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Abstract

The effects of tumorigenic and nontumorigenic strains of Agrobacterium
vitis on graft strength and growth of grapevines was studied. A procedure
was developed for inoculating graft interface surfaces with A. vitis and for
measuring the force required to break grafts at different time points. Cut-
tings were soaked in an aqueous suspension of bacteria, about 106 CFU/ml,
and bacteria were spread onto the graft interface during the grafting proce-
dure. Tumorigenic strain CG49 caused reduced bud germination and in-
creased callus (crown gall) at the graft union and at the base of cuttings

at 30 days postinoculation (dpi) and significantly reduced shoot growth by
60 dpi whereas, at the same time points, nontumorigenic strain F2/5 inhibited
callus formation but did not affect bud germination or shoot growth. Graft
strength was enhanced at 30 dpi with CG49, presumably because the crown
gall callus served to secure the union; graft strength was weakened by F2/5
over the same period. Between 30 and 60 dpi, the greatest increase in graft
strength was observed in the water control. Following graft union inocula-
tions, the A. vitis population increased more than 1,000-fold within 5 days.

Grafting is a widely used vegetative propagation technique employed
in grape nursery production worldwide. It involves connecting a scion
variety to a rootstock to generate a unified plant, and depending on
rootstock provides desirable traits to the vine such as Phylloxera and
nematode resistance, salt tolerance, and vine vigor control (Alleweldt
and Possingham 1988). Successful graft compatibility requires the
generation of a functional vascular system between the scion and
the rootstock resulting in a viable plant that is able to sustain optimum
growth and productivity. Incompatibility, or inferior graft take, due to
poor vascular connection and phloem regeneration at the graft union
can result in reduced water and nutrient flow, leading to poor plant de-
velopment and even death (Milien et al. 2012). Genetic, biotic, phys-
iological, and environmental factors all play roles in graft success;
these may include genetic compatibility between the scion and root-
stock variety, maturity of the grafting material, and environmental
conditions during growth of the propagation material and during the
grafting process (Cookson et al. 2013; Tandonnet et al. 2010). Plant
pathogens can have significant impacts on graft take and subsequent
plant development (Fourie and Halleen 2006).
Agrobacterium vitis is a bacterial pathogen that is host specific to

grapevines (Vitis spp.). It causes crown gall (tumor formation) dis-
ease which can result in reduced plant growth and productivity that
may end in vine decline and death (Burr et al. 1998). The infection
process of A. vitis is similar to that of A. tumefaciens, which is initi-
ated at plant wound sites and involves transfer, insertion, and expres-
sion of a section of the tumor-inducing plasmid, the transfer DNA
(T-DNA), into the plant chromosome (Schell and Van Montagu 1977).
Grafting of grapevines provides a significant wound site at which
A. vitis can initiate infection. We previously developed a highly sen-
sitive method for detecting tumorigenicA. vitis in grapevines (Johnson
et al. 2013). The pathogen was detected in all parts of the vines, includ-
ing nodes, internodes, shoot tips, and leaves (Johnson et al. 2016; Orel
et al. 2017). Because the bacterium persists systemically and epiphyt-
ically in vines, it may become established on graft surfaces during the
grafting process.

Currently, there is no effective chemical control for grape crown
gall, and other management strategies such as varietal selection and
cultural practices are only partially effective. In recent years, research
has focused on the development of biological control agents to sup-
press grape crown gall, and several candidate strains have been re-
ported, including nontumorigenic A. vitis strains E26, VAR03-1, and
ARK-1 (Kawaguchi 2013; Kawaguchi and Inoue 2012; Kawaguchi
et al. 2008), and strains of other bacterial genera, including Rahnella
aquatilis strain HX2 (Chen et al. 2007), Serratia plymuthica strain
IC1270, Pseudomonas fluorescens strain Q8r1-96,P. fluorescens strain
B-4117 (Dandurishvili et al. 2011), and Bacillus subtilis strain 14B
(Hammami et al. 2009). These strains have shown various levels of
disease suppression in experiments done under greenhouse conditions.
Our lab has studied a nontumorigenic strain, F2/5 that suppresses crown
grape crown gall (Staphorst et al. 1985) and we demonstrated inhibition
of tumorigenicity by diverse A. vitis strains on different grape varieties
(Burr and Reid 1994). However, like other tumorigenic and nontumori-
genic A. vitis strains, F2/5 induces localized necrosis on grape tissues
that would hinder its development for commercial application (Burr
et al. 1987). The molecular mechanism involved in necrosis is not
fully understood but includes quorum-sensing regulation and the
involvement of different polyketide and nonribosomal peptide syn-
thases (Hao et al. 2005; Zheng and Burr 2013; Zheng et al. 2003,
2012). Our current understanding of the biochemical pathways as-
sociated with tumor inhibition by F2/5 and necrosis show overlap
but also distinct processes (Zheng and Burr 2016) and are still under
investigation.
For the work reported in this article, we sought to determine how

the presence of A. vitis at grape graft unions affects graft strength and
subsequent plant development. Because crown gall in nurseries and
in young vineyards is frequently first observed at graft unions, we hy-
pothesize that A. vitis, which is distributed randomly in and on grape-
vines, affects graft strength, resulting in reduced graft take. Several
methods have been used to measure the physical properties of graft
unions such as hydraulic conductance measurement, microscopy, and
tensile strength testing (Atkinson et al. 2003; Moore 1983; Zarrouk
et al. 2010). Tensile strength in tomato plants has been reported pri-
marily as force divided by grafted area, with force being applied by
hand and measured with a pull-force gauge (Bausher 2013; Lindsay
et al. 1974; Moore 1983; Parkinson and Yeoman 1982). This is a
good first estimate of strength but may not work well for stronger
grafts such as grafted grapevines or other woody plants. Pedersen
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measured the tensile strength of cherry tree grafts with a traditional
tensile test machine (Pedersen 2005), although they were limited by
issues with gripping graft samples and load cell maximum load. For
this work, we develop a method to quantitatively measure graft
strength which is appropriate for both low and high force measure-
ments while being rapid enough to test the large number of samples
necessary for statistical interpretation.
In this study, we investigated the effects of a tumorigenic (CG49)

and a nontumorigenic (F2/5) A. vitis strain on grape graft strength and
subsequent graft take and plant development by comparing callus
and root formation, bud germination, and shoot growth in addition
to graft strength. These data advance our understanding of the epide-
miology of A. vitis and will be particularly relevant to the grape nurs-
ery industry and for the future commercial development of effective
controls for grape crown gall.

Materials and Methods
Strains, culture conditions, and plant materials. Tumorigenic

strain CG49 and nontumorigenic strain F2/5 were maintained at
28°C on potato dextrose agar (PDA) plates (Difco Laboratories,
Detroit). F2/5 has been studied previously for its ability to inhibit
the development of crown gall on grapevines (Burr and Reid 1994).
The F2/5 Davi4329 strain (Zheng and Burr 2016) was cultured sim-
ilarly but with the addition of kanamycin at 50 mg/ml. F2/5Davi4329
was made by disrupting gene F-avi4329, which encodes an amino-
transferase. The mutant behaves identically to wild-type F2/5 in its
growth and ability to inhibit crown gall formation on grape Dormant
canes of Vitis vinifera ‘Cabernet Franc’, a crown gall-susceptible
variety, were collected in early spring 2016 from a research vineyard
at Cornell’s New York State Agricultural Experiment Station in
Geneva, NY and stored at 4°C.
Indexing dormant cuttings for presence of tumorigenicA. vitis.

Forty dormant Cabernet Franc cuttings made from the canes men-
tioned above were randomly chosen and assayed for the presence
of tumorigenic A. vitis strains. In total, three nodes were sampled
for each cutting and extraction of potential A. vitis cells from cut-
tings and subsequent enrichment was done as previously described
(Johnson et al. 2013). A magnetic capture hybridization (MCH)
method was used to extract the target DNA followed by real-time
polymerase chain reaction (PCR) to detect the presence of tumori-
genic A. vitis (Johnson et al. 2013).
Inoculation of dormant cuttings. Stored dormant Cabernet Franc

cane sections were cut into single-node cuttings (with bud near the
apical end) of about 70 to 80 mm in length and soaked in water at
room temperature overnight to hydrate buds. The cuttings were then
soaked in different concentrations of aqueous bacterial cell suspen-
sions (CG49 or F2/5 for 2 h at 1 × 105, 1 × 106, or 1 × 107 CFU/ml).
Bacterial cell suspensions were made by initially preparing a sus-
pension at an optical density at 600 nm (OD600) = 0.1 (about 1 ×
108 CFU/ml) and making appropriate dilutions. Populations were
confirmed by dilution plating the initial OD600 = 0.1 suspensions
on PDA plates. Plants soaked in water alone were included as the
control group. A hand-held grafting tool (A. M. Leonard, Piqua,
OH) was used to make a V-shaped cut through the midpoint of each
cutting, during which the bacteria on the outer cutting surface were
spread onto the graft wound surfaces. The upper and lower sections
were then sealed together as an autograft with melted grafting wax.
By initially soaking cuttings in the bacterial suspensions, wounds at
the basal and apical ends of the cuttings were also inoculated. Tools
and bench surfaces were surface disinfected with 70% ethanol be-
tween treatments to avoid cross-contamination; 30 to 50 grafts were
included for each treatment in each round of experiment, depending
on the assay. Grafted cuttings were planted in moist perlite and pots
were covered with plastic wrap to maintain high humidity until
buds germinated (about 10 days) at room temperature; then, the
plastic wrap was removed and grafted cuttings were transferred into
the greenhouse and maintained at 28°C. The surface of the perlite
was watered lightly every few days to keep it moist. At 30 days
postinoculation (dpi), specific phenotypes were recorded for each
treatment, as described below.

Population dynamics of A. vitis in graft wounds. The population
dynamics of A. vitis in graft wounds was assessed using strain F2/
5Davi4329 (Zheng and Burr 2016) because it allowed plating on me-
dia amended with kanamycin. Cuttings were soaked in a bacterial
suspension of about 1 × 106 CFU/ml (1:100 dilution of an OD600 =
0.1) and grafting (inoculation of graft surfaces) was done with the
V-graft tool, as described above. Grafts were planted in perlite and
populations on the V-cut surface were determined at 0, 5, 18, 30,
and 60 dpi The grafted cuttings were first surface swabbed with
70% ethanol, followed by rinsing with sterile distilled water (SDW),
and then separated at the graft union by pulling them apart. One-half
of the upper graft section (one-quarter of the total graft union area)
was then debarked and separated from the rest of the graft area with
a sterile razor blade and placed in 1 ml of SDW in an Eppendorf tube.
Tubeswere vigorously vortexed for 15 s to release bacterial cells on the
graft union surface; serial dilutions were plated onto PDA plates sup-
plemented with kanamycin and incubated at 28°C for about 40 h, at
which time colonies were counted. Razor blades were disinfected with
70% ethanol between each sample to avoid cross contamination. Eight
replicates were included for each treatment at each time point, and the
experiment was repeated twice.
Bud germination. At 30 dpi, cuttings that were inoculated with

CG49, F2/5, or water were harvested, and the percentage of buds that
germinated for each treatment was determined. For a subset of plants
that developed a growing bud, data were recorded on callus formation,
plant biomass, and graft strength. The remaining plants with develop-
ing shoots and roots were transplanted in pots containing a greenhouse
mix and kept for another 30 days, at which time the same set of traits
was measured. Plants were watered periodically to keep the soil moist.
Callus formation and root and shoot biomass development. At

30 and 60 dpi, plants inoculated with CG49, F2/5, or water were har-
vested to observe external callus formation at the graft union and on
the basal and apical ends. No callus was ever apparent at apical ends
and, therefore, callus formation at the graft union and the basal end of
cutting was rated based on a 1-to-4 or 1-to-6 scaling system, respec-
tively, with a rating of 1 for grafts with minimum callus formation
only found on one side of the V-graft area to 4 for those with stron-
gest callus formation on both sides of the cut. Similarly, callus forma-
tion on the basal surface of the cuttings was rated following a 1-to-6
scaling system based on size of callus in relation to the total basal sur-
face area, where 1 = less than half of the surface area, 2 = half of the
surface area, 3 = more than half but less than the whole surface area,
4 = more than the whole but less than twice of the surface area, 5 =
twice of the surface area, and 6 = three-dimensional callus formation.
If no obvious callus formation was observed, samples were given a
rating of 0. Total root biomass and shoot biomass were also mea-
sured. Root and shoot development was recorded by individually
weighing the total biomass. At least 18 plants were included for each
treatment at each time point. The root biomass evaluation was re-
peated twice and all other experiments were repeated three times.
Graft strength measurement. An Instron 5569 load frame with a

5 KN load cell (Instron, Norwood, MA) was used to apply 3-pt bend-
ing loading to grafted specimens (Fig. 1). The span was set to 40 mm
with the graft in the center and force applied through a 3 mm/min
downward displacement rate. The displacement was continued until
there was a clear decrease in load (indicating graft breakage) and
maximum load was recorded. Graft strength was determined as the
maximum force that was needed to break each grafted cutting. Prior
to doing the graft strength test, the diameter of each graft was mea-
sured using digital metric calipers; two diameter readings rotated
90° were averaged and the average was recorded. This was repeated
on either side of the graft and the reported diameter measurements
were calculated by averaging the average value of either side of the
graft. This measurement was taken to help account for thickness dif-
ferences between cuttings. Where necessary, graft nodes were cut off
with a pruning knife to produce flat segments to maintain the graft
positioning on the fixture.
Statistical analysis. All statistical analyses were performed using

the R program. To compare the mean failure rate of early bud germi-
nation between treatments, a one-tailed Student’s t test was performed.
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To compare mean callus formation and fresh root or shoot biomass
among treatments, a one-way analysis of variance and post hoc com-
parisons between treatments were performed using Tukey’s honestly
significant difference test to correct for multiple comparisons. To com-
pare the mean graft strength between treatments, a linear mixed-effects
model was used to include fixed effects of graft diameter and treatment
and random effects to capture the variability between the experiments.
A residual analysis was performed to assess the validity of the assump-
tions of normality and homogeneous variances. A P value < 0.05 was
considered to be significant.

Results
Indexing of dormant canes for presence of tumorigenic A. vitis.

As indicated above, an MCH real-time PCR method was used to as-
say the Cabernet Franc cuttings used in this research to determine the
incidence of A. vitis in them (Johnson et al. 2013). In all, 14 of 40 cut-
tings tested positive for A. vitis (data not shown). Although specific
population levels of A. vitis in the samples were not determined, it
was previously shown that A. vitis is randomly distributed in cuttings
and that the MCHmethod is able to detect as few as 10 cells per sam-
ple (Johnson et al. 2013, 2016).
Dose effect of bacteria on necrosis and callus formation. We

compared the effect of three levels of bacterial cells of F2/5 and
CG49 on necrosis and callus development at basal ends of the grafted

cutting. At 30 dpi, 9.4, 26.1, and 60% of plants inoculated with
1 × 105, 1 × 106, or 1 × 107 CFU/ml of CG49 cells, respectively, de-
veloped necrosis, whereas none or minimal necrosis was evident on
the water-treated plants (Fig. 2B; Table 1). Thus, the necrosis level
that developed at the basal ends correlated with the level of bacterial
inoculum. Similar results were observed with F2/5, for which re-
duced callus formation and increased necrosis occurred at basal ends
with the higher concentrations of inoculum. No necrosis or callus
was ever observed at the apical cut ends of the cuttings treated with
either bacteria. CG49 induced the strongest callus formation (expressed
as crown gall) at graft unions when inoculated with 1 × 106 CFU/ml of
bacteria (Fig. 2B). It may be that, at the 1 × 107 CFU/ml level of CG49,
increased necrosis formed restricting callus (crown gall) formation.
Similarly, strain F2/5 may reduce callus formation by necrosis-
induced death of cambial cells and by its inherent ability to inhibit
crown gall on grapes (Creasap et al. 2005). Although natural pop-
ulations of A. vitis at individual graft and other wound sites are
likely to vary, we selected an initial cutting soaking inoculum con-
centration of 1 × 106 CFU/ml, which we calculated would deliver
about 500 bacterial cells to the graft union surface (as shown below)
for subsequent experiments. Our reasoning was to use an inoculum
level that is relatively low, likely to be found naturally in plants, and
would allow plants to be maintained for an extended term for as-
sessments of growth and phenotypes such as callus formation at
graft unions.
Population dynamics of A. vitis at the grape graft union. Ini-

tially, it was shown that in vitro growth of F2/5Davi4329 does not
differ from CG49 or F2/5 (data not shown) and, thus, it could be used
to estimate the population dynamics of A. vitis on graft surfaces. Sub-
sequently, experiments were done to determine how the inoculum
concentration used for soaking cuttings translated to bacterial num-
bers deposited on the graft surface and how populations changed
over time. Approximately 1.6, 2.7, and 3.7 log units of F2/5Davi4329
were introduced to graft surfaces when inoculum at 1 × 105, 1 × 106,
and 1 × 107 CFU/ml, respectively, was used (Fig. 2A). Therefore our
results showed a strong correlation between inoculum concentration
and the initial populations deposited on the graft surface, as would be
predicted if the bacterium was spread to the graft surface during the
grafting process. Growth of A. vitis on the surface of graft unions was
determined up to 60 dpi. About 500 bacterial cells were detected on
the graft surface immediately following inoculation (Fig. 3). Thus, it
was possible to introduce a repeatable level of inoculum, similar
to that in Figure 2A, through the graft inoculation method. F2/5D4329
grew rapidly at the graft surface, with a population increase of more
than a 1,000-fold (from 2.7 to 6.0 log units), within 5 dpi. Bacte-
rial growth slowed from day 5 to 18, with a population increase

Fig. 2. Effect of inoculum dose on cell numbers of Agrobacterium vitis inoculated to graft union surfaces and the effect of the bacterium on necrosis and callus formation. A, Mean
log units of F2/5Δavi4329 cells at 0-time that were deposited by the grafting blade on the graft union surface when 105, 106, and 107 CFU/ml were used as primary inoculum. Eight
replicates were included for each treatment at each time point and the experiment was repeated twice. Error bars are standard deviations. B, Necrosis and callus formation on
cutting base and graft union inoculated with water, CG49, or F2/5.

Fig. 1. Grafted cutting positioned on the testing platform of the Instron 5569 machine.
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of approximately 0.5 log units, and was maintained at the level of
6.6 log units through day 60, at which time the experiment was con-
cluded. These results indicated that, once introduced into a graft
wound site, A. vitis grows rapidly and maintains a high population
level for an extended period of time. Thus, further wounding at a
graft union from partial breakage may initiate crown gall infections.
Impact of CG49 and F2/5 on bud germination and survival.

After 30 days, 7% of the buds on plants in the control group (treated
with water) did not germinate. In contrast, plants treated with CG49
had the lowest bud germination rate, with a 25.6 ± 6.3% failure rate
(P < 0.01, compared with control group) (Fig. 4). For F2/5-treated
plants, 12.9 ± 5.2% of the buds did not germinate, which represents
a slight difference from that of the control (0.05 < P < 0.1). Therefore,
treating plants with tumorigenic strain CG49 at 106 CFU/ml had a
clear negative impact on bud germination at 30 days, whereas F2/5
showed a greater number of ungerminated buds than the control
but the difference was not statistically significant. The initial inocu-
lum concentration also effected the level of germinated buds that sub-
sequently collapsed following transplanting (at 60 dpi). For plants
treated with 106 CFU/ml, 16% percent of the germinated buds col-
lapsed and, for 107 CFU/ml, 30% collapsed. For the water treatment,
there was no germinated bud collapse. Each treatment consisted of 30
to 38 plants. Therefore, concentration of inoculum used to inoculate
plants had a significant effect on bud germination and survival. From
these experiments, it is not possible to determine whether graft inoc-
ulation or inoculation at basal or apical ends or the external surface of
the buds affected their germination.
Effects of CG49 and F2/5 on callus formation at cutting base

and graft unions. External callus formation was visually assessed

immediately after harvest at 30 dpi using scaling systems (Fig.
5A). CG49-inoculated plants had significantly more callus (crown
gall) at both the basal ends and graft unions, with an average rating
of 4.0 and 1.4 respectively, compared with an average rating of 3.4
(P < 0.01) and 0.4 (P < 0.01) in the water treatment (Fig. 5B). In con-
trast, strain F2/5 greatly inhibited callus formation at the cutting base,
resulting in a lower average rating of 2.1 compared with the water
treatment (P < 0.01). Both F2/5 and water treatments showed a
low level of external callus formation at the graft unions at the time
intervals used in these experiments, with no difference observed be-
tween them (P > 0.1).
Similar results were observed in plants harvested at 60 dpi; CG49

induced the greatest level of callus (crown gall) on both base of
cuttings (P < 0.01 compared with both water and F2/5 treatments)
and at graft unions (P < 0.01 compared with both water and F2/5
treatments), and F2/5 induced the least callus formation on cutting
base but no difference from the water treatment at graft union
(Fig. 5C).
Impact of CG49 and F2/5 on root and shoot development of

grafted cuttings. Root development at 30 dpi was quite variable be-
tween samples, yielding no significant difference in fresh root biomass
among the three treatments (data not shown). Similar observations
were seen again at 60 dpi and, thus, no further quantification of fresh
root biomass was taken for additional experiments. However, shoot
growth on CG49-treated plants was significantly less at 60 dpi (Fig.
6A), with an average (Avg) fresh shoot biomass of approximately
6.3 g, which was significantly less than that of the F2/5 (Avg = 9.2 g,
P < 0.01) or water treatments (Avg = 10.5 g, P < 0.01) (Fig. 6B). There-
fore, CG49 caused a reduction in plant growth at 60 dpi whereas F2/5
had a reduced but not statistically significant amount of shoot growth.
As for the bud germination experiments, it is not possible to discern
whether the reduction of shoot growth is a result of A. vitis at the graft
union (i.e., inferior union formation) or from the bacterium causing ex-
tensive callus or necrosis or other effects at the base or apical ends of the
cutting.
Impact of CG49 and F2/5 on graft strength.During preliminary

investigations on the effect of A. vitis on graft strength, we observed
that inoculation with higher cell numbers resulted in grafts that were
easily broken by hand at 30 dpi. To quantify the effect of A. vitis, we
used an Instron 5569 machine to measure the graft strength, as de-
scribed in the methods above. At 30 dpi, CG49-treated plants had
higher average graft strength (Avg = 34.6 Newtons [N]) than that

Fig. 3. Population dynamics of F2/5Δavi4329 at inoculated graft unions. Shown are
mean log units of populations on graft union surface at 0, 5, 18, 30, and 60 days
postinoculation, respectively. Eight replicates were included for each treatment at
each time point and the experiment was repeated twice. Error bars are standard
deviations.

Fig. 4. Impact of CG49 and F2/5 on bud germination of grafted cuttings. Shown are
mean percentage of failed bud germination with CG49, F2/5, and H2O treatments
at 30 days postinoculation. At least 46 samples were included for each treatment
and the experiment was repeated three times. Error bars are standard errors.
Different letters represent a significant statistical difference by one-tailed Student’s
t test with a P < 0.05.

Table 1. Dose effect of Agrobacterium vitis strains CG49 and F2/5 on the
percentage of grafted grape plants with basal necrosis 30 days postinoculation

Treatment
Inoculum
(CFU/ml)a

Plants with obvious necrosis
at cutting base (%)b

CG49 105 9.4
106 26.1
107 60.0

F2/5 105 23.7
106 31.4
107 59.1

Water NA 0

a Inoculum level in which dormant cuttings were soaked prior to grafting. NA =
not applicable.

b Based on a total of 52 to 56 grafts for each treatment.
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of the water treatment (Avg = 27.5 N, P < 0.01) (Fig. 7). This was
presumably due to the induction of crown gall infections (observed
as callus) which, at this point of development, strengthened the graft
union. In contrast, F2/5 treatment resulted in lower graft strength
(Avg = 22 N) than the control (P < 0.01). At 60 dpi, no significant
difference was observed in graft strength between CG49 and the
water control whereas F2/5-treated plants were lower than both.
The differences of strength at 60 dpi showed that water-treated grafts
developed the greatest increase in mechanical strength between 30
and 60 days as compared with either of the bacterial treatments
(Fig. 7).

Discussion
A. vitis is randomly distributed throughout dormant grape canes,

including in nodal and intermodal tissues (Johnson et al. 2013, 2016);
therefore, the bacterium can persist in propagation material used in
grafting. In this study, we sought to enhance our understanding of
the impacts thatA. vitismay have on graft union formation and on plant
growth.
To facilitate this work, an inoculation method was developed that

consists of soaking dormant cuttings in bacterial suspensions prior to
making grafting cuts, during which time the bacterium is spread on
to the graft union surfaces. During the soaking and inoculation step,

living grape cells at the basal and apical cut ends of the cuttings would
also come in contact with the bacterium. Therefore, the some of the
effects we observed on plants, such as bud germination and shoot
biomass, could result from the bacterium affecting graft union forma-
tion or from its presence on other surfaces of the cutting. Because
A. vitis is endophytic and epiphytic on and in vines and is randomly
distributed in dormant cuttings, the method was designed to mimic
how wound inoculations may occur during propagation events at
sites on the canes hosting natural A. vitis cells; we hypothesize that,
should a graft or other cut be made through a site naturally colonized
by A. vitis, the bacterium would multiply on the wound, similarly to
what was shown previously on cut ends of shoot explants (Herlache
et al. 2001). Indeed, we observed that the bacterium grows rapidly
over a short period of time following wounding. Cell numbers in-
crease more than a 1,000-fold within 5 days, and a high population
level is maintained at 60 dpi. In fact, such bacterial growth was the
basis of previous indexing methods used to detect A. vitis associated
with dormant cuttings (i.e., cuttings were callused and isolations of
the bacterium were made from the callus tissue that formed at the
base of the cutting) (Burr et al. 1998; Lehoczky 1968). It is worth not-
ing that, in nature, A. vitis is likely to exist at various cell densities at
different sites within cuttings. Therefore, this research serves to dem-
onstrate population dynamics of the pathogen at graft and basal cut

Fig. 5. Callus formation induced by CG49 and F2/5 at graft unions and base of cutting. A, A 1-to-4 or 1-to-6 scaling system for callus formation at graft unions or cutting base,
respectively, and mean ratings of callus induced by CG49 (solid filled bars), F2/5 (empty bars), and H2O (dotted filled bars) treatments at cutting base and graft unions at B, 30 or C,
60 days postinoculation, respectively. At least 18 samples were included for each treatment at each time point and the experiment was repeated at least three times. Error bars are
standard errors. Different letters represent a significant statistical difference with a P < 0.01 by Tukey’s honestly significant difference test.

Fig. 6. Shoot development on grafted cuttings inoculated with CG49 and F2/5. A, Representative image of shoot development of plants inoculated with H2O (left), CG49 (middle),
and F2/5 (right), and B, mean fresh shoot biomass of grafts inoculated with CG49, F2/5, and H2O at 60 days postinoculation. At least 18 samples were included for each treatment
and each experiment was repeated at least three times. Error bars are standard errors. Different letters represent a significant statistical difference by Tukey’s honestly significant
difference test with a P < 0.01.
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sites and, thus, is informative for furthering our understanding of bac-
terial ecology in grapevines.
At the graft union, an initial layer consisting of dead cells and as-

sociated cell wall materials such as pectin, is deposited that seals off
the wounded area from water loss and possibly pathogen infection.
Then, callus cells, differentiating from the parenchymatous tissue,
start to proliferate and eventually fill the space between the scion
and rootstock and, in some cases, rupture the necrotic layer (Melnyk
2017). This wound-induced callusing process involves reprogram-
ming of a large set of plant genes and involves signaling of hormones
such as auxin (Cookson et al. 2013). This differs from Agrobacterium
sp.-induced callus formation that is dependent on T-DNA transfer and
expression in the plant genome (Ikeuchi et al. 2013). Basipetal trans-
port of auxin from buds results in auxin accumulation at wound sites
and at basal ends of cuttings and increases cell susceptibility to trans-
formation by A. vitis (Creasap et al. 2005). Indeed, CG49 induced
strong callus formation (crown gall) at graft unions and at basal ends
of the cuttings at 30 dpi (Fig. 5B), which was not seen in the water
or F2/5 treatments. In contrast, F2/5 inhibited callus formation at the
basal ends, which may be associated with its ability to induce necrosis
on grape (Fig. 2B). Necrosis may be causing death of cambial cells that
would normally initiate callus formation. A similar trend was observed
at 60 dpi (Fig. 5C) and the amount of callus formation was similar be-
tween the two time points, which is consistent with a previous report
that callus is readily formed in grapevine grafts after approximately
28 days (Cookson et al. 2013). We did not observe an obvious effect
of F2/5 on total fresh root biomass when inoculated at the 106 CFU/ml
level. Callusing is important for tissue differentiation and regeneration.
However, in most cases, callus formation and root development are
independent of each other, although adventitious roots can emerge from
callus tissues (Karimi and Yadollahi 2012; Shibuya et al. 2014). An-
other possibility is that the effect of F2/5 on root development may be-
come more apparent at higher inoculum levels or over longer periods
of time. It should be noted that the callus formation we observed at the
graft unions was on the external surface because it was not possible to
rate internal callus without sacrificing the samples.
We hypothesized that tumorigenicity and necrosis caused by

A. vitis are detrimental to graft healing and strength. The few studies
which have quantified the effect of specific factors on graft strength
have primarily focused on herbaceous plants using very low load
(force) regimes. To the best of our knowledge, the only report of graft
strength on woody plants was that done on cherry trees (Pedersen
2005). A goal of our research was to develop a method which would
quantitatively measure the strength of the graft bond on relatively
young woody plants. A graft strength test should be effective over
a wide range of loads, accommodate efficient processing of samples,
and avoid stress concentrations due to clamping. We examined two
testing methods: tension testing as used by Pedersen (2005) and a
three-point bending method. During preliminary trials, we found that

the clamping process associated with tension testing put an unsatis-
factory large and uncontrolled preload on the grafted cutting. Because
the samples were only carrying loads of 10 to 130 N, it was imperative
that the testing began at a true zero load. Any preload would likely
damage the graft bond, rendering experiments less accurate. The sec-
ond method that we investigated, three-point bend testing, had the
advantage of loading the sample without restraints. This meant that
we had no preload and this allowed us to rapidly process samples (less
than 2 min/sample).
We also considered how the graft geometry would affect the graft

strength measurement and settled on using a “V” graft, oriented such
that the load vector lies within both planes of the “V” graft. This
meant that there was minimal geometric resistance to bending, so that
any force measured would be due to the regrowth of the vine at the
graft. Other geometries such as an “V” graft, would have additional
geometric resistance to bending that would be advantageous for graft
strength in the nursery but detrimental to measuring strength differ-
ences of the new growth across the graft.
Three-point bending is a good test for determining graft strength of

woody stems because of practical considerations given above but
also because it approximates common failure modes in the field that
may be caused by factors such as high winds. This method involves
putting one side of the grafted sample in tension while the other side
is in compression. A break in the glue-like material (such as callus)
will open on the tensile side of the sample. As the graft union ma-
tures, fiber formation results in significant strengthening in tension
and can carry the load even after the glue has fractured.
For a successful graft to develop, organized, functional vascular

bundles need to form. During the phase of rapid callus cell division,
an initial adhesion occurs to help hold the graft partners together and
provide increased mechanical strength. CG49-treated plants had
higher average graft strength at day 30, which may be associated with
the greater callus (crown gall) that could serve as additional “glue.”
However, crown gall also impairs normal healing and the generation
of organized vascular bundles (Gohlke and Deeken 2014), resulting
in impaired function, reduced plant vigor, and, subsequently, stunted
plants in the long term. Consistently, CG49-treated plants at day 60
developed significantly less fresh shoot biomass than the water con-
trol group. F2/5, on the other hand, had less average graft strength
at day 30, presumably due to necrosis at the graft union, which
was illustrated in the initial dose effect assay. However, at day 60,
F2/5-treated plants showed no apparent difference from the water
treatment in fresh shoot biomass but did have reduced graft strength
(Fig. 7). Successful grafts continue to strengthen over time; we ob-
served that the water-treated plants showed a greater increase in graft
strength from day 30 to 60 as compared with those of CG49- or F2/5-
treated ones. The necrosis caused by F2/5 in our experiments did not
appear to inhibit plant growth; however, it may be that differences
would become apparent in longer-term experiments or that the plant
is able to compensate for the necrosis as it ages. It has been reported
that incompatibility of grafts may be observed in the short or long
term (Goldschmidt 2014). Whether F2/5 has a negative impact on
graft union development and plant growth at later time points needs
to be further investigated. It is worth noting that plants with no root
development or bud germination at day 30 were excluded from the
evaluations of callus formation, root or shoot biomass, and graft
strength analysis, because those plants were unable to grow after be-
ing transplanted into the soil. Similarly, plants that declined in
growth (bud growth collapsed) after being transplanted into soil were
also excluded to avoid bias between time intervals. Combining the
data showed that CG49 caused lower levels of bud germination
and F2/5 caused increased bud collapse shortly after buds began to
grow; therefore, the data present an underestimation of the negative
effects on grafts caused by the two strains in these assays. Moreover,
we determined that the plant material used in the experiments carried
tumorigenic A. vitis, which is another factor that likely contributed to
the variance among experiments. We attempted to account for this
factor by including enough replicates for each experiment, because
the natural occurrence of the bacterium in grape cuttings is almost un-
avoidable due to its systemic nature and random distribution.

Fig. 7. Strength of grafts inoculated with CG49 and F2/5 after 30 and 60 days. Shown
are mean maximum loads (Newtons) required to break grafts inoculated with CG49
(solid line), F2/5 (dashed line), and H2O (dotted line) at 30 or 60 days postinoculation.
At least 18 samples were included for each treatment at each time point and each
experiment was repeated at least three times. Error bars are standard errors. Different
letters represent a significant statistical difference by Tukey’s honestly significant
difference test with a P < 0.01.
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Overall, both the tumorigenic CG49 and nontumorigenic F2/5
strains negatively affected graft union strength and plant growth. It
will be important to extend this research to include evaluations of
grafted vines over several months in natural environments. In also
may be that certain rootstock–scion combinations will be affected
differently by A. vitis. The information presented enhances our under-
standing of A. vitis interactions with grapevine and will be important
for development of strategies to manage crown gall in commercial
nurseries and vineyards.
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