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Abstract

A key determinant of plant resistance to vascular infections lies in the ability of the

host to successfully compartmentalize invaders at the xylem level. Growing evidence

supports that the structural properties of the vascular system impact host vulnerabil-

ity towards vascular pathogens. The aim of this study was to provide further insight

into the impact of xylem vessel diameter on compartmentalization efficiency and

thus vascular pathogen movement, using the interaction between Vitis and

Phaeomoniella chlamydospora as a model system. We showed experimentally that an

increased number of xylem vessels above 100 μm of diameter resulted in a higher

mean infection level of host tissue. This benchmark was validated within and across

Vitis genotypes. Although the ability of genotypes to restore vascular cambium integ-

rity upon infection was highly variable, this trait did not correlate with their ability to

impede pathogen movement at the xylem level. The distribution of infection severity

of cuttings across the range of genotype's susceptibility suggests that a risk-based

mechanism is involved. We used this experimental data to calibrate a mechanistic

stochastic model of the pathogen spread and we provide evidence that the efficiency

of the compartmentalization process within a given xylem vessel is a function of its

diameter.
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1 | INTRODUCTION

Diseases caused by vascular pathogens encompass many annual and

perennial plant species and can be particularly detrimental for both agri-

culture and natural ecosystems (Gramaje et al., 2016; Liebhold

et al., 2017; Showalter et al., 2018). As these pathogens colonize the

vascular system, the xylem conductivity of the host progressively

decreases due to the occlusion of vessels by tyloses and gels triggered

by the host in order to compartmentalize the infection (Pearce, 1996;

Yadeta & Thomma, 2013). This loss of hydraulic conductivity has nega-

tive effects on the plant and according to the extent of infection can

ultimately lead to plant death (Deyett et al., 2019; Inch & Ploetz, 2012).

Because vascular pathogens reside in the wood, the use of curative

management strategies are usually difficult to implement or ineffective

(A�cimovi�c, Martin, Turcotte, Meredith, & Munck, 2019; Jiménez-Díaz

et al., 2011; Mondello et al., 2017). Control strategies preventing the

infection can sometimes be used, but the planting of tolerant or resis-

tant genotypes appears to be a more sustainable long-term approach

(Jiménez-Díaz et al., 2011; Sniezko & Koch, 2017).

Xylem is a complex and heterogeneous tissue where the spatio-

temporal organization of defences also plays a pivotal role in the ability

of the host to wall-off microbial attacks (Beckman & Roberts, 1995;
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Morris, Brodersen, Schwarze, & Jansen, 2016; Pearce, 1996). TheCODIT

model illustrates how anatomical barriers within the xylem could be used

strategically to restrict the movement of pathogens (Shigo, 1984). For

instance, the restriction of longitudinal movement of pathogens is princi-

pally achieved by the occlusion of xylem vessels, whereas lateral move-

ments are mainly limited by reactions taking place within ray

parenchyma (i.e., cell wall reinforcement, accumulation of antimicrobial

compounds). Although investigating the dynamic aspects of host-

pathogen interactions in the xylem poses practical difficulties, some

observations suggested that xylem defence is established through static

boundaries that might ultimately be overcome (Pearce, 1996). This

implies that colonization of the host by the pathogen follows alternations

of phases of stasis and active invasion. The colonization of host vascula-

ture bywilt fungi is likely ruled in the samemanner, their spread involving

a series of entrapment at the vessel end and de novo colonization of

functional vessels (Beckman&Roberts, 1995).

Regarding the colonization strategy adopted by vascular patho-

gens and the organization of defence in the wood, it can be antici-

pated that morphological features of the vascular system impact a

host's ability to contain infections (Fradin & Thomma, 2006). The body

of literature addressing these questions has mainly focused on traits

that could impact the rate of the spread of pathogens and their

peripheral distribution in plant organs (Beckman, Vandermolen,

Mueller, & Mace, 1976; Chatelet, Matthews, & Rost, 2006; Martín,

Solla, Esteban, de Palacios, & Gil, 2009; Martín, Solla, Ruiz-Villar, &

Gil, 2013). The diameter and length of xylem vessels, their connectiv-

ity, and some features of bordered pits (morphology, abundance and

chemical properties of the pit membrane) were proposed as factors

contributing to the resistance of elm (Ulmus minor) and grapevine (Vitis

spp.) towards Ophiostoma novo-ulmi (i.e., Dutch elm disease) and

Xylella fastidiosa (i.e., Pierce's disease), respectively (Brodersen

et al., 2013; Chatelet, Wistrom, Purcell, Rost, & Matthews, 2011; Mar-

tín et al., 2009; Solla & Gil, 2002a; Sun, Greve, & Labavitch, 2011).

Recently, the density of wide diameter xylem vessels was found to

correlate with the susceptibility of grapevine genotypes (Vitis vinifera

L.) to the vascular pathogen Phaeomoniella chlamydospora (Pouzoulet,

Scudiero, Schiavon, & Rolshausen, 2017). Numerous hypotheses have

been formulated on the physiological processes linking the host vas-

cular system to pathogen resistance. For example, the effect of vessel

dimension (both diameter and length) was often attributed to changes

in vessel hydraulic properties and sap velocity that would differentially

assist the upward movement of fungal propagules and/or toxins

(Solla & Gil, 2002a; Venturas, López, Martín, Gascó, & Gil, 2014). The

loss of hydraulic function of wider vessels, due to occlusion or embo-

lism triggered by pathogen infection, results in a greater loss of

hydraulic conductance compared to narrower vessels (Newbanks,

Bosch, & Zimmermann, 1983; Pérez-Donoso, Greve, Walton,

Shackel, & Labavitch, 2007; Pouzoulet, Pivovaroff, Santiago, &

Rolshausen, 2014; Solla & Gil, 2002a). As a consequence, hosts with

wider vessels could be exposed to higher risks of hydraulic failure

upon infection. There is also evidence that vessel diameter (Dv, see

Table 1) impacts the compartmentalization process through changing

the dynamics of vessel occlusion by tyloses (Pouzoulet et al., 2017;

Pouzoulet, Scudiero, Schiavon, Santiago, & Rolshausen, 2019). Thus,

the biological processes by which morphological features of the xylem

impact host resistance are likely diverse.

The impact of the structural properties of the vascular systems on

traits such as productivity and resistance to drought has been well

studied, including using modelling approaches to test the validity of

biological hypotheses at the vessel level (Bouda, Windt, McElrone, &

Brodersen, 2019; Lauri et al., 2011; Lens et al., 2011; Mrad, Domec,

Huang, Lens, & Katul, 2018; Venturas, Sperry, & Hacke, 2017). Com-

paratively, the impact of xylem morphology on host vulnerability to

biotic attack has received little attention, despite reports supporting

its involvement in several pathosystems (Martín et al., 2009;

Pouzoulet et al., 2017; Sabella et al., 2019; Solla & Gil, 2002a). Here,

we investigated the impact of plant vascular structure on host vulner-

ability using the pathogen P. chlamydospora/grapevine model system.

We hypothesized that the susceptibility to the pathogen of a given

genotype is driven by the anatomical distribution of the vessel diame-

ter within the grapevine stem (lateral vs. dorsal–ventral [DV] sectors;

Figure 1) (Brodersen et al., 2013; Pouzoulet et al., 2014; Stevenson,

Matthews, & Rost, 2004). Second, we speculated that the difference

in Dv density across different genotypes is a key determinant of sus-

ceptibility to fungal infection. Although this has been tested previ-

ously on a limited range of grapevine genotypes (Pouzoulet

et al., 2017), our goal was to confirm the relationship between the

density of wide diameter vessels and host susceptibility across a

broad range of genotypes of commercial grapevine varieties

(i.e., cultivars) and genotypes from an experimental Vitis hybrid cross.

TABLE 1 List of abbreviations used in this manuscript and their
explanations

Abbreviation Explanation Unit

CG Commercial grapevine genotypes

trial

—

CS Cabernet-sauvignon —

cv. Cultivar —

Dv Xylem vessel diameter μm

DV Dorso–ventral sector of the
grapevine stem

—

DWV Density of wide diameter xylem

vessels

Count/mm2

F2 F2 CS × RGM genotypes trial —

FDA Fungal DNA amount (fg) per

initial starting DNA (ng)

fg/ng

GA Genetic algorithm —

L Lateral sector of the grapevine

stem

—

Lfailure Length of pathogen spread once

compartmentalization fails

Arbitrary

length unit

NLL Necrotic lesion length mm

Pfailure Probability of

compartmentalization failure

—

RMSE Root mean square error —
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Finally, we tested the hypothesis that the efficiency of the compart-

mentalization process of a given vessel truly depends upon Dv. The

parameterization of mechanistic models was undertaken to determine

whether Dv effectively impacts the compartmentalization of the path-

ogen at the level of the xylem vessel.

2 | MATERIALS AND METHODS

2.1 | Testing the effect of vessel diameter
distribution on host susceptibility within a single
genotype

Resistance bioassays on a single cultivar were carried out on V. vinif-

era cv. Cabernet-Sauvignon (CS) selection #31. Structural differences

in Dv distribution exist across DV (i.e., high amount of wide diameter

vessels) and lateral sector (L; i.e., narrow vessels) of the stem in V.

vinifera (Pouzoulet et al., 2014; Stevenson et al., 2004) (Figure 1a,b).

Thus, inoculation in these different sectors of the stem was exploited

to assess the effect of Dv on P. chlamydospora resistance within a sin-

gle clonal population, and independently of other experimental fac-

tors. Certified cuttings were received from the FPS (Foundation Plant

Services, University of California Davis, Davis, CA), propagated and

grown as described by Pouzoulet et al. (2017). One-month-old

cuttings were wounded using a 3 mm diameter ethyl-alcohol sterilized

drill to the pith 50 mm below the newly growth apical shoot. Plants

were randomly selected and wounded either in the DV (90� from the

axis of the buds) or in the lateral sector (0 or 180� from the axis of the

buds). Inoculum consisted of a plug (3 mm in diameter) from a culture

(Potato Dextrose Agar, Difco Laboratories, Franklin Lakes, NJ) of P.

chlamydospora voucher isolate UCR-Pc4. Wounds were covered with

parafilm. The experiment was replicated twice using different sets of

cuttings at 1 month interval. Each experimental replicate consisted in

a total of 23 plants, 9 plants being used for each of the two P.

chlamydospora inoculation modalities (i.e., DV and L sectors) and

5 plants being inoculated with sterile PDA within the DV sector as

Mock inoculated control.

After 10 weeks of incubation, stems were split open using a ster-

ile razor blade in order to expose inner necrotic lesions. Pictures were

taken using a stereomicroscope (M165C, Leica microsystems CMS

GmbH, Wetzlar, Germany) and necrotic lesion lengths (NLL, Table 1,

Figure S1) were measured using LAS v4.2 software (Leica micro-

systems CMS GmbH, Wetzlar, Germany). For the quantification of P.

chlamydospora DNA in xylem fragments, stem samples from the

wounded mock inoculated and P. chlamydospora inoculated plants

were frozen and subjected to 48 hr of lyophilization using Labconco

freezone 2.5 L (Kansas City, MO). Samples were then cut longitudi-

nally in the plane perpendicular to the inoculation wound in order to

F IGURE 1 Effect of xylem vessel
diameter (Dv) on grapevine susceptibility
to P. chlamydospora with a single V.
vinifera L. genotype. (a) Micrograph
illustrating the difference in Dv

distribution found across lateral (L) and
dorso/ventral (DV) sector of 1-year-old
stem of V. vinifera cv. Cabernet-
Sauvignon (scale bar = 1,000 μm).

(b) Distribution of Dv across L and DV
sector of the stem. Different letters
indicate significant differences at the .05
confidence level with a Dunn's test. (c,d)
Level of infection of V. vinifera
cv. Cabernet-Sauvignon measured
10 weeks after inoculation in lateral (L) or
dorsal–ventral (DV) sector of the stem by
(c) the necrotic lesion length (NLL) and
(d) amounts of P.ch DNA (FDA) quantified
by qPCR in xylem fragment remote from
the inoculation wounds. Results
presented are pooled data from two
independent experimental replicates.
Different letters indicate differences at
the .05 confidence level with a Dunn's
test (Mock control, n = 10; P.ch L and P.ch
DV, n = 18). See Tables S1 and S2 for
detailed statistical analyses
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recover only the half part of stems carrying the infection, as previ-

ously described by Pouzoulet et al. (2017). Then, a 15 mm long frag-

ment was cut 15 mm above the top of the inoculation wound.

Samples were ground with a mixer mill (MM 400, Retsch GmbH,

Haan, Germany) and DNA was extracted as described previously

(Pouzoulet, Mailhac, et al., 2013). The concentration of total DNA

extracted was determined using a Qubit fluorometer and the Quant-it

dsDNA high sensitivity reagent (Invitrogen, Carlsbad, CA) according to

the manufacturer protocol. The qPCR reactions proceeded in a final

volume of 25 μl, and reaction mixtures contained 12.5 μl of 2X SYBR

Green Quantitect Master Mix (Qiagen, Venlo, Netherlands). Primers

PchQF (50-CTCTGGTGTGTAAGTTCAATCGACTC-30)/PchQR (50-

CCATTGTAGCTGTTCCAGATCAG-30) were used at a final concentra-

tion of 0.5 μM. Two μl of DNA template was used per reaction. Exper-

iments were conducted with a CFX96 Real-Time PCR cycler using

CFX manager software v3.1 (Bio-Rad, Irvine, CA). The cycling program

consisted of (a) an initial denaturation step at 95�C for 15 min,

(2) 40 cycles of 15 s at 95�C (for denaturation) followed by 45 s at

62�C (for both annealing and extension) and (3) an additional melting

analysis of 40 min from 60 to 95�C. Preparation and use of standard

solutions for the absolute quantification of P. chlamydospora isolate

UCR-Pc4 DNA was done as previously described (Pouzoulet, Mailhac,

et al., 2013). The average absolute amounts of P. chlamydospora DNA

determined by qPCR in three independent technical replicates were

standardized on the amounts of input DNA and used as the fungal

DNA amounts (FDA, see Table 1) for further statistical analyses.

2.2 | Testing the effect of the density of wide
diameter vessels on host susceptibility across
genotypes

The hypothesis whereby vessel diameter impacts host susceptibility was

tested through two different trials. In the first trial, referred to as the F2

trial, a subset of Vitis hybrid genotypes from a F2 progeny was used. This

F2 progeny derives from a self-pollinated F1 hybrid V. vinifera

cv. Cabernet-Sauvignon × Vitis riparia cv. Gloire de Montpellier

(CS × RGM,Guillaumieet al., 2020). From this F2progeny, 261genotypes

were previously characterized for xylem anatomy over 2 years, with

highly contrasted phenotypes for Dv distribution (unpublished data). The

entire progenywas maintained in a single greenhouse, grown in the same

conditions and trained vertically on metallic wires with two lateral shoots.

During the winter, dormant canes were collected and stored in a cold

chamber until the next spring. Then, 34 genotypes were selected with

(a) homogeneous cane diameter, and (b) the largest phenotypic range for

morphological traits related to Dv distribution. Cuttings from one single

cane per genotype were propagated as described above, and potted in

1 L plastic container in soil. Respective internode position from which

cuttings were propagated was recorded. Plants were grown in a green-

house following a complete random design. After a period of 1 month,

they were inoculated with P. chlamydospora in the DV sector of the stem,

using a solution of spores following Travadon, Gubler, Cadle-Davidson,

Baumgartner, and Rolshausen (2013), with the sole difference being that

P. chlamydospora voucher isolate LR28 was used (Borie, Jacquiot,

Jamaux-Despréaux, Larignon, & Péros, 2002). For each genotype,

between4 and6plantswere inoculatedwithP. chlamydospora (155plants

in total). A subset of 22 genotypes were used as control, 1–3 plants being

inoculated with a sterile 100 mM PBS buffer (Mock inoculated pool of

37 plants). After 12 weeks of incubation, plants were analysed as

described in the Section 2.1. Stems were split open using a sterile razor

blade in order to expose inner necrosis. Pictures were taken using a reflex

camera mounted on a stand, the samples being placed on a grid pattern.

Sample nameswere blinded following a randomdesign so that the experi-

menters could not know the identity of the sample analysed

(i.e., genotype and treatment). Measurements of NLL were performed

independently by two experimenters and the means were used for fur-

ther analyses. For the absolute quantification of P. chlamydospora DNA

by qPCR (i.e., FDA), 15 mm long wood samples were collected 10 mm

above the top of the inoculation wound using a razor blade, and

processed as described above. Healing at the wound was rated on a

4 scores scale, “0” being the total absent of bark ridge, “1” the presence of

bark ridge at the margin of the wounds, “2” the presence of bark ridge at

the margin and within the wound and “3” the presence of bark ridge that

completely covered and filled the wound (see Figure S1). For each plant, a

stem fragment was sampled about 50 mm above the inoculation wound

and placed in 80% ethyl-alcohol for the analysis of xylem morphology.

Fifty μm slices covering the entire stem cross sectionwere obtained using

a GSL1 sledge microtome (Gärtner, Lucchinetti, & Schweingruber, 2014).

Slices were stained using a 1% safranin O solution (96% ethyl-alcohol),

rinsed twice in 100% ethyl-alcohol and transferred in xylene. Slices were

then mounted between slide and coverslip in resin (Histolaque LMR,

Labo-Moderne, Gennevilliers, France) and let dry for at least 24 hr. High-

resolution micrographs (about 500 nm/pixel) were obtained at the Bor-

deaux Imaging Center, a member of the France Bio-Imaging national

infrastructure (ANR-10-INBS-04) using a NANOZOOMER 2.0HT

(Hamamatsu Photonics, Hamamatsu City, Japan) in brightfield mode.

Measurements of xylem vessels were carried out on five consecutive fas-

cicular portions located in the DV sector of the stem using ImageJ v1.52

(https://imagej.nih.gov/ij/) as described by Pouzoulet et al. (2017). The

density of wide diameter vessels (DWV, see Table 1) was calculated as the

count of vessels having a diameter superior to 100 μm/mm2 of cross-

sectional area of xylem.

In the second trial, referred to as CG throughout this manuscript,

a selection of 15 grapevine commercial genotypes (i.e., cultivars), V.

vinifera L., were used: Sauvignon, Cabernet franc, Cabernet-

Sauvignon, Grenache, Merlot, Sultanine, Chardonnay, Cinsaut,

Clairette, Pinot noir, Saperavi, Syrah, Tempranillo, Tinta pinheira Ugni

blanc. As opposed to the F2 trial, dormant canes from standing vines

grown into the field were used to prepare vine cuttings. All mother-

vines were grown in the same geographical location, at the INRAE

Bordeaux-Nouvelle-Aquitaine Center (Vineyard Experimental Unit,

Villenave-d'Ornon, France) and grafted on SO4 rootstocks. The assay

consisted of 9–10 vines inoculated with P. chlamydospora (148 plants

in total) and 5 control vines (Mock inoculated). Experiments and ana-

lyses were performed exactly as described for the F2 trial and at

2-week intervals.
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2.3 | Statistical analysis

In all the experiments conducted in this study, the distribution

(i.e., right skewed) of NLL (see Table 1) and FDA (see Table 1) justi-

fied the use of generalized linear modelling analyses with a gamma

distribution so that the effect of various factors and covariates

(i.e., specified in the tables of analyses outputs) can be tested.

Post-analysis comparison of observed versus theoretical quantiles

also supported this choice. Pairwise comparisons, when necessary,

were performed using the Dunn's test and the FDR p-value correc-

tion method at a significance level of 5% (Benjamini &

Hochberg, 1995).

The effect of DWV on NLL and FDA was assessed using a general-

ized linear mixed-effect modelling analysis with a gamma distribution,

the trial (F2 or CG) being set as a random effect. The approach was

performed using the whole dataset as well as different data binning

approaches such as the mean values per genotypes, and the mean

values per classes of DWV.

The effect of genotypes on healing scores was tested using the

Kruskal–Wallis test. Correlations between healing scores and NLL or

FDA, were tested using the Kendall rank correlation method. The

effect of healing scores on NLL, or FDA, was also tested using general-

ized linear modelling analyses, considering healing scores as factors.

All statistics were performed using R software v3.6 and the package

lme4 (Bates, Mächler, Bolker, & Walker, 2014; R Core Team, 2019).

2.4 | Modelling the effect of vessel diameter
on NLL

In order to determine which properties of the compartmentalization

process were more likely affected by Dv, mechanistic models were

developed and tested for their abilities to emulate NLL observed in

susceptibility bioassays. We assumed that the NLL observed upon P.

chlamydospora inoculation results from the colonization of individual

vessels, which are independent from each other. Thus, we considered

here for each cutting the colonization of each vessel individually

(i.e., more than hundreds of vessels per cutting). The effect of Dv was

tested on the (a) probability of escape once the fungus was compart-

mentalized (Pfailure) and (b) distance the fungus spreads longitudinally

in the vessels once escaping the compartmentalization process

(Lfailure), separately or in combination. Several events of escape, fungus

spread and de novo effective compartmentalization occurring in series

within a population of vessels of known Dv were emulated using a sto-

chastic approach.

When considered, the effect of Dv on Pfailure was described using

a logistic model as follow:

Pfailure =P Dvð Þ= Pmax

1+ exp −α×Dv + βð Þ ð1Þ

where α and β are parameters of the model and Pmax allow a maxi-

mum probability to be reached above a given value of Dv. When the

effect of Dv was not considered, Pfailure was assumed to be equal to

1 or set as a constant optimized in the model so that:

Pfailure = cst,0 < cst≤1 ð2Þ

When compartmentalization success was achieved, the length of

the longitudinal spread of the fungus was considered null. The length

of the longitudinal spread achieved in the case of an event of com-

partmentalization failure (Lfailure) can be given by:

Lfailure = γ × a ð3Þ

where γ is a random variable uniformly distributed in the range of

(0,1) and a is a coefficient allowing fungal longitudinal spread (i.e., and

associated with predicted necrotic lesions) to differ in size. When the

effect of Dv on the fungus spread was not considered, then a was set

to 1. The effect of Dv on the fungus spread was described following

an exponential relationship giving:

Lfailure = γ × a= γ × exp ν+ μ×Dvð Þ½ � ð4Þ

where ν and μ are the intercept and slope of the exponential function,

respectively. The final longitudinal colonization achieved in a given vessel

(Ltot) is the sumof n independent consecutive events and can be given by:

Ltot =
Xn

i=1
ε δi−pið Þ× Lfailure × bð Þ ð5Þ

where ϵ is the following step function:

ε tð Þ= 0 t≥0

1 t< 0

�
ð6Þ

and where δ is a random variable uniformly distributed in the range of

(0,1), and b a parameter allowing to scale the model with observed

data. If we assume that the models are equally spaced time series of

n events, then determining the probability of Pfailure can be considered

as determining the probabilities of observing one or multiple events of

compartmentalization failure after a given period of time. Thus, a

change in n fundamentally results in a change of the time at which

Pfailure is estimated, and consequently a change in Pfailure value itself.

Because of this relationship between Pfailure and n, only Pfailure was

allowed to be optimized, and n was arbitrary set to 10 events.

The length of the predicted necrosis (Lpred) for a given sample was

considered to be the maximum longitudinal colonization predicted

across all the vessels, and is given by:

Lpred =max Ltotjf g, j= number of vessels ð7Þ

A satisfactory mechanistic model should emulate the dispersion

of observed NLL along the DWV gradient. For this reason, optimiza-

tion of the parameters of the models was achieved by minimizing the

root mean square errors (RMSE) of both the moving average and the
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F IGURE 2 Legend on next page.
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95% interval boundaries of the predicted versus observed NLL data

using a genetic algorithm. The observed moving averages and 95%

confidence boundaries were plotted against the values predicted by

the models, and the slopes and the intercepts of the regression were

adopted to evaluate the goodness of fit. Due to the stochastic proper-

ties of the model, each simulation of a given model results in a unique

outcome. For these reasons, comparison across models were per-

formed using mean values (RMSE and observed vs. predicted regres-

sion line parameters) from 500 simulations of each model. Modelling

was performed on R software v3.6 using the “GA” package (R Core

Team, 2019; Scrucca, 2013).

3 | RESULTS

3.1 | Testing the effect of vessel diameter
distribution on host susceptibility within a single
genotype

The effect of Dv on P. chlamydospora susceptibility was first tested on

a single genotype (i.e., V. vinifera cv. CS) by exploiting structural differ-

ences existing across DV (i.e., high DWV) and L sectors (i.e., low DWV)

of the stem. From five 1-year-old shoots of five grapevine cv. CS rep-

resentative of the material used in these bioassays, there is a major

and significant effect of the anatomical location (i.e., L vs. DV) on Dv

distribution (p < .001) (Figure 1a,b, Table S1). A small but significant

effect (p = .02) of the stem sample was also found.

From P. chlamydospora inoculation bioassays, a significant effect of

the inoculation (p < .001) and the anatomical location of the inoculation

wound (p < .001) on NLL developed after 10 weeks was observed

(Figure 1c, Table S2). There were no effects of biological replicates

(p = 0.36). TheMock inoculated plants developed the shortestNLL. The

longest NLLwere observed in plants inoculated in the DV sector of the

stem, where a high DWV is present. Plants inoculated in the L sector of

the stem, where the DWV is low, developed NLL significantly longer

than the Mock control but significantly shorter than the plant inocu-

lated in the DV sector of the stem (Figure 1c).

FDA measured within xylem fragments remote from the inocula-

tion wounds depicted similar results (Figure 1d, Table S2). Because P.

chlamydospora DNA was not detected from Mock inoculated plant

samples, they were not included in the analysis. Analysis of variance

showed a significant effect of the inoculation location (p < .001) and

no effect of biological replicates on FDA (p = .08). Significantly higher

FDA was quantified within DV inoculated plants compared to L inocu-

lated plants, supporting observations from NLL (Figure 1d).

3.2 | Testing the effect of the density of wide
diameter vessels on host susceptibility across
genotypes

From both F2 and CG trials, there was a highly significant effect

(p < .001) of the genotypes on the DWV (Table S3, Table S4,

Figure S2, Figure S3). For the F2 trial, a small but significant (p = .03)

effect of the internode position from which the cuttings were pro-

duced was also observed, reflecting the fact that the average Dv and

by consequence DWV decreased along sampled canes (Table S3).

Highly significant effects of P. chlamydospora inoculation (Mock vs. P.

chlamydospora inoculation, p < .001) and genotypes (p < .001) on NLL

were also present for both trials (Table S3, Table S4, Figure S4,

Figure S5, see also the inset in Figure 2a). Fungal DNA was never

detected in Mock inoculated (control) plants while it was consistently

detected in all P. chlamydospora inoculated plants (inset in Figure 2d).

Thus, control plants were not considered for further statistical analysis

of FDA. For P. chlamydospora inoculated plants, genotypes had a sig-

nificant effect on FDA in both F2 and CG trials (p < .001) (Table S3,

Table S4, Figure S6, Figure S7).

Our data showed that there was a significant relationship

between the DWV and NLL, and DWV and FDA (p < .001; Figure 2a,d,

Table S5). The relation between DWV and NLL, and DWV and FDA,

was conserved when visualizing those relationships using both aver-

aged values per genotype (Figure 2b,e, Table S5), and binned data

from different DWV classes (Figure 2c,f, Table S5).

Comparison of NLL and FDA on the whole dataset revealed that

there was a low but significant correlation between these two vari-

ables (pseudo-R2 = .19, p < .001) (Figure 3a, Table S6). The relation-

ship was slightly improved using mean values per genotypes (pseudo-

R2 = .22; Figure 3b). The relationship was however drastically

improved by using bin values per wide vessel diameter vessel classes

(pseudo-R2 = .79; Figure 3c). There was also a significant effect of the

trials, indicating the relationship between NLL and FDA likely

depended on plant material used in these experiments (Figure 3).

Overall, a given FDA was associated with longer NLL in the CG trial

(i.e., pure V. vinifera species) compared to the F2 trials (V. vinifera × V.

riparia hybrids).

We used the healing score as a proxy for a genotype's ability to

mitigate the effect of infection and related this to NLL and FDA. In

both CG and F2 trials, all Mock treated plants exhibited extensive

amounts of healing tissue (i.e., bark ridge) covering the inoculation

wounds (Figure S1, Figure 4a). However, genotype's ability to heal

upon P. chlamydospora infection was highly variable, especially within

the F2 trial (Figures 4a, Figure S8, Figure S9). Within the F2

F IGURE 2 Effect of wide diameter vessel density (DWV) on necrotic lesion length (NLL) and P. chlamydospora DNA amount (FDA) in two
different trials. Plants corresponding to the grapevine commercial cultivar trial (CG) are represented in red and full lines, and F2 CS × RGM
progeny trial (F2) are represented in green and dashed lines. The relationships between the NLL (a,–c) or FDA (d–f) versus the DWV are
represented using different binning methods: (a,d) whole data set; (b,e) mean values per genotypes; (c,f) mean values per classes of wide diameter
vessels (DWV classes steps = 2 counts per mm2). (a and d insets) The comparison of Mock versus P. chlamydospora inoculated plants is provided
as insets in the boxplot in the top-left corner. The regression lines correspond to the predictions given by the generalized linear mixed modelling
analysis (CG trials: full line; F2 trial: dashed line; see Table S5)
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F IGURE 3 Relationship between necrotic lesion length (NLL) and
P. chlamydospora DNA amount (FDA) from the grapevine commercial
cultivar trial (CG; in red and full lines) and F2 CS × RGM progeny trials
(F2; green and dashed lines). Different data binning methods are
presented such as in Figure 2: (a) whole data set; (b) mean values per
cultivars and genotypes and (c) mean values per classes of wide
diameter vessels (DWV classes steps = 2 counts per mm2). Regression
lines were obtained from generalized linear modelling analyses (see
Table S6)

F IGURE 4 Absence of relationship between the healing phenotype
observed upon inoculation and the level of susceptibility to P.
chlamydosporameasured through necrotic lesion length (NLL) and fungal
DNA amount (FDA) in commercial grapevine genotypes (CG) and F2
CS × RGMprogeny (F2). (a) Bar charts showing the absolute counts for
the different healing scores observed in the grapevine commercial
cultivars and F2 progeny bioassays uponMock and P. chlamydospora
inoculation. (b,d) Distribution ofNLL (b) and FDA (c) observed across
healing scores in the two trials. See Table S7 and themain text for detailed
statistical analysis. See Figure S1 for detailed explanation about the
healing score used
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F IGURE 5 Evaluation of the effect of xylem vessel diameter (Dv) on compartmentalization processes by a modelling approach. (a) Schematic
representation of the hypotheses tested in the models for the effect of Dv on P. chlamydospora compartmentalization. The vessel lumen is
schematized in blue, the tyloses in purple and the fungal hyphae by the winding black line running through the vessel lumen. (b) Diagram of the
global approach used to evaluate the effect of Dv on compartmentalization processes. (c–f) Plots displaying prediction abilities of the models
tested. The respective optimized effects of Dv on Lfailure and Pfailure are presented in inlays at the top right corner of each plot. Note that
differences between models lie on the differential allowance given for the optimization of Lfailure and Pfailure as a function of Dv (top-left corner
insets filled in grey when allowed). Predicted necrotic lesion lengths (NLL, blue dots) and respective predicted 95% intervals based on
50 simulations of each model are presented here for a purpose of clarity. Note that 500 simulations were used to optimized models parameters.
See Figure S10 and Table S8 for further information about model parameters and validation statistics
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CS × RGM progeny, average healing scores ranged from 0.3 (i.e., an

absence of the healing process in almost all replicates) to 3 (i.e., all

replicates healed similarly to the Mock control) (Figure S8). Within the

CG trial, a lower ability to heal upon infection was noticed with the

average healing score ranging from 0 to 1.3 (Figure S9). Significant dif-

ferences occurred across genotypes for this trait in both the CG and

F2 trials (Kruskal–Wallis test, p < .001). There was no significant effect

of healing score neither on NLL nor on FDA (Figure 4b,c, Table S7).

3.3 | Modelling the effect of anatomical
measurement on NLL

In silico modelling confirmed that necrotic lesions observed in suscep-

tibility trials can be emulated when the effect of Dv on the compart-

mentalization processes is implemented at the level of each individual

vessel (Figure 5, Figure S10). This approach allowed us to test diverse

biological scenarios and to assess the effect of Dv on two compart-

mentalization features (i.e., Lfailure, Pfailure) (Figure 5a,b).

We first tested whether data observed in our susceptibility trials

could be reproduced by a “null” model, whereby Dv had no effect on

Lfailure or Pfailure (Figure 5c). The best fit obtained using this “null”

model resulted in the lack of DWV effect on the predicted NLL and a

poor prediction of their upper and lower 95% confidence intervals, as

seen through the deviation of the observed vs. predicted regression

curve from the 1:1 line (Figure S10a, Table S8). Allowing Dv to impact

only Lfailure or Pfailure resulted in an improvement of goodness of fit of

models (i.e., referred as model “partial 1” and “partial 2”) as seen by a

better predictions of both mean NLL and data dispersion (Figure 5d,e,

Figure S10) compared to the “null” model. The regression lines of the

observed vs. predicted values also significantly deviated from the 1:1,

indicating that these two models were not able to truly emulate the

overall dispersion of data (Figure S10b,c, Table S8). Allowing the opti-

mization of both Lfailure and Pfailure (i.e., referred as “full model”)

resulted in the most satisfactory model (Figure 5f). Although a higher

average RMSE value was obtained for this “full” model compared to

the models “partial 1” and “partial 2”, the observed vs. prediction

regression lines from 500 simulations were consistently fitting closely

to the 1:1 line (Figure S10d, Table S8). Across simulations, the lowest

RMSE value was also obtained by the “full” model, supporting its bet-

ter ability to emulate the dataset from our susceptibility trials

(Table S8). The solutions found in this “full” model for the effect of Dv

on Lfailure and Pfailure attributed the main effect of Dv on Lfailure

(Figure 5f insets). In contrast, the effect of Dv attributed to Pfailure can

be considered null, Pfailure reaching a plateau of fairly low probability

(i.e., Pfailure = .007) at a Dv value of about 30 μm (Figure 5f insets).

4 | DISCUSSION

This study provides new evidence about the role of plant vascular

structure in host susceptibility to pathogen attack. We validated this

concept using a model pathosystem between grapevine and the

vascular pathogen P. chlamydospora. Our data supported the hypothe-

sis that the heterogeneity in Dv distribution across host genotypes,

and within a single host genotype, impacts host susceptibility. Finally,

we demonstrated in silico that change in susceptibility observed in

our experimental trials can be explained by modification in the com-

partmentalization efficiency of the pathogen, which depends on the

Dv of individual xylem vessels.

One can assume that if Dv has an impact on the efficiency of the

compartmentalization process, and thus pathogen movement, then a

change inDv distribution necessarily results in an effective change in host

susceptibility to the pathogen. This assumption was validated, whereby

cuttings of a single genotype inoculated within sector of the stem

harbouring low Dv (lateral sector) were significantly less susceptible

(i.e., smaller NLL and lower FDA) than plants inoculated within sector

harbouring higher Dv values (DV sector). Previous works on Dutch elm

disease suggested that themodification ofDv distribution induced by dif-

ferential irrigation regime corresponds to a change in host susceptibility

to the disease it causes, likely due to its impact on pathogen movement

(Solla & Gil, 2002b). It can be hypothesized that a similar relationship also

exists in the case of the esca disease of grapevine, disease incidence

being positively correlated to rainfall and host vigour (Calzarano, Osh,

Baranek, & Marco, 2018; Guérin-Dubrana et al., 2013; Pouzoulet

et al., 2014). Variations of host susceptibility could stem fromother phys-

iological trade-offs between growth and constitutive defence, making it

difficult to assess the contribution of xylem morphology on host suscep-

tibility (Hahn & Maron, 2016; Porth, White, Jaquish, & Ritland, 2018).

Because we exploited the morphological heterogeneity found within the

grapevine stem, our experimental design was unbiased by other experi-

mental factors such as genetic background and abiotic treatments.

To date, no Vitis genotypes were found to be fully immune (i.e., non-

host interaction) to P. chlamydospora (Bertsch et al., 2013; Eskalen,

Gubler, & Khan, 2001; Martínez-Diz et al., 2019; Travadon et al., 2013).

Differences in pathogen susceptibility has been reported within the liter-

ature across V. vinifera genotypes and Vitis hybrid rootstocks (Eskalen

et al., 2001; Martínez-Diz et al., 2019; Pouzoulet et al., 2017), suggesting

that complex and multigenic types of resistance or tolerance are likely

involved (Michelmore, Christopoulou, & Caldwell, 2013; Sniezko &

Koch, 2017). Our results confirmed that xylem structure is a driver of

grapevine resistance to the P. chlamydospora infection. In addition to the

measurement of NLL usually performed in such susceptibility studies,

fungal infection level was also assessed bymeasuring FDA in host tissues

using a sensitive molecular approach. The NLL is a measure of symptom

development, and thus of the consequence of the pathogen colonization

in host tissues while the FDA is a measure of the overall pathogen load

within these tissues. Although they both result from the colonization of

the host by the pathogen, they might reflect different aspects of the

infection process, and it is understandable that they do not correlate

strongly in practice on a plant-to-plant basis. Nonetheless, these two

observations support the same biological conclusion about the impact of

DWV on host resistance to the pathogen.

Our results support that the compartmentalization of vascular

pathogens, and thus their colonization of the plant vascular system, is

not a continuous process. Beckman and Roberts (1995) proposed that
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the successful, systemic colonization of a plant host by vascular wilt

pathogens such as Verticillium and Fusarium spp. involves a series of

pathogen entrapment and compartmentalization, followed by com-

partmentalization escape and de novo pathogen spread. The mecha-

nistic models we tested depict such a scenario, whereby the diameter

of a vessel potentially affects (a) the probability of pathogen escape

from the compartmentalization process (Pfailure) and (b) the extent of

pathogen spread in case of compartmentalization failure (Lfailure).

Based on data from our susceptibility trials, we can conclude that dif-

ferences in susceptibility attributed to xylem morphology mostly

translate into an increased likelihood of cuttings with large NLL and

FDA with increasing DWV. Nonetheless, cuttings with short NLL and

low FDA were also consistently observed along the DWV gradient.

These observations are consistent with those previously reported,

where a larger variability in NLL is observed in susceptible compared

to more resistant genotypes (Martínez-Diz et al., 2019; Pouzoulet

et al., 2017; Travadon et al., 2013). These experimental observations

support that decreased host resistance does not systematically result

in higher infection severity, but rather with an increased risk of severe

infection to occur. We can conclude that determining with confidence

the true level of resistance of a given genotype relative to others

through inoculation bioassays is virtually impossible unless highly

standardized plant material and high number of replicates are used,

making such screening task particularly challenging in practice. Dv dis-

tribution is a plastic trait that has been reported to vary to a large

extent depending on environmental conditions, shoot orientation and

position along the plant axis, and plant size and age (Lovisolo &

Schubert, 1998; Martín et al., 2013; Rosell, Olson, & Anfodillo, 2017;

Schubert, Lovisolo, & Peterlunger, 1999). It would be interesting to

determine if the plant material shows the same trends for xylem char-

acteristics in response to these factors, and to examine in these con-

texts whether differences in xylem characteristics between cultivars

are consistently related to P. chlamydospora resistance.

In vascular wilt pathosystems, the colonization of the host is mostly

achieved by spores or propagules that are passively carried through the

plant via transpiration (Beckman & Roberts, 1995; Yadeta &

Thomma, 2013). Once a vessel becomes infected, spores would travel

only so far before being physically entrapped by plates at the vessel

ends. Since the vessel diameter represents a good proxy for its length in

grapevine (Liu, Pan, & Tyree, 2018), the occurrence of end-walls along

the colonization path could contribute to the variation of resistance

observed across vessels having different Dv. The inoculation wound

performed in this present study resulted in extensive damage of vessels

and subsequent disruption of the water column at the vicinity of the

wound. As a consequence, the effect of Dv should be interpreted here

in a context of active colonization of vessels by the fungal hyphae,

rather than passive dissemination of spores carried by the sap flow. The

necrosis length found in our experiments suggested that the fungus

only progressed a few centimetres from the inoculation wound, falling

well below the expected average length of open vessels in grapevine

stem (Chatelet et al., 2011; Liu et al., 2018). Although the effect of ves-

sel length on pathogen movement should be further examined, its role

is questionable in our experimental conditions.

The most satisfactory model depicted a scenario where Dv has an

impact on the spread of the pathogen once it manages to escape, but

no effect on the probability that the pathogen will escape. P.

chlamydospora was found to spread by means of hyphae in the narrow

spaces formed at the intersection of the tylosis because this pectin-

rich substrate likely provides a carbon source for the pathogen

(Marchi, Roberti, D'Ovidio, Mugnai, & Surico, 2001; Morales-Cruz

et al., 2015; Pouzoulet et al., 2017). In addition, the increase in the

number of tylosis observed with increasing Dv could provide a higher

number of alternative routes for the pathogen to colonize occluded

vessels (Pouzoulet et al., 2017). It was also hypothesized that the

effect of Dv on the kinetic of vessel occlusion could have detrimental

effects of vessel ability to limit the pathogen movement (Pouzoulet

et al., 2019). Our model does not support that Dv impacts the likeli-

hood of compartmentalization failure. It nonetheless suggests that the

probability of observing compartmentalization escape is extremely

low which could be interpreted as an effective ability of the host to

eliminate the pathogen once it is compartmentalized, as described in

other vascular pathosystems (Fradin & Thomma, 2006; Yadeta &

Thomma, 2013). In line with this hypothesis, Valtaud, Larignon, Roblin,

and Fleurat-Lessard (2009) reported the presence of damaged hyphae

in the xylem of P. chlamydospora experimentally infected cuttings. The

redistribution of this low probability over a high number of vessels

explains the observed variability of infection severity.

We observed a large variability in the ability of genotypes from

the F2 interspecific cross to heal and restore vascular cambium integ-

rity upon infection. The capacity of perennial plants to protect and

maintain vascular cambium integrity upon biotic aggression is pivotal

to ensure host longevity because it retains their ability to regenerate

functional secondary vascular tissues (Pearce, 1996). P. chlamydospora

is known to secrete a set of phytotoxins having detrimental effects on

host metabolism (Bruno, Sparapano, & Graniti, 2007; Luini, Fleurat-

Lessard, Rousseau, Roblin, & Berjeaud, 2010; Pierron et al., 2016).

While the ability of a given genotype to limit the fungus spread would

match with the definition of resistance as it affects the size of patho-

gen population within the host, the ability to heal upon infection

would match with the definition of tolerance as it relies on the capac-

ity of the host to maintain proper physiological functions upon infec-

tion, such as the cellular proliferation and growth required in bark

ridge development (Pouzoulet, Jacques, Besson, Dayde, &

Mailhac, 2013; Shigo, 1984). It is worth noticing these two traits were

not related to each other, supporting that the efficacy of pathogen

compartmentalization was mainly a function of morphological fea-

tures. This finding raises questions about the potential weight of these

different traits (i.e., resistance vs. tolerance) on the overall host sus-

ceptibility as seen in the field. The NLL has been widely used as a

marker of genotype susceptibility to vascular pathogen (Cruickshank,

Bleiker, Sturrock, Becker, & Leal, 2018; Eskalen et al., 2001; Travadon

et al., 2013). On the other hand, bioassays performed on detached

leaves, callus and in vitro plantlets, also stressed that physiological

processes, such as the induction of defence, were differentially

affected across genotypes while they are exposed to the wood patho-

gens or to the toxins they secreted (Cardot et al., 2019; Lambert
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et al., 2013; Stempien et al., 2018). Recent advances on esca disease

aetiology strongly suggested that symptoms are indeed triggered in a

remote fashion, the causal agents being absent from symptomatic

organs (stems of year and leaves) while present into the trunk

(Bortolami et al., 2019). Lessons from other vascular pathosystems

showed that the compartmentalization of the pathogen represents a

first line of defence, its efficacy having a significant contribution to

the overall disease outcome (Beckman & Roberts, 1995; Fradin &

Thomma, 2006). Mechanisms of tolerance can therefore operate inde-

pendently of those of resistance to mitigate the effects of infection

on host physiology, and promote its performance and longevity

(Cruickshank et al., 2018; Fradin & Thomma, 2006; Rusli, Idris, &

Cooper, 2015). In contrast to genotypes from the F2 progeny, all pure

V. vinifera genotypes tested in this study presented a poor healing

ability upon P. chlamydospora infection. We can hypothesize that this

trait inherited from V. riparia rather than V. vinifera. Infection by P.

chlamydospora has been associated with leaf scotch and wilt symp-

toms known as Petri disease and esca disease (Larignon &

Dubos, 1997; Mugnai, Graniti, & Surico, 1999). The first case of esca

disease foliar symptoms was reported in 1890 in the state of

New York, while esca disease was absent in Europe at that time

(Surico, 2009). Most if not all diseases encountered today in commer-

cial vineyards were introduced from Northern-America during the sec-

ond half of the 19th century (Travadon et al., 2012). For more than a

century now, native Vitis spp. from Northern-America such as V.

riparia have been extensively used as a source of genetic resistance

towards pests and diseases (Barba et al., 2018; Merdinoglu, Schneider,

Prado, Wiedemann-Merdinoglu, & Mestre, 2018; Riaz, Krivanek,

Xu, & Walker, 2006; Rubio et al., 2020; Smith et al., 2018). One can

hypothesize that V. riparia coevolved with P. chlamydospora and

developed tolerance mechanisms towards this pathogen. Further

research is now required in order to clarify the respective impact of

mechanisms of resistance and tolerance described here on the overall

susceptibility of grapevine hosts to the diseases, as seen in the field.

5 | CONCLUSIONS

Despite tremendous progress made in the past decades about the

molecular nature of plant–pathogen interactions, particularly regard-

ing our understanding of host resistance to microbial aggression, other

basic physiological mechanisms, such as the impact of host structural

traits on its response to infection have been overlooked. We provide

evidence that xylem vessel diameter has a significant impact on com-

partmentalization efficiency and thus host defence capability in a

major perennial crop, grapevine. Because of the basic nature of physi-

ological mechanisms that are likely involved, we believe that this con-

cept could be relevant in a wider variety of plant vascular pathogens

and hosts.
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