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a  b  s  t  r  a  c  t

Grapevine  leafroll  impacts  both  vine  health  and  fruit  quality  and is  then  one  of  the  most  important
viral diseases  of  grapevine  (Vitis  vinifera  L.). It occurs  in all  major  grape-growing  areas  worldwide,  and
is caused  by  several  grapevine  leafroll-associated  viruses  (GLRaVs).  Within  causal  agents,  GLRaV-3  is  the
predominant  strain.  Cabernet  Franc  vines  grown  at the  SWMREC  in Benton  Harbor,  Michigan,  USA  were
grouped  as  healthy  or  symptomatic  during  the  spring  of  2012,  based  on  symptoms  recorded  during  the
previous  season.  Using  enzyme-linked  immunosorbent  assay,  GLRaV-3  was  detected  only  in  symptomatic
vines,  and  no  others  GLRaVs  were found.  Leaf gas  exchange,  chlorophyll  a fluorescence,  leaf  pigment
content  and  midday  relative  water  content  were  measured  during  the growing  season.  At  harvest,  yield
components  and  basic  fruit  chemical  parameters  were  measured.  Shoot  growth  was measured  during
the  growing  season.  Number  of  leaves  per  shoot,  shoot  leaf  area  and  internode  length  were  measured
after  the  appearance  of symptoms.  Pruning  weight  and  cane  lignification  were  recorded  after  the  first
fall frost.  GLRaV-3  infection  considerably  decreased  leaf  net photosynthesis,  stomatal  conductance  and
transpiration  before  and after  the  appearance  of symptoms.  The  effects  of  GLRaV-3  infection  on  quantum
efficiency  of  PS  II  and  pigment  content  were  only  evident  after  the development  of  symptoms,  but  did  not
significantly  affect  midday  relative  water  content.  GLRaV-3  inhibited  maximum  carboxylation  efficiency,
rate  of photosynthetic  electron  transport,  and  triose  phosphate  use  by 30%.  Yield  and  soluble  solid  content
per  vine  were  reduced  by 40%  and  43%,  respectively.  No  significant  differences  were  recorded  in  phenolic

and  anthocyanin  contents  of  berries.  GLRaV-3  infection  significantly  reduced  number  of  shoot  per  vine,
shoot  growth,  shoot  leaf  area  and  internode  length.  The  reduction  of  leaf  metabolism  induced  by  GLRaV-
3 infection,  also  decreased  vine  growth  and  size  and  cane  lignification.  The  result  showed,  GLRaV-3
infection  induced  a  significant  reduction  in CO2 assimilation,  yield,  vine  size  and  cane  lignification  of cv.
Cabernet  Franc  grown  in cool-climate  viticultural  region.

©  2014  Elsevier  B.V.  All  rights  reserved.
Abbreviations: DM,  dry mass; ELISA, enzyme-linked immunosorbent assay; FM,
resh mass; GLRaVs, grapevine leafroll-associated viruses; HG, healthy grapevines;
,  rate of photosynthesis electron transport; mRWC,  midday relative water content;
SI, photosystem I; PSII, photosystem II; Rubisco, ribulose 1,5-bisphosphate car-
oxylase/oxygenase; SG, symptomatic grapevines; SWMREC, Southwest Michigan
esearch and Extension Center; TM,  turgid mass; TPU, triose phosphate use; Vcmax,
aximum carboxylation allowed by rubisco.
∗ Corresponding author. Tel.: +1 517 355 5191; fax: +1 517 353 0890.

E-mail address: sabbatin@msu.edu (P. Sabbatini).
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1. Introduction

Grapevine leafroll occurs in all major grape-growing areas
worldwide and is one of the most common and damaging viral
diseases of vines (Pearson and Goheen, 1988; Martelli and Boudon-
Padieu, 2006). At least ten serologically distinct viruses are
associated with leafroll disease (Fuchs, 2007). Grapevine leafroll
associated viruses (GLRaVs) represent, except GLRaV-2, a com-

plex of viruses in the genus Ampelovirus, family Closteroviridae
(Martelli et al., 2002), and GLRaV-3 is the predominant viral
strain in the world (Engelbrecht and Kasdorf, 1990; Habili et al.,
1995; Martin et al., 2005). GLRaV-2 is also associated with leafroll

dx.doi.org/10.1016/j.scienta.2014.03.021
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
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isease but belongs to another genus, Closterovirus, within the same
amily (Fauquet et al., 2005). In Michigan vineyards, grapevine
eafroll symptoms are common, and GLRaV-3 is the predominant
irus, with GLRaV-1 and GLRaV-2 occurring more rarely (Schilder,
011). Most grapevine viruses are recognized on the basis of leaf
ymptoms, depending on effects on chloroplast structure and func-
ioning (Balachandran et al., 1997). Virus biotic stress is poorly
nderstood because inoculation studies are difficult and physio-

ogical responses highly variable (Balachandran et al., 1997). Viral
iseases in grapevine tend to induce leaf morpho-physiological
hanges that impact fruit quality (Martelli, 1993; Guidoni et al.,
997). Infected vines generally show inter-venal leaf chlorosis
in white cvs) or reddening (in red cvs) and downward leaf
olling. Those changes are correlated with reduced CO2 assimila-
ion, stomatal conductance, chloroplast number and chlorophyll

etabolism (Hunter and Peat, 1973; Almási et al., 1996). Symp-
oms generally appear in the summer and in early fall (Hoefort and
ifford, 1967; Weber et al., 1993). Infection with GLRaVs impacts
ine growth, yield, berry weight, and sugar and anthocyanin accu-
ulation in the berries and wines. Leafroll disease can cause yield

osses of as much as 40% in grapevines (Pearson and Goheen, 1988;
redi and Babini, 1997). Photosynthesis and transpiration are key
hysiological processes in plants and sensitive to biotic and abiotic
tress (Balachandran et al., 1997). Hristov and Abrasheva (2001)
sing Cabernet Sauvignon measured low levels of chlorophyll and
arotenoid pigments in the leaves of GLRaV-3 infected vines com-
ared to healthy vines. Sampol et al. (2003) reported declines in net
ssimilation rate, stomatal conductance, chlorophyll pigments and
on-photochemical quenching in vines infected by both grapevine

anleaf virus and GLRaV-1, -2 and -3. However, most of those studies
ere performed with vines grown in vitro or in pot trials. Under field

onditions, other factors such as vine age, cultivar and rootstock
nteractions as well as training and pruning systems may  influence
he grapevine physiological response to virus infection (Woodham
t al., 1983; Mannini et al., 1996; Credi and Babini, 1997; Guidoni
t al., 1997; Sampol et al., 2003).

The aim of this study was to describe the effects of GLRaV-
 infection on leaf physiological parameters (net photosynthesis,
hlorophyll a fluorescence, chlorophyll content, stomatal conduc-
ance, transpiration, and intercellular CO2 concentration), before
nd after the appearance of leaf symptoms, and its impact on
rowth and fruit yield and quality and cane maturation of Cabernet
ranc vines grown in Michigan, a cool-climate viticultural region.

. Materials and methods

.1. Vineyard site

The experiment was conducted in 2012 at the Southwest Michi-
an Research and Extension Center (SWMREC) of Michigan State
niversity in Benton Harbor (N 40.09, W 86.36), Michigan, USA.
ichigan’s climate is characterized by a short growing season

145–175 days) with cool-climate summer conditions (1300 ± 300
rowing degree days or GDD, calculated beginning April 1st to
ctober 31st with base 10 ◦C). Cabernet Franc vines (clone FPS
1) grafted on rootstock 3309C were planted in 1993 in a Spinks
andy loam soil (USDA, 1957) with a spacing of 2.5 m within the
ow and 3.0 m between rows, with rows oriented N–S. Vines were
ane pruned during the winter of 2011 to forty-eight nodes per
ine, and trained to vertical shoot positioning (VSP) with a fruit-
earing wire at 1.2 m from the ground and three sets of catch

ires at 40-cm intervals from the fruit-bearing wire. During the
revious 2 years and the 2012 growing season, no irrigation or fer-
ilizers were applied to the experimental plot. Soil analysis was
erformed in the spring and showed sufficient levels of macro- and
ulturae 170 (2014) 228–236 229

micronutrients (Wise et al., 2008). Recommended crop protection
practices were followed and the pest management program was
based on scouting, experience and weather conditions. A combina-
tion of fungicides and insecticides was  used for disease and insect
control and chemical classes were alternated to avoid resistance
development in target pests and pathogens. Pertinent tempera-
ture and rainfall data were recorded during the experiment by an
automated weather station from the Michigan Automated Weather
Network (MAWN) located on site at 120 m from the experimental
vineyard.

2.2. Treatments and experimental design

During 2010, the MSU  Viticulture team scouted the Cabernet
Franc vineyard at SWMREC and found a high incidence of leafroll.
Based on visual observations in 2010 and 2011, and ELISA test car-
ried in the previous seasons for all GLRaVs detectable by ELISA, two
groups of four vines were selected as healthy (HG) and symptomatic
(SG) in June 2012, before any symptoms were visually present on
the leaves. In HG (control) and SG [infected by grapevine leafroll
associated virus 3 (GLRaV-3)], two  shoots were selected in June 22,
2012 and on each shoot three leaves (basal, middle and apical) were
tagged. To reduce the experimental error and environmental vari-
ability, eight vines in the same row were selected and two shoots
per vine were selected with a completely randomized experimental
design.

2.3. Enzyme linked immunosorbent assay (ELISA) diagnosis and
symptom development

Leaves and petioles from HG and SG were sampled in June (at
bloom) and in the first week of September (3 weeks after verai-
son). The samples were tested by ELISA for the presence of the
following viruses: GLRaV-1, GLRaV-2, GLRaV-3, GLRaV-4-9 [repre-
senting five virus strains in a combined kit]), Grapevine fleck virus
(GFkV), Grapevine virus A (GVA), Grapevine virus B (GVB), Ara-
bis mosaic virus (ArMV), Grapevine fanleaf virus (GFLV), Tobacco
ringspot virus (TRSV), Tomato ringspot virus (ToRSV), and Peach
rosette mosaic virus (PRMV) (Clark and Adams, 1977; Zimmermann
et al., 1990). Commercial ELISA kits were used for the analyses
(Bioreba Ag., Reinach., Switzerland, and Agdia, Inc., Elkhart, IN,
USA). The tissue/extraction buffer ratio was 1:20 (w/v Bioreba kits)
and 1:10 (w/v Agdia kits). Absorbance at 405 nm was  measured
using an EL800 Universal Microplate Reader (Bio-Tek Instruments,
Winooski, VT).

The degree of symptom development in the canopy was
recorded every 10–15 days by counting the number of infected
leaves on selected shoots of SG. Then, the degree of symptom devel-
opment in the canopy was calculated by a simple proportional
formula, i.e., percent symptom development = (number of symp-
tomatic leaves per shoot/total number of leaves per shoot) × 100.
Additionally, at the end of the season, the prevalence of GLRaV-
3 infection in Cabernet Franc vineyard was  rated by assessing the
percentage of the canopy with leafroll symptoms as healthy (=0%),
mild (1–39%), moderate (40–74%) or severe (75–100%).

2.4. Gas exchange, chlorophyll a fluorescence, chlorophyll content
and midday relative water content

Gas exchange, chlorophyll a fluorescence, and chlorophyll con-
tent were determined on selected leaves from July to September,
2012. Midday relative water content (mRWC) was measured on

non-selected symptomatic and healthy leaves of selected HG and
SG once per month. Net photosynthesis (Pn), stomatal conduc-
tance (gs), transpiration (E) and intercellular CO2 concentration (Ci)
were determined simultaneously on leaves using a CIRAS2 portable
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hotosynthesis system (PP system, Amesbery, Massachusetts,
SA). This PP system was equipped with a leaf-clamped cuvette
overing 2.25 cm2 of leaf area, and measurements were taken
nder field conditions (i.e. photosynthetically active radiation was
1500 �mol  m−2 s−1, inlet relative humidity was  fixed around
6.7%, and chamber temperature ranged from 26 to 31 ◦C). The
easurements were carried out once every 10–15 days between

0:00 a.m. and 1:00 p.m. (solar time). A week after the first appear-
nce of symptoms on the leaves, the CO2 response curve was
easured on three HG and SG by CIRAS2 using external CO2. Max-

mum carboxylation rate allowed by ribulose 1,5-bisphosphate
arboxylase/oxygenase (Rubisco) (Vcmax), rate of photosynthetic
lectron transport (J), triose phosphate use (TPU), day respira-
ion (Rd) and mesophyll conductance (Rd) were determined from
he A/Ci fitting curve (Sharkey et al., 2007). Chlorophyll a fluores-
ence was quantified on leaves using a Handy PEA chlorophyll
uorometer (Hansatec Instrument, United Kingdom). The initial
uorescence yield (Fo), the variable fluorescence (Fv), and the
aximum fluorescence yield (Fm) were assessed in leaves that
ere dark-adapted for 20 min. The maximum PSII efficiency was

alculated according to the methods described by Maxwell and
ohnson (2000) and Jifon and Syvertsen (2003), where PSII quan-
um yield = Fv/Fm for a dark-adapted leaf. For each leaf, the values of
he selected fluorescence parameters were averaged. Chlorophyll

 fluorescence measurements were carried out sequentially on
he same leaves, once every 10–15 days. Relative chlorophyll con-
entrations were estimated using a SPAD-502 chlorophyll meter
Minolta, Tokyo, Japan). Chlorophyll readings (expressed as SPAD
nits) were taken repeatedly at the three apices of a triangle drawn
n the leaf lamina, once every 10–15 days on selected leaves of HG
nd SG.

The midday relative water content (mRWC) was  determined
rom detached leaf portions (about 1 cm2). Four leaves per treat-

ent were sampled at midday and stored in a polyethylene plastic
ag. The leaf portions were cut and weighed immediately to obtain
he fresh mass (FM). They were then placed overnight in the dark in

 beaker (25 cm3) filled with deionized water. They were reweighed
he next morning to obtain the turgid fresh mass (TM), while the
ry mass (DM) was recorded after drying the leaf portions at 80 ◦C
or 24 h in an oven. The mRWC  of the leaves was calculated as

RWC  = [(FM − DM)/(TM − DM)] × 100%.

.5. Yield components and basic fruit chemistry

Fruit yield per vine was measured at harvest (end of September)
nd the number of clusters per vine was counted. From each tagged
hoot, clusters were separately collected and weighed. The num-
er of berries, and mean cluster and berry weight per vine were
hen determined. Furthermore, both cluster length and the num-
er of seeds per berry were determined by measuring the rachis

ength and counting seeds after dissecting the berry, respectively.
he chemical composition of the fruit was analyzed for each vine
sing a 20-count berry sample collected on the day of harvest
nd frozen for later analysis (Iland et al., 2004). Prior to analysis,
erries were thawed at 24 ◦C for 12 h. Grape juice soluble solids
◦Brix) were analyzed using an Atago refractometer (Atago USA,
nc, Kirkland, Washington, USA), and the pH was measured using

 370 Thermo Orion (Beverly, Massachusetts, USA) pH meter. An
utomatic titrator, coupled to an autosampler and control unit
Titroline 96, Schott, Germany) was used to determine titratable
cidity. Additionally, sugar content per vine was  determined by
ultiplying sugar content per berry by yield according to Poni et al.
2008). Total anthocyanins and phenolics were determined on the
0-count berry sample per vine as described by Iland et al. (2004).
erries were homogenized at high speed (24,000 rpm) using a
rinkmann homogenizer (Brinkmann Instruments, Westbury, New
ulturae 170 (2014) 228–236

York, USA) for about 1 min. Approximately, 1 ± 0.05 g of homog-
enized sample was added to a pre-tared 15-mL centrifuge tube,
enriched with 10 mL  (50%, v/v) aqueous ethanol acidified to pH 2.
The sample with aqueous ethanol was  mixed for 1 h, by shaking
on a vortex-geniemixer (Scientific Industries, Bohemia, New York,
USA) once every five to ten minutes, before centrifugation (20 min
at 5000 rpm). One mL  of the extract (supernatant liquid) was added
to 10 mL  1 M HCL and equilibrated for 3 h, and the absorbance
values were registered with a UV–vis spectrophotometer (Model
UV-1800, Shimadzu Corporation, Kyoto, Japan) at 280, 520 and
700 nm.  Total anthocyanin content was  expressed as mg  per g of
fresh berry weight and phenolics as absorbance units (a.u.) per g of
fresh berry weight.

2.6. Shoot growth, vine size, and cane lignification

Seasonal shoot growth was  tracked and recorded for both HG
and SG vines. Four shoots per vine were selected and tagged in June
and shoot growth was  measured every 15–30 days until September
12. For each selected shoot, the number of internodes was recorded
in late August, and mean internode length was determined by
dividing shoot length by the number of internodes. In addition, 1
week after the first appearance of symptoms, ten shoots from each
unselected HG and SG were sampled, stored in a polyethylene plas-
tic bag and transported to the laboratory. The number of leaves per
shoot, shoot length, and leaf area per shoot were determined by
counting, measuring with tape (meter) and using an Li-3100 Area
Meter (Li. COR, Inc. Lincoln, Nebraska, USA), respectively. After the
first fall frost, HG and SG vines were pruned and the pruning weight
per vine recorded and used as an index of vine size and for the cal-
culation of the Ravaz Index (RI) (Ravaz, 1911). Canes of HG and
SG vines were taken to the laboratory, and cane lignification was
visually rated for the first five internodes as lignified (dark brown),
mildly lignified (brown) or not lignified (light green) as reported by
Sabbatini et al. (2012).

2.7. Statistical analysis

Basic statistics, including analysis of variance, regression and
correlation analysis were performed using the STATISTICA software
package (Statsoft, Tulsa, Oklahoma, USA) and Sigma Plot (version
10; SPSS, Chicago, IL, USA). Data were tested for normality and
homogeneity of variance prior to being subjected to the F-test, and
differences were considered significant when p < 0.05 and highly
significant when p < 0.01.

3. Results

3.1. Weather data

Weekly average weather data (rainfall, maximum and mini-
mum  temperature) at the SWMREC experimental site for the study
period from July to September, 2012 are shown in Fig. 1. During
this period, the hottest and driest period occurred from mid-June
to mid-August. After mid-August, precipitation increased and both
the maximum and minimum temperatures started to decrease
considerably by early September, levelling off in October. The max-
imum weekly precipitation (48 mm)  was recorded in mid-August.

3.2. Yield and basic fruit chemistry
Grapevines infected by GLRaV-3 (SG plants) showed a signifi-
cant reduction in yield with over 40% loss compared to HG. The yield
reduction was  mostly a function of the reduction in the number of
clusters per vine and berry weight. In fact, the number of clusters
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Fig. 1. Weekly mean rainfall and maximum and minimum temperature data at the
Southwest Michigan Research and Extension Center (SWMREC) in Benton Harbor
(Michigan, USA) from April to October 2012.

Table 1
Yield parameters of healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc
grapevines in Benton Harbor, Michigan, USA in 2012.

Parameterx HG SG

Yield (kg/vine) 7.4 ± 0.5a 4.8 ± 0.4b
Cluster/vine (n) 76 ± 7.1a 55 ± 3.2b
Cluster length (cm) 17 ± 0.9a 15 ± 1.8a
Cluster weight (g) 97.5 ± 6.8a 82.7 ± 4.3a
Berries/cluster (n) 71.2 ± 5.1a 67.2 ± 3.4a
Berry weight (g) 1.36 ± 0.0a 1.23 ± 0.0b
Berry dry weight (%) 27.8 ± 0.8a 23.7 ± 1.0b
Berry diameter (mm)  12.4 ± 0.1a 12.2 ± 0.1a
Seed/berry (n) 2.5 ± 0.2a 2.3 ± 0.2a
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Table 3
Growth parameters of healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc
grapevines in Benton Harbor, Michigan, USA in 2012.

Parameterx HG SG

Shoot per vine (n) 40.2 ± 2.0a 27.7 ± 4.6b
Clusters per shoot (n) 1.9 ± 0.2a 2.0 ± 0.3a
Internode length (cm) 5.1 ± 0.1a 4.5 ± 0.3a
Pruning weight (kg) 2.9 ± 0.5a 1.8 ± 0.3b
Ravaz Index (RI)y 2.6 ± 0.2a 2.7 ± 0.3a
Cane lignification (index)z 2.57 ± 0.1a 2.01 ± 0.2b

x Values are means ± SE (n = 4). Means in a row followed by the same letter are
not significantly different at p = 0.05.

y Ravax index is the ratio between yield (kg) and pruning weight (kg) per vine
(Ravaz, 1911).

z Cane lignification (index) is a number from 1 to 3 given for the internode to

infected vines, 40%, 29% and 31% showed severe, moderate and mild
symptoms, respectively. At the end of September, all the SG showed
a severe infection while HG remained asymptomatic (Fig. 5).
x Values are means ± SE (n = 4). Means in a row followed by the same letter are
ot significantly different at p = 0.05.

er vine, berry weight, berry diameter, and berry dry matter con-
ent were all significantly reduced by GLRaV-3 infection. Cluster
ength, cluster weight, the number of berries per cluster, and the
umber of seeds per berry also were reduced in SG compared to HG
ut the differences were not statistically significant (Table 1). Basic
ruit chemistry was also affected by GLRaV-3 infection, both dur-
ng berry development (data not shown) and at harvest (Table 2). At
arvest, a lower total soluble solids content per vine was  recorded

n SG (947 ± 96 g l−1 vine−1), 43% lower than HG. Differences were
lso observed in soluble solids (◦Brix) and TA in SG compared to
G, in vines having the same balance as indicated by the RI. The
ecrease in pH was minimal in SG. GLRaV-3 infection did not sig-
ificantly reduce the phenolic and anthocyanin content of berries

n SG compared to HG (Table 2).

.3. Shoot growth, pruning weight and cane lignification
GLRaV-3 infection had a negative impact on the number
f shoots, shoot length, pruning weight, and cane lignification
Table 3, Fig. 2). In SG, the number of shoots was significantly

able 2
omposition of juice collected from healthy (HG) and GLRaV-3-infected (SG) Caber-
et  Franc grapevines in Benton Harbor, Michigan, USA in 2012.

Parametera HG SG

Brix (◦Bx) 22.4 ± 0.27a 20.7 ± 0.22b
pH  3.47 ± 0.04a 3.43 ± 0.01a
Titratable acidity (g l−1) 6.1 ± 0.34◦ 7.3 ± 0.35a
Sugar per vine (g l−1 vine−1) 1657 ± 106a 925 ± 90b
Anthocyanin (mg  g−1) 0.76 ± 0.03a 0.75 ± 0.04a
Phenolic (a.u. g−1) 1.11 ± 0.10a 1.10 ± 0.12a

a Values are means ± SE (n = 4). Means in a row followed by the same letter are
ot significantly different at p = 0.05.
characterize cane maturation based on the color (dark brown-3, brown-2 or light
green-1) (Sabbatini et al., 2012).

reduced by 31%, as compared to HG. Shoot growth in SG stopped
at the end of June, but in HG shoot growth continued until the end
of July (Fig. 2). It was  evident that GLRaV-3 infection significantly
reduced pruning weight, by 38%, and lignification of the canes,
which resulted in a mildly lignified condition in SG and highly
lignified in HG (Table 3).

3.4. ELISA diagnosis and symptom development

Among the tested viruses, only GLRaV-3 was found in the SG
(data not shown). No viruses were detected in healthy plants. Dur-
ing the experiment, visual leaf symptoms and the impact on vine
phenology were recorded on vines infected by GLRaV-3. At bloom,
symptomatic grapevines (SG) showed reduced vine growth (Fig. 2)
and a 7-day delay in fruit-set, consequently delaying the time of
veraison. The typical symptoms of an infected leaf, interveinal red-
dening and downward leaf rolling, appeared in mid-August and
developed, with higher severity on basal leaves, on the selected
shoots and continued to develop towards the shoot apex affecting
up to 80% of the vine leaf area at harvest (Fig. 3). GLRaV-3 infec-
tion also reduced internode length and increased leaf formation
but with reduced leaf area (Fig. 4). At the end of the 2012 grow-
ing season, visual observation of the spatial distribution showed a
high prevalence of leafroll infection in the Cabernet Franc vineyard
with about 76% of the vines showing typical symptoms. Among the
Fig. 2. Shoot growth during the season (from May  to September, 2012) in healthy
(HG) and GLRaV-3-infected (SG) Cabernet Franc grapevines in Benton Harbor, Michi-
gan, USA. Data are mean ± SE (n = 4).
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ig. 3. Bird’s eye view of Cabernet Franc plot in Benton Harbor, Michigan, USA in 20
rapevines (SG) with visual appearance of leafroll symptoms in the canopy (C), h
olling  of margins and interveinal reddening (E).

.5. Gas exchange

In HG leaves, net photosynthesis (Pn) was relatively stable at
3.8 �mol  m−2 s−1 over the season, from July to September. All SG
howed a highly-significant reduction in Pn, before and after the
evelopment of visual GLRaV-3 symptoms on the leaves, by 27–70%
f the HG levels in the period from July to September (Fig. 6A). In
G leaves, stomatal conductance (gs) was higher and remained sta-
le around 630 mmol  m−2 s−1 with a minimal decrease in August.
n the SG leaves gs was significantly reduced even before visual

ppearance of the symptoms on the leaves in July, by 28% as com-
ared to the HG leaves. The reduction of gs on SG leaves was
urther exacerbated after the appearance of the foliar symptoms
nd decreased further during the growing season, reaching the
, healthy grapevines (HG) with no visual symptoms in the canopy (B), symptomatic
/control leaf of HG with normal appearance (D) and symptomatic leaf of SG with

lowest level (67% as compared to HG leaves) in September (Fig. 6B).
Contrary to Pn and gs, which remained stable during the season
in HG leaves, transpiration (E) in HG leaves decreased up to 21%
when compared to HG leaves in July. The E differences between
SG and HG leaves were highly significant before the appearance of
visual symptoms, increased after appearance of visual symptoms
and development along the shoot, and then reached a maximum
reduction, about 40%, in September in SG leaves as compared to
HG leaves (Fig. 6C). In HG leaves, internal CO2 concentration (Ci)
remained stable throughout the season but increased during the

season in SG leaves commensurate with the development of visual
symptoms (Fig. 6D). The HG and SG showed distinctly different
Pn patterns along the shoot during the season. In SG, Pn continu-
ously increased along the shoot and attained a maximum at the
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Fig. 4. Correlation between shoot length to leaf area per shoot (A) and number of leaves per shoot (B) of healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc grapevines
in  Benton Harbor, Michigan, USA in 2012.

Fig. 5. Spatial distribution of grapevine leafroll symptoms (GLRaV-3) in a Cabernet Franc vineyard at SWMREC in Benton Harbor, Michigan, USA at the end of September,
2012.  Each circle represents a vine. Healthy vines (those that did not show foliar symptoms) are marked in white. Infected vines (those that showed symptoms) are marked
in  red (severe: ≥75% of the foliage symptomatic), yellow (moderate: 40–74% of the foliage symptomatic) and grey (mild: <40% of the foliage symptomatic). X represents a
missing vine. For this experiment, vines from 12 to 15 and from 19 to 22 in the second row were used as healthy and symptomatic vines respectively.

Fig. 6. Change in photosynthetic parameters over the season from July to September, 2012 in foliage of healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc grapevines
in  Benton Harbor, Michigan, USA: (A) net photosynthesis (Pn), (B) stomatal conductance (gs), (C) transpiration (E), (D) intercellular CO2 (Ci). Data are mean + SE (n = 4). Means
in  the same month marked with *, ** and *** are significantly different at p < 0.05, p < 0.01 and p < 0.001 respectively, whereas ns indicates no statistical difference (F test).
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ig. 7. (A) Change in net photosynthesis (Pn) along the shoot from July to September
ichigan, USA: and (B) correlation between GLRaV-3 symptom development and n

pex throughout the growing season. In HG, Pn increased along
he shoot and attained a maximum in the middle of the shoot
n July and August and at the apex of the shoot in September
Fig. 7A). Similarly, the correlation between Pn and symptom devel-
pment (r2 = 0.99) in SG during the growing season showed a direct
elation between decreasing leaf assimilation rate and symptom
evelopment (Fig. 7B).  The A/Ci response curve, 1 week following
he appearance of symptoms, in SG leaves demonstrated a signifi-
ant reduction in maximum carboxylation efficiency (Vcmax), rate of
hotosynthetic electron transport (J), triose phosphate use (TPU),
nd day respiration (Rd) (Table 4).

.6. Chlorophyll a fluorescence, chlorophyll content and midday
elative water content

Before the appearance of symptoms in July, the maximum quan-
um efficiency of PSII (Fv/Fm) in HG and SG leaves was  similar (0.77
nd 0.78, respectively). But after the appearance of the symptoms
n SG leaves, in August and until harvest, the Fv/Fm values were
ignificantly reduced. The decrease in this Fv/Fm ratio in SG leaves
as mainly due to an increase in Fo (about 19%, data not shown)

ompared to the HG leaves. In the HG leaves, the Fv/Fm was similar
hroughout the study period (around 0.76) (Fig. 8A).

GLRaV-3 infection did not affect chlorophyll content of the leaf
efore the appearance of symptoms, but after the appearance of
ymptoms a significant reduction in total chlorophyll content was
bserved. In HG leaves, total chlorophyll content increased dur-
ng the season and reached 41 ± 0.6 SPAD units in September.
otal chlorophyll content in SG leaves decreased by 21% and 26%
n August and September, respectively, when compared with HG

eaves (Fig. 8B).

In both HG and SG leaves, midday relative water content
mRWC) was decreased during the season as compared to the being

able 4
/Ci curve parameters of healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc
rapevines in Benton Harbor, Michigan, USA in 2012.

Parameterx HG SG

Vcmax (m mol  m−2 s−1) 286.9 ± 18 201.5 ± 18
J  (m mol m−2 s−1) 1211.8 ± 68 835.8 ± 74
TPU (m mol  m−2 s−1) 102.6 ± 5 71.0 ± 6
Rd (m mol  m−2 s−1) 282.8 ± 18 199.3 ± 18
gm (m mol m−2 s−1 Pa−1) 11.5 ± 0.1 10.8 ± 0.5

here: Vcmax, maximum carboxylation allowed by rubisco; J, rate of photosynthesis
lectron transport; TPU, triose phosphate use; Rd, day respiration; and gm, mesophyll
onductance.

x Values are mean ± SE (n = 3).
althy (HG) and GLRaV-3-infected (SG) Cabernet Franc grapevines in Benton Harbor,
tosynthesis. Data are mean ± SE (n = 4).

of the season. The decrease in mRWC  in infected leaves was higher
than in HG leaves, but this reduction was not significant (Fig. 8C).

4. Discussion

Our ELISA analysis of symptomatic grapevines (SG) performed
in June and September confirmed the detection of GLRaV-3 in the
leaves. The net photosynthesis (Pn), stomatal conductance (gs),
and transpiration (E) were significantly reduced when compared
to healthy grapevines (HG) throughout the study period, before
and after the visual appearance of the symptoms on the leaves
(Fig. 6). A similar result was  also reported in Chardonnay infected
with Bois noir phytoplasma (Endeshaw et al., 2012). In our trials,
in SG leaves, even before the development of the symptoms, the
changes due to GLRaV-3 infection were not localised in the basal
portion of the shoot, where symptoms first appeared, but Pn was
significantly reduced in the middle and apical portion of the shoot
as well. This was  further confirmed by the reduction in the maxi-
mum carboxylation efficiency allowed by rubisco (Vcmax) and the
rate of photosynthetic electron transport (J) in SG (Table 4). Similar
effects were also been reported by Moutinho-Pereira et al. (2012)
on Touriga Nacional infected by GLRaV-1 and -3 and by Endeshaw
et al. (2012) on Chardonnay infected by Bois noir phytoplasma that
was healthy in the previous year and showed symptoms in the mid-
dle of the season. In contrast, in HG leaves, basal, middle and apical,
Pn, gs and E did not show significant differences through the sea-
son and maintained high values. In addition, the similar in midday
relative water content between HG and SG leaves before and after
visual appearance of the symptom on the leaf, when leaf water
potential drops to the minimum, indicated that stomatal closure in
SG was independent of whole vine water stress, but it might marks
the multiplication of GLRaV-3 in the phloem vessels. Moreover, sto-
matal limitation does not appear to be the main factor that lead to
reduction in Pn. In SG leave, after visual appearance of the symptom,
in parallel to the decrease in Pn and stomatal conductance, Ci was
significantly higher. This indicate that CO2 fixation was limited by
internal process within SG leaves, and it is likely that the decrease
in gs was an indirect consequence.

A SPAD meter determines the greenness (density of color) and
the interaction of thylakoid chlorophyll with light incident (Jifon
et al., 2005), while the chlorophyll a fluorescence, expressed as
Fv/Fm, reflects the leaf photosynthesis intensity as it arises from
the absorbed light energy that is not used for photosynthetic

reactions and heat dissipation (Oxborough, 2004). The HG leaves
showed efficient PS II activity (Fv/Fm) and increasing leaf pigment
content during the season. GLRaV-3 infected vines showed a signif-
icant decrease in Fv/Fm ratio and leaf pigment content after visual
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Fig. 8. Change in various physiological parameters over the season from July to September, 2012 in healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc grapevines
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re  mean ± SE (n = 4). Means in the same month marked with *, ** and *** are signi
tatistical difference (F test).

ppearance of the symptoms and similar values to that of HG leaves
efore development of symptoms on the leaf (Fig. 8). The decrease

n maximum quantum efficiency of PSII in SG leaves was  due to
ecreased variable fluorescence (Fv) without decreasing the Fm

evel. This is characteristic of the inhibition of the accepter side of
SII (Allakhverdiev et al., 1987; Setlik et al., 1990). The similar total
hlorophyll content in HG and SG leaves, before the appearance of
ymptoms and the consequent increase in HG and small decrease in
G, indicate that GLRaV-3 impairs leaf maturation and chloroplast
evelopment by enlarge other than chloroplast degradation.

The reduction in grapevine metabolism of Cabernet Franc,
nduced by GLRaV-3 infection, had a direct influence on berry
ize, clusters per vine, vine size, and cane lignification of SG
Tables 1 and 3; Figs. 2 and 4). Indeed, infected vines suffered a dras-
ic yield decrease of about 40%. Similar effects of GLRaV infection
n Chardonnay production have been found in other studies carried
ut in north-eastern Italy and in Sardinia with grapevines affected
y Bois noir phytoplasma (Garau et al., 2007). We  also recorded
erturbations in the qualitative parameters of the grape juice (brix,
ine soluble solids content, TA), which indicated modifications
n the carbon allocation and partitioning in the vine (Table 2).
imilar consequences have been observed for vines affected by
hloematic microrganisms, like Bois noir phytoplasma, or viruses
VA, GLRaV-1, and GLRaV-3, the elimination of which results in

ncreased yield, improved grape quality parameters and sensory
haracteristics of the resulting wines (Komar et al., 2007; Endeshaw
t al., 2012). GVA, GLRaV-1 and Rupestris stem pitting associated
irus (GRSPaV) infection in Nebbiolo influenced protein synthesis
nvolved in response to oxidative stress in the berry skin and cell

tructure metabolism of the pulp (Giribaldi et al., 2011). Our results
onfirm that Cabernet Franc is highly susceptible to leafroll as is
vident from percentage of symptomatic vines in the experimen-
al vineyard (Figs. 3 and 5). The virus was likely introduced with
lorophyll content (chl a + b) and (C) midday relative water content (mRWC). Data
ly different at p < 0.05, p < 0.01 and p < 0.001, respectively, whereas ns indicates no

the planting material. The spatial pattern observed does suggest
that spread may  have occurred over insects (e.g., mealybug) over
time. Alternatively, the severity of symptom expression could be
related to variability in stresses, such as imposed cultural treat-
ments, soil variability or nutrition. From our results, it appears
that gas exchange, vine growth, yield components and fruit chem-
istry makeup at harvest can detect differences between healthy
and infected vines. In fact, symptomatic leaves showed a dramatic
decrease in Pn and gs values, and the reduced sugar accumula-
tion (per berry and per vine) can be explained by the progressive
loss of leaf functionality during the growing season caused by
the GLRaV-3. Also, our observations suggest that, when the dis-
ease does not cause symptoms on vines, early in the season (from
bloom to veraison), the leaf photosynthetic performance and asso-
ciated metabolic components (chlorophyll, nitrogen content) of the
infected grapevines was  most probably undermined.

In conclusion, the mechanisms of GLRaV-3 development still
have to be further elucidated, and experimental studies combining
viticultural and pathological components are promising to under-
stand how this virus affects vine physiology, fruit quality and most
importantly the survival of grapevines in cool-climate viticultural
regions. These results can help growers understand the negative
consequences of GLRaV-3 infection on their vines and aid in decid-
ing on vine replacement. They also stress the importance of using
certified propagating materials when establishing a new vineyard.
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