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Morphological traits of the plant vascular system such as xylem vessel diameter have been implicated in many
physiological processes including resistance to drought-induced xylem cavitation and vessel occlusion during infection
with vascular wilt diseases. In both events, xylem vessels lose function because they become filled with air or tyloses
and gels. Xylem cavitation has been well studied, whereas vessel occlusion remains purely descriptive even though
it is a critical response to wounding injuries and compartmentalization of vascular pathogens. The timing of vessel
occlusion is a key determinant to a successful compartmentalization of pathogens within the plant vascular system and
we hypothesized that xylem vessel diameter is the driving variable. Using a dye injection method coupled with automated
image analysis, we parameterized a model to investigate how xylem vessel diameter affects the speed of vessel occlusion
in Vitis vinifera L. cv. Cabernet Sauvignon in response to wounding. Our dataset contains observations from 6,646 vessels
at five kinetic points following stem pruning, over a time course of 1 week. Using this approach we provide evidence
that the diameter of vessels is a key determinant of the timing of their occlusion. We discuss how these findings impact
resistance to vascular wilt diseases in perennial woody hosts.
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Introduction

Xylem is a pivotal organ in plants that ensures efficient transport
of water from the roots to the leaves. In trees and lianas, water
transport can occur over very long distances. The efficiency of
tree water transport and its ability to preserve xylem conductivity
under abiotic (Choat et al. 2012, Silvertown et al. 2015)
and biotic (Santini et al. 2013) stresses are key features that
shape plant fitness. Many xylem functions are driven by the
anatomical and structural properties of the vascular system. For
example, xylem vessel diameter affects resistance to drought-
induced cavitation because wide vessels often cavitate at less
negative water potentials than narrow vessels (Pockman and
Sperry 2000, Wheeler et al. 2005, Martinez-Vilalta et al. 2012).
Rates of water transport are also related to vessel diameter
because maximum rates of water transport through xylem

vessels increase with vessel diameter (Sperry and Tyree 1988,
Santiago et al. 2004). In addition, it was proposed that xylem
vessel diameter affects tree host resistance to vascular dis-
eases caused by wilt pathogens because small vessels can
be occluded with tyloses and gels faster than wide vessels
(Solla and Gil 2002a, Pouzoulet et al. 2017). Both xylem
cavitation due to drought and xylem occlusion due to vascular
pathogen infection induce loss of plant hydraulic functions,
which can lead to wilt and eventual plant death. The mechanism
of xylem cavitation has been relatively well studied in many
plant systems (Sperry and Tyree 1988, Wheeler et al. 2005,
Loepfe et al. 2007) and models have been developed to
describe how xylem properties affect drought resistance. In
contrast, the modeling of plant vascular occlusion has received
little attention, despite the fact that it is a conserved mechanism
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Figure 1. Sketch of the dye infiltration experiment used to visualize conductive/occluded xylem vessels in grapevine. (A) Representation of a two-
year-old potted grapevine used in this experiment. (B) Close-up view of the basis of the plant. The double arrowhead represents the wound made at
t0 below the 3rd node. (C) Picture showing the resizing of the sample to 3 cm from the apical end (i.e., t0 wound) after removal and immersion of
the spur at t0, t1, . . ., t7. Please note this step is performed under water. (D) Close-up view of the tubing system into which sample was inserted for
the dye injection experiment. Note the presence of a 3-way valve so that dye can be introduced and reconnected to the water column. (E) Overview
of the experimental setup used for the dye injection experiment. Note the height of the water column (i.e., 200 cm), corresponding to a pressure
head of 20 kPa.

in plants and a key response to wounding and xylem-dwelling
pathogen infection and colonization (Beckman and Roberts
1995, Sun et al. 2007, De Micco et al. 2016). Unlike cavitation,
occlusion is not reversible and often plants recover from the
loss of vascular function by regenerating new xylem vessels
from cambial cells (Fradin and Thomma 2006, Brodersen and
McElrone 2013).

In agricultural systems, plant water status and xylem conduc-
tivity are closely monitored and often maintained at maximum
capacity through proper irrigation to ensure optimum crop yield.
However, the integrity and function of the vascular system
in perennial crops is often compromised following wounding
and subsequent infection with vascular pathogens. Trees and
vines must be pruned to maintain high yield and fruit quality,
which exposes the host vascular system to pathogen infec-
tion (Rolshausen et al. 2010). Once infected, the plant loses
integrity of the vascular functions and suffers a loss of vegetative
growth and crop productivity that worsens overtime. Vessel
occlusion with tyloses and gels is a critical aspect of plant
defense response to wounding and pathogen infection in woody
plants (Shigo and Marx 1977). Evidence from annual crops
such as tomato (Solanum lycopersicum L.) determined that
timing of the occlusion is a key determinant to a successful
compartmentalization of vascular wilt fungi within the plant

vascular system (Beckman and Roberts 1995). We hypothesize
that xylem vessel diameter is a driving variable of the timing of
vessel occlusion. We present a model that aims to evaluate the
role of vessel diameter in determining the velocity of wound-
induced vessel occlusion in grapevine (Vitis vinifera L.), a major
perennial cropping system.

Materials and methods

Temporal measurement of xylem vessel occlusion of different
class diameters following wounding.

A dye injection method was developed to capture the loss of
xylem conductive function over time due to vessel occlusion as
a response to wounding. Grape cuttings cv. Cabernet Sauvignon
were propagated and grown in a greenhouse as described by
Pouzoulet et al. (2017). Grapevines were 2 years old at the
time of the experiment and had developed approximately 3 m
long lignified lateral shoots (Figure 1A). All shoots were cut at
the same time below the 3rd node using an ethanol-sterilized
razor blade (Figure 1B). Spurs (remaining part of the stem
attached to the trunk) were then sampled at five time points;
t0, t1 (1 day), t2 (2 days), t3 (3 days) and t7 (7 days)
with five plants per time point (25 cuttings total) (Figure 1B).
Sap exudates were flushing out of the apical wound made at
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Figure 2. Visual imaging of the dynamic of vessel occlusion overtime using the dye infiltration method. (A) Panel showing the micrograph acquired after
the dye injection experiment (left) and the composite micrograph created from it (right) in order to visualize dye conductive (white halo surrounding
vessel) and occluded vessels. (A–E) composite micrographs showing the decrease of the number of dye conductive vessels at different time after
wounding (A = t0, B = t1(24 h), C = t2(48 h), D = t3(72 h) and E = t7(7 days)). All pictures are displayed at the same magnification.

t0 due to root pressure (Knipfer et al. 2015). These exudates
progressively decreased until none came out at 7 days after
pruning. However, sap exudates were observed from the new
wound made at the time of spurs sampling (i.e., t0, t1, . . ., t7)
demonstrating that root pressure was maintained, and that
decrease in exudation was due to vessel occlusion and not
cavitation. After sampling, spurs were immediately immersed
in deionized water to avoid drying and were cut to 3 cm
from the apical end (i.e., t0 wound) under water (Figure 1C).
Subsequently, they were connected on the apical end to a tubing
system filled with deionized water (Figure 1D). Stem segments
were infiltrated with deionized water with a 20 kPa pressure
head for 10 min (Figure 1E). By using a 3-way valve, 1 ml of
0.1% Safranine O solution was introduced with a syringe into
the system so that the solution back flowed into the water hose,
after which a pressure head was reestablished for an additional
5 min (Figure 1D). Within 30 min following the infiltration, cross
sections covering the entire trans-sectional area of the stem
were collected 1 cm below the apical end and micrographs were
collected as described by Pouzoulet et al. (2014).

Table 1. ANOVA output of percent of vessel occluded per 10 μm
range of vessel diameter and time after pruning observed in the dye
infiltration experiment for grapevine cv. Cabernet Sauvignon (n = 25).

Dv ranges Source of variation df F P

Diameter class 8 23.9 <0.0001
10 μm Time 4 482.5 <0.0001

Diameter class x Time 32 3.4 <0.0001

Secondary xylem was delineated and vessel lumen were
cleared from occluding materials if necessary using GIMP v2.0
(http://www.gimp.org/) to guarantee the accuracy of the vessel
diameter measurements through the automated analysis. Newly
formed non-functional vessels close to the cambium were
excluded from the analysis. Automated analysis of vessel areas
was done using ImageJ v1.48 (http://imagej.nih.gov/ij/) as
described by Scholz et al. (2013). A composite picture (CP-A)
showing numbers attributed to each vessel during the auto-
mated analysis was collected. In parallel, a second composite
picture (CP-B) showing a high contrast between conductive
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Figure 3. Visual imaging of the dynamic of vessel occlusion overtime using the dye infiltration method. (A) Panel showing the micrograph acquired after
the dye injection experiment (left) and the composite micrograph created from it (right) in order to visualize dye conductive (white halo surrounding
vessel) and occluded vessels. (A-E) composite micrographs showing the decrease of the number of dye conductive vessels at different time after
wounding (a = t0, B = t1(24h), C = t2(48h), D = t3(72h), and E = t7(7 days)). All pictures are displayed at the same magnification.

Table 2. Summary statistics for the coefficients of the logit regression (β0 is the intercept, β1 coefficient for t and β2 is the coefficient for Dv)
describing the probability of observing occluded vessels according to time after wounding and vessel diameter.

Coefficient Estimate Std. Error z value Pr(>|z|) AME

β0 (Intercept) 0.11 0.118 0.93 0.351 −0.02
β1 (× time) 1.15 0.032 35.69 <1 10−16 0.16
β2 (×diameter) −0.025 0.0012 −18.81 <1 10−16 −0.0036

AME, average marginal effect

(Safranine O stained) and non-conductive (non-stained) vessels
was obtained by subtracting the green channel from the red
channel gray scale pictures. CP-A and CP-B were combined
to create a third composite picture (CP-C), showing both the
annotation of vessels of the automated analysis and vessel
staining (Supplementary Figure S1 available as Supplementary
Data at Tree Physiology Online). CP-C images were used for the
acquisition of data on stained/non-stained vessels of various
diameters (Dv). Classes of 10 and 20 μm Dv range were
used to assess the effects of parameters (i.e., t and Dv) on
the percentage of non-conductive vessels. The percentage of
non-conductive vessels per t and Dv class and their combined
effects were subjected to an ANOVA using SAS Proc Mixed
(version 9.4; SAS Institute, Cary, NC, USA) followed by multiple
comparisons of means using Fisher’s protected least significant
difference test.

Model parameterization

Vessel occlusion (y) was preliminarily described as a function
of time (t) (i.e., 0, 1, 2, 3 and 7 days after infection) and Dv

with a logit regression model. Logit modeling allows assigning
binary values to the dependent variable, in this case: 0 for non-
occluded vessels and 1 otherwise. The probability of observing

y = 1 according to changes in the independent variables (t and
Dv) can be described by the cumulative distribution function
f(t, Dv):

f (t, Dv) = eβ0+β1t+β2Dv

1 + eβ0+β1t+β2Dv
[1]

where β0, β1 and β2 represent the model coefficients: intercept,
coefficient for t and coefficient for Dv, respectively. Logit regres-
sion was fitted with R 3.2.0 (R Development Core Team, 2015;
http://www.R-project.org). The logit model was calculated over
6646 vessels.

The ‘Verhulst’ sigmoid model was fitted as follows. Vessels
in each of the 25 CP-C micrographs were grouped into 10
classes with increasing Dv (i.e., 10-μm intervals; minimum
Dv = 50 μm; last class included all vessels with Dv >140 μm).
The percentage of occluded vessels in each class was
recorded in all CP-C micrographs (i.e., 250 data points).
The kinetics of vessel occlusion for the 10 Dv classes was
modeled as a function of time, f(t), using the ‘Verhulst’
sigmoid curve (Verhulst 1838):

f(t) = L

1 + e−k(t−t50)
[2]
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1442 J. Pouzoulet et al.

Table 3. Confusion matrix showing number of correctly predicted
values (0 = non-occluded; 1 = occluded) for the logit regression
model. Percentage values for predictions are reported in parenthesis:
total correct predictions = 80.7%, total incorrect predictions = 19.3%.

Predicted

0 1

Observed 0 2215 (33.3%) 615 (9.3%)
1 665 (10.0%) 3151 (47.4%)

where L is the curve’s maximum value (i.e., 100%), k is the
steepness of the curve and t50 represents the time at which
50% of the vessels in a selected diameter range became
occluded. One curve per Dv class was described. The k coef-
ficient was global (i.e., the same for all Dv classes), whereas
each Dv class was allowed a different t50 value. The 10 curves
were parameterized simultaneously by minimizing the overall
residual sum of squares. The minimization was carried out by
Generalized Reduced Gradient nonlinear optimization (Lasdon
et al. 1978) using Solver (Frontline Systems, Incline Village, NV,
USA) in Microsoft Office Excel 2007 (Redmond, WA, USA).

Results

The dye injection method was applied successfully and allowed
a clear classification of conductive and non-conductive vessels
over time (Figure 2). A high contrast between stained and non-
stained area was observed, as well as low diffusion of dyes in
tissue adjacent to the vessel wall. At pruning (t0), all but a few
narrow diameter vessels located in the lateral areas of the stem
were conductive (Figure 2A). The number of vessels infiltrated
with dye decreased over time, to no or few dyed vessels at
7 days post-pruning (Figure 2E).

Using a 10 μm range for the class of vessel diameter (Dv),
ANOVA showed a highly significant interaction between t and
the class of Dv, and also highly significant effects of both t
and Dv classes on the percentage of non-conductive vessels

(Table 1). This confirmed that the percentage of occluded
vessels depended upon the time elapsed post-wounding and
vessel diameter class. Significant differences across Dv classes
were particularly obvious at 2 days post-wounding (Figure 3).
Within a given Dv class, the t50 value was reached in <2 days for
Dv <120 μm while it was reached after 2 days for Dv >120 μm
(Figure 3). Overall, the smaller the vessel diameter the faster it
became occluded and inversely the larger the vessel diameter
the more time was needed to reach complete occlusion. After
7 days post-wounding, a proportion of wide diameter vessels
with Dv >140 μm had still not reached full occlusion.

Two models were used in order to describe the influence
of Dv on the likelihood of vessel occlusion over time. A logit
regression was used at first so that binary values (i.e., 0
for occluded vessels and 1 otherwise) could be assigned
to the dependent variable and Dv and t used as continu-
ous variables. The coefficient values for t and Dv were char-
acterized by very low standard errors and this model pro-
vided satisfactory predictions with 80.7% of observed ves-
sels correctly estimated as either occluded or non-occluded
(Table 2, Table 3).

These results supported the choice of describing the percent-
age of vessel occlusion for different Dv classes as a function
of t using the ‘Verhulst’ sigmoid curve (Figure S2 and Table
S1 available as Supplementary Data at Tree Physiology Online).
The advantage of this model over the logit regression is that the
time of median occlusion (t50) was optimized independently
for each Dv class. The resulting model explained 89.9% of
the observed variability (Figure S3 available as Supplementary
Data at Tree Physiology Online) and was considered satisfactory.
Within this model, t50 was strictly incremental over classes
of increasing Dv, demonstrating a clear effect of Dv on the
likelihood of vessel occlusion overtime (Figure S2 and Table
S2 available as Supplementary Data at Tree Physiology Online).
Comparison of observed and predicted values given by the
logit regression and the ‘Verhulst’ models are summarized in
Figure 4.

Figure 4. Graphic summarizing the likelihood of vessel occlusion observed and predicted with the logit regression and Verhulst models for different
Dv classes over time after pruning. The size of the each circle is proportional to its respective Dv class.
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Discussion
We successfully developed a kinetic model of vessel occlusion
in grapevine (Eq. (1)) and demonstrated that vessel diameter,
Dv, is a key factor in the timing of occlusion. The relevance and
the impact of Dv on plant adaptation to diverse habitats has
been mostly addressed in the field of ecophysiology and plant
hydraulics, where large vessels are associated with high rates
of water supply to leaves and increased risk of drought-induced
cavitation (Hacke et al. 2006, Martinez-Vilalta et al. 2012, Guet
et al. 2015, Pfautsch et al. 2016, Morris et al. 2018). Here
we provide further evidence that xylem morphology can be
considered as a crossroads for the integration of water transport
capacity, drought resistance and defense capabilities.

Xylem functional morphology has mainly been addressed
in the field of plant hydraulics. Because of linkages between
the water lost by evaporation and photosynthetic activity, the
impact of xylem morphology on water transport capacity closely
reflects overall plant productivity (Brodribb and Feild 2000,
Santiago et al. 2004, Scoffoni et al. 2016). Besides its impor-
tance for plant productivity, xylem must also work to maintain
hydraulic function under water scarcity through resistance to
drought-induced cavitation, which reflects the overall ability of a
plant species to maintain water transport as plant water potential
declines (Choat et al. 2012). Vulnerability to drought-induced
cavitation is determined through a xylem vulnerability curve,
which shows the loss in hydraulic conductivity with decreas-
ing water potential. According to the air-seeding hypothesis,
drought-induced cavitation stems from air bubbles that are be
aspirated into water-filled vessels via a pit pore from adjacent
air-filled vessels at a critical tension (Jansen et al. 2018). Xylem
cavitation spreads progressively from one vessel to another,
resulting in a decrease in stem water transport, whereas vessel
occlusion following wounding is a slower, progressive process
that can take place in the absence of water deficit. Given that
our study plants were well watered and maintained root pressure
throughout the experiment, we are confident that the observed
reduction in conductive vessels was due to vessel occlusion and
not drought-induced xylem cavitation.

Vessel occlusion is a major component of plant defense in
response to wounding injury and vascular pathogen coloniza-
tion. In perennial woody crop production systems, pruning is a
common practice that is aimed at optimizing architecture, crop
load and fruit quality. It occurs mostly during the dormant season
after harvest, although other pruning practices such as canopy
thinning, topping and hedging can also take place during the
growing season. This practice exposes the host plant vascular
system and makes it susceptible to entry by airborne pathogens
(Rolshausen et al. 2010). Wounds are highly susceptible imme-
diately after pruning and susceptibility decreases over time as
vessels become completely sealed. Sun et al. (2008) showed
that in grapevine the percentage of vessels with occlusions
(gels and/or tylosis) increased progressively over a period of

9 days after pruning. They reported that at 7 days post-pruning,
about 90% of the vessels presented some occlusions and
that about 60% were fully occluded. The window of pruning-
wound susceptibility in grapevine is driven by environmental
temperature and decreases faster with increasing temperatures
(Doster and Bostock 1988, Xu et al. 1998, Munkvold and
Marois 1995). In agreement with Sun et al. (2008), under
the high temperatures of our experimental conditions we found
that almost all vessels became fully sealed after 1 week except
for a proportion of large vessels. However, wounds of dormant
grapevine can remain susceptible to infection up to several
weeks after pruning (Munkvold and Marois 1995, Eskalen et
al. 2007). Experimental field data have shown that grape
cultivars with narrow vessel diameter are less susceptible to
fungal pathogens (Feliciano et al. 2004, Bruez et al. 2013,
Murolo and Romanazzi 2014), consistent with the idea that
narrower vessels can seal pruning wounds in a shorter amount
of time than wide vessels, thereby decreasing the chances of
an airborne infection.

Our finding is also essential to better understand the compart-
mentalization mechanism in woody plants following infection
with xylem-dwelling pathogens. A faster induction of defensive
responses has often been associated with enhanced resistance
to a broad variety of plant hosts and pathogens (Makandar et
al. 2006, Romero et al. 2008, Seo and Park 2010) including
vascular wilt fungi (Yadeta and Thomma 2013). A characteristic
of vascular wilt fungi is their ability to rapidly colonize their host
by means of spores that are transported in a passive fashion
within the transpiration stream. The spatio-temporal model of
compartmentalization of vascular wilt fungi in vessels emerged
from observations of annual plants, including tomato (Solanum
lycopersicum), banana (Musa spp.) and cotton (Gossipium spp.)
(Beckman and Roberts 1995). The response of the host
consists in a combination of sequential events that includes:
(i) the entrapment of conidia at the end wall of vessel (i.e.,
scalariform perforation plate), (ii) the secretion of gels that
occlude the vessel above the entrapment sites and (iii) the
development of tyloses that wall off the vessel. Because the
pores present within the pit membrane at the vessel ends
does not allow the passive movement of spores, crossing this
obstacle requires the germination of entrapped spores and the
degradation of pit membrane by lytic enzymes secreted by
the fungal hyphae. Secondary spores are then produced in the
newly infected compartment, which are eventually transported
within the transpiration stream to the next entrapment site.
This process is achieved in a matter of 2-3 days according
to Beckman and Roberts (1996). In addition to the physical
blockage provided, sealing of vessel by gels favor the local
accumulation of antifungal compounds (phytoalexins, tannins,
reactive oxygen species) next to the entrapment site that can
cause growth inhibition or eventually death of the pathogen
(Beckman and Roberts 1995, Chen et al. 2004, Fradin and
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Thomma 2006). Thus, after pathogens have entered the host
vascular system, the timing of vessel occlusion is a driv-
ing force of the defense response that leads to either resis-
tance through successful compartmentalization or susceptibility
through pathogen escape. Hence, the density of wide diameter
xylem vessels was identified as a marker of susceptibility to
vascular wilt diseases in grapevine (i.e., esca disease, caused
by Phaeomoniella chlamydospora) and elm (Dutch elm disease,
caused by Ophiostoma novo-ulmi) (Solla and Gil 2002b, 2014,
Pouzoulet et al. 2017) likely because timing of 2 days or more
for occlusion in wide vessels does not sufficiently restrict wilt
pathogen movement.

The characteristics of host plant vascular anatomy are
encoded in its genome. However, environmental factors
influence the plasticity of those traits especially in young and
developing organs (Lovisolo and Schubert 1998, Solla and Gil
2002b, Granda et al. 2018, Martinez-Vilalta 2018). In fact,
conditions that favor high plant growth rates were found to pos-
itively correlate with wilt disease incidence in grapevine and elm
(Solla and Gil 2002b, Marchi et al. 2006, Guerin-Dubrana et al.
2012, Li et al. 2017), likely due to changes in host defense
capabilities driven by morphological adaptation of the xylem to
different growth conditions. Because of the basic nature of the
physiological mechanisms involved, we believe that the potential
link between vessel diameter and vascular disease resistance is
relevant to a broader range of hosts affected by wilt diseases
than those discussed above.

Conclusion

The relevance of xylem vessel morphology has been well
addressed in the field of ecophysiology with regards to water
transport capacity and drought-induced cavitation. Our study
demonstrates that this anatomical feature should also integrate
response to wounding and defense against vascular pathogen
infection. We successfully developed a kinetic model of vessel
occlusion using grapevine as a model system and demonstrated
that vessel diameter, Dv, is the driving force of the timing of
the occlusion. These findings provide a significant advance in
the understanding of a key mechanism that is conserved across
plant species. In a context of host adaption to climate change
and introduction of new diseases, understanding the impact of
xylem anatomy on drought and disease resistance represents
an enticing avenue to develop novel strategies for agricultural
sustainability and natural systems conservation.
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