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ABSTRACT

The number of reports associated with wood dieback caused by fungi
in the Botryosphaeriaceae in numerous perennial crops worldwide has
significantly increased in the past years. In this study, we investigated the
interactions between the canker pathogen Neofusicoccum parvum and the
almond tree host (Prunus dulcis), with an emphasis on varietal resistance
and host response at the cell wall biochemical and histological levels.
Plant bioassays in a shaded house showed that among the four commonly
planted commercial almond cultivars ( ‘Butte’, ‘Carmel’, ‘Monterey’, and
‘Nonpareil’), there was no significant varietal difference with respect to
resistance to the pathogen. Gummosis was triggered only by fungal
infection, not by wounding. A two-dimensional nuclear magnetic reso-
nance and liquid chromatography determination of cell wall polymers
showed that infected almond trees differed significantly in their glycosyl

and lignin composition compared with healthy, noninfected trees.
Response to fungal infection involved a significant increase in lignin, a
decrease in glucans, and an overall enrichment in other carbohydrates
with a profile similar to those observed in gums. Histological observations
revealed the presence of guaiacyl-rich cell wall reinforcements. Confocal
microscopy suggested that N. parvum colonized mainly the lumina of
xylem vessels and parenchyma cells, and to a lesser extent the gum ducts.
We discuss the relevance of these findings in the context of the compart-
mentalization of decay in trees model in almond and its potential involve-
ment in the vulnerability of the host toward fungal wood canker diseases.

Keywords: biochemistry and cell biology, disease resistance, endophytic
interactions, fungal pathogens, host–parasite interactions

The fungal family Botryosphaeriaceae includes important gener-
alist plant pathogens that have adapted to broad geographic range
with diverse climatic conditions and a large spectrum of plant hosts
(Batista et al. 2021; Slippers and Wingfield 2007). Infections by
Botryosphaeriaceae pathogens typically result in the formation of
wood cankers (also known as Bot cankers) that lead to dieback of
the trunk, limb, and twig and eventually death of host. Over the last
decade, the California tree crop industry has seen an increase of
Bot canker outbreaks, notably on the almond tree Prunus dulcis
L. (Holland et al. 2021; Moral et al. 2019b). It has been attributed
to a combination of factors that include the intensification of agri-
cultural practices and climate changes that are leading to favorable
conditions for inoculum buildup and disease expression (Moral et al.
2019b). Comparable disease outbreaks attributed to the Botryos-
phaeriaceae have been reported globally on many hosts, such as
grapevine, kiwi, citrus, and various nut crops, and have raised con-
cerns about their potential impact on perennial cropping systems in
the context of a changing climate (Adesemoye et al. 2014; Agust�ı-

Brisach et al. 2020; Gramaje et al. 2016; L�opez-Moral et al. 2020;
Moral et al. 2019b; Olmo et al. 2016; �Urbez-Torres 2011; Zlatkovi�c
et al. 2016).

Signs of infection by Botryosphaeriaceae fungi in almond trees
often appear at the base of the tree trunk as a band of dead bark from
which gum exudes, resulting in the common name “band canker”
(Moral et al. 2019b). Necrotic lesions extending into the xylem tissue
underneath the band of dead bark are also commonly observed. Band
canker may be the result of growth cracks associated with vigorous
trees and wounding caused by mechanical shakers, which become
the point of entry for pathogens into woody tissue (Holland et al.
2021; Moral et al. 2019a). Infection can also occur through pruning
wounds of lateral branches, leading to canopy canker. Infection of
the trunk and scaffold branches causes chlorosis of leaves, wilting,
and the gradual decline of the tree. The first description of the disease
was established in the mid-1950s in California, and Botryosphaeria
dothideawas identified as the causal agent two decades later (English
et al. 1975). Since then, surveys and phylogenetic studies conducted
in California and Spain have identified ³11 species of Botryosphaer-
iaceae associated with cankers on almond trees (Holland et al. 2021;
Inderbitzin et al. 2010; Olmo et al. 2016), and species of the genus
Neofusicoccum were established as the most virulent pathogens
(Holland et al. 2021; Inderbitzin et al. 2010). All commercial almond
cultivars are susceptible to Bot canker disease, but previous studies
indicated that contrasting levels of resistance could be found among
almond cultivars and Prunus hybrids (English et al. 1975; Mancero-
Castillo et al. 2018). For example, a recent study showed that the resis-
tance to peach fungal gummosis caused by B. dothidae is under the
control of inheritable genetic components in Prunus hybrids
(Mancero-Castillo et al. 2018). Although almond cultivars probably dif-
fered in their ability to resist B. dothidae infection (English et al. 1975),
information is lacking about the behavior of almond cultivars toward
more aggressive Botryosphaeriaceae such as Neofusicoccum parvum.

Xylem is a complex and heterogeneous tissue in which the spa-
tiotemporal structure of defenses plays a pivotal role in the ability
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of the host to wall off microbial attacks and resist infections
(Morris et al. 2020; Pearce 1996). The compartmentalization of
decay in trees (CODIT) model illustrates how four different ana-
tomical boundaries (referred to as walls) within the xylem could be
used strategically to restrict the movement of pathogens in given
spatial directions (Shigo 1984). Wall 1 aims to limit longitudinal
movement of pathogens and is assured by the occlusion of xylem
vessels by tyloses and gels. Wall 2 restricts the inward movement
of pathogens and is provided by the growth ring boundary. Wall 3
impairs lateral movement of the pathogens, which is realized by ray
parenchyma. Finally, wall 4 impedes outward movement of the
pathogen and is provided by a modified layer of xylem produced in
response to infection and injury. Wall 4 is sometimes regarded as
the most important wall when it comes to host survival because it
maintains vascular cambium integrity and retains the host’s ability
to regenerate functional secondary vascular tissues upon infection
(Morris et al. 2020; Pearce 1996). In xylem parenchyma, the
response observed at the cellular level can include the intracellular
accumulation of antimicrobial compounds and structural modifica-
tions including thickening of the cell wall with lignin and suberin
(Morris et al. 2020).

Pathogens causing wood cankers are necrotrophs and need to pro-
gress into their host to acquire carbon for their growth, which can be
achieved through the digestion of cell wall materials (Cantu et al.
2008; Miedes et al. 2014; Rolshausen et al. 2008). Pathogens prefer-
entially digest cell wall polysaccharides, and the highly recalcitrant
nature of cell wall lignin, the biopolymer in which polysaccharides
are embedded, makes xylem biodegradation heavily dependent on
the chemistry of the cell walls (Miedes et al. 2014; Sattler and
Funnell-Harris 2013). In connection with this concept, higher lignin
content has been associated with higher resistance toward fungal
pathogens (Martin et al. 2007; Miedes et al. 2014; Rolshausen et al.
2008). One should note the diversity in the CODIT response that
occurs between and within perennial plant species (Morris et al.
2020; Pearce 1996). For example, species in the genus Prunus
respond to xylem infection by forming gum ducts during the period
of cambium activity (Bouaziz et al. 2016b). Although the genesis of
gum ducts and the chemical composition of gum exudates have been
documented (Biggs and Britton 1988; Bouaziz et al. 2016b), their
potential role within the CODIT framework, along with other molec-
ular and histological features of the xylem compartmentalization pro-
cess in Prunus, has received little attention.

The overall aim of this study was to gain new insights in the inter-
action between the almond tree, Prunus dulcis L., and the canker
pathogen N. parvum. First, we evaluated whether four almond culti-
vars exhibited contrasting levels of resistance upon experimental
inoculation of the pathogen. Second, we characterized changes in the
xylem cell wall chemistry triggered in response to infection and cou-
pled these analyses with biochemical characterization of gum exu-
dates. Finally, we complemented these data with a histological study
to interpret these observations according to the CODIT framework.

MATERIALS AND METHODS

Evaluation of almond cultivars susceptibility to N. parvum.
Evaluation of almond tree resistance to N. parvum was conducted on
Prunus dulcis L. ‘Butte’, ‘Carmel’, ‘Monterey’, and ‘Nonpareil’
grafted on Lovell rootstock (Duarte Nursery Inc, Hughson, CA). Trees
were trained with five branches and were grown in a shaded house at
the University of California, Riverside, in 9.5-liter plastic pots contain-
ing a mix of compost and sand (1:1) and were watered daily. Soil was
amended with controlled release fertilizer (Scotts Osmocote Classic,
N:P:K 14:14:14, Marysville, OH), and trees received a foliar spray of
Liquinox Iron and Zinc (Liquinox Co., Orange, CA) as specified by
the manufacturers. A total of 160 plants were organized in two sepa-
rate experiments (repetition A and B with 80 plants each), and each
treatment (N. parvum-inoculated and mock-inoculated control plants)
included 10 plants per cultivar (four cultivars × two treatments × 10

plants × two experiments = 160 plants). The two experimental repeti-
tions were done at a 6-week interval at the end of the dormant season
in 2017 (February and March 2017).

Resistance bioassays were performed in the main trunk as follows:
2-week-old culture of N. parvum voucher isolation UCD646so,
grown on potato dextrose agar (PDA) medium at room temperature,
was used as the inoculum. A piece of bark of 5 mm in diameter was
removed from the stem with a cork borer (cleaned with ethanol and
flamed) in order to expose the xylem. Inoculation proceeded about
10 cm bellow the top of the main trunk (see Supplementary Fig. S1).
A PDA plug of fungal culture of the same size was introduced in the
wound, with the mycelium facing the wound, and the site of infec-
tion was subsequently covered with Parafilm. Sterile PDA medium
was used as mock control (i.e., wounded noninoculated trees).
Trunks were cut and analyzed when visible canker from the outside
(bark appeared black and sunken) reached approximately 30 mm in
length for at least one of the cultivars (10 weeks after inoculation for
repetition A and 6 weeks for repetition B). Trunks were cut longitu-
dinally in the axis, streaking the inoculation site to expose both can-
kers (necrosis of phloem and cambium) and internal necrotic lesions
(browning of the xylem vessels; see Supplementary Fig. S1). One
half of the trunk was used for the histological analysis as described
below. The other half was used for accurate measurements of inter-
nal necrotic lesions and cankers with a digital caliper, and the bio-
chemical analyses of almond wood were performed as described
below. The effects of cultivars, inoculation treatments on cankers,
and necrotic lesion lengths were assessed via an analysis of variance
(ANOVA) followed by pairwise comparisons of groups (Tukey
HSD test) in R version 3.6.

Biochemical composition of almond wood cell walls after
N. parvum infection. Wood samples from the in planta bioassays
were used for these analyses. Wood fragments collected from the
edge of the wound induced by the cork borer during inoculation to
20 mm above were stored at −80�C. On the transverse plane of the
trunk, samples represented a quarter of the trunk (0 to 90� from the
center of the inoculation wound). Bark layers of the almond tree
stems were removed before sample preparation to leave only the
xylem. Subsequently, samples were lyophilized for 48 h with a
Labconco FreeZone 2.5 l freeze dryer (Kansas City, MO). For each
cultivar, 10 almond tree xylem samples were pooled and were cut
to pieces of approximately 3 mm. These samples (dry and chopped)
were added to a Retsch (Haan, Germany) PM100 planetary ball
mill equipped with a 50-ml ZrO2 cup and ZrO2 balls. The samples
(approximately 200 mg) were milled with three 20-mm balls at
300 rpm for 80 min, with an interval of 20 min and pause time of
10 min between intervals, for a total of 60 min mill time. Then, the
20-mm balls were replaced by 10 10-mm balls and milled at
600 rpm for 260 min with a 20-min interval and 10-min pause, for
a total of 180 min milling time. The wood dissolution method was
similar to a previously described method (Lu and Ralph 2003).
Briefly, ball-milled plant samples (100 mg) were added to 2 ml of
dimethylsulfoxide and 1 ml of 1-methylimidazole, stirred over-
night, acetylated in situ with 600 µl of acetic anhydride for 1.5 h,
and precipitated quantitatively in 400 ml of water with stirring for
0.5 h. The settled precipitate was vacuum filtered with a Whatman
nylon membrane having 0.2-µm pores, washed with 2 × 200 ml of
distilled water, and dried in a 50�C vacuum oven.

Nuclear magnetic resonance (NMR) spectra were acquired on a
500-MHz Bruker–BioSpin (Rheinstetten, Germany) AVANCE spec-
trometer fitted with a cryogenically cooled 5-mm Bruker TCI gradient
probe with inverse geometry (NMRFAM, University of Wisconsin,
Madison, WI). Samples of acetylated material (60 mg) were analyzed
in 500 µl of deuterochloroform (CDCl3). Chemical shifts for lignin
substructures were checked against authentic low molecular weight
model compounds, by comparison with fully assigned spectra already
in hand, and against published values (Ralph et al. 2009). One-bond
1H–13C correlation (HSQC) spectra were acquired with an adiabatic
Bruker pulse program hsqcetgpsisp2.2 and processed as described
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previously (Kup�ce and Freeman 2007; Yelle et al. 2008). The semi-
quantitative HSQC NMR spectra were used to quantify arylglycerol-
b-aryl ether units (A), resinols (C), syringyl units (S), and guaiacyl
units (G) in the samples. The integration analysis for the a-proton
(Ha) and a-carbon (Ca) of each structure was based on the methoxyl
integral. This approach was taken because the lignin methoxyls are
considered the most stable units in lignin, and demethylation or deme-
thoxylation by pathogenic fungi is not expected because these reac-
tions typically occur with saprophytic basidiomycetes. Although
HSQC spectra are not strictly quantitative, the error in lignin structural
determination is probably small because adiabatic pulse sequences
were used to improve uniformity over the whole spectrum and to min-
imize effects due to coupling constant differences (Kup�ce and Free-
man 2007). Moreover, the chemical environments of the Ha–Ca
bond in lignin sidechains (A and C) are very similar to each other.
We also determined the syringyl-to-guaiacyl (S:G) ratios. The S:G
ratios are calculated by integrating the contours from the 2 or 2/6 posi-
tions of each type of aromatic unit. For example, the S integrals are
logically divided by two because the 2 and 6 positions are identical in
the symmetrical S units. All processing and integrations of the NMR
spectra were performed with Bruker BioSpin’s TopSpin 3.0 software
for Mac. Klason lignin and carbohydrate analyses were performed at
FPL (Madison, WI) on the samples via the NREL method (Sluiter
2008). A representative HSQC spectrum acquired on an almond
wood control sample is provided in Supplementary Fig. S2. Statistical
comparison of arylglycerol-b-aryl ether units (A), resinols (C),
syringyl units (S), and guaiacyl units (G) in the pooled samples
between treatments was performed via a paired t test in R version 3.6.

Biochemical composition of almond gum. The glycosyl com-
position of the gum was analyzed in a separate experiment. Plant
material and inoculation method used were comparable to the ones
used in susceptibility bioassays and wood chemistry analysis, with
the exception that green stems (about 8 to 10 mm in diameter) were
inoculated. Gum samples were collected 3 weeks after N. parvum
inoculation, from three to five trees of each cultivar, with sterile spat-
ulas. The collected gum samples were placed in plastic vials and
stored at −20�C until analysis. Preparation of the gum for analysis
was done by a modification of the alcohol-insoluble residue method
of preparing plant cell walls for analysis (Fry 1988). Each gum sam-
ple (typically 0.5 to 1 g) was weighed, placed in liquid nitrogen in a
mortar, and ground to a fine frozen powder with a pestle. The frozen
powder was transferred with a small magnetic spin bar and aliquots
of 95% (vol/vol) ethanol and water to achieve a suspension in 20 ml
of 70% (vol/vol) ethanol in a 50-ml round bottom glass centrifuge
tube with a Teflon-lined screw cap. The samples were stirred at 4�C
for approximately 18 h to extract nonpolymeric components. The
mixture was then applied to a nylon filtering cloth (Nitex, 15-µm
pores) in a Buchner funnel on a vacuum filtering flask. The residue
retained on the filtering cloth was rinsed six times with 10-ml ali-
quots of 70% ethanol and then three times with 10-ml aliquots of
100% acetone. The alcohol-insoluble residue of the gum was trans-
ferred by spatula from the nylon filtering cloth to glass vials. A single
layer of Kimwipe was held with a rubber band over the opening of
the vials, which were then placed in a simple vacuum desiccator
overnight. The samples were then moved to a vacuum desiccator that
contained phosphorus pentoxide (P2O5) desiccant for further drying
(1 day) and storage until analysis (generally within 6 days).

Glass vials (4 ml) with Teflon-lined screw caps were used for per-
forming glycosyl composition analysis as previously described
(Fu et al. 2007), with some modifications. An internal standard of
100 nmol of inositol was first added to each vial as 10 ll of a 10-mM
myo-inositol stock in water, which was then evaporated to dryness.
Dry alcohol-insoluble gum residue (350 to 400 lg) was then weighed
into each vial. For each day of glycosyl composition analysis, one
additional vial containing sugar standards, each 100 nmol, was pre-
pared by adding 100 ll of a stock mixture containing 1 mM of each
of 10 authentic sugars, including myo-inositol, and evaporating that
mixture to dryness. Subsequently, 400 ll of anhydrous 1.5 M HCl,

1.5 M methyl acetate in methanol was added to each vial, followed
by an additional 100 ll of methyl acetate. The vials were then tightly
closed with the Teflon-lined screw caps and placed in an 80�C dry
heater block to incubate the methanolysis reaction overnight (14 to
18 h). The next morning, the vials were removed from the heater
block and allowed to cool to room temperature. Five drops of
t-butanol (to facilitate evaporation of HCl) were added to each vial,
and the contents of the vials were then evaporated to dryness. A
glass Pasteur pipet was used to quickly add five drops of the Tri-
Sil HTP reagent to each vial. The Teflon-lined caps were quickly
screwed on the vials, which were then manually tilted and rotated
at room temperature for 15 min to steadily and thoroughly mix the
contents of the vials to achieve complete trimethylsilylation of the
sugars. After the 15-min reaction, the caps were removed from
the vials, and the contents were evaporated to dryness. Iso-octane
(200 ll) was added to each sample, one by one, before 1 ll was
injected into the gas chromatograph (Hewlett Packard 5890 Series
II gas chromatograph operating in the splitless mode of injection
with a flame ionization detector). A fused silica capillary column
(30 m length × 0.25 mm inside diameter × 0.25 µm film thickness;
item number Rtx-1MS, Restek, Bellefonte, PA) was used with
helium carrier gas flow of 0.63 ml/min (measured with oven held
at 200�C). The injector and flame ionization detector temperatures
were 250�C. The oven temperature program started at 105�C,
held for 1 min, increased at 40�C per min to 160�C, held for
2 min, increased at 2�C per minute to 220�C, held for 0 min,
increased at 40�C/min to 250�C, and held for 14 min before
returning to 105�C. Integrated peak areas of the analyzed sugars
were referenced to the peak area of the inositol internal standard
in both the gum samples and the sugar standards when the abun-
dance of sugar residues in the gum samples was calculated.

The glycosyl compositions of alcohol-insoluble residues of gums
from different cultivars were compared in INSTAT software (version
2.0, GRAPHPAD Software, San Diego, CA) to generate a one-way
ANOVA. The same software was used to perform the Tukey-
Kramer pairwise comparison when ANOVA showed a significant
effect of cultivars.

Histopathology of the almond–N. parvum interaction. Almond
‘Nonpareil’ was randomly selected for the histopathology study.
Wood segments of the half trunk (i.e., 5 to 8 mm in radius and
40 mm in length) encompassing the point of inoculation and tissue
above it were collected. Wood segments were placed immediately
in 15-ml plastic tubes containing a formaldehyde, acetic acid, and
ethyl alcohol (5:5:9) solution and kept for 48 h at 4�C, after which
the solution was replaced by a solution of 80% ethyl-alcohol for
storage at 4�C. Sections (70 µm thick) were obtained with a slicing
microtome and a sapphire blade as described by Pouzoulet et al.
(2017). Staining of specimen with toluidine O (0.05%, pH = 4.3,
Sigma-Aldrich, St. Louis, MO), IKI (iodine potassium iodide; Ricca
Chemical Company, Arlington, TX), and phloroglucinol/HCl (i.e.,
Wiesner reagent, Sigma-Aldrich) were performed via established
protocols (Ruzin 1999). Light microscopy was done with a Leica
DM 4000 upright microscope (Leica Microsystems CMS GmbH,
Wetzlar, Germany).

For the covisualization of fungal hyphae by confocal micros-
copy, plant sections were placed in a 2-ml plastic tube containing
1 M potassium hydroxide and incubated 1 h in boiling water. Sec-
tions were then rinsed three times during 10 min in 100-mM
phosphate buffer saline (PBS, pH 7) and incubated in 100 mM
PBS containing 100 µg/ml of wheat germ agglutinin Alexa Fluor
488 conjugate (Life Technologies, Carlsbad, CA) for 2 h at 28�C
before being rinsed one time with 100 mM PBS. Confocal micro-
graphs were obtained with a Zeiss LSM 880 scanner (Zeiss, Ober-
kochen, Germany). Default manufacturer settings for Alexa Fluor
488 were used for the visualization of the fungal hyphae, and
default manufacturer settings for the mCherry fluorescent protein
were used for the visualization of plant structure (i.e., cell wall
autofluorescence in the infrared band).
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RESULTS

Evaluation of almond cultivars susceptibility to N. parvum.
The four commercial almond cultivars ‘Butte’, ‘Carmel’, ‘Monterey’,
and ‘Nonpareil’ were evaluated for their level of susceptibility to
N. parvum after artificial inoculation. All the mock-inoculated plants
developed a bark ridge that covered the inoculation wound (Fig. 1).
Short reddish-brown discolorations were visible in inner woody tissue
surrounding the wound. Gum exudates were visible on the inoculated
wound 1 week after inoculation with N. parvum, whereas exudates
were not observed in mock-inoculated plants. External signs of can-
ker progression that include sunken dark lesions on the bark were also
noticeable in N. parvum-inoculated plants. Dark, necrotic inner
lesions that progressed toward the center of the trunk, and in lateral
and longitudinal directions, were also observed. These necrotic
lesions extended beyond the margin of the cankers in almost all plants
(Fig. 2, Supplementary Fig. S3).

The relative susceptibility levels of the four almond cultivars
toward N. parvum were determined by a measure of the longitudinal
length of the cankers and the inner necrotic lesions (Fig. 2, Table 1).
Weak, positive correlation was found between necrotic lesion length
and canker length (Supplementary Figs. S1 and S3). Treatment type
(mock vs. N. parvum inoculation) was the only parameter with a
significant effect on the length of the necrotic lesion that devel-
oped in the xylem (P < 0.001). Differences in canker length were
found between cultivars (P < 0.001) but were not replicated in the
second experiment (P = 0.09). Pairwise comparisons confirmed
the classification of cultivars in three different statistical classes
for this second experiment, with ‘Butte’ manifesting significantly
longer cankers than ‘Carmel’ and ‘Monterey’. Overall, compari-
son of both canker and internal necrotic lesion lengths did not
show a consistent difference in almond cultivar susceptibility to
N. parvum.

Biochemical composition of almond wood cell walls after
N. parvum infection. The wood samples were subjected to chemi-
cal composition analysis to determine the quantities of lignin and
structural carbohydrates present in almond cell walls and how those
quantities were affected by N. parvum colonization (Fig. 3A). Our
method yielded 75.3% ± 2.6% and 76.9% ± 2.5% of the total dry
weight for mock controls and N. parvum-inoculated samples, respec-
tively. Using pooled data from the four cultivars, we observed a sig-
nificant loss of structural glucose (P < 0.05) and a significant
increase of lignin and arabinose (P < 0.01) in N. parvum-inoculated
compared with the mock-inoculated trees, whereas xylose, galactose,
and mannose also increased but were not statistically significant.
However, of the four cultivars, only ‘Nonpareil’ did not show a
reduction in glucose and only a slight increase in lignin (Supplemen-
tary Table S1), and these observations were consistent in each repli-
cate. In contrast, the almond cultivar ‘Carmel’ displayed the highest
reduction in xylose and, along with ‘Monterey’, the highest percent-
age increase in lignin.

The 2D HSQC integration data indicated that N. parvum-inocu-
lated almond wood displayed a higher number of lignin interunit
linkages than the mock-inoculated wood (Table 2, Supplementary
Table S2). The syringyl/guaiacyl (S/G) unit ratios tended to
decrease when the mock-inoculated pools were compared with the
N. parvum-inoculated versions for all four almond cultivars (P =
0.057), and this decrease was the most pronounced for ‘Nonpareil’.
The change in S/G unit ratios was driven mostly by a higher
guaiacyl unit content, although this trend was not statistically sig-
nificant (P = 0.066).

Biochemical composition of almond gum. The glycosyl com-
positions of gums showed statistically significant differences between
cultivars occurring for rhamnosyl, glucuronosyl, and 4-O-methylglu-
curonosyl residues (Supplementary Table S3). Overall, the most
abundant (by percentage mole) glycosyl residues found in these
almond gums were arabinosyl (35.2 ± 2.7%), galactosyl (30.4 ±
1.6%), xylosyl (16.4 ± 2.8%), glucuronosyl (6.9 ± 1%), mannosyl

(3.7 ± 0.2%), 4-O-methylglucuronsyl (3.2 ± 1.3%), and rhamnosyl
(2.9 ± 0.5%) (Fig. 3B). The glucosyl, fucosyl, and galacturonosyl resi-
dues taken together represented <2% of the total glycosyl residues of
these gums.

Histopathology of the almond–N. parvum interaction. Almond
response to N. parvum infection was further characterized at the
histological level with the commercial standard ‘Nonpareil’. The
first noticeable phenotype of N. parvum infection compared with
mock controls was the decay of the bark around the inoculation
wound and the presence of continuous ring of gum ducts within
newly formed secondary xylem tissue (Fig. 4). Gum ducts were
either absent or rare in cross-sections of mock-inoculated plants
(Fig. 4A). Gum ducts were located within fascicular portions and
were separated by apparently intact rays (Fig. 4B and Fig. 5A and
B). Within the xylem before the wound, a depletion of starch was

Fig. 1. External symptoms of Neofusicoccum parvum infection observed in
experimental trials 6 weeks after inoculation. A and B, Phenotype of
wounded, mock-inoculated plant. Note the formation of the bark ridge around
the wound and the absence of gum exudates (open-head arrows). C and D,
Phenotype of N. parvum-inoculated plant. Note the development of canker,
characterized by the darkening of the bark and the formation of depression
underneath it around the inoculation wound (solid-head arrows). Note the
heavy production of gum exudates coming out of the wound (notched-head
arrows).
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noticeable in both the mock- and N. parvum-inoculated plants. This
depletion extended further radially and beyond the margin of the
inoculation wound in N. parvum-inoculated plants (Fig. 4A and B).
Phloroglucinol/HCl (Wiesner’s reagent) staining showed that a com-
plete lack of lignin (Blaschek et al. 2020) occurred within paren-
chyma surrounding the gum ducts (Fig. 4D). An increase in the stain
intensity with the Wiesner reagent indicated that within the xylem
area surrounding the wounds, local accumulation of guaiacyl lignin
units occurred in both the mock- and N. parvum-inoculated plants.
Similar to the depletion of starch, the areas where the accumulation of
lignin could be noticed in N. parvum-inoculated plants were not
restricted to the first to second millimeter of xylem below the surface
of the wound, as opposed to the mock-inoculated controls (Fig. 4C
and D). Observations at higher magnification revealed that these
lignin depositions occurred as discrete dots in the walls of vessels
and axial parenchyma cells (Fig. 5C and D). The lignification of the
tyloses walls could also be observed in occluded vessels (Fig. 5C
and D).

Tracking of fungal hyphae in almond wood with wheat germ
agglutinin-Alexa Fluor conjugate revealed that N. parvum effectively
colonized the xylem of its host, although it did not degrade the
structure of the cell walls extensively. Careful observation of the
mock-inoculated control samples confirm that no fungal hyphae
could be observed in the xylem tissue near the inoculation
wound (Fig. 6A), whereas with the N. parvum-inoculated plants,
numerous structures of hyphae were easily identified in cross-section
(Fig. 6B). Overall, hyphae structures were located within the lumen
of xylem vessels and within the lumen of xylem parenchyma includ-
ing rays (Fig. 6C, D, and E). Neither cell wall degradation nor
hyphae structure located within the cell wall was detected among
the samples observed. Observation of plant tissue sections above the
inoculation wounds revealed that dense networks of hyphae could
be present within the lumen of xylem vessels (Fig. 6C, D, and E). It
also revealed that the gum duct might not present an impervious bar-
rier toward the spread of this pathogen, because hyphae could be
observed from either of its margins (Fig. 6E).

DISCUSSION

Our results overall suggested that there was no difference in the
level of resistance of the four almond cultivars to N. parvum. ‘Butte’
developed significantly larger cankers than ‘Carmel’ and ‘Monterey’
in one repetition of our bioassay, but the length of necrotic lesions
and the second experiment did not support these results. This incon-
sistency, and the absence of clear differences in the level of resis-
tance of cultivars, is in line with previous observations (Olmo et al.
2016) but also conflicts with other studies on almond and other Pru-
nus species (English et al. 1975; Mancero-Castillo et al. 2018). The
number of cultivars used in our study was low, and larger screening
of plant genetic materials or longer incubation periods would help
segregate genotype susceptibility to wood canker pathogens. English
et al. (1975) reported contrasting levels of resistance across three
almond cultivars to B. dothidea after experimental inoculation and
ranked them from most susceptible (‘Nonpareil’) to least susceptible
(‘Mission’). Surveys in several almond production areas globally
revealed that various Botryosphaeriaceae species caused wood can-
kers (Holland et al. 2021; Inderbitzin et al. 2010; Olmo et al. 2016;
Sohrabi et al. 2020). These studies also stressed that B. dothidea
might not be the most aggressive and prevalent pathogen among
those causing canker diseases in almond (Holland et al. 2021; Inder-
bitzin et al. 2010). Perhaps B. dothidea used by English et al. (1975)
was a different taxon (Inderbitzin et al. 2010), given that the nomen-
clature of this family has recently been revised (Dissanayake et al.
2016; Slippers et al. 2004). Interestingly, P. dulcis ‘Tardy-
Nonpareil’, a ‘Nonpareil’ bud-sport, has been proposed as a genetic
source of resistance to peach gummosis, a disease caused by B.
dothidea in Prunus persica in the southeastern United States (Man-
cero-Castillo et al. 2018). In this context, it would be interesting to
test whether ‘Tardy-Nonpareil’ behaves differently from its appar-
ently vulnerable parent ‘Nonpareil’ and whether this resistance
stands against a larger variety of taxa in the Botryosphaeriaceae
with contrasted aggressiveness like N. parvum.

Virulent pathogens are particularly detrimental to host longevity
because of their ability to kill the vascular cambium, which is charac-
terized by the formation of cankers underneath the bark. Here we
found that on a plant-to-plant basis, the lengths of necrosis in the
xylem significantly exceeded canker lengths. This finding suggests
that the longitudinal colonization of tissue by N. parvum is achieved
faster in the xylem than in the bark and that the outward movement
of the pathogen, from the infected xylem column toward the vascu-
lar cambium, is hindered. Dense networks of hyphae were found in
open vessels, which confirmed that a fast and intensive colonization
of conduits is achieved. This quick invasion of host vasculature
probably precedes further colonization of surrounding xylem tissue.

Gum ducts were found to develop in locations where the latest
growth ring of xylem formed, underneath the vascular cambium.

Fig. 2. Susceptibility of four Prunus dulcis L. cultivars to Neofusicoccum
parvum inoculation. Results from two different trials are displayed (i.e., rep-
etitions A and B). Susceptibility was evaluated through the longitudinal
length of inner necrotic lesions (upper plots) and cankers (lower plots). Note
that cankers were not observed in mock-inoculated controls. n = 10 for each
cultivar and treatment in both replicates. Bottom and top of the boxes repre-
sent 25th and 75th percentiles of the data, respectively, and the centerline
represents the median. Minimum and maximum whiskers represent the
smallest and largest values, respectively, within 1.5 times the interquartile
range below and above the 25th and 75th percentiles. Outliers, when pre-
sent, are represented by dots.
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Xylem response to wounding or biotic infection of most perennials
is accompanied by the edification of a so-called barrier zone
(i.e., compartmentalization of decay in trees [CODIT] wall 4)
(Morris et al. 2020; Shigo 1984). This barrier zone is produced by
the vascular cambium after injury and consists of reinforced xylem
tissue that is aimed at protecting the cambium from biotic threats.
Thus, the barrier retains the ability of the tree to produce functional
secondary xylem upon infection and is pivotal in promoting peren-
nial host survival (Morris et al. 2020; Pearce 1996). We hypothe-
size that gum ducts in Prunus species serve a similar function to
the barrier zone in other woody species, even if they do not derive
from a common histological origin because gum ducts are schizo-
genous structures (Biggs and Britton 1988; Bouaziz et al. 2016b).
From a mechanistic standpoint, it can be easily understood how
cell wall reinforcement and accumulation of antifungal com-
pounds observed within barrier zones can impede the patho-
gen’s progression (Morris et al. 2020). The meaning behind the
gum duct layer within CODIT nonetheless appears unclear. By
developing gum or resin ducts, the host is creating an extended
chemical boundary, which might block pathogen invasion.
Direct evidence of antibacterial properties was found for some
bioactive polyphenols and volatile compounds of almond gum
(Bouaziz et al. 2017), but antifungal properties have yet to be
demonstrated. One drawback of gum duct formation is that the
host is also creating equal amounts of structural void that can
potentially be crossed easily by an aggressive fungus such as
N. parvum. Hence, fungal hyphae were detected within and near
to the gum ducts, indicating that this response from the plant
host might not provide an impervious barrier to N. parvum
spread, even if the colonization achieved in these ducts seemed
far less severe than the one observed in neighboring vessels.
Secretory ducts appeared early on in vascular plants’ history,
probably as a defense mechanism against insects and microbial
pathogens. There is evidence of loss and reappearance of resin
ducts and laticifers along plant evolution and across many gym-
nosperm and angiosperm taxa, underlying the critical role of
such secretory structures in plants species adaptation to their
habitats (Prado and Demarco 2018).

In Prunus species, gummosis is a common reaction to infec-
tion by fungal canker pathogens (Bouaziz et al. 2016b; Ezra et al.
2017; Holland et al. 2021; Li et al. 2014) and was reported to be
triggered by a variety of abiotic and biotic factors, such as
drought, wounding, and insect and microbial attacks (Bouaziz

et al. 2016b). We never observed exudation of gum or formation
of gum ducts after pruning of the mock-inoculated trees. In this
context, one can suggest that gummosis is a specific response
triggered by biotic aggression in almond under our conditions.
Previous works provided evidence that gummosis and the forma-
tion of traumatic ducts can be triggered by phytohormones (i.e.,
ethylene, methyl jasmonate, ethephon) in both angiosperms and
gymnosperms (Hudgins and Franceschi 2004; Morrison et al.
1987; Olien and Bukovac 1982; Saniewski et al. 1998, 2006).
Ethylene and jasmonic acid are key phytohormones known to act
along the signaling pathway, operating in response to infection
by necrotrophic pathogens such as N. parvum (B€urger and Chory
2019). However, these hormones also mediate plant response to
only wounding with no pathogen invasion (Vega-Mu~noz et al.
2020). Gum ducts are schizogenous spaces surrounded by secre-
tory cells and then derive from preexisting xylem parenchyma
(Bouaziz et al. 2016b). This involves important developmental
and metabolic processes so that the cell wall middle lamella
breaks down and biosynthesis of gum polymers can be achieved
by secretory cells surrounding the remaining channel (Gao et al.
2016). Recent studies from Zhang et al. (2019) provided evi-
dence of hormonal feedback that would prevent plants from
overreacting to wounding. Although wounding may have the
potential to induce gum duct development through the action of
ethylene and jasmonic acid, it is possible that the conditions of
concentration and the time during which tissue must be exposed
to these hormones to initiate the development of gum ducts were
not met in our experimental conditions. It is also possible that the
development of gummosis attributed to wounding in other studies
may have resulted from unwanted biotic infection that remained
unnoticed.

The role of almond gum in the interaction with fungal canker
pathogens remains hypothetical, but because of its chemical proper-
ties it has been used as an emulsifier (Bouaziz et al. 2017; Mahfoudhi
et al. 2014) and for other applications in the food industry (Bouaziz
et al. 2016a, 2017). The glycosyl composition of almond gum was
similar to that of arabinogalactan proteins. In particular, the arabino-
syl and galactosyl contents were high, with appreciable amounts of
glucuronosyl, 4-O-methylglucuronosyl, and rhamnosyl residues
also present. These glycosyl residues are characteristic of arabino-
galactan proteins from many plant species (Serpe and Nothnagel
1999). Arabinogalactan proteins from some plants contain small
amounts of xylosyl residues, but higher xylosyl contents in the

TABLE 1. Analysis by variance output from the susceptibility bioassays of four Prunus dulcis L. cultivars to Neofusicoccum parvum inoculationa

Response variable Repetition Sources of variation SS Degrees of freedom F P

Necrotic lesion length A Cultivar 0.02 3 0.29 0.83
Block 0.01 1 0.01 0.97
Treatment 16.86 1 857.98 <0.001***
Cultivar × block 0.02 3 0.34 0.79
Cultivar × treatment 0.08 3 1.32 0.28
Block × treatment 0.01 1 0.62 0.44
Cultivar × block × treatment 0.01 3 0.17 0.92

B Cultivar 0.18 3 2.39 0.08
Block 0.02 1 0.88 0.35
Treatment 23.21 1 934.54 <0.001***
Cultivar × block 0.04 3 0.48 0.69
Cultivar × treatment 0.04 3 0.59 0.62
Block × treatment 0.07 1 2.75 0.10
Cultivar × block × treatment 0.15 3 2.01 0.12

Canker length A Cultivar 527.9 3 2.36 0.09
Block 29.52 1 0.39 0.53
Cultivar × block 170.73 3 0.76 0.52

B Cultivar 2457.7 3 7.35 <0.001***
Block 0.20 1 0.01 0.96
Cultivar × block 10.20 3 0.03 0.99

a Cankers were not observed in mock-inoculated controls, and thus the effect of inoculation was not tested in this analysis. n = 10 plants per cultivar and
treatment in each replicate. Each replicate was split in two blocks on two separate benches. The blocks were randomly distributed on the bench and
consisted of five plants of each cultivar and treatment. SS is the sum of squares; F is the F-statistics; P is the P value associated with the F-test.
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range of 14 to 17 mole percent, as found in these almond gums,
usually do not occur in arabinogalactan proteins. Thus, it seems
likely that some amount of xylosyl containing polymer, perhaps a
hemicellulose, was also present in the gums. The presence of ara-
binogalactan proteins and hemicellulose in almond gum has been
previously reported by Bouaziz et al. (2016b), although in that
study hemicellulose was the dominant component in gums from
trees of unknown pathogen status. The galacturonosyl contents
were very low in all gums in the present study, indicating that lit-
tle or no pectic polysaccharides were present in the gum. The glu-
cosyl contents were also very low in all of the gums, indicating
the presence of little or no noncellulosic glucan such as callose or
xyloglucan hemicellulose. Attributing these divergences of gum
chemistry to the specificity of the host–pathogen interaction
would be speculative at this stage. Nonetheless, it would be inter-
esting to test whether different biotic interactions induce changes
in chemical composition of the gum.

Overall, N. parvum infection induced structural and chemi-
cal changes of the xylem of almond trees. These changes can

Fig. 3. Major structural components of almond wood cell wall and gum. A,
Percentage dry weight data for almond wood cell wall composition for
mock- and Neofusicoccum parvum-inoculated plants. These data encompass
the pooled samples from four cultivars ‘Carmel’, ‘Butte’, ‘Nonpareil’, and
‘Monterey’ for 2 years (n = 8). *Value significantly different (P < 0.05);
**value significantly different (P < 0.01). B, Glycosyl composition (mole
percent) of almond tree/plant gum from N. parvum-inoculated plants. These
data encompass the four cultivars ‘Carmel’, ‘Butte’, ‘Nonpareil’, and
‘Monterey’ for 2 years (n = 8). Bottom and top of the boxes represent 25th
and 75th percentiles of the data, respectively, and the centerline represents
the median. Minimum and maximum whiskers represent respectively the
smallest and largest values within 1.5 times the interquartile range below
and above the 25th and 75th percentiles. Outliers, when present, are repre-
sented by dots.

TABLE 2. Two-dimensional nuclear magnetic resonance integral data for lig-
nin interunit linkages relative to the lignin methoxyl and aromatic unit ratios in
cell walls of almond wood for mock-inoculated plants and plants inoculated
with the pathogenic fungus Neofusicoccum parvuma

Treatment

Arylglycerol
b-aryl ether Resinol Syringyl/

guaiacyl ratio(b-O-4) linkage (b-b) linkage

Mock-inoculated 0.062 ± 0.034 0.015 ± 0.0041 4.54 ± 1.18
N. parvum-inoculated 0.066 ± 0.04 0.018 ± 0.0021 3.79 ± 0.76
a Data encompass the pooled samples from four cultivars: ‘Carmel’, ‘Butte’,
‘Nonpareil’, and ‘Monterey’ for 2 years (n = 8).

Fig. 4. Micrographs of trunk cross-section within the inoculation wound in
mock- and Neofusicoccum parvum-inoculated Prunus dulcis L. trees
‘Nonpareil’. A, Mock- and B, N. parvum-inoculated samples stained with
iodine-potassium-iodine (IKI), a histological test for starch presence (i.e.,
stain in deep black; see white solid-head arrows). C, Mock- and D, N. par-
vum-inoculated samples stained with phloroglucinol/HCl (i.e., Wiesner
reagent), a histological test for guaiacyl lignin units (i.e., stained in purple).
Black solid-head arrows indicate area of the xylem existing before the
wound and in the vicinity of the latter. Black open-head arrows indicate sec-
ondary xylem formed after the wounding. Yellow open-head arrows indicate
the presence of gum ducts in B and D. Yellow solid-head arrows indicate
the presence of guaiacyl-ich areas in C and D. All micrographs are dis-
played at the same magnification. Scale bar = 1,000 µm.
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be interpreted as the results of the host response to infection with
gum duct development and the action of pathogen on cell wall
structure and chemical composition. Glycosyl composition of
gums was generally consistent with minor differences observed
across almond cultivars analyzed. Because the major components
of gums (arabinose, galactose and xylose) were recovered in
higher proportion in wood from N. parvum-inoculated than mock-
inoculated samples, one can assume that changes in the carbohy-
drates were the result of the presence of gum residuals in the
wood samples or occurred because the decrease in glucose
resulted in a proportional increase of the other sugars. These data
coupled with our histological study suggest that N. parvum may
not be able to break down the carbohydrate backbone of almond
gum in order to metabolize its monosaccharide-forming units but
rather preferentially targets glucose monomers and polymers. Our
analytic method essentially measured structural carbohydrates
(Sluiter 2008) and thus the significant depletion of glucose proba-
bly originates from the breakdown of major cell wall polysacchar-
ides (i.e., xyloglucan and cellulose) as previously shown in other
pathosystems (Rolshausen et al. 2008). Evidence of cell wall colo-
nization by N. parvum could not be clearly established by histo-
logical means in our current study, but previous reports provided
evidence that this pathogen possess the genetic makeup and enzy-
matic arsenal to do so (Massonnet et al. 2018; Morales-Cruz et al.
2015). However, our data also suggested a depletion of nonstruc-
tural carbohydrate stored into the xylem (i.e., starch), indicating
that perhaps N. parvum preferentially targets glucose stored as

starch over structural glucose in cell walls because it is a less met-
abolically taxing strategy. This may explain the low decrease in
structural glucose observed for some almond cultivars such as
‘Nonpareil’ that may have a higher starch content stored in paren-
chyma cells. Decrease in starch in the xylem tissues of woody
hosts was commonly observed as a response to infection by bacte-
rial and fungal vascular pathogens (Ingel et al. 2021; Pouzoulet
et al. 2017; Rolshausen et al. 2008). This plant energy reserve
could play a pivotal role and become metabolized by either the
host to wall off the wound against potential invaders or the patho-
gen for pathogenesis.

The xylem response to infection was marked by a significant
increase in lignin, indicating a cell wall reinforcement to wall off N.
parvum. One might expect the syringyl content be higher in the
pathogen-inoculated plants, because syringyl units are more domi-
nant in hardwood species (Ralph et al. 2019). However, the trend we
observed suggests that the host puts more emphasis on strengthening
walls with guaiacyl over syringyl units in response to N. parvum col-
onization, as shown by using the Wiesner reagent (Blaschek et al.
2020). The global enrichment in guaiacyl, as perceived in cross-
sections because of the apparent staining of the whole wall, should
be considered with caution and may result from the diffraction of
light within the 70-µm-thick xylem slices in the cell walls from
numerous small elements that are strongly stained. The discrete
nature of the guaiacyl-rich deposits observed in longitudinal sec-
tion suggested that strategic reinforcements operated at the level
of the cell wall, probably to seal off pits and plasmodesmata
spanning through the walls. Although there was not an obvious
sign of alteration of the cell wall within infected tissues, the pres-
ence and the spread of the fungus were noticed within the lumen
of the cell of the xylem parenchyma, which implies that the fun-
gus spread from cell to cell and thus crossed the wall. English
et al. (1975) and Biggs and Britton (1988) reported the ability of
Botryosphaeriaceae to cross the cell wall of Prunus host through
pits. In this context, sealing off pit pairs might slow down the
progression of the fungus within parenchyma, although this
action does not fully impede its movement. Sealing of intercellu-
lar channels such as plasmodesmata is characterized by deposi-
tion of callose (Wu et al. 2018). Our observations provide clues
about the potential role of lignin in such processes in the xylem
of perennial hosts. A guaiacyl-rich material was also detected
within the wall of the tyloses occluding the xylem vessels. Such
lignified layers were observed in the tylose wall of other perenni-
als (De Micco et al. 2016) and probably participated to some
extent in the chemical changes observed with N. parvum
infection.

In conclusion, the molecular, biochemical, and histological
approach of interaction between the almond tree and the canker fun-
gal pathogen N. parvum suggested that there was not a clear differ-
ence in susceptibility across commercial cultivars widely used in
California orchards. Gummosis (exudation of gums) was trig-
gered by pathogenic infection but not by wounding, and the host
response to infection was characterized by biochemical changes
in the glycosyl and lignin fractions that can be attributed to both
the formation of gum ducts and xylem cell wall modifications.
These responses seemed to occur in a strategic fashion to rein-
force wall 4 and protect the tree cambium and may delay the pro-
gression of the N. parvum into the trunk. However, our results
confirmed the high vulnerability of almond toward this cosmo-
politan and aggressive plant pathogen.
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Fig. 5. Histological responses observed in the trunk of wounded and Neofu-
sicoccum parvum-inoculated Prunus dulcis L. trees ‘Nonpareil’. A, Cross-
section of a gum duct that developed in N. parvum-inoculated plants
(stained with toluidine blue O). B, Gum ducts that developed in N. parvum-
inoculated plants (stained with phloroglucinol/HCl as a test for guaiacyl lig-
nin units, i.e., purple stain). Note the absence of stain showing a complete
depletion of guaiacyl lignin in the wall of cells surrounding the gum ducts.
C, Close-up view of cross-section of xylem area where guaiacyl accumula-
tion is observed in response to N. parvum infection (stained with phloroglu-
cinol/HCl). D, Micrographs of a longitudinal section (stained with
phloroglucinol/HCl) in a xylem area similar to C. Note the localization of
the purple stain showing that the accumulation of guaiacyl lignin units
occurred in discrete spots in xylem parenchyma cells (black solid-head
arrows in C and D), in vessel walls (black open-head arrows in D), and in
the wall of tyloses in vessels (yellow solid-head arrow in D). Scale bar =
100 µm.
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