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Abstract 
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Cultivars of European grapevine, Vitis vinifera, show varying levels of 
susceptibility to Eutypa dieback and Esca, in terms of foliar symptoms. 
However, little is known regarding cultivar susceptibility of their 
woody tissues to canker formation. Accordingly, we evaluated the 
relative susceptibility of V. vinifera cultivars (‘Cabernet Franc’, ‘Caber-
net Sauvignon’, ‘Chardonnay’, ‘Merlot’, ‘Riesling’, ‘Petite Syrah’, and 
‘Thompson Seedless’) and species or interspecific hybrids of North 
American Vitis (Vitis hybrid ‘Concord’, V. arizonica ‘b42-26’, V. 
rupestris × V. cinerea ‘Ill547-1’, and Fennell 6 [V. aestivalis] × Malaga 
[V. vinifera] ‘DVIT0166’) to canker formation by seven trunk patho-
gens (Neofusicoccum parvum, Lasiodiplodia theobromae, Phaeomoni-
ella chlamydospora, Togninia minima, Phomopsis viticola, Eutypa 
lata, and an undescribed Eutypa sp.). Susceptibility was based on the 
length of wood discoloration (LWD) in the woody stems of rooted 
plants in duplicate greenhouse experiments. Cultivars of V. vinifera and 

Concord did not vary significantly in susceptibility to N. parvum or L. 
theobromae (LWD of 21 to 88 mm at 14 weeks post inoculation; P > 
0.16), suggesting that they are similarly susceptible to Botryosphaeria 
dieback. The table-grape Thompson Seedless was most susceptible to 
P. viticola (mean LWD of 61 mm at 11 months post inoculation; P < 
0.0001). V. vinifera cultivars and Concord showed similar susceptibility 
to the Esca pathogens, Phaeomoniella chlamydospora and T. minima. 
Susceptibility to E. lata was greatest in V. arizonica b42-26 (mean 
LWD of 96 mm at 11 months post inoculation; P < 0.03). In fact, all 
four American Vitis spp. were more susceptible to Eutypa dieback than 
the V. vinifera cultivars. Our findings suggest that no one cultivar is 
likely to provide resistance to the range of trunk pathogens but that 
certain cultivars may be promising candidates for commercially rele-
vant host resistance in grape-production systems where the dominant 
cultivars are very susceptible. 

 

Grapevine trunk diseases such as Eutypa dieback, Esca, and Bot-
ryosphaeria dieback (10,22,42) impact vineyard production sys-
tems (wine, table, raisin, and juice grape cultivars) in all major 
grape-growing regions of the world. The causal agents are primar-
ily ascomycete fungi, which colonize the permanent woody struc-
ture of the vine (trunk, cordons, spurs, and canes) via infection of 
pruning wounds, causing a chronic infection of the wood. Produc-
tivity is reduced over time by death of the spurs, canes, or cordons. 
For instance, yield losses can reach 94% in vineyards severely 
affected by Eutypa dieback (17). The cumulative economic impact 
of annual yield losses in California vineyards due to Eutypa die-
back and Botryosphaeria dieback in wine grapes, for example, ac-
counts for 14% of the gross producer value (38). 

There are no curative fungicides to eradicate wood cankers. 
Once a grapevine is infected, the only options are to either remove 
diseased tissues and retrain new cordons or canes from the healthy 
part of the trunk or replant. Thus, effective control of trunk dis-
eases relies mainly on the prevention of pruning wound infections, 

either by synchronizing pruning with a low-risk period (i.e., low 
inoculum production [dry weather] and low susceptibility of 
wounds to infection [end of the dormant season]; 46) or by protec-
tive fungicide applications (33). Such control practices are feasible 
in some grape-production systems, but there are some negative 
aspects. First, the efficacy of fungicides is reduced when they are 
washed off pruning wounds by rain. As such, protecting pruning 
wounds from infection requires repeated applications throughout 
the dormant season. Second, delaying pruning until the start of dry 
and warm weather (before bud break) is not feasible in climates 
with frequent rain in spring, and this practice delays bud break, 
which can consequently delay harvest. 

Cross-sections through arms (cordons) and trunks of vines with 
dieback reveal a large diversity of wood cankers and discolora-
tions. Grapevine infections by fungal trunk pathogens result con-
sistently in the formation of cankers and discolorations of the 
wood, but not all trunk pathogens cause diagnostic foliar symp-
toms. Esca disease, which is caused primarily by Phaeomoniella 
chlamydospora and Togninia minima (previously known by its 
asexual stage, Phaeoacremonium aleophilum) (22), is associated 
with foliar symptoms ranging from a distinct interveinal chlorosis 
and necrosis of leaves on individual shoots to the total wilting of 
all leaves on the entire plant (20). Similarly, grapevines affected by 
Eutypa dieback, caused by Eutypa lata and an undescribed Eutypa 
sp. recently discovered in northeastern U.S. vineyards (31), 
frequently show distinct foliar symptoms (dwarfed, distorted, and 
chlorotic leaves present on stunted shoots) in early spring (10). In 
contrast, grapevines with Botryosphaeria dieback do not develop 
diagnostic foliar symptoms, but, instead, develop spur dieback, 
which is a characteristic of all of the trunk diseases (20,42). 
Similarly, Phomopsis viticola, the causal agent of Phomopsis cane 
and leaf spot, is recovered from grapevine wood cankers (19,28); it 
causes wood cankers (and thus is sometimes referred to as 
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‘Phomopsis dieback’) when inoculated to the woody stems of 
grapevines, but such infections do not result in diagnostic foliar 
symptoms (4,43). 

Several Vitis vinifera cultivars have been ranked according to 
their level of susceptibility to Eutypa dieback based on field obser-
vations of the foliar symptoms (12). For example, ‘Merlot’ is con-
sidered resistant, whereas ‘Cabernet Sauvignon’ is considered very 
susceptible. Cultivar susceptibility to both Eutypa dieback and 
Esca has been based mainly on field observations, either by ex-
amining only the distinct foliar symptoms (12,14,21) or based on a 
combination of foliar and wood symptoms (40). The problem with 
some field evaluations of cultivar susceptibility is that the trunk 
pathogens often occur in mixed infections within a vine (45) and 
so there may be some uncertainty that the symptoms are due to the 
effects of a single trunk pathogen. The susceptibility of rootstocks, 
originating from crosses of North American Vitis spp. such as V. 
berlandieri, V. riparia, and V. rupestris, has been examined in con-
trolled conditions (13) or in the field (16), but only with respect to 
the Esca pathogens. Several studies have investigated V. vinifera 
cultivar susceptibility under controlled conditions (foliar symptoms 
[27,47] and foliar and wood symptoms [39]). Less is known re-
garding cultivar susceptibility to the causal agents of Botry-
osphaeria dieback and Phomopsis dieback, which have more re-
cently been acknowledged as trunk diseases than Eutypa dieback 
and Esca. 

Cultivars that are widely cultivated in the United States, and 
which represent all vineyard production systems, have not been 
examined against a comprehensive set of trunk pathogens. In the 
present study, under controlled conditions, we evaluated the rela-
tive susceptibility of seven major commercial V. vinifera cultivars 
and one Vitis hybrid cultivar (‘Concord’). We focused on the most 
aggressive causal species of Botryosphaeria dieback (Neofusicoc-
cum parvum and Lasiodiplodia theobromae), Esca (Phaeomoniella 
chlamydospora and T. minima), Phomopsis dieback (Phomopsis 
viticola), and Eutypa dieback (E. lata and Eutypa sp.), the latter 
species being the most prevalent in vineyards affected by Eutypa 
dieback in the northeastern United States and southeastern Canada; 
(31). The susceptibility to wood infection by the two Eutypa spp. 
was further evaluated among three North American Vitis spp. and 
interspecific hybrids, which are currently used in breeding pro-
grams in the northeastern United States for resistance to the foliar 
diseases powdery mildew and downy mildew, and in the western 
United States to Pierce’s disease (9,29,30). 

Materials and Methods 
Plant material. Experiments were conducted on rooted, 1-year-

old dormant cuttings of seven commercial cultivars of V. vinifera 
(‘Cabernet Franc’ clone 4, Cabernet Sauvignon clone 7, ‘Chardon-
nay’ clone 4, Merlot clone 15, ‘Riesling’ clone 1, ‘Petite Syrah’ 
[syn. ‘Durif’] clone 3, and ‘Thompson Seedless’ clone 15) and one 
interspecific V. labrusca interspecific hybrid cultivar (Concord), all 
of which were provided by commercial nurseries. Included in our 
study was Thompson Seedless, which is widely planted for table 
and raisin-grape production in California, and Chardonnay, which 
is the most widely planted white wine cultivar in the United States. 

Representing juice grapes was the interspecific V. labrusca hybrid 
Concord, a cold-tolerant cultivar widely planted for juice and pre-
serve production in cooler climates of Washington and New York 
states, Brazil, and Ontario, Canada. The above eight cultivars were 
challenged with all seven trunk pathogens (Table 1). In addition, 
two of the pathogens (E. lata M14 and Eutypa sp. NYCc1) were 
inoculated onto three disease-resistant breeding lines: V. hybrid 
‘Ill547-1’ (V. rupestris ‘B38’ × V. cinerea ‘B9’ resistant to powdery 
mildew [Erysiphe necator] and downy mildew [Plasmopara viti-
cola]; 9), ‘DVIT0166’ (V. aestivalis ‘Fennell 6’ × V. vinifera ‘Mal-
aga,’ resistant to powdery mildew; 29), and V. arizonica ‘b42-26’ 
(resistant to the Pierce’s disease pathogen Xylella fastidiosa; 30). 
For each of these breeding lines, dormant wood was obtained from 
the only two replicate mother vines maintained at the United States 
Department of Agriculture–Agricultural Research Service (USDA-
ARS) National Clonal Germplasm Repositories in Davis, CA and 
Geneva, NY. The reason for studying only Eutypa lata M14 and 
Eutypa sp. NYCc1 on these ARS accessions is the limited quantity 
of dormant cuttings that could be obtained for propagation. 

Inoculum. Fungal isolates representing seven species of trunk 
pathogens were used for inoculations. Each isolate was selected 
based on its high aggressiveness in previous studies (Table 1). For 
E. lata M14, Eutypa sp. NYCc1, N. parvum UCD646So, and L. 
theobromae UCD197Co, inoculum consisted of mycelial frag-
ments from liquid cultures. To produce the starter culture, 10 2-by-
2-mm plugs from a 7-day culture on potato dextrose agar (PDA; 
Difco Laboratories) were inoculated to a 250-ml Erlenmeyer flask 
containing 100 ml of potato dextrose broth (PDB; Difco Laborato-
ries) and incubated at 25°C and 150 rpm (5 days for E. lata and 
Eutypa sp., 3 days for N. parvum and L. theobromae). A hand-held 
disperser (IKA-ULTRA-TURRAX T8) equipped with a dispersing 
element (IKA-S8N-8G) was used to homogenize 40 ml of the PDB 
culture (1 min, speed 5), and 2 ml of this homogenized starter cul-
ture was then inoculated to a 125-ml Erlenmeyer flask containing 
40 ml of PDB. After incubation at 25°C and 150 rpm (5 days for E. 
lata and Eutypa sp., 3 days for N. parvum and L. theobromae), the 
entire 40-ml liquid culture was homogenized and the concentration 
of mycelial fragments, which were primarily <0.5 mm in length, 
was estimated with a hemocytometer. The final concentration of 
inoculum was adjusted with sterile water to 1 × 106 fragments ml–1. 

For Phaeomoniella chlamydospora C25, T. minima CBS631.94, 
and Phomopsis viticola UCD2408Tx, inoculum consisted of 
conidia. To produce conidial suspensions of Phaeomoniella 
chlamydospora and T. minima, a starter culture of mycelium was 
established in 100 ml of PDB, as described above, and incubated at 
25°C and 150 rpm. After 5 days, this starter culture was 
homogenized, and 100 µl of homogenate was spread onto PDA (9-
cm-diameter plates). Conidia formed on PDA after 12 and 14 days 
for T. minima and P. chlamydospora, respectively. To harvest 
conidia, PDA cultures were flooded with 2 ml of sterile water, a 
glass rod was used to gently scrape spores from the agar surface, 
and the suspension was filtered through two layers of cheesecloth 
to remove fragments of aerial mycelium. The spore concentration 
was estimated with a hemocytometer and then adjusted with sterile 
water to 1 × 106 conidia ml–1. To produce conidial suspensions for 

Table 1. Trunk pathogens inoculated to potted grapevines in three greenhouse assays 

Assaysx Pathogen Isolate Origin Host Inoculumy Reference 

Assay 1 Neofusicoccum parvum UCD646So California Vitis vinifera ‘Sauvignon blanc’ Mycelium 45 
 Lasiodiplodia theobromae UCD197Co California V. vinifera ‘Perlette’ Mycelium 45 
Assay 2 Togninia minima CBS631.94 Italy V. vinifera Conidia 40 
 Phaeomoniella chlamydospora C25 California V. vinifera Conidia 34 
 Phomopsis viticola UCD2408Tx Texas V. vinifera ‘Cabernet Franc’ Conidiaz 43 
Assay 3 Eutypa sp. NYCc1 New York V. labruscana ‘Concord’ Mycelium 31 
 Eutypa lata M14 California V. vinifera Merlot Mycelium 41 

x Greenhouse assays and conditions: Assay 1, Botryosphaeria dieback, 14-week incubation with 8 cultivars; Assay 2, Esca and Phomopsis dieback, 11-month 
incubation with 8 cultivars; and Assay 3, Eutypa dieback, 11-month incubation with 11 cultivars. 

y Inoculum consisted of suspensions of fragments of mycelium (1 × 106 mycelial fragments ml–1) or conidia (1 × 106 conidia ml–1). 
z α-Conidia. 
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Phomopsis viticola, the isolate was incubated on PDA (9-cm-
diameter plate) at room temperature (20 ± 2°C). After 6 weeks, a 
mature pycnidium was transferred to 0.5 ml of sterile water in a 
1.5-ml Eppendorf tube and gently crushed with a sterile plastic 
pestle. The spore suspension was filtered through two layers of 
cheesecloth, the spore concentration was estimated with a 
hemocytometer, and the final concentration was adjusted with 
sterile water to 1 × 106 conidia ml–1. 

Inoculation assays. The susceptibility of the grapevine cultivars 
and accessions to the seven trunk pathogens was assessed by in-
oculating the woody stems of potted plants in the greenhouse. 
Three sets of inoculations (assay 1 to assay 3) were conducted. In 
each assay, experiments were repeated a second time over succes-
sive years. In each experiment, plants were arranged in a com-
pletely randomized design with two blocks corresponding to two 
greenhouses. For assay 1, Botryosphaeria dieback, there were three 
treatments: seven V. vinifera cultivars and Concord were inoculated 
with N. parvum UCD646So or L. theobromae UCD197Co, and 
noninoculated controls were mock inoculated with sterile PDB. 
For each treatment, there were 18 replicate plants (9 plants per 
cultivar per block by two blocks by eight cultivars by three treat-
ments by two experiments = 864 total plants). For assay 2, Esca 
and Phomopsis dieback, there were four treatments: seven V. vinif-
era cultivars and Concord were inoculated with P. chlamydospora 
C25, Phaeoacremonium aleophilum CBS631.94, or Phomopsis 
viticola UCD2408Tx, and noninoculated controls were mock 
inoculated with sterile water. For each treatment, there were 18 
replicate plants (9 plants per cultivar per block by two blocks by 
eight cultivars by four treatments by two experiments = 1,152 total 
plants). For assay 3, Eutypa dieback, there were three treatments: 
seven V. vinifera cultivars, Concord, V. arizonica b42-26, V. 
rupestris × V. cinerea Ill547-1, and Fennell 6 (V. aestivalis) × Mal-
aga (V. vinifera) DVIT0166 were inoculated with E. lata M14 or 
Eutypa sp. NYCc1, and noninoculated controls were mock inocu-
lated with sterile PDB. For each treatment, there were 18 replicate 
plants (9 plants per cultivar per block by two blocks by 11 cultivars 
by three treatments by two experiments = 1,188 total plants). 

Starting in April 2009 and 2010, dormant cuttings were cut to 
uniform length (approximately 30 cm) containing two to three 
nodes. Cuttings were surface-sterilized in 1% sodium hypochlorite 
(Clorox) for 15 min and then rinsed in water overnight. Cuttings 

were then callused in a mixture of perlite and vermiculite (1:1, 
vol/vol) at 30°C and 100% relative humidity for 3 weeks. Once 
root and shoot initials emerged from the callus tissue, a power drill 
was used to wound the woody stem (2-mm width by 3-mm depth) 
at a point approximately 3 cm below the uppermost node. Cuttings 
were inoculated by pipetting 20 µl of inoculum into the wound, and 
then sealing this inoculation site with Vaseline (Unilever) and Para-
film (American National Can). Noninoculated controls were mock 
inoculated with either 20 µl of noncolonized PDB or sterile water, 
depending on the pathogen (see above). After inoculation, cuttings 
were submerged in melted paraffin wax (Gulf Wax; Royal Oak 
Enterprises) within 4 cm of the roots and potted in UC mix (3) 
amended with slow-release fertilizer (Osmocote Pro 24-4-9; 
Scotts). Plants were grown in the greenhouse at the Armstrong 
Experimental Station at University of California, Davis (natural 
sunlight photoperiod, 25 ± 1°C [day] and 18 ± 3°C [night]) and 
were hand watered every 3 days or as required. 

Cultivar susceptibility. Plants inoculated with L. theobromae 
and N. parvum (assay 1) were examined 14 weeks after inocula-
tion, whereas all other plants (assays 2 and 3) were examined after 
11 months. Plants were removed from the soil, roots and shoots 
were excised, and bark was scraped from the woody stem. Stems 
were surface sterilized in 1% sodium hypochlorite solution for 2 
min and rinsed with tap water. First, the length of the woody stem 
was measured. Then, the stem was cut longitudinally and the lesion 
(i.e., the length of wood discoloration [LWD] extending from the 
point of inoculation; Fig. 1), was measured with an electronic cali-
per. In order to confirm that the lesions were caused by the trunk 
pathogens, four small pieces (5 by 2 mm) of discolored wood from 
the margin of each lesion were surface sterilized for 1 min in 0.6% 
sodium hypochlorite solution (pH 7.2), rinsed in two successive 
baths of sterile distilled water, and incubated on PDA amended 
with 0.01% tetracycline hydrochloride (PDA-tet; Sigma-Aldrich). 
Plants inoculated with the Esca and Eutypa dieback pathogens 
were also examined for the presence of diagnostic foliar symp-
toms. 

Statistical analyses. All statistical analyses were conducted in 
SAS (v. 9.2; SAS Institute). Analyses were conducted separately 
for each of the three assays. Average cutting lengths (CLs) varied 
among cultivars. In order to evaluate whether CL variation influ-
enced the LWD, we estimated Pearson correlation coefficients 

Fig. 1. Representative wood symptoms observed after 11 months of incubation in grapevines inoculated with A and B, Phomopsis viticola (‘Cabernet Sauvignon’ and 
‘Chardonnay’); C and D, Phaeomoniella chlamydospora (‘Cabernet Franc’ and ‘Thompson Seedless’); and E and F, Eutypa lata (Cabernet Franc and Vitis arizonica ‘b42-26’). 
G, Noninoculated controls V. hybrid Fennell 6 (V. aestivalis) × Malaga (V. vinifera) ‘DVIT0166’ were wounded in the same way as inoculated plants but were treated with
sterile potato dextrose broth instead of inoculum. Inoculation sites on each panel measure 2 mm in diameter. 
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between LWD and CL. A significant and positive correlation 
would indicate that LWD was influenced by CL. However, there 
was no such correlation (∝ = 0.05) for any treatment–cultivar com-
bination. Hence, LWD was used as the measure of susceptibility. 
Normality and homogeneity of variances were evaluated using 
normal probability plots and Levene’s test, respectively. When 
necessary, LWD was transformed (reciprocal square root transfor-
mation for assay 1 and log-transformation for assays 2 and 3) to 
meet parametric assumptions. Analyses of variance (ANOVAs) 
were used to determine the effect of the treatment, cultivar, and 
their interaction on LWD. ANOVAs were performed using the 
MIXED procedure in SAS, with block and experiment considered 
as random effects. Denominator degrees of freedom were approxi-
mated using the Satterthwaite method. Means were calculated 
using the LSMEANS procedure. P values and confidence limits for 
mean differences were adjusted for multiple comparisons using the 
Tukey-Kramer method (∝ = 0.05). 

Recovery rate was calculated as the percentage of plants from 
which a pathogen was recovered out of the total number of inocu-
lated plants. To assess the main effect of treatment, cultivar, and 
their interaction on recovery rate, generalized linear mixed models 
were performed using the GLIMMIX procedure in SAS, which 
utilizes the logit link function to accommodate binomial data. The 
factors block and experiment were considered as random effects 
and treatment and cultivar as fixed effects. Recovery rates of the 
noninoculated controls (all of which were zero) were excluded 
from the analyses. Logistic regression analyses (LOGISTIC 
procedure in SAS) were used to investigate the relationship 
between this discrete response (specifically, recovery rate) and 
LWD as the explanatory variable for each pathogen across 
cultivars. This latter set of analyses was conducted to evaluate 
whether recovery of the pathogen from the inoculation site was 
correlated with a large LWD. 

Results 
Assay 1, Botryosphaeria dieback. Fourteen weeks after inoc-

ulation, LWD differed significantly among treatments (P < 0.0001; 
Table 2). Plants inoculated with L. theobromae and N. parvum had 
significantly larger LWD than the noninoculated controls (mean 
LWD of 3.8 mm, n = 288 plants, averaged across cultivars; P < 
0.0001), illustrating that the wounding of the wood was not the 
cause of the large LWD of plants inoculated with these two patho-
gens. Means comparisons between L. theobromae and N. parvum 
were not significantly different (mean LWDs of 61.2 versus 40.0 
mm, respectively, n = 288 plants per pathogen, averaged across 
cultivars; P = 0.077), suggesting similar aggressiveness for both 

pathogens. A significant effect of cultivar on LWD averaged across 
treatments (P = 0.039; Table 2) showed differential susceptibility 
of cultivars. The treatment–cultivar interaction was nonsignificant 
(P = 0.33; Table 2), revealing that the wood symptoms among 
cultivars were relatively consistent between the two pathogens. 
Nonetheless, means comparisons following ANOVA showed no 
significant differences in mean LWD among cultivars. Albeit non-
significant, Thompson Seedless was the most susceptible cultivar 
to both pathogens. For plants inoculated with L. theobromae, mean 
LWD was 32 mm for Cabernet Sauvignon (most resistant) and 88 
mm for Thompson Seedless (most susceptible) (Fig. 2A). For 
plants inoculated with N. parvum, mean LWD was 21.4 mm for 
Concord (most resistant) and 65 mm for Thompson Seedless (most 
susceptible) (Fig. 2B). Means comparisons showed that there were 
no significant differences in LWD among cultivars for the noninoc-
ulated controls (P > 0.85), which had mean LWDs of 3.2 to 4.6 
mm for Cabernet Franc and Thompson Seedless, respectively. 

There were no differences in recovery rates due to the effects of 
pathogen (P = 0.16), cultivar (P = 0.14), or their interaction (P = 
0.90). Also, recovery of L. theobromae and N. parvum was not 
related to LWD (P values of 0.25 and 0.10, respectively; Table 3), 
which may be due, in part, to the relatively high recovery rates of 
both pathogens from inoculated plants (≥80%, Table 3). 

Table 2. F values from mixed linear models of variance for length of wood
discoloration (LWD) in grapevine stems after inoculation with the causal
agents of Botryosphaeria dieback (Assay 1), Esca and Phomopsis dieback
(Assay 2), and Eutypa dieback (Assay 3) 

Assay, sourcex df y F valuez 

Assay 1   
Treatment 2 446.33*** 
Cultivar 7 3.59* 
Treatment × cultivar 14 1.28 

Assay 2   
Treatment 3 8.08 
Cultivar 7 5.45** 
Treatment × cultivar 21 1.25 

Assay 3   
Treatment 2 45.47** 
Cultivar 10 16.28*** 
Treatment × cultivar 20 1.25 

x Source of variation: Treatment = noninoculated, isolate 1, isolate 2, or
isolate 3; and Cultivar = 8 different cultivars for assays 1 and 2 or 11
different cultivars for assay 3. 

y Numerator degrees of freedom. 
z Asterisks: *, **, and *** indicate significance at P < 0.05, 0.01, and

0.0001, respectively. 

Fig. 2. Assay 1. Grapevine cultivar susceptibility to Botryosphaeria dieback. Box 
plots illustrating the distribution of length of wood discoloration (LWD) measured in 
eight cultivars at 4 months after inoculations with A, Lasiodiplodia theobromae or B,
Neofusicoccum parvum. Solid and broken lines within the box correspond to the 
median and mean, respectively. Top and bottom lines of the box correspond to the 
25th and 75th percentiles of the data, respectively. Error bars represent the 10th 
and 90th percentiles, and circles represent the 5th and 95th percentiles. 



Plant Disease / December 2013 1533 

Assay 2, Esca and Phomopsis dieback. There were significant 
differences among cultivars inoculated with P. viticola (P < 
0.0001). Means comparisons showed that Thompson Seedless 
developed significantly longer LWD (61.3 mm) than all other culti-
vars (P < 0.0001; Fig. 3C). Mean LWD did not differ significantly 
among treatments (P = 0.062; Table 2). LWD of the noninoculated 
controls (mean = 4.2 mm), albeit restricted, was not significantly 
different from that of plants inoculated with P. viticola (mean LWD 
of 22.4 mm, n = 288 plants, averaged across cultivars; P = 0.14), T. 
minima (mean LWD of 19.9 mm, n = 288 plants, averaged across 
cultivars; P = 0.13), or Phaeomoniella chlamydospora (mean LWD 
of 40.3 mm, n = 288 plants, averaged across cultivars; P = 0.05). 
The main effect of cultivar on mean LWD across treatments was 
significant (P = 0.0003; Table 2), indicating an overall differential 
susceptibility of cultivars. However, means comparisons showed 
no significant differences among cultivars inoculated with the 
causal agents of Esca. Among plants inoculated with T. minima, 
there was no significant effect of cultivar on LWD (P = 0.11; Fig. 
3A), with LWD of 14 mm for Cabernet Sauvignon (most resistant) 
to 37.9 mm for Thompson Seedless (most susceptible). Similarly, 
there was no significant effect of cultivar on LWD for plants inocu-
lated with P. chlamydospora (P = 0.39; Fig. 3B), with LWD of 
27.6 mm for Cabernet Sauvignon (most resistant) to 50 mm for 
Concord (most susceptible). In spite of the fact that all plants 
inoculated with the Esca pathogens developed wood symptoms 
(Fig. 1), no foliar symptoms were observed in either replication of 
the experiment. 

For both Esca pathogens and P. viticola, there was a significant 
relationship between recovery rate and large LWD (P values of P < 
0.0001 to P = 0.001; Table 3). Proc GLIMMIX showed no differ-
ences in recovery rates due to the effects of pathogen (P = 0.95), 
cultivar (P = 0.62), or their interaction (P = 0.97) (data not shown). 

Assay 3, Eutypa dieback. Eleven months after inoculation, in 
experiment 1, no plants showed foliar symptoms of Eutypa die-
back; whereas, in experiment 2 (second year), a total of eight 
plants (one each of Cabernet Sauvignon, Chardonnay, and Petite 
Syrah inoculated with Eutypa sp. NYCc1; and one each of Caber-
net Sauvignon, Chardonnay, Riesling, and two of Petite Syrah 
inoculated with E. lata M14) had stunted shoots with small, chlo-
rotic, and tattered leaves. However, given the small number of 
plants with foliar symptoms, no statistical analyses were per-
formed. 

Wood discolorations developed from the inoculation sites in the 
woody stems of all cultivars inoculated with the causal agents of 
Eutypa dieback (Fig. 1E and F). LWD differed significantly among 
treatments (P = 0.0045; Table 2), with similar mean LWD between 
Eutypa sp. and E. lata (mean LWDs of 25.1 versus 35.3 mm, re-

Table 3. Variation in recovery rates among seven trunk pathogens
inoculated to Vitis vinifera cultivars and North American Vitis spp. or 
interspecific hybrids in three greenhouse assaysw  

 
Assay, pathogenx 

Recovery 
ratey 

Regression  
slope βz 

Assay 1   
Lasiodiplodia theobromae UCD197Co 0.89 a 0.68 (0.2486) 
Neofusicoccum parvum UCD646So 0.80 a 0.89 (0.0979) 

Assay 2   
Togninia minima CBS631.94 0.55 a 2.06 (0.0008) 
Phaeomoniella chlamydospora C25 0.58 a 2.26 (<0.0001) 
Phomopsis viticola UCD2408Tx 0.56 a 1.76 (0.0009) 

Assay 3   
Eutypa sp. NYCc1 0.25 a 0.02 (0.0105) 
Eutypa lata M14 0.29 a 0.02 (0.0019) 

w Slopes β of logistic regressions reflect the relationship between the
discrete response (recovery rate) and the explanatory variable (length of
wood discoloration [LWD]). For every one unit increase in LWD, the log-
odds for positive recovery of the pathogen increases by β. 

x Greenhouse assays: Assay 1, Botryosphaeria dieback; Assay 2, Esca and
Phomopsis dieback; and Assay 3, Eutypa dieback 

y Recovery rate was calculated as the percentage of plants from which the
pathogen was recovered out of the total inoculated, averaged across
cultivars. For each assay, values followed by the same letter are not
significantly different at P ≤ 0.05, Tukey’s test. 

z Slope of logistic regression between recovery rate and LWD (averaged
across cultivars). P values associated with the null hypothesis of β = 0 are 
given in parentheses. 

Fig. 3. Assay 2. Grapevine cultivar susceptibility to Esca and Phomopsis dieback. 
Box plots illustrating the distribution of length of wood discoloration (LWD) 
measured in eight cultivars at 11 months after inoculations with A, Togninia minima; 
B, Phaeomoniella chlamydospora; or C, Phomopsis viticola. Solid and broken lines 
within the box correspond to the median and mean, respectively. Top and bottom 
lines of the box correspond to the 25th and 75th percentiles of the data, 
respectively. Error bars represent the 10th and 90th percentiles, and circles 
represent the 5th and 95th percentiles. Mean LWDs of cultivars with different letters 
are significantly different at P ≤ 0.05, Tukey’s test. 
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spectively, n = 396 plants per pathogen, averaged across cultivars; 
P = 0.32). Mean LWD of the noninoculated controls (4.7 mm, n = 
396 plants, averaged across cultivars; Fig. 1G) was significantly 
smaller than those of the inoculated plants (P < 0.009). The effect 
of cultivar on LWD was highly significant (P < 0.0001; Table 2), 
which may be due, in part, to the inclusion of different Vitis spp. 
(technically not cultivars but germplasm accessions) in this assay. 
V. arizonica b42-26 had the largest LWD for both Eutypa sp. and 
E. lata (mean LWDs of 83.7 versus 96.5 mm, respectively, n = 36 
plants; Fig. 4A and B). Among plants inoculated with Eutypa sp., 
V. arizonica b42-26 was significantly more susceptible than all 
cultivars (mean LWDs of 15.6 mm for Petite Syrah [most resistant] 
to 24.2 mm for Riesling, n = 36 plants per cultivar; P < 0.023), 
except for Thompson Seedless (LWD = 31.3 mm, n = 36 plants; P 
= 0.07). Among plants inoculated with E. lata, V. arizonica b42-26 
was significantly more susceptible than all cultivars (mean LWDs 
of 20.2 mm for Cabernet Franc [most resistant] to 36.9 mm for 
Riesling, n = 36 plants per cultivar; P < 0.033), except for Thomp-
son Seedless and Fennell 6 (V. aestivalis) × Malaga (V. vinifera) 
DVIT0166 (mean LWDs of 50.2 and 38.2 mm, respectively, n = 36 
plants per cultivar; P > 0.05). Interestingly, there were significant 
differences in LWD among cultivars for the noninoculated controls 
(P = 0.028). Means comparisons revealed that LWD of noninocu-

lated V. arizonica b42-26 (LWD = 8.9 mm) was significantly larger 
than those of Cabernet Franc, V. labruscana Concord, V. rupestris 
× V. cinerea Ill547-1, and Fennell 6 (V. aestivalis) × Malaga (V. 
vinifera) DVIT0166 (mean LWDs of 3.8, 3.8, 3.9, and 3.9 mm, 
respectively; P < 0.026). 

There were no differences in recovery rates due to the effects of 
pathogen (P = 0.42), cultivar (P = 0.30), or their interaction (P = 
0.78) (data not shown). For both E. lata and Eutypa sp., there was 
a significant relationship between recovery rate and large LWD (P 
values of 0.01 to 0.002; Table 3). 

Discussion 
Among eight cultivars of grapevine, our controlled inoculations 

conducted in duplicate greenhouse experiments revealed differen-
tial levels of grapevine resistance to wood symptoms caused by 
Phomopsis viticola, E. lata, and Eutypa sp. Thompson Seedless 
was the most susceptible to P. viticola, and this finding is con-
sistent with the high incidence of Phomopsis dieback in this table-
grape cultivar in California (45). It has always been puzzling to see 
a high incidence of this disease in Thompson Seedless vineyards, 
especially because they are located primarily in the southern San 
Joaquin Valley, which has a very low annual rainfall (less than 280 
mm). Because the dispersal of P. viticola is thought to be primarily 
by rain splash of its conidia (24), it may be that the relatively high 
susceptibility to P. viticola brings about a high disease incidence in 
spite of few rain events. Thompson Seedless, the only 
Mediterranean table grape cultivar examined in this study (2), 
originating from Turkey, was also more susceptible to E. lata and 
Eutypa sp. than any other V. vinifera cultivar. Past field 
inoculations of mature plants with E. lata have shown that Merlot 
(along with ‘Gamay’, ‘Grenache’, and ‘Sémillon’) developed less 
severe wood symptoms and, thus, was more resistant to Eutypa 
dieback than Cabernet Sauvignon (along with ‘Syrah’, ‘Pinot noir’, 
and Riesling; 39). In our study, however, wood symptoms caused 
by E. lata were not significantly different between Merlot and 
Cabernet Sauvignon, although this may be due to the fact that the 
much higher LWD of Thompson Seedless obscured more subtle 
statistical differences between other cultivars. It may also be due, 
in part, to the fact that we inoculated 1-year-old woody stems and 
Sosnowski et al. (39) inoculated much more mature vines. Relative 
differences in Eutypa susceptibility among Merlot and Cabernet 
Sauvignon may be more pronounced as the wood ages and the 
lignin content and cell-wall composition changes. Indeed, Merlot 
has been shown to have higher lignin content than Cabernet Sauvi-
gnon (32). 

For the grape diseases powdery mildew, downy mildew, and 
Pierce’s disease, North American Vitis spp. are known to have 
greater resistance than V. vinifera cultivars (8,9), which is due, in 
part, to the common geographic origins of these diseases in Amer-
ica (5,25,35). Therefore, we hypothesized that germplasm acces-
sions with resistance to these other grape diseases may have re-
sistance to trunk diseases. However, V. arizonica b42-26, which is 
resistant to the xylem-limited bacterium X. fastidiosa (30), was the 
most susceptible to E. lata and Eutypa sp. Additionally, the North 
American hybrid Fennell 6 (V. aestivalis) × Malaga (V. vinifera) 
DVIT0166, which is resistant to the obligate biotrophic fungus E. 
necator (9), showed higher susceptibility to E. lata than most V. 
vinifera cultivars. Because the center of origin for E. lata is 
thought to be Europe (41), co-evolution of the pathogen and V. 
vinifera may have enriched cultivars of this species for increased 
resistance to E. lata relative to the North American V. arizonica 
and V. aestivalis. Alternatively, the mechanisms of resistance to a 
biotrophic xylem-limited bacterium or to a biotrophic foliar fungus 
may be in opposition to those required to resist fungal colonization 
of wood. V. arizonica b42-26 and Fennell 6 (V. aestivalis) × Mal-
aga (V. vinifera) DVIT0166 are parents of mapping populations 
crossed to V. vinifera. With the V. vinifera parent likely being more 
resistant, further characterization of the segregation of resistance in 
these populations could result in the genetic mapping and charac-
terization of genes associated with resistance to trunk diseases. 

Fig. 4. Assay 3. Grapevine susceptibility to Eutypa dieback. Box plots illustrating
the distribution of length of wood discoloration (LWD) measured in 11 cultivars at 11
months after inoculations with A, Eutypa sp. or B, Eutypa lata. Solid and broken
lines within the box correspond to the median and mean, respectively. Top and
bottom lines of the box correspond to the 25th and 75th percentiles of the data,
respectively. Error bars represent the 10th and 90th percentiles, and circles
represent the 5th and 95th percentiles. Mean LWDs of cultivars with different letters
are significantly different at P ≤ 0.05, Tukey’s test. 
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All cultivars or accessions developed wood lesions after inocula-
tion with the causal agents of Botryosphaeria dieback, Esca, Pho-
mopsis dieback, and Eutypa dieback, indicating that there is no 
evidence of qualitative resistance to these ascomycete fungi. Our 
deliberate examination of resistance of woody tissue to discolora-
tion and canker formation was necessary to compare all trunk dis-
eases in a set of greenhouse assays. This is because Botryosphaeria 
dieback and Phomopsis dieback are not associated with diagnostic 
foliar symptoms (4,20,42), and foliar symptoms of Esca have very 
rarely been reproduced consistently under controlled conditions 
(22). That said, plant defense mechanisms against wood symptoms 
and foliar symptoms may differ (at least for Eutypa dieback and 
Esca) (39), because the foliar symptoms are thought to result from 
the translocation of phytotoxic compounds from infected wood to 
the shoots and leaves (26), whereas the wood-canker symptoms are 
thought to result primarily from enzymatic decomposition of the 
wood (32). 

Defense mechanisms of woody tissue against decay fungi are 
thought to involve chemical barriers, which can impede fungal 
growth (36,37). Several studies have investigated the nature of 
chemicals present in the reaction zone of grapevine wood infected 
with trunk pathogens. For example, differential cultivar susceptibil-
ity to pruning-wound infections by E. lata is thought to depend on 
the rates of suberin and lignin deposition involved in the “healing” 
of the wounds (23). Also, comparisons of total phenolic concentra-
tions of woody tissues degraded by the Esca pathogens indicate 
that these compounds may restrict fungal colonization of the wood 
(1). Phenolic acids and stilbenoids, in particular, were found to 
have fungistatic activity against fungi associated with Botry-
osphaeria dieback and Eutypa dieback when evaluated in vivo; 
however, their role in fungal defense in planta is not clear (18). In 
our study, the relatively uniform LWDs among eight cultivars chal-
lenged with the Esca pathogens was surprising, given that differ-
ences in the severity of wood symptoms have previously been re-
ported for other V. vinifera cultivars ‘Italia’ (susceptible) and 
‘Matilde’ (resistant) (40), which were also found to differ in phe-
nolic concentrations (7). Our results may reflect the higher similar-
ity among the eight V. vinifera cultivars examined in the quality, 
composition, and distribution of phenolics synthesized in response 
to wood infections. 

The outcomes of fungal infection may also depend on physical 
barriers inherent to wood anatomy (37) or the capacity for the host 
to bring about anatomical changes. The distribution and content of 
parenchyma cells in the sapwood (i.e., living wood where sap 
flows) has been shown to constitute the main factor influencing the 
extent of wood decay due to wood-colonizing fungi (basidiomy-
cetes and ascomycetes) in several tree species (11). In our study, no 
significant interaction effect between pathogen and cultivar on the 
extent of wood discolorations was detected in any of the three ex-
periments conducted. This supports the hypothesis that wood reac-
tion to wounding and infection are not pathogen-specific but, ra-
ther, depend on wood anatomy (11). The greatest differences in 
wood symptoms after inoculations with the Eutypa spp. were ob-
served between all V. vinifera cultivars and V. arizonica, the latter 
being the most susceptible. Interestingly, the resistance of V. ari-
zonica to X. fastidiosa is thought to be due, in part, to its inability 
to produce xylem occlusions (tyloses, gums, and fibrillar net-
works), compared with X. fastidiosa-susceptible cultivars of V. 
vinifera, which do undergo such anatomical changes in response to 
infection by the bacterium (15). It is possible that the low levels of 
xylem occlusions in V. arizonica relative to V. vinifera explain the 
high susceptibility of V. arizonica to the Eutypa spp. in our study. 
Identifying anatomical or biochemical markers of resistance in 
plant cell walls would help provide reliable markers of resistance. 

In our study, there was a trend of greater susceptibility of 
Thompson Seedless compared with the wine grape Chardonnay to 
L. theobromae and N. parvum. This is in contrast to a past study, in 
which Thompson Seedless was found to be more resistant than 
Chardonnay to L. theobromae (44). Several hypotheses could ex-
plain these discrepancies. First, differences may arise from in-

travarietal variation among different clones of the same cultivar. 
Second, isolates from distinct geographic origins (i.e., Mexico 
versus United States) may differ in their aggressiveness on differ-
ent hosts. Finally, different inoculation methods may produce dif-
ferent results in LWDs. In our study, we attempted to establish 
more uniform wound sizes and levels of inoculum among replicate 
plants by inoculating with mycelial fragments in suspensions. This 
modification reduced the wound to 2 mm in diameter instead of the 
standard 4- to 5-mm-diameter wound required for inoculum in the 
form of an agar plug (39). Also, the use of a homogenized liquid 
culture allowed us to quantify the inoculum (i.e., 1 × 106 mycelial 
fragments ml–1), which is not possible for an agar plug colonized 
by mycelium. In spite of our efforts, there was a fair amount of 
variation in LWD within some treatments. Grape wood xylem 
displays asymmetrical features, with larger vessels present in dor-
sal or ventral sections of the stems relative to smaller, lateral ves-
sels, which are aligned longitudinally with buds and tendrils (6). 
Therefore, it is possible that the position and depth of the wound, 
which is difficult to judge precisely from plant to plant when using 
a power drill, influenced the subsequent colonization of the vessels 
by the inoculum. Thus, a wound that happened to span larger ves-
sels may have promoted faster colonization of the wood, resulting 
in larger LWD. Further work is necessary to disentangle the effects 
of intravarietal phenotypic variation, pathogen–cultivar adaptation, 
and inoculation methods on differential wood responses to fungal 
infection. 
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