309C 5.4 abcd   351 abcd   13.6 abcde  42.62 cde 
Riparia 4.6 f 278 f 11.8 f 47.95 ab    
Sig.a 0.012 <0.001 <0.001 <0.001 

Month         

July 5.9 a 458 a 16.3 a 37.10 c 

August 5.0 b 287 b 13.1 b 49.96 a 

September 4.3 c 250 c 10.8 c 47.20 b 
Sig. <0.001 <0.001 <0.001 <0.001 

Year         

2003 4.1 b 324 b 12.7 b 44.88  

2004 6.0 a 340 a 14.1 a 44.63  

Sig. <0.001 0.041 <0.001 0.7268 
a Significance for main effect ; b Means followed by the different letters are significantly 
different (P<0.05).  No interactions were found. 
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Table 2.3.  Maximum quantum yield of PSII (Fv/Fm) and midday stem water potential 
(ψstem), of Pinot noir grafted to various rootstocks.  Rootstocks are sorted in function of 
vine vigor imposed to the scion (from most to least vigorous). 

 Fv/Fm ψstem

Rootstock  (MPa) 
125AA 0.811 abc  -0.77 abc  
140Ru 0.806 bcd -0.78 abc  
1103P 0.797 abcd -0.74 a   
1616C 0.812 abc  -0.88 defg 
161-49C 0.820 a    -0.90 efg 
420A 0.803 bcd -0.79 abcd 
99R 0.800 cd -0.91 efg 
101-14 0.806 bcd -0.96 g 
5C 0.804 bcd -0.88 defg 
SO4 0.817 ab   -0.79 abcd 
5BB 0.808 abc  -0.76 ab  
Gravesac 0.803 cd -0.86 cdef  
8B 0.802 cd -0.87 defg 
Ownroots 0.813 abc  -0.92 efg 
110R 0.805 abc  -0.91 efg 
Schwarzmann 0.803 bcd -0.91 efg 
Boerner 0.808 abc  -0.92 efg 
4453M 0.807 bc  -0.84 bcde   
3309C 0.793 d -0.85 bcdef  
Riparia 0.804 bcd -0.94 fg 
Sig.a 0.051 <0.001 
     
Month     
July 0.81 a -0.59 a 
August 0.81 ab -0.86 b 
September 0.80 b -1.13 c 
Sig. 0.023 <0.001 
     
Year     
2003 0.81 a -0.92 b 
2004 0.80 b -0.80 a 
Sig. <0.001 <0.001 
a Significance for main effect.;  b Means followed by the different letters are significantly 
different (P<0.05);  No interactions were found. 
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Table 2.4.  Leaf specific hydraulic conductance (Kl) for the pathway soil-stem, of 
Pinot noir grafted to various rootstocks.  Rootstocks are sorted in function of vine vigor 
imposed to the scion (from most to least vigorous). 

 Kl (kg MPa-1 m-2 s-1 x 104) 
Rootstock July  August  September  
125AA 3.57 abb 2.16 abc 1.24 bc 
140Ru 3.16 bc 1.77 bcd 1.14 bc 
1103P 2.90 bcd 2.67 a 1.24 bc 
1616C 2.78 cdef 1.39 d 0.71 d 
161-49C 2.65 cdefg 1.24 d 0.94 bcd 
420A 4.08 a 2.45 ab 0.90 bcd 
99R 2.14 efgh 1.73 cd 0.96 bcd 
101-14 2.36 defgh 1.44 d 0.90 bcd 
5C 2.28 defgh 1.24 d 0.88 cd 
SO4 2.55 cdefgh 1.68 cd 1.19 bc 
5BB 2.77 cdef 2.42 ab 1.70 a 
Gravesac 2.36 defgh 1.79 bcd 1.08 bcd 
8B 2.26 defgh 1.73 cd 0.97 bcd 
Ownroots 1.85 h 1.36 d 1.31 ab 
110R 2.07 fgh 1.72 cd 0.98 bcd 
Schwarzmann 1.82 h 1.48 cd 1.11 bc 
Boerner 2.52 cdefgh 1.29 d 0.95 bcd 
4453M 2.43 defgh 1.73 cd 1.00 bcd 
3309C 1.98 gh 1.63 cd 1.24 bc 
Riparia 1.85 h 1.28 d 0.91 cd 
Sig.a <0.001 <0.001 0.003 
       
Year       
2003 1.67 b 1.37 b 0.75 a 
2004 3.37 a 2.05 a 1.39 b 
Sig. <0.001 <0.001 <0.001 
a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05) 
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Table 2.5.  Hydraulic conductance (K) for the pathway soil-stem, of Pinot noir grafted 
to various rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the 
scion (from most to least vigorous). 

 K (kg MPa-1 s-1 x 104) 
Rootstock July  August  September  
125AA 8.78 abb 6.09 ab 3.33 ab 
140Ru 8.47 abc 4.59 bcde 3.01 bcd 
1103P 7.63 abcd 7.17 a 3.23 abc 
1616C 7.23 bcd 3.52 cdefg 1.80 ef 
161-49C 6.79 cde 3.09 efg 2.42 bcdef 
420A 9.37 a 4.86 bcd 2.24 bcdef 
99R 5.20 efghi 4.26 cdef 2.34 bcdef 
101-14 5.79 defg 3.62 cdefg 2.68 bcde 
5C 5.12 efghi 2.67 fg 2.02 def 
SO4 6.13 def 4.20 cdef 2.84 bcde 
5BB 6.65 de 4.98 bc 4.27 a 
Gravesac 5.42 efgh 3.92 cdef 2.36 bcdef 
8B 5.07 efghi 4.16 cdef 2.09 def 
Ownroots 4.11 ghij 2.92 efg 2.90 bcde 
110R 4.38 fghij 3.75 cdef 2.10 def 
Schwarzmann 3.83 hij 3.10 defg 2.32 bcdef 
Boerner 5.05 efghi 2.62 fg 1.91 ef 
4453M 4.51 fghij 3.34 cdefg 2.21 cdef 
3309C 3.49 ij 3.05 efg 2.03 def 
Riparia 2.77 j 1.99 g 1.41 f 
Sig.a <0.0001 <0.0001 0.0004 
       
Year       
2003 3.70 b 3.02 b 1.62 3.70
2004 7.89 a 4.77 a 3.33 7.89
Sig.  <0.0001 <0.0001 <0.0001 
a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05) 
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Table 2.6.  Relative drop in leaf specific hydraulic conductance (Kl soil-stem) across the 
different months, of Pinot noir grafted to various rootstocks.  Values represent the mean 
observed during the years 2003 and 2004.  Rootstocks are sorted in function of vine vigor 
imposed to the scion (from most to least vigorous). 

 Drop in Kl  Drop in Kl  Drop in Kl

 July-August  August-September  July-September 
Rootstock (%)  (%)  (%) 
125AA 39.4  (7)  42.6  (7)  65.2  (3) 
140Ru 44.0  (5)  35.3  (11)  63.7  (5) 
1103P 7.8  (20)  53.5  (2)  57.2  (10) 
1616C 50.1  (2)  49.2  (3)  74.6  (2) 
161-49C 53.3  (1)  24.0  (18)  64.5  (4) 
420A 40.1  (6)  63.0  (1)  77.8  (1) 
99R 18.8  (15)  44.4  (4)  54.9  (12) 
101-14 39.0  (8)  37.4  (10)  61.8  (7) 
5C 45.5  (4)  29.6  (13)  61.6  (8) 
SO4 33.9  (9)  29.3  (14)  53.3  (14) 
5BB 12.5  (19)  30.0  (12)  38.8  (18) 
Gravesac 24.3  (13)  39.5  (9)  54.2  (13) 
8B 23.3  (14)  44.0  (5)  57.0  (11) 
Ownroots 26.4  (12)  3.7  (20)  29.1  (20) 
110R 17.0  (18)  42.9  (6)  52.6  (15) 
Schwarzmann 18.7  (16)  24.9  (17)  39.0  (17) 
Boerner 48.7  (3)  26.8  (16)  62.4  (6) 
4453M 28.9  (11)  42.5  (8)  59.1  (9) 
3309C 18.0  (17)  23.4  (19)  37.2  (19) 
Riparia 30.9  (10)  29.0  (15)  51.0  (16) 
a numbers in parenthesis represent ranking. 
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Table 2.7.  Relationship between Pinot noir leaf specific hydraulic conductance (Kl soil-

stem) and stomatal conductance (gs) as affect by different rootstocks.  Values of gs and Kl 

soil-stem where expressed as a percent of maximum for each sampling point within each of 
the five field replicates of each rootstock (n=30).  Rootstocks are sorted in function of 
vine vigor imposed to the scion (from most to least vigorous). 

 % max gs=   r2  p-value 
Rootstock    
125AA -15.66 + 21.95 Ln(% max Kl) 0.21  (20)a  0.0105 
140Ru 44.39 + 0.46 % max Kl 0.29  (19)  0.0020 
1103P 43.37 + 0.50 % max Kl 0.47  (13)  <0.0001 
1616C 31.98 + 0.54 % max Kl 0.53  (11)  <0.0001 
161-49C 19.37 + 0.70 % max Kl 0.61  (8)  <0.0001 
420A 37.55 + 0.59 % max Kl 0.55  (9)  <0.0001 
99R 25.59 + 0.71 % max Kl 0.62  (7)  <0.0001 
101-14 -66.99 + 33.39 Ln(% max Kl) 0.63  (6)  <0.0001 
5C -56.75 + 33.52 Ln(% max Kl) 0.65  (4)  <0.0001 
SO4 30.63 + 0.67 % max Kl 0.66  (2)  0.0015 
5BB 45.96 + 0.45 % max Kl 0.39  (17)  0.0002 
Gravesac -14.99 + 23.45 Ln(% max Kl) 0.42  (15)  0.0001 
8B -27.65 + 25.56 Ln(% max Kl) 0.54  (10)  <0.0001 
Ownroots -42.42 + 28.53 Ln(% max Kl) 0.42  (14)  0.0006 
110R 29.70 + 0.67 % max Kl 0.73  (1)  <0.0001 
Schwarzmann 36.72 + 0.48 % max Kl 0.31  (18)  <0.0001 
Boerner -53.43 + 31.02 Ln(% max Kl) 0.64  (5)  <0.0001 
4453M 36.06 + 0.57 % max Kl 0.53  (12)  <0.0001 
3309C 39.81 + 0.51 % max Kl 0.40  (16)  0.0002 
Riparia -107.46 + 42.75 Ln(% max Kl) 0.66  (3)  <0.0001 
a numbers in parenthesis represent ranking. 
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FIGURES. 
 

 

Figure 2.1. Rootstocks used in this trial and their parentage. 
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Figure 2.2.  Total exposed leaf area (m2) of Pinot noir grafted to various rootstocks.  
Horizontal line represents the overall mean across all rootstocks.  Vertical bars represent 
± SE. 



Figure 2.3. Relationship between intrinsic water use efficiency (A/gs) and stomatal 
conductance (gs) of Pinot noir grafted to various rootstocks (n=600). 

igure 2.3. Relationship between intrinsic water use efficiency (A/gs) and stomatal 
conductance (gs) of Pinot noir grafted to various rootstocks (n=600). 
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Figure 2.4.  Relationship between pruning weight as an estimate of canopy size and vine vigor and vine water status (ψstem).  Vertical 
line represents the mean pruning weight and horizontal line represents the mean midday ψstem.  Each point is the average of 30 
measurements. The four quadrants distinguish different drought avoidance strategies.  Vertical and horizontal bars are ± SE. 
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Figure 2.5.  Relationship between Pinot noir midday stem water potential (ψstem) and stomatal conductance (gs) as affect by different 
rootstocks.  Values of gs were expressed as a percent of maximum for each sampling point within each of the five field replicates of 
each rootstock; (Ln (% max. gs) = a+b (ψstem)2; n=30).  * non-significant. 
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Figure 2.6.
 

  Comparison of the regression curves of the relationship between midday stem water potential (ψstem) and stomatal 
conductance (gs, % of maximum) for all the rootstocks used in this trial.  Regression lines for ungrafted vines and those grafted to 101-
14 are marked. 
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ABSTRACT 

We compared the performance of Vitis vinifera L. cvs. Chardonnay, Merlot, Pinot gris 

and Pinot noir grafted to 9 different rootstocks and as ungrafted vines, on plant growth, 

leaf gas-exchange, chlorophyll content, water status and hydraulic properties for the 

pathway soil-stem of the scion, over the course of four seasons.  While changes were 

observed in gas-exchange and hydraulic properties of the scion as affected by the 

different rootstocks, these changes were not directly linked to the vine vigor imposed by 

the rootstock.  While some rootstocks could not cope with the large water demand that 

their canopies represented, others appeared to have reduced canopy size as a strategy of 

drought avoidance.  Interactions between rootstock and variety were seen in the 

vegetative response, water status and hydraulic conductivity in the pathway soil-stem of 

the vines, but not with gas-exchange, chlorophyll content or shoot development.  

Rootstocks 5BB and 420A imparted high vine vigor, higher leaf chlorophyll content and 

higher photosynthetic rates.  Ungrafted vines also had high levels of leaf chlorophyll and 

photosynthetic rates with lower vine vigor.  For all varieties, vines grafted to Riparia 

Gloire showed low vigor, lower stem water potential (ψstem), reduced chlorophyll content 

and overall gas-exchange.  Rootstock response in water status of vines was similar when 

the scion was Chardonnay and Pinot noir.  For the varieties Merlot and Pinot Gris, 

rootstocks 44-53M and Gravesac had a different response.  Vine vigor was associated 

with changes in the hydraulic properties of the scion imposed by the rootstocks only in 

the varieties Chardonnay and Merlot.  Some evidence seems to point that overall 

vegetative growth potential of the rootstock interacts with the scion and these differences 

are reflected in the hydraulic properties and water status of the vines. 
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KEYWORDS.  Vitis; rootstock effect; canopy; chlorophyll; hydraulic conductance; gas-

exchange; water relations. 

 

INTRODUCTION 
Rootstocks have been used in vineyards since the second half of 19th century as a 

consequence of phylloxera invasion in Europe.  Although used primarily for pest 

resistance (Omer et al. 1999; McKenry et al. 2004; Pinkerton et al. 2005), rootstocks, as a 

link between the soil and the scion, play an important role in vine adaptation to 

environmental factors.  These include water and nutrient availability or chemical 

properties of the soil.  It has been established that the rootstock can have a substantial 

influence on the vegetative growth, gas-exchange and on the water status of the scion 

(Pongrácz 1983; Carbonneau 1985; Southey and Jooste 1992; Candolfi-Vasconcelos et 

al. 1994; Düring 1994; Ezzahouani and Williams 1995; Galet 1998; Keller et al. 2001b; 

Paranychianakis et al. 2004; Soar et al. 2006); however, there is no convincing 

mechanistic explanation for this phenomenon.  Genetically determined rootstock 

characteristics that can have an effect on vegetative growth include root distribution 

(Swanepoel and Southey 1989; Williams and Smith 1991; Smart et al. 2006), vine 

hormonal status (Nikolaou et al. 2003; Soar et al. 2006), water and nutrient-uptake 

efficiencies (Wolf and Pool 1988; Bavaresco et al. 2003; Alvarenga et al. 2004; Wolpert 

et al. 2005) and associated differences in root hydraulic conductivity (Bavaresco and 

Lovisolo 2000; Cohen and Naor 2002; Atkinson et al. 2003).  These factors can have 

direct and indirect effects on leaf gas-exchange and plant water status. 
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It has been argued that rootstocks can have differential effects depending on the 

scion they are grafted to.  According to Teleki, Couderc observed that some varieties did 

well on one rootstock but poorly on another (Howell 1987).  However, little research has 

been devoted to the study of the interaction between variety and rootstock, particularly at 

the vine physiological performance level.  Few studies involving fully randomized 

factorial trials between variety and rootstock are described in the literature.  Extrapolating 

results obtained in different locations can often be misleading as environmental variables 

can strongly interact with the performance of rootstocks.   

In this study, we compared the performance of four grapevine varieties grafted to 9 

different Vitis rootstocks and as ungrafted vines.  Here we present vegetative growth and 

physiological results over a four year period.  Effects on reproductive growth, and yield 

and fruit composition, are presented in a companion paper. 

 

MATERIALS AND METHODS 
Experimental design.  A rootstock trial was established in 1997 at the OSU Woodhall 

Research Vineyard.  The vineyard is located on a 15° south-facing slope with vine rows 

orientated north-south. This planting was established on silty clay loam soils (Bellpine 

and Willakenzie series) with a pH of 6.1, on 1.2 x 2.1 m spacing in a spilt-block design, 

with variety as main factor, with five replicates. Certified vines used in the plots were 

supplied by a commercial nursery (Vinifera, Inc., Woodburn, OR). Rootstocks (Table 

3.1) were grafted with Chardonnay (clone Dijon 95), Merlot (clone FPS 3), Pinot gris 

(clone Colmar 146) and Pinot noir (clone FPS 2A).  Self-rooted vines for all the varieties 
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used served as a control in the experiment. Each block contained five vines per plot for 

each rootstock-scion combination.  This paper reports data for the years 2002 to 2005. 

Viticultural Practices:  Vines were trained using a double-Guyot system (a vertical 

trellis) with the training wire set at 0.8 m aboveground.  Vines were balance pruned to 30 

buds per kg of one-year old pruning wood removed.  Shoot thinning to one per bud was 

done at the 5-leaf stage.  Hedging was done at 2.5 m aboveground in mid-July each year. 

Vines did not receive any supplemental irrigation.  Yield on Pinot noir was limited to 2 

kg per vine and to 2.5 kg per vine on Merlot in 2004 and 2005, by fruit thinning at lag 

phase.  

Plant size and leaf area.  Rate of shoot elongation was followed during the season 

before hedging.  Vine size was assessed by recording the pruning weights of the one-year 

old wood removed.  Exposed leaf area was estimated from pruning weight, as descrived 

in Chapter 2. 

Leaf gas-exchange.  Photosynthesis (A), transpiration (E) and stomatal conductance (gs) 

in attached leaves was measured with a portable IRGA model CIRAS-1 used in 

conjunction with a PLC(B) assimilation chamber (PP Systems, Hitchin, Herts., UK).  At 

the beginning of each season, the tenth fully expanded leaf of a representative shoot of 

the central vine for each rootstock-scion combination was identified and used for all gas-

exchange measurements.  Three measurements were made across the growing season, 

roughly corresponding to bloom, lag and the beginning of ripening phases (early July, 

August and September, respectively).  Measurements took place between 10:00-14:00hr 

with a PPFD greater than 1200 µmol m–2 s–1, and ambient CO2 concentration (ca) of ~375 

µmol mol–1.  
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Chlorophyll a fluorescence of PSII.  Chlorophyll fluorescence was measured on 

the same leaves used for gas-exchange with a portable fluorescence system (FMS, 

Hansatech Instruments Ltd., Kings Lynn, UK).  The maximum quantum yield of PSII 

(Fv/Fm) was measured in dark-adapted leaves. 

Chlorophyll determination.  Leaf greenness was measured non-destructively with the 

leaf greenness-meter SPAD-502 (Minolta Corp., Japan) on the same leaves used for gas-

exchange.  Regression between chlorophyll content and leaf greenness was calculated for 

each variety as described by Candolfi-Vasconcelos et al. (1994). 

Water relations.  Midday stem water potential (ψstem) was measured on the same day 

as gas-exchange measurements between 13:00-15:00hr with a pressure bomb (PMS 

Instrument Co., Albany, OR, USA) on fully expanded leaves positioned near the trunk.  

Leaves were enclosed in a plastic bag, covered with aluminum foil, and allowed to 

equilibrate for 90 minutes prior to measurement.  Pressure chamber measurements on 

non-transpiring leaves reflects the water potential of the xylem in the stem to which the 

leaf is attached (Meinzer et al. 2001).  

Hydraulic conductance.  Hydraulic conductance (K) for the pathway soil to stem, was 

estimated using the evaporative flux method from measurements of transpiration and 

stem water potential (Tsuda and Tyree 2000; Cohen and Naor 2002; Clearwater et al. 

2004).  Leaf-specific hydraulic conductance (Kl) was expressed as kg MPa–1 m-2 s–1, and 

calculated as: 

Kl=E / (ψsoil – ψstem) (2) 

Matric potential (ψsoil) was estimated from measurements of soil water content 

(Aquapro, Aquapro Sensors, Reno, NV, USA), performed on the same day as ψstem.  
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Calculation was made based on a silty clay loam soil type (Campbell 1985; Campbell 

1988) for the deepest section measured (100cm).   

Hydraulic conductance (K; kg MPa–1 s–1) was calculated from K as: 

K=K * leaf area (3) 

Statistical and data analysis.  Statistical analyses were performed using JMP (version 

6.0, SAS Institute, Cary, NC, US).  Standard Least Squares procedure was used for 

repeated measures in mixed models in a split plot design.  When variety x rootstock 

interactions were present, data was analyzed separately by variety.  Similarly, in the case 

of year interactions, data was analyzed separately by year.  Means were separated with 

LSD Student’s t test.  Regression lines were fitted using SigmaPlot 2004 (version 9.0, 

SysStat Software Inc.). 

 

RESULTS AND DISCUSSION 
Canopy size and vine vigor.  Rootstocks were found to dramatically affect plant size.  

The effect of the rootstock varied depending to which scion it was grafted to.  On 

average, vines grafted to rootstocks Riparia Gloire and 44-53M had less than half the 

amount of wood removed during pruning when compared to the highest vigor rootstock 

for each variety (Table 3.2); cane size was also reduced in these rootstocks (Table 3.3).  

For the varieties Chardonnay, Pinot gris and Pinot noir, vine and cane size were increased 

with rootstocks 420A, closely followed by 5BB.  With the variety Merlot, vines grafted to 

5BB were found to have bigger canopies than 420A.  Vines grafted to 101-14 also had 

higher than average canopies, except when grafted to Pinot gris.  Rootstock 3309C 

imparted lower than average vigor.   
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Shoot growth before hedging was also altered by the rootstocks in this study.  The 

response was not affected by the scion, but changed over the seasons (Figure 3.1).  Over 

the 2002 and 2003 seasons, rootstocks SO4, 420A and 5BB generated longer shoots.  For 

the same period, scions grafted to 3309C, 44-53M and Riparia Gloire had significantly 

smaller shoots.  No difference across the rootstocks was found in 2004.  Internode length 

was also measured in 2002 and 2004 (Figure 3.2).  In 2002 vines grafted to SO4, 420A, 

5BB and 110R appeared to be growing at a faster rate than those grafted to 3309C, 44-

53M and Riparia Gloire.  However this trend was not maintained in 2004 and differences 

observed were smaller.  Rootstocks 5BB and 110R still stimulated internode expansion, 

but SO4 and 420A had smaller than average internodes, as did 44-53M and ungrafted 

vines.  Internode length was highly correlated with total shoot length before hedging 

(R2=0.930 and 0.872, for 2002 and 2004 respectively, p<0.0001).   

These results seem to agree with previous reports of rootstock effect on vine vigor.  

Rootstocks 5BB and SO4 are known to induce moderate to high vigor to the scion, 

however 420A is usually referred to as a low to moderate vigor rootstock (McCarthy and 

Cirami 1990; Galet 1998; Whiting 2004).  The higher than average vigor of vines grafted 

to this rootstock was seen in all varieties.  In Scalabrelli et al. (2003), it was noticed that 

420A imparted lower vigor in a sandy-clay soil than in a clay-loam soil type.  This 

adaptation of rootstock to soil type may have contributed to a better performance of 420A 

in the present study.  These results seem to confirm that medium depth soils with 

moderate soil moisture in cool climates are suited to V. berlandieri x V. riparia 

rootstocks, as pointed in Whiting (2004).  The low vigor imparted by Riparia Gloire and 



 

 

51

3309C has been extensively reported, and the present study was no exception 

(Pongrácz 1983; Galet 1998).   

In this same trial, it was seen in previous years that rootstocks imparting greater vigor 

to the scion, had consistently higher levels of root colonization by arbuscular mycorrhizal 

fungi (Schreiner 2003), which could have improved water and nutrient uptake, and 

consequently vigor. 

Leaf greenness.  Leaf chlorophyll content was affected by the different rootstocks and 

varieties, but the response varied from year to year.  In 2002, this response also interacted 

with the timing of measurement along the season (Figure 3.3).  The overall trend was for 

an increase in chlorophyll content from July to August, when the maximum was attained, 

followed by a small decrease from August to September.  Vines grafted to Gravesac, 

Riparia Gloire, 101-14 and 44-53M had lower levels of chlorophyll in September than in 

July, indicating a faster rate of senescence.  Across the years, ungrafted vines and those 

grafted to 420A and 5BB, had consistently higher levels of chlorophyll (Table 3.4).  

Vines grafted to Riparia Gloire, 44-53M and 3309C had the lowest levels of leaf 

chlorophyll.  The interaction between rootstock and year appeared to be caused by 

changes in the performance of vines grafted to Gravesac across the years.  During the 

first years, these vines had lower than average chlorophyll levels.  However in 2005 vines 

grafted to this same rootstock had higher than average leaf greenness.   

With the exception of ungrafted vines and those grafted to 101-14, there was a clear 

tendency of increased chlorophyll levels with increasing vine vigor.  Keller et al. (2001b) 

also saw an impact of rootstocks on chlorophyll levels, while the rootstock induced 

differences in scion vigor were minor.  The indication that V. berlandieri x V. riparia 
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crosses in general stimulate chlorophyll levels, seen by the same authors, was also 

confirmed by our results.  It is difficult to separate possible causes for the differences 

observed, as leaf greenness can respond to nutrient or water status of the plant (Fanizza et 

al. 1991; Keller et al. 2001b).  Most likely the higher chlorophyll levels observed in some 

rootstocks and ungrafted vines are a result of increased nutrient uptake (nitrogen in 

particular) and a more favorable water status.  

Gas-exchange and maximum quantum yield of PSII.  There were no interactions 

between the variety and rootstock in leaf of gas-exchange or Fv/Fm.  Pinot noir vines had 

higher rates of E and gs when compared to the other varieties (Table 3.5).  Photosynthetic 

rates and water use efficiency did not differ across the varieties.  Leaf gas-exchange of 

the scion was not directly associated with vigor imposed by the rootstock.  Although 

there was a tendency for vines grafted to higher vigor rootstocks to show increased rates 

of E, gs and A, this was not always the case (Table 3.5).  As an example, the rootstock 

3309C and ungrafted vines, which in this trial were ranked as moderated to low vigor, 

imposed the highest rates of E, gs and A.  Vines grafted to Riparia Gloire had the lowest 

rates of photosynthesis, closely followed to those grafted to 101-14 and SO4.  

Intrinsic water use efficiency (A/gs) increased as gs decreased as water stress became 

more severe along the season.  There were no clear trends relating A/gs and vine vigor 

and differences across the rootstocks were small (Table 3.5).  Rootstocks 3309C and 

Riparia Gloire, which were similar in terms of vigor, had respectively the lowest and the 

highest photosynthetic efficiency per unit of stomata opening.  An increase in A/gs is a 

strategy to offset the decrease in A as stomata close.  A/gs as a function of gs is shown in 

Figure 3.4.  When water stress became too intense (gs < 100 mmol m-2 s-1), efficiency 
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sharply dropped and A rates were very low, indicating that non-stomatal limitation to A 

became dominant.  A general decline in the activity and amount of photosynthetic 

enzymes is usually observed at this stage (Flexas et al. 1998; Cifre et al.; Flexas et al. 

2006).  Particularly for the month of September, there was a very close relationship 

between A and gs in most rootstocks (R2 > 0.75, p<0.001), indicating that leaf gas-

exchange was mostly limited by stomata closure.   

When comparing ungrafted vines and those grafted to 5BB, Düring (1994) found higher 

photosynthetic rates in grafted vines.  Although in some cases these increases were due to 

increased gs, it was observed that increased A was mostly due to increased carboxylation 

efficiency of the scion leaves.  In this study, increases in A were tightly related to 

increases in gs (R2=0.912, p<0.001).  Candolfi-Vasconcelos et al. (1994) and Keller et al. 

(2001b) showed that increases in photosynthetic rates in grapevines were associated to 

increased leaf chlorophyll, as the present study showed for ungrafted vines and those 

grafted to 5BB and 420A.  This may imply that photochemical processes could have 

contributed to the rise of A in our study in some rootstocks.  An increase in carboxylation 

efficiency was seen in response to the different rootstocks, independent of cultivar (data 

not shown).  

Candolfi-Vasconcelos et al. (1994) found that plants grafted to 101-14 had higher CO2 

assimilation rates than vines on 3309C and that this response was presumably the result 

of a supplementary sink size in 101-14.  We could not confirm these results, as higher 

photosynthetic rates were found when the rootstock was 3309C, 5BB and 420A, or in the 

case of ungrafted vines.  Crop load, and particularly the ratio of leaf area to fruit weight, 

may dramatically change source/sink relations and has been related with changes to gas-
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exchange in grapevines.  An increase in crop load, either due to a reduced leaf area or 

increased yield, has been shown to increase A (Candolfi-Vasconcelos and Koblet 1991; 

Naor et al. 1997).  Paranychianakis et al. (2004) attributed differences in gas-exchange 

imposed by different rootstocks to changes in leaf area development among rootstocks, 

and consequently in the source/sink relations.  It is possible that crop load may have 

contributed to some of the observed differences in gas-exchange in the present study, but 

such an association was not significant.  Large differences in the crop load carried by the 

rootstocks were found in 2003, but not in 2004, and the variation in gas-exchange was 

still maintained (Chapter 4). 

The efficiency of energy capture by PSII as estimated by Fv/Fm was only slightly 

affected by the different rootstocks and varieties (Table 3.5).  Neither vine vigor nor 

stomatal closure seemed to be directly involved in determining maximum quantum yield 

of the PSII.  Fv/Fm was not affected by water deficit, in agreement with other studies 

(Lawlor and Cornic 2002; Tezara et al. 2003), suggesting that PSII activity is somehow 

resistant to this stress.  It is possible that in this trial, stomatal closure due to water deficit 

did not reach extreme levels that could cause photoinhibition, as seen previously (Blaikie 

and Chacko 1998; Düring 1998; Werner et al. 1999).  

Vine water status.  Xylem water potential measured at midday was affected by the 

different rootstocks, although the response depended on the variety (Figure 3.5). 

When the scion was Merlot, this response also varied across the season (Table 3.6).  In 

this variety, vines grafted to 110R and 3309C started the season showing lower than 

average ψstem.  However, after the onset of lag phase, these vines presented the least 

negative water potentials.  The reverse happened when vines were grafted to 420A. 
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For all the varieties in this study, vines grafted to Riparia Gloire had consistently 

the lowest ψstem.  Riparia Gloire is well known for having poor drought tolerance 

(Padgett-Johnson et al. 2000; Padgett-Johnson et al. 2003; Whiting 2004).  The 

exceptional resistance to drought of Cabernet sauvignon grafted to 110R, indicated in 

Carbonneau (1985), was also observed in Chardonnay, Merlot and Pinot gris, but not in 

Pinot noir.  Ungrafted vines had in general an intermediate performance. 

Rootstock 5BB induced the least negative water potentials in all varieties (Table 3.6 

and Figure 3.5).  This is somewhat surprising as this rootstock is usually perceived to 

have high vigor but only moderate drought tolerance (Pongrácz 1983; Carbonneau 1985).  

Rootstocks performed similarly when the scion was Chardonnay and Pinot noir.  For the 

varieties Merlot and Pinot Gris, rootstocks 44-53M and Gravesac had different responses.  

In these two varieties, vines grafted to 44-53M presented ψstem values close to the average 

across all rootstocks.  When the scion was Chardonnay, the vines grafted to this same 

rootstock had some of the most negative water potentials.  It was observed that in this 

variety, rootstock 44-53M imparted slightly higher vigor.  The increased canopy 

expansion of this rootstock in Chardonnay could have led to the differences observed.  

Similarly, rootstock Gravesac had an intermediate ψstem response when grafted with 

Chardonnay, Merlot or Pinot noir, but when grafted to Pinot gris, these vines showed the 

lowest water potential values.  This rootstock also had higher pruning weights with Pinot 

gris than in the other varieties.   

Stem water potential did not entirely reflect the vigor imparted by the rootstock.  This 

relationship was affected depending on the variety.  Figure 3.6 shows the relative 

distribution of ψstem in relation to the canopy size as estimated by the pruning weight for 
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the four varieties.  Because of interaction with the timing of measurement in Merlot, 

ψstem shown are the averages for the month of September, as it reflects the water status of 

the vines during the ripening stage.   

The four quadrants seem to distinguish different drought avoidance strategies.  

Rootstocks in quadrant 1 seem to avoid drought by restricting canopy size.  Rootstock 

44-53M appeared to induce this type of behavior, on Merlot, Pinot gris and Pinot noir.  

Vines grafted to 3309C also had smaller than average canopies with less negative water 

potentials.  When grafted to Merlot, this rootstock induced slightly larger canopies, but 

with still higher than average ψstem (Figure 3.6). 

Rootstocks in quadrant 2, despite their large canopies, are able to maintain vine water 

status at non-stressing levels.  Vines grafted to 5BB were always found in this grouping 

independent of the variety.  For the varieties Chardonnay, Pinot gris and Pinot noir, 

rootstock SO4 seemed to follow the same behavior.  When grafted to Merlot, this 

rootstock had a tendency for lower water potentials (Figure 3.6). 

Rootstocks in quadrant 3 are able to produce vigorous growth early in the season, but 

as water deficit develops, they are unable to cope with the increased evaporative demand 

thereby reaching fairly low water potentials.  This was consistently the case of vines 

grafted to 101-14 and 420A.  For Chardonnay, Pinot noir, and especially Pinot gris, 

Gravesac was also found in this group (Figure 3.6).   

Rootstocks in quadrant 4 produce smaller than average canopies and appear to be 

sensitive to drought or present a lower stress threshold.  For all varieties, vines grafted to 

Riparia Gloire could be found in this group.  When the scion was Chardonnay, rootstock 

44-53M was also included in this group (Figure 3.6). 
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Rootstocks were found to modify leaf gas-exchange of the scion under non-irrigated 

conditions, even though vine water status was not altered (Padgett-Johnson et al. 2000).  

When comparing averages across all varieties, it becomes clear that most of the variance 

encountered in leaf gas-exchange rates was due to the water status of the vines imposed 

by the different rootstocks.  Stem water potential was closely related to gs (R2=0.527; 

p<0.001) and even more so to A (R2=0.609; p<0.001).  Overall gas-exchange was 

reduced in rootstocks that showed lower water potentials.  Paranychianakis et al. (2004) 

also observed a higher ψ in vines grafted on 110R, consistent with the higher gs these 

vines presented.  The coupling of gas-exchange to the vine water status was affected by 

the variety.  The coefficient of determination (R2) between A and ψstem were 0.622, 0.731, 

0.620 and 0.712, for the varieties Chadonnay, Merlot, Pinot gris and Pinot noir, 

respectively.  Stomatal conductance was negatively correlated with ψstem, with an R2 of 

0.640, 0.738, 0.422 and 0.572, for the varieties Chadonnay, Merlot, Pinot gris and Pinot 

noir, respectively.   

It is widely reported that water stress causes both A and gs to decrease, with gs response 

more sensitive (Cuevas et al. 2006).  This was not the case in this trial.  It is possible that 

in the present study, some of the rootstocks were exposed to values of ψstem low enough 

to induce non-stomatal limitation of A.  That is apparent in Figure 3.4, when gs dropped 

bellow 100 mmol H2O m-2 s-1, causing a sharp drop in A/gs.  Stem water potential was 

better correlated with gas-exchange response in the variety Merlot.  The genetic origin of 

Merlot is very different from Chardonnay, Pinot gris and Pinot noir, and is usually 

perceived as a “warmer” climate variety.  It is legitimate to assume that due to its 
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geographic origin, this variety has an enhanced stomatal control to protect itself from 

hydraulic failure (Schultz 2003).   

In a recent study, Soar et al. (2006) found that rootstocks affected gas-exchange and 

water status, and that these impacts were associated with an inverse relationship between 

xylem sap ABA and stomatal conductance.  In Nikolaou et al. (2003), higher xylem sap 

cytokinin concentrations were present in some rootstocks, which had improved water 

relations and greater shoot growth.  

Hydraulic conductance.  Leaf specific hydraulic conductance for the pathway soil-

stem (Kl) was affected depending on the scion to which the rootstock had been grafted 

(Table 3.7).  For all the varieties, conductivity was greatly increased when the rootstock 

was 420A or 5BB, and significantly reduced with Riparia Gloire.  In Merlot, grafting to 

rootstocks Gravesac, 101-14 and SO4, also caused significant reductions in Kl.  For Pinot 

gris, Gravesac had the lowest hydraulic conductivity.  Ungrafted vines of all varieties had 

Kl above average.   

When conductance was expressed relative to the leaf area supplied (hydraulic 

conductance, K), it was noticed that there was a relative decrease in K when compared to 

Kl, in some of the lower vigor rootstocks (Table 3.8).  This particularly true for vines 

grafted to 44-53M for the varieties Merlot and Pinot noir.  In Pinot noir, the same 

behavior was observed with vines grafted to 3309C.  This further reinforces the 

assumption that these rootstocks are restricting canopy expansion as a means to alleviate 

drought stress. 

Root to stem hydraulic conductance in this study was estimated using the Ohm's law 

analogy.  This reflects the “apparent resistance” of the root system to the water flow 
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along the continuum soil-stem, as there are several possible error sources.  With the 

large differences observed across the rootstocks, it is unlikely that those errors would 

invalidate the results found.  The estimation of soil-to-leaf hydraulic conductance in situ 

has been regarded as a very valuable measure of whole-plant water transport efficiency 

based on the liquid water flux per unit of driving force (Meinzer 2002).  Bavaresco and 

Lovisolo (2000), comparing self-grafted Vitis rootstocks and on their own roots, saw a 

reduction on K with grafting.  In this study, grafting did not appear to affect K, as some of 

the rootstocks had higher conductivities than the ungrafted scions.  In apple rootstocks it 

has been suggested that differences in stem water potential may be related to differences 

in the hydraulic conductance of the rootstocks (Olien and Lakso 1986; Cohen and Naor 

2002).  This association was also seen in this study, but the correlation was not definite 

for all the varieties. 

It was observed that a relationship between plant size and Kl existed for the varieties 

Chardonnay and Merlot (R2=0.69 and 0.634, respectively, p<0.0001).  In these varieties, 

rootstocks with higher conductivity in the pathway soil-stem induced higher vigor to the 

scion (Figure 3.7).  In Pinot gris and Pinot noir this relationship was much smaller 

(R2=0.30 and 0.42, respectively, p<0.05).  Several studies have linked an association of 

vigor imposed to scion by the rootstock to changes in hydraulic properties.  Observations 

in apple rootstocks have shown that the roots and graft tissue of a dwarfing rootstock had 

a lower hydraulic conductivity compared to a more vigorous rootstock (Cohen and Naor 

2002; Atkinson et al. 2003).  In Actinidia rootstocks, Clearwater et al. (2004) found that 

the whole plant hydraulic conductance reflected the overall size of the plants but not leaf-

specific hydraulic conductance.  A similar trend was found in this study for the varieties 
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Chardonnay and Merlot but not in both Pinot varieties.  A clear interaction between the 

hydraulic properties of the scion and rootstock appears to exist.  It has been reported that 

compatibility and affinity between scion and rootstock can vary, and this could have 

contributed to the observed results.   

Leaf stomatal behavior appeared to be coupled to leaf-specific hydraulic conductance.  

Stomatal conductance was strongly correlated to Kl (R2=0.620; p<0.001). 

Rootstock-variety interactions.  Little research has been devoted to the study of the 

interaction between variety and rootstock, although it is commonly reported that they 

exist.  In the present study interactions between rootstock and variety were seen in the 

vegetative growth, water status and hydraulic properties in the pathway soil-stem of the 

vines, but not with leaf gas-exchange, chlorophyll content or shoot development.  Vines 

grafted to Gravesac had larger canopies when grafted to Pinot gris than when grafted to 

other varieties.  These vines had significantly lower water potentials and reduced 

hydraulic conductivity.  A similar trend was observed with vines grafted to 44-53M when 

the scion was Chardonnay.  This seems to point that the overall vegetative growth 

potential of the rootstock interacts with the scion and these differences are reflected in the 

hydraulic properties and water status of the vines.   

Rives (1971) showed that the potential vegetative vigor (measured as the pruning 

weight) of grafted vines depends on three factors: the vigor of the rootstock, the vigor of 

the scion variety, and the complex interaction or combining ability of the rootstock and 

scion, described as affinity.  Affinity may well encompass a number of factors within a 

graft combination including nutrient uptake, and the impact on vigor, fruit set and fruit 

development (Whiting 2004).  It is very likely that the nutritional requirements that 
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different varieties have, interacts with nutrient uptake by the rootstock in determining 

vegetative growth.  More so, the differences in stomatal behavior of different grapevine 

cultivars, as seen in Schultz (2003), may have interacted with the rootstock performance. 

CONCLUSION 
It is well known that rootstocks affect the physiological performance of the scion.  Our 

results confirm this observation.  Canopy properties, leaf gas-exchange, chlorophyll 

content, water status and hydraulic properties for the pathway soil-stem of the scion were 

affected by the different rootstocks.  These changes were not directly linked to the vine 

vigor imposed by the rootstock.  Leaf gas-exchange therefore appeared to be limited in 

some rootstocks mostly by stomata closure during developing water deficits.  Interactions 

between rootstock and variety were seen in the vegetative response, water status and 

hydraulic properties in the pathway soil-stem of the vines, but not with leaf gas-

exchange, chlorophyll content or shoot development.  Some evidence seems to point that 

the overall vegetative growth potential of the rootstock interacts with the scion and these 

differences are reflected in the hydraulic properties and water status of the vines.  Our 

results show that rootstock selection must be carefully matched with the scion variety to 

optimize adaptation to the environment.  
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TABLES. 
Table 3.1. Genetic origin of 9 rootstocks in this investigation: rootstock name, 
abbreviation, and species or species crosses used to derive each rootstock. 
 

Rootstock Genetic origin 

101-14 Millardet et de Grasset (101-14) V. riparia x V. rupestris 

110 Richter (110R) V. berlandieri x V. rupestris 

3309 Couderc (3309C) V. riparia x V. rupestris 

420A Millardet et de Grasset (420A) V. berlandieri x V. riparia 

44-53 Malègue (44-53M) V. riparia x (V. cordifolia x V. rupestris) 

5BB Kober (5BB) V. berlandieri x V. riparia 

Gravesac V. berlandieri x V. Riparia x V. rupestris 

Riparia Gloire de Montpellier (Riparia 

Gloire) 

V. riparia 

Selection Oppenheim 4 (SO4) V. berlandieri x V. riparia 
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Table 3.2.  Pruning weight (kg/vine) of Chardonnay, Merlot, Pinot gris and Pinot noir 
grafted to various rootstocks.  
 

 Variety 
Rootstock Chardonnay Merlot Pinot gris Pinot noir 
101-14Mgt 0.77 ab 0.65 b 0.64 d 0.61 ab 
110R 0.61 de 0.67 b 0.56 de 0.47 c 
3309C 0.53 e 0.63 bc 0.47 fg 0.35 d 
420AMgt 0.83 a 0.66 b 0.89 a 0.65 a 
44-53M 0.39 f 0.39 d 0.37 h 0.37 d 
5BB 0.77 ab 0.75 a 0.81 b 0.63 a 
Gravesac 0.64 d 0.56 c 0.71 c 0.54 bc 
Riparia Gloire 0.37 f 0.34 d 0.39 gh 0.26 e 
SO4 0.73 bc 0.61 bc 0.84 ab 0.61 ab 
Ungrafted 0.68 cd 0.65 b 0.52 ef 0.58 ab 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
         
Year         
2002 0.50 c 0.45 c 0.48 c 0.39 c 
2003 0.59 b 0.56 b 0.56 b 0.42 c 
2004 0.61 b 0.54 b 0.61 b 0.49 b 
2005 0.82 a 0.81 a 0.83 a 0.72 a 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05). 
No interactions were found. 
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Table 3.3.  Cane weight (g) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks.  
 
 Year 
Variety 2002 2003 2004 2005 
Chardonnay 50 a 48 a 48  60  
Merlot 43 b 48 a 47  61  
Pinot gris 44 b 45 b 46  59  
Pinot noir 36 c 43 b 47  62  
Sig. a <0.0001 <0.0001 0.438 0.224 
         
Rootstock         
101-14Mgt 51 abc 49 b 48 ab 59 ab 
110R 47 bcd 43 cd 46 bc 60 ab 
3309C 36 e 43 cd 42 cd 55 b 
420AMgt 52 ab 54 a 50 ab 65 a 
44-53M 29 f 43 cd 40 d 62 a 
5BB 54 a 51 ab 52 a 61 a 
Gravesac 46 cd 47 bc 46 bc 63 a 
Riparia Gloire 25 f 39 d 46 bc 56 b 
SO4 51 abc 48 b 51 a 63 a 
Ungrafted 43 d 44 cd 47 ab 62 a 
Sig.  <0.0001 <0.0001 <0.0001 0.005 
a Significance for main effect.  
b Means followed by the different letters are significantly different (P<0.05). 
No interactions were found. 
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Table 3.4.  Leaf chlorophyll content (g/m2) of Chardonnay, Merlot, Pinot gris and 
Pinot noir grafted to various rootstocks. 
 

 Year 
Variety 2003 2004 2005 
Chardonnay 0.359 a 0.335 b 0.356 c 
Merlot 0.349 b 0.350 a 0.370 a 
Pinot gris 0.345 b 0.349 a 0.363 b 
Pinot noir 0.332 c 0.333 b 0.357 c 
Sig. a <0.0001 <0.0001 <0.0001 
       
Rootstock       
101-14Mgt 0.343 cd 0.332 d 0.353 f 
110R 0.339 d 0.336 cd 0.360 cde 
3309C 0.343 cd 0.337 bcd 0.356 def 
420AMgt 0.361 a 0.342 bc 0.369 ab 
44-53M 0.336 d 0.337 bcd 0.352 f 
5BB 0.354 ab 0.357 a 0.369 ab 
Gravesac 0.340 cd 0.332 d 0.365 bc 
Riparia Gloire 0.344 cd 0.340 bcd 0.356 ef 
SO4 0.349 bc 0.344 b 0.362 cd 
Ungrafted 0.354 ab 0.359 a 0.371 a 
Sig.  <0.0001 <0.0001 <0.0001 
a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05). 
No interactions were found. 



Table 3.5.  Leaf transpiration (E), stomatal conductance (gs) photosynthesis (A), intrinsic water use efficiency (A/gs), maximum 
quantum yield of PSII (Fv/Fm) under ambient conditions, of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various 
rootstocks.  Data shown represents the average response for the years 2003 and 2004, for the months of July, August and September. 

72 

 E gs A A/gs Fv/Fm 
Variety (mmol H2O m-2 s-1) (mmol H2Om-2 s-1) (μmol CO2 m-2 s-1) (μmol CO2 mol-1H2O)  
Chardonnay 4.7 cb 309 b 13.0  46.3  0.804 a 
Merlot 4.9 b 311 b 13.2  46.6  0.805 a 
Pinot gris 4.7 bc 324 ab 13.6  45.8  0.803 a 
Pinot noir 5.1 a 333 a 13.3  44.7  0.796 b 
Sig. a <0.0001 0.010 0.108 0.094 <0.0001 
           
Rootstock           
101-14Mgt 4.7 d 313 c 12.5 b 45.0 bc 0.799 cd 
110R 4.8 bcd 306 c 13.0 b 46.7 ab 0.805 ab 
3309C 5.1 ab 343 ab 14.1 a 43.9 c 0.798 d 
420AMgt 5.0 abc 342 ab 14.0 a 45.7 abc 0.801 bcd 
44-53M 4.8 cd 306 c 13.1 b 46.4 abc 0.801 abcd 
5BB 5.1 ab 345 ab 14.2 a 44.9 bc 0.805 abc 
Gravesac 4.9 abcd 320 bc 13.0 b 45.5 bc 0.801 abcd 
Riparia Gloire 4.3 e 262 d 11.5 c 48.1 a 0.799 cd 
SO4 4.7 d 309 c 13.1 b 47.0 ab 0.807 a 
Ungrafted 5.1 a 346 a 14.3 a 45.3 bc 0.803 abcd 
Sig.  <0.0001 <0.0001 <0.0001 0.049 0.051 

a Significance for main effect.  
b Means followed by the different letters are significantly different (P<0.05). 
No interactions were found. 
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Table 3.6.  Evolution of midday stem water potential (MPa) for the variety Merlot 
grafted to various rootstocks. 
 
 Month 
Rootstock July August September 
101-14Mgt -0.51 c -0.91 bc -1.24 bcd 
110R -0.50 c -0.80 a -1.05 a 
3309C -0.50 c -0.81 a -1.07 a 
420AMgt -0.40 a -0.93 bc -1.32 d 
44-53M -0.52 c -0.85 ab -1.17 abc 
5BB -0.44 ab -0.77 a -1.14 ab 
Gravesac -0.58 d -0.94 cd -1.22 bcd 
Riparia Gloire -0.63 d -1.02 d -1.35 d 
SO4 -0.51 c -0.95 cd -1.27 cd 
Ungrafted -0.48 bc -0.79 a -1.09 a 
Sig.a <0.0001 <0.0001 <0.0001 

a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05). 
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Table 3.7.  Leaf specific hydraulic conductance (kg MPa-1 m-2 s-1 x 104) for the pathway 
soil-stem, of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various rootstocks.  
Each value is the average for the years 2003 and 2004. 
 

 Variety 
Rootstock Chardonnay Merlot Pinot gris Pinot noir 
101-14Mgt 1.55 abcb 1.55 c 1.52 bcd 1.57 bc 
110R 1.58 abc 1.71 abc 1.52 bcd 1.61 bc 
3309C 1.44 bc 1.66 bc 1.45 cde 1.58 bc 
420AMgt 1.81 a 1.90 ab 1.65 abc 2.19 a 
44-53M 1.41 c 1.62 c 1.48 cd 1.80 ab 
5BB 1.70 ab 1.98 a 1.90 a 2.15 a 
Gravesac 1.50 bc 1.43 c 1.16 e 1.63 bc 
Riparia Gloire 1.06 d 1.09 d 1.23 de 1.28 c 
SO4 1.49 bc 1.53 c 1.81 ab 1.84 ab 
Ungrafted 1.44 bc 1.71 abc 1.67 abc 1.52 bc 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05). 
No interactions were found. 
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Table 3.8.  Hydraulic conductance (kg MPa-1 s-1 x 104) for the pathway soil-stem, of 
Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various rootstocks. Each value is 
the average for the years 2003 and 2004. 

 
 Variety 
Rootstock Chardonnay Merlot Pinot gris Pinot noir 
101-14Mgt 4.20 abb 3.70 cde 3.82 bc 3.90 bc 
110R 3.69 bc 4.21 bc 3.48 cde 3.46 bcd 
3309C 3.23 cd 3.88 cd 2.98 def 2.86 de 
420AMgt 4.96 a 4.72 ab 4.61 ab 5.50 a 
44-53M 2.74 de 3.09 e 3.07 cdef 3.29 cd 
5BB 4.33 ab 5.04 a 5.00 a 5.23 a 
Gravesac 3.67 bc 3.20 de 2.95 ef 3.76 bcd 
Riparia Gloire 2.00 e 1.95 f 2.50 f 2.06 e 
SO4 3.84 bc 3.65 cde 4.95 a 4.44 ab 
Ownroots 3.62 bc 3.98 c 3.80 bcd 3.28 cd 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect. 
b Means followed by the different letters are significantly different (P<0.05) 
No interactions were found. 
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FIGURES. 
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Figure 3.1.  Shoot length (cm) before hedging of Chardonnay, Merlot, Pinot gris and 
Pinot noir as affected by rootstock.  Variety effect: P<0.001; Rootstock effect: P<0.001 
(2002 and 2003) and non-significant (2004); no interaction between variety and rootstock 
was found.  Vertical bars are ± SE. 
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Figure 3.2.  Internode length (cm) of Chardonnay, Merlot, Pinot gris and Pinot noir as 
affected by rootstock.  Variety effect: P<0.01 (2002) and P<0.05 (2004); Rootstock 
effect: P<0.001 in 2002 and P<0.01 (2004); no interaction between variety and rootstock 
was found.  Vertical bars are ± SE.  Horizontal lines are the annual average response 
across all rootstocks: 2002 (dashed) and 2004 (solid). 
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Figure 3.3.  Leaf chlorophyll content (g/m2) evolution over the 2002 season as affected 
by rootstock.  Variety effect: P<0.001; Rootstock effect: P<0.001; no interaction between 
variety and rootstock was found.  Vertical bars are ± SE. 
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Figure 3.4.  Relationship between intrinsic water use efficiency (A/gs) and stomatal 
conductance (gs) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various 
rootstocks (n=1200). 
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Figure 3.5.  Midday stem water potential (ψstem) of Chardonnay, Pinot gris and Pinot noir 
as affected by rootstock.  Rootstock effect: P<0.01 (Chardonnay) and P<0.001 (Pinot gris 
and Pinot noir).  Vertical bars are ± SE. 
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Figure 3.6.  Relationship between pruning weight as an estimate of canopy size and vine vigor and vine water status (ψstem) of 
Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various rootstocks.  Vertical line represents the mean pruning weight and 
horizontal line represents the mean midday ψstem.  Each point is the average for the month of September over three seasons (n=15).  
The four quadrants distinguish different drought avoidance strategies.  Vertical and horizontal bars are ± SE. 
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Figure 3.7.  Relationship between pruning weight as estimate of canopy size and vine vigor and leaf specific hydraulic conductance 
for the pathway soil-stem (Kl) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to various rootstocks.  Lines are regression 
lines for the varieties Chardonnay and Merlot (P<0.001).  Vertical and horizontal bars are ± SE. 
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ABSTRACT 

Yield components, crop load, and fruit composition of Vitis vinifera L. cvs. Chardonnay, 

Merlot, Pinot gris and Pinot noir grafted to 9 different rootstocks and as ungrafted vines, 

were evaluated over four seasons.  Yield per vine varied considerably in response to 

rootstock, where vines grafted to 5BB and 420A produced the largest yields.  Fruit 

production was reduced in Riparia Gloire.  Differences in yield resulted from the 

rootstock impact on vine size, bud fruitfullness, berry number per cluster and to a lesser 

extent berry weight.  Under an adequate ratio of leaf area to fruit, sugar levels were very 

similar, even though a near three fold difference in yield was observed.  This suggests 

that rootstock does not affect the length of the scion’s growing cycle under non-limiting 

leaf to fruit ratio.  Juice titratable acidity (TA) was very closely associated with 

vegetative growth.  Higher vigor rootstocks such as 5BB, 420A and SO4 had substantially 

higher juice TA and consequently lower pH.  Skin proanthocyanidin concentration and 

composition was determined by phloroglucinolysis, for the varieties Merlot and Pinot 

noir.  Total skin proanthocyanidin content, on a per berry basis, was greatly increased in 

vines grafted to 110R and 420A, an average of 40% above the concentration found on 

Riparia Gloire.  These changes were not directly linked to the vine vigor or berry size 

imposed by the rootstock, however, the proportion of (-)-epigallocatechin extension 

subunits was clearly reduced in vines grafted to 420A.  Interactions between rootstock 

and variety were only seen in the number of clusters per vine, juice TA, pH and seed 

weight.  These components responded to vine vigor, suggesting that the overall 

vegetative growth potential of the rootstock interacts with the scion, and these differences 

are reflected in the fruit composition of the scion. 
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INTRODUCTION 
Rootstocks, as a link between the soil and the scion, play an important role in vine 

adaptation to environmental factors.  By affecting the scion’s vegetative growth, gas-

exchange, water status, or nutrient uptake, it is well established that rootstocks can 

influence yield and fruit composition.  Their influence on crop yield may very well be 

one of the most researched areas of rootstock evaluation.  Within certain limits, 

rootstocks that promote vegetative growth also have a tendency to bear higher yields 

(Ough et al. 1968; Lipe and Perry 1988; McCarthy and Cirami 1990; Ezzahouani and 

Williams 1995; Main et al. 2002; McKenry et al. 2004).  By affecting berry size and 

specific fruit chemistry, such as sugar content, organic acids, anthocyanins, etc., 

rootstocks can determine wine composition (Kubota et al. 1993; Koblet et al. 1994; 

Walker et al. 1998; Gawel et al. 2000; Reynolds and Wardle 2001; Ollat et al. 2003).  In 

most cases, it is difficult to establish whether changes in grape composition are directly 

due to the accumulation of metabolites, or indirectly due to differences in vine vigor, 

yield, or canopy architecture.  In a review by Jackson and Lombard (1993), the authors 

reinforced that rootstock effects on grape composition and wine quality are not well 

known.  They suggested that these effects are probably resulting from rootstock vigor, 

and consequently, their influence on canopy expansion and subsequent fruit exposure. 

There is also a common perception that rootstocks affect the length of the scion’s 

growing cycle and consequently can advance or delay ripening.  It is claimed that high 
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vigor rootstocks tend to lengthen the vegetative growth period and this reduces sugar 

accumulation in the fruit, whereas low vigor rootstocks will induce early ripening of the 

crop.  Pongrácz (1983) referred to 101-14 and Riparia Gloire as rootstocks with a shorter 

vegetative cycle than other rootstocks.  However, it has been shown that under stress 

situations, low vigor rootstocks can have less sugar at harvest when compared to 

balanced vines with more vigor (Whiting 2004). 

A common argument is that each cultivar responds differently to rootstock in fruit 

composition, yield and yield components (Lipe and Perry 1988; Reynolds and Wardle 

2001; Zhang et al. 2002).  However, some studies have seen that this interaction does not 

exist or its extent is very limited (Ough et al. 1968; Ferree et al. 1996).  Few studies 

involving fully randomized trials evaluating several varieties and rootstocks in a factorial 

design are described in the literature.  Extrapolating results obtained in different locations 

can be misleading as environmental variables can strongly interact with the behavior of 

rootstocks. 

In this study, we compared the performance of four grapevine varieties grafted to 9 

different Vitis rootstocks and as ungrafted vines.  Here we present results on reproductive 

growth, yield and fruit composition over a four year period.  Effects on vegetative growth 

and vine physiological performance are presented in a companion paper (Chapter 3).  

 

MATERIALS AND METHODS 
Experimental design.  A rootstock trial was established in 1997 at the OSU Woodhall 

Research Vineyard, located in the southern Willamette Valley, Oregon.  The vineyard is 

located on a 15° south-facing slope with vine rows north-south.  This planting was 
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established on silty clay loam soils (Bellpine and Willakenzie series) with a pH of 6.1, on 

1.2 x 2.1 m spacing in a spilt-block design, with variety as the main factor with five 

replicates.  Certified vines used in the plots were supplied by a commercial nursery 

(Vinifera, Inc., Woodburn, OR).  Rootstocks (Table 4.1) were grafted with Chardonnay 

(clone Dijon 95), Merlot (clone UCD 3), Pinot gris (clone Colmar 146) and Pinot noir 

(clone FPS 2A).  Self-rooted vines for all the varieties used served as a control in the 

experiment.  Each block contained five vines per plot for each rootstock treatment.  This 

paper reports data for fully established vines during the period of 2002-2005. 

Viticultural Practices.  Vines were trained using a double-Guyot system (a vertical 

trellis) with the training wire set at 0.8 m aboveground.  Vines were balance pruned to 30 

buds per kg of one year-old pruning wood removed.  Shoots were thinned to one per bud 

at the 5-leaf stage.  Hedging was done at 2.5 m aboveground in mid-July each year. Vines 

did not receive any supplemental irrigation.  Yield on Pinot noir was limited to 2 kg per 

vine and to 2.5 kg per vine on Merlot in 2004 and 2005, by fruit thinning at lag phase. 

Yield and fruit composition.  The fruit of each variety was harvested separately at 

maturity.  Five clusters were then randomly sub-sampled and frozen at -80°C and used to 

determine mean berry weight and cluster length.  An additional sample of 25 clusters per 

experimental unit was crushed at harvest and the juice used to measure soluble solids, pH 

and titratable acidity.  Analysis was performed as described by Vasconcelos and 

Castagnoli (2000).  The Ravaz index (a crop load index) was determined as the ratio of 

fruit yield to pruning weight removed.  

Extraction of phenolics from fruit.  A random 100 berry sample, collected from 

harvested fruit from the varieties Merlot and Pinot noir, was used for the extraction and 
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analysis of phenolics.  Berries were kept at -80°C until extraction and analysis.  For 

extraction, seeds and skins were separated and rinsed with deionized water.  Skins were 

freeze dried and weighed.  Skins were placed intact in sealed jars with ~1mL/g of berry 

weight of 2:1 v/v acetone:water.  Before sealing, jars were sparged with nitrogen gas.  

Extraction was carried out for 24 hrs at 4°C, in the absence of light, on an orbital shaker.  

The extract was filtered through a stainless steel colander and acetone was evaporated 

using a RapidVap N2 Evaporation system (Labconco, Kansas City, USA) under reduced 

vacuum at room temperature.  The aqueous solution remaining was adjusted to a volume 

of 50mL with water and placed at -80°C until analysis.  

Proanthocyanidin Analysis.  Quantification of total proanthocyanidin content and 

individual proanthocyanidins was determined by acid-catalyzed cleavage in the presence 

of phloroglucinol (phloroglucinolysis) as previously described (Kennedy and Jones 2001; 

Kennedy and Taylor 2003).  Three mL of aqueous skin extract was freeze-dried and then 

dissolved in 2 mL of methanol.  Terminal and extension subunits were separated by 

HPLC with detection at 280nm.  

Statistical and data analysis.  Statistical analyses were performed using JMP (version 

6.0, SAS Institute, Cary, NC, US), using Standard Least Squares procedure for repeated 

measures in mixed models in a split plot design.  When variety x rootstock interactions 

were present, data was analyzed separately by variety.  Similarly, in the case of year 

interactions, data was analyzed separately by year.  Means were separated with LSD 

Student’s t test.  Regression lines were fitted using SigmaPlot 2004 (version 9.0, SysStat 

Software Inc.). 
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RESULTS AND DISCUSSION 
Yield components, cluster architecture, and crop load.  Total yield per vine was 

significantly affected by rootstock, although the response varied slightly over the years.  

Riparia Gloire which imparted the lowest vegetative growth also reduced fruit 

production (Table 4.2).  Yields of ungrafted vines, and those grafted to 44-53M, 

Gravesac, 3309C and 110R, were also below average.  5BB and 420A stimulated fruit 

production, consistently over the years, in agreement with their higher vegetative 

development.  Although 5BB is fairly well known to induce higher yields, 420A is 

generally thought to have reduced vegetative expansion and yield (McCarthy and Cirami 

1990; Reynolds and Wardle 2001; Scalabrelli et al. 2003; Whiting 2004).  Vines grafted 

to 101-14 and SO4 in 2004 also produced high yields, a departure from the average 

performance that these rootstock had in the remaining seasons, possibly as a result of 

more favorable weather conditions.   

Differences in yield resulted from the rootstock impact on vine size, bud fruitfullness, 

berry number per cluster and to a lesser extent berry weight.  Particularly in 2004, most 

of the variability in yield was explained by differences imposed by the rootstocks in the 

number of clusters per vine (R2=0.944, p<0.001).  A reduction in the number of clusters 

per shoot was seen where the rootstock was Riparia Gloire or in vines grown on their 

own roots (Table 4.3).  This trend was maintained over the seasons, although there was a 

slight increase for ungrafted vines in 2004.  Vines grafted to 5BB, 420A and SO4 showed 

consistently higher bud fruitfullness.  Increased bud fruitfullness is a consequence of 

improved cluster initiation (Mullins et al. 1992), and is improved with increased 

availability of carbohydrate (Candolfi-Vasconcelos and Koblet 1990).  As these 
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rootstocks imparted high levels of photosynthesis, it is possible that they also 

accumulated more carbohydrates in the reserve organs, which may have affected 

fruitfullness. 

Rootstock response in cluster count per vine interacted with the variety in the years 

2003 and 2005 (data not shown).  Vines grafted to 5BB and 420A had, in general, the 

highest number of clusters, except when grafted to Merlot.  Merlot had the highest cluster 

count when grafted to 3309C and 110R.   

Another major component of yield, the number of berries per cluster, was related to the 

length of the cluster (R2=0.597, 0.751, 0.451, 0.362, for 2002, 2003, 2004 and 2005, 

respectively).  This seems to indicate that rootstock impact was probably associated with 

inflorescence differentiation and not as much with fruit-set, except perhaps in 2005.  The 

2005 season was characterized by poor fruit-set, particularly for the varieties Chardonnay 

and Pinot gris.  Keller et al. (2001) also found a variation in the number of flowers per 

inflorescence as a result of different rootstocks.  In Reynolds and Wardle (2001), an 

impact of rootstock on berry counts was only seen in five out of the 9 varieties, with no 

consistent trend.  Clusters from vines grafted to Riparia Gloire always had fewer berries 

and were significantly shorter (Tables 4.4 and 4.5).  Ungrafted vines, and those grafted 

to 3309C, also had similar cluster architecture.  The performance of 44-53M varied over 

the years, from having one of the lowest berry counts in 2003 to having one of the highest 

counts in 2004. 

Berry weight was not affected by rootstock in 2004; the overall impact was relatively 

small during the other seasons.  Variation across rootstocks was always lower than 15%, 

except in 2002 where variation was 27%.  This is minor compared to the variation in 
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yield (average of 181% over the years).  A narrow range of change in berry size as 

induced by rootstock was also seen by Walker et al. (2000), when comparing ungrafted 

Shiraz to vines grafted to 4 different rootstocks.  There was no clear association of berry 

weight with vine vigor.  A good example is the berry size on the two high vigor 

rootstocks, 5BB and 420A.  5BB had consistently larger berries but this did not occur with 

420A (Table 4.6).  Berry size also tended to increase in vines grafted to SO4, and to be 

reduced when grafted to Riparia Gloire and 101-14.   

Possibly as a result of larger berry size and increased number of berries per cluster, 

rootstocks 5BB and 420A had more compact and heavier clusters (Tables 4.7 and 4.8).  

The reverse was seen with Riparia Gloire.   

Crop load, as estimated by the Ravaz index, varied considerably across the seasons 

(Table 4.9).  Crop load was substantially higher in 2002 and 2003 than in 2004 and 2005.  

Fruit thinning in the later years in the varieties Merlot and Pinot noir certainly contributed 

to the reduction in yield but the two white varieties also had reduced yields in 2004 and 

2005.  Unfavorable weather conditions during bloom contributed to this reduction.  

Rootstock response was affected by the season.  Scions grafted to 44-53M had the highest 

crop loads except in 2003.  Riparia Gloire also induced high crop loads in 2002, but in 

the subsequent seasons, these vines always had low crop loads.  Rootstocks that induced 

higher vigor to the scion, such as 5BB, 420A or SO4, generally resulted in larger crop 

loads.  The opposite trend was observed when determining the area of exposed leaves 

available for fruit ripening, confirming the higher ratio of exposed leaf surface per 

amount of fruit in the lower vigor rootstocks (Table 4.10).  This was particularly 

exacerbated for rootstocks Riparia Gloire and 44-53M.  The much smaller crop produced 
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by these rootstocks, and a reduced canopy with lower leaf overlapping, contributed to the 

higher ratios of leaf to fruit.   

Fruit composition.  Sugar accumulation in the fruit was particularly affected by the 

different rootstocks in the 2003 season, when larger yield differences were seen (Table 

4.11).  In the other seasons, this range was on average, smaller than 1° Brix, whereas it 

ranged from 24.3° to 26.4° in 2003.  In general, total soluble solids were reduced in 5BB 

and 420A and increased in Riparia Gloire.  Vines grafted to 101-14 and 110R that had the 

highest sugar concentration in 2002 did not maintain that trend in the following seasons.  

During the 2003 season, when larger yield differences were observed, the variation in 

exposed leaf surface per gram of fruit could explain 92.1% of the differences in brix 

levels (p<0.001).  In 2004 and 2005, when the ratios of leaf area to fruit were much 

higher for all the rootstocks, this relationship was not as good.  This reinforces the 

necessity of a minimal leaf area for proper fruit ripening.  The ratio below which sugar 

level starts to decline is usually found to be between 7 and 10 cm2 of total leaf area per 

gram of fruit (Jackson and Lombard 1993).  Most rootstocks were in this range in 2003 

and 2004, and there were still reductions in sugar levels.  The ratio that we report is 

related to the leaf area directly exposed to the sunlight, not considering the inner parts of 

the canopy.  Although with the training system used and relative moderate vigor, canopy 

shading was low, it is most likely that this ratio would increase if related to total leaf area 

available, particularly in the higher vigor rootstocks.  It appears that the range of 7 to 10 

cm2/g, for the region of study and varieties used, may be insufficient to adequately ripen 

the crop.  Above the 11 cm2 of exposed leaf area per gram of fruit, differences in sugar 

accumulation resulting from rootstock were very modest (less than 1° Brix).   
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There is a common belief that rootstocks have different growing cycles and that those 

cycles can advance or delay the fruit ripening of the scion.  It is generally accepted that 

high vigor rootstocks prolong the vegetative growth period and thus retard sugar 

accumulation in the fruit; whereas low vigor rootstocks will induce early ripening of the 

crop.  Pongrácz (1983) referred to 101-14 and Riparia Gloire as rootstocks with a shorter 

vegetative cycle than other rootstocks.  We could not confirm this observation.  Sugar 

accumulation was only delayed in some of the rootstocks when yields were excessive, as 

indicated by a higher crop load.  Under adequate ratio of leaf area to fruit, sugars levels 

were very similar, even though a near three fold difference in yield was observed.  This 

observation was also seen in Australia, where under stress situations, low vigor 

rootstocks can have less sugar at harvest when compared to balanced vines with more 

vigor (Whiting 2004).  The differentiation of the rootstock effect between seasons may 

have been induced by alterations in source/sink relations, resulting from rootstock 

induced differences in yield and leaf area. 

Juice titratable acidity (TA) and pH response to rootstock varied depending on the 

scion.  Particularly with the response in titratable acidity, there was a clear association 

with the vegetative growth induced by the rootstock, as indicated by the pruning weight.  

This relationship was tighter for Chardonnay and Pinot gris (R2=0.670 and 0.703, 

p<0.001, respectively), than for Merlot and Pinot noir (R2=0.478 and 0.474, p<0.001, 

respectively).  This could have been a result of fruit thinning performed in these varieties, 

as a reduction in crop load will often cause a reduction in TA (Jackson and Lombard 

1993).  In general, rootstocks that induced higher vigor to the scion had higher juice 

titratable acidity and lower pH, namely 5BB, 420A and SO4 (Tables 4.12 and 4.13, and 
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Figure 4.1).  Ough et al. (1968) also reported higher TA in fruit from the more vigorous 

rootstock.  A reduction in TA in fruit from less vigorous rootstocks was possibly a 

consequence of increased fruit exposure.  Although this was not assessed, a higher 

percentage of gaps are expected in smaller canopies, which could have led to higher fruit 

temperatures, with higher rates of malic acid degradation and a reduction in TA.  Malate 

metabolism has been shown to be influenced by leaf shading, with a reduction on the rate 

of post-veraison malate decline (Morrison and Noble 1990).  Even though canopies in the 

higher vigor rootstocks did not show signs of excessive shading, it is legitimate to assume 

that some leaf shading occurred.  Ezzahouani and Williams (1995) reported a reduction in 

TA with a decrease in leaf water potential.  We also found a close association of TA with 

stem water potential, except when the scion was Pinot gris.   

For the varieties Merlot and Pinot noir, juice pH varied with year.  There were no 

differences across the rootstocks in 2004 and 2005 for Merlot and 2005 for Pinot noir.  

There were no clear trends based on the parentage of the rootstocks.  We expected a 

reduction in juice pH to occur in vines grafted to V. berlandieri-derived rootstocks.  

These rootstocks are reported to have lower potassium uptake, which contributes to a 

reduction in juice pH (Ruhl 1989; Reynolds and Wardle 2001; Wolpert et al. 2005).  We 

could not confirm these observations, as juice pH was closely associated with juice 

titratable acidity, and so to vine vigor.  

Berry composition.  During the 2003-2005 period and for the varieties Merlot and 

Pinot noir, the role of rootstocks in specific berry components was assessed.  The number 

of seeds per berry was only affected by rootstock in the 2003 season (Figure 4.2), 

suggesting that rootstock plays a secondary role in ovule fertilization.  Extremes in vine 
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vigor (low or high) appeared to contribute to a reduction in seed number per berry, as 

indicated by the behavior of vines grafted to Riparia Gloire and 420A.  Individual seed 

weight (fresh and dry) did not show the same trend, and the response varied with the 

scion used.  High vigor inducing rootstocks, such as 5BB and 420A, had in Merlot and 

Pinot noir, heavier seeds (Figure 4.3).  However, it was noticed that Riparia Gloire 

reduced seed weight in Merlot, but when grafted with Pinot noir, seeds were heavier.  It 

was observed that seed weight was very closely associated with vine vigor in Merlot 

(R2=0.752, p<0.001) but in Pinot noir this relationship was not significant.  Seeds 

undergo a water loss process after verasion with accompanying browning of the seed coat 

(Kennedy et al. 2000a; Kennedy et al. 2000b; Adams 2006).  Although there was a trend 

for differences in fresh seed weight, due to moisture content and hence seed development 

stage, no significant differences in seed moisture content were found across rootstocks 

(data not shown).  We did not quantify seed phenolic content, but considering that two of 

the main components that influence seed phenolic extraction into wine (seed number and 

development stage) were not greatly affected by rootstock, it is unlikely that large 

differences would be observed (Harbertson et al. 2002; Roby et al. 2004; Ristic and Iland 

2005; Pastor del Rio and Kennedy 2006).  Differences in dry skin weight, as affected by 

rootstock, were only significant during the 2005 season (Figure 4.4).  The trend was for 

increased skin weight with increasing berry mass (R2 = 0.638, p<0.0001). 

The relative contribution of skin (after drying) and seed tissues to the total berry weight 

was calculated.  Significant differences were found in 2004 and 2005 and were 

independent of vine vigor.  Vines grafted to 420A had, in general, higher skin and seed 

ratios, while the opposite was true for vines grafted to 5BB (Figure 4.5).  The difference 
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in ratios between these two rootstocks was particularly evident in 2004, where an average 

increase of 45% in dry skin mass relative to whole-berry fresh mass was seen in fruit 

coming from vines grafted to 420A.  This increase may be important for determining red 

wine quality. 

Skin proanthocyanidin concentration and composition was determined by 

phloroglucinolysis.  Total skin proanthocyanidin content per berry, was greatly increased 

in vines grafted to 110R and 420A (Table 4.14).  These rootstocks reached an average of 

40% above the content of proanthocyanidins found on Riparia Gloire.  Rootstock 44-

53M also induced above average content, except in 2003.  Lower skin proanthocyanidin 

per berry was always found when the scion was grafted to Riparia Gloire, 101-14, SO4 

or as ungrafted vines.  There was a clear association of these results to the weight of the 

skin tissue, particularly in 2005 when significant differences in skin weights were found 

across the rootstocks (R2=0.645, p<0.001).  Roby et al. (2004) and Roby and Matthews 

(2004) also observed that changes on flavonoid content that occurred independently of 

berry size, could be due to changes in the structure and development of the skin.  Due to 

the small variation in berry weight, skin proanthocyanidin concentration on a weight 

basis (mg/kg) was not very different from the results obtained on a per berry basis.  

However, because they represent the potential proanthocyanidin available to the 

winemaker for extraction into wine, they are given in Table 4.14.  The only significant 

difference between the results obtained on a berry basis was seen in vines grafted to 101-

14.  These vines had on a weight basis, above average concentration of skin 

proanthocyanidins, exept in 2003 when this rootstock had the lowest of all the rootstock-

scion combinations.  The different behavior of rootstocks across seasons may reflect 
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drought sensitivity, particularly during the 2003 season, when extremely high 

temperatures with reduced precipitation occurred, and stem water potentials were much 

lower.  As proanthocyanidin biosynthesis is a product of two metabolic pathways, a 

reduction in proanthocyanidin concentration in the fruit is expected in the case of severe 

reductions in photosynthesis (Downey et al. 2006).  Previous research has found an 

increase in skin tannin concentration with increased water deficit (Kennedy et al. 2002; 

Ojeda et al. 2002; Roby et al. 2004).  Although some of the differences between 

rootstocks in skin proanthocyanidin concentration may have been the result of the water 

status imposed to the scion, a clear association was not seen.  Fruit coming from vines 

grafted to 420A, 5BB and 110R, was equally high in the amount of skin proanthocyanidin 

per berry.  However, these vines had substantially different water status during the 

growing season, and were not among those with the lowest stem water potential 

(Chapter 3).  Fruit sun exposure can contribute to an increase in skin proanthocyanidin 

content (Cortell and Kennedy 2006).  As the most vigorous rootstocks in this study (420A 

and 5BB) had above average skin proanthocyanidin concentration, sun exposure does not 

appear to be the primary reason of rootstock separation in this study, as also seen by 

Downey et al. (2004).  In addition, no association with vine vigor was found. 

No differences in the average mean degree of polymerization (mDP) of the skin 

proanthocyanidins was found in response to rootstock.  Significant differences were only 

found between variety and season (data not shown).  Extension subunits consisted of (+)-

catechin, (-)-epicatechin, (-)-epicatechin-3-O-gallate and (-)-epigallocatechin.  

Differences in the relative proportion of (+)-catechin and (-)-epicatechin-3-O-gallate 

were small and not always significant (data not shown).  However, in vines grafted to 
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420A, the proportion of (-)-epigallocatechin subunits was clearly reduced (Table 4.15), 

and was accompanied by an increase of (-)-epicatechin.  Tannin structure affects its 

sensory perception in wine.  In particular the presence of epigallocatechin units tends to 

lower the “coarse” astringency attribute (Vidal et al. 2003).  A shift on the substitution 

pattern of the B-ring has been shown to be influenced by environmental factors and fruit 

maturity (Kennedy et al. 2001; Downey et al. 2003; Cortell et al. 2005; Downey et al. 

2006).  In particular, fruit sun exposure has been shown to favor trihydroxylation of the 

B-ring (Spayd et al. 2002; Downey et al. 2004; Cortell and Kennedy 2006).  This seems 

to indicate that lower fruit exposure occurred in the higher vigor rootstocks, as it would 

be expected.   

Rootstock-variety interactions.  Little research has been devoted to the study of the 

interaction between variety and rootstock, although it is commonly reported that they 

exist.  Few studies involving fully randomized trials between variety and rootstock are 

described in the literature.  Extrapolating results obtained in different locations can be 

misleading as environmental variables can strongly interact with the behavior of 

rootstocks.  On a long term evaluation of 40 wine grape cultivars grafted on Dogridge 

and 1613C and self-rooted vines, Lipe and Perry (1988) found an interaction between 

rootstock and cultivar in yield, TA and pH, but not in juice soluble solids.  An interaction 

was also seen when comparing the performance of nine wine grape varieties, own rooted 

or grafted to four rootstocks (Reynolds and Wardle 2001).  Each cultivar responded 

differently to rootstock in fruit composition, yield and yield components.  Zhang et al. 

(2002) reported that an overall interaction between scion variety and rootstock genotype 

was evident in the form of yield-salinity relationships.   
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In the present study, interactions between rootstock and variety were very limited, and 

were found only in the number of clusters per vine, juice titratable acidity, pH and 

individual seed weight (fresh and dry).  All of these components were directly associated 

with differences in vine vigor, as indicated by pruning weight.  We have shown that the 

overall vegetative growth potential of the rootstock interacts with the scion (Chapter 3) 

and these differences are reflected in the fruit composition components that respond to 

vine vigor.  In a trial involving Riesling and Cabernet Franc grafted to seven rootstocks 

and as ungrafted vines, no interaction between rootstock and cultivar occurred for yield 

components and fruit composition data (Ferree et al. 1996).  Ough et al. (1968) reported 

an interaction between cultivar and rootstock only for juice total nitrogen and ammonia 

content.  It is possible that under a larger range of varieties, more interactions could be 

found.  

 

CONCLUSION 
It is well known that rootstocks affect the scion’s yield and fruit composition.  Our 

results confirm this observation.  Differences in yield resulted from the rootstock impact 

in vine size, bud fruitfullness, berry number per cluster and to a lesser extent berry 

weight.  Sugar accumulation in the fruit was only considerably impacted by the different 

rootstocks in the season where larger yield differences were seen.  Under adequate ratio 

of leaf area to fruit, differences in sugar levels were lower than 1°Brix.  Juice titratable 

acidity and pH were very closely associated with vegetative growth.  Skin 

proanthocyanidin concentration and composition was also affected by rootstock and these 

changes were not directly linked to the vine vigor imposed by the rootstock. 
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Each cultivar responded differently to rootstock only in regards to juice titratable 

acidity, pH and seed weight.  These components responded to vine vigor, suggesting that 

overall the vegetative growth potential of the rootstock interacts with the scion, and these 

differences are reflected in the fruit composition of the scion.   
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TABLES. 
Table 4.1.Genetic origin of the 9 rootstocks used in this investigation: rootstock name, 
abbreviation, and species or species crosses used to derive each rootstock. 
 

Rootstock Genetic origin 

101-14 Millardet et de Grasset (101-14) V. riparia x V. rupestris 

110 Richter (110R) V. berlandieri x V. rupestris 

3309 Couderc (3309C) V. riparia x V. rupestris 

420A Millardet et de Grasset (420A) V. berlandieri x V. riparia 

44-53 Malègue (44-53M) V. riparia x (V. cordifolia x V. rupestris) 

5BB Kober (5BB) V. berlandieri x V. riparia 

Gravesac V. berlandieri x V. Riparia x V. rupestris 

Riparia Gloire de Montpellier (Riparia 

Gloire) 

V. riparia 

Selection Oppenheim 4 (SO4) V. berlandieri x V. riparia 
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Table 4.2.  Yield (kg/vine) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks.  
 

 Year 
 2002 2003 2004a 2005a

Variety      
Chardonnay 2.36 bc 2.70 a 1.83 ab 1.77 b 
Merlot 2.64 a 2.79 a 1.94 a 2.18 a 
Pinot gris 2.19 c 2.68 a 1.70 b 1.43 c 
Pinot noir 2.68 a 2.28 b 1.46 c 1.72 b 
Sig. b <0.0001 <0.0001 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 2.34 c 2.82 cd 2.12 a 2.05 c 
110R 2.36 c 2.50 de 1.64 b 1.96 c 
3309C 2.41 c 2.17 e 1.48 b 1.57 d 
420AMgt 2.93 ab 3.45 b 2.40 a 2.44 a 
44-53M 2.22 c 1.57 f 1.39 b 1.31 d 
5BB 3.19 a 4.07 a 2.28 a 2.39 ab 
Gravesac 2.44 c 2.61 de 1.58 b 1.50 d 
Riparia Gloire 1.77 d 1.09 f 0.85 c 0.85 e 
SO4 2.78 b 3.25 bc 2.13 a 2.10 bc 
Ownroots 2.25 c 2.61 de 1.46 b 1.56 d 
Sig. <0.0001 <0.0001 <0.0001 <0.0001 
a Yield on Pinot noir was limited to 2 kg per vine and to 2.5 kg per vine on Merlot 
b Significance for main effect.  
c Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.3.  Bud fruitfullness (clusters/shoot) of Chardonnay, Merlot, Pinot gris and Pinot 
noir grafted to various rootstocks.  
 
 Year 

 2002 2003 2004a 2005a

Variety      
Chardonnay 1.58 bc 1.70 b 2.03 a 1.63 b 
Merlot 1.71 a 1.84 a 1.55 b 1.67 b 
Pinot gris 1.50 c 1.65 b 2.19 a 1.69 ab 
Pinot noir 1.66 a 1.66 b 1.67 b 1.78 a 
Sig. b <0.0001 <0.0001 <0.0001 0.0394 
         
Rootstock         
101-14Mgt 1.69 a 1.77 b 1.85 bc 1.80  
110R 1.61 a 1.71 bc 1.58 bc 1.74  
3309C 1.62 a 1.75 b 1.80 bc 1.72  
420AMgt 1.63 a 1.80 ab 2.75 a 1.65  
44-53M 1.64 a 1.61 cd 1.43 cd 1.80  
5BB 1.72 a 1.92 a 2.01 b 1.73  
Gravesac 1.65 a 1.69 bcd 1.90 b 1.56  
Riparia Gloire 1.47 b 1.47 e 1.08 d 1.69  
SO4 1.67 a 1.82 ab 2.53 a 1.65  
Ownroots 1.46 b 1.56 de 1.65 bc 1.59  
Sig. <0.0001 <0.0001 <0.0001 0.0634 
a Yield on Pinot noir was limited to 2 kg per vine and to 2.5 kg per vine on Merlot 
b Significance for main effect.  
c Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.4.  Berries per cluster of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks.  
 
 Year 

 2002 2003 2004 2005 
Variety      
Chardonnay 106 cb 111  62 b 64 c 
Merlot 116 b 110  83 a 85 a 
Pinot gris 116 b 109  63 b 60 c 
Pinot noir 131 a 114  67 b 74 b 
Sig. a <0.0001 0.448 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 118 bcd 112 cd 72 abc 73 abcd 
110R 113 cde 100 ef 72 abc 76 abc 
3309C 110 de 112 cd 62 d 69 cd 
420AMgt 134 a 128 a 76 a 78 ab 
44-53M 120 bc 103 def 72 abc 69 cd 
5BB 126 ab 124 ab 74 ab 80 a 
Gravesac 116 bcde 109 cde 69 bc 67 d 
Riparia Gloire 109 de 95 f 54 e 58 e 
SO4 121 bc 115 bc 72 ab 69 cd 
Ownroots 107 e 113 c 65 cd 71 bcd 
Sig. <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.5.  Cluster length (mm) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted 
to various rootstocks. 
 
 Year 

 2002 2003 2004 2005 
Variety      
Chardonnay 83.1 db 95.4 b 92.4 b 83.6 c 
Merlot 111.2 a 107.5 a 134.3 a 121.7 a 
Pinot gris 89.3 c 92.4 bc 97.6 b 87.4 c 
Pinot noir 97.4 b 90.1 c 129.3 a 98.4 b 
Sig. a <0.0001 <0.0001 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 97.4 abc 99.3 ab 113.2 abc 100.3 a 
110R 94.7 abc 92.5 de 117.9 ab 98.7 abc 
3309C 94.7 abc 98.0 abcd 113.7 abc 98.6 ab 
420AMgt 98.9 ab 101.3 a 119.9 a 102.4 a 
44-53M 93.8 bcd 95.6 abcde 118.3 ab 100.2 a 
5BB 99.8 a 100.6 a 114.3 ab 99.8 a 
Gravesac 96.4 abc 93.1 cde 110.0 bc 91.8 c 
Riparia Gloire 88.5 d 90.8 e 111.1 bc 93.0 bc 
SO4 95.9 abc 98.5 abc 109.8 bc 100.4 a 
Ownroots 92.4 cd 93.6 bcde 105.6 c 92.3 bc 
Sig. 0.0019 0.0021 0.0336 0.0066 

a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.6.  Berry weight (g) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. 
 
 Year 

 2002 2003 2004 2005 
Variety       
Chardonnay 1.14 ab 1.13  1.27 a 1.26 a 
Merlot 1.07 b 1.14  1.16 b 1.09 c 
Pinot gris 1.00 c 1.12  1.07 c 1.04 d 
Pinot noir 0.97 c 1.14  1.25 a 1.19 b 
Sig. a <0.0001 0.5204 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 0.98 cd 1.08 d 1.18  1.13 bcd 
110R 1.06 b 1.15 bc 1.17  1.14 bcd 
3309C 1.07 b 1.12 bcd 1.24  1.10 d 
420AMgt 1.05 bc 1.11 bcd 1.15  1.18 ab 
44-53M 0.96 d 1.12 bcd 1.17  1.16 abc 
5BB 1.18 a 1.23 a 1.24  1.22 a 
Gravesac 1.03 bc 1.10 cd 1.17  1.12 bcd 
Riparia Gloire 0.93 d 1.10 cd 1.18  1.11 cd 
SO4 1.11 b 1.17 ab 1.19  1.21 a 
Ownroots 1.09 b 1.15 bc 1.16  1.08 d 
Sig. <0.0001 <0.0001 0.082 <0.0001 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.7.  Cluster compactness (berries/cm) of Chardonnay, Merlot, Pinot gris and Pinot 
noir grafted to various rootstocks. 
 
 Year 

 2002 2003 2004 2005 
Variety      
Chardonnay 12.2 ab 11.6 b 6.8 a 7.5 a 
Merlot 9.5 b 10.4 c 6.4 ab 7.0 b 
Pinot gris 12.4 a 11.7 ab 6.2 b 7.0 b 
Pinot noir 12.2 a 12.4 a 5.3 c 7.6 a 
Sig. a <0.0001 <0.0001 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 10.8 c 11.4 bc 6.3 ab 7.3 abc 
110R 11.1 c 10.9 cd 6.2 ab 7.7 ab 
3309C 11.6 bc 11.4 abc 5.7 bc 7.2 bc 
420AMgt 12.9 a 12.6 a 6.6 a 7.3 abc 
44-53M 11.3 c 11.0 cd 6.2 ab 6.8 cd 
5BB 12.5 ab 12.0 abc 6.8 a 7.8 ab 
Gravesac 10.9 c 12.0 abc 6.4 ab 6.9 cd 
Riparia Gloire 11.5 c 10.1 d 5.1 c 6.5 d 
SO4 11.6 bc 11.5 abc 6.6 a 7.1 bcd 
Ownroots 11.5 bc 12.5 ab 6.1 ab 7.9 a 
Sig. <0.0001 0.002 <0.0001 <0.0001 

a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.8.  Cluster weight (g) of Chardonnay, Merlot, Pinot gris and Pinot noir grafted to 
various rootstocks. 
 
 Year 

 2002 2003 2004 2005 
Variety      
Chardonnay 119.6 bcb 125.5  79.7 b 75.3 c 
Merlot 125.7 ab 127.5  97.4 a 92.4 a 
Pinot gris 114.5 c 123.2  66.1 c 55.2 d 
Pinot noir 129.2 a 128.5  83.8 b 82.4 b 
Sig. a <0.0001 0.5275 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 110.9 cd 120.2 de 84.1 abcd 72.4 cd 
110R 118.0 c 115.5 e 83.6 abcd 81.1 abc 
3309C 116.4 c 125.1 cde 76.8 d 71.0 d 
420AMgt 144.2 a 144.7 ab 87.6 ab 88.3 a 
44-53M 114.4 c 116.9 e 85.0 abcd 76.6 bcd 
5BB 149.2 a 152.7 a 92.1 a 89.0 a 
Gravesac 116.5 c 118.8 e 80.6 bcd 74.7 bcd 
Riparia Gloire 101.1 d 101.6 f 64.3 e 58.8 e 
SO4 132.6 b 134.4 bc 85.6 abc 81.5 ab 
Ownroots 119.5 c 131.8 cd 77.7 cd 69.9 d 
Sig. <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.9.  Ravaz index (kg yield/kg pruning weight) of Chardonnay, Merlot, Pinot gris 
and Pinot noir grafted to various rootstocks. 
 
 Year 

 2002 2003 2004 2005 
Variety      
Chardonnay 4.9 cb 4.5 b 3.0 b 2.1 c 
Merlot 6.1 b 4.8 ab 3.4 a 2.7 a 
Pinot gris 5.0 c 4.6 b 2.7 b 1.7 d 
Pinot noir 7.3 a 5.1 a 3.0 b 2.4 b 
Sig. a <0.0001 0.007 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 4.5 f 4.6 bc 3.2 bc 2.3 a 
110R 5.1 ef 4.7 bc 2.9 bcd 2.4 a 
3309C 6.6 bc 5.0 b 3.0 bcd 2.3 a 
420AMgt 5.5 de 4.7 bc 3.2 b 2.6 a 
44-53M 7.6 a 4.3 cd 3.8 a 2.4 a 
5BB 5.9 cd 5.9 a 3.2 bc 2.5 a 
Gravesac 5.4 de 4.7 bc 2.9 bcd 1.9 b 
Riparia Gloire 7.2 ab 3.8 d 2.5 d 1.8 b 
SO4 5.5 de 5.1 b 3.2 b 2.3 a 
Ownroots 5.0 ef 4.7 bc 2.7 cd 1.8 b 
Sig. <0.0001 <0.0001 <0.0001 <0.0001 

a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.10.  Exposed leaf area to fruit ratio (cm2/g of fruit) of Chardonnay, Merlot, Pinot 
gris and Pinot noir grafted to various rootstocks. 
 
 Year 

 2002 2003 2004 2005 
Variety      
Chardonnay 9.7 ab 10.0  14.2 b 18.3 b 
Merlot 8.2 b 10.1  13.0 b 14.6 c 
Pinot gris 9.9 a 9.8  16.3 a 22.9 a 
Pinot noir 7.3 c 10.6  16.4 a 17.0 b 
Sig. a <0.0001 0.4942 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 10.1 a 9.7 cd 12.7 d 15.0 de 
110R 9.8 a 9.8 cd 15.4 b 17.0 d 
3309C 8.2 cd 10.6 c 16.9 b 17.6 cd 
420AMgt 8.3 cd 8.0 ef 11.2 d 12.8 e 
44-53M 8.0 cd 12.9 b 15.6 b 20.7 bc 
5BB 7.5 d 6.6 f 12.2 d 13.3 e 
Gravesac 9.3 ab 9.8 cd 15.3 bc 22.5 b 
Riparia Gloire 8.6 bc 16.2 a 21.1 a 27.5 a 
SO4 8.6 bc 8.2 de 12.8 cd 15.0 de 
Ownroots 9.3 ab 9.9 cd 16.6 b 20.7 bc 
Sig. <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.11.  Juice soluble solids (°Brix) of Chardonnay, Merlot, Pinot gris and Pinot noir 
grafted to various rootstocks. 
 
 Year 

 2002 2003 2004 2005 
Variety     
Chardonnay 22.9 cb 24.0 c 24.3 c 24.0 c 
Merlot 23.3 b 24.5 b 25.8 a 25.7 b 
Pinot gris 24.7 a 24.6 b 23.7 d 26.2 a 
Pinot noir 22.5 d 25.5 a 25.3 b 25.6 b 
Sig. a <0.0001 <0.0001 <0.0001 <0.0001 
         
Rootstock         
101-14Mgt 23.9 a 24.5 cd 24.7 bcde 25.3 cd 
110R 23.6 ab 25.0 bc 24.8 bcd 25.3 cd 
3309C 23.1 cd 24.8 bcd 24.6 de 25.5 bcd 
420AMgt 23.2 cd 24.3 e 24.8 bcd 24.9 e 
44-53M 23.0 d 25.3 b 24.9 b 25.6 abc 
5BB 23.1 cd 23.5 f 24.6 cde 25.2 de 
Gravesac 23.3 bcd 24.3 d 24.9 bc 25.8 a 
Riparia Gloire 23.5 abc 26.4 a 25.2 a 25.7 ab 
SO4 23.4 bc 24.3 d 24.9 b 25.6 abc 
Ownroots 23.5 abc 24.3 d 24.5 e 24.9 e 
Sig. <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.12.  Juice titratable acidity (g L-1) of Chardonnay, Merlot, Pinot gris and Pinot 
noir grafted to various rootstocks. 
 
 Variety 
Rootstock Chardonnay Merlot Pinot gris Pinot noir 
101-14Mgt 6.8 bcdb 4.7 bc 6.7 b 7.5 bc 
110R 7.0 abc 4.9 ab 6.6 bc 6.9 de 
3309C 6.9 abcd 4.8 b 6.6 bc 7.3 c 
420AMgt 7.2 a 4.7 bc 7.6 a 8.1 a 
44-53M 6.5 d 4.8 b 6.7 b 7.6 b 
5BB 7.1 ab 5.1 a 7.3 a 8.3 a 
Gravesac 6.6 d 4.5 cd 6.6 bc 7.2 cd 
Riparia Gloire 6.0 e 4.2 d 6.3 bc 6.7 e 
SO4 7.2 a 4.8 b 7.3 a 8.0 a 
Ownroots 6.7 cd 5.0 ab 6.2 c 7.2 cd 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
         
Year         
2002 5.9 d 4.8 a 6.8 b 7.8 a 
2003 6.3 c 4.4 b 6.6 bc 7.5 b 
2004 6.9 b 4.9 a 6.3 c 7.6 b 
2005 8.2 a 4.9 a 7.5 a 7.0 c 
Sig. <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.13.  Juice pH of Chardonnay and Pinot gris grafted to various rootstocks. 
 
 Variety 
Rootstock Chardonnay Pinot gris 
101-14Mgt 3.16 bb 3.16 bcd 
110R 3.12 c 3.19 abc 
3309C 3.14 bc 3.16 bcd 
420AMgt 3.10 c 3.11 e 
44-53M 3.13 bc 3.15 cd 
5BB 3.11 c 3.14 de 
Gravesac 3.16 b 3.16 bcd 
Riparia Gloire 3.21 a 3.20 ab 
SO4 3.11 c 3.12 de 
Ownroots 3.14 bc 3.21 a 
Sig.a <0.0001 <0.0001 
     
Year     
2002 3.20 b 3.12 b 
2003 3.26 a 3.20 a 
2004 3.07 c 3.19 a 
2005 3.02 d 3.14 b 
Sig. <0.0001 <0.0001 

a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found 
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Table 4.14.  Skin proanthocyanidin (PA) concentration of Merlot and Pinot noir grafted to various rootstocks. 
 
 Skin PA (mg/berry)  Skin PA (mg/kg of fruit) 
 2003 2004 2005  2003 2004 2005  
Variety            

Merlot 0.91 ab 1.18 a 0.67 b 804.4 ab 1024.7 a 616.7 b 

Pinot noir 0.68 b 0.91 b 0.90 a 596.9 b 732.4 b 741.9 a 

Sig.a <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 <0.0001 
              

Rootstock              

101-14Mgt 0.67 cd 1.08 bc 0.77 bcde 576.4 d 920.3 ab 683.1 abcd 

110R 0.95 a 1.08 bc 0.81 abcd 870.7 a 928.5 ab 709.1 abc 

3309C 0.88 ab 0.96 cd 0.75 cde 780.7 abc 786.6 c 676.2 bcd 

420AMgt 0.87 ab 1.24 a 0.89 a 827.6 ab 1045.9 a 765.4 a 

44-53M 0.78 bcd 1.10 ab 0.87 ab 703.8 bcd 913.3 bc 707.9 abc 

5BB 0.87 ab 1.01 bcd 0.85 abc 700.8 bcd 807.0 bc 715.2 ab 

Gravesac 0.83 abc 0.95 cd 0.73 de 679.6 bcd 840.2 bc 658.8 bcd 

Riparia Gloire 0.66 d 0.89 d 0.66 e 594.7 d 805.7 bc 617.3 d 

SO4 0.74 bcd 1.07 bc 0.83 abcd 619.0 cd 856.3 bc 631.6 bcd 

Ownroots 0.68 cd 1.10 abc 0.70 e 653.4 cd 881.5 bc 628.4 cd 

Sig. 0.0031 <0.0001 <0.0001  0.0061 0.0084 0.0203 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different (P<0.05) 
No interactions were found 
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Table 4.15.  Relative molar proportion of (-)-epigallocatechin extension subunits (%) of 
skin proanthocyanidins of Merlot and Pinot noir grafted to various rootstocks. 
 

 Year 
Variety 2003 2004 2005 
Merlot 44.8 ab 49.6 a 34.6 a 
Pinot noir 24.4 b 30.1 b 24.1 b 
Sig.a <0.0001 <0.0001 <0.0001 
       
Rootstock       
101-14Mgt 35.1 ab 40.6 a 30.3 a 
110R 34.6 ab 40.7 a 30.3 a 
3309C 35.1 ab 40.3 ab 30.7 a 
420AMgt 32.3 c 37.8 c 26.6 c 
44-53M 35.8 a 39.8 ab 29.2 ab 
5BB 34.6 ab 39.6 abc 29.3 ab 
Gravesac 34.1 b 38.7 bc 27.7 bc 
Riparia Gloire 34.6 ab 39.2 abc 30.3 a 
SO4 35.2 ab 40.9 a 29.6 a 
Ownroots 34.5 ab 40.9 a 29.7 a 
Sig. 0.0023 0.0143 <0.0001 
a Significance for main effect.  
b Means followed by the different letters within columns are significantly different 
(P<0.05) 
No interactions were found  
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FIGURES. 
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Figure 4.1. Juice pH of Merlot (a) and Pinot noir (b) grafted to various rootstocks.  Error 
bars are ± SE.  Significance for main effect is indicated in parenthesis. 
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Figure 4.2.  Average number of seeds per berry of Merlot and Pinot noir grafted to 
various rootstocks.  Error bars are ± SE.  Significance for main effect is indicated in 
parenthesis.
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Figure 4.3.  Average fresh (a) and dry (b) individual seed weight of Merlot and Pinot 
noir grafted to various rootstocks.  Error bars are ± SE.  Significance for main effect is 
indicated in parenthesis.   
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Figure 4.4.  Average dry skin weight per berry of Merlot and Pinot noir grafted to 
various rootstocks.  Error bars are ± SE.  Significance for main effect is indicated in 
parenthesis.
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Figure 4.5.  Relative contribution of the skin (after drying, a) and seed (b) tissues to the 
total berry mass, of Merlot and Pinot noir grafted to various rootstocks.  Error bars are ± 
SE.  Significance for main effect is indicated in parenthesis. 
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ABSTRACT  

A micro-scale fermentation technique was developed and compared to commercial 

fermentations.  The method utilized 4-L fermenters which accommodated 3.5 kg of fruit.  

During the course of fermentation the micro-fermenters showed a delay in the extraction of 

phenolic components into the wine, but after eight days, concentrations of skin derived 

flavan-3-ols was the same as in commercial ferments.  Variability in the composition of the 

fermentation replicates was very low.  Analysis of proanthocyanidins revealed that the total 

amount and the relative proportion of seed proanthocyanidin extracted during the micro-

scale fermentations were lower than in the commercial fermentations.  Based upon wine 

color and volatile acidity, oxidation and spoilage were effectively controlled.  These results 

suggest that the use of micro-scale fermentations have utility in viticultural and enological 

research where resources are limited.  

KEYWORDS  
Micro-scale; commercial; fermentation; red wine; phenolics; skin; seed; 

proanthocyanidins; anthocyanins; extraction; Vitis vinifera; Pinot noir 
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INTRODUCTION 
In viticultural research, fruit production is often a limiting factor when wine production 

is involved.  Because of this, researchers are usually forced to scale-down fermentation 

volumes to a practical and cost-effective level.  Such small-scale fermentations typically 

vary with respect to volume, fermentor shape and fermentation management (Castellari et 

al. 1998; Kennedy et al. 2002; Monagas et al. 2003; Gomez-Miguez and Heredia 2004; 

Cortell et al. 2005; Malacrinò et al. 2005; Pastor del Rio and Kennedy 2006).  Of particular 

concern is the anecdotal evidence that these wines frequently have faults and their 

extraction is not representative of larger scale fermentations.  As a result, their relevance to 

commercial practice is questionable.  

To avoid winemaking issues, viticultural research often restricts investigations to fruit 

composition, and draws conclusions on wine composition based upon fruit analysis.  

However, it must be kept in mind that for solutes that are derived from the solid tissues of 

the berry, fruit extraction during wine production depends not only on the amount of solute 

material present in the fruit, but also on their extraction kinetics.  For example, 

proanthocyanidins (tannins) are a class of phenolics whose composition in wine is difficult 

to predict based upon fruit measurements (Harbertson et al. 2002).   

The purpose of this study was to determine if a reproducible micro-scale fermentation 

technique could be used to produce wines from small viticultural and enology trials, and to 

determine if the resultant wines could be compared to commercially-produced wines. 
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MATERIALS AND METHODS 
Grapes.  Fermentations were conducted on Vitis vinifera L. cv. Pinot noir grapes from a 

commercial vineyard located in the Northern Willamette Valley (Willakenzie Estate, 

Oregon, USA).  Fruit from two vineyard blocks planted in 1996 with Pinot noir (clones 

Dijon 113 and 114) was hand-harvested and used for the research and commercial 

fermentations.  Fruit was harvested on September 25, 2006, and processed on the same 

day.  

Extraction of phenolics from fruit. Triplicate random 200-berry samples, collected 

from harvested fruit, were used for the extraction and analysis of phenolics.  Berries were 

kept at -80°C until extraction and analysis.  For extraction, seeds and skins were separated 

and rinsed with deionized water.  Skins and seeds were freeze dried, weighed, and placed 

intact in closed jars with ~1 mL/g of berry weight of 2:1 v/v acetone:water.  Before 

sealing, jars were sparged with nitrogen gas.  Extraction was carried out for 24 hours at 

4°C in the absence of light, on an orbital shaker.  The extract was filtered through a 

stainless steel colander and acetone was evaporated using a Rapid Vap N2 system 

(Labconco, Kansas City, USA) under reduced vacuum at room temperature.  The aqueous 

solution remaining was adjusted to a volume of 100 mL with water and placed at -80°C 

until analysis.  

Commercial winemaking. Fermentations took place at the Willakenzie Estate winery, 

Oregon, USA.  Grapes were divided equally into two 4.54 tonne open-top fermenters, 

destemmed (Delta E2, Vaslin Bucher, France), and blanketed with dry ice with 70 mg/kg 

sulfur dioxide added.  Fruit underwent a cold prefermentation skin contact time for four 

days prior to alcoholic fermentation, with a targeted temperature of 7.2°C.  Tanks were 
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inoculated separately with Enoferm BGY (Lallemand Inc, Canada) and Levuline BRG 

(Oenofrance, France), according to manufacture’s guidelines.  The pomace was 

mechanically punched down once a day during the prefermentation period and twice 

during alcoholic fermentation, with an additional pump-over daily during alcoholic 

fermentation.  Must and wine samples were collected every two days (except on day 4 of 

cold soak), following punch down and kept frozen until analyzed.  Tanks were pressed dry, 

at day 10 of alcoholic fermentation, using a bladder press (Seit 1918, Willmes, Germany), 

and a sample was collected. 

Micro-fermentor characteristics.  An effort was made to keep the fermentor design as 

simple as possible.  It consisted of a four liter jar with a Teflon-lined cap (Olshens Bottle 

Supply, Portland, OR, USA), a fermentation air-lock and a food grade plastic screen 

(Figure 5.1).  The cost per fermentation vessel was less than five U.S. dollars.  To prevent 

foam overflow the fermenters were not completely filled.  The plastic screen was 

successful in keeping the fermentation cap submerged.  

Micro-scale winemaking.  Ten fruit clusters were randomly collected from each of the 

harvest bins used for the commercial fermentations.  Grapes were kept at 5°C overnight.  

Fruit was destemmed by hand and divided uniformly into three fermenters.  Berries (3.5 

kg) were crushed using a hand-operated crusher (Mini 40x40, Marchisio S.P.A., Italy).  

The jars were blanketed with dry ice and sulfur dioxide was added at a rate of 70 mg/kg.  

Musts were inoculated with Lalvin EC1118 yeast (Lallemand Inc, Canada) after four days 

of cold prefermentation skin contact (7.2°C, dry ice added daily), following the 

manufacturer’s guidelines.  The fermentation temperature was maintained between 25 and 

30°C by adjusting the room temperature.  The fermentation cap was kept submerged with 
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the help of a food-grade, high-density plastic screen.  Must density and temperature were 

monitored daily (DMA 35N, Anton Paar, Austria) through the air-lock opening.  Must and 

wine were sampled every two days from the center of the fermentation vessels, through the 

air-lock opening using a 50 mL plastic syringe fitted with a 40cm polypropylene tube.  The 

samples were stored at -80°C until analyzed. 

Wines were pressed 14 days after inoculation. The press consisted of a 6000 mL 

Buchner funnel fitted with a #9 stopper and a 2000 mL Erlenmeyer filtration flask (VWR 

International, Buffalo Grove, IL, USA).  The pomace was poured into the funnel, covered 

with a .39 mil clear high-density food-grade plastic sheet (Pactiv, Lake Forest, IL, USA) 

and the sheet was secured with a rubber band around the Buchner funnel.  Each sample 

was pressed three times by applying a vacuum of 1.7 bar to the Erlenmeyer flask for 2 

minutes.  The pomace was stirred between pressings.  A 100 mL sample of the pressed 

wine was collected for the final wine analyses.  The pressed wine was then transferred to 2 

liter bottles 

Chemicals.  All solvents were of HPLC grade. Phloroglucinol, methanol, ascorbic acid, 

ammonium phosphate monobasic were purchased from J.T. Baker (Phillipsburg, NJ).  (+)-

catechin was purchased from Fluka (Buchs, Switzerland).  Caffeic acid was purchased 

from Sigma (St. Louis, MO).  Malvidin 3-glucoside chloride and quercetin were purchased 

from Extrasynthese (Lyon, France). Phosphoric acid was purchased from Fisher Scientific 

(Fair Lawn, NJ).  Hydrochloric acid, acetonitrile, and glacial acetic acid were purchased 

from E. M. Science (Gibbstown, NJ).  Sodium acetate anhydrous was acquired from 

Mallinckrodt (Phillipsburg, NJ).  The water used in all solutions was purified to HPLC 

grade using a Millipore Milli-Q water system (Bedford, MA).  
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Instrumentation.  A Hewlett-Packard model 1100 HPLC (Palo Alto, CA) consisting of 

an autosampler, quaternary pump, vacuum degasser, diode array detector, and column 

heater, coupled with HP Chemstation software was used for the chromatographic analysis. 

Analysis of low molecular weight phenolics. Monomeric phenolics were analyzed by 

reversed-phased HPLC as previously described (Lamuela-Raventós and Waterhouse 

1994).  Aqueous extracts and wines were filtered using Teflon filters (0.45 μm, Millex 

LCR13) before injection.  Identification of individual peaks were based on comparison of 

the retention times and UV-visible spectra with those of reference compounds and/or 

literature data.  Standards within each phenolic class studied were used.  The phenolic 

classes studied, along with their respective standard included: hydroxycinnamic acids, 

flavan-3-ol monomers, flavonols, stilbenes and anthocyanins expressed as mg caffeic acid 

equivalents/L (mg CAE/L), mg (+)-catechin equivalents/L (mg CE/L), mg quercetin 

equivalents/L (mg QE/L), mg trans-resveratrol equivalents/L (mg RE/L) and mg malvidin-

3-O-glucoside equivalents/L (mg ME/L), respectively.   

Proanthocyanidin Analysis. Quantification of total proanthocyanidin content and 

individual proanthocyanidins was determined by acid-catalyzed cleavage in the presence of 

phloroglucinol (phloroglucinolysis) as previously described (Kennedy and Jones 2001; 

Kennedy and Taylor 2003).  Three mL of aqueous skin extract and 2 mL of seed extract 

was freeze-dried and then dissolved respectively into 2 mL and 4 mL of methanol.  In must 

and wine samples, a volume of 24 to 6 mL (from the beginning to end of fermentation) 

was concentrated to evaporate all the ethanol present (centrivap concentrator, Labconco 

Corp., Kansas City, MO), and then applied to a 1g C18-SPE column (Alltech, Deerfield, 

IL), previously activated with 10 mL methanol followed by 15 mL water. After the sample 
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was applied, the column was washed with 15 mL water and eluted with 10 mL methanol. 

The methanolic sample was evaporated in the centrivap concentrator and reconstituted in 2 

mL methanol. 

The flavan-3-ol monomer content in the final wine was subtracted from the sum of 

extension and terminal proanthocyanidin subunits determined by phloroglucinolysis to 

provide an estimate of the total amount of proanthocyanidins extracted. This quantity was 

expressed in (+)-catechin equivalents. 

The proportion of seed and skin proanthocyanidin extracted into wine was calculated 

using a previously described method (Peyrot des Gachons and Kennedy 2003), comparing 

the wine results with the pooled average of the grape skin isolates. 

Spectral evaluation of wines. Wine color density, hue, and bisulfite resistant pigment 

were determined using the method described by Somers and Evans (Somers and Evans 

1977). 

Volatile acidity.  The volatile acid content was determined by cash still distillation, and 

expressed in g/L of acetic acid. 

Statistical Analyses.  Statistical analyses were performed using JMP (version 6.0, SAS 

Institute, Cary, NC, US), using Standard Least Squares procedure for unbalanced data.   

Means were separated with LSD Student’s t test.  The coefficient of variation (CV) was 

calculated as the relative percentage of the standard deviation (Microsoft® Excel 2003, 

Microsoft Corp.). 
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RESULTS AND DISCUSSION 

Fermentation progress.  Temperature of micro-fermentations closely followed ambient 

temperature (+ 0.5oC, Figure 5.2).  An effort was made to adjust the temperature to the 

winemaker’s criteria, but this was not achieved in the commercial tanks during the cold 

soak period, reflecting the difficulty that is to effectively control the temperature of the 

large fermentation volumes.  

Although different yeasts were used between the two fermentation types, the rates of 

sugar depletion for the two fermentation types were very similar (Figure 5.3). Different 

yeasts were used only due to a last minute decision by the winemaker to change yeast 

strains in the commercial lots.  By day 6, the micro-fermentations were considered 

complete.  This is consistent with findings from previous research relating temperature 

with fermentation rate (Ough 1964; Bely et al. 1990). 

Phenolic extraction during fermentation.  The concentration of total flavan-3-ols 

(proanthocyanidin and monomers) during the course of cold soak and fermentation 

differed between the commercial and the micro-fermentations (Figure 5.4).  By day 2 of 

cold soak, the commercial wines already had higher phenolic amounts than those in the 

micro-scale fermenters.  These differences continued and substantially increased through 

fermentation.  If the wines from the small scale fermenters had been pressed on day 8, they 

would potentially have only half the concentration of commercial fermentation flavan-3-

ols.  Extending maceration by four days clearly reduced these differences. 

The phloroglucinolysis analysis also provided information on the relative proportion of 

skin and seed proanthocyanidins extracted into wine and gave an insight into why these 

differences occurred.  Peak extraction of skin proanthocyanidins in research wines was 
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delayed six days when compared with commercial wines (data not shown). However, the 

maximum amount that was extracted was similar between the two winemaking methods 

(Figure 5.5a).  This trend closely tracked the accumulation of total red pigments (Figure 

5.5b).  A change in both parameters was consistent with the substantial increase in 

extraction of phenolic material derived from the skins in the research wines during the final 

stage of fermentation.  This possibly indicates that there was significant cell breakage due 

to the extended maceration.  The biggest difference observed in the extraction dynamics 

between ferments was in the diffusion of phenolic material from the seeds (Figure 5.5c).  

Substantial extraction of flavan-3-ols from seeds started after day 4 in the commercial-

scale ferments (coinciding with the final stages of fermentation), but four days later on the 

research wines.  Even with the extended maceration in the research wines, these wines still 

had less phenolic material derived from the seeds than the commercial wines.  

The extraction of phenolic material from the grape into the wine is essentially a diffusion 

process. The rate and extent of extraction is influenced by the concentration of these 

compounds within the berry, cellular integrity, length of maceration, and processing 

technique.  Mechanical punch-down facilitated the extraction, as it ensured a more 

thorough mixing of the pomace, maintaining a high gradient of concentration from the 

grape solid tissues to the liquid phase.  In the case of a submerged cap the only process that 

assists diffusion is the production of CO2.  Punch downs also contribute to the physical 

breakage of cells and release of seeds from inside the berry, making them more accessible 

for extraction.  Very few seeds were seen in the micro-fermenters indicating that there was 

less physical berry disruption than in the commercial ferments.  Therefore, seeds were not 

as accessible for extraction into the liquid phase. After day 8 of fermentation in the micro-
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fermentation, berry degradation began to occur as evinced by the dramatic increase in seed 

proanthocyanidins.  

Phenolic profile of the final wines.  Flavonol levels were slightly lower in the 

commercials wines, but no differences in the concentration of hydroxycinnamic acids, 

gallic acid, and stilbenes were found between the micro- and commercial ferments (Figure 

5.6).  The concentration of flavan-3-ol monomers was higher in the commercial wines, 

corroborating that a higher seed extraction occurred in the commercial wines as indicated 

by phloroglucinolysis (Table 5.1).  As expected, the relative ratio of (+)-catechin (C) and 

(-)-epicatechin (EC) was not affected by the winemaking procedure. 

Commercial wines had lower total anthocyanin content than did the micro-lot wines 

(Table 5.1).  It is possible that a higher incorporation of anthocyanins into polymeric 

species occurred in these wines, as a result of the increased oxygen availability in the 

commercial tanks.  Oxygen and its oxidation products were shown to participate in 

polymerization reactions of anthocyanins and other polyphenols (Mirabel et al. 1999; 

Boulton 2001; Dallas et al. 2003; Zimman and Waterhouse 2004). 

As determined by phloroglucinolysis, the final total proanthocyanidin content was ~19% 

lower in the research than in commercial wines, without differences in mean degree of 

polymerization (Table 5.2).  The difference between wines in extension and terminal 

proanthocyanidin subunit molar proportions reinforces the observation that higher seed 

extraction occurred in the commercial wines.  Higher proportions of EC and (-)-

epicatechin-3-O-gallate (ECG) as extension subunits, and lower proportions of C as 

terminal subunit were found in these wines, a typical pattern of seed-tissue derived 

proanthocyanidin (Table 5.2).  Skin proanthocyanidin proportion was ~10% higher in the 
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micro-scale wines than in the commercial wines, with no difference in total amount (Table 

5.3).  However, the concentration of seed proanthocyanidin was reduced in the micro-scale 

wines.  

The wines produced in the micro-fermenters had increased color intensity (ABS 

520+420 nm) without a change in hue (ABS 420/520 nm) when compared to commercial 

ferments (Table 5.4).  Oxidation of phenolic compounds results in browning, increasing 

the hue values (Singleton 1987; Cheynier et al. 1990; Castellari et al. 1998).  One would 

expect higher hue values in the research wines if the fermentations were not protected 

against oxygen ingress, as CO2 production in a small volume may fail to conserve a 

relative anaerobic atmosphere.  The hue values reported in this study are lower than found 

in other studies on Pinot noir wines (Mazza et al. 1999; Reynolds et al. 2005), confirming 

that our method was effective at minimizing oxidation.  Protection against oxidation and 

spoilage was also confirmed by the lower amount of volatile acidity present in the research 

wines (Table 5.4).   

Commercial ferments had lower concentrations of bisulfite resistant pigment, that was 

unexpected (Table 5.4).  However in a recent review, Cheynier et al. (Cheynier et al. 

2006) indicated that some polymeric pigments can undergo sulfite bleaching and 

anthocyanin reactions can also generate colorless species.  Extended maceration of the 

research wines in the present study may have contributed to the differences in bisulfite 

resistant pigment concentrations. 

Method potential.  In viticultural and enology research the use of large volume 

fermentations is usually not feasible, mostly due to limitations in fruit production, 

facilities, equipment and cost.  Knowing that wine grapes have a tendency to be highly 
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variable within clusters, vines and vineyards (Rankine et al. 1962; Bramley and Hamilton 

2004; Bramley 2005; Cortell et al. 2005; Tarter and Keuter 2005), larger vineyard trials 

will most likely result in higher variability among replicates.  Large-scale ferments are also 

difficult to manage and control, as seen in this study with temperature.  This can result in 

confounding errors and inconsistent research findings. 

Differential extraction of skin and seed phenolic components presents an impediment 

when trying to predict wine composition based upon fruit analysis.  Several authors have 

attempted to develop methods of berry extraction that would mimic a wine fermentation 

(Singleton and Draper 1964; González-Manzano et al. 2004; Canals et al. 2005; Sun et al. 

2006).  These methods usually involve a model wine system, varying in alcohol 

concentration and pH.  Although good results are commonly reported they still present 

many drawbacks: fruit composition is not taken into account; reproducibility of the method 

is often low; and the extraction solution only simulates extraction during the last part of 

fermentation.   

The method presented here avoids these problems, and is a better option when trying to 

evaluate the impact of viticultural practices on wine composition.  Being able to precisely 

duplicate, a large volume “typical” commercial red wine fermentation at a micro-scale 

level might never be possible, as winemakers have the means to determine the final wine 

composition in a multiplicity of ways.  Nonetheless, the technique described here has 

potential for experimental comparative purposes. 

Variability across fermentation replicates was low, demonstrating good reproducibility.  

The coefficient of variation (CV) across the micro-fermentor replicates was always lower 

than 0.5% for must density and temperature monitoring during fermentation, while for 
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low-molecular weight phenolic compounds an average CV of 2% was found (data not 

shown).  Proanthocyanidin analysis and spectral evaluation of the final wines revealed that 

the variability was 1.5-2.5% of the mean among replicates.  This variance was much lower 

than the variability found among the commercial tanks, which was relatively low (around 

5-9% for most parameters measured), given the homogeneity of the vineyard blocks used.  

Although this technique did not achieve the same extraction profile during the course of 

fermentation, particularly in terms of seed derived phenolic material, some remedies are 

possible.  It appears that the technique would require a higher fermentation temperature to 

duplicate the dynamics of extraction that occur in the cap of larger volume fermentations.  

Also, since seed extraction becomes more important when ethanol is present, a longer 

maceration would probably have increased the total amount of tannin and the proportion of 

proanthocyanidins derived from the seeds (Peyrot des Gachons and Kennedy 2003; Canals 

et al. 2005).  Although the micro-scale method could be easily modified to accommodate a 

different cap management (such as punch-down for example) while still maintaining an 

anaerobic environment, this option was not pursued, as it would have created another 

variable difficult to control, with the potential to increase variability among replicates.  The 

goal of this study was to develop a simple and cost-effective technique that could be easily 

reproduced over time and by other research groups around the world.  This would allow 

for comparison of research results without dealing with artifacts created by different 

winemaking strategies.  The use of micro-scale fermentations could allow researchers to 

investigate a much wider range of treatments that could not be accommodated with larger 

fermentations.   
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The technique was already successfully used to produce wines from a large rootstock 

trial, where only small amounts of fruit for each rootstock were available, yielding enough 

wine for sensory testing (Sampaio et al. 2006).   

 

CONCLUSIONS 
We have developed a micro-scale red wine fermentation technique that is highly 

reproducible.  Spectral evaluation of the young wines indicated that the method was 

effective in preventing oxidation and microbial spoilage.  The wine industry frequently 

requests that the impact of viticultural practices needs to be evaluated for effects not only 

on fruit composition, but increasingly for effects on wine composition.  By cost effectively 

and reproducibly controlling many of the variables that ultimately determine a wine’s 

composition, the research outcomes from this method could be applied in other studies. 
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TABLES. 
Table 5.1.  Final Wine Concentration of Flavan-3-ol Monomers and Anthocyanins as Determined by Reversed-Phase HPLC. 

  Flavan-3-ols  Anthocyanins 

 Total C EC  Total Trihydroxylatedc Dihydroxylatedd

 (mg/L CEa) (%) (%)  (mg/L ME)b (%) (%) 

Micro-scale 153.1 b* 60.1 a 39.9 a  363.6 a 91.6 b 8.4 a 

Commercial 201.3 a 61.1 a 38.9 a  291.8 b 92.9 a 7.1 b 

              

p-value 0.0146 0.086 0.0852  <0.0001 0.0048 0.0042 

a (+)-catechin equivalents, with the following abbreviations: C, (+)-catechin; EC, (-)-epicatechin 
b malvidin 3-O-glucoside equivalents, 
c sum of delphinidin-, petunidin- and malvidin-3-O-glucoside; 
dsum of cyanidin-and peonidin-3-O-glucoside 
*Means followed by the same letter are not significantly different (LSD, at the 5% level). 
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 Total proanthocyanidin mDPa Extension subunit molar proportionb  Terminal subunit molar proportionb

 (mg/L)  C% EC% ECG% EGC%  C% EC % 

Micro-scale 461.3 b* 7.6a 10.1a 71.9b 4.3b 13.6a  87.9a 12.1b 

Commercial 547.4 a 7.4a 9.2a 74.7a 5.6a 10.6b  82.3b 17.5a 

           

p-value 0.019 0.3349 0.1285 0.003 0.0181 0.0084  0.0392 0.0421 
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Table 5.2.  Total Proanthocyanidin Concentration and Composition Analysis of Final Wines as Determined by Phloroglucinolysis. 

a Mean degree of polymerization 
b Molar proportion, with the following abbreviations: C, (+)-catechin; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-O-gallate; EGC, (-)-
epigallocatechin 
*Means followed by the same letter are not significantly different (LSD, at the 5% level). 
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Table 5.3.  Extraction of Skin and Seed Proanthocyanidin into Wine as Determined by 
Phloroglucinolysis. 

 Skin extraction Skin proanthocyanidin Seed proanthocyanidin

 (%) (mg/L) (mg/L) 

Micro-scale 52.3 a* 241.1 a 220.2 b 

Commercial 41.7 b 229.1 a 315.1 a 

       

p-value 0.0121 0.1783 0.0184 

*Means followed by the same letter are not significantly different (LSD, at the 5% level). 

 

Table 5.4.  Final Wine Spectral Analysis and Volatile Acidity. 

 Color intensity Color hue 

Bisulfite resistant  

pigment 

Volatile 

acidity 

 (ABS 420+520 nm) (ABS420/ABS520) (a.u.) (g/L) 

Micro-scale 5.38 a* 0.52 a 0.54 a 0.22 b 

Commercial 4.90 b 0.50 a 0.46 b 0.33 a 

       

p-value 0.0112 0.2715 0.0007 0.0486 

*Means followed by the same letter are not significantly different (LSD, at the 5% level). 
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FIGURES. 

 

Figure 5.1.  Design of the optimized fermentation vessel. 
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Figure 5.2.  Temperature dynamics of research and commercial ferments.  Error bars are 
± SE.  C1-C4 represent the cold soak period.  



149 

 

Day of fermentation

0 C1 C2 C3 C4 1 2 3 4 5 6 7 8 9 10 11 12

Sp
ec

ifi
c 

gr
av

ity

0.980

1.000

1.020

1.040

1.060

1.080

1.100

1.120

Micro-scale 
 Commercial 

 

Figure 5.3.  Fermentation progress of research and commercial ferments, as accessed by 
specific gravity.  Error bars are ± SE.  C1-C4 represent the cold soak period.  
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Figure 5.4.  Total proanthocyanidin accumulation of research and commercial ferments, 
as determined by phloroglucinolysis.  Flavan-3-ol monomers were not subtracted from 
the total proanthocyanidin content.  Error bars are ± SE.  C2 and C4 represent the cold 
soak period.  
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Figure 5.5.  Change in skin proanthocyanidin concentration (a), total red pigments (b) 
and seed proanthocyanidin concentration (c) of research and commercial ferments.  
Flavan-3-ol monomers were not subtracted from the total proanthocyanidin content.  
Error bars are ± SE.  C2 and C4 represent the cold soak period.  
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Figure 5.6.  Final wine concentration of gallic acid, hydroxycinnamic acids (caffeic acid 
equivalents), flavonols (quercetin equivalents) and stilbenes (trans-resveratrol 
equivalents), as determined by reverse-phase HPLC.  Error bars are ± SE. 
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ABSTRACT 

Rootstocks have been used to overcome pests, site environmental constraints, and to 

control plant size.  Little is known on their effect on vine physiology and there are no 

reports on their impact on fruit and wine phenolic composition.  The purpose of this study 

was to provide a better understanding of the role that rootstocks have in determining fruit 

and wine chemistry.  A rootstock trial was established at Oregon State University’s 

research vineyard in 1997, in a completely randomized block design.  Between 2002 and 

2005, the performance of Vitis vinifera L. cv. Pinot noir grafted to 19 different rootstocks 

and as ungrafted vines, was evaluated on plant growth, leaf gas-exchange, water status, 

yield components and fruit composition of the scion.  Wines were made in 2005.  Skin 

proanthocyanidin (PA) content was independent of the vigor imposed by the different 

rootstocks.  During three consecutive seasons, skin PA (mg/berry) was highest for 

125AA, 1616C, and 420A, while 161-49C, Schwarzmann, 3309C and Riparia Gloire had 

the lowest PA content.  Rootstocks SO4, 8B, 420A, and 140Ru had higher anthocyanins.  

Differences in berry weight were not related to the concentration of skin tannin or total 

anthocyanin (mg/kg fruit) found.  Wine phenolic profile did not entirely reflect fruit 

composition.  Great differences were found in the extraction of skin compounds into wine 

as a function of rootstock.  The proportion of skin PA present in the fruit that was 

extracted into wine, increased by pre-harvest drought stress and with the ripeness stage.  

Our results suggest that changes in fruit composition are not merely the result of the crop 

size and vigor conferred by the rootstock but there is actually a direct effect of the 

rootstock on fruit and wine chemistry. 
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INTRODUCTION 
Phenolic compounds are key red wine components as they contribute to sensory 

characteristics, particularly color, astringency, and bitterness; they are also involved in 

biochemical and pharmacological effects, including antimicrobial, anticarcinogenic, and 

antioxidant properties (Burns et al. 2000; El-Alfy et al. 2005; Nakagawa et al. 2005; 

Puupponen-Pimia et al. 2005; Sharma and Katiyar 2006).  

The amount and chemical characteristics of proanthocyanidins present in wine are 

generally believed to affect their sensory properties.  Monomers are more bitter than 

astringent, but an increase in molecular weight by condensation of monomers enhances 

astringency versus bitterness (Peleg et al. 1999; Brossaud et al. 2001).  Vidal et al. (2003) 

showed that a “rougher” sensation was correlated to an increase in the degree of 

galloyation.  The presence of epigallocatechin units tended to lower the “coarse” 

perception.  The anthocyanidin glycosides (anthocyanins) responsible for the red color of 

grapes and wine are typically the second most abundant class of phenolics in red grape 

berries (Souquet et al. 1996; Jordão et al. 1998; Mazza et al. 1999). 

The primary use of rootstocks in viticulture is for pest resistance (Omer et al. 1999; 

McKenry et al. 2004; Pinkerton et al. 2005).  However, rootstocks also influence 

vegetative growth, yield, fruit composition, and wine quality.  A considerable amount of 

research has been devoted to determine the impact of rootstocks on several scion varieties 
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around the world.  The effect of rootstocks on scion grape composition is controversial, 

particularly with red cultivars.  Much of these trials offer conflicting information, 

depending on the scion cultivar used and the environmental conditions of the 

experimental region.  Very few studies determined the impact of rootstocks on 

anthocyanin composition.  Most surprising is the lack of knowledge on the tannin profiles 

of fruit coming from different rootstocks.   

When comparing wines made from 10 different varieties grafted to Rupestris St. 

George and 99R rootstocks, Ough et al. (1968b) found that the more vigorous rootstock 

(St. George) yielded fruit with higher tannin levels.  However, in wines, no 

differentiation in color and tannin levels between these two rootstocks was found (Ough 

et al. 1968a).  Kubota et al. (1993) found in table grapes that the rootstock 8B induced 

fruit with higher levels of soluble solids, amino acids and skin anthocyanins.  It was also 

found that vines grafted to 101-14 Mgt and 3309C presented the lowest levels of skin 

anthocyanins; 5C, SO4 and 420A had intermediate performance.  Wines made from 

Cabernet Sauvignon vines grafted on Schwarzmann and 5C rootstocks showed similar 

color and phenolic concentration as ungrafted controls.  They also presented the best 

flavor and aroma quality on sensory evaluation after two years of bottling, while wines 

from Cabernet Sauvignon grafted on Ramsey and 110R scored poorly (Gawel et al. 

2000). 

The purpose of this study was to provide a better understanding of the role that 

rootstocks have in determining fruit and wine chemistry.  A rootstock study was 

established at Oregon State University’s research vineyard in 1997.  Pinot noir was 

grafted onto 19 different rootstocks and compared to ungrafted vines. 
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MATERIALS AND METHODS 
Experimental design.  A rootstock trial was established in 1997 at the OSU Woodhall 

Research Vineyard, located in southern Willamette Valley.  The vineyard is located on a 

15° south-facing slope with vine rows north-south. This planting was established on silty 

clay loam soils (Bellpine and Willakenzie series) with a pH of 6.1, on a 1.2 x 2.1 m 

spacing using a randomized complete block design with five blocks. Certified vines used 

in the plots were supplied by a commercial nursery (Vinifera, Inc., Woodburn, OR).  

Rootstocks (Figure 6.1) were grafted with Pinot noir clone FPS 2A scion.  Self-rooted 

Pinot noir FPS 2A vines served as a control in the experiment. Each block contained five 

vines per plot for each rootstock treatment.   

Viticultural Practices.  Vines were trained using a double-Guyot system with the 

training wire set at 0.8 m aboveground.  Vines were balance pruned to 30 buds per kg of 

pruning wood.  Shoots were thinned to one per bud at the 5-leaf stage. Hedging was done 

at 2.5 m aboveground in mid-July each year. Vines did not receive any supplemental 

irrigation.  Yield was limited to 2 kg per vine in 2004 and 2005, by fruit thinning at lag 

phase.  Moderate leaf thinning was also performed.  

Plant size and leaf area.  Vine vigor was assessed by recording the pruning weights of 

the one year old wood removed.  Exposed leaf area was estimated using digital 

photography (Chapter 3).  

Leaf gas-exchange.  Photosynthesis (A), transpiration (E) and stomatal conductance 

(gs) in attached leaves was measured with a portable IRGA model CIRAS-1 (PP Systems 

plc, Hitchin, Herts., UK).  Midday stem water potential (ψstem) was measured on the same 

day as gas-exchange measurements between 13:00-15:00h with a pressure bomb (PMS 
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Instrument Co., Albany, OR, USA) on fully expanded leaves positioned near the trunk.  

For details see Chapter 3. 

Yield and fruit composition.  The fruit of each replicate was harvested separately at 

maturity.  Five clusters were then randomly sub-sampled and frozen at -80°C and used to 

determine mean berry weight and cluster length.  A sub-sample of 25 clusters per 

experimental unit was crushed at harvest and the juice used to measure soluble solids, pH 

and titratable acidity.  Analysis was performed as described by Vasconcelos and 

Castagnoli (2000).  The Ravaz index (a crop load index) was determined as the ratio of 

fruit yield to pruning weight removed.  A random 100 berry sample, collected from 

harvested fruit, was used for the extraction of phenolics (Chapter 4). 

Winemaking.  In 2005, small scale wine lots were produced as described in Chapter 

5.  Room temperature was maintained at 30°C. Sulfur dioxide was added at a rate of 50 

mg/kg and inoculation with Lalvin BRL97 yeast was done 14 hours later according to the 

manufacturer’s guidelines.  All wine analyses were conducted on samples taken after 

pressing. 

Chemicals.  All solvents were of HPLC grade. Phloroglucinol, methanol, ascorbic 

acid, ammonium phosphate monobasic were purchased from J.T. Baker (Phillipsburg, 

NJ).  (+)-catechin was purchased from Fluka (Buchs, Switzerland).  Caffeic acid was 

purchased from Sigma (St. Louis, MO).  Malvidin 3-glucoside chloride and quercetin 

were purchased from Extrasynthese (Lyon, France).  Phosphoric acid was purchased 

from Fisher Scientific (Fair Lawn, NJ).  Hydrochloric acid, acetonitrile, and glacial acetic 

acid were purchased from E. M. Science (Gibbstown, NJ).  Sodium acetate anhydrous 



159 

 

was acquired from Mallinckrodt (Phillipsburg, NJ).  The water used in all solutions was 

purified to HPLC grade using a Millipore Milli-Q water system (Bedford, MA).  

Instrumentation.  A Hewlett-Packard model 1050 HPLC (Palo Alto, CA) consisting 

of an autosampler, quaternary pump, diode array detector, and column heater, coupled 

with HP Chemstation software was used for chromatographic analysis. 

Analysis of low molecular weight phenolics. Monomeric phenolic material was 

analyzed by reversed-phased HPLC as previously described (Lamuela-Raventós and 

Waterhouse 1994).  Aqueous extracts and wines were filtered using Teflon filters (0.45 

μm, Millex LCR13) before injection.  Identification of individual peaks was based on 

comparison of the retention times and UV-visible spectra with those of reference 

compounds and/or literature data.  Standards within each phenolic class studied were 

used.  The phenolic classes studied, along with their respective standard, included: 

hydroxycinnamic acids, flavan-3-ol monomers, flavonols, stilbenes and anthocyanins 

expressed as mg caffeic acid equivalents/L (mg CAE/L), mg (+)-catechin equivalents/L 

(mg CE/L), mg quercetin equivalents/L (mg QE/L), mg trans-resveratrol equivalents/L 

(mg RE/L) and mg malvidin-3-O-glucoside equivalents/L (mg ME/L), respectively.   

Proanthocyanidin Analysis. Quantification of total proanthocyanidin content and 

individual proanthocyanidins was determined by acid-catalyzed cleavage in the presence 

of phloroglucinol (phloroglucinolysis) as previously described (Kennedy and Jones 2001; 

Kennedy and Taylor 2003).  Three mL of aqueous skin extract was freeze-dried and then 

dissolved in 2 mL of methanol.  In wine samples, 8 mL wine was freeze-dried, dissolved 

in 6 mL water, and then applied to a 1g C18-SPE column (Alltech, Deerfield, IL), 

previously activated with 10 mL methanol followed by 15 mL water.  After the sample 
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was applied, the column was washed with 15 mL water and eluted with 10 mL methanol. 

The methanolic sample was evaporated in a RapidVap N2 evaporation system (Labconco, 

Kansas City, USA) and reconstituted into 2 mL methanol. 

The flavan-3-ol monomer concentration in wine was subtracted from the sum of 

extension and terminal proanthocyanidin subunits determined by phloroglucinolysis to 

provide an estimate of the total amount of proanthocyanidins extracted. This quantity was 

expressed in (+)-catechin equivalents. 

The proportion of seed and skin proanthocyanidin extracted into wine was calculated 

using a previously described method (Peyrot des Gachons and Kennedy 2003), by 

comparing the wine results with the pooled average of each rootstock grape skin isolate. 

Spectral evaluation of wines. Wine color density, hue, and bisulfite resistant pigment 

were determined using the method described by Somers and Evans (1977). 

Weather information.  Climatic data for the months of June, July, August and 

September was taken from the Oregon State University Hyslop weather station, available 

online at www.ocs.oregonstate.edu/index.html. 

Statistical Analyses.  Statistical analyses were performed using JMP (version 6.0, SAS 

Institute, Cary, NC, US) using Standard Least Squares procedure for repeated measures 

in mixed models.  When rootstock x year interactions were present, data was analyzed 

separately by year.  Means were separated with LSD Student’s t test.  PCA analysis and 

PLS regression were performed using The Unscrambler© statistical package (version 9.6, 

CAMO Software AS, Norway).  
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RESULTS 
Canopy size, water relations and gas-exchange.  Rootstocks were found to 

dramatically affect plant size.  On average, Pinot noir grafted to rootstocks 125AA, 

1103P, and 140Ru more than tripled the amount of wood removed during pruning when 

compared to Riparia Gloire (Table 6.1).  Other high vigor rootstocks in this trial were 

1616C, 161-49C, 420A and 99R.  In addition to Riparia Gloire, canopy size was also 

strongly reduced for vines grafted to Schwarzmann, Boerner, 44-53M and 3309C.  

During the 2005 season, canopy architecture was assessed by digital photography.  As 

expected, lower vigor rootstocks had a much higher percentage of gaps in the canopy 

(Figure 6.2).  In the case of vines grafted to Riparia Gloire, only 50% of the trellis space 

was filled with vegetation.   

Stem water potential (ψstem) measured at midday did not entirely reflect the vigor 

imparted by the rootstock (Table 6.1).  Water potential was lower for vines grafted to 

101-14 and Riparia Gloire, while 1103P and 420A had the least negative water 

potentials.  Figure 6.3 shows the relative distribution of ψstem in relation to the canopy 

size as estimated by the pruning weight.  The four quadrants seem to distinguish different 

drought avoidance strategies. Rootstocks in quadrant 1 seem to avoid drought by 

restricting canopy size.  Rootstocks in quadrant 2, despite the large canopies, are able to 

maintain vine water status at non-stressing levels.  Rootstocks in quadrant 3 are able to 

produce vigorous growth early in the season, but in the presence of an increasing water 

deficit, are unable to cope with the increased evaporative demand, thereby reaching fairly 

low water potentials.  Rootstocks and ungrafted vines in quadrant 4 produce small 

canopies and appear to either be sensitive to drought or present a lower stress threshold. 
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Leaf gas-exchange of the scion was not directly associated with vigor imposed by the 

rootstock.  Although there was a tendency for vines grafted to higher vigor rootstocks to 

have increased rates of E, gs and A, this was not always the case (Table 6.2).  As an 

example, the rootstock 5BB, which in this trial was ranked as moderate vigor, imposed 

the highest rates of E, gs and A.  Also, Riparia Gloire and 101-14Mgt, two very 

contrasting rootstocks in terms of vigor, had the lowest rates of photosynthesis.  Most of 

the variance encountered in leaf gas-exchange rates was due to the water status of the 

vines imposed by the different rootstocks.  Stem water potential was closely related to gs 

(R2=0.632; p<0.001), and even more so to A (R2=0.730; p<0.001).  Intrinsic water use 

efficiency was highest for 1616C and lowest for 1103P, two vigorous rootstocks. 

Yield components and crop load.  Total yield per vine was significantly affected by 

rootstock, closely reflecting vegetative growth, although the response varied slightly over 

the years.  Riparia Gloire, which imparted the lowest vegetative growth, also reduced 

fruit production (Table 6.3).  Yields of ungrafted vines, and those grafted to 44-53M, 

Boerner, 3309C and 110R, were also below average.  Total fruit production was 

stimulated with grafting to 125AA and 1103P consistently over the years.  The difference 

in yield across rootstocks was particularly large in 2003, when no crop adjustment was 

made (greater than 6-fold).  In 2004 and 2005, yield was limited to a maximum of 2 kg 

per vine, as standard commercial practice.  Even within this range, there was still a 3-fold 

difference in yield.  Differences in yield resulted from the rootstock’s impact in vine size, 

bud fruitfullness, berry number per cluster (data not shown) and to a lesser extent, berry 

weight.  Most of the variability in yield was explained by differences imposed by the 

rootstocks in the number of clusters per vine (R2>0.80, p<0.001). 
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Rootstock response in berry weight, cluster length and compactness was not affected 

by the different seasons; the overall impact was relatively small (Table 6.4).  Variation in 

berry weight across rootstocks was lower than 22%.  This is minor compared to the 

variation in yield (average of 264% over the years).  There was not a clear association of 

berry weight with vine vigor.  Rootstocks 161-49C, 420A and 5C (all medium-high 

vigor) always had the smallest berries, as did Riparia Gloire, 44-53M and 3309C.  Berry 

size tended to increase in vines grafted to 125AA, 1103P and 140Ru.  Cluster length was 

also increased for these rootstocks.  Ungrafted vines and those grafted to 420A, 5C and 

5BB had more compact clusters.  An opposite response was seen with Riparia Gloire and 

SO4.  There was a positive relationship between berry weight and stem water potential 

imposed by the rootstock (R2=0.570, p<0.0001).  An increase in the number of berries 

per cluster, and the total yield that each vine carried, also contributed to a reduction in 

berry size. 

In 2003, weather conditions at bloom favored fruit-set, as seen by the higher number of 

seeds per berry (Table 6.5) and berries per cluster (data not shown).  During this year, 

higher seed counts per berry were seen in Gravesac, Schwarzmann and 5BB.  Vines 

grafted to Gravesac also had higher seed counts during the 2004-2005, as did 140Ru and 

ungrafted vines, when fruit-set was relatively low (Table 6.6).  Individual seed weight 

only varied slightly across rootstocks.  Large differences in seed moisture were only seen 

in 2003, when seed moisture increased with yield (R2=0.582, p<0.0001).  Also in 2003, 

the ratio of dry skin mass relative to whole-berry fresh mass decreased with increases in 

yield (R2=0.650, p<0.0001).  Between 2004 and 2005, when yield was controlled, these 

relationships were no longer significant.   
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Crop load, as estimated by the Ravaz index, varied considerably across the seasons 

(Table 6.7).  Crop load was substantially lower in 2004 and 2005 than in 2002 and 2003, 

as a result of fruit thinning in the later years, as well as weather conditions.  Rootstock 

response was affected by the season and viticultural practices.  When crop was adjusted, 

no significant differences in Ravaz index were found across the rootstocks.  During the 

2002 season, scions grafted to 44-53M, 3309C and Riparia Gloire had the highest crop 

loads.  However, in 2003 Riparia Gloire had the lowest crop load.  In the same year, crop 

load was the highest for vines grafted to 5BB, 1103P, 8B and 125AA.   

Crop load was also calculated as the ratio of exposed leaf area available per unit of 

fruit.  No significant differences were found in 2002 (Table 6.8).  In the following 

seasons however, there was a tendency for a higher ratio of exposed leaf surface per 

amount of fruit in the lower vigor rootstocks.  This was particularly exacerbated for 

rootstock Riparia Gloire across the seasons, and in 2005 for vines grafted to 8B.  The 

much smaller crop produced by these rootstocks, and a reduced canopy with lower leaf 

overlapping, were possibly the main factors explaining the higher ratios of leaf to fruit.  

The exception among the lower vigor rootstocks was 3309C, which consistently had 

bellow average leaf to fruit ratios. 

Fruit composition.  Sugar accumulation in the fruit was only noticeably affected by 

the different rootstocks in the 2003 season when larger yield differences were seen 

(Table 6.9).  In the other seasons, the range of variance was in average, smaller than 1.5° 

Brix.  In general, total soluble solids were reduced in 1616C, 1103P and 125AA and 

increased in Schwarzmann, 44-53M and 110R.  Riparia Gloire and Boerner also had a 

tendency to induce above average sugar concentrations.  Ungrafted vines, and those 
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grafted to 101-14 and 140Ru that had the highest sugar concentrations in 2002, did not 

maintain that trend in the following seasons.  However, from the high vigor group of 

rootstocks, 140Ru was the one who showed a tendency to induce increased soluble solids.   

The ratio of leaf area to fruit was better correlated with sugar accumulation in the fruit 

than the Ravaz index, proving to be a valuable indicator of crop load.  Figure 6.4 depicts 

the relationship between the ratio of exposed leaf area to fruit and juice soluble solids for 

all rootstock used in this trial.  The ratio of leaf area to fruit could explain 51.1% of the 

variability in soluble solids across the four seasons (p<0.0001).  This relationship 

saturated at ~12cm2 of exposed leaf area per g of fruit.  After this threshold is reached, 

increases in the ratio of exposed leaf area to fruit did not contribute to increases in sugar 

concentration in the fruit. 

The impact of rootstock in juice titratable acidity (TA) and pH, paralleled the 

vegetative growth induced by the rootstock, as indicated by the pruning weight.  This 

association was not seen in 2002.  In general, rootstocks that induced higher vigor to the 

scion had higher juice titratable acidity and lower pH, namely 125AA, 1103P and 1616C 

(Tables 6.10 and 6.11).  Vines grafted to 5BB, which ranked in the medium vigor range, 

also had high levels of TA.  Rootstock response in juice pH was fairly small and was 

mostly associated with juice titratable acidity.   

Skin composition.  Skin proanthocyanidin (PA) and anthocyanin concentration and 

composition were assessed between 2003 and 2005.  Yield management had a clear effect 

in rootstock response, as two distinct periods were differentiated: 2003 and 2004-2005, 

for most parameters measured.  However, rootstock impact in skin PA and anthocyanin 

concentration per berry changed every year. 
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Total skin proanthocyanidin content per berry, was consistently higher in vines grafted 

to 1616C, 125AA and 420A (Table 6.12).  An opposite response was seen with Riparia 

Gloire and 3309C.  In 2003, skin PA content was significantly lower for 5C and Boerner.  

Vines grafted to Boerner maintained this tendency across the years, but in 2004, 5C had 

one of highest tannin concentrations.  On average, there was a near 2-fold difference in 

skin PA content across rootstocks with the largest difference seen during the 2003 season.  

Rootstocks that varied the least over the years were 1616C, 110R, 3309C and 161-49C 

(Table 6.12).  Higher variation was seen with 5C, 99R and 5BB.   

Total anthocyanin content also varied considerably over the years and different 

rootstocks.  There were no clear trends in rootstock response (Table 6.13).  Vines grafted 

to SO4 had a tendency to produce fruit with higher pigment amounts.  Rootstocks 8B, 

420A and 140Ru also had above average anthocyanin concentration over the years.  

Boerner induced higher concentrations in 2004, but in the remaining seasons these vines 

had generally bellow average amounts.  A tendency for lower anthocyanin concentrations 

was seen in the lower vigor rootstocks 44-53M, 3309C and Riparia Gloire.  The high 

vigor rootstock 1103P showed this same tendency, as ungrafted vines did.  A more stable 

response over the different seasons was seen with 8B, 110R, 140Ru and Riparia Gloire.  

Rootstocks 1103P, 99R and Boerner generally had higher variation. 

No relationship across all the rootstocks was found between PA and anthocyanin 

levels.  As an example, rootstock 1616C which induced with highest amounts of skin 

PAs, generally had low amounts of anthocyanins.  Nevertheless, a positive relationship 

between tannin and anthocyanin levels was seen across the different seasons. This 

suggests that climatic conditions play an important role in both variables.  Monthly 
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weather conditions between June and September (roughly corresponding to pre-bloom to 

harvest) were analyzed with the help of Principal Component Analysis (PCA).  Three 

parameters were found to play an important role: total growing degree days (GDD) in 

August and September, and precipitation in August.  Multivariate Projection to Latent 

Structures (PLS) regression results are shown in Figure 6.5.  Total skin PA and 

anthocyanin content increased with increased GDD and precipitation in August, but 

decreased with increased heat accumulation in September (r =0.822).   

Proanthocyanidin and anthocyanin content were also calculated after taking into 

account the berry mass (mg/kg).  As these represent the potential available to the 

winemaker for extraction into wine, they have a substantial practical relevance.  Fruit 

from vines grafted to 110R, Gravesac and 5C, had in 2003, higher skin tannin amounts 

(mg/kg; Figure 6.6a).  Total anthocyanin content (mg/kg) was higher for 8B, 5C and 

SO4, and lower for 1103P, Boerner and ungrafted vines.  A near 2-fold difference in 

anthocyanin content between 8B and 1103P was found.  These results were not 

maintained during the 2004-2005 period (Figure 6.6b).  Vines grafted to 110R still had 

higher amounts of skin PAs, as did those grafted to 1616C and 420A.  This latter 

rootstock also induced higher concentrations of anthocyanins.  Total anthocyanin content 

(mg/kg) was substantially reduced with 99R and 5BB and in ungrafted vines.  Figure 6.7 

depicts the relationship between fruit proanthocyanidin and anthocyanin content (mg/kg) 

and changes in berry weight.  Berry weight was not the major source of variation in skin 

proanthocyanidin and anthocyanin content, as this relationship was not significant 

(p>0.05).  
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Skin proanthocyanidin composition was determined by phloroglucinolysis.  Extension 

subunits consisted of (+)-catechin (C), (-)-epicatechin (EC), (-)-epicatechin-3-O-gallate 

(ECG) and (-)-epigallocatechin (EGC).  (+)-catechin was the only terminal subunit found.  

In 2003, no differences in the average mean degree of polymerization (mDP) of the skin 

PAs was found in response to rootstock (Table 6.14).  Variation in the proportion of 

ECG subunits was also not significant.  However, in vines grafted to 420A, the proportion 

of EGC subunits was clearly reduced, and was accompanied by an increase in the 

presence of EC.  Skin tissue of Schwarzmann and 44-53M had substantially higher 

proportion of EGC subunits.  During the 2004 and 2005 seasons, rootstocks 1616C and 

110R induced an increase in the average mDP of PA’s found (Table 6.15).  Skin tannin 

from vines grafted to Schwarzmann still showed a higher proportion of EGC subunits in 

2004 and 2005.  This same response was seen in 110R.  Gravesac and 420A had the 

lowest proportions of EGC.  

The oxygenation pattern of the anthocyanins found was also affected by rootstock, but 

to a lesser extent.  In 2003, the relative proportion of dihydroxylated anthocyanins (based 

on the sum of cyanidin-and peonidin-3-O-glucoside) found in fruit coming from vines 

grafted to 5BB, 101-14 and Boerner, was substantially higher (data not shown).  

However, in 2004 and 2005, Riparia Gloire and 1103P had the highest proportion of 

dihydroxylated anthocyanins.  

Vine physiological performance and phenolic concentration.  An effort was made to 

interconnect changes imposed by the different rootstocks in vine physiological 

performance and fruit phenolic composition.  Ten major physiological variables were 

extracted with PCA analysis with the average rootstock response for the years 2003 and 
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2004.  The variables were: leaf transpiration (E) during the months of July and August; 

stem water potential and leaf photosynthesis (A) in August and September; shoot length 

before hedging; leaf temperature in July and September; and leaf stomatal conductance 

(gs) in September.  PLS regression of these components (as the X matrix) vs. the total 

proanthocyanidin and anthocyanin amount per berry (Y matrix), yielded the two-

dimensional model shown in Figure 6.8. This model explained 86% of the variation in 

the vine physiological performance and 80% of variation in the fruit phenolic 

composition.  Total skin PA and anthocyanin amount per berry increased with increases 

in shoot length before hedging, stem water potential and leaf transpiration, 

photosynthesis, and stomatal conductance; and was reduced by increases in leaf 

temperature in July and September. 

Fermentation progress.  In 2005, wines were made from all the rootstock 

combinations.  Fermentation temperature closely followed ambient temperature (30 ± 0.5 

°C).  Differences in the rate of sugar depletion across rootstocks were only seen at day 3 

and 4 (Figure 6.9).  A slight delay in sugar conversion by yeast was observed in 1103P, 

110R, 44-53M, 5C, Gravesac, SO4, and ungrafted vines.  However, by day 6, all 

fermentations were considered complete.   

Wine low molecular weight phenolic composition.  Overall, no significant trends 

reflecting the vigor imposed by the rootstock were seen.  A 44% increase in flavan-3-ol 

monomers concentration was found in Boerner when compared to 44-53M (Table 6.16).  

These two rootstocks were very close in terms of vine vigor imposed to the scion.  Wines 

produced from vines grafted to Schwarzmann, 5BB and Gravesac also had higher flavan-

3-ol monomer content, in contrast to Riparia Gloire, SO4 and 101-14.  The relative 
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proportion of C and EC to the total flavan-3-ol concentration was only minimally 

impacted (data not shown).   

Concentration of hydroxycinnamic acids, flavonols and stilbenes present in wines after 

pressing are shown in Table 6.16.  Wine hydroxycinnamic acid content was highest for 

101-14, 1103P and 420A.  No differentiation between 99R, 5C, 5BB, SO4, Boerner and 

1616C, was seen; wines from these rootstocks had an average concentration in 

hydroxycinnamic acids.  Fruit from higher vigor rootstocks 125AA, 1103P, 1616C, 161-

49C and 420A, resulted in wines with substantially lower flavonol and stilbene content.  

On the contrary, wines from 110R had increased concentrations of flavonols and 

stilbenes.  A greater than 2-fold increase in trans-resveratrol content was seen in this 

rootstock when compared to 161-49C (data not shown). 

Total anthocyanin concentration was higher for 110R and Boerner, in contrast to the 

low concentrations found in wines from 1103P, 161-49C, 140Ru, 44-53M and ungrafted 

vines (Table 6.16).  Wines from 420A, 125AA and 3309C also had lower than average 

anthocyanin content.  Ungrafted vines and those grafted to 140Ru, 1103P and 99R 

originated wines which had a higher proportion of trihydroxylated anthocyanins (based 

on the sum of delphinidin-, petunidin-, and malvidin-3-O-glucoside; data not shown). 

Wine proanthocyanidin content.  Wine PA concentration and composition was 

determined by phloroglucinolysis.  High vigor rootstocks 161-49C, 125AA, 140Ru and 

1616C produced wines with lower amounts of total PA, as did 3309C (Table 6.17).  

However, 420A and 1103P, also high vigor rootstocks, had increased tannin amounts.  

The mean degree of polymerization (mDP) of the proanthocyanidins found in wine was 

only slightly affected by the different rootstocks (Table 6.17).  A change in the chemical 
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structure of proanthocyanidins found in wines from the different rootstocks was also 

observed.  An increase in the relative molar proportion of EGC extension subunits was 

found in wines from 101-14 and 110R, accompanied by a decrease in the proportion of 

EC (Table 6.17).  The group of higher vigor rootstocks had generally a lower proportion 

of EGC, but so did 44-53M.  Terminal subunits (C and EC) varied only slightly in 

response to rootstock (data not shown). 

Phloroglucinolysis also provided information on the relative proportion of skin and 

seed proanthocyanidins extracted into wine (Table 6.18).  The relative proportion of skin 

derived PAs was particularly high in wines from 101-14.  A similar pattern was also 

found with Gravesac and Boerner.  The lowest proportion of skin derived PAs was seen 

with 161-49C as the rootstock.  Wines from Gravesac had the lowest amount of seed 

derived tannin (Table 6.18).   

Wine spectral analysis.  The wines produced from Riparia Gloire, 5C and 110R had 

increased color intensity (ABS 520+420 nm, Table 6.19).  These rootstocks also 

produced wine with higher amounts of bisulfite-resitant pigment.  The association of 

color intensity with bisulfite-resitant pigment was fairly high (R2 = 0.606, p<0.0001).  

Bisulfite-resistant pigment also increased with increased concentration of cyanidin- and 

peonidin-3-O-glucoside, and when cluster weights were lower (PLS regression, r= 

0.790).  Lighter wine color was seen with 44-53M, Schwarzmann, 1103P and ungrafted 

vines.  Change in wine color hue (ABS 420/520 nm) in response to rootstock was modest 

(Table 6.19).  Wine from Riparia Gloire and Schwarzmann had a slightly higher hue, the 

opposite was seen with 5BB, 101-14 and SO4.  
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Comparison of skin and wine flavonoids.  The variability in the concentration of skin 

PA and anthocyanins in the fruit did not explain the differences found in the wine per se.  

This was independent of whether the results were expressed on a per berry or on a 

concentration (mg/kg of fruit) basis.  Large differences in the extraction rate of these 

compounds into wine were found, and these differences were not associated with vine 

vigor imposed by the rootstock.  A higher fraction of the skin PAs and anthocyanins 

found in the fruit (mg/kg) was present in the wines originated from the rootstocks 110R, 

101-14, Boerner and ungrafted vines (Figure 6.10).  Lower extraction rates were 

observed in 420A, SO4 and 44-53M.  Rootstocks 1103P and Gravesac also had high 

extraction rates for skin PAs but not for anthocyanins (Figure 6.10).  An overall positive 

relationship between PA and anthocyanin extraction rate was found (R2=0.459, p=0.002).  

Three elements were found to have the greatest impact on the extraction rate of skin PAs: 

juice pH, individual fresh seed weight and stem water potential in September.  A PLS 

model encompassing these variables could explain 79% of the variation found in skin PA 

extraction rate (Figure 6.11); extraction was favored with increased juice pH and with a 

decrease in stem water potential and seed weight.  However, three rootstocks were 

excluded from this model: 1103P, Schwarzmann and SO4.  Anthocyanin extraction was 

influenced by the same variables, but to a lesser extent. 

Even though it was not possible to predict wine PA and anthocyanin concentration 

based on fruit measurements, a tight coupling was seen on a compositional basis.  The 

relative contribution of the individual anthocyanins to the total wine anthocyanin pool 

reflected what was found in fruit (data not shown).  The same was observed in terms of 
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PA extension subunit proportion, except for catechin based extensions (Tables 6.15 and 

6.17). 

 

DISCUSSION 
Rootstocks were found to have a large impact in vine size.  The high vigor and drought 

tolerance of vines grafted to rootstocks 125AA, 1103P, and 140Ru is well documented 

(Pongrácz 1983; May 1994; Galet 1998; Whiting 2004).  Not surprisingly, Riparia Gloire 

produced the lowest vegetative growth and yield.  Vines grafted to this rootstock only 

used 50% of the trellis space available.  This reinforces the observation that this rootstock 

does not perform well under drought conditions (Carbonneau 1985; Padgett-Johnson et 

al. 2003).  Ough et al. (1968b) referred that rootstock influence may only be detected 

under conditions that allow full expression of the growth differences due to different 

rootstocks.  In this trial, this was mostly achieved due to reduced water availability during 

the summer months as vines did not receive irrigation.  Although 420A and 161-49C are 

generally thought to reduce vegetative expansion and yield (McCarthy and Cirami 1990; 

Galet 1998; Scalabrelli et al. 2003; Whiting 2004), Pinot noir vines grafted to these 

rootstocks showed a tendency for high vigor, particularly in the last years of this trial. 

We did not find evidence for a direct relationship between vine vigor and seasonal 

water status, as assessed by stem water potential (Table 6.1).  Results indicated however, 

that rootstocks use different strategies to avoid drought.  Some appeared to restrict 

canopy development as a strategy of drought avoidance (44-53M, 3309C); some 

rootstocks could not cope with the large water demand that their extensive canopies 

represented (101-14, 99R, 5C, 1616C), while some vigorous rootstocks were able to 
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maintain non-stressing water status (1103-P, 125AA, 5BB, 140Ru, SO4, 420A).  It is 

therefore important to adjust the start of irrigation and the amount of water used to the 

rootstock.  Most of the variance encountered in leaf gas-exchange rates was due to the 

water status of the vines imposed by the different rootstocks.  Stomatal closure is a fairly 

well known response of grapevines to drought (Smart and Coombe 1983).  Stem water 

potential proved to be a valuable indicator, as it was closely related to leaf gas-exchange 

and berry weight.  

Fruit production was mostly associated to differences in vegetative growth, as a 

consequence of the higher number of buds retained during pruning.  The effect of 

rootstock in berry weight was minor compared to the effect in yield.  A narrow range of 

change in berry size as induced by the rootstock was also seen by Walker et al. (2000), 

when comparing ungrafted Shiraz to vines grafted to 4 different rootstocks.  As expected, 

these variations were mostly associated with variations in the water status of the vines 

(Kennedy et al. 2001; Ojeda et al. 2001; Ojeda et al. 2002; Salon et al. 2005; Sivilotti et 

al. 2005).   

In a review of the environmental and management practices affecting grape 

composition, Jackson and Lombard (1993) suggested that rootstock effects were probably 

dependent on rootstock vigor, and consequently their influence on canopy expansion and 

exposure.  We found very little evidence supporting this observation.  Our results suggest 

that, with the expection of juice acidity, the role that rootstocks play in determining fruit 

composition is independent of their impact on vine vigor, berry weight or fruit exposure.  

A differentiation of rootstock effect between seasons was observed.  These changes may 

have been induced by alterations in source/sink relations due to differences in yield 
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among rootstocks and its effects on leaf area.  As the seasons were quite distinct in 

regards to total GDD accumulated and precipitation, changes in rootstock response could 

be related to the drought sensitivity that each rootstock has. 

Sugar accumulation in the fruit was only noticeably impacted by some rootstocks in the 

2003 season when larger yield differences were seen.  The small difference found in the 

other three seasons (~1.5° Brix) has a relatively low practical significance, as all the 

rootstocks were harvested on the same day.  Postponing harvest a few days in the 

rootstocks where sugar concentrations were lower, could easily eliminate these 

differences.  A maximum in sugar concentration was seen around 12 cm2 of exposed leaf 

area per gram of fruit.  It is likely that this ratio would increase if related to total leaf 

available, particularly in the higher vigor rootstocks.  Jackson and Lombard (1993) 

referred that the ratio below which sugar level starts to decline is usually found to be 

between 7 and 10 cm2 of total leaf area per gram of fruit.  However, in Kliewer and 

Dokoozlian (2005), sugar reductions were seen below 12 cm2/g.  In Pinot noir, lower 

juice soluble solids in response to basal leaf removal could be explained by the reduction 

of the leaf to fruit ratio from 15 to 10 cm2/g fruit (Vasconcelos and Castagnoli 2000).  

This underlines the fact that the range of 7 to 10 cm2/g, for the region of study and variety 

used, may be insufficient to properly ripen the crop, as seen by Vasconcelos and 

Castagnoli (2000). 

Higher juice TA was found in higher vigor rootstocks.  This association could prove to 

be useful in warmer climates where acid levels can be too low (Jackson and Lombard 

1993).  Ough et al. (1968b) also saw higher TA in fruit from the more vigorous rootstock.  

Although fruit exposure was not assessed, fruit from less vigorous rootstocks was 
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possibly more exposed to sunlight, and consequently experienced higher temperatures, 

which could have led to a higher degradation of malic acid and a reduction in TA.  

Malate metabolism has been shown to be influenced by leaf shading, with a reduction on 

the rate of post-veraison malate decline (Morrison and Noble 1990).  There were no clear 

trends in juice pH based on parentage of the rootstocks.  As an example, V. berlandieri-

based rootstocks did not always impose a reduction in juice pH, as expected by their 

lower potassium uptake (Ruhl 1989; Reynolds and Wardle 2001; Wolpert et al. 2005).  It 

is possible that these differences are only observed in warmer climates. 

The fact that the rootstocks’ impact on skin proanthocyanidin and anthocyanin 

concentration per berry changed every year indicates that there was an interaction of the 

rootstock effect in phenolic biosynthesis with the climatic conditions.  Inter annual 

variation in skin PA and anthocyanin concentration was minimized in vines grafted to 

110R, Riparia Gloire and 140Ru.  Stability in fruit composition over different seasons 

can be an advantage in a commercial setting. 

A relationship between vine water status and skin PA and anthocyanin content was 

found (Figure 6.8).  However, in the model shown, the first dimension which explained 

most of the variation, clearly separated the different years of study, and to a lesser extent, 

separated the rootstocks.  This suggests that weather conditions have a much larger effect 

in determining the phenolic composition of the fruit than does the rootstock.  Although 

these results do not entirely explain what determined rootstock performance, they give 

some light on important factors affecting PA and anthocyanin composition.  

Accumulation of these compounds was clearly favored by a more favorable water status, 

associated with a larger canopy with increased rates of leaf photosynthesis and 
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transpiration, early in the season.  This is not surprising, as proanthocyanidin and 

anthocyanin biosynthesis share commum metabolic pathways, the shikimate and the 

phenylpropanoid (Downey et al. 2006).  A severe reduction in photoassimilate 

accumulation is likely to hinder PA and anthocyanin concentration in the fruit, as seen in 

this study.  Ojeda et al. (2002) observed that a strong water deficit applied before 

veraison significantly reduced PA biosynthesis.  Proanthocyanidins are biosynthesized 

during the first phase of berry growth, whereas anthocyanins biosynthesis begins with the 

onset of fruit ripening (Hrazdina et al. 1984; Boss et al. 1996; Bogs et al. 2005; Adams 

2006; Bogs et al. 2006).  This coincides with the coupling of leaf gas-exchange in July 

and August to the flavonoid composition of the fruit.  Higher leaf transpiration was 

probably a result of increased air temperature and increased soil moisture, as seen in 

Figure 6.5.  An association between heat summation before veraison and total 

proanthocyanidin concentration per berry had already been reported (Pastor del Rio and 

Kennedy 2006). 

Total skin proanthocyanidin content generally declines after the maximum observed 

near veraison (Pastor del Rio and Kennedy 2006).  Although anthocyanins continue to 

increase rapidly after the onset of fruit ripening, a decrease is often seen in the later 

stages (Keller et al. 1998, Somers and Evans, 1976; Kennedy et al. 2002).  This decline in 

anthocyanin and proanthocyanidin suggests degradation, utilization in biosynthesis of 

other compounds, or covalent association with other cellular components, as reviewed by 

Adams (2006).  Vine hydric stress factors, such as increased leaf temperature, and 

decreased stem water potential in the later stages of ripening appears to impart PA and 

anthocyanin accumulation and/or to promote its decline (Figure 6.8).  An increase in heat 
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summation at this stage also promotes a decrease in skin PA and anthocyanin 

concentration (Figure 6.5).  

We did not observe an association between vine vigor and PA and anthocyanin levels.  

Cortell and Kennedy (2006) saw an increase in skin PA content with fruit sun exposure, 

while anthocyanins were minimally affected.  In this study, rootstocks 1616C, 125AA and 

420A, which most likely reduced fruit exposure due to their larger canopies, had 

generally higher levels of skin PAs.  Ough et al. (1968b) found that the more vigorous 

rootstock (St. George) yielded fruit with higher tannin levels.  Another study found that 

tannin accumulation in Shiraz grape berries appears to be largely unaffected by bunch 

exposure (Downey et al. 2004), and this does not appear to be the reason of rootstock 

differentiation in this study.  Lower fruit exposure in the higher vigor rootstocks was 

perhaps one of the main factors contributing to the generally lower proportion of EGC 

extension subunits found in these rootstocks.  Fruit sun exposure has been shown to favor 

trihydroxylation of the B-ring (Spayd et al. 2002; Downey et al. 2004; Cortell and 

Kennedy 2006).  However, the variation in the hydroxylation pattern of the anthocyanins 

found does not seem to be a response to shading, as Riparia Gloire and 1103P, two very 

contrasting rootstocks in terms of vigor, had equally higher proportions of dihydroxylated 

anthocyanins.   

Figure 6.7 shows that rootstock effect in proanthocyanidin and anthocyanin content 

was independent of changes in berry weight.  Although it is considered one of the 

dogmas in viticulture, phenolic concentration has also been shown to vary independently 

of berry weight (Roby et al. 2004; Walker et al. 2005).   
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Few studies describing rootstock impact on wine phenolic composition are described in 

the literature.  Ough and co-workers (1968a) did not find changes in wine color and 

tannin levels due to rootstocks.  Within the range of this experiment, the yield generated 

by the different rootstocks was not a major contributor for the differences in the phenolic 

profile of the wines (Figure 6.12).  Total flavan-3-ol monomers concentration was 

increased in wines produced from vines grafted to Boerner, Schwarzmann, 5BB and 

Gravesac.  This may contribute to an increase in the perception of bitterness (Peleg et al. 

1999).  Fruit from higher vigor rootstocks, 125AA, 1103P, 1616C, 161-49C and 420A, 

resulted in wines with substantially lower flavonol and stilbene content.  As the 

biosynthesis of these compounds is particularly related to sun exposure, it is not 

surprising that these differences were observed (Price et al. 1995; Spayd et al. 2002; 

Cortell and Kennedy 2006).  Increased nitrogen supply has been found to reduce stilbene 

accumulation in the fruit (Bavaresco et al. 2001), and could have been a potential factor 

affecting rootstock performance. 

Due to the lack of acylated anthocyanins, wine color development can be a problem in 

Pinot noir.  Wines produced from Riparia Gloire, 5C and 110R had increased color, in 

agreement with their higher anthocyanin content.  The relative proportion of skin derived 

PAs and the relative molar proportion of EGC extension subunits was also affected.  An 

increase in both parameters was found in wines from 101-14 Gravesac, Boerner and 

110R.  Tannin origin and structure affects sensory perception in wine, and in Vidal et al. 

(2003), it was shown that the presence of epigallocatechin units tended to lower the 

“coarse” astringency perception.   
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It was possible to predict wine PA and anthocyanin proportional composition based on 

fruit analysis.  However, the final concentration of these compounds was not directly 

related to what was found in skin extracts.  This underlines the problem of predicting 

wine composition based on fruit analysis for solutes that are derived from the solid 

tissues of the berry.  For example, proanthocyanidins are a class of phenolics whose 

composition in wine is difficult to predict based upon fruit measurements (Harbertson et 

al. 2002).  The extraction of phenolic material from the grape into the wine is essentially 

a diffusion process, and the rate and extent of extraction is influenced by the 

concentration in the grape, the barrier that berry cell-walls represent and the maceration 

and processing technique.  Skin and seed tissues also undergo very distinct extraction 

kinetics during fermentation (Amrani Joutei and Glories 1994; Peyrot des Gachons and 

Kennedy 2003).   

Overall, ~26% of total skin PA found in the fruit was extracted into wine.  Cortell et al. 

(2005) found similar extraction rates when studying the impact of vine vigor on grape 

and wine PAs.  It was noticed that the overall anthocyanin extraction rate found was 

fairly high, and that might be due to the solvent used for the extraction of skins.  The 

acetone-water extraction solvent is a much more effective extraction system for 

proanthocyanidins than anthocyanins (Revilla et al. 1998).   

Higher skin PA extraction rates were found in vines that experienced a higher degree of 

water stress (as indicated by ψstem) in the final stages of ripening.  Water stress at this 

stage often leads to berry shriveling, which in turn can cause disorganization of the 

hypodermal layers of the skin to occur (pigment “bleeding” into the pulp).  Cell breakage 

will clearly facilitate diffusion of the vacuolar contents into wine.  The association of PA 
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extraction to juice pH and seed weight suggests coupling to differences in vegetative 

growth, and consequently, differences in fruit exposure.  This could also be due to a 

general advance in ripening stage, as pH increases and fresh seed weight decreases with 

fruit ripening.  Differences in the extractability of anthocyanins have been related to cell-

wall composition, particularly differences in pectin and cellulose content (Ortega-Regules 

et al. 2006).  A decrease in extractability, due to the formation of stable associations with 

cellular components (for example, polysaccharides or proteins), has been hypothesized as 

one of the reasons for skin PA decrease during fruit ripening (Kennedy et al. 2001; Pastor 

del Rio and Kennedy 2006).  This could also be one of the reasons of rootstock 

differentiation in extraction rates. 

CONCLUSIONS 
Rootstocks are a powerful tool to adjust canopy size, fruit yield and composition and 

wine chemistry to the production objectives.  Changes in plant water status and leaf gas-

exchange were not directly linked to the vine vigor imposed by the rootstock.  While 

some rootstocks could not cope with the large water demand that their canopies 

represented, others appeared to have reduced canopy size as a strategy of drought 

avoidance.  Differences in yield resulted mostly from the rootstock impact in vine size.  

Variation in berry weight was minor compared to yield differences.  Sugar accumulation 

in the fruit was only considerably impacted by the different rootstocks in one out of four 

seasons, when bigger yield differences were seen.  Skin proanthocyanidin and 

anthocyanin production was independent of the vigor imposed by the different rootstocks.  

Although some devigorating rootstocks had higher levels of phenolic compounds in the 

fruit, we found no evidence for a linear correlation.  No significant relationship between 



182 

 

berry weight and the level of skin tannin or total anthocyanin was found.  Changes in 

vine water status were associated to skin PA and anthocyanin content.  After verasion, 

vine hydric stress factors, such as increased leaf temperature, and decreased stem water 

potential, related to canopy senescence, contributed to a decline in the concentration of 

skin PAs and anthocyanins.  Although the amount of tannin and anthocyanins present in 

the fruit plays a key role in determining wine chemistry, it is also very important to 

consider its extractability into the wine.  As an example, the variability in the amount of 

skin tannin in the fruit did not explain the differences found in the wine per se.  Large 

differences in the rate of extraction of skin components were observed.  Lower water 

potentials during the ripening stage favored skin extraction, as did a decrease in fresh 

seed weight and higher juice pH.  Within the range of this experiment, the yield 

generated by the different rootstocks was not a major contributor for the differences in 

the phenolic profile of the wines.  Overall, all of these results substantiate the fact that 

there is an important role played by the rootstock in the chemical characteristics of the 

fruit and wine.   

ACKNOWLEDGMENT  

The USDA Northwest Center for Small Fruit Research and the Viticulture Consortium 

provided funding for this project.  T.L.S. was also supported by the F.C.T –Portugal. 

The authors thank Amandine Lumineau, Aurelien Revillot, Daryl Richardson, Denise 

Guinn, Greg Waldref, Jeff Cygan, Margaret Lubkin, Marsha Merifield, Michael Moyer, 

Samuel Trashel, Scott Robbins, Stacy Kish, Stephanie Hernandez, Suzanne Lovelady, 

and Teresa Anderson, for their intensive help which allowed the continuation of this 

project. 



183 

 

REFERENCES 

Adams, D. O. 2006. Phenolics and ripening in grape berries. Am. J. Enol. Vitic. 57: 249-
256. 
 
Amrani Joutei, K. and Y. Glories. 1994. Study under experimental conditions of the 
extractability of phenolic compounds from the skins and seeds of red grapes. Journal 
International des Sciences de la Vigne et du Vin 28: 303-317. 
 
Bavaresco, L., S. Pezzutto, A. Ragga, F. Ferrari and M. Trevisan. 2001. Effect of 
nitrogen supply on trans-resveratrol concentration in berries of Vitis vinifera L. cv. 
Cabernet sauvignon. Vitis 40: 229-230. 
 
Bogs, J., E. Ali, D. McDavid and S. P. Robinson. 2006. Identification of the flavonoid 
hydroxylases from grapevine and their regulation during fruit development. Plant 
Physiol. 140: 279-291. 
 
Bogs, J., M. O. Downey, J. S. Harvey, A. R. Ashton, G. J. Tanner and S. P. Robinson. 
2005. Proanthocyanidin synthesis and expression of genes encoding leucoanthocyanidin 
reductase and anthocyanidin reductase in developing grape berries and grapevine leaves. 
Plant Physiol. 139: 652-663. 
 
Boss, P. K., C. Davies and S. P. Robinson. 1996. Analysis of the expression of 
anthocyanin pathway genes in developing Vitis vinifera L. cv Shiraz grape berries and the 
implications for pathway regulation. Plant Physiol. 111: 1059-1066. 
 
Brossaud, F., V. Cheynier and A. C. Noble. 2001. Bitterness and astringency of grape and 
wine polyphenols.Aust. J. Grape Wine Res. 7: 33-39. 
 
Burns, J., P. Gardner, J. O'Neil, S. Crawford, I. Morecroft, D. McPhail, C. Lister, D. 
Matthews, M. MacLean, M. Lean, G. Duthie and A. Crozier. 2000. Relationship among 
antioxidant activity, vasodilation capacity, and phenolic content of red wines. J. Agric. 
Food Chem. 48: 220-230. 
 
Carbonneau, A. 1985. The early selection of grapevine rootstocks for resistance to 
drought conditions. Am. J. Enol. Vitic. 36: 195-198. 
 
Cortell, J. M., M. Halbleib, A. V. Gallagher, T. L. Righetti and J. A. Kennedy. 2005. 
Influence of vine vigor on grape Vitis vinifera L. cv. Pinot Noir) and wine 
proanthocyanidins. J. Agric. Food Chem. 53: 5798-5808. 
 



184 

 

Cortell, J. M. and J. A. Kennedy. 2006. Effect of shading on accumulation of flavonoid 
compounds in (Vitis vinifera L.) Pinot noir fruit and extraction in a model system. J. 
Agric. Food Chem. 54: 8510-8520. 
 
Downey, M. O., N. K. Dokoozlian and M. P. Krstic. 2006. Cultural practice and 
environmental impacts on the flavonoid composition of grapes and wine: A review of 
recent research. Am. J. Enol. Vitic. 57: 257-268. 
 
Downey, M. O., J. S. Harvey and S. P. Robinson. 2004. The effect of bunch shading on 
berry development and flavonoid accumulation in Shiraz grapes. Aust. J. Grape Wine 
Res. 10: 55-73. 
 
El-Alfy, A. T., A. A. E. Ahmed and A. J. Fatani. 2005. Protective effect of red grape 
seeds proanthocyanidins against induction of diabetes by alloxan in rats. Pharmacol. Res. 
52: 264-270. 
 
Galet, P. (1998). Grape Varieties and Rootstock Varieties. Oenoplurimedia, Chaintre, 
France. 
 
Gawel, R., A. Ewart and R. Cirami. 2000. Effect of rootstock on must and wine 
composition and the sensory properties of Cabernet sauvignon grown at Langhorne 
Creek, South Australia. Aust. J. Grape Wine Res. 15: 67-73. 
 
Harbertson, J. F., J. A. Kennedy and D. O. Adams. 2002. Tannin in skins and seeds of 
Cabernet sauvignon, Syrah, and Pinot noir berries during ripening. Am. J. Enol. Vitic. 53: 
54-59. 
 
Hrazdina, G., G. F. Parsons and L. R. Mattick. 1984. Physiological and biochemical 
events during development and maturation of grape berries. Am. J. Enol. Vitic. 35: 220-
227. 
 
Jackson, D. I. and P. B. Lombard. 1993. Environmental and management practices 
affecting grape composition and wine quality - A review. Am. J. Enol. Vitic. 44: 409-
430. 
 
Jordão, A. M., J. M. Ricardo da Silva and O. Laureano. 1998. Evolution of anthocyanins 
during grape maturation of two varieties (Vitis vinifera L.), Castelão Francês and Touriga 
Francesa. Vitis 37: 93-94. 
 



185 

 

Keller, M., K. J. Arnink and G. Hrazdina. 1998. Interaction of nitrogen availability 
during bloom and light intensity during veraison. I. Effects on grapevine growth, fruit 
development, and ripening. Am. J. Enol. Vitic. 49: 333-340. 
 
Kennedy, J. A., Y. Hayasaka, S. Vidal, E. J. Waters and G. P. Jones. 2001. Composition 
of grape skin proanthocyanidins at different stages of berry development. J. Agric. Food 
Chem. 49: 5348-5355. 
 
Kennedy, J. A. and G. P. Jones. 2001. Analysis of proanthocyanidin cleavage products 
following acid-catalysis in the presence of excess phloroglucinol. J. Agric. Food Chem. 
49: 1740-1746. 
 
Kennedy, J. A., M. A. Matthews and A. L. Waterhouse. 2002. Effect of maturity and vine 
water status on grape skin and wine flavonoids. Am. J. Enol. Vitic. 53: 268-274. 
 
Kennedy, J. A. and A. W. Taylor. 2003. Analysis of proanthocyanidins by high-
performance gel permeation chromatography. J. Chromatography, A 995: 99-107. 
 
Kliewer, W. M. and N. K. Dokoozlian. 2005. Leaf area/crop weight ratios of grapevines: 
influence on fruit composition and wine quality. Am. J. Enol. Vitic. 56: 170-181. 
 
Kubota, N., X. G. Li and K. Yasui. 1993. Effects of rootstocks on sugar, organic acid, 
amino acid, and anthocyanin content in berries of potted "Fujiminori" grapes. J. Japonese 
Soc. Hort. Sci. 62: 363-370. 
 
Lamuela-Raventós, R. M. and A. L. Waterhouse. 1994. A direct HPLC separation of 
wine phenolics. Am. J. Enol. Vitic. 45: 1-5. 
 
May, P. (1994). Using Grapevine Rootstocks: the Australian Perspective. Winetitles, 
Adelaide, Australia. 
 
Mazza, G., L. Fukumoto, P. Delaquis, B. Girard and B. Ewert. 1999. Anthocyanins, 
phenolics, and color of Cabernet franc, Merlot, and Pinot noir wines from British 
Columbia. J. Agric. Food Chem. 47: 4009-4017. 
 
McCarthy, M. G. and R. M. Cirami. 1990. The effect of rootstocks on the performance of 
Chardonnay from a nematode-infested Barossa Valley vineyard. Am. J. Enol. Vitic. 41: 
126-130. 
 



186 

 

McKenry, M. V., D. Luvisi, S. A. Anwar, P. Schrader and S. Kaku. 2004. Eight-year 
nematode study from uniformly designed rootstock trials in fifteen table grape vineyards. 
Am. J. Enol. Vitic. 55: 218-227. 
 
Morrison, J. C. and A. C. Noble. 1990. The effects of leaf and cluster shading on the 
composition of Cabernet Sauvignon grapes and on fruit and wine sensory properties. Am. 
J. Enol. Vitic. 41: 193-200. 
 
Nakagawa, T., T. Yokozawa, A. Satoh and H. Kim. 2005. Attenuation of renal ischemia-
reperfusion injury by proanthocyanidin-rich extract from grape seeds. J. Nutr. Sci. 
Vitamin. 51: 283-286. 
 
Ojeda, H., C. Andary, E. Kraeva, A. Carbonneau and A. Deloire. 2002. Influence of pre- 
and postveraison water deficit on synthesis and concentration of skin phenolic 
compounds during berry growth of Vitis vinifera cv. Shiraz. Am. J. Enol. Vitic. 53: 261-
267. 
 
Ojeda, H., A. Deloire and A. Carbonneau. 2001. Influence of water deficits on grape 
berry growth. Vitis 40: 141-145. 
 
Omer, A. D., J. Granett and C. W. Shebelut. 1999. Effect of attack intensity on host 
utilization in grape phylloxera. Crop Protection 18: 341-347. 
 
Ortega-Regules, A., I. Romero-Cascales, J. M. Ros-Garcia, J. M. Lopez-Roca and E. 
Gomez-Plaza. 2006. A first approach towards the relationship between grape skin cell-
wall composition and anthocyanin extractability. Anal. Chimica Acta 563: 26-32. 
 
Ough, C. S., J. A. Cook and L. A. Lider. 1968a. Rootstock-scion interactions concerning 
wine making. II. Wine compositional and sensory changes attributed to rootstock and 
fertilizer level differences. Am. J. Enol. Vitic. 19: 254-265. 
 
Ough, C. S., L. A. Lider and J. A. Cook. 1968b. Rootstock-scion interactions concerning 
wine making. I. Juice composition changes and effects on fermentation rate with St. 
George and 99-R rootstocks at two nitrogen fertilizer levels. Am. J. Enol. Vitic. 19: 213-
227. 
 
Padgett-Johnson, M., L. E. Williams and M. A. Walker. 2003. Vine water relations, gas 
exchange, and vegetative growth of seventeen Vitis species grown under irrigated and 
nonirrigated conditions in California. J. Amer. Soc. Hort. Sci. 128: 269-276. 
 



187 

 

Pastor del Rio, J. L. and J. A. Kennedy. 2006. Development of proanthocyanidins in Vitis 
vinifera L. cv. Pinot noir grapes and extraction into wine. Am. J. Enol. Vitic. 57: 125-
132. 
 
Peleg, H., K. Gacon, P. Schlich and A. C. Noble. 1999. Bitterness and astringency of 
flavan-3-ol monomers, dimers and trimers. J. Sci. Food Agric. 79: 1123-1128. 
 
Peyrot des Gachons, C. and J. A. Kennedy. 2003. Direct method for determining seed and 
skin proanthocyanidin extraction into red wine. J. Agric. Food Chem. 51: 5877-5881. 
 
Pinkerton, J. N., M. C. Vasconcelos, T. L. Sampaio and R. G. Shaffer. 2005. Reaction of 
grape rootstocks to ring nematode Mesocriconema xenoplax. Am. J. Enol. Vitic. 56: 377-
385. 
 
Pongrácz, D. P. (1983). Rootstocks for Grapevines. David Philip, Cape Town, South 
Africa. 
 
Price, S., P. J. Breen, M. Valladao and B. T. Watson. 1995. Cluster sun exposure and 
quercetin in Pinot noir grapes and wine. Am. J. Enol. Vitic. 46: 187-195. 
 
Puupponen-Pimia, R., L. Nohynek, S. Hartmann-Schmidlin, M. Kahkonen, M. Heinonen, 
K. Maatta-Riihinen and K. M. Oksman-Caldentey. 2005. Berry phenolics selectively 
inhibit the growth of intestinal pathogens. J. Applied Microb. 98: 991-1000. 
 
Revilla, E., J. M. Ryan and G. Martín-Ortega. 1998. Comparison of several procedures 
used for the extraction of anthocyanins from red grapes. J. Agric. Food Chem. 46: 4592-
4597. 
 
Reynolds, A. G. and D. A. Wardle. 2001. Rootstocks impact vine performance and fruit 
composition of grapes in British Columbia. HortTechnology 11: 419-427. 
 
Roby, G., J. F. Harbertson, D. A. Adams and M. A. Matthews. 2004. Berry size and vine 
water deficits as factors in winegrape composition: anthocyanins and tannins. Aust. J. 
Grape Wine Res. 10: 100-107. 
 
Ruhl, E. H. 1989. Uptake and distribution of potassium by grapevine rootstocks and its 
implication for grape juice pH of scion varieties. Aust. J. Exp. Agric. 29: 707-712. 
 
Salon, J. L., C. Chirivella and J. R. Castel. 2005. Response of cv. Bobal to timing of 
deficit irrigation in Requena, Spain: water relations, yield, and wine quality. Am. J. Enol. 
Vitic. 56: 1-8. 



188 

 

 
Scalabrelli, G., G. Ferroni, C. D'Onofrio, G. d. Collalto and F. Venerini. 2003. Trials with 
'Sangiovese' grafted on several grapevine rootstocks in two different areas of Tuscany. 
Acta Horticulturae73-83. 
 
Sharma, S. D. and S. K. Katiyar. 2006. Dietary grape-seed proanthocyanidin inhibition of 
ultraviolet B-induced immune suppression is associated with induction of IL-12. 
Carcinogenesis 27: 95-102. 
 
Sivilotti, P., C. Bonetto, M. Paladin and E. Peterlunger. 2005. Effect of soil moisture 
availability on Merlot: from leaf water potential to grape composition. Am. J. Enol. Vitic. 
56: 9-18. 
 
Smart, R. E. and B. G. Coombe (1983).Water relations of grapevines. In Water Deficits 
and Plant Growth. Volume VII. Additional woody crop plants. T. T. Kozlowski 
(Ed.).Academic Press pp. 137-196, London. 
 
Somers, T. C. and M. E. Evans. 1977. Spectral evaluation of young red wines: 
anthocyanin equilibria, total phenolics, free and molecular SO2, 'chemical age'. J. Sci. 
Food Agric. 28: 279-287. 
 
Souquet, J. M., V. Cheynier, P. Sarni-Manchado and M. Moutounet. 1996. Grape 
phenolic compounds. Journal International des Sciences de la Vigne et du Vin 99-107. 
 
Spayd, S. E., J. M. Tarara, D. L. Mee and J. C. Ferguson. 2002. Separation of sunlight 
and temperature effects on the composition of Vitis vinifera cv. Merlot berries. Am. J. 
Enol. Vitic. 53: 171-182. 
 
Vasconcelos, M. C. and S. Castagnoli. 2000. Leaf canopy structure and vine 
performance. Am. J. Enol. Vitic. 51: 390-396. 
 
Vidal, S., L. Francis, S. Guyot, N. Marnet, M. Kwiatkowski, R. Gawel, V. Cheynier and 
E. J. Waters. 2003. The mouth-feel properties of grape and apple proanthocyanidins in a 
wine-like medium. J. Agric. Food Chem. 83: 564-573. 
 
Walker, R. R., D. H. Blackmore, P. R. Clingeleffer, G. H. Kerridge, E. H. Rühl and P. R. 
Nicholas. 2005. Shiraz berry size in relation to seed number and implications for juice 
and wine composition. Aust. J. Grape Wine Res. 11: 2-8. 
 



189 

 

Walker, R. R., P. E. Read and D. H. Blackmore. 2000. Rootstock and salinity effects on 
rates of berry maturation, ion accumulation and colour development in Shiraz grapes. 
Aust. J. Grape Wine Res. 6: 227-239. 
 
Whiting, J. R. (2004).Grapevine rootstocks. In Viticulture. Volume 1. Resources in 
Australia. P. R. Dry and B. G. Coombe (Ed.).pp. 167-188. Winetitles, Ashford, Australia. 
 
Wolpert, J. A., D. R. Smart and M. Anderson. 2005. Lower petiole potassium 
concentration at bloom in rootstocks with Vitis berlandieri genetic backgrounds. Am. J. 
Enol. Vitic. 56: 163-169. 
 
 



190 

 

TABLES. 

Table 6.1.  Vegetative growth and midday stem water potential (ψstem) of Pinot noir 
grafted to various rootstocks.  Each value is the average of 3 seasons.  Rootstocks are 
sorted in function of vine vigor imposed to the scion (from most to least vigorous). 

 Pruning weight Cane weight ψstem

Rootstock (kg/vine) (g) (MPa) 
125AA 0.85 a 56 a -0.75 ab 
140Ru 0.76 b 54 ab -0.77 abcd 
1103P 0.76 b 54 ab -0.73 ab 
1616C 0.72 bc 50 bcde -0.88 cdefg 
161-49C 0.72 bc 57 a -0.85 abcd 
420AMgt 0.65 cd 52 abcd -0.74 a 
99R 0.64 cd 50 bcde -0.94 fgh 
5C 0.63 d 53 abc -0.93 fgh 
5BB 0.62 de 51 abcde -0.76 abc 
101-14 0.61 def 51 abcde -1.02 h 
SO4 0.60 def 52 abcd -0.76 abc 
Ungrafted 0.58 def 45 efg -0.94 efgh 
8B 0.54 efg 47 cdef -0.84 abcde 
Gravesac 0.53 fg 48 bcdef -0.92 fgh 
110R 0.47 gh 47 defg -0.89 bcdef 
Schwarzmann 0.43 hi 43 fgh -0.97 h 
Boerner 0.42 hi 43 fgh -0.92 defgh 
44-53M 0.37 i 43 fgh -0.85 bcdefg 
3309C 0.35 i 41 gh -0.90 efgh 
Riparia Gloire 0.26 j 38 h -0.98 gh 
Sig.a <0.0001 <0.0001 <0.0001 
a Significance for main effect; Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.2.  Leaf transpiration (E), stomatal conductance (gs) photosynthesis (A) and 
intrinsic water use efficiency (A/gs), under ambient conditions, of Pinot noir grafted to 
various rootstocks (average of the months of July, August and September, 2003-2004).  
Rootstocks are sorted in function of vine vigor imposed to the scion (from most to least 
vigorous). 

  E gs A A/gs

Rootstock (mmol H20 m-2 s-1) (mmol H20m-2 s-1) (μmol CO2 m-2 s-1) 
(μmol CO2  
mol-1H2O) 

125AA 5.4 ab 378 a      14.8 a      41.98 de 
140Ru 5.4 abcd   366 ab     14 abc    41.51 de 
1103P 5.5 a      378 a      14.8 a      41.18 e 
1616C 4.8 def 317 cdef 13.3 bcde  48.77 a     
161-49C 4.9 bcdef 308 def 12.7 cdef 44.95 abcde 
420AMgt 5.2 abcde  371 a      14.1 ab     44.49 bcde 
99R 4.9 cdef 301 ef 12.9 bcdef 47.33 ab    
5C 4.8 def 297 ef 12.9 bcdef 48.41 ab    
5BB 5.5 a      374 a      14.9 a      42.29 de 
101-14 4.8 def 331 abcde  11.9 f 41.99 de 
SO4 5 abcdef 331 abcde  13.8 abcd   45.67 abcd  
Ungrafted 5 abcdef 328 abcdef 13.8 abcde  45.99 abcd  
8B 4.8 def 310 cdef 12.6 def 44.25 bcde 
Gravesac 5.4 abc    357 abc    13.4 bcde  41.54 de 
110R 5.1 abcdef 312 cdef 13 bcdef 46.91 abc   
Schwarzmann 4.6 f 278 f 11.8 f 47.95 ab    
Boerner 4.7 ef 297 ef 12.4 ef 47.72 ab    
44-53M 5.1 abcdef 321 bcdef 13.4 bcde  44.95 abcde 
3309C 5.4 abcd   351 abcd   13.6 abcde  42.62 cde 
Riparia Gloire 5.2 abcdef 333 abcde  13.8 abcde  44.6 abcde 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect.;  Means followed by the different letters are significantly 
different (P<0.05); No interactions were found 
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Table 6.3.  Yield (kg/vine) of Pinot noir grafted to various rootstocks.  Rootstocks are 
sorted in function of vine vigor imposed to the scion (from most to least vigorous). 

 Year 
Rootstock 2002 2003 2004 2005 
125AA 3.55 ab 5.12 a 1.78 bcd 2.57 a 
140Ru 2.91 bcdef 3.22 cde 2.30 a 2.59 a 
1103P 3.75 a 4.61 ab 2.05 ab 2.52 a 
1616C 3.06 bcde 3.60 bc 1.45 cdefg 2.23 ab 
161-49C 3.06 bcde 2.60 cdefgh 1.90 abc 2.33 ab 
420AMgt 3.18 abcd 2.80 cdef 1.73 bcde 2.35 ab 
99R 2.72 defg 3.04 cde 1.86 abcd 1.70 bcd 
5C 2.70 defg 2.93 cde 1.71 bcde 1.80 bcd 
5BB 3.45 abc 3.56 bcd 1.75 bcde 2.31 ab 
101-14 2.65 defg 2.79 cdef 1.65 bcdef 2.04 abc 
SO4 3.03 bcdef 2.71 cdefg 1.65 bcdef 1.94 abc 
Ungrafted 2.37 fgh 2.37 efgh 1.44 cdefg 1.71 bcd 
8B 2.83 def 2.39 defgh 1.38 defg 1.60 cd 
Gravesac 2.88 cdef 2.51 cdefgh 1.37 defg 1.34 cde 
110R 2.39 fgh 1.81 fghi 1.29 efg 1.49 cde 
Schwarzmann 2.63 defg 1.78 fghi 1.54 cdef 1.26 de 
Boerner 2.20 gh 1.52 hi 1.22 fg 1.37 cde 
44-53M 2.46 efgh 1.47 hi 1.04 gh 1.47 cde 
3309C 2.52 efgh 1.55 ghi 1.13 fgh 1.36 cde 
RipariaGloire 1.95 h 0.80 i 0.68 h 0.91 e 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect; b Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.4.  Average berry weight, cluster length and cluster compactness of Pinot noir 
grafted to various rootstocks (2002-2005).  Rootstocks are sorted in function of vine 
vigor imposed to the scion (from most to least vigorous). 

 Berry wt Cluster length Cluster compactness 
Rootstock  (g)  (mm)  (berries/cm) 
125AA 1.31 a 110 abcd 9.4 bcde 
140Ru 1.23 bc 109 abcde 9.6 abcde 
1103P 1.26 ab 114 a 9.1 def 
1616C 1.15 def 103 cdefgh 9.8 abcde 
161-49C 1.13 efgh 108 abcde 9.9 abcd 
420AMgt 1.11 fgh 113 ab 10.1 ab 
99R 1.15 defg 106 bcdefg 9.4 abcde 
5C 1.08 h 100 fgh 10.2 ab 
5BB 1.21 bcd 111 abc 10.0 abc 
101-14 1.08 gh 105 cdefgh 9.4 abcde 
SO4 1.20 bcde 104 cdefgh 8.9 ef 
Ungrafted 1.15 defg 98 h 10.3 a 
8B 1.18 cde 107 abcdef 9.6 abcde 
Gravesac 1.15 defg 100 gh 9.7 abcde 
110R 1.10 fgh 105 cdefgh 9.2 cdef 
Schwarzmann 1.10 fgh 102 efgh 9.7 abcde 
Boerner 1.09 fgh 106 bcdefg 9.2 cde 
44-53M 1.11 fgh 105 bcdefgh 9.2 cde 
3309C 1.13 efgh 103 defgh 9.1 def 
Riparia Gloire 1.09 fgh 100 gh 8.3 f 
Sig.a <0.0001 <0.0001 0.0018 
a Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05);  No interactions were found 
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Table 6.5.  Average seed count per berry, seed moisture, dry skin weight, and relative contribution of the skin (after drying) 
and seed tissues to the total berry mass, of Pinot noir grafted to various rootstocks (2003).  Rootstocks are sorted in function of 
vine vigor imposed to the scion (from most to least vigorous). 

 Seeds per Seed moisture Dry skin weight Skin Seed 
Rootstock berry (%) (mg) (%) (%) 
125AA 2.04 hi 44.8 ab 52.8 abcde 4.1 fg 6.0 ef 
140Ru 2.13 efgh 42.7 abcd 50.0 cdef 4.2 defg 6.4 cdef 
1103P 2.15 defgh 46.3 a 48.4 ef 3.9 g 6.2 def 
1616C 1.98 i 43.2 abcd 47.0 f 4.5 bcdef 6.7 cde 
161-49C 2.06 fghi 41.2 bcdef 55.3 abc 4.9 ab 6.7 bcd 
420AMgt 2.04 hi 40.7 bcdef 49.6 def 4.5 bcdef 6.4 cdef 
99R 2.26 abcd 42.8 abcde 47.6 f 4.0 fg 7.4 ab 
5C 2.19 cde 43.9 abc 47.3 f 4.7 abc 6.7 abcd 
5BB 2.29 abc 42.8 abcd 50.6 bcdef 4.1 efg 6.5 cdef 
101-14 2.18 cdefg 46.5 a 49.6 def 4.6 abcde 7.5 a 
SO4 2.17 cdefgh 41.4 abcdef 55.4 abc 4.5 bcdef 6.4 cdef 
Ungrafted 2.20 bcdef 40.4 bcdefg 48.5 def 4.2 cdefg 6.7 cde 
8B 2.09 efghi 35.5 gh 47.1 f 4.8 ab 5.9 f 
Gravesac 2.39 a 39.5 cdefg 51.3 abcdef 4.6 abcd 6.8 abcd 
110R 2.28 abcd 38.8 defg 53.8 abcd 4.8 ab 6.5 cdef 
Schwarzmann 2.31 ab 38.0 efgh 55.8 ab 5.0 ab 7.0 abc 
Boerner 2.00 i 33.9 h 50.6 bcdef 5.1 a 6.5 cdef 
44-53M 2.04 ghi 37.5 fgh 55.3 ab 4.9 ab 6.3 cdef 
3309C 2.22 bcde 39.2 cdefg 53.6 abcd 4.7 abcd 6.5 cdef 
RipariaGloire 2.19 bcdef 38.7 defg 56.5 a 5.1 a 6.2 def 
Sig.a <0.0001 <0.0001 0.0007 <0.0001 0.0029 
a Significance for main effect;  Means followed by the different letters are significantly different (P<0.05) 
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Table 6.6.  Average seed count per berry, seed moisture, dry skin weight, and relative contribution of the skin (after drying) 
and seed tissues to the total berry mass, of Pinot noir grafted to various rootstocks (2004-2005).  Rootstocks are sorted in 
function of vine vigor imposed to the scion (from most to least vigorous). 

 Seeds per Seed moisture Dry skin weight Skin Seed 
Rootstock berry (%) (mg) (%) (%) 
125AA 1.36 cd 42.5 ab 38.7 f 3.1  4.1 h 
140Ru 1.48 ab 42.7 a 49.4 a 3.9  4.5 abcde 
1103P 1.42 abc 42.2 abc 41.9 cdef 3.4  4.3 defg 
1616C 1.35 cd 41.3 abcde 48.4 ab 3.8  4.3 efgh 
161-49C 1.32 cd 41.7 abcd 45.8 abcde 3.9  4.4 cdefg 
420AMgt 1.42 abc 41.4 abcde 46.7 abcd 3.7  4.7 ab 
99R 1.42 abc 40.9 bcdef 38.3 f 3.3  4.5 abcde 
5C 1.33 cd 39.0 g 46.4 abcde 3.7  4.2 fgh 
5BB 1.39 bc 41.7 abcd 40.7 def 3.2  4.2 efgh 
101-14 1.43 abc 41.0 bcdef 42.2 bcdef 3.5  4.6 abc 
SO4 1.36 cd 40.0 defg 41.1 cdef 3.2  4.2 efgh 
Ungrafted 1.49 ab 39.8 efg 36.5 f 3.1  4.7 a 
8B 1.27 d 41.6 abcde 46.9 abc 3.8  4.1 gh 
Gravesac 1.50 a 40.3 defg 40.1 ef 3.4  4.6 abcd 
110R 1.40 abc 41.3 abcde 38.2 f 3.4  4.5 abcde 
Schwarzmann 1.36 cd 39.5 fg 40.6 def 3.7  4.4 cdef 
Boerner 1.41 abc 40.3 defg 46.6 abcd 3.8  4.5 abcde 
44-53M 1.34 cd 40.7 cdef 41.7 cdef 3.5  4.0 h 
3309C 1.42 abc 42.4 ab 39.2 f 3.3  4.4 bcdef 
RipariaGloire 1.36 cd 40.5 defg 38.3 f 3.3  4.2 fgh 
Sig.a 0.0063 0.0002 <0.0001 0.0806 <0.0001 
a Significance for main effect;  Means followed by the different letters are significantly different (P<0.05);  No interactions 
were found 
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Table 6.7.  Ravaz index (kg yield/kg pruning weight) of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion (from 
most to least vigorous). 

 Year 
Rootstock 2002 2003 2004 2005 
125AA 5.3 f 6.0 abc 2.1  2.3  
140Ru 5.8 def 4.7 cde 2.8  2.6  
1103P 6.5 def 6.4 ab 2.9  2.7  
1616C 5.7 def 5.8 abcd 2.0  2.6  
161-49C 6.1 def 5.1 bcde 2.6  2.4  
420AMgt 7.0 cdef 5.4 abcde 3.1  2.6  
99R 5.8 def 4.9 cde 3.0  2.5  
5C 5.8 def 5.1 bcde 3.0  2.1  
5BB 7.7 abcd 6.8 a 2.9  2.6  
101-14 5.2 ef 5.0 bcde 3.3  2.6  
SO4 6.8 cdef 5.2 bcde 3.1  2.4  
Ungrafted 7.0 bcdef 5.4 abcde 2.9  1.9  
8B 7.3 bcde 6.0 abc 3.1  2.2  
Gravesac 7.6 abcd 5.3 bcde 2.5  2.3  
110R 6.4 def 4.5 de 2.9  2.2  
Schwarzmann 8.9 abc 4.8 cde 3.4  2.3  
Boerner 7.5 abcd 4.5 de 2.9  2.3  
44-53M 9.1 ab 5.4 abcde 3.1  2.6  
3309C 9.5 a 5.5 abcd 3.6  2.6  
RipariaGloire 9.2 ab 3.9 e 2.7  2.4  
Sig.a <0.0001 0.0501 0.2365 0.7853 
a Significance for main effect.  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.8.  Exposed leaf area to fruit ratio (cm2/g of fruit) of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion (from 
most to least vigorous). 

 Year 
Rootstock 2002 2003 2004 2005 
125AA 6.8  6.4 gh 16.0 bcde 13.3 cdef 
140Ru 7.5  8.3 efgh 12.3 de 11.1 f 
1103P 6.5  6.0 h 12.1 e 11.2 f 
1616C 7.6  7.0 fgh 16.9 bcd 12.7 ef 
161-49C 7.5  9.6 cdefg 14.5 bcde 16.3 bcdef 
420AMgt 6.8  8.2 efgh 13.6 bcde 12.9 def 
99R 8.0  7.6 efgh 13.1 cde 13.7 cdef 
5C 8.2  8.8 defgh 14.8 bcde 13.8 cdef 
5BB 6.4  6.9 fgh 15.0 bcde 13.7 cdef 
101-14 8.8  9.1 cdefgh 13.2 cde 14.1 cdef 
SO4 7.3  9.1 cdefgh 13.1 cde 14.2 cdef 
Ungrafted 8.2  10.2 bcdef 15.8 bcde 14.8 cdef 
8B 7.3  8.8 defgh 15.0 bcde 23.2 a 
Gravesac 7.0  9.6 cdefg 18.0 b 15.6 cdef 
110R 8.0  11.4 bcde 17.0 bc 16.1 bcdef 
Schwarzmann 6.6  12.1 abcd 13.6 bcde 18.8 abc 
Boerner 7.7  12.8 abc 17.5 bc 18.7 abcd 
44-53M 6.8  13.3 ab 17.0 bc 17.7 abcde 
3309C 6.7  10.8 bcde 16.4 bcde 15.7 cdef 
RipariaGloire 6.5  15.7 a 22.9 a 21.6 ab 
Sig.a 0.0677 <0.0001 0.0092 0.0024 
a Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.9.  Juice soluble solids (°Brix) of Pinot noir grafted to various rootstocks.  
Rootstocks are sorted in function of vine vigor imposed to the scion (from most to least 
vigorous). 

 Year 
Rootstock 2002 2003 2004 2005 
125AA 22.1 cde 23.8 gh 25.0 f 25.3 de 
140Ru 23.0 ab 25.5 cdef 25.1 def 25.5 abcde 
1103P 22.3 bcde 23.9 gh 25.2 bcdef 24.7 f 
1616C 21.7 e 23.6 h 25.2 cdef 25.3 de 
161-49C 22.5 bcde 25.2 defg 25.2 cdef 25.4 cde 
420AMgt 22.1 cde 25.0 defgh 25.1 cdef 25.3 de 
99R 21.9 de 24.6 efgh 25.0 ef 25.1 ef 
5C 22.8 abc 24.8 defgh 25.3 bcdef 25.9 abc 
5BB 22.1 cde 24.2 fgh 25.3 bcdef 25.3 de 
101-14 23.1 ab 25.1 defgh 25.0 def 25.6 abcde 
SO4 22.6 bcd 25.0 defgh 25.3 abcdef 25.9 ab 
Ungrafted 23.6 a 25.3 cdefg 25.1 def 25.4 bcde 
8B 21.7 de 25.1 defg 25.5 abc 26.0 a 
Gravesac 22.4 bcde 25.7 cde 25.4 abcd 26.0 a 
110R 22.5 bcde 26.0 bcd 25.8 a 25.9 abc 
Schwarzmann 22.5 bcde 27.3 ab 25.6 ab 26.0 a 
Boerner 22.5 bcde 26.8 abc 25.3 bcdef 25.6 abcde 
44-53M 21.8 de 26.7 abc 25.4 abcde 25.7 abcd 
3309C 22.3 bcde 25.9 bcde 25.1 cdef 25.6 abcd 
Riparia Gloire 22.3 bcde 27.8 a 25.3 bcdef 25.6 abcde 
Sig.a 0.0104 <0.0001 0.0155 0.0003 
a Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.10.  Juice titratable acidity (g/L) of Pinot noir grafted to various rootstocks.  
Rootstocks are sorted in function of vine vigor imposed to the scion (from most to least 
vigorous). 

 Year 
Rootstock 2002 2003 2004 2005 
125AA 8.9 a 8.2 ab 8.4 a 7.6 abcd 
140Ru 8.0 defgh 7.4 defg 7.9 bcde 7.2 bcdefg 
1103P 8.5 abcd 7.9 abcde 8.1 abcd 7.5 abcd 
1616C 8.6 abc 8.2 ab 8.1 abc 7.4 abcde 
161-49C 8.2 bcdef 8.0 abc 7.8 bcdef 7.5 abcd 
420AMgt 8.4 abcde 8.3 a 8.0 abcd 7.7 abc 
99R 8.1 cdefg 7.7 bcdef 8.0 abcde 7.0 defghi 
5C 7.9 efgh 7.9 abcd 7.6 defgh 6.3 jk 
5BB 8.8 ab 8.3 a 8.0 abcde 7.9 a 
101-14 7.6 fghij 7.9 abcde 7.7 cdefg 6.8 efghij 
SO4 8.1 cdefg 8.0 abc 8.3 ab 7.7 ab 
Ungrafted 7.2 ij 7.6 cdefg 7.3 ghij 6.6 ghijk 
8B 8.2 bcde 7.7 abcdef 7.9 bcde 7.3 abcdef 
Gravesac 7.4 hij 7.4 defg 7.5 fghi 6.6 hijk 
110R 7.1 j 7.1 gh 7.2 hij 6.5 ijk 
Schwarzmann 7.0 j 6.7 h 7.0 ijk 6.2 k 
Boerner 7.6 ghij 7.4 efg 7.6 efgh 6.8 efghij 
44-53M 8.0 cdefg 7.9 abcde 7.8 cdefg 7.1 cdefgh 
3309C 8.1 cdefg 7.2 fgh 7.0 jk 6.8 fghij 
RipariaGloire 7.9 defghi 6.1 i 6.7 k 6.5 hijk 
Sig.a <0.0001 <0.0001 <0.0001 <0.0001 
a Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.11.  Juice pH of Pinot noir grafted to various rootstocks.  Rootstocks are sorted 

in function of vine vigor imposed to the scion (from most to least vigorous). 

 Year 
Rootstock 2002 2003 2004 2005 
125AA 2.95 cdefg 2.94 h 2.96 cdefg 2.98 bcde 
140Ru 3.00 bc 3.01 cdefg 2.95 defg 2.96 cde 
1103P 3.01 ab 2.95 fgh 2.94 fg 2.92 e 
1616C 2.93 defg 2.93 h 2.98 bcde 2.98 bcde 
161-49C 2.96 cdefg 2.98 defgh 2.94 efg 2.96 cde 
420AMgt 2.95 cdefg 2.93 h 2.92 g 2.95 de 
99R 2.96 bcdef 2.96 fgh 2.94 efg 2.98 bcde 
5C 2.97 bcde 2.92 h 2.92 g 2.97 bcde 
5BB 2.91 efg 2.93 h 2.93 fg 2.95 de 
101-14 2.99 bc 2.94 gh 2.94 efg 3.01 abcd 
SO4 2.97 bcd 2.95 fgh 2.93 fg 2.94 de 
Ungrafted 3.07 a 3.02 bcdef 3.01 ab 3.03 ab 
8B 2.93 defg 2.97 efgh 2.96 cdefg 2.98 bcde 
Gravesac 2.97 bcde 2.98 cdefgh 2.99 bcd 3.02 abc 
110R 3.00 bc 3.05 bc 3.00 abc 3.00 abcd 
Schwarzmann 3.01 bc 3.09 ab 3.03 a 3.06 a 
Boerner 2.97 bcde 3.04 bcd 2.97 bcdef 3.03 ab 
44-53M 2.91 fg 3.01 cdefg 2.95 defg 2.95 cde 
3309C 2.97 bcde 3.03 bcde 3.00 ab 2.95 de 
Riparia Gloire 2.91 g 3.15 a 3.04 a 2.97 bcde 
Sig.a <0.0001 <0.0001 <0.0001 0.0079 
a Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.12.  Skin proanthocyanidin concentration (mg/berry) of Pinot noir grafted to 
various rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion 
(from most to least vigorous). 

 Year CVa

Rootstock 2003 2004 2005 (%) 
125AA 0.72 abcd 0.99 abc 1.12 a 21.4  (9)b

140Ru 0.64 bcde 0.94 abcd 0.88 cdefgh 19.5  (11) 
1103P 0.68 bcde 1.01 abc 0.95 bcd 20.2  (10) 
1616C 0.98 a 1.10 a 1.00 abc 6.7  (20) 
161-49C 0.65 bcdef 0.72 e 0.81 fghi 11.2  (17) 
420AMgt 0.75 abc 1.01 abc 0.98 bc 15.5  (15) 
99R 0.46 ef 0.98 abc 0.76 ghi 35.3  (2) 
5C 0.40 f 0.94 abcd 0.90 bcdef 40.6  (1) 
5BB 0.48 def 0.85 cde 1.01 ab 34.4  (3) 
101-14 0.56 cdef 1.01 abc 0.89 bcdefg 27.9  (7) 
SO4 0.67 bcde 0.88 cde 0.99 abc 19.2  (12) 
Ungrafted 0.51 def 0.98 abc 0.74 i 31.6  (4) 
8B 0.59 cdef 1.07 ab 0.83 defghi 29.0  (6) 
Gravesac 0.73 bc 0.98 abc 0.90 bcdef 14.8  (16) 
110R 0.81 ab 0.93 bcd 0.89 bcdef 6.8  (18) 
Schwarzmann 0.65 bcdef 0.91 bcd 0.74 i 17.3  (13) 
Boerner 0.48 ef 0.93 bcd 0.83 efghi 31.4  (5) 
44-53M 0.60 bcdef 0.91 bcd 0.95 bcde 23.6  (8) 
3309C 0.69 bcde 0.78 de 0.76 hi 6.7  (19) 
RipariaGloire 0.61 bcdef 0.79 de 0.82 efghi 15.6  (14) 
Sig.c 0.0066 0.0035 <0.0001   
a Coefficient of variation of the mean; b Numbers in parenthesis indicate ranking; c 
Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.13.  Total anthocyanin content (mg/berry) of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion (from 
most to least vigorous). 

 Year CVa

Rootstock 2003 2004 2005 (%) 
125AA 0.31 bcd 0.51 abcde 0.51 bcde 26.5  (13)b

140Ru 0.34 abc 0.54 abcd 0.49 cde 23.3  (16) 
1103P 0.22 e 0.52 abcde 0.42 efgh 38.9  (1) 
1616C 0.29 bcde 0.48 abcdef 0.49 cdef 27.3  (12) 
161-49C 0.27 cde 0.49 abcdef 0.48 cdefg 30.4  (6) 
420AMgt 0.30 bcde 0.56 ab 0.59 b 33.1  (4) 
99R 0.26 de 0.48 abcdef 0.39 gh 29.8  (7) 
5C 0.30 bcde 0.53 abcde 0.50 bcde 28.5  (10) 
5BB 0.27 cde 0.48 abcdef 0.45 defgh 28.7  (8) 
101-14 0.26 cde 0.56 abc 0.47 cdefg 36.3  (2) 
SO4 0.40 a 0.53 abcde 0.71 a 28.5  (9) 
Ungrafted 0.29 bcde 0.46 cdefg 0.36 h 23.2  (17) 
8B 0.35 ab 0.49 abcdef 0.48 cdef 17.2  (20) 
Gravesac 0.32 bcd 0.43 efg 0.54 bc 25.8  (14) 
110R 0.30 bcde 0.47 cdefg 0.40 fgh 22.4  (18) 
Schwarzmann 0.28 bcde 0.40 fg 0.48 cdefg 25.1  (15) 
Boerner 0.28 bcde 0.57 a 0.50 bcde 33.6  (3) 
44-53M 0.29 bcde 0.44 defg 0.53 bcd 28.3  (11) 
3309C 0.29 bcde 0.47 bcdef 0.55 bc 30.7  (5) 
RipariaGloire 0.31 bcd 0.37 g 0.44 defgh 18.4  (19) 
Sig.c 0.0503 0.0077 <0.0001   
a Coefficient of variation of the mean; b Numbers in parenthesis indicate ranking; c 
Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.14.  Skin proanthocyanidin composition by phloroglucinolysis of Pinot noir 
grafted to various rootstocks (2003).  Rootstocks are sorted in function of vine vigor 
imposed to the scion (from most to least vigorous). 

 mDPP

a Cb ECb ECGb EGCb

Rootstock    (%) (%) (%) (%) 
125AA 33.39  2.6 cdef* 70.7 bc 2.8  23.9 cd 
140Ru 34.74  2.5 def 69.7 c 2.9  24.8 bc 
1103P 35.34  2.9 abc 70.0 bc 2.9  24.8 bc 
1616C 39.75  2.7 bcdef 70.0 bc 3.0  24.3 bc 
161-49C 34.62  2.5 def 69.5 c 2.9  25.1 bc 
420AMgt 37.79  2.7 bcdef 72.1 ab 2.8  22.4 de 
99R 34.39  2.5 def 69.5 c 3.0  24.8 bc 
5C 30.93  2.8 abcd 70.0 bc 3.0  24.3 bcd 
5BB 31.77  2.7 bcdef 69.6 c 2.5  25.5 abc 
101-14 36.23  2.6 cdef 70.7 bc 3.2  23.5 cd 
SO4 35.35  2.8 abcd 70.3 bc 2.7  24.3 bcd 
Ungrafted 32.96  2.6 def 69.5 c 2.9  25.1 bc 
8B 35.13  2.6 def 70.7 bc 2.7  24.0 cd 
Gravesac 38.21  3.1 a 69.2 c 3.0  24.0 bcd 
110R 35.23  2.8 abcd 69.8 c 2.9  25.5 abc 
Schwarzmann 38.37  2.4 ef 68.6 cd 3.0  26.1 ab 
Boerner 33.28  2.5 def 72.9 a 3.1  21.4 e 
44-53M 38.63  2.9 ab 66.7 d 3.0  27.4 a 
3309C 34.24  2.5 def 70.7 abc 2.8  23.9 bcd 
RipariaGloire 36.93  2.4 e 69.9 c 2.6  24.9 bc 
Sig.c 0.0683 0.006 0.0021 0.4617 <0.0001 
a Mean degree of polymerization; b Molar proportion, with the following abbreviations: 
C, (+)-catechin; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-O-gallate; EGC, (-)-
epigallocatechin; b Significance for main effect; *Means followed by the different letters 
are significantly different (P<0.05) 
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Table 6.15.  Skin proanthocyanidin composition by phloroglucinolysis of Pinot noir 
grafted to various rootstocks (2004-2005).  Rootstocks are sorted in function of vine 
vigor imposed to the scion (from most to least vigorous). 

 mDPa Cb ECb ECGb EGCb

Rootstock    (%) (%) (%) (%) 
125AA 35.48 abc 2.8 abcd 69.6 a 2.1 f 25.6 g 
140Ru 30.84 f 2.7 abcde 67.8 bcde 2.3 def 27.3 bcd 
1103P 33.68 bcdef 2.7 abcde 67.4 defg 2.2 def 27.6 abcd 
1616C 36.75 a 2.7 abcdef 67.4 defg 2.2 ef 27.2 bcde 
161-49C 31.97 def 2.8 a 68.9 abc 2.4 bcde 25.8 efg 
420AMgt 31.91 def 2.8 ab 69.6 a 2.3 cde 25.2 g 
99R 34.87 abcd 2.8 abcde 67.9 bcd 2.5 abc 26.6 defg 
5C 33.05 cdef 2.4 gh 67.6 cdef 2.5 abc 27.4 bcd 
5BB 33.77 abcdef 2.6 efgh 67.9 bcd 2.3 bcde 27.1 cde 
101-14 34.64 abcde 2.6 efgh 67.9 bcde 2.3 bcde 27.2 bcde 
SO4 34.39 abcde 2.6 cdef 67.9 bcde 2.4 bcde 27.2 bcde 
Ungrafted 36.48 ab 2.5 fgh 66.5 efg 2.4 bcde 28.6 ab 
8B 31.88 ef 2.7 bcdef 67.6 def 2.4 bcde 27.0 cdef 
Gravesac 33.59 bcdef 2.7 cdef 69.1 ab 2.5 abc 25.7 fg 
110R 36.87 a 2.6 defg 66.5 fg 2.5 abc 28.4 abc 
Schwarzmann 33.33 bcdef 2.4 h 66.2 g 2.5 ab 28.8 a 
Boerner 32.97 cdef 2.8 abc 67.6 def 2.4 bcd 27.3 bcd 
44-53M 33.50 bcdef 2.6 cdef 68.1 bcd 2.5 ab 27.1 cde 
3309C 35.24 abc 2.6 efg 67.0 defg 2.5 abc 27.8 abcd 
RipariaGloire 35.14 abc 2.6 efg 67.7 cdef 2.7 a 27.0 cdef 
Sig.c 0.0023 <0.0001 <0.0001 <0.0001 <0.0001 
a Mean degree of polymerization; b Molar proportion, with the following abbreviations: 
C, (+)-catechin; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-O-gallate; EGC, (-)-
epigallocatechin; b Significance for main effect;  Means followed by the different letters 
are significantly different (P<0.05) 



 

Table 6.16.  Concentration of wine flavan-3-ol monomers, hydroxycinnamic acids, stilbenes, flavonols and anthocyanins as 
determined by reversed-phase HPLC of Pinot noir grafted to various rootstocks.  Rootstocks are sorted in function of vine vigor 
imposed to the scion (from most to least vigorous). 

 Flavan-3-ol Monomers Hydroxycinnamic Acids Stilbenes Flavonols Anthocyanins 
Rootstock  (mg/L CE)a  (mg/L CAE)b  (mg/L RE)c (mg/L QE)c  (mg/L ME)d

125AA 90.6 bcd 105.9 bcde 7.2 efgh 21.9 ef 403.0 cdefg 
140Ru 86.6 cdefg 94.0 ijk 7.3 efgh 21.3 efg 370.6 ghi 
1103P 90.2 bcd 101.1 b 6.9 gh 21.2 fg 334.0 j 
1616C 87.5 cdef 101.8 cdef 7.2 fgh 21.5 efg 390.8 defg 
161-49C 81.1 efgh 94.7 hijk 7.4 defgh 20.1 fg 344.3 ij 
420AMgt 89.1 bcde 107.4 bc 6.6 h 19.1 g 371.3 fghi 
99R 82.3 defgh 103.2 cdef 8.1 cd 22.6 cdef 393.7 cdefg 
5C 84.6 defgh 105.1 cdef 8.1 cde 24.6 bcd 409.6 cde 
5BB 97.6 ab 104.0 cdef 8.2 cd 20.7 fg 376.0 efghi 
101-14 78.5 ghi 111.9 a 9.9 a 24.5 bcd 426.9 bc 
SO4 79.0 fgh 102.8 cdef 8.2 cd 24.6 bcd 415.0 cd 
Ungrafted 90.4 bcd 107.0 bcd 8.1 cdef 22.3 cdef 369.5 ghi 
8B 85.1 cdefgh 99.5 fghi 7.8 cdef 22.1 def 406.7 cde 
Gravesac 93.5 abc 100.2 efgh 9.3 ab 24.9 bc 416.3 cd 
110R 84.9 cdefgh 118.1 defg 10.1 a 28.3 a 466.4 a 
Schwarzmann 97.5 ab 92.2 jk 8.6 bc 23.9 cde 398.6 cdefg 
Boerner 101.3 a 101.7 cdef 7.8 cdef 24.8 bc 452.2 ab 
44-53M 70.0 i 95.6 ghij 7.6 defg 21.6 efg 353.0 hij 
3309C 82.2 defgh 95.7 ghij 8.5 bc 24.8 bc 386.6 defgh 
Riparia Gloire 76.9 hi 89.3 k 8.2 cd 26.8 ab 406.3 cdef 
Sig.e <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
a catechin equivalents, b caffeic acid equivalents, c quercetin equivalents, d malvidin 3-O-glucoside equivalents, e significance for the 
main effect;  Means followed by the different letters are significantly different (P<0.05)  
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 Total PA mDPa Cb ECb ECGb EGCb

Rootstock  (mg/L)   (%) (%) (%) (%) 
125AA 407.3 fgh 4.06 cdef 3.7  76.3 bc 3.2 gh 16.8 hi 
140Ru 403.8 ghi 3.82 gh 3.7  75.8 cde 3.4 defg 17.1 fgh 
1103P 481.6 abc 4.15 bcde 4.0  75.5 cdef 3.3 gh 17.3 defgh 
1616C 409.1 fgh 3.86 fgh 3.7  76.0 bcd 3.4 fgh 16.9 gh 
161-49C 363.7 i 3.94 efgh 3.5  77.8 a 3.4 fgh 15.4 j 
420AMgt 497.8 ab 4.06 cdef 3.9  76.9 ab 3.2 h 16.0 ij 
99R 438.5 cdefgh 3.96 efgh 3.4  75.8 cde 3.4 efg 17.3 cdefgh 
5C 483.6 abc 4.27 abc 3.6  75.6 cdef 3.5 cdef 17.4 cdefgh 
5BB 448.7 cdef 3.90 fgh 3.5  75.6 cde 3.3 fgh 17.5 bcdefgh 
101-14 454.8 bcde 4.25 abc 3.4  73.9 i 3.3 gh 19.4 a 
SO4 444.6 cdefg 4.21 bcd 3.8  75.6 cde 3.4 fgh 17.2 defgh 
Ungrafted 445.7 cdefg 4.00 defg 3.2  75.3 cdefg 3.4 defgh 18.1 bcd 
8B 469.1 abcd 4.09 cdef 3.3  75.0 efgh 3.5 cdef 18.2 bc 
Gravesac 433.0 defgh 3.95 efgh 3.5  75.2 defg 3.6 abcd 17.7 bcdefg 
110R 500.0 a 4.37 ab 3.4  74.6 fghi 3.7 abcde 18.4 b 
Schwarzmann 448.9 cdef 3.90 fgh 3.9  74.2 hi 3.8 ab 18.1 bc 
Boerner 438.9 cdefgh 3.75 h 3.7  75.5 cdef 3.4 defg 17.4 cdefgh 
44-53M 419.6 efgh 4.45 a 3.6  75.7 cde 3.6 bcdef 17.1 efgh 
3309C 401.2 hi 4.01 defg 3.8  74.4 ghi 3.7 abc 18.1 bcde 
Riparia Gloire 442.1 cdefgh 4.26 abc 3.4  75.1 efgh 3.8 a 17.8 bcdef 
Sig.c <0.0001 <0.0001 0.564 <0.0001 <0.0001 <0.0001 

Table 6.17.  Wine proanthocyanidin (PA) concentration and composition by phloroglucinolysis of Pinot noir grafted to various 
rootstocks.  Rootstocks are sorted in function of vine vigor imposed to the scion (from most to least vigorous). 

a Mean degree of polymerization including flavan-3-ol monomers; b Extension subunits in molar proportion, with the following 
abbreviations: C, (+)-catechin; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-O-gallate; EGC, (-)-epigallocatechin; c Significance for 
main effect;   Means followed by the different letters are significantly different (P<0.05) 
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Table 6.18.  Extraction of skin and seed proanthocyanidin (PA) into wine as determined 
by phloroglucinolysis.  Rootstocks are sorted in function of vine vigor imposed to the 
scion (from most to least vigorous). 

 Skin derived Skin PA Seed PA 
Rootstock  (%)  (mg/L) (mg/L)  
125AA 70.7 bc 288.1 defghi 119.2 def 
140Ru 69.7 bcd 260.5 ij 122.2 def 
1103P 67.0 cdefg 330.0 abc 167.4 a 
1616C 66.3 efg 271.3 hij 137.7 bcdef 
161-49C 63.7 g 251.6 j 128.2 bcdef 
420AMgt 66.2 defg 301.3 cdefgh 154.9 abc 
99R 64.3 fg 281.9 efghij 156.6 ab 
5C 67.0 defg 321.7 abcd 145.8 abcd 
5BB 68.4 bcde 306.9 cdef 141.9 abcd 
101-14 75.3 a 342.3 ab 112.4 ef 
SO4 68.7 bcde 305.5 cdefg 139.2 abcdef 
Ungrafted 66.2 defg 306.3 cdef 139.3 abcde 
8B 68.1 bcdef 269.8 ghij 154.9 abc 
Gravesac 71.9 ab 322.3 bc 110.7 f 
110R 68.7 bcde 356.4 a 143.6 abcd 
Schwarzmann 64.3 fg 272.5 hij 158.2 abc 
Boerner 71.0 b 312.1 bcde 126.8 cdef 
44-53M 68.8 bcde 277.6 efghij 119.3 def 
3309C 65.9 efg 292.4 cdefghi 139.7 abcdef 
Riparia Gloire 66.5 defg 278.8 fghij 141.7 abcd 
Sig.a <0.0001 <0.0001 0.0091 
a Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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Table 6.19.  Pinot noir wine spectral analysis as affected by rootstock.  Rootstocks are 
sorted in function of vine vigor imposed to the scion (from most to least vigorous). 

 Color intensity Color hue Bisulfite resistant pigment
Rootstock (ABS 420+520 nm) (ABS420/ABS520) (a.u.) 
125AA 8.3 def 0.51 hijk 0.68 cde 
140Ru 8.2 efg 0.53 defg 0.54 f 
1103P 6.9 g 0.53 defg 0.59 ef 
1616C 8.5 def 0.54 cdef 0.75 bcd 
161-49C 8.9 bcdef 0.54 cdef 0.77 abc 
420AMgt 8.5 def 0.51 ijk 0.65 de 
99R 8.5 def 0.54 cde 0.73 cd 
5C 10.4 ab 0.52 ghij 0.76 bc 
5BB 8.2 efg 0.51 jk 0.69 cde 
101-14 10.2 abc 0.51 k 0.74 bcd 
SO4 9.6 abcd 0.51 jk 0.74 cd 
Ungrafted 7.5 fg 0.53 defg 0.58 ef 
8B 9.2 abcde 0.52 fghi 0.74 bcd 
Gravesac 8.3 def 0.55 abc 0.78 abc 
110R 10.3 ab 0.53 efghi 0.84 ab 
Schwarzmann 6.8 g 0.56 a 0.60 ef 
Boerner 9.1 abcde 0.54 bcd 0.77 bc 
44-53M 7.0 g 0.53 efgh 0.68 cde 
3309C 8.9 cde 0.54 cdef 0.74 bcd 
Riparia Gloire 10.5 a 0.55 ab 0.88 a 
Sig.a <0.0001 <0.0001 <0.0001 
a Significance for main effect;  Means followed by the different letters are significantly 
different (P<0.05) 
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FIGURES. 
 

 
Figure 6.1.  Genetic origin of the 19 rootstocks in this investigation: rootstock name and 
species or species crosses used to derive each rootstock. 
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Figure 6.2.  Canopy archicteture (% gaps) of Pinot noir grafted to various rootstocks 
during the 2005 growing season.  Vertical bars are ± SE. 
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Figure 6.3.  Relationship between pruning weight as estimate of canopy size and vine 
vigor and vine water status (ψstem).  Vertical line represents the mean pruning weight and 
horizontal line represents the mean midday ψstem.  Each point is the average of 40 
measurements taken between 2003 and 2005. The four quadrants distinguish different 
drought avoidance strategies.  Error bars are ± SE. 
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Figure 6.4.  Relationship between the ratio of exposed leaf area to fruit (cm2/g) and sugar 
accumulation in the fruit (°Brix).  Each point is the annual average for each rootstock 
between 2002 and 2005. 

22 24

Ju
ic

e 
so

lu
bl

e 
so

lid
s (

°B
ri

x)

0
21

22

23

24

25

26

27

28

29

30

2002
2003
2004
2005 

R2 = 0.511

 



 

213 

 

Figure 6.5.  PLS prediction of skin proanthocyanidin and anthocyanidin concentration (mg/berry) between 2003 and 2005 
based on weather parameters including growing degree days (GDD) in August (8) and September (9) and Precipitation in 
August (Variance explained in X: 80% PC1, 20% PC2; in Y: 63% PC1, 6% PC2). 

Skin PA & Anthocyanin (mg/berry) = 

-0.645 + 0.319(GDD 8) + 0.065(Precipt. 8) - 0.495(GDD 9) 

2003 
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Figure 6.6.  Skin proanthocyanidin and anthocyanidin concentration (mg/kg fruit) of Pinot noir grafted to various rootstocks 
during the 2003 (a) and 2004-2005 (b) growing seasons.  Vertical bars are ± SE. 



215 

 

Berry weight (g)

1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40

T
ot

al
 a

nt
ho

cy
an

in
s (

m
g/

kg
 o

f f
ru

it)

300

350

400

450

500

550

600

T
ot

al
 sk

in
 P

A
 (m

g/
kg

 o
f f

ru
it)

600

650

700

750

800

850

900

950

 Total anthocyanins
Total skin PA

 

Figure 6.7.  Relationship between berry weight and skin proanthocyanidin and 
anthocyanidin concentration (mg/kg fruit) of Pinot noir grafted to various rootstocks 
between 2003 and 2005.  Each point is the average of 15 measurements taken between 
2003 and 2005.  No significant relationship was found. 
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Figure 6.8.  PLS regression analysis of leaf transpiration (E) during the months of July 
(7) and August (8), stem water potential and leaf photosynthesis (A) in August and 
September (9), shoot length before hedging; leaf temperature in July and September, and 
leaf stomatal conductance (gs) in September, as the X matrix, and the total skin 
proanthocyanidin and anthocyanin amount per berry (Y matrix) between 2003 and 2004.  
Top: Rootstock scores on first two dimensions.  Bottom: Loadings for the X and Y matrix 
(Variance explained in X: 70% PC1, 16% PC2; in Y: 72% PC1, 8%PC2). 

Figure 6.8.  PLS regression analysis of leaf transpiration (E) during the months of July 
(7) and August (8), stem water potential and leaf photosynthesis (A) in August and 
September (9), shoot length before hedging; leaf temperature in July and September, and 
leaf stomatal conductance (gs) in September, as the X matrix, and the total skin 
proanthocyanidin and anthocyanin amount per berry (Y matrix) between 2003 and 2004.  
Top: Rootstock scores on first two dimensions.  Bottom: Loadings for the X and Y matrix 
(Variance explained in X: 70% PC1, 16% PC2; in Y: 72% PC1, 8%PC2). 
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Figure 6.9.  Fermentation progress for the different rootstocks in 2005.  Specific gravity values represent the mean of triplicate 
fermentations.  Error bars are ± SD. 
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Figure 6.10.  Relative proportion of fruit skin proanthocyanidins and anthocyanins that 
was extracted into wine of Pinot noir grafted to various rootstocks in 2005. 
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Figure 6.11.  PLS prediction of the relative proportion of skin proanthocyanidin extracted into wine based on juice pH, individual 
fresh seed weight and stem water potential (ψstem) in September (9) of Pinot noir grafted to various rootstocks in 2005 (Variance 
explained in X: 59% PC1, 21% PC2; in Y: 78% PC1, 1%PC2). 
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% skin PA extracted into wine = 

-30.049 + 0.437(pH) - 0.388(ψstem 9) - 0.323 (seed weight) 
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Figure 6.12.  Relationship between yield per vine of Pinot noir grafted to various 
rootstocks and wine total proanthocyanidin and anthocyanin content.  No significant 
relationship was found. 
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7. CONCLUSIONS 
 

In this dissertation some evidence is presented that Vitis rootstocks can impose changes 

to the scion stomatal behavior under a developing water deficit.  Leaf gas-exchange and 

hydraulic properties for the pathway soil-stem of the scion were affected by the different 

rootstocks.  These changes were not directly linked to the vine vigor imposed by the 

rootstock but more so to the water status of the vine.  Leaf gas-exchange therefore 

appeared to be limited in some rootstocks mostly by stomata closure during water deficit.  

While some rootstocks could not cope with the large water demand that their canopies 

represented, others appeared to have reduced canopy size as a strategy of drought 

avoidance.  The differences in stomatal conductance of the scion reflected differences in 

hydraulic architecture (as estimated by Kl) among rootstocks.  While in some rootstocks 

this coupling was very tight, other rootstocks induced stomatal closure at relatively high 

ψstem and only responded to Kl early in the season.  For most of the rootstocks compared 

in this study, stomatal closure appeared to have a feedback response to bulk Eleaf or ψstem. 

This dissertation also brings a new understanding on the dynamics of the rootstock 

performance under different scion varieties.  Interactions between rootstock and variety 

were seen in the vegetative response, water status and hydraulic conductivity in the 

pathway soil-stem of the vines, but not with leaf gas-exchange, chlorophyll content or 

shoot development.  Our results suggest that rootstocks have the potential of modifying 

the scion’s overall vegetative growth.  This potential may or may not be achieved 

depending on the scion’s variety.  Differences in scion vigor are reflected in the hydraulic 

properties and water status of the vines.  Regarding fruit composition, each cultivar 
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responded differently to rootstock only in regards to juice titratable acidity, pH and fresh 

seed weight. The fact that these components were closely associated with vine vigor 

indicates that only a limited portion of the rootstock effect on fruit composition is 

indirect, via modification of vegetative growth. 

To be able to take the evaluation of rootstocks one step further and make wines from 

limited amounts of fruit, we developed a micro-scale red wine fermentation technique.  

Based upon relative skin and seed proanthocyanidin extraction as well as color 

composition, this technique approximated the results obtained on a commercial-sized 

fermentation.  Spectral evaluation of the young wines also indicated that the method was 

effective in preventing oxidation, and no evidence of microbial spoilage was found.  By 

cost effectively and reproducibly controlling many of the variables that ultimately 

determine a wine’s composition, the research outcomes from this method have the 

potential to be reproduced by other research groups. 

One of the main purposes of this study was to provide a better understanding of the role 

that rootstocks have in determining fruit and wine chemistry.  Differences in yield 

resulted mostly from the rootstock impact in vine size.  Variation in berry weight was 

minor compared to yield differences.  Sugar accumulation in the fruit was only 

considerably impacted by the different rootstocks in the one of the season’s, when bigger 

yield differences were seen.  Under adequate ratio of leaf area to fruit, sugars levels were 

very similar.  This suggests that rootstock does not affect the length of the scion’s 

growing cycle under non-limiting leaf to fruit ratio. Higher vigor rootstocks had 

substantially higher juice TA and consequently lower pH.  There were no clear trends 

based on the parentage of the rootstocks.  
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Skin proanthocyanidin and anthocyanin production was independent of the vigor 

imposed by the different rootstocks.  Although some devigorating rootstocks had higher 

levels of phenolic compounds in the fruit we found no evidence for a linear correlation.  

Contrary to common belief, it was found that the level of skin tannin or total 

anthocyanins varied independently of berry weight.  Changes in vine water status were 

associated to skin PA and anthocyanin content.  Biosynthesis of these compounds was 

clearly favored by a larger canopy early in the season, with increased rates of leaf 

photosynthesis and transpiration.  A more favorable water status, as indicated by higher 

water potentials, also contributed to higher skin PAs and anthocyanins levels.  After 

verasion, vine hydric stress factors, such as increased leaf temperature, and decreased 

stem water potential contributed to a decline in the concentration of skin PAs and 

anthocyanins.   

Our results showed that only part of PA and anthocyanins present in the fruit are 

extracted into the wine.  We found that rootstocks play an important role in determining 

the extractability of these compounds.  Higher skin PA extraction rates were found in 

vines that experienced a higher degree of water stress (as indicated by ψstem) in the final 

stages of ripening.  Skin PA extraction was also coupled to juice pH and seed weight 

suggesting that rootstock differences in vegetative growth, and consequently, differences 

in fruit exposure, may have played a significant role.  Considering that the extraction of 

phenolic material from the grape into the wine is a critical step in red winemaking, 

further studies need to clarify what other factors can influence this process.  Within the 

range of this experiment, the yield generated by the different rootstocks was not a major 

contributor for the differences in the phenolic profile of the wines.   
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Overall, all these results substantiate the fact that there is an important role played by 

the rootstock in the chemical characteristics of the fruit and wine.  In an increasingly 

competitive global wine market, achieving the best quality wine starts with planting 

decisions.  Rootstock choice is important not only for pest resistance and adaptation to 

environmental conditions, but also for the manipulation of wine chemistry and targeted 

style in the vineyard. 
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