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As grapevines mature in California vineyards they accumulate chronic wood

infections by the Ascomycete fungi that cause trunk diseases, including

Botryosphaeria dieback (caused by Diplodia seriata and Neofusicoccum

parvum) and Esca (caused by Phaeomoniella chlamydospora). It is thought

that such mixed infections become localized to separate internal lesions/

cankers of the permanent, woody structure of an individual vine, but

nonetheless the fungi all colonize the same vascular system. In response to

infection by one pathogen, the host may initiate systemic biochemical

changes, which in turn may affect the extent of subsequent infections by

other pathogens. To test this hypothesis, we measured changes in phenolic

compounds in the wood and lesion lengths of the pathogens, during sequential

co-inoculations with different or identical pair-wise sequences of infection by

D. seriata,N. parvum, or P. chlamydospora. Prior fungal infections only affected

the development of subsequent D. seriata infections. Effects of fungal

infections on phenolic compounds were variable, yet initial infection by D.

seriata was associated with significantly higher concentrations of most

phenolic compounds distally, compared to all other initial inoculation

treatments. It was hypothesized that pre-existing phenolic levels can slow

initial lesion development of fungal trunk pathogens, especially for D. seriata,

but over time the pathogens appeared to overcome or neutralize phenolic

compounds and grow unimpeded. These results demonstrate that effects of

one fungal trunk pathogen infection is generally unable to distally affect

another long-term, albeit shifts in host phenolics and other plant defenses

do occur.
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Introduction

Grapevine (Vitis vinifera L.) fungal trunk pathogens are

cosmopolitan and become widespread with high incidence in

older vineyards (Bertsch et al., 2013). Although usually not fatal,

the buildup of canker caused by fungi gradually results in yield

reductions and, in combination with the build-up of nematode

and viral pathogens in an orchard, often necessitate the entire

replanting of the vineyard every 12 to 15 years (Baumgartner

et al., 2019).

S eve ra l funga l t runk pa thogens be long ing to

Botryosphaeriaceae and Herpotrichiellaceae families causes

grapevine trunk diseases worldwide (Crous and Gams, 2000;

Bertsch et al., 2013; Wilcox et al., 2015; Gramaje et al., 2018). In

this sense, Diplodia seriata De Not., Neofusicoccum parvum

(Pennycook & Samuels) Crous, Slippers, & A.J.L. Phillips, and

Phaeomoniella chlamydospora (W. Gams, Crous, M.J. Wingf. &

Mugnai) Crous & W. Gams are the most important trunk

pathogens causing grapevine trunk diseases including

Botryosphaeria dieback and esca, which can vary in

symptomology and severity in different grapevine cultivars in

California and elsewhere (Úrbez-Torres and Gubler, 2009;

Travadon et al., 2013; Elena and Luque, 2016; Kaplan et al.,

2016). Botryosphaeria dieback, potentially caused by D. seriata,

N. parvum, and other related fungi including from genera such

as Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia,

Neofusicoccum, Neoscytalidium, Phaeobotryosphaeria, and

Spencermartinsia (Úrbez-Torres and Gubler, 2011; Pitt et al.,

2013; Rolshausen et al., 2013; Pitt et al., 2015; Yang et al., 2017),

often appears as a lack of shoot growth of infected spurs in the

Spring, with notable necrosis of buds and xylem, shoot dieback,

and characteristic wedge-shaped perennial cankers in wood

(Úrbez-Torres et al., 2006; Úrbez-Torres et al., 2008; Gramaje

et al., 2018). This is somewhat distinct from esca disease, which

is potentially caused by P. chlamydospora and other fungi (Crous

and Gams, 2000; Andolfi et al., 2009; Dıáz and Latorre, 2014),

which, as a trunk disease, causes a variety of symptoms including

black spots in the internal wood surrounding by pink/brown

discoloration, brown to black vascular streaking, or dry wood

with a silver appearance (Landi et al., 2011; Dıáz and Latorre,

2014; Gramaje et al., 2018). P. chlamydospora also can be

associated with Petri disease (Crous and Gams, 2000; Eskalen

et al., 2007; Gramaje and Armengol, 2011), that has symptoms

including black/brown streaking in xylem tissues, which can be

observed as brown streaking in longitudinal cross-sections

(Rooney-Latham et al., 2005; Eskalen et al., 2007; Gramaje

et al., 2018).

Based on in vitro growth, N. parvum grew the most robustly,

followed by D. seriata and then P. chlamydospora (Wallis, 2021).

P. chlamydospora also has been described as having more limited

wood-degrading activities than other fungal pathogens (Del Rio
Frontiers in Fungal Biology 02
et al., 2004; Valtaud et al., 2009). Yet, of these three pathogenic

fungi, P. chlamydospora was the most aggressive based on lesion

length growth over time, followed by N. parvum and D. seriata

(Galarneau et al., 2021). However, it should be noted that lesion

sizes were similar among all three pathogens two weeks after

inoculation, but P. chlamydospora lesions grew more over the

next ten weeks, whereas most of the other cankers did not

further develop (Galarneau et al., 2021).

A common defense that woody plants mount is the

production of compounds called phenolics, which include

subclasses such as flavonoids, which are precursors of cell wall

strengthening compounds called tannins, and stilbenoids, which

are thought to have direct antibiotic activities (Dixon, 2001).

Previously, these three fungal pathogens were shown to induce

phenolic compounds immediately around growing lesions and

in nearby tissues, with levels greatest two months after

inoculation (Galarneau et al., 2021). Stilbenoids were of

particular interest in providing resistance to N. parvum and P.

chlamydospora (Martin et al., 2009; Amalfitano et al., 2011;

Khattab et al., 2020). Yet, the role of phenolics on fungal trunk

pathogens remains uncertain. Antifungal activity of the phenolic

stilbenoids was determined via in vitro amended plate assays for

fungal trunk pathogens (Lambert et al., 2012). Some evidence

exists that fungicidal activity of phenolics in planta might be

lacking for certain fungi such as N. parvum, but present for

others such as D. seriata (Lambert et al., 2012; Galarneau

et al., 2021).

The induction of phenolic compounds distal from the

inoculation site has not been as thoroughly studied.

Massonnet et al. (2017) explored systemic changes in the

grapevine transcriptome in leaves and local wood due to N.

parvum infection, but chemical analyses of phenolics was limited

to the area of local inoculation. This experiment explicitly

measured the induction of phenolic compounds in distal

woody branches that were not directly inoculated with fungal

trunk pathogens. Because fungal pathogens could change

phenolic compound levels distally and phenolics could affect

fungal growth (Galarneau et al., 2021), it was hypothesized that

an initial fungal infection could impact subsequent fungal

infections in different branches (Wallis et al., 2008). A total of

15 different combinations were tested, with plants left

uninfected, mock-inoculated, or initially infected with D.

seriata, N. parvum, or P. chlamydospora and subsequently

followed by infection on a different branch by D. seriata, N.

parvum, or P. chlamydospora. Results determined how fungal

trunk pathogens altered phenolic levels distally from infection

sites, and whether or not that affected development of an

addition canker infection. Knowledge obtained has

implications in integrated disease management approaches

aimed at controlling fungal trunk diseases and should increase

insights into the role of phenolics in plant-pathogen interactions.
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Materials and methods

A total of 90 ‘Cabernet Sauvignon’ grapevines on ‘101-14MG’

rootstocks obtained from a commercial nursery were used across

all treatments in the experiment. In May 2019 (“Time 1”), six

grapevines, each with at least two shoots, were assigned the

combination of one of the following initial inoculation

treatments and subsequent (second) inoculation treatments

(Figure 1). The initial inoculation treatments were as follows: D.

seriata, N. parvum, P. chlamydospora, non-inoculated – wounded

control (NIW), or non-inoculated - non-wounded control

(NINW). Inoculum consisted of suspensions of 1,000,000

mycelium fragments per mL for D. seriata and N. parvum, and

100,000 spores per mL for P. chlamydospora (made by using a

homogenizer of each fungal species grown for one week in potato

dextrose broth) (Travadon et al., 2013). A larger concentration of

mycelia fragments was inoculated due to some mycelia fragments

being dead or unviable because they were potentially too old/no-

longer-growing fragments from culture plates or were destroyed

in the homogenization process as estimated via microscopy (i.e.

those appearing desiccated or damaged were roughly 10%);

therefore, greater mycelia fragment inoculum would be needed

to correspond with concentrations of P. chlamydospora conidia

inoculum that should have greater viability (Wallis, 2021). A

power drill was used to make a small wound at the inoculated site,

which was located approximately 10 cm above the scion-rootstock

grafting site on one shoot. Pathogen inoculum (100 µL) for

inoculated shoots or sterile potato dextrose broth for NIW

plants was pipetted into the wound and immediately covered

with parafilm. NINW controls were left intact; there was no

wound or inoculum (Travadon et al., 2013).

In July 2019 (“Time 2”), immediately prior to the second

inoculations, a 10 to 15-cm-long segment of stem was collected
Frontiers in Fungal Biology 03
from the apical end of a third shoot or the shoot about to receive

the second inoculation (i.e., a different shoot from the one

inoculated at “Time 1” in May 2019), in order to assess

systemic (distal) changes in host chemistry away from the

initial inoculation site. Stem segments were immediately flash-

frozen in liquid nitrogen and stored in a -20°C freezer for further

processing. For the second inoculation, plants were inoculated

on a separate shoot with D. seriata, N. parvum, or P.

chlamydospora, as described above. There were no NIW or

NINW controls for the second inoculation.

In September 2019 (“Time 3”), stems inoculated in July 2019

(“Time 2”) were harvested to measure lesion lengths of the

second inoculation. To measure the internal lesions, the bark

above and below an inoculation site was removed and the brown

or black discoloration of the stem tissue underneath was

measured with a ruler. To confirm infection by attempting to

re-isolate the fungi, 1-mm segments from both the apical and

basal ends of the lesion (or at inoculation site, in the case of the

NIW controls) were collected and plated on potato dextrose agar

(PDA) plates following brief sterilization of the wood fragments

for 30 seconds in 10% bleach. To confirm pathogen identity,

DNA was extracted from approximately 25% of the resultant

fungal colonies for PCR amplification of the ITS region (White

et al., 1990), and ITS sequences were compared to those of the

original isolates (Swofford, 1999).

The methods of Wallis et al. (2008) and Wallis and Chen

(2012) were used to extract and analyze phenolic compounds.

The methanol and other solvents used were obtained from

Thermo-Fisher Scientific (Waltham, MA, USA) and standards

were from Sigma-Aldrich (St. Louis, MO, USA). The collected

stem tissues were pulverized with mortar and pestle in liquid

nitrogen, and then 0.10 g of the tissue was placed into 1.5 mL

centrifuge tubes. The tissue was then twice-extracted overnight
FIGURE 1

Overview of the experimental procedures. Second inoculations were applied on a second shoot two months after initial inoculation treatments,
and at the same time woody shoots were sampled for chemistry.
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at 4°C in 0.5 mL methanol, with a final extract volume of 1 mL

obtained. High performance liquid chromatography (HPLC)

then was conducted using a Shimadzu (Columbia, MD, USA)

LC-20AD pump based liquid chromatograph equipped with

Supelco Ascentis C18 (Sigma-Aldrich, St. Louis, MO, USA)

column and a Shimadzu PDA-20 photodiode array detector.

Each sample had 50 µL of the methanol extract injected.

Compounds were identified by matching retention times with

commercial standards or putatively identified via liquid

chromatography-mass spectrometry using a Shimadzu

LCMS2020 system running similar conditions to the original

HPLC. Quantification was performed by using a standard

curve of commercially available compounds from the same

phenolic subclass, i.e., ferulic acid for hydroxycinnamic acid

derivatives, procyanidin B2 for proanthocyanins, catechin for

flava-3-ols, quercetin glucoside for flavonoid glycosides, and

resveratrol for stilbenoids (Wallis and Chen, 2012; Wallis et al.,

2020). This was used to convert peak areas into mg/g

fresh weight.

Statistical analyses were performed using IBM (Armonk,

NY, USA) SPSS statistics version 24 with a = 0.05. Spearman’s

correlations were utilized to find associations between lesion

lengths and phenolic levels (total phenolics or the sums of each

individual phenolic subclass). Analyses of variance (ANOVAs)

were used to compare lesion sizes or total phenolics (and the

sums of phenolic subclasses) with initial inoculation treatment

as the independent variables. Multivariate analysis of variance

(MANOVA) was used to analyze the effects of the initial

inoculation treatments on all individual phenolics as well, with

follow-up ANOVAs and Least Significant Difference (LSD) tests

performed when significant (P < 0.05).
Results and discussion

Initial inoculation treatment had a significant effect on lesion

length after the second inoculation with D. seriata. Following

initial inoculation with either D. seriata or P. chlamydospora,

lesion lengths of D. seriata were significantly smaller, compared

to plants with an initial inoculation treatment of wounding alone

(i.e., the NIW controls); D. seriata lesions on plants with initial

inoculation treatments of NINW or N. parvum were

intermediate in length (Figure 2). Initial inoculation treatment

had no effect on lesion length after the second inoculation with

N. parvum or P. chlamydospora (Figure 2). In other words,

neither N. parvum lesions nor P. chlamydospora lesions (of the

second inoculation) varied significantly according to initial

inoculation treatment.

Phenolic levels in the shoots varied significantly, overall,

depending on the initial inoculation treatment in a separate

shoot. Total phenolic levels and total flavonoid levels were

significantly greater in plants initially inoculated with

D. seriata, compared to those initially inoculated with
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P. chlamydospora and both types of controls (NIW and

NINW) (Figure 3). Total hydroxycinnamic acid derivatives

were greater in plants initially inoculated with D. seriata

compared to all other treatments (Figure 3). Total stilbenoid

levels were greater in plants initially inoculated with D. seriata

compared to plants initially inoculated with N. parvum and the

NIW controls (Figure 3). Based on the results of MANOVA,

there was a significant effect of the initial inoculation treatment

on individual phenolic levels (Pillai’s trace = 2.332; F = 3.389; P <

0.001). Effects of the initial inoculation treatments were overall

variable, but there was a trend for higher levels of individual

phenolics in plants initially inoculated with D. seriata than the

other treatments. Sixteen of twenty-six quantified phenolics

were significant by individual follow-up ANOVAs (P < 0.05)

(Table 1; Figure 4).

Two hydroxycinnamic acid derivatives (one with greater

amounts in non-wounded controls that all other treatments

except those infected with D. seriata, and the other greater in

plants infected with D. seriata than all other treatments),

procyanidin B1 (greater in plants infected with D. seriata and

N. parvum than non-wounded or mock controls), procyanidin

B3 (greater in plants inoculated with D. seriata than non-

wounded controls), procyanidin C2 (greater in plants

inoculated with D. seriata than all other plants except those

mock-inoculated), a procyanidin C gallate (greater in plants

infected with D. seriata than non-wounded controls and plants

infected with P. chlamydospora), an unidentified procyanidin B

(greater in plants infected by D. seriata or N. parvum than non-

wounded controls), miyabenol C (greater in healthy controls

than all other plants, and greater in D. seriata infected plants

than those mock-inoculated or inoculated with N. parvum),

piceid (greater in plants infected with D. seriata or N. parvum

than healthy controls or mock-inoculated plants), vitisin B

(lower in healthy controls than all other plants), afzelin

(greater in plants infected with D. seriata than all other

plants), kaempferol glucoside (lower in healthy controls than

all other plants), quercetin (greater in D. seriata inoculated

plants than all other plants), quercetin glucuronide (greater in

D. seriata inoculated plants than all other plants except those

infected with N. parvum), and quercetin glucoside (lower levels

in healthy controls than all other plants). No significant

correlations were observed between lesion lengths and total

phenolic levels, including with total amounts of phenolic

subclasses (in every case, P > 0.05).

Our findings suggest that D. seriata infection may initiate

systemic biochemical changes, in terms of total phenolics and

specific individual compounds, in the grape stem. Wounding

alone had a slightly less significant effect on stem chemistry.

These changes in host chemistry following initial inoculation

treatment with D. seriata at least partially affected lesion

development, especially for subsequent D. seriata infections.

Interestingly, initial inoculation with P. chlamydospora was

associated with smaller lesions after a second inoculation with
frontiersin.org
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A

B
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FIGURE 2

Mean lesion lengths (± SE) after the second inoculation with: (A) Diplodia seriata, (B) Neofusicoccum parvum, or (C) Phaeomoniella
chlamydospora. Differences among initial inoculation treatments are noted with different letters (statistical differences by least significant
differences tests). Initial inoculation treatments are as follows (on the X axis): Control, NINW; Mock, NIW; Ds, Diplodia seriata; Np,
Neofusicoccum parvum; Pc, Phaeomoniella chlamydospora.
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D. seriata, even though the biochemical changes immediately

before the second inoculation were relatively minor.

Although D. seriata, N. parvum and P. chlamydospora cause

internal wood lesions, they cause different diseases in the vineyard

with different symptoms with the former two fungi causing

wedge-shaped cankers and the later mostly black streaking in

vascular tissues (Martin and Cobos 2007; Amponsah et al., 2011;

Garcia et al., 2021). Pathogenesis is different as well (Garcia et al.,

2021). Indeed, both D. seriata and N. parvum were observed to

trigger differential responses in grapevine calli exposed to their

extracellular proteins, suggesting both might produce toxins,

albeit in different amounts (Benard-Gellon et al., 2015).

Benard-Gellon et al. (2015) and Stempien et al. (2018) also

observed that N. parvum induced greater transcription of

defense genes than D. seriata, although greater induction of

defensive metabolites was not observed in this study, based on

observed soluble phenolic levels. However, soluble phenolic levels

could be influenced by more than host induction, including the

possibility that the fungal pathogens may degrade them

(Massonnet et al., 2018), or they could be incorporated into

phenolic macromolecules that were not examined.

As for lesion lengths after second inoculation with N.

parvum or P. chlamydospora, prior inoculation treatments had

no effect. It was hypothesized that greater phenolic levels might

reduce initial establishment of N. parvum, but that it could

quickly adapt and overcome this inhibition and grow by rapidly
Frontiers in Fungal Biology 06
catabolizing phenolic compounds, resulting in no significant

correlations. This is supported by evidence that N. parvum not

only possess genes that perform phenolic compound catabolism,

but also can greatly remove phenolic compounds in cultures

(Gluck-Thaler et al., 2018; Khattab et al., 2020). Indeed,

Neofusicoccum spp. in general were discovered to have greater

expansion of gene families such as secreted cell wall degrading

enzymes, secondary metabolism, and transporters than Diplodia

spp., which was concluded to result in greater lesion sizes and

presumably greater capacity to overcome host defenses (Garcia

et al., 2021). In other words, N. parvum likely is capable of both

degrading phenolics and other defense compounds (Massonnet

et al., 2018), as well as transporting host-derived antimicrobial

compounds out of their cells (Denny et al., 1987).

Regarding P. chlamydospora, a previous study observed that,

similar to N. parvum, P. chlamydospora might also have

increased capacity to tolerate phenolic compounds (Galarneau

et al., 2021). P. chlamydospora also appears to be unaffected by

stilbenoid compounds in vitro (Lambert et al., 2012). That said,

capacity of this fungal species to catabolize phenolics remains

unclear. Taken together, the ability to overcome phenolic

production likely resulted in our observations that there were

no significant effects from prior infections on P. chlamydospora

lesion sizes. However, further studies are needed to provide

additional insights into the pathogenesis of P. chlamydospora,

similar to those performed on N. parvum and D. seriata.
FIGURE 3

Mean phenolic compound levels (± SE) in the woody stem after the initial inoculation with: Control, NINW; Mock, NIW; Ds, Diplodia seriata; Np,
Neofusicoccum parvum; Pc, Phaeomoniella chlamydospora. Differences among initial inoculation treatments are noted with different letters
(statistical differences by least significant differences tests). Initial inoculation treatments are as follows (on the X axis): Control, NINW; Mock,
NIW; Ds, Diplodia seriata; Np, Neofusicoccum parvum; Pc, Phaeomoniella chlamydospora.
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Results obtained in this study represent just one set time of

60 days for secondary infections, with phenolics only observed at

that time. It was very likely that potential inductions of phenolics

would be anticipated to vary over time, for instance, Galarneau

et al. (2021) observed phenolic concentrations around fungal

lesions continued to increase as late as 90 days and potentially

beyond. Therefore, phenolics could be greater if a later timepoint

was chosen, and, accordingly, impacts on developing secondary

infections could be greater. Additional studies with greater

timepoints, both earlier and later, are warranted but were not

performed in these experiments due to limits in greenhouse

space and available resources.

Likewise, the age of the plants should be considered in light

of these results. Certain fungal trunk diseases appear to infect

only older, established grapevines in vineyards, and infections of

smaller, potted plants may have influenced results accordingly.

Thus, repetition of this study in a vineyard at least seven-years-

old could verify the relevance of these results to field plantings.

In conclusion, this study increases some insight into mixed

infections, and how they are potentially mediated by phenolic
Frontiers in Fungal Biology 07
compounds. Overall, greater efforts need to be made to examine

how mixed infections affect each other and overall plant health, as

such studies are generally lacking (Bonello et al., 2008; Dutt et al.,

2021). A previous study by Bonello et al. (2008) found increased

Diplodia pinea growth in pines that were previously infected with

Heterobasidion annosum, and another observed increased,

decreased, or no effects on secondary pathogen growth based on

different combinations of pea-infecting fungal pathogens (Dutt

et al., 2021). These works, together with this study, which observed

decreased or no effects on pathogen growth depending on

different combinations of pathogenic fungi, suggested that

interactions between different pathogens on the same host are

largely driven by the individual characteristics of the specific

pathogens. These results further suggest that the capacity of

different pathogens to tolerate, degrade, and/or efflux defensive

host metabolites, as well as the ability to share host resources for

development when in close proximity, are important factors in

these multi-pathogen interactions.

Thus, examining the role of phenolics can be argued a good

choice to begin to untangle how mixed infections affect one
TABLE 1 Analysis of variance stats (F- and P-values) demonstrating compounds with differing means between treatments used in this study.

Compound Class Compound F4, 85 P

flavonoids afzelin 5.975 0.000

catechin 2.204 0.075

epicatechin 1.783 0.140

epicatechin gallate 1.967 0.107

kaempferol-3-O-glucoside 10.935 0.000

procyanidin B1 2.482 0.050

procyanidin B2 0.684 0.605

procyanidin B2 gallate 1.188 0.322

procyanidin B3 3.008 0.023

procyanidin C1 1.980 0.105

procyanidin C2 3.417 0.012

procyanidin trimer gallate 3.204 0.017

quercetin 10.524 0.000

quercetin glucuronide 3.259 0.015

quercetin-3-O-glucoside 4.651 0.002

rutin 9.440 0.000

unidentified procyanidin dimer 1 0.559 0.693

unidentified procyanidin dimer 2 3.761 0.007

hydroxycinnamic acids unidentified hydroxycinnamic acid 1 3.905 0.006

unidentified hydroxycinnamic acid 2 10.808 0.000

stilbenoids miyabenol C 9.824 0.000

pallidol 1.144 0.342

piceatannol derivative 2.368 0.059

piceid 3.840 0.006

vitisin A 1.983 0.104

vitisin B 4.997 0.001
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another and their shared host. That said, it is clear phenolics are

not the only factor that drive lesion development, and that other

mechanisms are likely to have impacted the observed lesion

development in this study. Future studies are warranted to

examine possible interactions between pathogens on

grapevines that include observations of phenolics and many

other defense-related factors such as PR-proteins, volatiles, and

structural changes, among others.

Measurements of plant hormones or associated upregulated

transcripts also could be assessed, including those involved with

Systemic Acquired Resistance (SAR) (i.e., salicylates) and

Induced Systemic Resistance (ISR) (i.e. jasmonates) as

defensive pathways remain poorly understood in grapevines.

However, it could be hypothesized that these fungal pathogens

should generically trigger the SAR pathway due to a facultative

necrotic-feeding lifestyle, albeit both SAR and ISR could induce

phenolics as part of the defense responses they mount (Wallis

and Galarneau, 2020).
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FIGURE 4

Heat map showing the relative amounts (Z-scores) of individual
phenolic compounds quantified in this study and taken just prior
to second inoculations. Control, NINW; Mock, NIW; Ds, Diplodia
seriata; Np, Neofusicoccum parvum; Pc, Phaeomoniella
chlamydospora. *Indicates significance at P < 0.05, with statistics
provided in Table 1.
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Pitt, W. M., Úrbez-Torres, J. R., and Trouillas, F. P. (2015). Dothiorella and
Spencermartinsia, new species and records from grapevines in Australia. Australas.
Plant Pathol. 44, 43–56. doi: 10.1007/s13313-014-0332-5

Pitt, W. M., Huang, R., Steel, C. C., and Savocchia, S. (2013). Pathogenicity and
epidemiology of botryosphaeriaceae species isolated from grapevines in Australia.
Australas. Plant Pathol. 42, 573–582. doi: 10.1007/s13313-013-0221-3

Rolshausen, P. E., Akgul, D. S., Perez, R., Eskalen, A., and Gispert, C. (2013).
First report of wood canker caused by Neoscytalidium dimidiatum on grapevine in
California. Plant Dis. 97, 1511. doi: 10.1094/PDIS-04-13-0451-PDN

Rooney-Latham, S., Eskalen, A., and Gubler, W. D. (2005). Occurrence of
Togninia minima perithecia in esca-affected vineyards in California. Plant Dis. 89,
867–871. doi: 10.1094/PD-89-0867

Stempien, E., Goddard, M. L., Leva, Y., Benard-Gellon, M., Laloue, H., and
Chong, J. (2018). Secreted proteins produced by fungi associated with
botryosphaeria dieback trigger distinct defense responses in Vitis vinifera and
Vitis rupestris cells. Protoplasma 255, 613–628. doi: 10.1007/s00709-017-1175-z

Swofford, D. L. (1999). PAUP*: Phylogenetic analysis using parsimony (*and
other methods). version 4.0a168 (Sunderland (MA: Sinauer Associates).

Travadon, R., Rolshausen, P. E., Gubler, W. D., Cadle-Davidson, L., and
Baumgartner, K. (2013). Susceptibility of cultivated and wild vitis spp. to wood
infection by fungal trunk pathogens. Plant Dis. 97, 1529–1536. doi: 10.1094/PDIS-
05-13-0525-RE

Valtaud, C., Larignon, P., Roblin, G., and Fleurat-Lessard, P. (2009).
Developmental and ultrastructural features of Phaeomoniella chlamydospora and
Phaeoacremonium aleophilum in relation to xylem degradation in esca disease of
the grapevine. J. Plant Pathol. 91, 37–51. doi: 10.4454/jpp.v91i1.622
frontiersin.org

https://doi.org/10.1094/PDIS-93-6-0584
https://doi.org/10.1111/j.1365-3059.2010.02381.x
https://doi.org/10.1094/PDIS-92-4-0519
https://doi.org/10.1094/PD-90-1490
https://doi.org/10.14601/Phytopathol_Mediterr-9720
https://doi.org/10.14601/Phytopathol_Mediterr-9720
https://doi.org/10.1007/s10658-011-9823-1
https://doi.org/10.1094/PDIS-93-7-0680
https://doi.org/10.5344/ajev.2019.18075
https://doi.org/10.1007/s00709-014-0716-y
https://doi.org/10.1111/j.1365-3059.2012.02674.x
https://doi.org/10.1093/treephys/28.11.1653
https://doi.org/10.14601/Phytopathol_Mediterr-1530
https://doi.org/10.14601/Phytopathol_Mediterr-1736
https://doi.org/10.1016/0885-5765(87)90085-3
https://doi.org/10.1094/PDIS-12-12-1180-RE
https://doi.org/10.1038/35081178
https://doi.org/10.1111/oik.07747
https://doi.org/10.1094/PDIS-10-15-1186-RE
https://doi.org/10.1094/PDIS-91-9-1100
https://doi.org/10.1016/j.pmpp.2020.101596
https://doi.org/10.3389/fmicb.2021.652802
https://doi.org/10.1111/mec.14943
https://doi.org/10.1094/PDIS-04-17-0512-FE
https://doi.org/10.1094/PDIS-04-17-0512-FE
https://doi.org/10.1094/PDIS-01-11-0025
https://doi.org/10.1016/j.wep.2016.11.001
https://doi.org/10.1111/nph.16919
https://doi.org/10.1021/jf303290g
https://doi.org/10.1094/PHYTO-06-11-0165
https://doi.org/10.14601/Phytopathol_Mediterr-1854
https://doi.org/10.1016/j.plaphy.2018.10.040
https://doi.org/10.1016/j.plaphy.2018.10.040
https://doi.org/10.3389/fpls.2017.01117
https://doi.org/10.1111/mpp.12491
https://doi.org/10.1007/s13313-014-0332-5
https://doi.org/10.1007/s13313-013-0221-3
https://doi.org/10.1094/PDIS-04-13-0451-PDN
https://doi.org/10.1094/PD-89-0867
https://doi.org/10.1007/s00709-017-1175-z
https://doi.org/10.1094/PDIS-05-13-0525-RE
https://doi.org/10.1094/PDIS-05-13-0525-RE
https://doi.org/10.4454/jpp.v91i1.622
https://doi.org/10.3389/ffunb.2022.1001143
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org


Wallis et al. 10.3389/ffunb.2022.1001143
Wallis, C. M. (2021). Nutritional niche overlap analysis as a method to identify
potential biocontrol fungi against trunk pathogens. BioControl 66, 559–571. doi:
10.1007/s10526-021-10091-w

Wallis, C. M., and Chen, J. (2012). Grapevine phenolic compounds in xylem sap
and tissues are significantly altered during infection by Xylella fastidiosa.
Phytopathol 102, 816–826. doi: 10.1094/PHYTO-04-12-0074-R

Wallis, C., Eyles, A., McSpadden Gardener, B., Hansen, R., Cipollini, D., and
Bonello, P. (2008). Systemic induction of phloem secondary metabolism and its
relationship to resistance to a canker pathogen in Austrian pine. New Phytol. 177,
767–778. doi: 10.1111/j.1469-8137.2007.02307.x

Wallis, C. M., and Galarneau, E. R.-A. (2020). Phenolic compound induction in
plant-microbe and plant-insect interactions: A meta-analysis. Front. Plant Sci. 11,
580753. doi: 10.3389/fpls.2020.580753
Frontiers in Fungal Biology 10
Wallis, C. M., Zeilinger, A. R., Sicard, A., Beal, D. J., Walker, M. A., and Almeida,
R. P. P. (2020). Impact of phenolic compounds on progression of Xylella fastidiosa
infections in susceptible and PdR1-locus containing resistant grapevines. PloS One
15, e0237545. doi: 10.1371/journal.pone.0237545

White, T. J., Bruns, T., Lee, S., and Taylor, J. (1990). “Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics,” in PCR protocols: A
guide to methods and applications. Eds. M. A. Innis, D. H. Gelfand, J. J. Sninsky and
T. J. White (San Diego (CA: Academic Press), 315–322.

Wilcox,W. F., Gubler,W.D., andUyemoto, J. K. (2015).Compendiumof grape diseases,
disorders, and pests. 2nd Ed (St. Paul (MN: American Phytopathological Society Press).

Yang, T., Groenewald, J. Z., Cheewangkoon, R., Jami, F., Abdollahzadeh, J.,
Lombard, L., et al. (2017). Families, genera, and species of Botryospaeriales. Fungal
Biol. 121, 322–346. doi: 10.1016/j.funbio.2016.11.001
frontiersin.org

https://doi.org/10.1007/s10526-021-10091-w
https://doi.org/10.1094/PHYTO-04-12-0074-R
https://doi.org/10.1111/j.1469-8137.2007.02307.x
https://doi.org/10.3389/fpls.2020.580753
https://doi.org/10.1371/journal.pone.0237545
https://doi.org/10.1016/j.funbio.2016.11.001
https://doi.org/10.3389/ffunb.2022.1001143
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org

	Mixed infections of fungal trunk pathogens and induced systemic phenolic compound production in grapevines
	Introduction
	Materials and methods
	Results and discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


