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Preface to ”Decline of Mediterranean Fruit Crops and

Forests Associated with Fungal Trunk Pathogens”

This book was established after closing the special issue “Decline of Mediterranean Fruit Crops

and Forests Associated with Fungal Trunk Pathogens” edited by Dr. Carlos Agustı́-Brisach as Guest

Editor and Mr. Everett Zhu as Manager Editor.

Tree decline has been a growing syndrome in agriculture and forest ecosystems during the

last decades causing major economic losses worldwide. The syndrome has been categorized as a

complex disease due to the wide diversity of symptoms expression, as well as the multiple fungal

species associated with the disease. Tree decline can express itself in a broad diversity of symptoms,

including chlorotic and necrotic leaves, shoot blight, branch dieback, cankers in the tree trunk, crown

rot, gummosis, internal wood discolouration, and/or reduction in root biomass and root necrosis.

When the disease progresses, the tree shows general debilitation and eventually dies. Symptoms vary

depending on the biology of the causal agent, the affected host, the environmental and agronomical

conditions, and all their interactions. A broad diversity of Mediterranean fruit crops (grapevine, olive,

and tree nuts) and forest trees (Pinus spp., Quercus spp., etc.), have been described as susceptible hosts.

Botryosphaeriaceae, Diaporthaceae and Diatrypaceae fungi have been identified as the main causal

agents of this disease syndrome. However, there are hundreds of fungal species associated with tree

decline. For all these aspects, the diagnosis of the disease is difficult, and elucidating its aetiology is

essential towards the establishment of effective management strategies.

In addition, elucidating the role of biotic and abiotic factors on the infection of fungal trunk

pathogens as well as the interactions among fungal trunk pathogens to determine synergistic or

antagonistic effects among them will provide important challenges for research.

Therefore, this book represents a collection of papers related to the etiology, epidemiology,

and control of fungal trunk diseases in several Mediterranean woody crops such as almond, citrus,

grapevine, or pistachio, among others. They have generated relevant knowledge on the etiology and

epidemiology of the tree decline syndromes, which will be useful to build a strong foundation for

developing effective management approaches to reduce the yield losses caused by these complex

diseases.

This Special Issue consists of 10 research papers. In the first paper, https://www.mdpi.com/

2223-7747/8/10/412, Goufo et al. demonstrated the hypothesis that invasion of grapevine wood

by esca-associated fungi induces the production of defensive compounds as part of locally and

systemically induced responses. Through this study, the authors concluded that the long latency

period between trunk invasion by fungi and visible foliar damage and the year-to-year fluctuation

in symptomatic expressions observed with “Esca complex” might be partially attributed to a better

utilization of constitutive defenses.

The second paper, https://www.mdpi.com/2223-7747/9/2/134, was designed two determine

the etiology of Macrophomina crown and root rot of Pistachio in California. In this study, Nouri et al.

confirmed the association of Macrophomina phaseolina with the decline of pistachio trees, representing

the first description of this fungus as a crown rot-causing agent of pistachio in California. In addition,

the authors demonstrated that the widely used clonal University of California Berkeley I (UCBI)

rootstock appeared highly susceptible to M. phaseolina, suggesting that this pathogen is an emerging

threat to the production of pistachio in California.

In the third paper, https://www.mdpi.com/2223-7747/9/6/754, Espargham et al. conducted

a survey of trunk disease pathogens within Citrus trees in Iran. In this study, a broad diversity of
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fungal species was associated with cankers and dieback symptoms in Citrus trees in Iran. Among the

pathogens described in this study, Lasiodiplodia theobromae and Neoscytalidium hyalinum were reported

for the first time in citrus in Iran, and several Phaeoacremonium species, Stilbocrea walteri, Peyronellaea

pinodella and Cadophora luteo-olivacea were reported in citrus trees for the first time in the world.

The fourth paper, https://www.mdpi.com/2223-7747/9/9/1213, was a contribution of the

Guest Editor of the Special Issue, Agustı́-Brisach and co-workers. This study was designed to

demonstrate that abiotic factors such as water stress may play an important role enhancing the

progression of symptoms associated with almond decline under field conditions. Symptoms of

branch dieback and general decline were observed over the two experimental years, mainly in

the experimental plots subjected to high water deficiency, with Botryosphaeriaceae being the most

consistently isolated fungi, and Botryosphaeria dothidea the most frequent species. In addition, this

work revealed the need to elucidate the role of biotic and biotic factors that increase the rate of

infection of fungal trunk pathogens.

In the fifth paper, https://www.mdpi.com/2223-7747/9/11/1427, Reis et al. suggested that

early-season symptoms of Botryosphaeria dieback in grapevines may sometimes be disregarded by

growers, being mistaken with symptoms from other diseases such as downy mildew or botrytis

rot. To demonstrate it, grapevine samples showing necrosis on green shoots, dried inflorescences,

and flowers were collected in vineyards during flowering period to conduct isolation, fundal

identification and pathogenicity tests. The results of this study concluded that Diplodia seriata and

Neofusicoccum parvum were the two main species apparently responsible for these symptoms.

The sixth paper, https://www.mdpi.com/2223-7747/10/4/802, aimed to investigate the role

of phytotoxic metabolites (PMs) in the expression of Botryosphaeria dieback symptoms in naturally

infected and artificially inoculated wood using molecular and analytical chemistry techniques. In this

study, Reveglia et al., showed that (R)-mellein may be produced by fungal trunk pathogens during

infection to break down the wood. They suggested that the foliar symptoms in vineyards may be

due to a combination of PMs produced and climatic and physiological factors that require further

investigation.

In the seventh paper, https://www.mdpi.com/2223-7747/10/6/1041, Calzarano et al.

evaluated the factors involved on tiger-stripe foliar symptom expression of Esca of grapevine by

means of macro and microelement analyses and leaf reflectance measurements on leaves of both never

leaf-symptomatic vines and different categories of diseased vine shoots. Their results confirmed the

strong response of the plant to symptom expression development and the possibility of limiting this

response with calcium and magnesium applications carried out before the symptom onset.

The eighth paper, https://www.mdpi.com/2223-7747/10/6/1171, was conducted by

Chacón-Vozmediano et al., who monitored a grapevine germplasm collection including 22 white and

25 red cultivars along three growing seasons to evaluate their susceptibility to natural infections of

fungal trunk pathogens associated with grapevine trunk diseases (GTDs). The results revealed that

‘Monastrell’, ‘Graciano’, ‘Cabernet Franc’, ‘Cabernet Sauvignon’, ‘Syrah’, ‘Moscatel de Alejandrı́a’,

‘Sauvignon Blanc’, and ‘Airén’ were highly susceptible to GTDs, whereas ‘Petit Verdot’, ‘Pinot Noir’,

‘Chardonnay’, and ‘Riesling’ were considered tolerant cultivars.

The ninth paper of this collection, https://www.mdpi.com/2223-7747/10/12/2777, aimed to

elucidate the etiology of silverleaf, an important fungal trunk disease Japanese plum (Prunus salicina).

In this study, Grinbergs et al. characterized the causal agent of the disease, Chondrostereum purpureum,

based on morphological and molecular characters, and demonstrated its pathogenicity on healthy

plum plants. In addition, the effects of the disease were also evaluated by determining the xylem

water potential and fruit yield and quality in healthy and Silverleaf-diseased plum trees, showing that
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the water potential was altered in diseased trees, and fruit yield was reduced significantly compared

to fruit from healthy trees.

Finally, the last paper of this Special Issue, https://www.mdpi.com/2223-7747/11/10/1374,

was conducted by Mang and Camele, who described the etiology of apple tree dieback in Val d’Agri

(Basilicata Region, Southern Italy). These authors identified Neofusicoccum parvum, Diaporthe eres, and

Trametes versicolor as the most frequent fungi associated with the disease, among other secondary

fungi such as Pestalotiopsis funerea, Phomopsis spp. and Diaporthe foeniculina. Pathogenicity tests were

conducted on apple trees cv. Golden Delicious, with N. parvum being the most aggressive fungus and

Phomopsis sp. the least.

Carlos Agustı́-Brisach

Editor
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Exhibition of Local but Not Systemic Induced
Phenolic Defenses in Vitis vinifera L. Affected by
Brown Wood Streaking, Grapevine Leaf Stripe,
and Apoplexy (Esca Complex)

Piebiep Goufo *, Ana C. Marques and Isabel Cortez

Centre for the Research and Technology of Agro-Environment and Biological Sciences, Departamento de
Agronomia, Universidade de Trás-os-Montes e Alto Douro, Quinta de Prados, 5000-801 Vila Real, Portugal;
anamarques@utad.pt (A.C.M.); icortez@utad.pt (I.C.)
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Abstract: Balance between constitutive and induced responses provides plants flexibility to cope with
biotic stresses. This study tested the hypothesis that invasion of grapevine wood by esca-associated
fungi induces the production of defensive compounds as part of locally- and systemically-induced
responses. In a vineyard, different symptomatic expressions of “Esca complex” in Vitis vinifera
L. ‘Malvasia’ were evaluated in annual inspections. Then, levels of phenolics and fatty acids
were determined in asymptomatic leaves of brown wood streaking (BWS) and grapevine leaf
stripe (GLSD) vines, and in symptomatic leaves of GLSD and apoplectic vines; the results were
compared with levels in healthy vines. In asymptomatic leaves of BWS and some GLSD vines,
levels of phenolics decreased, independent of the total phenolic group. Such responses were usually
associated with an increase in levels of linoleic, γ-linolenic and arachidonic acids, well-known signal
transduction mediators. In symptomatic leaves, levels of phenolics increased, which is consistent
with a locally-induced response; the onset of symptoms coincided with the highest increases e.g., 35%
for quercetin-3-O-glucuronide. Thus, the long latency period between trunk invasion by fungi and
visible foliar damage and the year-to-year fluctuation in symptomatic expressions observed with
“Esca complex” might be partially attributed to a better utilization of constitutive defenses.

Keywords: grapevine trunk diseases; signal transduction; systemic acquired resistance; preformed
defenses; symptom severity; grapevine trunk diseases

1. Introduction

In their natural environment, plants are at risks of infections by pests and pathogens.
Plant resistance to such infections is attributed to multiple defenses that comprise constitutive/preformed
and inducible chemical barriers. Inducible chemical barriers involve the synthesis of
pathogenesis-related proteins (PR) and the accumulation of phytoalexins [1]. An example of a
phytoalexin is tricin, which is a flavonoid that confers resistance against brown planthopper in rice [2].
Some phytoalexins are highly species-specific; for example, in pea (Pisum sativum L.), the synthesis and
localization of pisatin are primarily associated with resistance against Fusarium wilt [3].

“Esca complex” is a widespread and destructive grapevine trunk affliction that affects grape yield
and quality [4,5]. The disease is generally associated with the development of diverse wood pathogens
among which the ascomycetes Phaeomoniella chlamydospora and Phaeoacremonium minimun and the
basidiomycete Fomitiporia mediterranea are most commonly cited [6–9]. The hyphae of these fungi
spread into the xylem vessel and the parenchyma cells of trunks, leading to necrosis [10]. Sometimes,
these hyphae invade other woody tissues including cordons, arms, spurs, and canes [11–14].

Plants 2019, 8, 412; doi:10.3390/plants8100412 www.mdpi.com/journal/plants
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“Esca complex” exhibits a long latency time (several years) between wood colonization and visible
foliar symptoms [5] and has become increasingly frequent worldwide. A ten-year survey conducted in
different vine-growing regions of France revealed that the simplification of the woody vine structure
may have resulted in an increase in the incidence of the affliction in the country [15]. Some basic
and practical cultural measures for preventing “Esca complex” have been proposed. For example,
it was determined that increasing the length of cordons [15] and opting for a minimal pruning system
instead of the standard spur-pruning [7] may help minimize the consequences of wood necroses.
The foliar application of fertilizer mixtures containing calcium, magnesium, and Fucales seaweed
was found effective in reducing foliar symptoms and increasing the yield and quality of berries [4,16].
The correlation between the symptomatic expression of “Esca complex” and the host physiology was
highlighted by some authors [13,14,17]. This implies that characterizing the impact of the affliction on
grapevine physiology could help in finding candidate biomarkers associated with disease resistance.

Several studies have indicated that phytoalexins and in particular phenolic compounds
(phenolic acids, flavonoids, anthocyanins, proanthocyanidins, and stilbenes) play a role in limiting the
development of “Esca complex”. A typical reaction to wood colonization by esca-associated fungi
is the accumulation of a mixture of polysaccharides (tyloses and gummosis) and the formation of
polyphenol-rich reaction zones that obstruct the xylem to compartmentalize the fungi [18]. However,
decreased levels of most phenolic compounds were observed in the xylem sap of vines with severe
wood symptoms [19], as well as a decreasing trend for the levels of amino acids involved in the
biosynthesis of phenolic compounds [20].

Rusjan et al. [10] found that esca-associated fungi caused the accumulation of flavonoids and
stilbenes in both asymptomatic and necrotic trunks of vines. In particular, there was a high degree of
flavonoid polymerization and a high level of procyanidins in the necrotic wood. However, reduction in
the levels of phenolic compounds in asymptomatic wood and no effect on the levels in symptomatic
wood were reported for Pa. chlamydospora-infected young vines [12]. Further, no difference was
observed in total analyzed phenolics in asymptomatic stems of healthy and infected vines in the study
by Magnin-Robert et al. [13]; however, a considerable accumulation of stilbenes—trans-resveratrol and
trans-vitisin B—was observed in the affected vines.

It was also demonstrated that vines respond to “Esca complex” by accumulating stilbenes in
naturally infected leaves [21] and leaves infected ex vivo with Pa. chlamydospora [22]. These increases
were accompanied with the up-regulation of phenylalanine ammonia-lyase (PAL) and stilbene synthase
(StSy)—two genes involved in the biosynthesis of polyphenolic compounds—in green [22] and dry
leaves [23]. The accumulation of phenolic acids and flavonoids in symptomatic and asymptomatic
leaves of field-grown vines was also reported [24]. However, in the study by Martín et al. [25], it was
demonstrated that the appearance of foliar symptoms led to a decrease in the levels of flavonoids,
proanthocyanidins, and hydroxycinnamic acids in the leaves of Vitis vinifera L. ‘Tempranillo’ grown
under a dry and warm temperature. For the same cultivar grown under a hot and humid temperature,
hydroxycinnamic acids levels increased in symptomatic leaves whereas flavonoids levels decreased.
Interestingly, levels of trans-resveratrol in asymptomatic leaves of affected vines were slightly higher
than those in healthy leaves of non-affected vines in some vineyards in Italy [26].

It is evident from the abovementioned findings that there are different responses of phenolic
compounds to “Esca complex”. These different results can be attributed to the types and complexities
of symptomatic and asymptomatic materials studied by different authors.

Internal wood symptoms in adult vines are characterized by two diverse shapes of necrotic areas
and discolorations. One shape/discoloration is caused by F. mediterranea and is called “white rot” or
simply “esca” it is characterized by a clear/yellowish soft and spongy mass of wood usually in the
center of the trunk or cordons, which can be observed alone or with dark-brown to black spots in the
xylem vessels [10,11,14,19]. The second shape/discoloration refers to different types of brown wood
necrosis of which “dark/brown wood streaking” (BWS) is most commonly reported; BWS consists
of extended columnar strips of xylem necrosis with pink-brown to dark-brown areas or black spots
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around the annual growth section [13,19]. A third type of shape/discoloration (wood stripe), which is
present in external vine wood, is also reported and the symptoms appear as a longitudinal and
superficial yellowish-orange stripe and orange-brown discolorations of the young wood vessels located
immediately below the bark [27].

Two typical severity levels of leaf symptoms are observed in esca-affected grapevines. A chronic
form, characterized by tiger-striped symptoms (GLS) (also named by some authors GLSD for “Grapevine
Leaf Stripe Disease”), is initially characterized by chlorosis and then light-green irregular spots and/or
scorching between the main veins and/or along the leaf margins. The chlorotic and drying areas
gradually expand from the basal to the distal part of the leaves, and then they coalesce to become
partial necrotic stripes. As the chlorotic tissues turn yellow-brown or red-brown, the leaves exhibit
a tiger stripe pattern [17,19,25–28]. GLSD symptoms are also reported in the berries and consist of
tiny dark-brown or purple speckling distributed irregularly over the entire surface or scattered at the
far end (termed “black measles” by some authors) and sometimes of shriveling/withering of grape
bunches [18]. “Apoplexy” consists of partial or complete sudden wilting of the crown and is considered
an acute form of the leaf symptomatic expression of “Esca complex” [23,27] or an acute form of GLSD
by some authors [14]. BWS and GLSD vines are associated with a large procession of inhabiting
fungi, although Pa. chlamydospora and Pm. minimun are most commonly found [18]. Although the
percentage of necrotic areas within the wood from which pathogens can be isolated is often a key factor
to determine the severity of ”Esca complex,” wood necrosis is not always related to the incidence
of foliar symptoms [15]. Given this observation, the term “esca proper” is used by some authors to
indicate the coexistence of “white rot” and GLSD in the same vine [13,14]. “Esca complex” is most
commonly noted in established vineyards. In newly planted vines, scattered brown-black spots of
necrotic xylem (without decay), often with a dark viscous ooze and a moderate/diffuse chlorosis of the
leaves are observed, and the disease is termed “Petri disease” [6,8,12].

Studies have shown that many abiotic factors and cultural practices (alone or combined) may
influence the development of “Esca complex” and the variability of its damage [15,20,26]. For example,
it has been observed that heavy rainfall followed by hot winds in mid-summer favors the onset of
apoplexy [18]. These observations were confirmed by other authors [25], who then reported that the
biosynthesis of phenolic compounds in esca-affected leaves depended on the climate under which the
vines were grown.

The above literature review shows that potential defense mechanisms developed by grapevine
to resist esca-associated fungi need to be explored further. Therefore, the experiment in this study
was designed to produce complementary data that would help improve the understanding of defense
events occurring during an “Esca” invasion. It was hypothesized that esca-associated fungi induce
the production of defensive compounds in leaves as part of both a locally- and systemically-induced
defense response; local induction is defined as the enhancement of defensive traits in the organ that
is attacked, while systemic induction is the enhancement of defenses in distant and undamaged
organs, conferring broad-spectrum resistance throughout the plant [29,30]. To test this hypothesis,
the accumulation of polyphenols in the leaves of vineyard-grown plants was monitored and levels of
fatty acids were determined. Recent studies demonstrated that fatty acids play an important role in the
modulation of signal transduction pathways in systemically acquired pathogen resistance. In several
plants, the degree of resistance to pathogens was found to be directly correlated with the levels of
C16:1 (palmitoleic acid), C18:1 (oleic and elaidic acids), C18:2 (linoleic and linolelaidic acids), C18:3
(α-linolenic and γ-linolenic acids), and C20:4 (achidonic acid) [1]. For example, rhizobacteria-induced
enhanced resistance to Botrytis cinerea is associated with the accumulation of C18:2 and C18:3 in
Phaseolus vulgaris L. [31], while reduction in C18:1 level induces defense responses against several
pathogens by upregulating expressions of a variety of structurally diverse R genes in Arabidopsis [32].
Therefore, the levels of phenolic compounds and fatty acids in asymptomatic and symptomatic leaves
of grapevine affected by BWS, GLSD and apoplexy were investigated to identify infection stages at
which plant resistance mechanisms were more efficiently activated.
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2. Results

2.1. Effect of Brown Wood Streaking, Grapevine Leaf Stripe and Apoplexy on the Levels of Phenolic Compounds
in Grapevine Leaves

In this study, the amount of total phenolic compounds in the leaves of vines affected by “Esca
complex” was first analyzed using colorimetric methods (Figure 1). An interesting trend emerged in
that asymptomatic leaves of BWS and GLSD vines had a lower amount of TPC than that in control
leaves, with a decrease of 14% in leaves of BWS vines (asymptomatic 1). The amount of TPC was
particularly high in leaves exhibiting the initial foliar symptoms (GLSD stage 1) as compared to that in
control leaves, and then, it decreased in proportion to the severity of chlorosis and necrosis on the leaves.
Changes in the amount of TAC, TPAC, and TFC due to BWS and GLSD were similar to changes in the
amount of TPC, with some exceptions: the highest amount of TAC was measured in asymptomatic
leaves of GLSD vines that had both symptomatic and asymptomatic cordons (asymptomatic 2), and a
64% increase in the amount of TAC was recorded passing from chlorotic/spotting/scorching leaves
(GLSD stage 2) to tiger striped (GLSD stage 3) and apoplectic leaves (Figure 1).

 
Figure 1. Total phenolic (TPC), anthocyanin (TAC), proanthocyanidin (TPAC), and flavonoid (TFC)
content (dry weight basis) in asymptomatic and symptomatic leaves of vines affected by brown wood
streaking, grapevine leaf stripe and apoplexy. The legend is as in Figure 6. Error bars = standard
deviations (n = 4); different letters above the columns denote statistical differences (Tukey’s test;
P ≤ 0.05).

The HPLC method used in this study led to the separation of 104 peaks with 95 peaks
showing phenolic characteristics. Using the information provided by the detector and reports
in the literature, the peaks were assigned to metabolites of the structure classes hydroxybenzoic
acid (9), hydroxydiphenic acid (1), proanthocyanidin (9), stilbene (1), hydroxycinnamic acid (16),
flavonoid (37), and anthocyanin (10). Eight metabolites were labeled “unknown,” whereas four
exhibited the characteristics of both proanthocyanidins and hydroxybenzoic acids and were labeled
as “benzoic acid derivatives.” On average, quercetin-3-O-glucuronide was the major phenolic
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compound in the leaves (2834.43 mg· kg−1) followed by myricetin-3-O-galactoside (127.68 mg· kg−1),
quercetin-3-O-glucoside (127.32 mg· kg−1), quercetin-3-O-galactoside (83.35 mg· kg−1), caftaric acid
(82.78 mg· kg−1), myricetin-3-O-glucoside (60.82 mg· kg−1), kaempferol-3-O-glucoside (54.01 mg· kg−1),
coutaric acid (49.00 mg· kg−1), epicatechin (37.93 mg· kg−1), quercetin-3-O-rutinoside (23.10 mg· kg−1),
kaempferol-3-O-rutinoside (13.72 mg· kg−1), and epigallocatechin gallate (12.38 mg· kg−1).
The levels of the remaining compounds were below 10 mg· kg−1 (Table S1). In some samples,
quercetin-3-O-glucuronide and quercetin-3-O-glucoside co-eluted in the chromatograms; therefore,
the levels of these two compounds were summed and used in the statistical analyses; the same was
true for myricetin-3-O-galactoside and myricetin-3-O-glucuronide. In V. vinifera, several stilbenes
have been reported as stress response metabolites [22]. In this study, only one stilbene was detected,
which was identified as trans-resveratrol, with an average content of 0.98 mg· kg−1 (Table S1). This value
was substantially lower than 1.38–50.49 mg· kg−1, which was observed in the leaves of some Italian
cultivars [26]. The non-detection of stilbenes was not surprising because stilbenic compounds are
usually detected by HPLC from a filtrate obtained after several solid–liquid and liquid–liquid extraction
and purification steps [33]. The clean-up step used in this study was aimed at discarding chlorophylls
and chromatography was optimized for the separation of flavonoids and proanthocyanidins.

The major compounds (average content ≥ 1.00 mg· kg−1; Table S1) were first analyzed using
ANOVA. This analysis allowed two main categories of compounds to be delineated, on the basis of
similar trends in the contents observed comparing control, asymptomatic and symptomatic leaves.

The first category (Figure 2) consisted of 20 compounds that showed three characteristics.
(i) The levels of these compounds were particularly high in symptomatic leaves exhibiting the
initial foliar symptoms of GLSD (GLSD stage 1) compared with those in control and asymptomatic
leaves. The percentage increase between control and GLSD stage 1 leaves ranged from 13%
(epigallocatechin gallate) to 81% (catechin). However, there were some exceptions: the levels of
myricetin-3-O-galactoside+myricetin-3-O-glucuronide and quercetin-3-O-rutinoside were the highest
in asymptomatic leaves of BWS vines (asymptomatic 1), and the levels of epigallocatechin gallate and
catechin were the highest in asymptomatic leaves of GLSD vines with berry symptoms (asymptomatic
3). (ii) The levels of these compounds progressively decreased with the increasing severity of the
leaf symptom, with the lowest values usually being measured in apoplectic leaves. However, for
some compounds a slight level increase was observed in apoplectic leaves as compared to tiger
striped leaves (GLSD stage 3); this suggests that apoplexy might not only be a severe form of GLSD.
These compounds included epicatechin, benzoic acid derivative 5, caffeic acid, hydroxycinnamic acid
derivative 7, myricetin-3-O-galactoside+myricetin-3-O-glucuronide, and quercetin-3-O-rutinoside.
(iii) The levels of these compounds were generally similar in asymptomatic leaves or lower
in asymptomatic leaves of BWS and GLSD vines than those in control leaves. For example,
the levels of quercetin-3-O-glucuronide+quercetin-3-O-glucoside decreased by 14, 29, and 16% in
asymptomatic leaves of BWS (asymptomatic 1), GLSD foliar-symptomatic (asymptomatic 2), and GLSD
berry-symptomatic (asymptomatic 3) vines, respectively. The levels of only a few compounds increased
in asymptomatic leaves and that included an 18, 71, 188, 70, 99, 20, and 17 increase for hydroxycinnamic
acid derivative 7, myricetin-3-O-galactoside+myricetin-3-O-glucuronide, quercetin-3-O-rutinoside
in asymptomatic leaves of BWS vines, catechin in asymptomatic leaves of BWS vines, catechin in
asymptomatic leaves of GLSD berry-symptomatic vines, epicatechin gallate in asymptomatic leaves
of GLSD foliar-symptomatic vines, and epigallocatechin gallate in asymptomatic leaves of GLSD
berry-symptomatic vines, respectively.
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Figure 2. Phenolic compounds in asymptomatic and symptomatic leaves of vines affected by brown
wood streaking, grapevine leaf stripe and apoplexy; their levels (dry weight basis) progressively
decreased with increasing severity of symptoms. The legend is as in Figure 6. Error bars = standard
deviations (n= 4); different letters above the columns denote statistical differences (Tukey’s test; P ≤ 0.05);
hydroxybenzoic = hydroxybenzoic acid; cinnamic = cinnamic acid; and epigal = epigallocatechin.
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The second category (Figure 3) consisted of 13 compounds whose levels were usually the highest
in control leaves, confirming the general trend of decreased phenolic content in asymptomatic leaves
of BWS and GLSD vines as observed in Figure 1; Figure 2. Caftaric acid—the main hydroxycinnamic
acid identified in this study—belonged to that category and its levels decreased by 27% (P ≤ 0.05),
20% (P ≤ 0.05), and 8% (P > 0.05) in asymptomatic leaves of BWS, GLSD foliar-symptomatic,
and GLSD berry-symptomatic vines, respectively. The levels of these compounds usually decreased in
proportion to the severity of the chlorosis and necrosis on symptomatic leaves, as observed clearly
for unknown compound 7 and coutaric acid. Few exceptions were kaempferol-3-O-rutinoside and
quercetin-3-O-rhamnoside, whose levels tended to increase with increasing severity of symptoms.

Figure 3. Phenolic compounds in asymptomatic and symptomatic leaves of vines affected by brown
wood streaking, grapevine leaf stripe and apoplexy, with the highest levels (dry weight basis) in control
leaves. The legend is as in Figure 6. Error bars = standard deviations (n = 4); different letters above
the columns denote statistical differences (Tukey’s test; P ≤ 0.05); k-glc = kaempferol-3-O-glucoside;
m-glc =myricetin-3-O-glucoside; epigalgal = epigallocatechin gallate; q-glc = quercetin-3-O-glucoside;
hydroxybenzoic = hydroxybenzoic acid; and pro B1 = procyanidin B1.
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A principal component analysis (PCA) was also performed to identify additional minor
compounds that could help further classify the different leaf-groups. On the loading plot,
15 compounds were clearly separated from the other compounds (Figure S1). Interestingly, the levels
of these compounds progressively increased with increasing symptom severity, showing strong
correlations (Table S1), and reaching on average a 704% increase between control and apoplectic
leaves (Figure 4). These compounds were usually undetected or detected at very low levels in
asymptomatic leaves. Moreover, with the exception of quercetin, kaempferol-3-O-glucuronide,
and kaempferol-3-O-galactoside, all these other compounds had average contents < 1 mg· kg−1.
In particular, GLSD and apoplexy stimulated the production of quinic acid, hydroxycinnamic derivative
6, and isorhamnetin-3-O-glucoside, which were not detected in most asymptomatic leaves.

Figure 4. Phenolic compounds in asymptomatic and symptomatic leaves of vines affected by brown
wood streaking, grapevine leaf stripe and apoplexy; their levels (dry weight basis) progressively
increased with increasing severity of symptoms. The legend is as in Figure 6. Error bars = standard
deviations (n = 4); different letters above the columns denote statistical differences (Tukey’s test;
P ≤ 0.05); cinnamic = cinnamic acid; chlorogenic = chlorogenic acid; hydroxybenzoic = hydroxybenzoic
acid; i-glc = isorhamnetin-3-O-glucoside; and k-glc = kaempferol-3-O-glucoside.
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Overall, the levels of the remaining minor compounds were not affected in asymptomatic leaves,
with the exception of four compounds that were detected primarily in these leaves (hydroxycinnamic
acid derivative 2, unknown compound 4, unidentified flavonol 8, and p-hydroxybenzoic acid).
For symptomatic leaves, the levels of some remaining minor compounds increased, while those of the
others decreased with the increasing severity of symptoms (Table S2).

2.2. Effect of Brown Wood Streaking, Grapevine Leaf Stripe and Apoplexy on the Levels of Fatty Acids in
Grapevine Leaves

In this study, 35 fatty acids present in grapevine leaves were separated by GC: 15 saturated
fatty acids (SFA), 9 monounsaturated fatty acids (MUFA), and 11 polyunsaturated fatty acids
(PUFA). The predominant fatty acids were γ-linolenic (C18:3n6; 34.65%), palmitic (C16:0; 15.09%),
linoleic (C18:2n6c; 5.81%), elaidic (C18:1n9t; 5.49%), palmitoleic (C16:1n7; 3.71%), α-linolenic (C18:3n3;
3.35%), cis-4,7,10,13,16,19-docosahexaenoic (C22:6n3; 3.14%), caprylic (C8:0; 3.05%), arachidic (C20:0;
2.81%), and oleic (C18:1n9c; 2.22%) acids (Table S3).

The levels of most fatty acids were lower in asymptomatic leaves of BWS and GLSD vines than in
control leaves (Table S4). Interestingly, the majority of C18 compounds and some other fatty acids did
not seem to exhibit this decreased pattern (Figure S2; Figure 5).

Figure 5. Fatty acids in asymptomatic and symptomatic leaves of vines affected by brown wood
streaking, grapevine leaf stripe and apoplexy; their levels (%) were usually higher in asymptomatic
leaves than in control leaves. The legend is as in Figure 6. Error bars = standard deviations (n = 4);
different letters above the columns denote statistical differences (Tukey’s test; P ≤ 0.05).
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In general, asymptomatic leaves of BWS vines (asymptomatic 1) had lower levels of C18:1n9c,
C18:1n9t, C18:2n6t (linolelaidic acid) (P ≤ 0.05), and C18:3n3 (P > 0.05) than control leaves; however,
the levels of C18:2n6c, C18:0 (stearic acid), and C18:3n6 were higher in asymptomatic leaves of BWS
vines than in control leaves. In particular, a 600% increase was observed for C18:0. Compared to
control leaves, asymptomatic leaves of GLSD vines with both asymptomatic and symptomatic cordons
(asymptomatic 2) had higher levels of C18:1n9c, C18:2n6c, and C18:2n6t, and lower levels of C18:0 and
C18:3n6, while no change was recorded for C18:1n9t and C18:3n3. C18 levels in asymptomatic leaves
of GLSD berry-symptomatic vines (asymptomatic 3) responded similarly to “Esca” attack as those in
asymptomatic leaves of GLSD foliar-symptomatic vines, with the exception of C18:3n6, whose level
remained unchanged. Substantial differences between control and asymptomatic leaves were also
observed with regards to the levels of C16:0, C17:1n7 (cis-10-heptadecenoic acid), C20:4n6 (arachidonic
acid), and C22:6n3. In all asymptomatic leaves, there was a strong increase in C20:4n6 levels. The levels
of C17:1n7, C22:6n3, and C16:0 increased in asymptomatic leaves of GLSD foliar-symptomatic vines,
while the level of C16:0 increased in asymptomatic leaves of GLSD berry-symptomatic vines (Figure 5).

In symptomatic leaves, a distinct correlation between disease symptom severity and fatty acid levels
was observed (Table S3). Overall, leaf symptom severity was positively correlated with the levels of SFA
(with the exception of tricosanoic acid C23:0 and heptadecanoic acid C17:0), MUFA (with the exception
of C18:1n9c), and n3-PUFA (with the exception of cis-5,8,11,14,17-eicosapentaenoic acid C20:5n3),
and negatively correlated with the levels of n6-PUFA (with the exception of cis-11,14-eicosadienoic
acid C20:2n6) (Figure 5; Tables S3 and S4).

3. Discussion

In this study, great variability was observed in the accumulation of phenolic compounds and fatty
acids in grapevine as a response to infection by esca-associated fungi, which indicated that dynamic
and transient metabolic changes occur when symptoms spread from the trunk to the leaves.

3.1. Exhibition of Locally Induced Defenses in Symptomatic Leaves

It was clear from the data in Figures 1 and 2 that the levels of phenolic compounds increased
in symptomatic leaves of GLSD vines exhibiting the first symptoms of the disease. The precocity of
pathogen recognition and the velocity of the activation of defense responses are keys to enhancing
the resistance of plants to infections [1,22,34]. The recognition of esca-related pathogens by grapevine
plants and the formation of foliar symptoms are debated topics because propagules of Pa. chlamydospora,
Pm. minimun, and F. mediterranea have never been detected on the leaves [18]. The most accepted
interpretation is that toxic metabolites secreted by esca-associated fungi or resulting from reaction
products of the infected wood are translocated from the xylem to the leaves via the transpiration/sap
stream, which thus incites foliar symptom development [18]. This assumption suggests that the fungi
induced local defense responses in grapevine when their metabolites reached the host leaf cells. In fact,
foliar administration of calcium and subsequent accumulation of calmodulin, that mitigate the effect of
the plant response, reduced GLSD leaf symptom expression [16]. The increase in the levels of phenolic
compounds was the greatest when GLSD symptoms started appearing on the leaves. However,
with increasing symptom severity, the levels of these compounds decreased. It is reported that the
resistance of plants to infections depends partly on the balance between production/degradation of
defensive compounds [19]. Phaeomoniella chlamydospora and Pm. minimun produce several enzymes
that are known to travel in the plant and could reach the leaves [19]. However, the hypothesis of a
phenolic decrease caused by enzymatic activities of esca-associated fungi is not tenable because these
fungi lack enzymes such as ligninases, which would enable them to degrade specific phenolic bonds [9].
These decreases were also unlikely to be caused merely by chlorosis and necrosis. It is known that the
development of GLSD necrotic areas in leaves leads to a decrease in photosynthetic assimilation [23].
Similarly, the expression of photosynthesis-related genes is strongly repressed in apoplectic leaves [28].
However, the reduced photosynthesis did coincide with the accumulation of hexoses and phenolic
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compounds in the studies by [28] and [25], respectively. It is conceivable that vines with reduced
photosynthetic activity have to face with high levels of reactive oxygen species (ROS) and this can
compromise the biosynthesis of primary and secondary metabolites [17,23]; this would suggest that,
although the leaves initially respond to the infection with an increased production of phenolics,
the vines no longer have the resources to support secondary metabolite production with increasing
symptom severity, at least for many compounds detected in this study. Lambert et al. [22] also observed
that the levels of trans-piceid and trans-resveratrol began to increase in grapevine leaves after 3 h of post
treatment with a Pa. chlamydospora culture filtrate, and then decreased at 24 h. In grapevine leaf disks
artificially infected with Erysiphe necator—a causal agent of grapevine powdery mildew—the levels
of stilbenes also increased 1 to 3 days post inoculation, and then decreased with increasing disease
symptom severity [34].

Interestingly, it was found that the levels of several compounds increased with increasing disease
symptom severity (Figure 4). The majority of these compounds were undetected or at very low levels
in asymptomatic leaves. The term “phytoalexin” has been used to describe compounds that are
absent or normally present at low levels in cells, but which may increase enormously after infection
and specifically inhibit the growth of a parasite [31,34]. In grapevine, the principal stress response
phytoalexins studied are stilbenes [19,33]. In the study by Calzarano et al. [26], the time course of four
stilbenes (trans-resveratrol, trans-ε-viniferin, trans-δ-viniferin, and trans-pterostilbene) was examined
in vine leaves with different degrees of GLSD symptoms; in general, phytoalexin levels increased
with increasing leaf symptom severity, although that depended on the growth stage of the plants.
In this study, only trans-resveratrol was detected in the leaves; however, it was detected at very low
amounts because of the extraction method adopted, which did not allow a clear assessment of the
impact of the infection (Table S2). In a subsequent study, BWS, GLSD stage 1 and GLSD stage 2
samples were submitted to a metabolomic analysis, and ca., six stilbenes were identified in the leaves;
levels of trans-piceid, trans-ε-viniferin, Ampelopsin A and trans-Pterostilbene increased with increasing
leaf symptom severity, confirming the report in [26]. The level of a resveratrol dimer decreased,
while the level of trans-resveratrol remained unchanged (personal communication). Compounds detected
in Figure 4 could also act as phytoalexin in Vitis vinifera ‘Malvasia’. The net accumulation of these
compounds and stilbenes within the infected leaves may contribute to grapevine’s ability to minimize
the spread of the disease. A parallel could be drawn with the case of powdery mildew described
by [34], where the de novo synthesis of ε-viniferin and δ-viniferin at the site of infection coincided
with the interruption of the pathogen cycle. The induction of several defense genes and proteins
following “Esca attack” has been reported by some authors, which strengthen the finding of this study.
For example, in the study by Letousey et al. [23], the expression of the defense-related genes StSy
(stilbene synthase), PAL (phenylalanine ammonialyase), Chi4C (class IV chitinase), Chit1b (class I basic
chitinase), and GST1 (glutathione-S-transferase) was strongly upregulated in dried leaves of apoplectic
vines, whereas SOD (superoxide dismutase) was repressed. Similar inductions of genes encoding
chitinases, stilbenic phytoalexins, and PR proteins (Chit1b; CHV5, STS, GST5, SOD, and PR-6) were
observed in GLSD leaves [25]. The expression levels of PR-5 proteins, POX (peroxidase), and catechol
PPO (polyphenol oxidase) were also higher in symptomatic and asymptomatic stems of grapevine
affected with esca proper and apoplexy, than in the healthy vines [14].

Overall, leaf symptom severity was positively correlated with SFA, MUFA, and n3-PUFA levels,
and negatively correlated with n6-PUFA levels (Figure 5; Table S4). The increased levels of SFA and
MUFA observed in tiger striped and apoplectic leaves might be beneficial as they provide energy for
various metabolic processes, which is particularly important for the energy-intensive processes that
underlie the plant defense response. In particular, C16 and C18 fatty acids are important precursors
of cuticular wax synthesis [1]. Thus, they strengthen cell membranes, provide structural integrity,
and hamper the infiltration and spread of pathogens into the leaves.
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3.2. Absence of Systemically Induced Defenses in Asymptomatic Leaves

Data in Figures 1 and 3 shows that, before the appearance of foliar symptoms, the presence
of esca-associated fungi in the wood caused a decrease in the levels of phenolic compounds in the
leaves. Only a few systemic responses for six compounds were recorded in asymptomatic leaves,
including a 71% and 188% increase for myricetin-3-O-galactoside+myricetin-3-O-glucuronide and
quercetin-3-O-rutinoside in asymptomatic leaves of BWS vines, respectively (Figure 2). These results
do not support the hypothesis of a systemic induction of phenolic compounds in grapevine leaves;
this was an unexpected finding given the slight increase in stilbenes in asymptomatic leaves of V.
vinifera L. ‘Trebbiano d’Abruzzo’ [26] and in flavonoids and phenolic acids in asymptomatic leaves of
V. vinifera L. ‘Alvarinho’ [24]. However, the findings of this study agree with some previous reports;
Magnin-Robert et al. [17] found that the expression of the defense-related genes GLUC (β-1,3-glucanase),
GTS1, StSy, CHV5, and PAL were repressed in most pre-GLSD leaves, while Chit1b and Chi4C were
not affected, although the expression of stress-related genes was stimulated in vines with a decrease
of net photosynthesis >75%. In most studies, SOD expression was found to decrease or showed a
decreasing trend in both pre-apoplectic and pre-GLSD leaves [13,17,23]. In asymptomatic wood of
apoplectic and esca proper vines, several genes and proteins involved in phenylpropanoid metabolism
were either down- or upregulated [13,14] e.g., IFRhom and IFRL4 (isoflavone reductase) and leucoAND
(leucoanthocyanidin dioxygenase). In contrast, Valtaud et al. [28] observed an enhancement of mRNAs
encoding PR-10, Chi1b, and Chi3 (endochitinase 3) genes in asymptomatic leaves of GLSD vines with
both symptomatic and asymptomatic cordons similar to those studied in this study. Letousey et al. [23]
also reported an induction of PAL, StSy, Chi4C, Chit1b, and GST1 genes in pre-apoplectic leaves.

The decline in the levels of phenolic compounds in asymptomatic leaves of BWS and GLSD
vines was concomitant with the accumulation of C18:2n6c, C18:3n6, and C20:4n6, and generally
a decrease in C18:1n9c levels in the leaves of BWS vines (Figure 5). These fatty acids are most
prominently known for their specific signaling roles in plant defenses and they regulate ROS and nitric
oxide (NO) levels by inducing specific effects on ROS- and NO-generating enzymes. For example,
C18:1 in low amounts physically associates with the chloroplastic NITRIC OXIDE ASSOCIATED1
(NOA1) protein, inhibiting its GTPase and promoting its proteolytic turnover, which generates NO,
triggering the transcriptional upregulation of NO-responsive nuclear genes, and thereby activating
disease resistance [1,31,32]. Fatty acid data from this study show that systemic changes in fatty acid
flux also occurred in the distal organs of grapevine. This would suggest that a mobile signal at the site
of local infection is translocated to the leaves. Yet, information on the effector molecules involved in
long-distance defense signaling in plants remains lacking. In tomato and other Solanaceous plants,
systemic signaling appears to be mediated by systemin, an 18-amino acid peptide. Systemin is produced
by wounded leaf cells, and travels to companion cells where it binds to a receptor, triggering the
accumulation of jasmonic acid and fatty acids [29]. Phaeomoniella chlamydospora, Pm. minimun,
and F. mediterranea, the major esca-wood-infesting fungi, were shown to produce diverse toxic
metabolites detectable in the leaves. Phaeomoniella chlamydospora and Pm. minimun produce scytalone,
4-hydroxyscytalone, isosclerone [13,19,35], and pullulan [19], among other compounds. In the case of
F. mediterranea, metabolites secreted that can be considered as toxic include 4-hydroxybenzaldehyde,
dihydroactinolide, and 6-methoxymellein [35]. These toxic compounds have been identified in higher
amounts in symptomatic than in asymptomatic leaves of affected vines [19]. Further, they may function
as both pathogenic and virulence factors, thus representing the specific signals sensed by grapevine
distal organs that result in fatty acid accumulation in asymptomatic leaves.

Specific changes in the levels of these fatty acids indicate that asymptomatic leaves are mounting
a defense response in time to cope with the infection. That assumption is in good agreement with
previous studies that report biochemical and physiological changes in grapevine leaves before the
appearance of visible symptoms. For example, downregulation of SOD [23], low abundance of the
SODCP protein s6205 [14], upregulation of GST1 [23], high abundance of GSTU1 and GSTF2 proteins,
enhanced activity of GST5 [28], and a decrease in the number and size of starch grains [28] have been
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reported in asymptomatic leaves of esca-affected grapevine as an early response of cells distant from
the damaged wood. Within the week preceding leaf symptoms, drastic physiological alterations of
photosynthesis were also registered in pre-apoplectic and pre-GLSD leaves, as revealed by a decrease
in CO2 assimilation, chlorophyll a fluorescence, and the repression of photosynthesis-related genes
psbP1, rbcL, rbcS, SBP [17,23], PRK, and Lhca3 [17] probably due to a lower activity of Rubsico or
carbonic anhydrase [18]. Other metabolic alterations detected in asymptomatic leaves of esca-affected
vines include a slight upregulation of the aquaporin-encoding water-stress-related gene TIP1 [23].
In this study, resistance mechanisms activated in asymptomatic leaves seem to first involve the use of
conserved antimicrobial compounds by the vines to respond to infection rapidly, as revealed by the
decreased levels of phenolic compounds (Figures 1 and 3).

It is known that esca-associated fungi require several years of wood colonization to establish
infection in the leaves [19]. Moreover, ”Esca complex” is characterized by partial remission or total
disappearance of foliar symptoms on plants in some years [12]. The year-to-year fluctuation in
symptom expression has been attributed to the combination of optimal circumstances which include
rainfall [5], and the occurrence of abiotic stresses such as drought [20]. It has also been hypothesized
that each season, the newly formed vessels redefining the vascular system of the vine may affect
the appearance of foliar symptoms [27]. Another hypothesis is that local defense reaction is the
consequence of the development of drying zones and discolorations after a sudden sap disruption after
or along the apparition and development of leaf stripe symptoms [27]. A complementary hypothesis
could be that symptoms sometimes do not appear because of the activation of constitutive defenses.
These pre-formed compounds could be effective in restraining the propagation of fungi in the wood
and the translocation of their metabolites to the leaves, depending on the years and environmental
conditions. The induced production of phenolic compounds would only occur after the metabolites
have reached the leaves at doses sufficient to incite symptoms. This assumption is strengthened
by the finding that ex vivo, stilbenes do not influence the damaging effects of Pa. chlamydospora on
healthy leaves [26], which indicates that phytoalexins are synthesized in the leaves not before, but after,
the apparition GLSD symptoms.

4. Materials and Methods

4.1. Site Characterization: Cultivar, Location, and Weather

Experiments were performed on V. vinifera L. ‘Malvasia’ composed of 21–24-year-old plants in
the vineyard of Quinta de Nossa Senhora de Loures (465 m, 41◦ 17.12’ 31” N, 7◦ 44.07’ 22” W) in
Vila Real, Portugal. The vineyard has 1247 vines grafted on 196-17-Castel rootstock and trained to
a bilateral cordon according to the royal-type trellis system, on an area of 0.27 ha. The vines were
planted at a distance of 1.80 × 1.20 m in 22 longitudinal rows. The climatic conditions in the Quinta
are characterized by an average annual air temperature of 14.35 ◦C (2.04/29.23 ◦C day/night) and
814 mm annual precipitation, with 75% relative humidity and a 16-h photoperiod (1350 μmol·m−2·s−1).
The vineyard is located on Anthrosol (62% sand, 25% silt, 13% clay; pH 4.2) and the vines are managed
without irrigation. Pruning, fertilization, and plant protection practices are undertaken annually
according to local practices. The position of the vineyard in the Quinta allows all vines to be grown
under the same soil and climatic conditions. The vineyard is naturally infected with esca-associated
fungi, and since 2010, research at the experimental field focused on the prevention and cure of
“Esca complex.”

4.2. Sampling Procedure

A characteristic trait of “Esca complex” is the unpredictable year-to-year discontinuity in foliar
symptomatic expression [5,15,19,25]. Thus, to assess the incidence of the affliction, vines were inspected
over four years through visual observations of leaf and berry symptoms and internal observations of
wood symptoms by destructive means.
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Several vines that did not show external symptoms since 2010 when work started at the
experimental site were inspected during a four-year study period for the presence of discolorations
associated with “Esca complex;” these vines were characterized as “apparently healthy” by several
authors [5,11,13,14,17,23,26,28]. In this study, it was decided that an internal inspection of the wood
was necessary before selecting “apparently healthy” vines. Therefore, wood cores were retrieved
with a sterilized Pressler increment borer at 30 and 110 cm above the ground from the trunk of the
vines, as described in [19]. Based on the analysis of wood cores, the vines were categorized into two
groups. The first group consisted of vines that did not exhibit symptoms either in the trunk or in
the leaves; these vines were presumed healthy and considered as “controls,” as suggested in several
papers [7,10,19,25]. Woods cores were subsequently subjected to fungal isolation and identification as
described in [6]; Pa. chlamydospora, Pm. minimun, and F. mediterranea were usually not identified in these
wood cores. The second group consisted of vines with brown necrosis and dark streaking of the xylem
vessels, or BWS vines. These vines did not exhibit visible leaf or berry symptoms during the four-year
survey. Phaeomoniella chlamydospora and Pm. minimun were identified in these wood cores, along with
some Phaeoacremonium, Botryospaeriaceae, and other species (data not shown). The wood deterioration
characteristic of “white rot” was not observed. GLSD was the prevalent form of “Esca complex”
in the vineyard. Some GLSD vines had both symptomatic and asymptomatic shoots (one cordon
symptomatic and one cordon asymptomatic), and they were selected for the study; such vines were
also studied by several authors [4,14,17,24,28]. Other vines that showed GLSD leaf symptoms in a one
or more inspection years and in some years only berry symptoms were also studied; however, this was
a rare observation in the vineyard.

GLSD leaf symptoms at different degrees of severity were easily identifiable in the field.
Leaf symptoms appeared between late June and early August, and although they usually increased in
severity with plant growth, this increase was highly variable. In order to understand the biosynthesis
of phenolic compounds by symptomatic expression, rather than selecting leaves with different degrees
of symptom severity, vines with the majority of their leaves showing the same degree of symptom
severity at harvest were targeted. In some vines, small chloroses characteristic of GLSD appeared,
but did not evolve rapidly into spotting/scorching or tiger stripes. At the time of berry harvest,
the surface of most leaves on these vines was still covered with discolorations, although some leaves
started producing spotting/scorching or assuming the “tiger stripes” pattern (GLSD severity stage 1).
At harvest, GLSD symptoms appeared in some vines as mainly chlorotic/spotting/scorching zones
scattered over the leaf lamina (GLSD severity stage 2) or mainly tiger striped leaves (GLSD severity
stage 3). An attempt was made to group vines exhibiting apoplectic symptoms; these symptoms
appeared in a highly discontinuous manner in time (usually between early August and early September)
and space in the vineyard. All selected vines were numbered and marked according to their place in
the lines and rows.

4.3. Sample Collection

The occurrence of symptoms in the vineyard allowed the collection of different sets of leaves,
which were divided into eight groups (Figure 6): (1) Asymptomatic leaves from apparently healthy
vines (control); (2) asymptomatic leaves from BWS vines (asymptomatic 1), to analyze the systemic
effects of trunk-localized fungi attack; (3) asymptomatic leaves from asymptomatic cordons on GLSD
vines (asymptomatic 2), to assess whether the biosynthesis of defensive compounds was similar in
symptomatic and asymptomatic parts of the same vine; (4) asymptomatic leaves from GLSD vines
with berry symptoms (asymptomatic 3), to analyze the systemic effects of berry-localized infection;
(5) symptomatic leaves from vines with initial symptoms of GLSD i.e., chlorotic leaves (GLSD stage 1);
(6) symptomatic leaves from vines with moderate symptoms of GLSD i.e., chlorotic/spotting/scorching
leaves (GLSD stage 2); (7) symptomatic leaves from vines with advanced symptoms of GLSD
i.e., tiger striped leaves (GLSD stage 3); (8) symptomatic leaves from apoplectic vines (apoplexy). In the
field, apoplexy appeared quickly, affecting the entire vine with total wilt and immediate drying caused
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by the hot weather (an average of 32 ◦C day temperature during apoplexy expression); thus, apoplectic
leaves were harvested and studied already dried as in [23]. All symptomatic leaves were collected to
study locally induced defenses.

All samples were collected mid-September, one day prior to berry harvesting. This ensured
that the leaves were at the same stage of maturity. For each leaf-group, four vines were used for
sampling and were considered as replicates. Six to twelve leaves of the same size from different parts
of a vine were selected. Only two vines exhibited berry symptoms at harvest; hence, two sets of
leaves were harvested from each vine to make four replicates, allowing for statistical comparisons.
Leaves were immediately frozen in the field with liquid nitrogen to halt enzymatic activities and stored
at −80 ◦C. Prior to use, the leaves were lyophilized, finely powdered with a hand blender, and sieved
(0.2-mm mesh).

Figure 6. Description of the sampling procedure: A view of the foliar morphology of asymptomatic
and symptomatic leaves of Vitis vinifera L. ‘Malvasia’ affected by brown wood streaking, grapevine leaf
stripe (GLSD) and apoplexy.

4.4. Determination of Total Amounts of Phenolic Compounds

Phenolic compounds were extracted using an optimized laboratory protocol. After defatting
with 1 mL hexane for 16 h, 0.2 g samples were extracted using 1 mL 70% methanol added with
10 μL naringin as an internal standard, during ultrasonication in ice water for 20 min. The extract
was centrifuged at 13,000× g for 15 min (25 ◦C), and the extraction was repeated using the pellet.
The combined supernatants were pre-purified on a Sep-Pak C18 cartridge (Waters, Milford, MA,
USA) to remove chlorophylls, and then filtered through a Spartan 13/0.2 RC filter (Whatman, Dassel,
Germany). The filtrate was used for the determination of total phenolic content (TPC) in mg gallic acid
equivalent [GAE]·g−1 using the Folin–Ciocalteu method as described in [36]; total flavonoid content
(TFC) in mg catechin equivalent [CAE]·g−1 using aluminum chloride as described in [36]; and total
proanthocyanidin content (TPAC) in mg [GAE]·g−1 using polyvinylpyrrolidone, as described in [37].
The total anthocyanin content (TAC) was estimated using the pH differential assay [38], and the results
were expressed in mg cyanidin 3-O-glucoside [CGE]·g−1.
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4.5. Chromatographic Separation and Identification of Phenolic Compounds

The quantitative analysis of individual phenolic compounds was carried out on a Gilson
(Villers-le-bel, France) high-performance liquid chromatography (HPLC) instrument consisting of an
autosampler, binary pump, column compartment, and a Finnigan photodiode array detector (DAD
81401; Thermo Electron, San Jose, CA, USA). Chromatography was performed on 10 μL samples of
the phenolic filtrate injected into the HPLC onto a C18 column (5 μm, 250 × 4.5 mm i.d.) supplied
from Sigma/Aldrich (Steinheim, Germany), and maintained at 25 ◦C. The solvent system consisted of
0.1% trifluoroacetic acid in water (mobile phase A) and 0.1% trifluoroacetic acid in acetonitrile (mobile
phase B). Elution was performed at a constant flow rate of 1 mL.min−1 using a linear gradient program
starting with 100% mobile phase A for 5 min, decreasing to 80% at 15 min, 50% at 30 min, 0% at 45 min,
and then reverting to 100% at 55 until reaching 60 min.

The detection of compounds by DAD was conducted by scanning between 210–520 nm, with a
resolution of 1.2 nm. Eluting peaks were monitored at 280, 320, 360, and 520 nm for hydroxybenzoic
acids and other low molecular weight compounds, hydroxycinnamic acids and stilbenes, flavonoids,
and anthocyanins, respectively, using the software Excalibur 2.0, which generated a three-dimensional
dataset (absorbance, retention time, and wavelength). Eluting peaks at 450 nm were also monitored
because two peaks were consistently observed with large areas at that wavelength. The peaks were
selected using both the Gensis and the ICIS detection algorithms of Xcalibur. The threshold for
quantification by peak areas was 5000 μAU·min−1, and compounds whose peak areas were below this
value were considered “non-detected.”

For identification, 38 reference compounds previously reported in grapevine
leaves [10,12,13,19,22,25,26,33], and representatives of the chemical classes under study were
purchased (Table S1); they were also separated by HPLC. Peaks were identified with “some certainty”
to compounds by matching UV/vis spectra and retention times with those of the reference compounds.
The remaining peaks were putatively identified by comparison with UV/vis bibliographic data.
Some peaks could not match to any compounds or phenolic group and were labeled as “unknown.”
Compounds were quantified by dividing their peak areas with that of the internal standard (naringin)
and the results were converted to mg· kg−1 after correction by the peak area of the reference,
its response factor, and the amount of biomass extracted. For compounds identified putatively,
quantification was carried out using reference compounds with similar chemical characteristics as
shown in Table S1.

4.6. Extraction, Separation, and Identification of Fatty Acids

The extraction of lipids was based on the method presented in [39]. Leaf samples (5 mg) were
added with 0.8 mL water and 2 mL methanol in a DSR-2800V rotary shaker (Digisystem Laboratory
Instruments Inc, Taipei, Taiwan) at room temperature; after continuous shaking for 5 min, 1 mL
chloroform was added, and it was followed by agitation for 5 min. The mixture was centrifuged for
5 min at 2000× g (25 ◦C). The supernatant was collected and 2 mL chloroform/water (1/1, v/v) and five
drops of 100 mM KCl were added. After vortexing, the mixture was centrifuged for 5 min at 2000× g
(25 ◦C). The lipid fraction in the bottom layer was collected and the chloroform phase was evaporated
to dryness under nitrogen. The dried extract was then transesterified with 5 mL 14% boron trifluoride
in methanol under nitrogen at 70 ◦C for 60 min. Transesterified lipids were extracted by adding 5 mL
hexane, followed by 3 min of vortexing. The upper phase, constituting fatty acid methyl esters (FAME),
was collected and 1 g Na2SO4 was added to remove water.

FAME were separated via capillary gas chromatography (CG) using Shimadzu GC-2010 Plus
(Shimadzu, Kyoto, Japan) equipped with an autosampler and an automatic split/splitless injector.
Exactly 1 μL of FAME extract was injected into the GC at an inlet temperature of 270 ◦C and a split
ratio of 5:1; compounds were separated on a 30 m long, 0.25-μm-thick-film DB-225MS column with a
0.25 mm i.d. (Agilent, Wilmington, DE, USA). The flow rate of the carrier gas (helium) was maintained
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at a constant value of 1 mL·min−1 at an inlet pressure of 200 kPa. The column temperature was
maintained at 200 ◦C for 10 min, and it was then increased to 220 ◦C at a rate of 5 ◦C·min−1.

The resolved compounds were detected using a flame ionization detector (FID-2010 Plus) set at
270 ◦C; the compounds were identified by comparing their retention times to those of a standard FAME
mixture (FAME 37, Supelco, Bellefonte, PA, USA) run under the same conditions. Quantification was
achieved by integrating the peaks with the Lab Solution 5.71 software, setting the minimum peak
area/height at 2000 count. The amount of each FAME was expressed as a weight percentage of the total
FAMEs represented in the chromatogram.

4.7. Statistical analyses

All data from four replications were subjected to an analysis of variance (ANOVA) using SPSS 16.0
(SPSS Inc., Chicago, IL, USA). In the case of TPC, TPAC, TFC and TAC, each replicate was analyzed two
times and the average values used in statistical analyses. The Tukey’s test was applied for assessing
the mean differences, and a P value of ≤ 0.05 was considered as meaning statistical difference between
the leaf groups.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/10/412/s1,
Figure S1: Principal component analysis (PCA) score and loading plots of phenolic compounds in leaves of
vines infected by brown wood streaking, grapevine leaf stripe and apoplexy (Esca complex), Figure S2: Principal
component analysis (PCA) score and loading plots of fatty acids in leaves of vines infected by brown wood
streaking, grapevine leaf stripe and apoplexy (Esca complex), Table S1: Phenolic compounds identified in Vitis
vinifera L. cv. Malvasia leaves from healthy, brown wood streaking, grapevine leaf stripe and apoplexy-infected
vines and listed in decreasing order based on their average contents (dry weight basis), Table S2: Effect of brown
wood streaking, grapevine leaf stripe and apoplexy (Esca complex) on minor phenolic compounds (average
content < 1.00 mg·kg-1, dry weight basis) in Vitis vinifera L. cv. Malvasia leaves, Table S3: Fatty acids identified in
Vitis vinifera l. cv. Malvasia leaves from healthy, brown wood streaking, grapevine leaf stripe and apoplexy-infected
vines and listed n decreasing order based on their average contents (dry weight basis), Table S4: Effect of brown
wood streaking, grapevine leaf stripe and apoplexy (Esca complex) on the levels (%, dry weight basis) of 24 fatty
acids in Vitis vinifera L. cv. Malvasia leaves.
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Abstract: In this study, declining pistachio rootstocks were detected in newly planted commercial
pistachio orchards in Kern County, California. Symptoms were characterized by wilted foliage
combined with crown rot in the rootstock. From diseased trees, 42 isolates were obtained, and all had
similar cultural and morphological characteristics of Macrophomina phaseolina. Analyses of nucleotide
sequences of three gene fragments, the internal transcribed spacer region (ITS1–5.8S–ITS2), partial
sequences of β-tubulin, and translation elongation factor 1-α (TEF1) confirmed this identification, and
20 representative isolates are presented in the phylogenetic study. Testing of Koch’s postulates showed
that M. phaseolina, when inoculated to stems and roots of the pistachio rootstocks using mycelial plugs
or a microsclerotial suspension, is indeed pathogenic to this host. The widely used clonal University
of California Berkeley I (UCBI) rootstock appeared highly susceptible to M. phaseolina, suggesting that
this pathogen is an emerging threat to the production of pistachio in California. This study confirmed
the association of M. phaseolina with the decline of pistachio trees and represents the first description
of this fungus as a crown rot-causing agent of pistachio in California.

Keywords: pistachio; crown rot; root rot; Macrophomina phaseolina; pathogenicity

1. Introduction

Pistachio (Pistacia vera L.) is one of California’s many important, high-value nut crops. In 2017,
California accounted for more than 99.1% of the United States pistachio crop, with approximately
101,327 hectares of bearing trees with a value of approximately $3.6 billion (http://www.acpistachios.org).
Although pistachio cultivation in California is relatively new, this industry has had a record of steady
expansion. As pistachio demand and acreage continues to grow, fungal pathogens pose a continually
evolving challenge for the industry.

Panicle and shoot blight of pistachio has been one of the main fungal diseases affecting pistachio
in California, with early reports dating back to the 1980s [1]. In California, at least eight species of
Botryosphaeriaceae fungi have been associated with this disease. Botrytis blossom and shoot blight
caused by Botrytis cinerea Pers. [2] and Alternaria late blight caused by multiple species of Alternaria
Nees [3] are additional important diseases of pistachio in California. Management of these various
diseases has mainly relied upon the use of synthetic fungicides. Additional above-ground disease
of pistachio includes Cytospora canker caused by several Cytospora spp. and Botryosphaeria canker
caused by Neofusicoccum mediterraneum Crous, M.J. Wingf. and A.J.L. Phillips [4,5].

Verticillium wilt caused by Verticillium dahliae Kleb. has been the most important soil-borne
disease affecting pistachio trees in California [6]. Verticillium dahliae is found worldwide in all types of
soils and has an extremely wide host range, affecting more than 400 different plant species, including
vegetables, flowers, fruit crops, ornamentals, and perennial agronomic crops [7–9]. Verticillium wilt
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of pistachio mostly occurred in orchards planted after crops such as cotton and tomato, which are
highly susceptible to V. dahliae, or in orchards established adjacent to fields with susceptible crops [10].
The fungus can survive in the soil for many years due to extremely persistent resting structures,
the microsclerotia. Accordingly, control of Verticillium wilt begins before the trees are planted and
the site location is an important consideration. Former cotton, tomato, and alfalfa fields should be
avoided, as they increase the risk of Verticillium wilt. The most effective control measures to combat
Verticillium wilt is the use of resistant rootstocks. In California, commercial pistachio nut production
began in the 1970s with Pistacia atlantica Desf. as the main pistachio rootstock [11]. However, P. atlantica
is highly susceptible to infection by V. dahliae, and the fungus is widespread in soils of the San Joaquin
Valley. The development and widespread planting of resistant University of California Berkeley I
(UCBI) rootstocks has diminished the Verticillium wilt problem of pistachio in California. Symptoms
of Verticillium wilt are now only observed sporadically in the southern half of the San Joaquin Valley,
where the P. atlantica rootstock was initially planted.

California pistachio is also subject to root and crown rots caused by oomycetes such as Phytophthora
and Phytopythium [12–14]. Disease development with oomycetes is generally enhanced in poorly
drained soils, where orchards receive long durations of flood irrigation, or in trees in lower areas or
along creeks and natural drainage creeks in the orchard [6]. When the soil remains saturated for a long
time, these pathogens are able to infect susceptible roots.

Crespo et al. (2019) recently revealed species of Fusarium and Neocosmospora from declining
pistachio rootstocks and stem cankers in the southern San Joaquin Valley of California that were
pathogenic to this host [15]. Three Fusarium (Fusarium equiseti (Corda) Sacc., F. oxysporum Schltdl.,
and F. proliferatum (Matsush.) Nirenberg), and two Neocosmospora species (Neocosmospora falciformis
(Carrión) L. Lombard and Crous (syn: Fusarium falciforme (Carrión) Summerb. and Schroers) and
N. solani (Mart.) L. Lombard and Crous (syn: Fusarium solani (Mart.) Sacc.)) were found associated with
crown rot symptoms and vascular discoloration in stems of clonal UCBI rootstocks in California [15].
Necrotic root lesions and black discoloration of the root cortex, epidermis, and vascular tissues associated
with cylindrocarpon-like fungi included species in Dactylonectria, Neonectria, and Thelonectria, which
were also detected in multiple counties in California [16].

Other disease symptoms observed in recent surveys of pistachio orchards have included young
pistachio trees that were collapsing, showing crown rot with black discolorations in the rootstocks.
Isolation from these young declining pistachio rootstocks revealed the occurrence of a single putative
pathogen tentatively identified as a member of the Botryosphaeriaceae. The aims of this study were to
(1) identify and characterize the putative pathogen associated with pistachio rootstock decline based
on molecular and morphological methods; (2) test the pathogenicity of the putative pathogen on the
commonly planted UCBI pistachio rootstock in California.

2. Results

2.1. Field Surveys and Collection of Fungal Isolates

Forty-two fungal isolates resembling a member of the Botryosphaeriaceae were isolated from
the rootstock of young declining pistachio trees showing root crown and lower trunk rot symptoms
(Figure 1). Affected rootstocks mainly included the clonal UCBI rootstocks. All pistachio isolates were
obtained from orchards in Kern County, California. Orchards characteristics included heavy clay soils
and history of vegetable crops or cotton. In addition to pistachio, 21 isolates with typical characteristics
of the putative pathogen were also collected: 8 from sweet cherry in Fresno and San Joaquin Counties
and 13 from grapevine in Fresno County.
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Figure 1. Symptoms in pistachio rootstocks associated with Macrophomina phaseolina; (A) wilting and
death of unbudded University of California Berkeley I (UCBI) pistachio rootstocks; (B,C) associated
crown rot symptom; (D,E) pistachio tree showing crown rot and black discoloration.

2.2. Phylogenetic Analyses

PCR amplification of the ITS region, TEF1, and TUB2 generated 452–498, 196–213, and 373–380
bp fragments, respectively. For ML analysis, the best-fit model of nucleotide evolution was K2+G
for each dataset. The three-gene (ITS+TEF1+TUB2) 49 sequence dataset consisted of 1161 characters
(643 characters were constant, 83 characters were parsimony-uninformative, and 435 characters were
parsimony informative). MP analysis produced 30 equally most parsimonious trees of 996 steps and
a consistency index (CI), retention index (RI), and rescaled consistency index (RC) of 0.776, 0.890,
and 0.690, respectively. MP and ML analyses revealed that 30 Californian fungal isolates, isolated in
this study, strongly clustered (100%/100% MP and ML bootstraps, respectively) with the type specimen
of Macrophomina phaseolina (Tassi) Goid. isolate CBS 227.33 (Figure 2).
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Figure 2. One of 30 equally most parsimonious trees resulting from the analysis of the three-gene
combined dataset (ITS, TUB2, and TEF1). Numbers in front and after the slash represent maximum
parsimony and maximum likelihood bootstrap values, respectively. Values represented by an asterisk
were less than 70%. Scale bar represents the number of nucleotide changes.

2.3. Morphological Characterization

Colonies in culture ranged in color from light to dark gray and became black with age (Figure 3A).
The average growth rate was 4 cm per day, and most colonies reached the edge of an 85 mm potato
dextrose agar (PDA) dish in 48 h. Aerial mycelia generally did not develop on PDA. Hyphae were
septate, initially subhyaline turning dark-brown with time. Abundant microsclerotia developed
in water agar (WA) and PDA and were black, spherical to oblong, and averaged 84.5 (Length) ×
53.5 (Width) μm (n = 40) with a length-width ratio of 1.57 at maturity (Figure 3B,C). Pycnidia, produced
on pistachio leaf agar (PLA) medium after 2 weeks incubation, were black, subglobose to lageniform,
solitary or gregarious, and ranged from 100 to 200 μm in diameter. Conidia were ellipsoid to obovoid
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and averaged 24.5 × 11.0 μm with a length-width ratio of 2.28. Immature conidia possessed apical
mucoid appendages (Figure 3D). Morphological features of the isolates were typical of those of M.
phaseolina [17]. The optimal growth temperature was 30 ◦C for all three isolates tested (Figure 4).

Figure 3. Morphological characteristics of Macrophomina phaseolina; (A) colonies on potato dextrose
agar after 10 days of incubation at 25 ± 1 ◦C in darkness; (B,C) microsclerotia on pistachio wood and
close up on a microsclerotium produced on water agar; (D) conidia produced from mature pycnidia
forming on pistachio leaf agar medium. Scale bar in B = 300 μm; in C = 60 μm; and in D = 20 μm.
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Figure 4. Effect of the temperature on the mycelial growth of three isolates of Macrophomina phaseolina:
KARE1350, KARE1400 and KARE1411 on potato dextrose agar after 48 h of incubation. Error bars
represent the standard error of the mean.

2.4. Pathogenicity Tests

2.4.1. Stem Inoculation of Pistachio Rootstocks with Mycelium Plugs

Ten months after inoculation, lesion and rot symptoms observed from the inoculated stems were
similar to those observed in the field. For the first pathogenicity test conducted in September 2016,
the two fungal isolates tested produced dark vascular discoloration in the wood that ranged from 4
to 4.76 cm in length (Figure 5). Both isolates tested produced significantly longer (p = 0.0005) lesion
lengths on pistachio stems compared to the control treatment (1.2 cm).
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Figure 5. Average lesion lengths (cm) on pistachio clonal UCBI rootstocks 10 months after inoculation with
mycelial plugs of Macrophomina phaseolina isolates KARE1350 and KARE1400 (September 2016 inoculations).
Columns with different letters indicate treatment means that are significantly different (p = 0.0005).

In the second experiment, conducted in July 2017, all three isolates tested produced substantial
lesions to the stems of pistachio clonal UCB1 rootstocks (Figure 6). Mean lesion length varied between
16.15 and 16.83 cm and was significantly longer (p < 0.00001) as compared to the control plants (2 cm)
(Figure 7). Each fungal isolate was successfully recovered from inoculated plants; pathogen recovery
varied between 66.6% and 100% among the three isolates, and morphologically matched the inoculated
fungus, thereby fulfilling Koch’s postulates of pathogenic organisms. The controls showed no disease
symptoms and no pathogen was isolated from them.

Figure 6. Lesions produced in 2-year-old potted clonal UCBI rootstocks, 10 months after inoculation:
(A) Control; (B) Macrophomina phaseolina isolate KARE1400 (July 2017 inoculations).
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Figure 7. Average lesion lengths (cm) on pistachio clonal UCBI rootstocks 10 months after inoculation
with mycelial plugs of Macrophomina phaseolina isolates KARE1350, KARE1400, and KARE1411 (July
2017 inoculations). Columns with different letters indicate treatment means that are significantly
different (p < 0.00001).

2.4.2. Root Inoculation of Pistachio Rootstocks with Microsclerotial Suspension

Three weeks after inoculation, all isolates tested had caused severe wilting or death of all the
inoculated plantlets of clonal UCBI rootstocks (Figure 8). Isolates were recovered consistently from
resulting root or crown lesions thus, fulfilling Koch’s postulates. Macrophomina phaseolina was not
isolated from control plants, which remained asymptomatic.

Figure 8. Symptoms produced on 4-month-old plantlets of clonal UCBI rootstocks after 22 days
incubation and following root inoculation using a microsclerotia suspension with control plants (left)
and inoculated plants (right).

3. Discussion

This is the first study to report M. phaseolina associated with pistachio rootstock decline in
California. Macrophomina phaseolina was isolated from black lesions developing at the crown or basal
stem of rapidly declining young pistachio trees in Kern County California. The identification of
M. phaseolina was supported by morphological examinations of the unique colony characteristics,

28



Plants 2020, 9, 134

including fast growth and other anamorphic morphologies typical of the species including obtuse
conidia with apical mucoid appendages and the production of microsclerotia in culture [17,18].

Pathogen identification was confirmed by phylogenetic analyses of ITS, TEF1, and TUB2 DNA
sequence data. These analyses revealed that isolates collected from different symptomatic parts in
pistachio rootstocks (crown rot and root rot) represented a single species. Results of phylogenetic
analyses also indicated that M. phaseolina isolates from pistachio were genetically similar to other isolates
isolated from symptomatic grapevine and sweet cherry in Fresno and San Joaquin Counties, respectively.

Macrophomina phaseolina is an important phytopathogenic fungus, infecting more than 750 plant
species [17,19]. The pathogen incites a stem canker disease in many crops that is often referred to as
charcoal rot disease, due to the charcoal type coloration imparted to the symptomatic plant tissues.
Charcoal rot disease affects many field crops including soybean (Glycine max (L.) Merr.) [20], chickpea
(Cicer arietinum L.) [21], common bean (Phaseolus vulgaris L.) [22], sunflower (Helianthus annuus L.) [23],
and sorghum (Sorghum bicolor (L.) Moench.) [24]. In California, charcoal rot has emerged as a serious
concern for strawberry cultivation [25]. By 2014, the pathogen was confirmed in all major coastal
strawberry counties in California [26]. Macrophomina phaseolina has been reported only sporadically as
a pathogen of perennial woody crops. It is known to affect grapevine in Australia, Iran, South Africa,
Spain, and California [27–29] and olive in Australia [30]. In California, M. phaseolina has also been
reported from almond cankers [31].

Pathogenicity tests in potted 2-year-old clonal UCBI pistachio rootstocks using mycelium plugs
showed that M. phaseolina was highly aggressive following July infections, causing dark and elongated
lesions in the stems of the pistachio trees. In the microsclerotial inoculum assay, M. phaseolina caused
the death of clonal UCBI pistachio plantlets, inducing both root and crown rots. These results indicate
that clonal UCBI pistachio rootstock most likely do not possess genetic resistance against this aggressive
plant pathogen. To our knowledge, this work is the first to report M. phaseolina associated with the
decline of pistachio trees worldwide.

Macrophomina phaseolina causes important annual losses to its host crop and can survive in the
soil for many years, mainly as microsclerotia that germinate repeatedly during the growing season.
The pathogen generally attacks young plants when their growth is retarded due to unfavorable
conditions including low-water potentials that occur during periods of severe drought [32]. In the
present study, M. phaseolina was mostly isolated from young rootstocks that were newly planted in the
field and were subjected to stressful environmental conditions such as high temperature, poor soil
fertility, or trees that had suffered bark damage due to gophers.

In recent years, California has been severely affected by drought and increased mean annual
temperatures, which may contribute to fluxes in the plant environment and increase plant stress. Water
shortage combined with high temperatures, the intensification and expansion of pistachio cultivation,
the aging of orchards, and the planting of new varieties are also factors that could contribute to disease
emergence and spread. Recently, multiple Cytospora spp., Neofusicoccum mediterraneum, Colletotrichum
karsti You L. Yang, Zuo Y. Liu, K.D. Hyde and L. Cai, Diaporthe ambigua Nitschke, and Didymella
glomerata (Corda) Qian Chen and L. Cai, were reported as new pathogens of pistachio in California,
causing cankers in the trunks and branches of mature trees [4,5].

In conclusion, this study has provided new information regarding the identity and pathogenicity
of M. phaseolina associated with pistachio rootstock decline in California, and this pathogen represents a
new and emerging threat to the industry. The occurrence of this fungal pathogen, in pistachio but also
sweet cherry and grapevine in California, has become of increasing concern in recent years. Research
needs to be continued to investigate the disease epidemiology as well as develop efficient control
strategies to mitigate the impact of Macrophomina crown and root rot disease of pistachio in California.
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4. Materials and Methods

4.1. Field Surveys and Collection of Fungal Isolates

Isolates used in this study were isolated from declining pistachio trees and rootstocks expressing
crown and root rot symptoms in Kern County California from 2016 to 2018. In total, 22 symptomatic
samples were collected from 8 orchards ranging from 1- to 5-years-old. Samples of phloem (live bark)
and vascular-cambium tissue from the lower trunk/crown of young trees showing crown rot and
associated decline symptoms were collected and taken to the laboratory for detailed examination
and isolation of putative pathogens. Symptomatic bark and root tissues were surface disinfested
by submerging them in a 0.5% sodium hypochlorite for 2 min and rinsed twice with sterile water.
Subsequently, the bark and root tissues were placed in Petri dishes containing potato dextrose agar
(PDA) acidified with lactic acid (2.5 mL of 25% [vol/vol] per liter of medium) (APDA). Cultures were
incubated at ambient laboratory light and temperature conditions (24 ± 2 ◦C) with approximately
12 h of daylight and 12 h of darkness until fungal colonies were observed. The most prevalent fungal
taxa growing from the symptomatic tissues were then individually transferred to fresh APDA Petri
dishes. To obtain pure cultures, single hyphal tips from colonies with typical growth characteristics
of the Botryosphaeriaceae (initially white, fast-growing, and darkening with age) were transferred
to fresh PDA and incubated as described above for 5 to 7 days. Similar isolates were also isolated
from symptomatic grapevine and sweet cherry wood tissues and were included in the phylogenetic
analyses. Isolates collected in the present study are summarized in Table 1 and maintained in the
culture collection of the Department of Plant Pathology of the University of California, Davis at the
Kearney Agricultural Research and Extension (KARE) Center, Parlier, CA, USA.
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4.2. DNA Extraction, Sequencing, and Phylogenetic Analyses

Total genomic DNA was isolated from fungal mycelium scraped with a sterile scalpel from
the surface of 7-day-old PDA cultures using the DNeasy Plant Kit (Qiagen, Valencia, CA, USA),
following the manufacturer’s instructions. All PCR reactions utilized AccuPower™ PCR Premix
(Bioneer, Alameda, CA, USA), following the manufacturer’s instructions. Amplification of rDNA,
including the intervening ITS regions and 5.8S rDNA (ITS1–5.8S–ITS2), using the primer set ITS1 and
ITS4 followed the protocol of White et al. (1990) [33]. Amplification of translation elongation factor 1-α
(TEF1) fragments utilized the primer set EF1-728F and EF1-986R [34], and beta-tubulin (TUB2) utilized
primers Bt2a and Bt2b [35]. PCR products were visualized on 1.5% agarose gels (120 V for 25 min)
stained with GelRed® (Biotium, Fremont, CA, USA), following the manufacturer’s instructions, to
confirm presence and size of PCR amplicons, purified via Exonuclease I and recombinant Shrimp
Alkaline Phosphatase (Affymetrix, Santa Clara, CA, USA), and sequenced in both directions utilizing
the primers above on an ABI 3730 Capillary Electrophoresis Genetic Analyzer (College of Biological
Sciences Sequencing Facility, University of California, Davis, CA, USA).

Forward and reverse DNA sequences were assembled, edited, and proofread in Sequencher v. 5
(Gene Codes Corporation, Ann Arbor, MI, USA) and deposited in GenBank (Table 1). Homologous
sequences with high similarity from ex-type and non-type Botryosphaeriaceae species were included
for phylogenetic reference utilizing the BLASTn function in NCBI and literature review (Table 2).
Multiple sequence alignments were conducted in MEGA v. 6 [36] and manually adjusted where
necessary in Mesquite v. 3.10 [37]. Alignments were submitted to TreeBASE under accession number
S24559. The three-gene dataset was analyzed using two different optimality search criteria, maximum
parsimony (MP) and maximum likelihood (ML), in PAUP * v. 4.0a164 and GARLI v. 0.951 [38,39],
respectively. For the MP analysis, a heuristic search with 1000 random sequence additions was
implemented with the Tree-Bisection-Reconnection algorithm and gaps were treated as missing data.
Bootstrap analysis with 1000 replicates was used to estimate branch support. For the ML analysis,
MEGA was used to infer a model of nucleotide substitution for each dataset, using the Akaike
Information Criterion (AIC). ML analyses were conducted according to the best fit model of nucleotide
substitution for each dataset using default parameters in GARLI, and branch support was determined
by 1000 bootstrap replicates. Sequences of Phyllosticta Pers. (Botryosphaeriales, Phyllostictaceae)
served as the outgroup taxon in the phylogenetic analyses.
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4.3. Morphological Characterization

Three representative isolates (KARE1045, KARE1350, and KARE1400) were selected to study their
cultural and conidial features. For each selected isolate, 5 mm mycelial plugs from developing colonies
were removed and transferred to the center of new 85 mm diameter PDA Petri dishes. Cultures
were incubated in the dark at temperatures ranging from 5 to 40 ◦C at 5-degree intervals. At each
temperature (5◦, 10◦, 15◦, 20◦, 25◦, 30◦, 35◦, and 40 ◦C), 3 replicate dishes of each isolate were used.
Measurements of colony diameter were taken each 24 h until the fastest-growing colony had reached
the edge of the dish. For each of the 8 temperatures, the average colony diameter per 48 h of growth
was calculated. Colony characters and pigment production were noted after 48 h of incubation on
PDA at 30 ◦C in darkness. The experiment was repeated once.

The representative isolates, as mentioned above, were further used to study conidial morphology.
Pycnidia were induced to form by incubating colonies on pistachio leaf agar (PLA) medium [40].
Pistachio leaves were autoclaved twice at 120 ◦C for 20 min and then placed into Petri dishes containing
PDA (5 g agar, 5 g potato dextrose broth and 500 mL water). Cultures were then incubated under
near UV irradiation (12 h light/12 h dark) at 25 ± 1 ◦C for 2 weeks. Pycnidia containing conidia
were mounted in sterile water on glass slides, and conidial dimensions included length and width of
40 conidia for each isolate were measured at ×400 magnification using a Leica compound microscope
(Leica DM2000 LED Microscope, Wetzlar, Germany). Microsclerotia were also induced to form by
incubating isolates on WA and characterized as described above.

4.4. Pathogenicity Tests

4.4.1. Stem Inoculation of Clonal UCBI Pistachio Rootstocks with Mycelium Plugs

Potted 2-year-old clonal UCBI pistachio rootstocks showing no apparent decline symptoms, or
weak growth, were used for the pathogenicity tests. Two experiments were conducted using the same
methodology. The first pathogenicity test was conducted in September 2016. Four tree replicates
were inoculated per combination of 3 inoculation treatments (isolates KARE1350, KARE1400, and the
control). Plants were arranged in a completely randomized design and maintained in a greenhouse with
a natural photoperiod and temperatures ranging from 22 to 30 ◦C for 10 months. Plants were watered
once weekly during the course of the experiment. The second pathogenicity test was conducted in
July 2017. Eight replicate trees were inoculated per combination of 4 inoculation treatments (isolates
KARE1350, KARE1400, KARE1411, and the control) and arranged in a completely randomized design
in an outdoor gravel bed for 10 months. Inoculations were conducted by using a 5 mm-diameter
mycelium plug from a 7-day-old culture. The bark surface was disinfected at the point of inoculation
with 70% ethanol. Stems of the potted clonal UCBI rootstocks were inoculated 4 cm above the soil line,
wounds to the stem/crown were produced with a flame-sterilized 5 mm cork borer followed by placing
a 5 mm agar plug bearing aerial mycelia, upper surface facing inward, into the fresh wound, which
was then sealed with petroleum jelly, and wrapped with Parafilm. Control plants were treated with
sterile PDA agar plugs followed by sealing and wrapping as above. Plants were watered twice weekly.

Infection data were recorded 10 months after inoculation. The bark was removed, and the length
of wood discoloration (LWD) upwards and downwards from the point of inoculation was measured
using a digital caliper. In an attempt to fulfill Koch’s postulates, small pieces of necrotic tissue from the
edge of each lesion were surface disinfested as described above and plated on APDA filled Petri dishes
to recover the inoculated fungus. Emerging fungal colonies were recorded and identified based on
morphology as described above. Data for lesion length were tested for normality and homogeneity of
variance using Shapiro-Wilk’s and Bartlett’s tests, respectively. ANOVAs were done in Statistix 10
(Analytical Software, Tallahassee, FL, USA) to evaluate differences in the LWD between the control
and fungal treatments. Differences in the means between fungal treatments and the mock-inoculated
controls were assessed using Tukey’s honestly significant difference (HSD) test at p = 0.05.
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4.4.2. Root Inoculation of UCBI Pistachio Rootstocks with Microsclerotial Suspensions

Clonal UCBI pistachio saplings were root-inoculated using a microsclerotial suspension.
The experiment was conducted using 3 isolates (KARE1350, KARE1400, and KARE1411) of M. phaseolina
inoculated to 4-month-old plantlets of clonal UCBI rootstocks. The inoculum, consisting of mycelium
and microsclerotia (1 × 105 propagules per mL), was prepared by scraping the surface of 12-day-old
PDA cultures containing microsclerotia of the pathogen with a sterile scalpel blade and homogenizing
in sterile water using a kitchen blender on high speed for 30 s. Inoculations were performed by dipping
the bare root system of each rootstock into the inoculum slurry for 5 min, and subsequently mixing
the microsclerotia suspension homogeneously with potting soil in 10 × 24 cm tree pots. In total, 20
clonal UCBI plantlet rootstocks were used. These included 5 replicates for each fungal isolate and
the control. The 5 mock-inoculated controls were subjected to the same process as described above
but were treated with a mixture of distilled sterile water and potted and incubated as above. Disease
development and symptoms were assessed every 4 days for 1 month.
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Abstract: Citrus trees with cankers and dieback symptoms were observed in Bushehr (Bushehr
province, Iran). Isolations were made from diseased cankers and branches. Recovered fungal
isolates were identified using cultural and morphological characteristics, as well as comparisons of
DNA sequence data of the nuclear ribosomal DNA-internal transcribed spacer region, translation
elongation factor 1α, β-tubulin, and actin gene regions. Dothiorella viticola, Lasiodiplodia theobromae,
Neoscytalidium hyalinum, Phaeoacremonium (P.) parasiticum, P. italicum, P. iranianum, P. rubrigenum,
P. minimum, P. croatiense, P. fraxinopensylvanicum, Phaeoacremonium sp., Cadophora luteo-olivacea,
Biscogniauxia (B.) mediterranea, Colletotrichum gloeosporioides, C. boninense, Peyronellaea (Pa.) pinodella,
Stilbocrea (S.) walteri, and several isolates of Phoma, Pestalotiopsis, and Fusarium species were obtained
from diseased trees. The pathogenicity tests were conducted by artificial inoculation of excised shoots
of healthy acid lime trees (Citrus aurantifolia) under controlled conditions. Lasiodiplodia theobromae
was the most virulent and caused the longest lesions within 40 days of inoculation. According to
literature reviews, this is the first report of L. theobromae and N. hyalinum on citrus in Iran. Additionally,
we report several Phaeoacremonium species, S. walteri, Pa. pinodella and C. luteo-olivacea on citrus trees
for the first time in the world.

Keywords: bscogniauxia; botryosphaeriaceae; cadophora; citrus dieback; colletotrichum;
phaeoacremonium

1. Introduction

Iran is the sixth largest Citrus producer, accounting for 3.3% of the world’s Citrus production,
which yielded 4.1 million tons in 2016 [1]. A total of 276,000 ha of various Citrus species are
cultivated in Iran, including sweet orange (Citrus sinensis L.), acid lime (C. aurantifolia (Christm.)
Swingle), sour orange (C. aurantium L.), mandarin (C. reticulata Blanco), lemon (C. limon (L.) Osbeck),
and grapefruit (C. paradisi Macfad). The most important producing regions in Iran are Mazandaran,
Fars, Hormozgan, Giroft, and Kahnouj.

Fungal trunk diseases have been studied in detail in grapevine, which are the main biotic factor
limiting vineyard productivity and longevity [2]. However, recent findings of high incidence in stone
and pome fruits, small fruits, nut crops, citrus, and olive worldwide highlight the need for a focus on
this novel group of hosts [3]. Trunk diseases are caused by a broad range of taxonomically unrelated
fungi that primarily infect wood hosts through winter pruning wounds, thus colonizing the vascular
tissues. Members of the families Botryosphaeriaceae, Togninaceae, Diatrypaceae, Diaporthaceae,
as well as several basidiomycetes are included in this group of fungi. Members of Diatrypaceae
(Xylariales) can often be observed on dead wood and bark of a wide range of plant species around the
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world. Nevertheless, some species of this family are reported as putative plant pathogens on fruit,
ornamental, and forest trees [4–8]. Some species of Eutypella have been previously isolated from citrus
species, including Citrus limon, C. paradisi, C. maxima, and C. aurantium in Australia, Argentina, Brazil,
Coted’Ivoire, Philippines, and USA [9–14]. Diatrypaceae spp. were also isolated from citrus trees in
Australia [15].

Species of Botryosphaeriaceae have a cosmopolitan distribution and have been associated with
numerous plant species worldwide [16–18]. Many species of the genera Lasiodiplodia [19–23], Diplodia,
Dothiorella, Neofusicoccum [20], and Neoscytalidium [14,20] have been previously reported to affect
citrus trees. Togniniaceae (Togniniales), with the well-known asexual morph genus Phaeoacremonium,
is another family of fungi traditionally associated with dieback, canker, and yellowing of various
fruit, forest, and ornamental trees, worldwide [24–31]. To date, 56 Phaeoacremonium species have been
identified from woody hosts [32]. The most prevalent Phaeoacremonium species isolated from woody
hosts are P. minimum, followed by P. parasiticum [33]. Dieback and related disease symptoms have been
achieved by inoculating Phaeoacremonium species onto several hosts such as Prunus spp., kiwifruit, oak,
and grapevine [33,34]. Phaeoacremonium species isolated from grapevine have been intensively studied
because of their involvement in two trunk diseases, Petri disease in young vines and esca in mature
vines [32,35]. To our knowledge, there are no reports of Phaeoacremonium species affecting Citrus spp.

In spring 2014, a severe decline of citrus trees was noticed in some orchards in Bushehr (Bushehr
province, Iran). External disease symptoms included chlorosis of leaves, defoliation, branch and shoot
cankers, and dieback. Internal wood symptoms ranged from brown to black wood streaking and
black spots to wedge-shaped necrosis, irregular wood discoloration, central necrosis, and arch-shaped
necrosis. Many fungi associated with trunk diseases have been isolated from several woody hosts
in Iran, including grapevine [36,37], pome and stone fruit trees [28,38], and ornamental and forest
trees [29,31,39,40]. However, little information is presently available on the causal agents of the severe
decline of citrus trees in Iran. Therefore, the aim of this study was to investigate the etiology of fungal
trunk diseases associated with wood necrosis of citrus trees in Iran and to determine their pathogenicity.

2. Results

2.1. Field Survey and Diversity of Disease Symptoms

In this study, wood samples were collected from lime (46 trees), sweet lemon (23 trees), sweet orange
(22 trees), mandarin (eight trees), sour orange (four trees) and lemon (three trees). Citrus trees showed
various external disease symptoms, including yellowing, canker, defoliation, dieback, cracking of
the bark associated with gumming, and sooty cankers (form a black powder underneath the bark).
Examination of infected branches from symptomatic trees revealed different types of wood discoloration
in cross-sections, black to brown streaking in the wood, wedge-shaped necrosis, black spots, irregular
wood discoloration, central necrosis, and arch-shaped necrosis (Figure 1).
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Figure 1. Diversity of external (A–D) and internal (E–I) trunk disease symptoms on Citrus species in
Iran (A) a severe dieback on Citrus sinensis; (B) two cankers on a trunk of a C. sinensis tree indicated by
arrows; (C) an extended canker on the branch of Citrus aurantifolia indicated by arrow; (D) gummosis
on Citrus limetta; (E) cross-section of a healthy branch of C. aurantifolia; (F) central necrosis on C. sinensis;
(G) Co-occurrence of brown wood streaking (black arrow), wedge-shaped necrosis (white arrow)
and irregular wood necrosis (red arrow) on C. sinensis; (H) Arch-shaped necrosis on C. aurantifolia;
(I) a young wedge shaped necrosis on Citrus reticulata; (J) Co-occurrence of wedge-shaped necrosis is
indicated by the white arrow and black spots are indicated by the black arrow on the C. sinensis.
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2.2. Fungal Isolation and Morphological Identification

In this survey, 326 fungal isolates were collected from citrus trees (Table 1). According to colony
appearance, culture characteristics, and microscopic structures, the main fungal isolates were classified
as Phaeoacremonium spp., Botryosphaeriaceae spp. Cadophora sp., Colletotrichum spp., Peyronellaea
sp., Phoma spp., and Biscogniauxia mediterranea. Thirty-nine isolates (11.96% of total isolates) were
identified as Phaeoacremonium species and characterized by beige to medium brown flat slow-growing
cultures on potato dextrose agar (PDA; Merck, Darmstadt, Germany) and on malt extract agar (MEA;
2% malt extract, Merck, Darmstadt, Germany). Septate hyphae were single or fasciculate, and three
types of phialides, variable in shape and size (I, II, and III types), were recorded in these isolates [41].
Morphological features of 49 isolates (15.03%) were consistent with the description of species of
Botryosphaeriaceae [16,17,42]. These isolates were characterized by dark green to gray or fast-growing
gray mycelium on the PDA. All isolates produced fruit bodies, pycnidia, on pine needles within
15–35 days. Conidia were pigmented or hyaline. These isolates belonged to the genera Lasiodiplodia,
Neoscytalidium, and Dothiorella. Twelve isolates of the phialides fungus were identified as Cadophora sp.
These isolates formed flat, felty, and black-olivaceous and white to gray colonies on PDA, and their
conidia were ellipsoid or elongate. Cultural and morphological characteristics observed were similar
with the description of the Cadophora spp. [43,44]. Based on morphological characteristics, the remaining
isolates were classified to Colletotrichum, Peyronellea, Pestalotiopsis, Fusarium, Microsphaeropsis, Alternaria,
Trichoderma, Paecilomyces, Aspergillus, Penicillium, Phoma, Biscogniauxia, and Stilbocrea genera.

Table 1. Fungal species isolated from Citrus species in Iran.

Fungal Species
Citrus Species Total

IsolatesC. sinensis C. aurantifolia C. reticulata C. limetta C. aurantium C. limon

Phaeoacremonium
parasiticum 1 11 0 0 0 0 12

P. rubrigenum 0 4 0 0 0 0 4
P. minimum 0 8 0 0 0 0 8
P. italicum 0 5 0 0 0 0 5

P. croatiense 2 0 0 2 0 0 4
P. iranianum 0 0 2 0 0 0 2

P. fraxinopennsylvanicum 0 0 0 0 1 1 2
Phaeoacremonium sp. 0 2 0 0 0 0 2

Cadophora luteo-olivacea 0 0 6 6 0 0 12
Biscogniauxia mediterranea 2 0 0 0 0 0 2
Neoscytalidium hyalinum 0 7 0 7 0 0 14

Dothiorella viticola 7 7 0 0 6 0 20
Lasiodiplodia theobromae 7 8 0 0 0 0 15

Colletotrichum
gleoesporioides 8 0 0 10 0 0 18

Colletotrichum boninense 0 0 0 7 0 0 7
Peyronellea pinodella 5 6 0 0 0 0 11

Phoma herbarum 0 6 0 5 0 0 11
Phoma fungicola 5 0 5 4 0 0 14

Microsphaeropsis olivacea 6 0 0 0 0 0 6
Stilbocrea walteri 0 3 0 0 1 4 8
Pestalotiopsis sp. 4 0 0 0 0 0 4
Fusarium spp. 2 3 0 1 1 5 12

Paecilomyces spp. 2 3 5 1 3 1 15
Phoma spp. 3 0 0 0 0 0 3

Penicillium spp. 7 4 9 0 4 5 29
Aspergillus spp. 11 10 8 8 3 8 48
Trichoderma spp. 5 0 2 5 0 1 13
Alternaria spp. 3 7 3 10 0 2 25

Total fungal isolates 80 94 40 66 19 27 326
Total number of trees

surveyed 39 57 19 43 18 12 188
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No association was found between wood symptoms and fungal species. Dual infections by trunk
disease fungi in a single tree occurred. Phaeoacremonium parasiticum and P. italicum were isolated
from one tree of C. aurantifolia; P. parasiticum, P. croatiense, and Do. viticola from one tree of C. sinensis,
L. theobromae and Neoscytalidium hyalinum from one tree of C. aurantifolia, and C. luteo-olivacea and
P. croatiense from one tree of C. limetta. In addition, some fungal species grew from an individual wood
segment, such as Stilbocrea walteri and P. fraxinopennsylvanicum from C. limon.

2.3. Molecular Characterization and Phylogenetic Analyses

BLASTn searches in GenBank showed that the nuclear ribosomal DNA-internal transcribed spacer
region (ITS) and translation elongation factor 1α (tef1-α) sequences of Botryosphaeriaceae isolates had
99–100% identity with isolates of Lasiodiplodia theobromae (strain CBS559.70), Neoscytalidium hyalinum
(strain CBS 145.78), and Dothiorella viticola (strain CBS 117006). The ITS sequences of the Cadophora
isolates had 99–100 % identity with isolates previously identified as Cadophora luteo-olivacea in GenBank
(strain CBS 855.69). ITS and β-tubulin (BT) sequences of Colletotrichum isolates were identical to isolates
previously reported as Colletotrichum gloeosporioides (ITS: strain CBS 132465; BT: strain CBS 100471)
and Colletotrichum boninense (ITS and BT: strain CBS:123755) in GenBank. ITS and BT sequences of
Peyronellea isolates in our study showed 99–100 % identity with those isolates previously submitted as
Didymella pinodella (strain CBS 531.66) in GenBank. ITS and tef1-α sequences of Stilbocrea isolates from
citrus trees had 99–100% identity with Stilbocrea walteri (strain NQI). Regarding the Biscogniauxia isolates,
ITS of our isolates had 99–100% identity with isolates previously identified as Biscogniauxia mediterranea
(strain CBS 129072).

Datasets of the BT and actin (ACT) alignments of Phaeoacremonium were congruent and could
be combined (p = 0.225). The Hasegawa–Kishino–Yano model (HKY) with gamma distributed with
invariant sites rates (G+I) was identified as the BIC best-fit nucleotide substitution model by the
jModelTest for the Phaeoacremonium multi-locus analysis. Maximum likelihood (ML) of the combined
ACT-BT regions provided a phylogeny with 98 to 100% ML bootstrap support for all species-level clades,
with the exception of P. alvesii (paraphyletic, 87% bootstrap support), P. griseorubrum (paraphyletic,
66% bootstrap support), P. roseum (89% bootstrap support), and P. viticola (paraphyletic with regard to
P. roseum and P. angustius) (Figure 2). The 39 strains from Iran clustered in eight clades (P. italicum,
Phaeoacremonium sp., P. rubrigenum, P. parasiticum, P. minimum, P. iranianum, P. fraxynopennsylvanicum,
and P. croatiense). The isolates of the clade 2 grouped together in a polyphyletic clade with 100%
bootstrap support with the P. italicum as a closely related species. The BT and ACT sequences of
the second clade of Phaeoacremonium isolates were 98% (BT) and 98.77% (ACT) identical to those of
P. italicum CBS 137763 (GenBank KJ534074, KJ534046). Three nucleotides varied in the ACT region
and ten nucleotides in the BT region between the second clade of Phaeoacremonium isolates and the
P. italicum CBS 137763 sequences.
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Figure 2. Cont.
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Figure 2. Maximum likelihood phylogeny of Phaeoacremonium spp. according to concatenated
alignments of the actin (ACT) and beta-tubulin (BT) gene regions. Support values less than 70%
bootstrap were omitted. Maximum likelihood bootstrap percentages are indicated at the nodes. Isolates
obtained in this study are indicated in bold. The eight clades associated with the Phaeoacremonium spp.
obtained in this study are indicated by numbers.

2.4. Pathogenicity Test

Mean lengths of wood discolorations caused by inoculated isolates obtained from Citrus species
on the detached shoots of C. aurantifolia are shown in Figures 3 and 4. Our results showed a variation
in the total (Figure 4a), and both the upward and downward lesion lengths (Figure 4b) from the point
of inoculation and re-isolation frequencies of inoculated isolates on lime shoots. L. theobromae was the
most aggressive fungal species and produced the longest necrotic lesions (57.67 mm) on the inoculated
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shoots followed by Do. viticola (38.17 mm) and P. parasiticum (34.33 mm) (Figure 4a). In contrast,
two species of S. walteri (6.33 mm) and P. rubrigenum (6.00 mm) produced the smallest wood lesions
on the inoculated shoots, and no significant differences were observed between these species and the
control treatments (3.67 mm).

 

 

 

 

 

 

 

 

Figure 3. Pathogenicity tests of fungal species inoculated onto Citrus aurantifolia detached shoots,
40 days after inoculation: (A) control; (B,C) Lasiodiplodia theobromae; (D); Dothiorella viticola;
(E) Neoscytalidium hyalinum; (F,G) Phaeoacremonium parasiticum; (H) Cadophora luteo-olivacea;
(I) Phaeoaremonium minimum; (J) Phaeoacremonium iranianum; (K) Colletotrichum gloeosporoides;
(L) Phaeoacremonium fraxinopennsylvanicum; (M) Phaeoacremonium italicum; (N) Stilbocrea walteri;
(O) Phaeoacremonium rubrigenum; (white arrows show the point of inoculation, and the red dashed
lines indicate the lesion length caused by each isolate).

All inoculated fungi caused longer basipetal than acropetal lesions on the lime shoots (Figure 4b).
Of the isolates inoculated, 10 species caused downward and upward wood lesions that were significantly
different to those in the control (p < 0.05). L. theobromae also produced the longest wood lesion lengths
both in upward (22.34 mm) and in downward (35.33) directions, while S. walteri (upward = 2.5,
downward = 3.83 mm) and P. rubrigenum (upward = 2.5, downward = 3.50 mm) did not cause any
significant necrotic lesion lengths both in the downward and in the upward directions compared to
the control treatments (upward = 1.34, downward = 2.33 mm) on the inoculated shoots. Re-isolation
percentages were between 40.0% (C. luteo-olivacea) and 100% (L. theobromae and N. hyalinum) on the
inoculated lime shoots, and no fungal isolates were recovered from control treatments.
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Figure 4. Total (A) and upward and downward (B) wood lesion size produced by inoculated isolates
onto Citrus aurantifolia detached shoots, 40 days after inoculation. Different letters in boldface indicate
significant differences at p = 0.05. Bars represent standard error of the means.

3. Discussion

This study shows the high incidence and severity of fungal trunk pathogens associated with wood
decay symptoms of six Citrus species (C. sinensis, C. aurantifolia, C. reticulate, C. limetta, C. aurntium,
and C. limon) in Iran. During the last decade, extensive studies have been done on fungal trunk pathogens
of fruit trees, including grapevine [36,37], stone [38], and pome fruit trees [28,30], pistachio [45],
almond [46–48], walnut [49,50], pomegranate, and fig trees [51] in Iran. The current study shows
that Citrus also represents a rich catch host for fungi associated with trunk diseases in this country.
Different trunk disease fungi often co-occurred in the same tree and even in the same type of symptom,
thus showing the complexity of the etiology of wood symptoms observed. The co-infection of several
trunk disease fungi on woody crops could lead to an increase in disease severity compared to the
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single occurrence of a fungal species, as it has been previously demonstrated on grapevine with
Botryosphaeriaceae and Ilyonectria spp. [52].

Morphological comparisons of trunk disease fungi often reveal an overlap between species in
several characters [13,16,41]. In our study, the use of these characters to distinguish fungal species
within a genus or family was inadequate, thus highlighting the convenience of DNA-based methods
for such purposes. This is particularly important for species of the genus Phaeoacremonium [41].
Throughout this survey, seven Phaeoacremonium species, including P. parasiticum, P. minimum,
P. rubrigenum, P. italicum, P. iranianum, P. croatiense, P. fraxinopennsylvanicum, and an unidentified
species of Phaeoacremonium were recovered from Citrus spp. showing a decline in symptoms.
All Phaeoacremonium species reported herein have been found associated with grapevine [41,53–55].
P. parasiticum was the dominant Phaeoacremonium species in this study, with 12 isolates collected
from C. sinensis and C. aurantifolia. This fungus has previously been reported from C. reticulata in
Iran [56], and from various fruit trees, such as grapevine [41], Actinidia chinensis [57], Cydonia oblonga,
Ficus carica [58], Olea europaea [58,59], Malus domestica [28,58], Prunus armeniaca [24], Prunus avium [60],
Punica granatum [58], and Pyrus communis [28] worlwide. In our study, P. minimum, P. rubrigenum
and P. italicum were isolated only from C. aurantifolia. Similar to P. parasiticum, P. minimum was also
reported from a wide range of fruit trees, including A. chinensis [61], A. deliciosa [62], C. oblonga [28,58],
M. domestica [25,28,63], O. europaea [64], P. armeniaca [24], Prunus dulcis [57], P. pennsylvanica [65],
Prunus salicina [24], P. granatum [58], P. communis [25,28], in Iran and other parts of the world.
P. rubrigenum has previously been reported from C. oblonga [28], O. europaea [59], and P. communis [28].
More recently, fruit tree infections by P. italicum have also been reported from South Africa and
this fungus has been isolated from C. oblonga, Ficus carica, M. domestica, O. europaea, P. persica, and
P. granatum in this country [58]. P. croatiense was isolated from C. sinensis and C. limetta, while
P. fraxinopennsylvanicum was isolated form C. aurantium. Related to fruit trees, P. fraxinopennsylvanicum
was previously reported to affect A. deliciosa [62], M. domestica [28,58], P. salicina [24], and Pyrus
communis [25], while P. croatiense was only reported from grapevine [54]. Our research confirms the
broad distribution of Phaeoacremonium spp. affecting woody crops, and provides their first record on
citrus trees in the world.

Three species of Botryosphaeriaceae, namely N. hyalinum, Do. viticola and L. theobromae were
obtained from citrus trees in this study. Neoscytalidium hyalinum was isolated from C. aurantifolia and
C. limetta, Do. viticola was recovered from C. sinensis, C. aurantifolia, and C. aurantium, and L. theobromae
was associated with C. sinensis and C. aurantifolia. Several species of Botryosphaeriaceae are known
to dieback and branch cankers in Citrus spp. worldwide [14,20,22,23,66–70]. Dothiorella viticola has
been previously reported to cause gummosis in citrus in California [20] and Tunisia [71]. This fungus
has also been reported from cultivar Parent Washington on sour orange rootstock [68], C. sinensis and
C. latifolia Tan. in California [20], and C. sinensis in New Zealand [72]. Abdollahzadeh et al. reported
this species from Citrus sp. in Guilan province of Iran [73]. Our study provides the first report of this
fungus from C. aurantifolia and C. aurantium.

Neoscytalidium hyalinum has been reported as the most prevalent Botryosphaeriaceae species
associated with citrus branch cankers in the desert regions of southern California [14]. This fungus
has been recovered from C. paradise showing gummosis in California [20] and also from C. sinensis in
Italy [74]. Therefore, our work is the first report of N. hyalinum from two Citrus species, C. aurantifolia
and C. limetta. L. theobromae has been previously reported from some Citrus species, including C. limon
in Chile [23] and Persian lime (Citrus latifolia) trees in Mexico [70]. Our study represents the first report
of this species on C. sinensis and C. aurantifolia.

In the current study, 12 isolates of Cadophora luteo-olivacea were obtained from C. reticulata and
C. limetta. C. luteo-olivacea has previously been reported with black vascular streaking and a decline in
the symptoms characteristic of Petri disease on grapevine [44,54,75,76], bark cracks of kiwifruit [62],
and from pear fruits showing dark-brown and slightly sunken spots [77]. Aside from these reports,
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little is known regarding the role of Cadophora species involved in trunk diseases of trees. This is the
first time that C. luteo-olivacea has been found on Citrus spp.

Most species of the genus Biscogniauxia are reported from forest trees, mainly from Quercus
spp. [78–80]. Some species of this genus have also been found associated with fruit trees such as
B. pruni and B. granmoi on Prunus padus [81,82], B. marginata on M. communis [83], B. rosacearum
on P. communis, C. oblonga and Prunus domestica [84], and B. capnodes on Averrhoa carambola [85].
Biscogniauxia mediterranea is known to be the causal agent of charcoal cankers on a wide range of trees
worldwide, in particular Quercus spp. [79,80,86]. In Iran, this pathogen was already reported from
C. sinensis [87], along with other woody hosts, such as Quercus castaneifolia [88], Zelkova carpinifolia [89],
Q. brantii [89], and Amygdalus scoparia [90].

In the current study, eight isolates of Stilbocrea walteri were isolated from C. aurantifolia, C. aurntium,
and C. limon. This species was originally reported from dead corticated branches of Quercus ilex in
Portugal [91], and to our knowledge, it has not been reported from necrotic wood tissues of trees.
Therefore, this study is the first report of this species in Iran and on Citrus species worldwide.

Peyronellea pinodella (Didymellaceae) is a destructive necrotrophic pathogen on some plant families,
including Fabaceae, Amaranthaceae, Asteraceae, Amaryllidaceae, Appiaceae Rubiaceae, Malvaceae, Poaceae,
and Polemoniaceae [92]. To date, there is no report on the occurrence of P. pinodella on Citrus species and
this is the first data on the occurrence of this species on C. sinensis and C. aurantifolia.

Two species of Colletotrichum were found to be associated with trunk diseases of citrus trees in
this work, C. gleoesporioides on C. sinensis and C. limetta and C. boninense on C. limetta. Several species
of Colletotrichum are associated with fruit and leaf anthracnose diseases of Citrus species; however,
other diseases such as twig and shoot dieback caused by Colletotrichum spp. have been documented on
citrus trees [14,93]. Colletotrichum gloeosporioides has been reported from a wide range of fruit trees
such as strawberry, olive, almond, mango, apple, avocado, and citrus [94]. This fungus was found
to be associated with twig dieback of lemon trees in Portugal [93]. C. boninense has been associated
with fruit and leaf anthracnose on citrus trees [95,96]. According to a recent study, some Colletotrichum
species have been isolated and reported from stems of citrus trees in Iran. These included C. karstii
from C. aurantifolia and C. sinensis and four species, C. gloeosporioides, C. novae–zelandiae, C. siamense,
and C. fructicola from C. sinensis [97]. Therefore, our study represents the first report of C. gleoesporioides
and C. boninense from branches of C. limetta.

In our work, six isolates of M. olivacea were obtained from sweet orange. This fungus has
been reported from various plant species worldwide. This taxon has previously been isolated as an
endophytic species from P. persica [98], from xylem and stems of Pinus sylvestris [99] and Chilean
gymnosperms [100]. Carlucci et al. isolated this species from internal wood discoloration of olive trees
in Italy [101]. Microsphaeropsis olivacea has also been isolated and reported from some woody plants,
such as Prunus cerasus, P. avium [102], and Persian oak (Quercus brantii) [103] in Iran. To our knowledge,
this is the first report of M. olivacea on citrus trees. Several isolates of Fusarium, Pestalotiopsis, Phoma,
Penicillium, Aspergillus, Trichoderma, and Alternaria species were also obtained from Citrus species in
this study. Therefore, more studies are needed on these taxa in order to elucidate their potential impact
on citrus trunk diseases.

Pathogenicity of selected fungal species in detached shoots of lime tree were confirmed in the
current study. Results revealed that L. theobromae was more virulent on lime shoots than other species.
In contrast to our results, Bautista-Cruz et al. reported that L. theobromae was the least virulent species
when inoculated in Persian lime branches [70]. Several factors differed from the study carried out by
Bautista-Cruz et al. and might have contributed to the discrepancy between the experiments, including
the type of planting material inoculated, the environmental conditions for disease development, the
time for virulence assessment, and the fungal strain used in the pathogenicity test. L. theobromae has
been considered the most aggressive species on Eucalyptus [104,105], grapevine [42,106], and pistachio
trees [107]. Lasiodiplodia theobromae was considered an important pathogen on greengage, sour cherry,
peach, apricot, cherry [38], and willow trees [29] in Iran. Our study improved the knowledge on
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the occurrence of fungal trunk pathogens on Citrus species showing a decline in symptoms. Further
investigations are needed throughout the citrus orchards to determine the potential impact of these
fungi on citrus decline.

4. Materials and Methods

4.1. Tree Sampling and Fungal Isolation

During 2014 and 2015, several field surveys were performed in important citrus-producing
regions of Bushehr province, Tallhe and Tang Eram. This province is located in the south of Iran,
within 28.7621◦ N latitude and 51.5150◦ E longitude. Symptomatic wood samples were collected from
various species of citrus trees including, acid lime, sweet orange, mandarin, sour orange, sweet lemon
(C. limetta), and lemon showing yellowing, defoliation, canker, dieback, and gummosis. In total,
325 wood samples were collected from branches of 106 symptomatic trees (15- to 35-year-old) in
27 orchards. A map with the point locations of the sampled orchards is shown in Figure 5. Collected
samples were brought to the laboratory and inspected for internal wood lesions and fungal isolation.
Small fragments (4 × 4 mm) of symptomatic wood tissues were cut from the edges of wood lesions,
surface-sterilized in sodium hypochlorite solution (1.5%) for 60 s, and rinsed three times in sterilized
water. Wood chips were dried in sterilized filter paper and placed on PDA amended with 90 to
100 mg/L streptomycin sulfate (PDAS). For each branch sampled, three to five Petri dishes were
obtained. All Petri dishes were incubated at 25 ◦C until fungal colonies were observed. Pure cultures
of the fungal isolates were obtained by hyphal-tipping or transferring single conidia to fresh PDA.

 

Figure 5. (A) Location of the Bushehr province. Two Citrus growing regions were surveyed, Tallhe and
Tang Eram. (B) Location of surveyed orchards in the Tallhe region. (C) Location of surveyed orchards
in the Tang Eram region.

50



Plants 2020, 9, 754

4.2. Morphological Identification

All fungal isolates were identified initially to the genus level based on colony morphology and
main microscopic structures using published articles and descriptions. Botryosphaeriaceae isolates
were identified based on colony appearance and conidial morphology [16,108]. To induce sporulation,
three to five mycelial plugs from each isolate were placed on 2% water agar (WA; Biokar-Diagnostics)
plates amended with sterilized pine needles and incubated at 25 ◦C under near-ultraviolet light for
15–45 days [42]. Conidial characteristics (size, shape, color, and presence or absence of septa) were
recorded for all isolates. Phaeoacremonium isolates were grouped based on colony appearance, pigment
production on MEA, PDA and oatmeal agar (OA; 60 g oatmeal; 12.5 g agar; Difco, France) and the
main microscopic structures (phialide shape and type, conidiophore morphology, size of hyphal
warts, and conidial shape and size) [41,57,109]. Identification of Cadophora isolates was based on the
colony and micro-morphological structures, such as conidiogenous cell size and shape, and conidia.
The remaining fungal isolates were identified based on available identification keys and published
papers [91,110–114].

4.3. DNA Extraction, Amplification, and Sequencing

Identities of representative isolates were confirmed using molecular data. Fungi selected for
molecular studies were grown on PDA for 10 to 15 days at 25 ◦C in the dark. DNA was extracted
using an AccuPrep®Genomic DNA Extraction Kit (Bioneer, South Korea) following the instructions
of the manufacturer. Four primer sets, ITS1/ITS4 [115], EF1-728F/EF1-986R [116], T1/Bt2b [117,118],
and ACT-512F/ACT-783R [116] were used to amplify the ITS region ITS1-5.8S-ITS2, portions of the
tef1-α, BT and ACT genes, respectively. The identification of Botryosphaeriaceae isolates was confirmed
by the sequencing of ITS and a partial sequence of tef-1a. For Phaeoacremonium isolates, a partial
sequence of BT and ACT genes were amplified and sequenced. Molecular identifications of other
isolates were confirmed by sequence analysis of ITS (Cadophora, Colletotrichum, Peyronellea, Stilbocrea,
and Biscogniauxia isolates), BT (Colletotrichum and Peyronellea isolates), or tef1-α (Stilbocrea isolates).
The polymerase chain reaction (PCR) was performed in a Techne TC-312 Thermal Cycler (Techne,
Cambridge, UK), as described by Hashemi and Mohammadi [29]. For each isolate, 3–4 μL of PCR
product was separated by electrophoresis on a 1% agarose gel (UltraPureTM Agarose, Invitrogen)
containing ethidium bromide and visualized under UV illumination. The size of the products was
evaluated using a 100 bp ladder (Gene Ruler, TMDNA Ladder Mix, Fermentas). PCR products were
submitted to Bioneer Corporation (Daejeon, South Korea) for sequencing. MegaBLAST approach of
the NCBI database (https://www.ncbi.nlm.nih.gov/) was initially used to identify fungal species.

4.4. Phylogenetic Analysis

Due to the broad range of Phaeoacremonium spp. obtained in this study, a phylogenetic analysis
was carried out for the Phaeoacremonium spp. isolates. Sequences from citrus in Iran were aligned
with sequences available in GenBank/NCBI. These were compared using MAFFT sequence alignment
program v. 6 [119] with ex-type specimens from different hosts. Alignments were inspected in
Sequence Alignment Editor v. 2.0a11 [120]. PAUP version 4.0 b 10 [121] was used to perform a partition
homogeneity test. The congruence between the ACT and BT datasets was tested at 1000 replicates,
and the maximum likelihood (ML) was carried out on the concatenated alignment. The MEGA version
7 software [122] was used for ML analysis. Bayesian information criterion in jModelTest 2.1.10 [123] was
used to estimate the best fit model. Single and concatenated datasets were tested for branch support
(1000 bootstrap replicates). We included sequences published by Spies et al. as reference sequences [58].
Pleurostoma richardsiae CBS 270.33 was included as an outgroup. Phaeoacremonium sequences obtained
in this study were submitted to GenBank/NCBI (Table 2) and the sequence alignments were deposited
in TreeBASE under study number 26006 (http://treebase.org).
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Table 2. Host, origin, and GenBank accession numbers of Phaeoacremonium isolates obtained from
Citrus spp. in Iran (used in phylogenetic studies).

Fungal Isolates
Citrus spp.

GenBank Accession Number

Phaeoacremonium Species Code b-Tubulin Actin

P. parasiticum IRNHM-KPH35* C. aurantifolia KU737504 MT127573
IRNHM-KPH35E1 C. sinensis MT122909 MT127574
IRNHM-KPH35E2 C. aurantifolia MT122910 MT127575
IRNHM-KPH35E3 C. aurantifolia MT122911 MT127576
IRNHM-KPH35E4 C. aurantifolia MT122912 MT127577
IRNHM-KPH35E5 C. aurantifolia MT122913 MT127578
RNHM-KPH35E6 C. aurantifolia MT122914 MT127579
IRNHM-KPH35E7 C. aurantifolia MT122915 MT127580
IRNHM-KPH35E8 C. aurantifolia MT122916 MT127581
IRNHM-KPH35E9 C. aurantifolia MT122917 MT127582
IRNHM-KPH35E10 C. aurantifolia MT122918 MT127583
IRNHM-KPH35E11 C. aurantifolia MT122919 MT127584

Phaeoacremonium sp. IRNHM-KPH61 C. aurantifolia KU737517 MT127585
IRNHM-KPH61E4 C. aurantifolia MT122920 MT127586

P. italicum IRNHM-KPH61E1 C. aurantifolia MT122921 MT127587
IRNHM-KPH61E2* C. aurantifolia MT122922 MT127588
IRNHM-KPH61E3 C. aurantifolia MT122923 MT127589
IRNHM-KPH63E1 C. aurantifolia MT122924 MT127590
IRNHM-KPH63E2 C. aurantifolia MT122925 MT127591

P. rubrigenum IRNHM-KPH91E1 C. aurantifolia MT122926 MT127592
IRNHM-KPH91E2 C. aurantifolia MT122927 MT127593
IRNHM-KPH91E3 C. aurantifolia MT122928 MT127594
IRNHM-KPH91E4* C. aurantifolia MT122929 MT127595
IRNHM-KPH424E1 C. aurantifolia MT122930 MT127596
IRNHM-KPH424E2 C. aurantifolia MT122931 MT127597

P. minimum IRNHM-KPH425E1* C. aurantifolia MT122932 MT127598
IRNHM-KPH425E2 C. aurantifolia MT122933 MT127599
IRNHM-KPH425E3 C. aurantifolia MT122934 MT127600
IRNHM-KPH426E1 C. aurantifolia MT122935 MT127601
IRNHM-KPH428E1 C. aurantifolia MT122936 MT127602
IRNHM-KPH430E1 C. aurantifolia MT122937 MT127603

P. iranianum IRNHM-KZ38E1 C. reticulata MT122938 MT127604
IRNHM-KZ38E2* C. reticulata MT122939 MT127605

P. croatiense IRNHM-KPH24E C. sinensis MT122940 MT127606
IRNHM-KZ40E1 C. limetta MT122941 MT127607
IRNHM-KZ54E1 C. limetta MT122942 MT127608
IRNHM-KZ63E1 C. sinensis MT122943 MT127609

P. fraxinopennsylvanicum IRNHM-KZ73E1* C. limon MT122944 MT127610
IRNHM-KZ73E2 C. aurantium MT122945 MT127611

Isolates used for pathogenicity tests on detached shoots of C. aurantifolia.

4.5. Pathogenicity Tests

Pathogenicity tests were carried out with 12 species on detached shoots of C. aurantifolia
under controlled conditions. These include Do. viticola, P. italicum, P. minimum, P. rubrigenum,
and P. parasiticum isolated from C. aurantifolia, L. theobromae, and Col. gloeosporioides obtained from
C. sinensis, C. luteo-olivacea, and N. hyalinum recovered from C. limetta, P. fraxinopensylvanicum from
C. limon, P. iranianum from C. reticulata and S. walteri isolated from C. aurantium. The shoots (38–40 cm in
length and 2–2.5 cm in diameter) were surface-disinfected with alcohol (96%) and then were wounded
at the uppermost internode with a 4-mm cork borer. To assess pathogenicity, wounds were inoculated
with a 4-mm colonized PDA agar from 14-days-old cultures. All inoculated sites first were covered by
moist cotton and then were wrapped with a strip of Parafilm (Pechiney Plastic Packaging, Menasha,
USA). Six shoots per fungal isolate were used, and an equal number of shoots were also inoculated
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with 4-mm non-colonized PDA agar plugs for negative controls. Inoculated shoots were arranged
at random, including the six inoculated shoots per isolate. Inoculated shoots were placed in moist
chambers and incubated at 25 ºC. The total, upward, and downward lesion length data were evaluated
individually, 40 days after inoculation. Recorded data were checked for normality of distribution by
means of the Shapiro–Wilk and Kolmogorov–Smirnov tests. The data were subjected to analysis of
variance (one-way ANOVA) using SAS v 9.1 (SAS Institute, Cary, NC, USA) (Dataset S1; Dataset S2).
The least significant difference (LSD) test was used for comparison of treatment means at p < 0.05.
Fungal re-isolations were made from the edges of the lesions on the test and control shoots and placed
on PDA. The identity of the re-isolated fungi was confirmed based on morphological characteristics
and molecular analysis in order to complete Koch’s postulates. The pathogenicity of other species was
not tested in this work because they were identified after the pathogenicity trials had begun on the
detached shoots of C. aurantifolia.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/6/754/s1,
Dataset S1: SAS code, Dataset S2: Lesion length data.
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Abstract: Branch dieback and tree decline have been described as a common complex disease
worldwide in woody crops, with Botryosphaeriaceae and Diaporthaceae being considered the most
frequent fungi associated with the disease symptoms. Their behaviour is still uncertain, since they
are considered endophytes becoming pathogenic in weakened hosts when stress conditions, such as
water deficiency occur. Therefore, the main goal of this study was to determine if water stress
enhances general decline on weakened almond trees subjected to different irrigation treatments under
natural field conditions. In parallel, the occurrence of fungal species associated with almond decline
was also determined in relation to disease progression by fungal isolation, and morphological and
molecular based-methods. The symptoms of branch dieback and general decline were observed over
time, mainly in the experimental plots subjected to high water deficiency. Botryosphaeriaceae were
the most consistently isolated fungi, and Botryosphaeria dothidea was the most frequent. Collophorina
hispanica was the second most frequent species and Diaporthe and Cytospora species were isolated
in a low frequency. Most of them were recovered from both asymptomatic and symptomatic trees,
with their consistency of isolation increasing with the disease severity. This work reveals the need
to elucidate the role of biotic and abiotic factors which increase the rate of infection of fungal trunk
pathogens, in order to generate important knowledge on their life cycle.

Keywords: fungal trunk pathogens; occurrence; Prunus dulcis; water deficiency; weakened hosts

1. Introduction

Almond [Prunus dulcis (Mill.) D.A. Webb] represents the second highest woody crop by acreage
in Spain after cultivated olive (Olea europaea subsp. europaea L.). To date, Spain currently leads the
world in almond cultivation, with 657,768 hectares of cultivated almond (34% of the global surface)
and 339.033 tonnes of production [1,2]. In this country, Andalusia region (southern Iberian Peninsula)
represents the 30% of the Spanish cultivated almond surface [2].

Until recently, almond crop has been associated with traditional dry farming systems in marginal
areas of southern Spain with unfavorable conditions to produce high yields. However, due to the
global economic impact of almond kernels, as well as the necessity to find extensive alternative
crops in Andalusia, almond plantings are increasingly being established in regions with better
favorable conditions (i.e., moderate-warm temperatures, high humidity, irrigation-water resources,
etc.). This change also involves different cultural practices than those used in traditional systems
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which are more likely to increase yields. They include dense planting, high levels of irrigation-water
and fertilization, pruning- and harvest-mechanization, and a high number of pesticide treatments
preventing pest and plant diseases [3]. As a consequence of this new scenario, the occurrence of
secondary almond diseases, as well as emerging ones, have been reported recently in the new almond
growing regions across the Guadalquivir Valley in Andalusia region [3–5].

Among the emerging diseases already described in this geographic area [3–5], a new tree
decline syndrome stands out in the new intensive almond plantings. It includes a broad diversity of
symptoms, such as gummosis, shoot blight, defoliation, branch dieback, canker formation, internal
wood discoloration and tree death. The first studies determining its etiology suggest that it is a complex
disease probably associated with Botryosphaeriaceae Theiss. and Syd. fungi, among other secondary
pathogens [5]. On the other hand, other syndromes, such as a branch dieback and cankers associated
with Diaporthe amygdali (Delacr.) Udayanga, Crous and K.D. Hyde, or the foamy canker, have also
been observed in the new almond plantings in Andalusia. In particular, foamy canker always occurs
when the vigorous hybrid Garnem is used as rootstock [5], but the causal agent of these syndrome
has not yet been described anywhere, due to the impossibility of reproducing the symptoms with the
microorganisms isolated from the diseased trees [5,6]. However, the etiology of all these syndromes in
the environmental conditions of Andalusia is still uncertain, since little attention has been given to their
low occurrence, until recently. The only previous studies describing symptoms of almond decline in
Spain were conducted in Mallorca (Balearic Islands, western Mediterranean Sea) [7–9]. These authors
indicated that fungi belonging to Botryosphaeriaceae were the main causal agents associated with
the disease, among other secondary fungal species belonging to the genera Collophorina (=Collophora)
Damm and Crous, Diaporthe Nitschke, Eutypa Tul. and C. Tul. or Phaeoacremonium W. Gams, Crous and
M.J. Wingf. Branch dieback and tree decline has been described as a common syndrome worldwide in
a broad diversity of woody crops including grapevine [10–12], olive [13–15] and tree nuts [6,15–17].
In any cases, the main fungal species associated with tree decline belongs to Botryosphaeriaceae and/or
Diaporthaceae Höhn. ex Wehm., with the first ones being the most aggressive [6,9,15–18]. However,
the role of this wide diversity of fungi that has been causing tree decline is still uncertain. Most of the
fungi are characterized by remaining latent in the infected tissues for a long period of time (endophytic
phase), but they become pathogenic in weakened hosts when stress conditions occur [19,20]. In fact,
it is rare to find weakened or stressed trees that are not infected by dieback and canker fungi, while their
occurrence and aggressiveness is low in healthy plants [19].

In this sense, previous studies evaluating the effect of water stress on development of canker diseases
have been conducted under semi-controlled conditions. Crist and Schoeneweiss [21] demonstrated that
canker formation and colonization of bark and wood on birch tree (Betula alba L.) occurred when seedlings
inoculated with Botryosphaeria dothidea (Moug.) Ces. and De Not. were subjected to defoliation stress,
increasing in severity with time of exposure to stress. Later studies with this same pathogen also
demonstrated that the lesions developed on inoculated plants of peach [Prunus persica (L.) Batsch]
were larger on water-stressed plants in comparison with those on non-stressed ones [22]. Similar
studies have also been conducted to determine the effect of water stress on the aggressiveness of
other pathogens, which are different to those described previously. For example, Maxwell et al. [23]
evaluated the influence of water stress on Septoria canker, caused by Septoria musiva Peck in Populus
stems. This study showed that cankers on inoculated water-stressed trees were significantly larger
than those on non-stressed ones.

However, to date, there is no scientific evidence on the question of whether water stress could
enhance the progression of branch dieback and general decline on weakened almond trees under field
conditions. Since the occurrence of decline syndromes is growing in the new almond plantings in
southern Spain along the last few years [5], determining whether water stress enhances the incidence
and severity of almond decline is essential. The current scenario that we face to in the new almond
plantings is subjected to two-limiting conditions, which could favor the disease development, including;
(1) the typical environmental conditions in southern Spain are characterized by scarce rains and warm
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temperatures during summer (from May to September), which predispose plants to water deficiency
for a long time; and (2) the need to optimize water-irrigation treatments within the frame of eco-friendly
agriculture towards a sustainable use of water resources. Therefore, the main goal of this study
was to determine whether water stress enhances the general decline of weakened almond trees,
subjected to different irrigation treatments, under natural field conditions. In parallel, the occurrence
of fungal species, associated with branch dieback and almond decline, was also determined in relation
to the disease progress by fungal isolation, and morphological and molecular based-methods for
their identification.

2. Results

2.1. Effect of Water Stress on Branch Dieback of Almond under Natural Field Conditions

At the beginning of the evaluation period (June 2018), the number of almond trees of each category
among the 80 evaluated trees was as follow: Category 0 = 34 trees 0 (asymptomatic trees with 0% of
affected surface by branch dieback), Category 1 = 30 trees (<25% of affected surface by branch dieback),
Category 2 = 8 trees (25–50% of affected surface by branch dieback); Category 3 = 1 tree (51–75% of
affected surface by branch dieback); Category 4 = 0 trees (76–90% of affected surface by branch dieback);
and Category 5 = 7 trees (>90% affected surface by branch dieback or dead trees). In general, Disease
Severity (DS) progresses in significantly higher values of relative area under the disease progress curve
(RAUDPC; P = 0.0173) and final disease severity (P = 0.0012) when almond trees were subjected to T3
(Severe Regulated Deficit Irrigation; RAUDPC = 47.2 ± 8.7%; Final disease severity = 80.4 ± 3.6%),
followed by T2 (Moderate Sustained Deficit Irrigation; RAUDPC = 31.3 ± 5.1%; Final disease severity
= 71.3 ± 9.1%) and T1 (Moderate Regulated Deficit Irrigation; RAUDPC = 28.5 ± 4.5%; Final disease
severity = 59.1 ± 6.5%) (Figures 1 and 2). Almond trees used as control (T0) showed the lowest values
of RAUDPC (22.2 ± 1.5%), as well as the lowest values of final disease severity (42.2 ± 4.1%) (Figures 1
and 3). Control trees did not show internal wood discoloration.
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Figure 1. Disease severity [RAUDPC (%; dark grey columns) and Final disease severity (%; light
grey columns)] of branch dieback of almond trees under natural conditions in an experimental field
(Córdoba, Andalusia region, southern Spain) subjected to four irrigation treatments from April 2013 to
October 2019 (T0: Control; T1: Moderate Regulated Deficit Irrigation; T2: Moderate Sustained Deficit
Irrigation; T3: Severe Regulated Deficit Irrigation). The disease severity assessments were conducted
from June 2018 (next spring after first symptoms of branch dieback occur) to September 2019 (end
of the experiment). For each disease parameter, columns represent the means of sixteen trees and
vertical bars are the standard errors of the means. Columns with different capital or lowercase letters
differ significantly for RAUDPC, or Final disease severity, respectively, according to Fisher’s LSD test
at P = 0.05.
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(a) (b)

(c) (d) 

(e) (f) (g) 

Figure 2. Disease progress and symptoms of branch dieback on one almond tree subjected to Severe
Regulated Deficit Irrigation (T3) monitored from June 2018 to September 2019. Assessment times and
rating-scales values were: (a) June 2018-2.0; (b) September 2018-3.0; (c) June 2019-3.0; (d) September
2019-4.0; (e–g) symptoms of branch dieback and internal wood discoloration in affected branches.
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(a) (b) 

(c) (d) 

Figure 3. Disease progress on one almond tree from Control (T0) monitored from June 2018 to September
2019. Assessments times and rating-scales values were: (a) June 2018-0.0; (b) September 2018-1.0;
(c) June 2019-1.0; (d) September 2019-2.0.

2.2. Occurrence, Consistency and Frequency of Isolated Fungi

Fungal species, associated with branch dieback and almond decline, were isolated from all the
categories of severity evaluated, with the exception from the trees belonging to the category 5 from
which only saprophytes (i.e., Alternaria spp. Nees, Penicillium spp. Link, Sordaria spp. Ces. and De

63



Plants 2020, 9, 1213

Not., etc.) were recovered. The consistency of isolation of each isolated fungi is shown in Table 1.
In general, the occurrence of fungal species and the consistency of their isolation increased with the
DS, with trees belonging to the categories 3 and 4 showing the highest number of fungal species,
as well as the highest consistency of isolation. However, three fungal species were isolated from
trees belonging to category 0, while only one fungal species was recovered from trees belonging to
category 1. The consistency of isolation in these two categories was somewhat lower (≤5.4%) than
those obtained from the remaining ones (up to 16.6%) (Figure 4). The total fungal biomass in the
sampled trees per category was three fungal species in the trees belonging to Category 0, one fungal
species in the trees belonging to Category 1, three fungal species in the trees belonging to the Category
2, and four fungal species in the trees belonging to the Category 3 and 4. Therefore, there was no linear
correlation between the in planta abundance (biomass) of the studied fungal species and the severity
of the category of severity (r = −0.6455; P = 0.2394).

C
on

si
st
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cy

 o
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n 

(%
) 

Category of Severity 

Collophorina hispanica 
Cytospora cedri 
Cytospora sp. 1 
Cytospora sp. 2 
Botryosphaeria dothidea 
Neofusicoccum mediterraneum 
N. parvum 
Neoscytalidium dimidiatum 
Diaporthe neotheicola 
Dia. rhusicola 

Figure 4. Consistency of isolation (Y-axis; Av. %) of the fungal species identified in this study associated
with branch dieback of almond in each category of severity (0 = 0%, 1 = < 25%, 2 = 25–50%, 3 = 51–75%,
4 = 75–90% of affected surface by branch dieback) in the whole of the experiment. For each category and
fungal species, columns represent the total consistency of isolation along the two years (2018–2019), in
which the disease severity was evaluated [Consistency of isolation = (Nº. of positive wood pieces/168)
× 100; where 168 is the total attempts of isolation (wood pieces) per category of disease severity in the
whole of the experiment obtained as follow: 21 wood pieces per tree × 2 trees of each disease category
× 2 years of evaluation × 2 sampling times per year].

Fungal species, belonging to Botryosphaeriaceae, were the most frequent and they also showed the
highest consistency of isolation of the whole of the experiment (Table 1). Botryosphaeria dothidea was the
most frequent species, since it was isolated from the 50.0% of the sampled trees, from trees belonging to
the categories 2, 3 and 4. This was followed by Collophorina hispanica (Gramaje, Armengol and Damm)
Damm and Crous, which was isolated from the 41.6% of the sampled trees, from trees belonging to
the categories 0, 2 and 3. The species belonging to Cytospora Ehrenb. were also isolated from trees
belonging to the categories 0 (Cytospora cedri Syd., P. Syd. & E.J. Butler), 3 (Cytospora sp. 2) and 4
(Cytospora sp. 1) with a low frequency (8.3%). The frequency of the remaining species was also low [Dia.
neotheicola A.J.L. Phillips and J.M. Santos (8.3%), Dia. rhusicola Crous (8.3%), N. mediterraneum Crous,
M.J. Wingf. and A.J.L. Phillips (16.7%), N. parvum (Pennycook and Samuels) Crous, Slippers & A.J.L.
Phillips (8.3%) and Neoscytalidium dimidiatum (Penz.) Crous and Slippers (8.3%)]. Co-infections in the
same tree and sampling moment occurred only one time for the following combinations: C. hispanica
and Cytospora sp.; and Cytospora sp. and N. parvum.
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2.3. Molecular Identification of Isolated Fungi

For all Datasets, the topology obtained by Maximum Parsimony (MP) was confirmed with those
obtained by BI analysis. The model used in BI analysis, and the gene boundaries, the number of total
characters (T), parsimony-informative characters (PI), parsimony-uninformative characters (PNI) and
conserved sites (C) processed in each maximum parsimony analysis, as well as TL, consistency index
(CI), retention index (RI), homoplasy index (HI) and rescaled consistency index (RC) values obtained
from the one most parsimonies trees in each Dataset are shown in Table 2.

Botryosphaeriaceae analyses (Dataset I-A). Most of the Botryosphaeriaceae isolates (13 out of 17
isolates) were grouped in a well-supported clade with GenBank reference sequences of B. dothidea
[bootstrap support (BS; %)/Bayesian posterior probability (PP):100/1.00]. The remaining isolates
were identified as N. mediterraneum (ColPat-605 and ColPat-799; BS/PP:77–83/0.99–0.88), N. parvum
(ColPat-608; BS/PP:99/1.00), and Neoscytalidium dimidiatum (Penz.) Crous and Slippers (ColPat-792)
(BS/PP:100/1.00) (Figure 5a). To confirm the identification of this last isolate, an additional phylogeny
was conducted by means the combined alignment of ITS and EF loci, including reference isolates
of Neoscytalidium novaehollandiae Pavlic, T.I. Burgess and M.J. Wingf. (Dataset I-B). The MP analyses
showed nine most parsimonious, and one of those is shown in Figure 5b.

Diaporthaceae analyses (Dataset II). Our isolates clustered in two well-supported clades with
reference sequences of Dia. neotheicola (ColPat-762 and ColPat-763; BS/PP:98/1.00) and Dia. rhusicola
(ColPat-606; BS/PP:99/1.00) (Figure 6).

Tympanidaceae analysis (Dataset III). All the isolates belonging to Tympanidaceae clustered
together in a well-supported clade with GenBank reference sequence of Collophorina hispanica
(=Collophora hispanica; BS/PP:100/1.00) (Figure 7).

Valsaceae analysis (Dataset IV). Among the three isolates belonging to Valsaceae included in
this study, only one (ColPat-604) was grouped in a well-supported clade with a GenBank reference
sequence of Cytospora cedri Syd., P. Syd. and E.J. Butler (BS/PP:100/1.00). However, it was not possible
to distinguish the remaining two isolates (ColPat-609 and ColPat-656) at the species level into the genus
Cytospora, and they were identified as Cytospora sp. 1 (ColPat-609) and Cytospora sp. 2 (ColPat-656)
(Figure 8).
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Figure 5. Cont.
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Figure 5. (a) The first of the four most parsimonious trees (TL = 375; CI = 0.677; RI = 0.940;
HI = 0.323; RC = 0.636) obtained by Maximum Parsimony (MP) analyses of combined ITS+TUB
sequence alignment of species belonging to Botryosphaeriaceae; (b) One of the nine MP trees (TL = 258;
CI = 0.854; RI = 0.833; HI = 0.143; RC = 0.714) obtained using the combined ITS+TUB+EF sequence
alignment of species belonging to Neoscytalidium. Bootstrap support values [MP, >70%] and Bayesian
posterior probabilities [PP, >0.8] are shown at the nodes. Diaporthe asheicola L. Lombard & Crous CBS
136967 was used as the outgroup. Studied isolates in bolt.
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Figure 6. The most parsimonious tree (TL = 1046; CI = 0.551; RI = 0.769; HI = 0.449; RC = 0.424)
obtained by Maximum Parsimony analyses of the combined EF+TUB+ITS sequence alignment of
species belonging to Diaporthaceae. Bootstrap support values [MP, >70%] and Bayesian posterior
probabilities [PP, >0.8] are shown at the nodes. Diaporthella corylina Lar.N. Vassiljeva CBS 121124 was
used as the outgroup. Studied isolates in bolt.
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Figure 7. The first of the 10 most parsimonious tree (TL = 334; CI = 0.850; RI = 0.919; HI = 0.150; RC
= 0.782) obtained by Maximum Parsimony analyses of the combined ITS + EF + GADPH sequence
alignment of species belonging to Tympanidaceae. Bootstrap support values [MP, >70%] and Bayesian
posterior probabilities [PP, >0.8] are shown at the nodes. Cadophora luteo-olivacea (J.F.H. Beyma) T.C.
Harr. and McNew CBS 141.41 was used as the outgroup. Studied isolates in bolt.

 

Cytospora rhodophila

Cytospora ribis

Cytospora carbonacea

Cytospora longispora

Cytospora ribis

Cytospora parakantschavelii

Valsa germanica

Cytospora parasitica

Cytospora joaquinensis

Cytospora chrysosperma

Cytospora populicola

 Cytospora mali

 Cytospora oleicola

Cytospora amygdali

Cytospora amygdali

Cytospora plurivora

Cytospora sorbicola

Cytospora sacculus

 Cytospora austromontana

Cytospora granati

Cytospora pistaciae

Cytospora parapistaciae

Cytospora parapistaciae

Cytospora punicae

Cytospora californica

Cytospora eucalypti

Cytospora acaciae

Cytospora pavettae

Cytospora cedri 

Cytospora ceratosperma 

Cytospora sacculus 

 Diaporthella corylina

Cytospora cedri 

Cytospora 

Cytospora 

Figure 8. The most parsimonious tree (TL = 743; CI = 0.469; RI = 0.742; HI = 0.531; RC = 0.348) obtained
by Maximum Parsimony analyses of the combined ITS+EF sequence alignment of species belonging to
Valsaceae. Bootstrap support values [MP, >70%] and Bayesian posterior probabilities [PP, >0.8] are
shown at the nodes. Diaporthella corylina CBS 121124 was used as the outgroup. Studied isolates in bolt.
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3. Discussion

Studying whether the effect of abiotic factors, such as water stress enhances the incidence and
development of branch dieback and decline syndromes on weakened trees, is essential in improving our
understanding of the endophytic behaviour of fungi associated with this complex disease. In fact, to date,
the role of the fungal trunk pathogens, causing tree decline, is still uncertain, since their aggressiveness
could vary markedly depending on abiotic (i.e., ecological, environmental and agronomical aspects)
and/or biotic (i.e., plant-pathogen interactions) factors. Consequently, several authors consider that
most of the fungal trunk pathogens are secondary or opportunistic, causing damage when biotic or
abiotic circumstances occur [11,19,24,25].

The environmental and agronomic conditions regarding the availability of irrigation-water
resources in southern Spain could be a limiting factor, enhancing the development of branch dieback
and decline syndromes on fruit and nut crops. Therefore, we have evaluated the effect of water
stress enhancing the disease development on weakened almond trees under natural field conditions.
The first symptoms of branch dieback occurred in late-summer autumn 2017 in an eight-year old
experimental field, subjected to four different irrigation treatments, since 2013. The symptoms included
branch dieback, canker formation, internal wood discoloration and general decline (Figure 2d–g) were
observed mainly in the experimental plots subjected to high water-stressed conditions (T2, T3). In fact,
the DS progress was significantly higher in almond trees subjected to T3 than in those subjected to T0
after two consecutive years of periodic evaluations. Our results are in accordance with those previously
obtained by several authors under the control conditions, which showed that stem cankers, developed
by B. dothidea or S. musiva on water-stressed plants of peach, or Populus, respectively, were higher
than those developed on non-water-stressed plants [22,23]. On the other hand, almond trees under
full irrigation (T0) also showed minimum levels of dieback symptoms. Although, no internal wood
discoloration was observed, several fungal species, such as C. hispanica, Cy. cedri and N. mediterraneum
were isolated from those trees. These results reinforce the hypothesis that these fungi could cause
latent infections in asymptomatic or lesser-symptomatic trees. In parallel, the conclusions obtained in
this study should be considered to discard the high levels of irrigation water as potential abiotic factor
associated with the prevalence of the disease in the newly established almond growing regions in
southern Spain, as we initially hypothesized in the introduction. To the best of our knowledge, this is
the first approach, which has demonstrated the endophytic behaviour of fungal trunk pathogens on
weakened trees, subjected to water stress under natural field conditions.

Concerning the occurrence of fungal species associated with branch dieback and almond decline,
the following seven species belonging to four different families were identified: Botryosphaeriaceae:
B. dothidea, N. mediterraneum, N. parvum and Neoscytalidum sp.; Diaporthaceae: Dia. neotheicola and
Dia. rhusicola; Tympanidaceae: C. hispanica; and, Valsaceae: Cytospora cedri and Cytospora spp. Among
them, B. dothidea, C. hispanica, Dia. neotheicola, N. mediterraneum and N. parvum have been previously
described associated with branch dieback and decline on weakened almond trees in Spain [7,8,26].
Moreover, the pathogenicity of most of these species has been previously demonstrated in almond
trees in Spain [5,8,9,26]. On the other hand, Dia. rhusicola and species belonging to Cytospora and
Neoscytalidium genera, are associated with branch dieback and tree decline in other nut crops, such as
English walnut or pistachio [6,15–17], but to our knowledge, these species have not been previously
reported in association with branch dieback and almond decline in Spain. However, their pathogenicity
to almond should be demonstrated in the future to confirm they are canker pathogens of almond.

Botryosphaeriaceae were the most frequent isolated fungi and they also showed the highest
consistency of isolation in the whole of the experiment, with B. dothidea being the species most
frequently isolated. The differences in consistency of isolation of Botryosphaeriaceae fungi from
weakened almonds can occur, depending on the scenario where the surveys are conducted, but in
general, B. dothidea and Neofusicoccum species are usually the most frequent [9,25]. Likewise, according
to the literature, our results also suggest that Botryosphaeriaceae spp. found on weakened almond
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trees are able to endanger the productivity and longevity of orchards in Spain, as well as in other
countries [9].

Among Botryosphaeriaceae fungi, notice that B. dothidea has been reported worldwide causing
canker diseases in a broad range of woody crops, including different Prunus spp. [6,7,27]. However,
the role of this fungus as a trunk pathogen is still uncertain, given it has been reported as a latent
pathogen of global importance for its endophytic behaviour in woody plant health [20]. In fact, studies
conducted recently in southern Spain, which compared the pathogenicity of B. dothidea on inoculated
detached and attached shoots of almond, the English walnut and pistachio, demonstrated that, in
every case, the fungus is significantly higher aggressive on detached shoots than on attached [5,16,17].
It was confirmed that B. dothidea could remain latent in woody plants until trees become weakened as
a consequence of different biotic and/or abiotic factors.

With respect to Diaporthaceae, Dia. neotheicola and Dia. rhusicola showed a low consistency
of isolation and their occurrence was also low. These two species have been previously reported,
associated with branch dieback and shoot blight of English walnut in California [28] and southern
Spain [16], and the first one was also isolated from pistachio in southern Spain [17] and recently reported
associated with twig cankers and shoot blight of almond in Spain [26]. Usually, Diaporthaceae species
occur simultaneously with Botryosphaeriaceae in the same orchards, with Botryosphaeriaceae being
always the most frequent [16,17,28]. In addition, studies conducted in California by Agustí-Brisach
et al. [29] suggest that coinfections between Botryosphaeriaceae and Diaporthaceae species result in
antagonistic interactions on infection and disease development on English walnut. But, Dia. amygdali,
which is a common species associated with branch dieback and cankers of almond [5,7], was not found
in this experiment.

It is interesting to note that, in this study, C. hispanica was the second most frequent species isolated
from weakened almond trees after B. dothidea. Our results are in concordance with those found by
Olmo et al. [8], who indicated that this slow-growing species is common in declined almond trees.
However, it is usually excluded in the diagnosis process probably because its presence goes unnoticed,
due to its slow growth [8].

Finally, Cytospora species were also isolated in low consistency from the trees of three different
categories of severity. According to our results, Cytospora spp. have also been reported associated with
canker diseases in weakened tree nuts (English walnut and pistachio) in southern Spain showing less
frequency and aggressiveness, and often simultaneously with Botryosphaeriaceae and/or Diaporthaceae
fungi [16,17]. However, several Cytospora spp. have been already reported in California as canker
pathogens of several fruit and nut crops including Prunus spp. such as almond, apricot or peach [30].

The isolations made during this study suggest that most of these fungi can occur in both
asymptomatic and symptomatic trees, but their frequency of isolation increases with increasing DS.
However, the consistency of isolation was low for all the species in the whole of the experiment,
showing the highest values in weakened almond trees, belonging to categories 3 and 4 (51 to 90% of
final disease severity). This information reinforces the hypothesis that the fungal species associated
with tree decline could have a major endophytic behaviour, and its aggressiveness is probably enhanced
by abiotic factors, such as water stress on previously infected and weakened trees. In general, studies
on the etiology of fungal trunk diseases describe a broad list of fungi associated with the disease, but
do not usually considering the strict pathogenic behaviour of each. Nevertheless, this work reveals the
need to go on elucidating the role of biotic and abiotic factors, enhancing the infection of fungal trunk
pathogens and disease development on woody crops towards generating important knowledge on their
life cycle. Therefore, focus the research on such relevant challenge will provide a better understanding
of the biology of fungi associated with tree decline syndrome. It will build a strong foundation for
developing effective management approaches against the disease, by taking into consideration the
optimum water management.
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4. Materials and Methods

4.1. Experimental Field, Irrigation Treatments and Experimental Design

The present study was conducted in a nine- to 10-years-old experimental field of almond cv.
Guara grafted onto GF-677 rootstock (5.5 ha; 7 × 6 tree spacing; 238 trees/ha) belonging to the
Andalusian Institute of Agricultural and Fisheries Research and Training (IFAPA in Spanish) Centre
‘Alameda del Obispo’ located in Córdoba (Andalusia region, Spain; 37.8ºN, 4.8ºW), whose soil was
classified as a Typic Xerofluvent of sandy loam texture and exceeds 1.5 m depth. The climate of this
region is the typical Mediterranean climate, characterized by hot and dry summers (Tª Av. 27.0 ◦C;
Tª min Av. = 19.3 ◦C; Tª max Av. = 36.7 ◦C), mild winters, with 600 mm of annual rainfall average,
concentrated from October to April (Tª Av. 13.0 ◦C; Tª min Av. = 7.9 ◦C; Tª max Av. = 21.1 ◦C).

The experimental field used in this study was established in February 2009. Pruning for tree
formation was done along the two first years, and then there never were pruning interventions.
Control management strategies to prevent pest (Acetamiprid 20%; Deltametrine 2.5%) and diseases
(Boscalid 26.7% + Pyraclostrobin 6.7%; Thiram 50%; Tebuconazole 50% + Tryfloxistrobin 25%) were
done according to a treatment-calendar based on the weather conditions which could favour the typical
almond pest and diseases of this area. Weeds were controlled by mowing and herbicide applications
(Glyphosate 36%; Oxifluorphen 24%). Mineral fertilization was calculated and applied following the
recommendations of the California Fertilization Guidelines for Almonds (https://apps1.cdfa.ca.gov/
FertilizerResearch/docs/Almonds.html). Therefore, this experimental field is representative of the
edapho-climatic characteristics and the standard crop management of the new almond plantings in
Andalusia [31].

The irrigation system was formed by two pressure compensating drip irrigation laterals, spaced 1 m
from the tree rows, and all the trees were fully irrigated until the irrigation treatments began, as described
below. From April 2013 to October 2019 (before and along this present study), the experimental field
was subjected to four irrigation treatments: (i) Control (T0): The trees were irrigated to cover their
full water requirements (ET), which was calculated using the relationship between ground cover
(GC) and a transpiration coefficient, proposed by Espadafor et al. [32]. An additional 15% of that
quantity was supplied to account for the evaporation from emitter wet surfaces under the trees using
Bonachela et al. [33] model; (ii) Moderate Regulated Deficit Irrigation (T1): seasonal irrigation was 65% of
T0, but the deficit was mainly concentrated during kernel filling stage, where almonds are less affected
by water stress. Specifically, the irrigation supplied was: 70% of T0 in spring; 40% in kernel filling
stage (from middle-July to harvest period in middle-August) and 100% in the postharvest period; (iii)
Moderate Sustained Deficit Irrigation (T2): This treatment consisted of 65% of T0 steadily throughout the
irrigation season. In total, a similar amount of irrigation water to that of the T1 was supplied; and (iv)
Severe Regulated Deficit Irrigation (T3): This treatment received 30% of seasonal irrigation in relation to
T0, following a similar water allocation strategy as in T1. Irrigation was 40% of T0 in spring and after
harvest, and only 15% during the kernel-filling stage.

A randomized complete block design, with four replicated blocks, each consisting of four irrigation
treatments, was used in this experiment. There were 16 trees per treatment plot, from which the four
central trees were used for experimental measurements and the remaining 12 ones served as guard
line. Therefore, the experiment included a total of 256 trees (4 blocks × 4 irrigation treatments × 16
trees per elementary plot), from which 80 trees were evaluated. Weather data were collected from an
automated weather station located at 300 m apart from the orchard.

4.2. Disease Severity Assessment and Data Analysis

In the summer-autumn of 2017, the experimental trees subjected to the different irrigation
treatments started to weaken, showing the first symptoms of branch dieback and general decline.
Since then, the progress of this syndrome was monitored over time by periodic assessments from June
2018 to September 2019. Two assessments per year were conducted, with a total of four assessments.
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DS was assessed based on the estimation of the percentage of the affected surface of the tree canopy
using a 0–5 rating scale. Each scale value was referred as ‘category’ of severity (six categories in
total) for further purposes of this study (see Section 4.3. Sampling and fungal isolation). The values
of this scale have a linear relationship with the percentage of affected tissues (leaves and shoots)
in order to satisfy the homogeneity of variances and normality for suitable statistical analysis [34].
The equivalences between the values of the scale and the percentage of affected surface of the tree
canopy are: 0 = 0%, 1 = < 25%, 2 = 25–50%, 3 = 51–75%, 4 = 75–90%, 5 = ≥ 90%. The DS was assessed
in June and September of each year (four evaluations in total), before, and after, harvest, respectively,
and all the blocks of the whole of the experiment were evaluated each time. The relative area under
the disease progress curve (RAUDPC) was calculated by the trapezoidal integration method from the
disease severity values over time [35].

The dependent variables ‘final disease severity (%) and RAUDPC (%) were subjected to ANOVA
to determine the differences in DS between irrigation treatments. Data were tested for normality and
homogeneity of variances, and logarithmically transformed where necessary. Treatment means for
the global analyses were compared using Fisher’s protected LSD test [36]. All the data were analysed
using Statistix 10 [37].

4.3. Sampling and Fungal Isolation

Two almond trees per each category of disease severity (12 trees in total) were selected to
temporarily monitor the fungi isolated from affected tissues. From each tree, branches and shoots
showing dieback and cankers were collected in each disease assessment time. Samples were kept at
4 ◦C until being processed in the laboratory.

For fungal isolation, the outer bark of affected wood samples was removed, and were subsequently
washed under running tap water. Little wood pieces were collected from the margin of the
affected area of symptomatic samples or randomly selected across the wood section, in the case of
asymptomatic samples (Category 0). All the wood pieces were surface disinfected by dipping into
a 10% (vol/vol) solution of commercial bleach (Cl at 50 g l−1) for 2 min. Subsequently, they were air
dried on sterile filter paper and plated onto malt extract agar (MEA) [20 g of MEA (Merck KGaA,
Darrmstadt, Germany), 20 g of agar (Rokoagar AF LAB, ROKO Industries, Llanera, Asturias, Spain; 1 l
of sterile distilled water (SDW)] supplemented with 0.5 g l−1 of streptomycin sulphate (Sigma-Aldrich,
St. Louis, MO, USA) (MEAS). From each category of severity, a total of 168 wood pieces, obtained
from the margin of the affected tissues, were plated on Petri dishes for fungal isolation [attempts of
isolation (wood pieces) onto Petri dishes: 2 trees per disease category × 3 Petri dishes per tree × 7 wood
pieces per Petri dish × 4 sampling moments]. Petri dishes were incubated for 5 to 14 days at 25 ◦C in
darkness and they were examined daily removing the isolation attempts (wood pieces) contaminated
by saprophytes (i.e., Alternaria spp. Penicillium spp., etc.) by cutting the agar up to 1-cm-radio beyond
the colony margin using a sterile scalpel. It was necessary to prevent the contamination of the whole
agar surface of the Petri dishes before our target fungi developed onto MEAS, due to the low mycelial
growth rate of some expected fungi for isolation.

When the colonies were large enough to be examined, hyphal tips from the margin of the fungal
colonies were transferred to the potato dextrose agar (PDA; Difco Laboratories®, Detroit) in order
to obtain pure cultures. They were all incubated as previously described, and were grouped into
four fungal groups (families) according to colony colour and mycelial growth development of each:
Botryosphaeriaceae (light to dark grey, fast growing mycelium), Collophorina spp. (reddish to beige, very
slow growing mycelia), Cytospora (beige to olive grey, middle-slow growing mycelium), and Diaporthe
(beige-white, middle-fast growing mycelium). These preliminary morphological observations were
helpful in selecting 30 representative isolates that were subsequently identified by molecular tools
(Table 1). All the isolates were single-spored by a serial dilution method and they were registered
and maintained at 4 ◦C in darkness (Fungal collection of the Department of Agronomy, University of
Cordoba, Spain).
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4.4. Assessment of Consistency and Frequency of Isolated Fungi

The consistency of isolation (%) of each isolate was calculated as the number of positive attempts
of isolation (wood pieces) of a given fungus divided by the total attempts of isolation in the whole of
the experiment [Consistency of isolation = (Nº. of positive wood pieces /168) × 100; where 168 is the
total attempts of isolation (wood pieces) per category of disease severity in the whole of the experiment
obtained as follow; 21 wood pieces per tree × 2 trees of each disease category × 2 years of evaluation ×
2 sampling times per year]. The frequency of isolation (%) of each fungal species was estimated as
the ratio between the number of trees from which each species was isolated and the total of sampled
trees (12 trees). Additionally, the in planta abundance (biomass) of the studied fungal species and the
severity of the dieback symptoms (category) was also compared by Pearson’s linear correlation (n = 5;
data from Category 5 was excluded since only saprophytes were isolates) using Statistix 10 [37].

4.5. Molecular Identification of Isolated Fungi

4.5.1. DNA Extraction

Mycelial tissues of the 30 isolated fungi (Table 1) previously grown on PDA were ground by means
the FastPrep®-24 grinder machine (MP Biomedicals, Santa Ana, CA, USA). Subsequently, genomic
DNA was extracted using the E.Z.N.A® Fungal DNA Kit (OMEGA BioTek, Norcross, GA, USA).
A MaestroNano® spectrophotometer (MaestroGen, Taiwan) was used to determine the concentration
and purity of the extracted DNA.

4.5.2. PCR Analysis and Sequencing

The 5.8S nuclear ribosomal gene with two flanking internal transcribed spacers (ITS) was amplified
for all the 30 isolated fungi. Subsequently, part of the beta-tubulin (TUB) gene, part of the translation
elongation factor 1-alpha (EF) and/or a 200-bp intron of the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were amplified for the different isolates according to the necessities to complete the further
phylogenetic analysis. To this end, the protocols described in the literature for each family and genus
were followed to identify our fugal isolates (Tables 1 and 3). The PCRs were performed in a total
volume of 25 μl [20 ng of genomic DNA, 5 μl of 5×My Taq Reaction Buffer and 0.13 μl of My Taq DNA
Polymerase (Bioline)]. Additionally, 0.4 or 0.2 μM (each) primer was added for the ITS; or for the TUB,
EF, and GAPDH PCRs, respectively. A negative control was included in all PCRs using ultrapure water
instead of DNA. Primer pairs and PCR cycling programs used to amplify each locus are shown in
Table 3. Ultrapure water was used instead of DNA as negative control. A MyCycler™ Thermal Cycler
(BIO-RAD) was used to conduct the PCRs.

Electrophoresis of the amplification products from PCR was conducted on a 1.5% (w/v) agarose gel
stained with RedSafeTM (Intron Biotechnology). A 100-bp DNA molecular weight marker (Ladder-GTP,
gTPbio) was used, and the agarose gel was visualized under UV. Finally, the PCR products were purified
by means the MEGAquick-spinTM Total Fragment DNA Purification kit (INTRON Biotechnology).
The resulting amplicons were sequenced in both directions [Central Service Support Research (SCAI)
of the UCO (Spain)].

4.5.3. Phylogenetic Analysis

Consensus sequences from DNA sequences generated with forward and reverse primers were
obtained with the SeqMan software (DNASTART Lasergen SeqMan® v. 7.0.0, Madison, WI, USA).
They were compiled into a single FASTA file format. Subsequently, they were BLAST searched
in GenBank (http://www.ncbi.nlm.nih.gov/genbank/) to determine the close related species for
each sequence.

Firstly, a neighbor-joining (NJ) analysis was performed individually for each locus. It was useful
to determine whether the sequence datasets were congruent and combinable (data not shown). To this
end, the maximum composite likelihood method with 2000 bootstrap replications was used. Genetic
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distances were calculated using the Kimura 2-parameter mode and tree topologies of 70% reciprocal
bootstrap generated individually for each locus were compared visually. The data of different loci
were combined into single concatenated datasets when no supported nodes were in conflict.

Independent phylogenetic analyses were conducted for the isolates of each fungal group (family),
previously established according to their main morphological characteristics and Blast analysis.
The combined alignment of the ITS and TUB loci was analysed in order to infer the phylogeny of
isolates belonging to Botryosphaeriaceae (Dataset I-A). Additionally, a little phylogeny combining
ITS and EF loci was also conducted into Botryosphaeriaceae group to confirm the identification of
Neoscytalidium sp. Isolate (Dataset I-B). In the case of Diaporthaceae, the combined alignment of the EF,
TUB and ITS loci was conducted (Dataset II). Isolates belonging to Tympanidaceae were identified by
means the combined alignment of the ITS, EF and GAPDH loci (Dataset III). Finally, the combined
alignment of the ITS and EF loci was performed to infer the phylogeny of the isolates belonging to
Valsaceae (Dataset IV). For each multilocus alignment, data of the reference taxa (including outgroup)
downloaded from GenBank and the number of the taxa included in this study are shown in Table 1,
and Table 2, respectively.

The reference Genbank taxa were selected based on their high similarity with our query sequences
using MegaBLAST [38] and they were added and aligned with our sequences by Clustal W. Maximum
parsimony (MP) analyses were conducted using MEGA version 7.0 software [38], and they were
performed by means the Tree-Bisection-Regrafting (TBR) algorithm with search level one. The initial
trees were obtained by the random addition of sequences (10 replicates). The gaps and missing
data were treated as complete deletions. A total of 1,000 bootstrap replications were done to ensure
the robustness of the topology [39]. Tree length (TL), consistency index (CI), retention index (RI),
homoplasy index (HI) and rescaled consistency index (RC) were calculated for each resulting MP tree.

Additionally, Markov chain Monte Carlo (MCMC) methods were used to perform Bayesian
inference (BI) analyses by means the software MrBayes v.3.2.6 [40]. They were useful for estimating
the posterior probability of trees. The best fit models of the evolution used for each gene partition
were also determined by MEGA v. 7.0 [38]. Two analyses with four MCMC chains each were run
simultaneously for 1 × 107 generations, starting from a random tree topology. The trees were sampled
every 100 generations, and the “temperature” parameter was set to 0.2. The first 25% of the saved
trees was discarded as the burn-in phase of the analysis. The sequences derived in this study were
uploaded at GenBank (Table 1).
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Abstract: Botryosphaeria dieback caused by several Botryosphaeriaceae species is one of the most
important grapevine trunk diseases affecting vineyards worldwide. These fungi cause wedge-shaped
perennial cankers and black streaking of the wood and have also been associated with intervein
leaf chlorosis, dried or mummified berries, and eventually, the death of the plant. Early season
symptoms may sometimes be disregarded by growers, being mistaken with symptoms from other
diseases such as downy mildew or botrytis rot. Currently, few studies are available to determine
what species may be causing these early season symptoms in grapevines. During the 2018 season,
during the flowering period, grapevine samples showing necrosis on green shoots, dried inflorescences,
and flowers, were collected in vineyards throughout the central regions of Portugal. Isolations were
performed from symptomatic organs, and twenty-three isolates of Botryosphaeriaceae were selected.
An analysis of the ITS and part of the translation elongation factor 1-α sequences was performed,
revealing that the two main species apparently responsible for these symptoms were Diplodia seriata
and Neofusicoccum parvum. In pathogenicity tests conducted on 1-year-old plants grown under
controlled conditions in a greenhouse and on field-grown clusters, symptoms were reproduced,
confirming the pathogenic behavior of the selection of isolates.

Keywords: grapevine; Diplodia seriata; Neofusicoccum parvum; pathogenicity; diagnostic

1. Introduction

Grapevine trunk diseases (GTDs) are one of the most critical problems affecting viticulture
worldwide, causing yield reduction and increased production costs adding to the existing cost
of the annual vineyard operations. In fact, these diseases pose a significant threat to sustainable
viticulture worldwide since the cost associated with GTD losses has been increasing during recent
years. For example, in Spain, there was an increase of 1.8% of incidence in vineyards in 2003 up to 10.5%
in 2007 [1]. In France, it is estimated that the equivalent of 1 billion euros is lost every year due to these
diseases [2], while in Australia, the economic impact can reach up to 8.3 billion AUD [3]. GTDs include
three main fungal diseases—eutypa dieback, esca disease and botryosphaeria dieback—that involve
one or several species of fungi [4–6]. In Portugal, botryosphaeria dieback and Esca are considered the
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major diseases affecting adult grapevines, causing considerable economic losses, in all the country’s
vine growing regions [2].

Botryosphaeria dieback is, currently, one of the most important GTDs worldwide [4], caused by
fungi in the Botryosphaeriaceae family. Fungi belonging to this family have been found worldwide as
endophytes, saprophytes or pathogenic in many perennial and ornamental plants [7–10].

Twenty-six species in different Botryosphaeriaceae genera have been associated with
botryosphaeria dieback in grapevines [11–17]. The most common species isolated from grapevines are
Diplodia seriata [18–24], Diplodia mutila [25,26], Neofusicoccum parvum [27], and Lasiodiplodia
theobromae [16,28–30].

In different countries, species occurring on grapevines have been shown to differ in pathogenicity,
in their epidemiology, and in the symptoms produced [31]. Therefore, the symptomatology of
botryosphaeria dieback is somewhat complex. However, the most common symptoms include no
or limited burst, perennial cankers, trunk dieback, wood necrosis, vascular streaking, and plant
death [16,28,31–34]. Infection of grapevines by Botryosphaeriaceae can also lead to leaf and berry
symptoms, where yellowish-orange or wine-red spots on leaf margins and blades can appear,
depending on the cultivar (white or red) [4,20,35–37].

During the 2018 season, growers and field technicians in the central region of Portugal, started
to observe symptoms characterized by necrosis on the base of green shoots, which could lead to the
complete detachment of the shoot later in the season, wilting of the apex of the shoot, wilting of
leaves, and more important, necrosis on the peduncle and rachis of the developing clusters, drying of
inflorescences and flowers. These symptoms appeared even after the planned fungicide applications
against other grapevine diseases, which was puzzling for the growers. Samples were sent for analysis
in our laboratory and revealed the presence of Botryosphaeriaceae on the tissues analyzed. Although the
epidemiology and distribution of Botryosphaeria canker in the wood of grapevines as well as other
hosts have been widely studied, the relationship between Botryosphaeriaceae and these symptoms have
not yet been investigated and no studies were carried out to understand which species may be causing
these early season symptoms. The objective of this study was thus to identify the pathogens of these
early season symptoms in vineyards of Portuguese central regions by means of morphological features,
DNA analysis, and pathogenicity tests.

2. Results

2.1. Sampling and Fungal Isolation

A total of 42 Botryosphaeriaceae were isolated from the samples received from the 17 vineyards,
and from several different symptomatic organs, including apex and base of the shoots, clusters,
and leaves. Other fungi isolated from these samples were Alternaria alternata, Phomopsis spp.
and Penicillium spp. The majority of Botryosphaeriaceae isolates were obtained from the symptomatic
tissue collected at the apex of the shoot (36%), followed by the base of the shoots (33%). Isolates
obtained from the rachis of the clusters represented 17% while 9% were from the clusters (flowers and
inflorescences) and only 5% from the leaves. From this set of isolates, a total of twenty-three isolates
(Table 1) were selected based on their cultural characteristics, with the attention of keeping at least
one isolated obtained from each vineyard. These isolates were characterized and identified based on
morpho-cultural characters, DNA sequencing, and pathogenicity tests.
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Table 1. Botryosphaeriaceae isolates obtained during the study, respective GenBank accession numbers,
and percent identity when compared to reference sequences.

Host
Origin

GenBank Accession
Number

Percent
Identity *

Isolate
Number

(V. vinifera
cvs.)

Isolation
Region

Species ITS Tef1-α ITS Tef1-α

Bt201 Seara Nova Apex of
the shoot Vineyard 1 Diplodia seriata MT786219 MW018672 100% 99%

Bt202 Alicante Base of
the shoot Vineyard 2 Diplodia seriata MT786220 MW018673 99% 99%

Bt203 Castelão Rachis Vineyard 3 Diplodia seriata MT786221 MW018674 99% 100%

Bt204 Syrah Base of
the shoot Vineyard 4 Diplodia seriata MT786222 MW018675 100% 99%

Bt205 Castelão Cluster Vineyard 5 Neofusicoccum
parvum MT786223 MW018676 100% 99%

Bt206 Castelão Leaf
stem Vineyard 5 Diplodia seriata MT786224 MW018677 98% 99%

Bt207 Castelão Base of
the shoot Vineyard 6 Diplodia seriata MT786225 MW018678 100% 100%

Bt208 Aragonez Apex of
the shoot Vineyard 7 Diplodia seriata MT786226 MW018679 100% 99%

Bt209 Aragonez Rachis Vineyard 8 Diplodia seriata MT786227 MW018680 100% 100%

Bt210 Castelão Apex of
the shoot Vineyard 5 Diplodia seriata MT786228 MW018681 99% 99%

Bt211 Arinto Base of
the shoot Vineyard 9 Neofusicoccum

parvum MT786229 MW018682 99% 99%

Bt212 Castelão Base of
the shoot Vineyard 10 Diplodia seriata MT786230 MW018683 100% 100%

Bt213 Seara Nova Apex of
the shoot Vineyard 1 Diplodia seriata MT786231 MW018684 100% 99%

Bt214 Castelão Apex of
the shoot Vineyard 11 Diplodia seriata MT786232 MW018685 100% 100%

Bt215 Seara Nova Rachis Vineyard 12 Diplodia seriata MT786233 MW018686 98% 100%

Bt216 Alicante Apex of
the shoot Vineyard 13 Neofusicoccum

parvum MT786234 MW018687 100% 98%

Bt217 Aragonez Apex of
the shoot Vineyard 14 Neofusicoccum

parvum MT786235 MW018688 100% 98%

Bt218 Aragonez Base of
the shoot Vineyard 15 Diplodia mutila MT786236 MW018689 100% 100%

Bt219 Alicante Cluster Vineyard 2 Neofusicoccum
parvum MT786237 MW018690 99% 100%

Bt220 Seara Nova Base of
the shoot Vineyard 1 Diplodia seriata MT786238 MW018691 99% 99%

Bt221 Seara Nova Apex of
the shoot Vineyard 1 Diplodia seriata MT786239 MW018692 100% 99%

Bt222 Castelão Apex of
the shoot Vineyard 16 Diplodia seriata MT786240 MW018693 100% 100%

Bt223 Alicante Rachis Vineyard 17 Diplodia seriata MT786241 MW018694 99% 99%

* Reference sequences used—D. seriata ITS—AY259094, tef1-α—AY573220 [38]; N. parvum ITS—AY259098,
tef1-α—AY573221 [38]; D. mutila ITS—KJ361837, tef1-α—KJ361829 [39].

2.2. Morphological Characterization and DNA Analysis for Fungal Identification

Isolates of Botryosphaeriaceae could be split into six groups based on colony morphology, after 8 days
of growth on PDA. After promoting sporulation of the isolates under study on 2% water agar medium
with autoclaved pine needles, three groups were distinguished based on the morphology of conidia.
One group containing 12 isolates produced conidia initially hyaline, becoming dark brown, aseptate and
ovoid, with average dimensions of (20.95–) 23.60 ± 1.15 (–26.46) × (7.79–) 9.18 ± 0.5 (10.61), which were
determined to be D. seriata based on conidia morphology and DNA analysis (Table 2). A second
group with 3 isolates produced ellipsoidal conidia, with flat base, unicellular and hyaline, which could
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develop 1 to 2 septa over time, with average dimensions of (14.18–) 16.39 ± 1.95 (–19.46) × (4.50–) 5.19 ±
0.13 (–6.02) which were determined to be N. parvum, based on conidial morphology and DNA analysis
(Table 2). Finally, there was one isolate that formed hyaline and aseptate conidia, oblong to ovoid
with both ends broadly rounded and with dimensions of (20.80–) 23.50 ± 1.41 (–25.05), which was
determined to be D. mutila based on above-mentioned parameters (Table 2). There were seven isolates
that did not sporulate until the end of this work, but their species identification was determined
through DNA analysis.

Table 2. Conidial dimension of the Botryosphaeriaceae species under study.

Species/Isolate
Conidial dimensions

Length (μm) Width (μm)

D. seriata
Bt201 (21.27–) 25.22 ± 1.89 (–28.69) (8.33–) 9.91 ± 0.88 (–11.75)
Bt202 *
Bt203 (20.75–) 22.50 ± 1.12 (–24.23) (6.71–) 8.17 ± 0.57 (–9.16)
Bt204 (20.43–) 22.65 ± 1.56 (–26.20) (7.83–) 9.06 ± 0.76 (–10.93)
Bt206 (20.99–) 23.84 ± 1.52 (–26.36) (7.71–) 9.23 ± 0.95 (–10.77)
Bt207 (19.61–) 23.58 ± 1.95 (–27.30) (7.49–) 9.29 ± 0.81 (–11.26)
Bt208 (21.72–) 25.26 ± 1.41 (–28.73) (9.53–) 11.13 ± 1.01 (–13.37)
Bt209 (19.61–) 22.17 ± 1.52 (24.53) (7.20–) 9.07 ± 0.78 (–10.55)
Bt210
Bt212 (21.27–) 23.91 ± 1.36 (–26.22) (7.34–) 8.34 ± 0.60 (–9.36)
Bt213 (23.28–) 25.99 ± 1.58 (–29.18) (7.73–) 9.03 ± 0.56 (–9.84)
Bt214
Bt215 (21.02–) 24.58 ± 1.47 (–26.99) (10.14–) 11.21 ± 0.66 (–12.83)
Bt220
Bt221 (20.80–) 23.28 ± 1.35 (–25,53) (8.59–) 9.99 ± 0.60 (–11.10)
Bt222
Bt223 (21.42–) 22.94 ± 1.34 (–26.37) (8.97–) 9.72 ± 0.66 (–11.40)

N. parvum
Bt205 (15.51–) 17.18 ± 1.02 (–19.92) (4.56–) 5.22 ± 0.43 (–6.11)
Bt211 (15,.2–) 18.28 ± 1.75 (–22,.4) (4.73–) 5.33 ± 0.31 (–5.94)
Bt216 (11.39–) 13.71 ± 1.28 (–16.13) (4.20–) 5.02 ± 0.45 (–6.02)
Bt217
Bt219

D. mutila (20.80–) 23.50 ± 1.41 (–25.05) (9.47–) 11.15 ± 1.57 (–16.25)
Bt218 (21.27–) 25.22 ± 1.89 (–28.69) (8.33–) 9.91 ± 0.88 (–11.75)

* Isolate without sporulation.

2.3. Pathogenicity Tests

2.3.1. Pathogenicity Tests on Tendrils and Leaves

All the isolates tested were pathogenic towards the Aragonez 1-year-old grafted cuttings used
in the greenhouse experiment, and they were able to, in some extent, reproduce symptoms closely
resembling the ones observed on the field survey, namely necrotic tendrils, apex of the shoots and leaves
(Figure 1A–C). Isolate Bt204 identified as D. seriata, was the isolate where the highest percentage (50%)
of plants showed the above-described symptoms, followed by isolate Bt216 identified as N. parvum
(40%) (Figure 2). The isolate with the lowest percentage of infected plants (20%) was Bt218 which was
identified as D. mutila. No control plants showed any symptoms of disease, growing normally during
the experimental period.
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Figure 1. Symptoms observed on tendril and green shoots: (A) necrotic tendrils obtained after
inoculation with D. mutila (Bt218); (B) necrotic apex of the shoot after inoculation with D. seriata (Bt204);
(C) necrotic leaf after inoculation with N. parvum (Bt216); (D) lesion obtained after inoculation with
D. seriata (Bt204); (E) lesion obtained after inoculation with N. parvum (Bt216); (F) control inoculation.
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Figure 2. Percentage of plants showing symptoms on tendrils and leaves, after inoculation with the
Botryosphaeriaceae isolates under study. Ten plants were used per isolate while control plants were
sprayed with sterile distilled water.

89



Plants 2020, 9, 1427

2.3.2. Pathogenicity Tests on Green Stems

All isolates under study proved to be pathogenic towards 1-year-old grafted Aragonez grapevines,
by being able to produce lesions in the inoculated tissues (Figure 1D–F). All the isolates showed
significant statistical differences when compared to the control plants (Figure 3), being the largest
average lesions recorded for isolate Bt216 (N. parvum) which showed significant differences towards
the remaining isolates under study. The smallest average lesions were recorded for three isolates
identified as D. seriata (Bt201, Bt204 and Bt212), while isolate Bt218 (D. mutila) showed lesions on
average between those produced by N. parvum and D. seriata (Figure 3)
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Figure 3. Mean canker areas (cm) in green stem caused by artificial inoculation with Botryosphaeriaceae
isolates under study. Different letters in column correspond to significant differences (p < 0.05) based
on ranks assessed by Kruskal-Wallis analysis. Ten plants were used per isolate while control plants
were sprayed with sterile distilled water.

2.3.3. Field Pathogenicity Tests on Clusters

All isolates used in this study were able to cause symptoms of dried berries and inflorescences on
inoculated clusters (phenological stage EL 25 to 27) of Cabernet Sauvignon (Figure 4A,B). Although only
an exploratory statistical analysis was possible based on the infection scale established, due to the
low number of repetitions (n), all isolates showed a significant different proportion of symptomless
(1-ranked) samples (p < 0.05) towards the control, therefore confirming the pathogenicity of the isolates
under study when artificially infecting field-grown clusters. Lower p-values (p = 0.0049) for isolates
Bt201 and Bt218 may suggest a stronger ability of these two isolates in causing symptoms on clusters
when comparing to the remaining isolates which recorded a higher p value (p = 0.0182). In order to
address more in detail this topic, a boxplot analysis was performed (Figure 5) and results showed
that among the different isolates, Bt216 showed the lowest average infected area, as nearly all the
samples were ranked as a 2-class, and no sample ranked more than 3-class, corresponding to less than
25% of affected area. For the isolates Bt212, Bt218 and Bt204, half of the samples, showed more that
25% of the cluster area with infection symptoms. Within these three isolates, Bt218 seems to be less
aggressive, as no samples were quoted as 3-class or more severe. Bt201 suggested once more to showed
tendentially higher infected area values.
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Figure 4. (A) best cluster from each inoculation/isolate; (B) worst cluster from each inoculation/isolate.

Figure 5. Boxplot of the percentage of infected area on clusters artificially inoculated with
Botryosphaeriaceae isolates under study. Scale of evaluation of area infected—1 = no symptoms; 2 = 1–5%;
3 = 5–25%; 4 = 25–50%; 5 = >50%. The median is represented by the solid line. Top and bottom lines of
the box correspond to the 25th and 75th percentiles of the data, respectively. Circles represent outliers.

For all the pathogenicity experiments, pathogens were recovered from symptomatic tissues of all
infected plants, while no Botryosphaeriaceae isolates were re-isolated from control plants.

3. Discussion

This is the first study aimed at describing grapevine early season symptoms associated with
Botryosphaeriaceous fungi in Portugal, including necrosis and wilting of the apex of the green shoots,
wilting of leaves, necrosis on the peduncle and rachis of the developing clusters and, drying of
inflorescences and flowers. Morphological studies and DNA sequence analysis allowed to identify the
presence of three different species of Botryosphaeriaceae: D. seriata, N. parvum and D. mutila. The most
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common species found in our study causing the described symptoms was D. seriata, since 74% of the
isolates belonged to this species, which agrees with previous studies such as Auger et al. [40] in Chile,
Luque et al. [29] in Spain and Carlucci et al. [41] in Italy, this being one of the most common species
associated with botryosphaeria dieback in vineyards. All the species identified in the present study
have been previously identified in other grape-growing regions worldwide, and they have been linked
with a broad range of symptoms, including leaf spots, fruit rot, shoot dieback, bud necrosis, vascular
discoloration of the wood and perennial cankers [16]. All isolates tested showed the ability to cause
symptoms to some extent, similar to those observed in the field. Regarding the ability for causing
necrosis on tendrils and leaves, all the isolates showed few differences on the percentage of infected
plants, being the only exception, D. mutila which was able to only cause symptoms on 20% of the
plants. Considering the potential of causing lesions on green stems, the isolate belonging to the species
N. parvum (Bt216) was able to induce the largest average lesions, whereas the lowest average lesions
were recorded for the isolates belonging to D. seriata. These results are in accordance with previously
described results regarding aggressiveness of Botryosphaeriaceae species [16], in which N. parvum is
considered to be highly aggressive towards grapevine, while D. seriata is considered to be only mildly
aggressive. In this case, D. mutila showed intermediate average lesions values contrary to what was
observed on the pathogenicity tests on both tendrils and leaves, where this isolate appeared to be the
least aggressive. More epidemiology studies should be performed on the behavior of these species to
understand if there is a difference of aggressiveness towards different types of grapevine tissues, or if
the differences observed were due to experimental design. Considering the ability to cause symptoms
on clusters, such as dried berries and inflorescences, the highest average infected area was recorded for
D. seriata and D. mutila. These results are contrary to the ones obtained for the other pathogenicity tests.
This may be not due to the aggressiveness of the isolates/species, but to the differences on experimental
conditions. These pathogenicity tests were conducted on field-grown grapevines while the other tests
were conducted on grapevines growing in a greenhouse-controlled environment, not to mention the
differences in plant age.

Although the main economic impact fungi of the Botryosphaeriaceae family are associated with the
trunk and cane symptoms, damage by these fungi showing up so early in the growing season should
not be overlooked, since they could perform an important role in their epidemiology and become a
source of inoculum for wound infections leading to trunk diseases. Botryosphaeriaceae fungi occur in
most parts of the world and are found as endophytes or parasites and saprophytes on a vast number of
both annual and perennial plants [16]. Infection by Botryosphaeriaceae is considered to occur mainly
through pruning wounds [16,42,43], since cankers start to develop from wounds on leaves, branches
or stems. However, several studies have shown that these fungi can infect through lenticels, stomata,
or other openings on healthy plants [44–48]. Nowadays, pruning wounds are considered as the main
door of infection for Botryosphaeriaceae on grapevine. Nonetheless, Shafi et al. [48] recently showed
by fluorescence microscopy that these pathogens can remain latent on the grapevine bark, and even
without any type of wounding, germinating conidia and mycelium could be observed near lenticels,
as well as mycelia in the underlying wood, demonstrating that the pathogens had entered through the
lenticels. Therefore, our observation suggests that Botryosphaeriaceae fungi may thus have the ability
to colonize and infect healthy grapevine tissues, even without wounding, which may be one of the
reasons for the symptoms observed on these vineyards during the spring of 2018.

Pycnidia of Botryosphaeriaceae associated with dieback disease can be detected in old pruning
wounds, infected spurs, embedded in the bark of the cordons or trunk of infected grapevines, and also
on pruning debris left in the vineyard [16,49–51]. In France, Kuntzmann et al. [52] reported that conidia
of Botryosphaeriaceae were released during the whole vegetative period, but D. mutila released its spores
later that D. seriata, indicating that either these fungi differ in their ability to grow and sporulate or that
they merely differ in their response to meteorological conditions. These authors also reported that in
their study 50% of the spores of D. mutila were captured during late summer and autumn while most of
the conidia of D. seriata were captured during the spring months. This is in accordance to our findings,
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especially when taking into consideration that our sampling took place between the months of March
and July, since most of the species found during our study, belonged to D. seriata, while only one isolate
of D. mutila was recorded. As stated before, our study was conducted when grapevines were at the E-L
23–25 phenological stage which corresponds exactly to the flowering period which has been reported
previously by Spagnolo et al. [53] to be the most sensitive period to infection by botryosphaeria dieback
agents, as a consequence of the high metabolic activity leaning towards the development of flowers.
Therefore, we believe that the conjunction of all these factors, presence of inoculum due to precipitation
during the spring months, associated with the phenological stage of the grapevines and the ability of
these fungi in infecting through other pathways other that wounds, may have a strong influence on the
manifestation of early season symptoms caused by Botryosphaeriaceae. Thus, planning further research
is strongly advised on this subject with special attention for epidemiology and pathogenicity studies to
determine the infection pathway and infection moments regarding environmental conditions.

To the best of our knowledge, this is the first study aimed at describing these Botryosphaeriaceae
symptoms in grapevines. In conclusion, our work has demonstrated that Botryosphaeria dieback
fungi, mostly associated with wood cankers, appear to have the potential to cause serious early season
symptoms, since the pathogenicity tests conducted with all the species found were able to reproduce
these symptoms on several different grapevine organs. Nevertheless, we strongly believe that further
research is needed on this subject by collecting more samples from different regions of Portugal and by
testing a wider range of isolates, to try to understand what are the most common species involved in
the expression of these symptoms, and what is or if there is an influence of geographical location and
climate conditions [54,55]. The knowledge and clarification of the symptoms caused by these fungi
and the development of proper diagnostic may help growers not to confuse them with symptoms of
other diseases, and to set up a proper management plan.

4. Materials and Methods

4.1. Sampling and Fungal Isolation

During the early spring of the 2018 season, at the phenological stages E-L 23–25 [56], samples from
17 vineyards spread throughout the central regions of Portugal, namely Lisboa, Tejo, and Alentejo,
were received at Instituto Superior de Agronomia (ISA). These samples showed necrosis on shoots
and dried inflorescences and flowers, and isolations were made by cutting several pieces from
symptomatic organs. Pieces collected were surface disinfected with a 7% sodium hypochlorite solution,
rinsed in sterile distilled water (SDW) and plated onto 9 mm Petri dishes containing Potato Dextrose
Agar (PDA, BD Difco, Sparks, MD, USA) amended with chloramphenicol (PanReac AppliChem,
Darmstadt, Germany) at 250 mg/L. After incubation at 25 ◦C for one week, Petri dishes were assessed
for the presence of Botryosphaeriaceae colonies which were sub-cultured onto fresh PDA dishes and,
again incubated at 25 ◦C for one week, in darkness. All isolates obtained were stored in the collection
of the ISA, Lisbon, Portugal, and were afterwards characterized morphologically, as well as properly
identified by DNA sequence analyses.

4.2. Morphological Characterization and DNA Analysis for Fungal Identification

4.2.1. Morphological Characterization

Isolates under study were, plated onto 6 mm Petri dishes containing 2% water agar with
autoclaved pine needles (Pinus pinea) and incubated at 25 ◦C under fluorescent light, in order
to promote sporulation [27,28,34]. Pycnidia were mounted on microscope slides in a solution of
lactophenol blue, and digital images were recorded with a Leica DFC295 camera on a Leica DM
2500 microscope at a 400× amplification. Twenty conidia were measured with the Leica Suite v3.16
program, for each isolate under study. Dimensions of the conidia are given as the range of dimensions
with minimum and maximum dimensions in parentheses followed by mean and standard deviation.
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4.2.2. DNA Analysis

DNeasyTM Plant Mini Kit by Qiagen® (Venlo, The Netherlands) was used to extract genomic
DNA from 8-day-old cultures grown in PDA and incubated at 25 ◦C, in the darkness. The ITS region
was amplified using primers ITS5 and ITS4 [57], while the primers EF1-688F and EF1–1251R [58]
were used to amplify part of the elongation factor 1α gene. The PCR mixtures contained 1 × PCR
buffer REDTaq Ready Mix (Sigma-Aldrich, Saint Louis, MO, USA), 3 mM MgCl2, 0.4 mM dNTP mix,
12.5 pmol of each primer, 0.06 unit/μL of Taq Polymerase and 25–50 ng of template DNA. Each reaction
volume was made up to 25 μL with sterile ultrapure water. Negative controls with sterile ultrapure
water instead of the template DNA were used in every reaction. The amplification conditions for ITS
were as follows: initial denaturation of 5 min at 95 ◦C, followed by 40 cycles of 30 s at 94 ◦C, 30 s at
58 ◦C, 1 min and 40 s at 72 ◦C and a final extension period of 10 min at 72 ◦C. For the amplification
of part of the tef1-α gene, the conditions were, an initial denaturation of 2 min at 94 ◦C, followed by
35 cycles of 30 s at 94 ◦C, 45 s at 55 ◦C, 1 min at 72 ◦C and a final extension period of 10 min at 72 ◦C.
Each amplicon was separated by electrophoresis at 120 V for 30 min in a 1% agarose gel in 0.5 × TBE
buffer. Gels were stained with 3 μL of GreenSafe Premium (Nzytech, Lisbon, Portugal), and were
visualized using with a UV transilluminator to assess PCR amplification.

The amplified PCR fragments were purified using an Illustra ExoProStar Enzymatic PCR and
Sequencing Clean-up Kit (GE Life Sciences, Buckinghamshire, UK) and both strands of the PCR
products were sent for sequencing at STABVIDA (Lisbon, Portugal). Sequences obtained were edited
and aligned using MEGA7 [59] to find a consensus sequence. These sequences were then compared
with sequences from GenBank in BLAST searches, and species identification was obtained when at
least 98% of similarity was found.

4.3. Pathogenicity Tests

Five representative isolates were selected from the fungal collection under study for pathogenicity
tests, with the attention of selecting at least one isolate from the three different species of
Botryosphaeriaceae identified three isolates of Diplodia seriata (Bt201, Bt204 and Bt212), one isolate
of Neofusicoccum parvum (Bt216) and one isolate of Diplodia mutila (Bt218). To reproduce all the
symptoms found in the field, three different pathogenicity tests were designed, being two performed
on grapevines kept in a greenhouse and one on grapevines established in the field. Greenhouse
pathogenicity tests were conducted on 1-year-old grafted Aragonez (=Tempranillo) plants, since is the
most planted cultivar in Portugal and field tests were conducted on clusters of Cabernet Sauvignon
which is currently the most planted cultivar worldwide.

4.3.1. Pathogenicity tests on Tendrils and Leaves

Isolates were plated in Petri dishes containing 2% water agar with autoclaved pine needles
(Pinus pinea) and incubated at 25 ◦C under fluorescent light, to promote sporulation [27,28,34]. Conidia
were harvested from these plates by collecting the pycnidia formed on the pine needles into a
1.5 mL Eppendorf tube containing sterile distilled water and crushing them with the help of a pestle.
These spore suspensions were filtered through cheesecloth and the concentrations were adjusted to
105 spores/mL. To ensure full coverage of the tissues to be inoculated, 2 mL of each spore suspension was
sprayed on the green tissues (leaves and tendrils) of 1-year-old grafted cuttings of cultivar Aragonez
(=Tempranillo), individually potted in 1 L free draining bags containing a sandy soil mixture kept in a
ventilated greenhouse at 24 ◦C under natural light. The aerial part of the plants was covered with
a plastic bag for 3 days to promote infection, and the plants were assessed for the development of
symptoms, namely necrosis on any of the inoculated organs or drying of leaves and tendrils, one week
after inoculation. Ten plants were used for each isolate, while control plants were sprayed with sterile
distilled water. The percentage of plants showing symptoms for each isolate was recorded.
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4.3.2. Pathogenicity Tests on Green Stems

One-year old grafted cuttings of cultivar Aragonez (=Tempranillo), individually potted in 1 L
free draining bags containing a sandy soil mixture, kept in a ventilated greenhouse at 24 ◦C under
natural light, were inoculated following the method described by Reis et al. [35]. Ten plants were
used for each isolate, and the assessment for symptoms development, including external lesions
or cankers, was performed one month after inoculation, by measuring the width and length of the
lesions and calculating the elliptical area of the lesion. All statistical analysis was performed using the
R program (www.r-project.org). Assumptions for variance analysis was assessed and when all the
assumptions were not accomplished, the influence of distinct levels of one factor was assessed using
the non-parametrical test of Kruskal-Wallis. In this case, when the significant differences were found (p
< 0.05), the comparison between the distinct level was made using the ranks.

4.3.3. Field Pathogenicity Tests on Clusters

Clusters of cultivar Cabernet Sauvignon on EL −25 to 27 stages, were selected from several
field-grown grapevines in a vineyard located at ISA, Lisbon, Portugal. Artificial inoculations were
performed with spore suspensions obtained as referred earlier for the pathogenicity tests on green
tissues. Again, to ensure full coverage of the tissues to be inoculated, 1 ml of each spore suspension was
sprayed on each cluster, which were covered individually with plastic bags for 3 days. Ten replicates
were used for each isolate, and control cluster were sprayed with sterile distilled water. After one
week, clusters were assessed for the development of symptoms such as dried or necrotic berries and
inflorescences. These symptoms were quantified by using an adaptation of the EPPO protocol for
evaluation of fungicides against Botryotinia fuckeliana on grapevine [60], where the percentage of the
cluster area infected was assessed according to the following scale: 1 = no symptoms; 2 = 1–5%;
3 = 5–25%; 4 = 25–50%; 5 = >50%. The total percentage of clusters showing symptoms for each isolate
was also recorded. The virulence of the different isolates was assessed through a multiple proportion
test, comparing the proportion of symptomless samples of each modality towards the control. Boxplots
for the infection rank of each isolate were defined to compare aggressiveness of the different isolates.
All statistical analysis was performed using the R program (www.r-project.org).

In order to fulfil Koch’s postulates, samples were collected from all the different types of
symptoms/lesions observed, and placed on PDA (Difco, USA, BD) amended with chloramphenicol
(PanReac AppliChem, Darmstadt, Germany) at 250 mg/L to recovered the inoculated fungi.
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Abstract: Grapevine trunk diseases (GTDs) are considered a serious problem to viticulture world-
wide. Several GTD fungal pathogens produce phytotoxic metabolites (PMs) that were hypothesized
to migrate to the foliage where they cause distinct symptoms. The role of PMs in the expression of
Botryosphaeria dieback (BD) symptoms in naturally infected and artificially inoculated wood using
molecular and analytical chemistry techniques was investigated. Wood samples from field vines natu-
rally infected with BD and one-year-old vines inoculated with Diplodia seriata, Spencermartinsia viticola
and Dothiorella vidmadera were analysed by cultural isolations, quantitative PCR (qPCR) and targeted
LC-MS/MS to detect three PMs: (R)-mellein, protocatechuic acid and spencertoxin. (R)-mellein was
detected in symptomatic naturally infected wood and vines artificially inoculated with D. seriata but
was absent in all non-symptomatic wood. The amount of (R)-mellein detected was correlated with
the amount of pathogen DNA detected by qPCR. Protocatechuic acid and spencertoxin were absent
in all inoculated wood samples. (R)-mellein may be produced by the pathogen during infection
to break down the wood, however it was not translocated into other parts of the vine. The foliar
symptoms previously reported in vineyards may be due to a combination of PMs produced and
climatic and physiological factors that require further investigation.

Keywords: Vitis vinifera; Botryosphaeria dieback; foliar symptoms; (R)-mellein; qPCR; LC-MS/MS

1. Introduction

Grapevine is one of the most economically important crops worldwide, with approxi-
mately 71% of the world grape production being used for wine production [1]. A variety
of fungal diseases threaten viticultural regions all over the world, compromising the yield
and quality of the wine [2–5]. Among them, grapevine trunk diseases (GTDs), caused
by one or several xylem-inhabiting fungi result in a progressive decline of vines, loss in
productivity and eventually death of the vines [6].

Over the past few decades considerable knowledge has been gained on identifying
GTDs, and therefore the frequency of symptoms reported due to these diseases has in-
creased [6,7]. Recently, significant findings have been obtained on grapevine leaf stripe
disease, a widely spread wood disease of Esca complex, regarding phytotoxic metabolites,
symptom expression and their management [8,9]. However, the relationship of GTDs
with biotic and abiotic stresses [10–13], the expression of symptoms and their effective
management requires further investigation [6,14,15].
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The main GTDs that threaten vineyards worldwide are Eutypa dieback (ED), Esca
complex diseases, and Botryosphaeria dieback (BD), all of them caused by pathogenic
fungi belonging to different families. Vines infected with ED, Esca complex, and BD usually
present external symptoms such as necrotic buds, cane and trunk dieback, chlorotic leaves
and leaf necrosis, and internal wood symptoms such as wedge-shaped necrotic lesions,
arch-shaped necrotic lesions, brown streaking and a blackened cortex [6].

The interest in BD has increased substantially over the past decades due to increased
incidence in vineyards worldwide [4,6,7,15,16]. Internal symptoms of BD include brown
streaks and wedge-shaped discolorations in the wood, while external symptoms include
death of the canes, shoots, and buds, stunting of shoots, delayed budburst, and foliar
symptoms [4,17,18]. The appearance of foliar symptoms in grapevines infected with Esca
complex and ED is frequently reported in the northern hemisphere [6,19–22]. Foliar symp-
toms in vines infected with BD have also been reported in Europe [17,23,24]. Nevertheless,
and to our knowledge, BD foliar symptoms have not been observed in Australian vineyards
to date [13].

Many foliar symptoms are usually associated with phytotoxic metabolites (PMs)
produced by the causal fungi [25]. A general hypothesis suggests that PMs are translocated
far from the inoculum without being detoxified, resulting in the development of foliar
symptoms [26]. However, no conclusive data has been reported to support this hypothesis
to date [25,27–30]. Therefore, the role of PMs in the expression of foliar symptoms requires
further investigation. European isolates of Botryosphaeriaceae involved in BD have been
reported to produce phytotoxins in vitro [31–33] and PMs produced by Botryosphaeriaceae
pathogens have also been detected in infected wood with BD and Esca symptoms [34].

Considering this background and the absence of foliar symptoms in Australian
vineyards, the following questions arose: (i) are the Botryosphaeriaceae spp. that in-
fect grapevines in Australia capable of producing PMs in vitro?; (ii) are the PMs produced
in vitro further produced and translocated in planta when the pathogens attack the host?;
and (iii) are the PMs involved in symptom expression?

In 2016, studies were undertaken to investigate the ability of the most prevalent
Australian Botryosphaeriaceae to produce PMs in vitro. These studies revealed all BD
pathogens produced PMs in vitro. Some of the purified PMs were shown to cause phyto-
toxicity in detached leaves [35–40].

Based on these previous results, the objective of this study was to investigate the
production of PMs by Botryosphaeriaceae pathogens in naturally and artificially infected
grapevines, and their likelihood of translocation in woody tissue. A multifaceted approach
using a combination of molecular (quantitative PCR) and analytical chemistry (LC/MS-MS)
techniques were used for these investigations.

2. Results

2.1. Artificially Inoculated Vines
2.1.1. Wood Symptoms

All inoculated vines did not exhibit foliar symptoms or external necrosis and showed
healthy development during the entire duration of the experiment. At 6 months post-
inoculation, representative vines inoculated with the pathogens, exhibited vascular staining
and discoloration of the wood close to the inoculation point (Figure S1) when the bark was
removed, and the trunk was cut into cross sections.

However, the lesion lengths were not significantly different between varieties or
any of the inoculation treatments, including the non-inoculated negative control vines
(p > 0.05; Figure 1). No significant differences for lesion length were observed between
Botryosphaeriaceae species. All three Botryosphaeriaceae species were re-isolated from
their corresponding trunk sections with necrotic lesions, while negative control vines were
free of BD pathogens.
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Figure 1. (a) Overall mean lesion lengths on Chardonnay and Cabernet Sauvignon at 6- and 12-months (PI). (b) Mean
lesion caused by Diplodia seriata H141a, Dothiorella vidmadera DAR78993 and Spencermartinsia viticola DAR78870 at 6- and
12-months PI = post inoculation. NIC = non-inoculated control. Lowercase letters refers to 6 months PI vines, uppercase
letters refer to 12 months PI vines. Bars with different letters for each inoculation period are significantly different at p ≤ 0.05
least significant difference (LSD). Error bars are standard error of the means.

At 12 months post-inoculation, vascular staining and discoloration of wood that
progressed upward and downward from the inoculation point were also observed from the
longitudinal sections. The lesion lengths for all treatments were significantly longer than
those vines assessed at 6 months (Figure 1). The overall lesion lengths differed significantly
between varieties with Chardonnay being the most susceptible with a mean lesion length
of 20.2 ± 0.8 mm, which was significantly longer (p = 0.01) than the mean lesion length in
Cabernet Sauvignon (17.3 ± 1.0mm) (Figure 1a). The lesion lengths also varied between
inoculation treatments with lesions produced by Dothiorella vidmadera (20.8 ± 2.7 mm),
Spencermartinsia viticola (20.4 ± 2.8 mm), and Diplodia seriata (19.4 ± 0.60 mm) being
significantly longer (p ≤ 0.05) compared to the negative control vines (13.1 ± 1.9 mm). No
significant differences for lesion length were observed between Botryosphaeriaceae species.
There were no significant interactions between varieties and inoculation treatments based
on lesion lengths (p > 0.05) (Figure 1b).

2.1.2. Botryosphaeriaceae DNA in Wood Tissues of Artificially Inoculated Vines

At 6 months post-inoculation, Botryosphaeriaceae DNA was detected by qPCR from
wood sections with necrotic lesions near the inoculation point (IP) from vines inoculated
with all three Botryosphaeriaceae species (Figure 1). The highest amount of pathogen
DNA was detected from Chardonnay vines inoculated with S. viticola, with significantly
higher amounts of Botryosphaeriaceae DNA than Chardonnay inoculated with D. seriata
(p = 0.009). The amount of Botryosphaeriaceae DNA from Chardonnay inoculated with
Do. vidmadera was not significantly different from those inoculated with D. seriata or
S. viticola (Figure 2). Botryosphaeriaceae DNA detected from all Cabernet Sauvignon in-
fected vines was significantly lower compared to those from Chardonnay, regardless
of species. Significant interaction between variety and species was observed (p < 0.05).
Botryosphaeriaceae DNA was not detected from any of the non-inoculated vines, while
DNA from wood samples inoculated with Neofusicoccum parvum from a separate study and
included as the positive control for all qPCR assays, all tested positive to the Botryosphaeri-
aceae DNA (data not shown).
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Figure 2. Overall mean of Botryosphaeriaceae β-tubulin gene copies detected from Vitis vinifera (cvs.
Chardonnay and Cabernet Sauvignon) inoculated with Diplodia seriata H141a, Spencermartinsia viticola
DAR78870 and Dothiorella vidmadera DAR78993 at 6 months post inoculation using quantitative
PCR. Bars with different letters for each inoculation period are significantly different at p ≤ 0.05
LSD. Error bars are standard error of the means. All non-inoculated control vines tested negative to
Botryosphaeriaceae DNA and were excluded in the graph.

At 6 months, Botryosphaeriaceae DNA was further detected by qPCR from non-
necrotic tissues (AA’; Figure 3) for some inoculated vines. For Chardonnay, Botryosphaeri-
aceae DNA (69 copies) was detected from lesion-free wood sections (AA’; Figure 3) in one
out of three replicate vines inoculated with S. viticola, while Botryosphaeriaceae DNA was
not detected from any of the lesion-free wood sections (AA’; Figure 3) of vines inoculated
with D. seriata and Do. vidmadera. For Cabernet Sauvignon, one out of three replicate
vines inoculated with D. seriata, S. viticola and Do. vidmadera showed a different number
of copies of Botryosphaeriaceae DNA at 40, 440 and 190 copies, respectively. For those
AA’ samples (Figure 3) that were positive to qPCR, none of their subsequent BB’ sample
sections (Figure 3) were positive to pathogen DNA (data not presented).

Figure 3. A diagram of an inoculated vine showing the positions and sizes of tissue samples collected
and used for analysis. IP: inoculation point. AA’: lesion-free trunk sections subsequent to necrotic
lesions; BB’: lesion-free trunk sections subsequent to AA’.
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At 12 months post-inoculation, Botryosphaeriaceae DNA was further detected by
qPCR from necrotic wood samples (IP; Figure 1) excised from vines inoculated with either
of the three species (Figure 4). The amount of pathogen DNA across treatments increased
by 10-fold compared to the amount detected at 6 months post-inoculation. The highest
amount of pathogen DNA was detected from Chardonnay vines inoculated with D. seriata
with significantly higher amounts compared to Chardonnay and Cabernet Sauvignon
vines inoculated with S. viticola (Chardonnay p = 0.007; Cabernet Sauvignon p = 0.000007)
and Do. Vidmadera (Chardonnay p = 0.003; Cabernet Sauvignon p = 0.00008). The lowest
amount of pathogen DNA was detected from Cabernet Sauvignon vines inoculated with
D. seriata and this was significantly lower than for all other inoculated vines. Significant
interaction between variety and species was observed (p < 0.05) which was associated
with the highest amount of Botryosphaeriaceae DNA from Chardonnay and the lowest
from Cabernet Sauvignon vines inoculated with D. seriata. Furthermore, all asymptomatic
tissues (AA’; Figure 3) regardless of treatments were negative to Botryosphaeriaceae DNA
by qPCR at 12 months post inoculation.

Figure 4. Overall mean of Botryosphaeriaceae β-tubulin gene copies detected from necrotic tissues
at the inoculation point of Vitis vinifera (cvs. Chardonnay and Cabernet Sauvignon) vines inoculated
with Diplodia seriata H141a, Spencermartinsia viticola DAR78870 and Dothiorella vidmadera DAR78993
at 12 months post inoculation using quantitative PCR. Bars with different letters for each inoculation
period are significantly different at p ≤ 0.05 LSD. Error bars are standard error of the means. All
non-inoculated vines tested negative to Botryosphaeriaceae DNA and were excluded in the graph.

2.2. Naturally Infected Vines

All wood samples with dieback symptoms, cankers and typical wedge-shaped necrosis
were positive to Botryosphaeriaceae species (Figure 5, Table 1). D. seriata was the most
prevalent species being present in three vineyards and six out of the nine vines sampled.
In Hilltops, one vine was positive to N. parvum, while the other two vines were positive to
D. seriata and D. mutila. In Tumbarumba, two vines were positive to D. seriata while the
other vines were positive to both D. seriata and N. parvum. For the Riverina, two vines were
positive to D. seriata while one was positive to B. dothidea.

2.3. Botryosphaeriaceae DNA in Wood Tissues of Naturally Infected Vines

All necrotic tissue samples tested positive to Botryosphaeriaceae DNA by qPCR
(Figure 6). Wood samples from the Riverina vineyard contained the highest number of
DNA copies that was 5-fold higher and 1.4-fold higher than the DNA from vines in Hilltops
and Tumbarumba vineyards, respectively. The lowest amount of DNA was detected from
all vines in Hilltops and Tumbarumba. No Botryosphaeriaceae DNA was detected in any of
the non-necrotic wood samples that were collected from the same vines. Statistical analysis
was not applied to the naturally infected vines because of differences in the storage and
sampling of the collected wood.
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Figure 5. (a) Vine with trunk canker (arrow); (b) cross-section of the trunk with central
necrosis; (c) cross-section of the cordon with wedge-shape necrosis; (d) cross-section of the trunk
with wedge-shape necrosis.

Table 1. Botryosphaeriaceae species isolated from naturally infected vines from three vineyards in
New South Wales, Australia.

Location Variety Vine Sample Botryosphaeriaceae Species

Hilltops Chardonnay 1 Neofusicoccum parvum
2 Diplodia seriata
3 Diplodia mutila

Tumbarumba Chardonnay 1 D.seriata

2 D. seriata,
N. parvum

3 D. seriata

Riverina Shiraz 1 D. seriata
2 Botryosphaeria dothidea
3 D. seriata

Figure 6. Number of copies of pathogen DNA quantified by qPCR in naturally infected vines from
three vineyards in New South Wales, Australia. Error bars are standard deviation of the means.
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2.4. Selection of Protocol for Extraction of PMs from Wood

Two different protocols were tested for the extraction of PMs from naturally infected
wood material: (A) n-hexane/MeOH [34]; and (B) H2O/MeOH/CH3Cl [41]. Protocol B
was less time consuming and resulted in a higher amount of organic compounds. Analysis
of the organic extracts using LC-MS/MS to detect (R)-mellein also showed that protocol
B yielded a higher amount of the target metabolite. The peak of (R)-mellein detected in
the extract obtained with Protocol B (Figure S2, red) was 12-fold higher than the organic
extract obtained with protocol A (Figure S2, green). Identification of (R)-mellein from
extracts of symptomatic wood samples was accomplished according to its retention time,
precursor ion 179.1 m/z [M + H]+ and fragment ions (Figure S2b). Protocol B was selected
for extracting PMs from inoculated vines.

2.5. PMs in Wood Tissues of Naturally Infected Vines

Both symptomatic and asymptomatic wood materials were analysed by LC-MS/MS
after extraction, giving different results depending on the vines sampled and vineyard
location. For symptomatic wood samples, only one out of three Chardonnay vines from
Hilltops, two out of three Chardonnay vines from Tumbarumba and all Shiraz vines from
the Riverina were positive to (R)-mellein. (R)-mellein was not detected in any of the lesion-
free wood samples. A comparison of the chromatograms (Figure S3a) led to the detection
of a signal at a retention time of 27.44 min in the infected sample (Figure S3a, red, green
and purple), which was absent in the asymptomatic sample (Figure S3a, black). The signal
in the chromatograms was due to the (R)-mellein fragment ions (Figure S3b). Furthermore,
the area of (R)-mellein signals in the LC-MS/MS analysis was most significant for the
Riverina vines with a high number of DNA copies of the pathogen detected in the trunk
(Figure S3c), indicating production of (R)-mellein by BD pathogens in field vines.

2.6. PMs in Wood Tissues of Artificially Inoculated Vines

At six months post-inoculation, no spencertoxin, protocatechuic acid and (R)-mellein
were detected in any of the wood sections (IP, Figure 3) from non-inoculated vines. How-
ever, (R)-mellein was detected from the extracts of necrotic wood samples (IP) of both
Chardonnay and Cabernet Sauvignon vines infected with D. seriata at 12 months post-
inoculation (Figure S4, red) indicating that this pathogen produced (R)-mellein during
fungal colonization. Furthermore, neither spencertoxin nor protocatechuic acid were
detected from necrotic wood samples (IP) infected with S. viticola and Do. vidmadera, re-
spectively, at 12 months post-inoculation. (R)-mellein was further detected from extracts
obtained from the Chardonnay vine infected with N. parvum (DAR78998) from a separate
experiment and included in the test as a positive control (Figure S4, green). The peak of
(R)-mellein detected from this vine was 2.4-fold higher than the amount detected in vines
infected with D. seriata 12 months post-inoculation. No target PMs were detected in the
negative control vines. Targeted PMs were also not detected in lesion-free wood samples
(AA’ and BB’, Figure 3), thus, no further analyses were performed for tissues collected
further away from the necrotic wood (IP) including the leaves.

3. Discussion

To the best of our knowledge, this is the first study to investigate the production
and translocation of PMs by Botryosphaeriaceae species in BD naturally infected and
artificially inoculated vines using a multifaceted approach. However, multidisciplinary
approaches for the detection of target PMs in plant tissues have been reported in other
pathosystems [42–45].

This current study also represents the first study to use a combination of conventional
plant pathology and molecular techniques to detect and quantify Botryosphaeriaceae
DNA from artificially inoculated and naturally infected vines. The qPCR primers and
probe used in this study [46] are not species-specific, therefore they cannot distinguish the
Botryosphaeriaceae pathogen at the species level. However, the isolation of pathogens from
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naturally infected wood allowed the identification of Botryosphaeriaceae spp. Similarly,
re-isolations of the pathogens from artificially inoculated vines resulted in the recovery of
D. seriata, S. viticola and Do. vidmadera from previously inoculated vines. Lesion length
by itself was insufficient to show differences in disease severity and pathogen virulence
at the early stage of infection (6 months post-inoculation). Furthermore, negative control
vines also exhibited necrosis near the inoculation point similar to those vines inoculated
with pathogens. The qPCR analysis, on the other hand, was able to quantify the amount
of pathogen DNA between treatments and assessment periods. Consequently, pathogen
DNA was not detected in negative control vines. It is important to note that low levels of
pathogen DNA were detected from lesion-free tissues adjacent to the lesions from a few
inoculated vines at 6-month post-inoculation, particularly for S. viticola. This suggests that
the pathogens were able to move endophytically beyond the lesions as latent pathogen,
similar to the study reported by Billones-Baaijens et al. [47]. The absence of pathogen DNA
in non-necrotic tissues adjacent to the lesions at 12 months post inoculation suggests that
as the infection advanced, these pathogens shifted from being latent to necrotrophic.

The qPCR analysis of inoculated vines showed a significant difference in susceptibility
between Chardonnay and Cabernet Sauvignon to different Botryosphaeriaceae species,
with the former being more susceptible to D. seriata. The reduced susceptibility of Cabernet
Sauvignon to some Botryosphaeriaceae species may be associated with the amount of
stilbene polyphenols that are usually higher in red vine varieties. These compounds have
fungistatic activity [48,49], that may assist the plant in limiting infection by BD pathogens.
Nevertheless, stilbene polyphenols antimicrobial activity depends on the pathogen infect-
ing the plant [48,49]. For instance, Cabernet Sauvignon is one of the most susceptible culti-
vars to Esca pathogens: Phaeomoniella chlamydospora and Phaeoacremonium minimum [10].

The qPCR analysis used in this study was also useful in quantifying pathogen DNA
in symptomatic wood samples collected from naturally infected vines. Overall, these
results confirm that molecular techniques could be applied to determine and quantify the
pathogens in field material.

The LC-MS/MS analysis of the naturally infected and artificially inoculated vines
showed that (R)-mellein can be detected in infected woody tissues with symptoms of
BD. A previous study that investigated the production of Botryosphaeriaceae PMs in
planta only used a limited number of naturally infected vines with both BD and Esca
symptoms [34]. More recently (R)-mellein was also detected in grapevine tissues with
symptoms of Esca and Grapevine leaf stripe disease (GLSD) [50]. However, none of the
previous studies identified the pathogens or quantified the pathogen DNA in the analysed
samples. Furthermore, the application of a multifaceted approach suggests a probable
correlation between the amount of pathogen DNA in the wood and the area of the peak of
the (R)-mellein in the chromatograms. This correlation was more evident in the Riverina
vines, which resulted in more intense peaks corresponding to (R)-mellein and the highest
amount of pathogen DNA in the wood. Moreover, the amount of (R)-mellein detected in the
wood infected with N. parvum, an aggressive Botryosphaeriaceae pathogen [4], 6 months
post-inoculation was 2.4-fold higher than the amount detected in vines infected with the
lesser aggressive D. seriata at 12 months post-inoculation. These data further support those
previously reported that the amount of (R)-mellein produced by N. parvum and D. seriata
under in vitro conditions is proportional to the aggressiveness of the pathogens [51].

BD pathogens colonize the woody parts of the plants, and during colonization, the
fungi can produce and release a series of PMs. The translocation hypothesis suggests that
PMs produced by the pathogens can migrate far from the inoculum along the asymptomatic
wood, reaching the leaves or the green shoots without being catabolized or without being
entirely detoxified [26]. The main goal of our experiment was to verify the movement
of targeted PMs along the trunk. For this purpose, symptomatic and adjacent lesion-free
functional woody tissues (trunk and branches) were sampled. To ensure that the detection
of the target PMs in asymptomatic wood was due to their migration, qPCR analysis was
performed. Our results showed that (R)-mellein was detected only in the wood samples
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with necrotic lesions showing a high amount of pathogen DNA. The failure to detect (R)-
mellein in all the lesion-free wood samples suggests that, at least under these experimental
conditions, the translocation of (R)-mellein in its native form did not occur along the trunk
to the foliage. It is possible that D. seriata produces (R)-mellein as part of its strategy to
breakdown the host cells during infection. In a recent study using in vitro plantlets, Trotel-
Aziz et al. showed that (R)-mellein strongly suppresses the expression of genes involved in
plant defence and that (R)-mellein may be accumulated in planta in its native chemical form.
The detection of this compound in symptomatic wood during our experiment supports
this hypothesis [52].

However, the mere presence of PMs in the wood may not be enough to induce foliar
symptoms in grapevines with BD. The development of symptoms may be more compli-
cated than previously thought, and they may arise from interactions between biotic and
abiotic stresses (water stress, drought, heat stress), which require more in-depth studies
to understand. Fungi involved in GTDs can act as endophytes for several years before
becoming pathogens, and many have hypothesised that the abiotic conditions, in particular
thermal and water stress, can weaken the plant defence and therefore result in the develop-
ment of GTD foliar symptom [9,10,22,53–56]. For instance, previous investigation, showed
that GLSD leaf symptoms increased when the rainfall was abundant in June–July [54].

More comprehensive field studies on the influence of climatic conditions on foliar
symptoms associated with GTD, including the role of PMs produced in planta, are funda-
mental for elucidating the relationship between fungal PMs and physiological changes in
the vine which result in the expression of foliar symptoms.

Another result arising from this study was the failure to detect protocatechuic acid
and spencertoxin in the LC-MS/MS analysis of vines inoculated with D. vidmadera and
S. viticola, respectively. These two species were shown to produce these PMs in vitro [35,39].
The lack of detection of these PMs may be due to various reasons: (i) they may not be
produced in planta; (ii) they could be detoxified by the plant; (iii) they may form toxin
derivatives with other compounds; and/or (iv) they may be irreversibly bound to the
wood contributing to lesion expression. The latter hypothesis was already suggested for
other phytotoxins produced by the ED pathogen, E. lata [27–29]. Overall, the general
conclusion may be that not all the secondary metabolites produced in vitro can be detected
in planta since their fate mainly depends on the biological role played in the interaction
of the pathogen with the host. This can be further validated by applying our approach to
different experimental conditions. For instance, plant materials with reported BD foliar
symptoms could be analyzed to further investigate the role of these PMs in foliar symptom
development. Comparing data obtained from various vine-growing regions can be valuable
to validate our results and help to explain the lack of BD foliar symptoms observed in
Australian vineyards.

PMs are also known to interact with different cellular targets or can inhibit the activity
of plant enzymes [57]. All these processes can result in the formation of toxin conjugates
or derivatives that could explain the failure to detect target PMs in their native form.
Metabolomics approaches can be applied to investigate the formation of PM derivatives
and their role in symptoms development or plant-pathogen interaction. Indeed, untargeted,
and targeted metabolomics have become fundamental tools in plant science and chemical
ecology [58,59]. Recently, metabolic changes in grapevine wood infected with N. parvum
have been reported [60]. This was accompanied by an accumulation of a number of
unknown metabolites in the infected wood samples. Their structural elucidation will be
crucial to better understand the response of the plant to GTDs and to also identify if any of
these unknown metabolites could be potential derivatives of PMs.
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4. Materials and Methods

4.1. Artificially Inoculated Vines
4.1.1. Planting Materials

Vitis vinifera cvs. Chardonnay and Cabernet Sauvignon, two of the most commonly
grown varieties in Australian vineyards [61] were selected for a glasshouse experiment.
Twenty- eight dormant, apparently healthy cuttings for each variety were collected in a
commercial vineyard in Hilltops, New South Wales (NSW), Australia in Winter (June 2017)
and stored at 4 ◦C for 4 weeks until rooting. All cuttings were surface-sterilised with 0.5%
sodium hypochlorite for 1 min, rinsed twice with tap water and rooted in plastic trays
containing perlite. The trays were placed on heat mats at 30 ◦C for 4 weeks to facilitate
rooting. The rootlings were planted in 10 L pots containing commercial garden mix (60%
compost, 20% wash sand, 20% screen loam). All vines were maintained in a glasshouse
(17–27 ◦C) and watered every 12 h for 5 min (8 L/h) with an automatic dripper system for
6–12 months until assessment.

4.1.2. Fungal Isolates

The three Botryosphaeriaceae species: (a) Diplodia seriata H141a; (b) Spencermartinsia viticola
DAR78870 and; (c) Dothiorella vidmadera DAR78993 from the National Wine and Grape In-
dustry Centre (Charles Sturt University, Wagga Wagga, NSW, Australia) culture collection,
which produced PMs in vitro and were previously characterised [33,34,37], were used for
inoculating the glasshouse vines in Spring (November 2017). For inoculations, wounds
were created in the middle internode of the trunk for each vine using a flame-sterilised
4 mm sterile cork borer. Mycelial plugs (4 mm) cut from the margins of 4- day-old cultures
of the selected fungal species grown on potato dextrose agar supplemented with Chloram-
phenicol (100 mg/L) (PDA-C), were inserted into the wounds and sealed with Parafilm
(Bemis, USA). Sterile non-colonised plugs of PDA-C were used as negative controls. The
inoculated vines for each variety were arranged in a randomised complete block design
(RCBD) at 7 replications per inoculum per variety combination.

4.1.3. Sampling of Artificially Inoculated Vines

The trunks of randomly selected vines were cut at the base and shoots were trimmed
off. The bark surrounding the inoculation point was removed and lesions were measured
using a digital caliper (Workzone, Australia). Tissue samples from each vine were collected
as shown in Figure 3. Three different samples were collected from each vine: (a) trunk
sections with visible lesions including the inoculation point (IP); (b) 2 cm lesion-free trunk
sections cut above and below the necrotic lesions (labelled as AA’); (c) 2 cm trunk sections
above and below section A and A’ (labelled as BB’). The samples were surface-sterilised
for 2 min in 70% ethanol and rinsed three times with sterile deionised water (SDW) before
cutting longitudinally to obtain four quarters of each section. One quarter of the section
was used for isolation of the pathogen, while the remaining sections were stored at −80 ◦C
and used for DNA and toxin extractions.

4.1.4. Fungal Isolation from Artificially Inoculated Vines

One quarter of surface-sterilised trunk sections collected from the inoculated vines
(Figure 1) were placed onto PDA-C. Plates were incubated at 25 ◦C in the dark and observed
for growth of Botryosphaeriaceae species for 4–7 days. The re-isolated pathogens were
identified using morphological and molecular methods. Three vines per treatment were
assessed at 6 months post inoculation in Autumn (May 2018). Four vines per treatment were
further assessed at 12 months post inoculation which occurred in Spring (November 2018).

4.2. Fungal Isolation from Naturally Infected Vines

Wood samples (cordons and trunks) exhibiting BD cankers were collected from
20–24 years old grapevines from three wine regions in NSW, Australia in Winter (June–
August 2017). The Tumbarumba region has a cool climate with an altitude of 700 m.
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The Hilltops region has a continental climate with an altitude of 450 m. The Riverina
region has a semiarid climate with an altitude of 66–540 m [62]. Four to five wood
pieces (10–20 cm) with necrotic lesions and non-necrotic tissues 20–30 cm away from
the necrotic ones were cut from three different vines in Hilltops (cv. Shiraz), Riverina
(cv. Shiraz) and Tumbarumba (cv. Chardonnay) and stored at 4 ◦C for 2 weeks until pro-
cessed. Each sample were processed and analysed individually. For isolations, the bark
was removed to expose the necrotic lesions and the wood was cut into ~1 cm sections
(20–24 pcs) with each section containing necrotic and healthy wood. All sections were
surface-sterilised following the methods described for the inoculated vines. Approximately
10–12 pieces of the surface-sterilised tissues were stored at −80 ◦C for DNA and toxin
extractions. The remaining sections were plated onto PDA-C with four sections per plate
for a total of three plates per vine. Plates were incubated at 25 ◦C for 4–7 days and observed
for growth of Botryosphaeriaceae species. All Botryosphaeriaceae isolates were identified
by morphological and molecular methods.

4.3. DNA Extractions from Fungal Mycelia

DNA samples were extracted from the mycelium for all the isolated fungi using
PrepMan Ultra (Applied Biosystems, UK) and following the manufacturer’s instructions.
Mycelium (~100 mg) was scraped from the edge of the colony for each isolate using a sterile
pipette tip and transferred into a sterile 1.5 mL tube containing 100 μL of the PrepMan
Ultra (Applied Biosystems, UK) preparation reagent. Mycelial suspensions were vortexed
for 30 s and incubated at 95 ◦C in a heat block for 10 min. The tubes were centrifuged for
2 min at 3220× g and 50 μL of the supernatant was transferred to a new sterile 1.5 mL tube
and stored at −20 ◦C until required for PCR.

4.4. DNA Extraction from Grapevine Wood

Wood samples stored at −80 ◦C were freeze-dried (Christ, John Morris Scientific,
USA) for 24–36 h. Dried samples were homogenized at 20 Hz for 2 min 30 s using 10 mL
grinding jars attached to a TissueLyser II (Qiagen, Hilden, Germany). The ground wood
(100 mg) was transferred into a sterile 2 mL tube for DNA extraction while the remaining
ground wood was stored in a separate tube for the extraction of toxins. DNA was extracted
from wood samples using the methods described by Pouzoulet et al. [63] with some
modifications. The CTAB (Cetyl Trimethyl Ammonium Bromide) extraction buffer was
prepared according to Doyle and Doyle [64], and 1 ml was added to each tube containing
100 mg of ground wood and gently mixed by pipetting. The mixture was incubated at 65 ◦C
for 1 h using a heat block. After incubation, 500 μL of chloroform/isoamyl alcohol (24:1,
Sigma Aldrich, St. Louis, MI, USA) was added and the tube was inverted 10×, incubated
on ice for 5 min and then centrifuged at 4 ◦C for 10 min at 2300× g. Approximately 420 μL
of the lysate was pipetted into a QIAshredder spin column placed in a 2 mL collection
tube from the Qiagen DNeasy Plant DNA extraction kit (Qiagen, Hilden, Germany) and
centrifuged for 2 min at 20,000× g. The subsequent steps were performed using the buffers,
materials and protocol from the DNeasy Plant DNA extraction kit. All DNA samples were
eluted to a final volume of 100 μL using the Qiagen AE buffer. All DNA samples were
quantified using a Quantus™ Fluorometer (Promega, Madison, WI, USA) prior to qPCR.

DNA was further extracted from the necrotic tissues collected from potted vines (cv.
Chardonnay) inoculated six months prior with N. parvum DAR78998 following the methods
described above. This isolate was found to be highly virulent in a separate experiment [18]
and is known to produce (R)-mellein in vitro [35]. The DNA extracted from these vines
was included in the qPCR analysis and toxin analyses.

4.5. Identification of Isolated Botryosphaeriaceae by PCR

All Botryosphaeriaceae recovered from the artificially inoculated and naturally in-
fected vines were identified using PCR and DNA sequencing. To amplify the internal
transcribed spacer (ITS) region of the ribosomal DNA of the pathogens, PCR was per-
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formed using universal primers ITS1 and ITS4 [65]. Each 25 μL PCR reaction contained 1x
PCR buffer (Bioline, Memphis, TN, USA), 0.4 μL for each of primer, 1.25 U of My TaqRed
DNA polymerase (Bioline, Memphis, USA) and approximately 1–5 ng of DNA template.
PCRs were performed using a thermal cycler (C100 Thermal cycler, Biorad Laboratories,
Pty, Ltd., Hercules, CA, USA) under the following conditions: initial denaturation at
95 ◦C for 5 min, 35 cycles of 30 s at 94 ◦C, 45 s at 55 ◦C, and 90 s at 72 ◦C, with a final
extension of 5 min at 72 ◦C. Following amplification, the PCR products were visualized
by gel electrophoresis. PCR products were purified with FavorPrep Gel/PCR purification
kit (Favorgen Biotech Corp, Taiwan) and sequenced at the Australian Genome Research
Facility (AGRF; Sydney, NSW, Australia). All DNA sequences and chromatographs were
analyzed using the DNAMAN 5.2 (Lynnon Biosoft©, San Ramon, CA, USA) and Chromas
Lite 2.1© (Technelysium PTY Ltd, Brisbane, Australia) software. All trimmed DNA se-
quences were analysed using the Basic Local Alignment Search Tool (BLAST) in GenBank
(https://www.ncbi.nlm.nih.gov/genbank/ (accessed on 18 April 2021)).

4.6. Quantification of Botryosphaeriaceae spp. from Wood Samples by qPCR

The qPCR assay using Botryosphaeriaceae multi-species primers and hydrolysis probe
developed by Billones-Baaijens et al. [46] were used to detect and quantify Botryosphaeri-
aceae spp. from artificially inoculated and naturally infected vines. All qPCR assays were
performed with the RotorGene 6000 system (Corbett Life Science, Qiagen, Hilden, Germany)
using Botryosphaeriaceae multi-species primers Bot-BtF1 (5’-GTATGGCAATCTTCTGAACG-
3’) and Bot-BtR1 (5’-CAGTTGTTACCGGCRCCRGA-3’), and a hydrolysis probe, Taq-Bot
probe 5’-/56-FAM/TCGAGCCCG/ZEN/GCACSATGGAT/3IBkFQ/-3’) [41]. For each
assay, three controls were included: (1) non-template control (H2O); (2) standard (500 pg)
Bot-Btub gBlock [41]; (3) DNA from vine inoculated with N. parvum DAR78998 at four
technical replicates each.

For the artificially inoculated vines, all necrotic tissue samples collected from the IP
were first analysed followed by the tissues collected above and below the necrotic lesions
(AA’). For AA’ tissues which tested positive to Botryosphaeriaceae DNA, their subsequent
BB samples were further analysed for a total of 32 and 36 samples for 6- and 12- months
PI, respectively. For naturally infected vines, wood samples containing necrotic tissues
were first analysed by qPCR. When the necrotic tissue sample was positive to qPCR, the
healthy wood samples away from the necrotic tissue were further analysed for a total of
18 samples overall.

To determine the amount of pathogen DNA that was amplified by each qPCR assay,
previously developed standard curves [46] were imported in the Rotor-Gene Q software
(Version 2.3.1). The standard (Bot-Btub gBlock, 500 pg) that was included in each qPCR
assay was used to calibrate the imported standard curve and the resulting regression
equations were used to quantify the number of Botryosphaeriaceae β-tubulin gene copies
in each reaction as previously described by Billones-Baaijens et al. [46] following the MIQE
guidelines [66]. To calculate the number of copies of the Botryosphaeriaceae β-tubulin
gene in each wood sample, the following formula was used:

N = g (d × c)/t × c, (1)

where N: calculated number of β-tubulin gene copies in one wood sample, g: the mean
number of gene copies detected by qPCR; d: total gDNA extracted from 100 mg of wood
(100 μL), c: DNA concentration (μL); T: the amount of DNA template (5 μL) in one reaction.

4.7. Statistical Analysis

Data arising from the glasshouse experiment were analysed using IBM SPSS 24
software. All data were tested for homogeneity using Levene’s test at p ≤ 0.05. For
inoculated vines, univariate analysis of variance (ANOVA) was used to assess differences
in lesion lengths and pathogen copies between varieties, inoculated pathogens and their
interactions (p ≤ 0.05). All means were separated by pairwise comparison using Fischer’s
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least significant differences (LSD) test at 5% significance level. Statistical analysis was not
applied to the naturally infected vines because of differences in the storage and sampling
of the collected wood.

4.8. Chemicals and Standards for LC-MS/MS

CH3Cl, MeOH and n-hexane were analytical grade (Sigma-Aldrich, St. Louis, USA).
H2O, 0.1% HCOOH and MeCN were LC-MS grade (Sigma-Aldrich, St. Louis, USA).
The (R)-mellein [35], protocatechuic alcohol [36] and spencertoxin [39] that were used as
standards were isolated from in vitro cultures of D. seriata, Do. vidmadera and S. viticola as
previously reported.

4.9. Testing of Protocols for Extraction of PMs from Wood

Two published extraction protocols were compared for their suitability to extract
toxins from wood samples [34,41]. Freeze-dried wood samples collected from the naturally
infected vines (36 in total) were extracted using both protocols and were analysed by
LC-MS/MS. Freeze-dried wood samples (100 mg) were used for each extraction. The
protocol by Saviano et al. [41] was subsequently used to extract PMs from the wood
samples (100 mg) collected from inoculated vines (100 in total).

4.10. LC-MS/MS Analysis of Targeted PMs from Wood

Analyses were carried out using a 1290 Infinity II LC system (Agilent) hyphenated
to an Agilent 6470 triple quadrupole (QqQ). The UPLC system included a binary pump
and a cooled autosampler maintained at 15 ◦C. Mass Hunter software was used to control
the instruments and to acquire the data which were then processed for analysis. The chro-
matographic separation was performed using a reverse phase column Phenomenex Luna
5.4 μm 250 × 4 mm i.d., protected by a security guard column Phenomenex maintained
at 30 ◦C. The mobile phase consisted of H2O 1% (v/v) HCOOH (Phase A) and MeCN
(Phase B). The flow rate was 0.7 mL/min, the gradient system was initiated with 10% of
Phase B for 2 min and reached 30% at 15 min, 80% at 25 min, isocratic until 27 min and 95%
at 40 min. Samples were injected into the column with an injection volume of 20 μL.

The Agilent 6470 triple quadrupole (QqQ) was used as the detector in MRM mode
with electrospray ionization (ESI) in positive ionization mode. The source and desolvation
temperatures were respectively set at 350 ◦C, Nebulizer, 40 psi; N2 flow, 12 L min−1.
Capillary voltage was set at 3.5 kV in positive mode. The MRM transitions (precursor ion
→ daughter ions), fragmentor energy and collision energy for (R)-mellein, spencertoxin
and protocatechuic acid were optimized using the Agilent Optimizer Software, and the
optimized parameters were shown in Table 2. For the parameter optimization, standards
of (R)-mellein, spencertoxin and protocatechuic acid were used.

Table 2. Toxins used as standards for the LC-MS/MS and their corresponding optimized parameters.

Toxin
Precursor Ion

m/z
Fragment Ion

m/z
Fragmentor

Voltage *
CV **

Retention Time
(Min)

(R)-mellein

179.1 [M + H]+
161.0
133.0
105.0

90
12
16
24

27.44
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Table 2. Cont.

Toxin
Precursor Ion

m/z
Fragment Ion

m/z
Fragmentor

Voltage *
CV **

Retention Time
(Min)

Protocatechuic
alcohol

123.1
[M-H2O + H]+

67.1
55.1
51.1

90
16
24
40

6.94

Spencertoxin

283.1 [M + K]+ 177.8
118 90 44

50 18.11

* Fragmentor voltage: controls the speed at which the ions pass through a medium pressure capillary between the electrospray chamber
and the mass spectrometer. ** CV: collision energy voltage.

5. Conclusions

Detection of PMs in infected plant tissue may provide insights into the involvement
of PMs in the pathogenicity of fungal isolates and symptom development of GTDs. This
multidisciplinary approach was appropriate for investigating the production and translo-
cation of (R)-mellein in vines showing BD symptoms. Our results highlighted a possible
correlation between the amount of (R)-mellein and the amount of pathogen DNA copies in
the wood samples. The development of a robust quantitative LC-MS/MS method for the
detection of (R)-mellein can assist further investigations regarding this correlation. These
data may provide valuable information on the infection strategies of the pathogens and
may clarify the role played by (R)-mellein in the development of the disease.

Our study did not find any evidence that PMs are translocated into healthy tissues of
the vine. Thus, the targeted PMs we investigated in this study were most likely produced
by BD pathogens for penetrating and invading the hosts. The migration of PMs in their
native form into the woody tissues of the plant should not be considered a generalised
process for all pathosystems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10040802/s1, Figure S1: Representative photos of the inoculated vines showing internal
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Abstract: Esca of grapevine causes yield losses correlated with incidence and severity symptom
expression. Factors associated with leaf symptom mechanisms are yet to be fully clarified. Therefore,
in 2019 and 2020, macro and microelement analyses and leaf reflectance measurements were carried
out on leaves at different growth stages in a vineyard located in Abruzzo, central Italy. Surveys were
carried out on leaves of both never leaf-symptomatic vines and different categories of diseased vine
shoots. Never leaf-symptomatic and diseased vines were also treated with a fertilizer mixture that
proved to be able to limit the symptom expression. Results showed that untreated asymptomatic
diseased vines had high calcium contents for most of the vegetative season. On the contrary, treated
asymptomatic diseased vines showed higher contents of calcium, magnesium, and sodium, at berries
pea-sized, before the onset of symptoms. These vines had better physiological efficiency showing
higher water index (WI), normalized difference vegetation index (NDVI), and green normalized
difference vegetation index (GNDVI) values, compared to untreated asymptomatic vines, at fruit
set. Results confirmed the strong response of the plant to symptom expression development and the
possibility of limiting this response with calcium and magnesium applications carried out before the
symptom onset.

Keywords: grapevine; esca complex; wood disease control; leaf symptoms

1. Introduction

Esca of grapevine is a complex, destructive and widely spread disease. The disease
includes the involvement of several microorganisms producing different types of wood
deterioration at different age of the plant, from nursery to ageing vineyards. The disease has
been commonly associated with tracheomycotic pathogens as Phaeomoniella chlamydospora,
Phaeoacremonium minimum (or another species of Phaeoacremonium), and with the basid-
iomycete Fomitiporia mediterranea, or other species recently isolated in United States [1–5].
The complexity of the disease, especially for the role of pathogens, i.e., of Botryosphaeri-
aceae species [2], led to the proposal of a classification, although the fail to fulfill Koch’s
postulates. In particular, Esca of grapevine was defined Esca complex and divided into five
syndromes [6]. Three diseases, Brown wood streaking, Petri disease and grapevine leaf
stripe disease (GLSD) were grouped as “grapevine phaeo-tracheomycosis complex”. White
rot, the fourth disease of Esca complex, was mainly caused by Fomitiporia mediterranea [7].
The fifth disease, named as Esca proper, was considered the concomitant occurrence of
tracheomycotic and white rot pathogens and relative wood alterations in the same plant,
traditionally reported as “Esca of grapevine”.
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Some studies where tiger-stripe symptom expression was associated with infections
of tracheomycotic fungi, without the occurrence of white-rot necrosis, as for “young esca”
in Australia, somehow supported this classification [8,9]. On the other hand, and more
recently, a correlation between the amount of white-rot necrotic tissues and leaf symptoms
was recorded in different studies [10–13].

The leaf blade of diseased plants showed light green chlorosis that can expand and
coalesce in interveinal yellow red-brown stripes, displaying the so-called tiger-stripe symp-
toms [1,3]. In any case, incidence and severity of the foliar symptom expression demon-
strated to be correlated with qualitative–quantitative yield losses [14,15]. Moreover, the
symptoms occurrence and the consequent yield losses may vary from one season to another,
regardless of the rate of woody tissue deterioration, and in relation to physiological, cultural,
and environmental factors not completely cleared yet [9]. Meteorological factors can influ-
ence the occurrence of foliar symptoms in a given area and season as demonstrated for June
and July rainfall, which appeared to be correlated to the foliar symptom expression [16,17].
Cultural factors also proved to play a role in foliar symptoms expression [18].

Studies hypothesized that foliar symptoms occurrence was based on the toxic
metabolites produced by fungi in the wood [19–21]. Toxins can reach the canopy through
the transpiration stream and contribute to induce leaf responses that leads to the for-
mation of interveinal necrosis as the results of a hypersensitivity reaction [2,22,23].
However, further hypotheses on the occurrence of foliar symptoms were recently con-
sidered [24]. A functional disorder of sap flow, as sap disruption caused by the wood
altered by pathogens [25], nongaseous embolisms or occlusions of vessels by gels and/or
tyloses [26,27], and/or a role of annual infections on annual shoots [28] were postulated.
These studies once again highlight the number and complex interaction of parameters
associated with the outburst of foliar symptoms.

Phytoalexins, mainly present in symptomatic leaves at pre-bunch closure, were syn-
thesized in symptomatic leaves as a consequence of the appearance of necrosis, and
therefore did not seem effective in reducing symptom development [29]. This hypothesis
seemed to be confirmed by the proportional increasing of phytoalexins with leaf symptoms
increase [30]. Therefore, plants might react to the toxic metabolites with a kind of hypersen-
sitivity reaction, in agreement with studies on the formation of anti-microbial compounds
after the occurrence of symptoms [31].

The response of plant to the occurrence of symptoms seemed also associated with the
nutritional status of the infected vines, and in particular with the calcium content [32,33].
Diseased vines treated with a fertilizer mixture based on calcium, magnesium, and sea-
weed significantly reduced foliar symptoms, synthesizing as well higher amounts of
trans-resveratrol in the leaves earlier in the season, compared to untreated diseased vines.
Therefore, an early increase of phytoalexins might contribute to the reduction of symp-
toms [34,35].

Precision agriculture is a site-specific informed management system that analyzes the
factors that can vary over space and time in the production process, minimizing inputs (as
water, fertilizers, plant protection products). The aim is to reduce the impact of agricultural
practices on the environment, to increase the quality of products and the profitability of
agriculture [36]. In this context, remote sensing techniques allow to detect physical or
chemical characteristics of soil or plant organs either from proximal platforms (sensors) or
remotely via satellite, drone, and aircraft [37].

Assessments are carried out in relation to the electromagnetic radiation emitted in
a certain range of different wavelengths, called spectrum [38]. The bands of a spectrum
in the optical domain make it possible to investigate phenomena connected with the
photosynthetic capacity of crops. The optical domain [39] includes the visible, also called
photosynthetically active radiation (PAR), with wavelengths between 400 and 700 nm, the
infrared (IR) which in turn includes: near infrared (NIR, 700–1300 nm); short wave infrared
(SWIR, 1300–2500 nm); midwave infrared (MWIR, 3000–8000 nm); thermal infrared (TIR,
7000–20,000 nm).
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The most used vegetation indices to estimate the photosynthetic capacities of a crop
based on the spectral response are the normalized difference vegetation index (NDVI), [40]
and the green normalized difference vegetation index (GNDVI), [41]. These indices evalu-
ated the leaf reflectance, expressed by the ratio between intensity of the reflected radiant flux
and intensity of the incident radiant flux. NDVI considers the reflectance on wavelengths
(λ) of the NIR (λ = 770 nm) and of the visible red (RED) (λ = 660 nm). GNDVI is calculated
from the NDVI index by substituting the reflectance in the red with that in the green.

Through leaf reflectance measurements it is possible to detect different indices in-
cluding the water index (WI), [42], as response of plant regarding specific infrared bands
(R900/R970) so that water concentration in plants (PWC) and consequently the water stress
can be estimated.

The aim of this study was to investigate parameters and mechanisms involved in com-
plex processes of tiger-stripe symptoms formation, through leaf reflectance measurements
and assessment of the main macro and microelements in leaves of both vines with different
disease expressions and never leaf-symptomatic vines. The same analysis was carried out
in diseased and never leaf-symptomatic vines treated with a fertilizer mixture capable of
interfering with the foliar symptom expression, to obtain further information on the factors
that regulate foliar symptoms expression.

2. Results

2.1. Leaf Fertilizer Applications and Foliar Symptom Surveys

Both years of survey on incidence and severity of foliar symptoms in the Controguerra
vineyard confirmed the dynamics of symptom expression, characterized by a remarkable
increasing from the berries developing color stage. The effect of applications of the fertilizer
mixture was noticeable in treated vines, in particular since the assessments carried out at
majority of berries touching stage (31 July 2019 and 31 July 2020), and in the following
growth stages, with the increasing of symptom expression in the vineyard (Figures 1 and 2).
Both in 2019 and 2020, the differences in symptoms of incidence and severity percentages
between treated and untreated vines, evaluated at harvest (13 September 2019 and 12
September 2020), were statistically significant for both parameters, by means of Chi-square
test for p = 0.05.

Figure 1. Incidence and severity of tiger-stripe foliar symptoms in vines treated with the fertilizer
mixture and in untreated vines, in 2019, in Controguerra vineyard.
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Figure 2. Incidence and severity of tiger-stripe foliar symptoms in vines treated with the fertilizer
mixture and in untreated vines, in 2020, in Controguerra vineyard.

2.2. Leaf Reflectance Measurements
2.2.1. Comparisons between Treated and Untreated Never Leaf-Symptomatic and
Diseased Asymptomatic Vine Leaves

The results of reflectance measurements, carried out on leaves of both never leaf-
symptomatic (NLS) and asymptomatic vines (AS), treated and untreated, showed higher
values in leaves east facing and in full light (side A), compared to the leaves on side B, west
facing and in shadow (Tables 1 and 2).

Table 1. NDVI and GNDVI in leaves of treated and untreated never leaf-symptomatic vines and diseased asymptomatic
vines in the side A rows of Controguerra vineyard.

NDVI

66 BBCH 69 BBCH 71 BBCH 75 BBCH 77 BBCH 79 BBCH 83 BBCH 85 BBCH 89 BBCH

Treatment 14/06/2019 21/06/2019 27/06/2019 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLSnt 0.914 a 0.866 a 0.820 ab 0.806 a 0.838 a 0.783 a 0.810 a 0.823 a 0.819 a
ASnt 0.897 a 0.857 a 0.808 b 0.834 a 0.823 a 0.799 a 0.808 a 0.836 a 0.856 a
NLSt 0.804 b 0.867 a 0.798 b 0.788 a 0.842 a 0.826 a 0.814 a 0.844 a 0.844 a
ASt 0.777 b 0.868 a 0.886 a 0.791 a 0.834 a 0.813 a 0.824 a 0.827 a 0.844 a

Treatment 15/06/2020 22/06/2020 27/06/2020 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLSnt 0.902 a 0.853 a 0.848 b 0.873 a 0.832 a 0.833 a 0.853 a 0.854 a 0.834 a
ASnt 0.885 a 0.861 a 0.812 b 0.858 a 0.812 a 0.831 a 0.856 a 0.861 a 0.822 a
NLSt 0.798 b 0.859 a 0.833 b 0.830 a 0.856 a 0.848 a 0.855 a 0.831 a 0.806 a
ASt 0.792 b 0.878 a 0.894 a 0.852 a 0.870 a 0.834 a 0.824 a 0.835 a 0.818 a

GNDVI

Treatment 14/06/2019 21/06/2019 27/06/2019 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLSnt 0.727 a 0.624 a 0.596 ab 0.519 a 0.568 a 0.486 a 0.547 a 0.542 a 0.590 a
ASnt 0.698 a 0.590 a 0.551 b 0.567 a 0.540 a 0.477 a 0.533 a 0.549 a 0.673 a
NLSt 0.479 b 0.646 a 0.599 ab 0.532 a 0.608 a 0.574 a 0.571 a 0.539 a 0.651 a
ASt 0.424 b 0.639 a 0.663 a 0.489 a 0.562 a 0.529 a 0.567 a 0.568 a 0.634 a

Treatment 15/06/2020 22/06/2020 27/06/2020 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLSnt 0.712 a 0.625 a 0.558 b 0.612 a 0.522 b 0.553 a 0.615 a 0.600 a 0.540 a
ASnt 0.701 a 0.636 a 0.574 b 0.604 a 0.517 b 0.557 a 0.635 a 0.637 a 0.552 a
NLSt 0.542 b 0.667 a 0.648 a 0.632 a 0.685 a 0.658 a 0.654 a 0.642 a 0.511 a
ASt 0.568 b 0.656 a 0.623 a 0.639 a 0.699 a 0.648 a 0.643 a 0.667 a 0.575 a

NDVI = normalized difference vegetation index. GNDVI = green normalized difference vegetation index. NLS = never leaf-symptomatic vine
leaves; AS = diseased but asymptomatic for the entire season vine leaves; t = treated with fertilizer mixture; nt = untreated. For each column of
each year, values followed by the same letter do not differ statistically according to Tukey’s honest significant difference (HSD) test at p = 0.05.
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Table 2. NDVI and GNDVI in leaves of treated and untreated never leaf-symptomatic vines and diseased asymptomatic
vines in the side B rows of Controguerra vineyard.

NDVI

66 BBCH 69 BBCH 71 BBCH 75 BBCH 77 BBCH 79 BBCH 83 BBCH 85 BBCH 89 BBCH

Treatment 14/06/2019 21/06/2019 27/06/2019 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLSnt 0.928 a 0.904 a 0.938 b 0.950 a 0.951 a 0.934 a 0.950 a 0.936 a 0.935 a
ASnt 0.907 a 0.915 a 0.958 b 0.971 a 0.957 a 0.947 a 0.957 a 0.946 a 0.959 a
NLSt 0.810 c 0.934 a 0.978 a 0.974 a 0.967 a 0.927 a 0.913 a 0.944 a 0.950 a
ASt 0.867 b 0.936 a 0.981 a 0.971 a 0.975 a 0.933 a 0.943 a 0.927 a 0.940 a

Treatment 15/06/2020 22/06/2020 27/06/2020 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLSnt 0.981 a 0.913 a 0.946 b 0.979 a 0.979 a 0.971 a 0.964 a 0.971 a 0.938 a
ASnt 0.977 a 0.922 a 0.943 b 0.977 a 0.976 a 0.974 a 0.971 a 0.977 a 0.931 a
NLSt 0.838 b 0.945 a 0.984 a 0.965 a 0.942 b 0.969 a 0.970 a 0.974 a 0.948 a
ASt 0.849 b 0.955 a 0.984 a 0.975 a 0.951 b 0.967 a 0.973 a 0.973 a 0.940 a

GNDVI

Treatment 14/06/2019 21/06/2019 27/06/2019 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLSnt 0.764 a 0.713 a 0.794 b 0.764 a 0.787 a 0.737 a 0.799 a 0.735 a 0.757 a
ASnt 0.730 a 0.745 a 0.831 b 0.850 a 0.814 a 0.766 a 0.829 a 0.768 a 0.847 a
NLSt 0.504 b 0.790 a 0.864 b 0.880 a 0.847 a 0.770 a 0.752 a 0.839 a 0.833 a
ASt 0.546 b 0.781 a 0.877 a 0.864 a 0.859 a 0.789 a 0.809 a 0.768 a 0.808 a

Treatment 15/06/2020 22/06/2020 27/06/2020 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLSnt 0.812 a 0.823 a 0.865 ab 0.872 a 0.864 a 0.853 a 0.819 b 0.848 a 0.715 a
ASnt 0.807 a 0.845 a 0.833 b 0.864 a 0.859 a 0.855 a 0.845 ab 0.871 a 0.730 a
NLSt 0.622 b 0.812 a 0.921 a 0.878 a 0.838 a 0.878 a 0.868 ab 0.886 a 0.800 a
ASt 0.676 b 0.833 a 0.915 a 0.895 a 0.842 a 0.875 a 0.883 a 0.892 a 0.765 a

NDVI = normalized difference vegetation index. GNDVI = green normalized difference vegetation index. NLS = never leaf-symptomatic vine
leaves; AS = diseased but asymptomatic for the entire season vine leaves; t = treated with fertilizer mixture; nt = untreated. For each column of
each year values followed by the same letter do not differ statistically according to Tukey’s honest significant difference (HSD) test at p = 0.05.

Conversely, the trend of reflectance measurements carried out from growth stage 66
to 89, were similar in the two sides (A and B) in both years of survey (Tables 1 and 2).

The NDVI and GNDVI values showed very similar trends and were always signif-
icantly lower in leaves of treated compared to untreated NLS and AS vines, in the first
survey, at growth stage 66 (Tables 1 and 2). On the contrary, in the third survey, at growth
stage 71, the NDVI and GNDVI values of treated AS leaves appeared significantly higher
than those of AS untreated leaves. In the same survey, the treated NLS leaves showed
higher or similar values than those of untreated NLS leaves (Tables 1 and 2). From the
growth stage 75 to the last survey, growth stage 89, no differences were found between NLS
and AS leaves. Few exceptions were observed only in 2020, at growth stage 77, for GNDVI
(side A), and for NDVI (side B), with values of treated NLS and AS leaves significantly
higher and lower than untreated NLS and AS leaves, respectively (Tables 1 and 2).

In the first three surveys (growth stages 66, 69, and 71), values of the WI were higher
in leaves of treated NLS and AS vines, compared to those of the corresponding untreated
vines, both in side A and in side B. From the survey at growth stage 75 to the survey at
growth stage 83 any difference between treated and untreated NLS and AS values was
detected (Table 3). In growth stages 85 and 89 surveys, WI values were lower, in most of
the cases significantly, in treated compared to untreated AS leaves (Table 3).

121



Plants 2021, 10, 1041

Table 3. Water Index in leaves of treated and untreated never leaf-symptomatic vines and diseased asymptomatic vines in
the Controguerra vineyard.

Side A WI

66 BBCH 69 BBCH 71 BBCH 75 BBCH 77 BBCH 79 BBCH 83 BBCH 85 BBCH 89 BBCH

Treatment 14/06/2019 21/06/2019 27/06/2019 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLSnt 1.042 b 1.056 b 1.039 c 1.069 ab 1.046 a 1.020 a 1.041 a 1.013 a 1.018 ab
ASnt 1.086 b 1.072 b 1.064 bc 1.091 a 1.049 a 1.036 a 1.065 a 1.028 a 1.037 a
NLSt 1.114 a 1.100 a 1.078 ab 1.048 b 1.011 a 1.027 a 1.041 a 1.000 a 0.995 ab
ASt 1.110 a 1.103 a 1.107 a 1.068 ab 1.086 a 1.007 a 1.046 a 0.995 a 0.987 b

Treatment 15/06/2020 22/06/2020 27/06/2020 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLSnt 1.036 b 1.023 b 1.043 b 1.059 a 1.050 a 1.029 b 1.039 a 1.038 a 1.032 ab
ASnt 1.056 b 1.044 b 1.062 b 1.082 a 1.056 a 1.051 ab 1.047 a 1.063 a 1.051 a
NLSt 1.112 a 1.114 a 1.081 ab 1.060 a 1.058 a 1.081 a 1.048 a 1.029 a 1.017 ab
ASt 1.116 a 1.110 a 1.106 a 1.058 a 1.058 a 1.047 b 1.056 a 1.044 a 1.013 b

Side B WI

Treatment 14/06/2019 21/06/2019 27/06/2019 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLSnt 1.054 c 1.084 b 1.102 c 1.153 a 1.116 a 1.053 a 1.112 a 1.043 ab 1.070 ab
ASnt 1.082 bc 1.116 b 1.130 bc 1.199 a 1.131 a 1.080 a 1.175 a 1.091 a 1.107 a
NLSt 1.123 ab 1.166 a 1.257 ab 1.179 a 1.180 a 1.056 a 1.098 a 0.965 b 1.020 ab
ASt 1.140 a 1.180 a 1.286 a 1.140 a 1.193 a 1.033 a 1.096 a 0.969 b 1.007 b

Treatment 15/06/2020 22/06/2020 27/06/2020 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLSnt 1.088 b 1.101 b 1.111 b 1.076 a 1.105 a 1.066 b 1.067 b 1.087 b 1.078 a
ASnt 1.098 b 1.086 b 1.157 b 1.129 a 1.111 a 1.142 a 1.129 a 1.186 a 1.129 a
NLSt 1.122 a 1.143 a 1.203 a 1.106 a 1.094 a 1.119 ab 1.104 ab 1.157 ab 1.040 a
ASt 1.151 a 1.148 a 1.208 a 1.106 a 1.089 a 1.144 a 1.127 a 1.102 ab 1.052 a

WI = water index. NLS = never leaf-symptomatic vine leaves; AS = diseased but asymptomatic for the entire season vine leaves; t = treated
with fertilizer mixture; nt = untreated. For each column of each year values followed by the same letter do not differ statistically according
to Tukey’s honest significant difference (HSD) test at p = 0.05.

2.2.2. Comparisons among Untreated Never Leaf-Symptomatic, Diseased Asymptomatic,
and Diseased Symptomatic Vine Leaves

The leaf reflectance measurements carried out from the first leaf symptom appearance
(8 July 2019 and 9 July 2020, growth stage 75) to the harvest (growth stage 89) on leaves of
untreated never leaf-symptomatic (NLS) and asymptomatic (AS) vines, and on leaves of
the different shoots of untreated symptomatic diseased vines (PRE-S, ASTIGR, and TIGR),
did not show differences for both NDVI and GNDVI, except for significantly lower values
in symptomatic leaves (TIGR) (Table 4).

Table 4. NDVI and GNDVI in never leaf-symptomatic vine leaves and in different categories of leaves of diseased vines in
the side A rows of Controguerra vineyard.

NDVI

75 BBCH 77 BBCH 79 BBCH 83 BBCH 85 BBCH 89 BBCH

Treatment 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLS 0.806 a 0.838 a 0.783 a 0.810 a 0.823 a 0.819 a
AS 0.834 a 0.823 a 0.799 a 0.808 a 0.836 a 0.856 a

PRE-S 0.806 a 0.844 a 0.812 a 0.786 a 0.830 a 0.821 a
ASTIGR 0.870 a 0.880 a 0.778 a 0.778 a 0.829 a 0.810 a

TIGR 0.723 b 0.622 b 0.570 b 0.759 a 0.636 b 0.635 b

Treatment 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLS 0.873 a 0.832 a 0.833 a 0.853 a 0.854 a 0.834 a
AS 0.858 a 0.812 a 0.831 a 0.856 a 0.861 a 0.822 a

PRE-S 0.852 a 0.798 a 0.820 a 0.859 a 0.875 a 0.784 a
ASTIGR 0.875 a 0.806 a 0.825 a 0.831 a 0.833 a 0.816 a

TIGR 0.743 b 0.658 b 0.678 b 0.634 b 0.600 b 0.542 b
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Table 4. Cont.

GNDVI

Treatment 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLS 0.519 a 0.568 a 0.486 a 0.547 a 0.542 ab 0.590 a
AS 0.567 a 0.540 a 0.477 a 0.533 a 0.549 ab 0.673 a

PRE-S 0.523 a 0.550 a 0.485 a 0.521 a 0.608 a 0.633 a
ASTIGR 0.569 a 0.648 a 0.462 a 0.496 a 0.563 a 0.601 a

TIGR 0.465 b 0.451 b 0.303 b 0.448 a 0.415 b 0.487 b

Treatment 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLS 0.612 a 0.522 a 0.553 a 0.615 a 0.600 a 0.540 a
AS 0.604 a 0.517 a 0.557 a 0.635 a 0.637 a 0.552 a

PRE-S 0.522 ab 0.502 a 0.466 ab 0.573 a 0.589 a 0.425 ab
ASTIGR 0.625 a 0.559 a 0.553 a 0.564 a 0.635 a 0.552 a

TIGR 0.448 b 0.505 a 0.392 b 0.402 b 0.424 b 0.365 b

NDVI = normalized difference vegetation index. GNDVI = green normalized difference vegetation index. NLS = never leaf-symptomatic
vine leaves; AS = diseased but asymptomatic for the entire season vine leaves; PRE-S = pre-symptomatic shoot leaves of symptomatic vines;
ASTIGR = asymptomatic shoot leaves of symptomatic vines; TIGR = tiger-striped shoot leaves of symptomatic vines. For each column of each
year values followed by the same letter do not differ statistically according to Tukey’s honest significant difference (HSD) test at p = 0.05.

In both years at growth stage 75 values of WI were significantly higher in AS leaves
than in PRE-S, ASTIGR and TIGR leaves, but not different from values of NLS leaves.
From surveys at growth stage 79 to the last surveys (growth stage 89), AS leaves showed
higher values than the other leaves, in some cases significantly compared to those of PRE-S,
ASTIGR, and TIGR (Table 5).

Table 5. Water Index in never leaf-symptomatic vine leaves and in different categories of leaves of
diseased vines in the side A rows of Controguerra vineyard.

WI

75 BBCH 77 BBCH 79 BBCH 83 BBCH 85 BBCH 89 BBCH

Treatment 08/07/2019 16/07/2019 31/07/2019 12/08/2019 27/08/2019 13/09/2019

NLS 1.069 ab 1.046 a 1.020 a 1.041 ab 1.013 a 1.018 a
AS 1.091 a 1.049 a 1.036 a 1.065 a 1.028 a 1.037 a

PRE-S 1.059 b 1.057 a 1.027 a 1.020 bc 1.023 a 1.017 a
ASTIGR 1.008 c 1.108 a 1.013 a 0.987 c 1.020 a 1.004 a

TIGR 1.001 c 1.033 a 1.013 a 0.983 c 1.013 a 1.003 a

Treatment 09/07/2020 20/07/2020 31/07/2020 10/08/2020 27/08/2020 12/09/2020

NLS 1.059 a 1.050 a 1.029 ab 1.039 a 1.038 ab 1.032 ab
AS 1.082 a 1.056 a 1.051 a 1.047 a 1.063 a 1.051 a

PRE-S 1.010 b 1.033 a 0.995 b 1.020 a 1.028 abc 1.011 b
ASTIGR 1.021 b 1.048 a 0.995 b 1.011 a 1.007 bc 1.012 b

TIGR 1.009 b 1.042 a 1.001 b 1.002 a 0.993 c 1.002 b
WI = water index. NLS = never leaf-symptomatic vine leaves; AS = diseased but asymptomatic for the entire
season vine leaves; PRE-S = pre-symptomatic shoot leaves of symptomatic vines; ASTIGR = asymptomatic shoot
leaves of symptomatic vines; TIGR = tiger-striped shoot leaves of symptomatic vines. For each column of each
year values followed by the same letter do not differ statistically according to Tukey’s honest significant difference
(HSD) test at p = 0.05.

2.3. Analysis of Macro and Microelements in the Leaf
2.3.1. Macroelements

In untreated vines, only some differences in P content, not confirmed in both years
of the study, were observed between leaves of the different categories. Only at harvest
(growth stage 89), the P content was significantly higher in AS leaves than in leaves of the
other categories of untreated shoots (Table S1).

P contents did not differ between leaves of treated plants, both in 2019 and 2020,
except for TIGR leaves which showed higher values at growth stage 89 (Table S1).
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In the comparison between treated and untreated vines, P contents were always lower
(often significantly) in the treated AS leaves compared to untreated AS ones. Furthermore,
in both years, at growth stage 85, lower values of treated compared to untreated ASTIGR
leaves were recorded, although significantly only in 2020 (Table S1).

Contents of K did not show remarkable differences among leaves of the different
categories of shoots. Some sporadic differences, such as those observed in 2019, between
untreated PRE-S and TIGR leaves and treated NLS leaves, at growth stage 75, were not
confirmed the following year (Table S1).

In both years, in untreated vines, Ca and Mg contents were higher in leaves of AS
vines compared to NLS ones, from growth stage 75 to growth stage 85. In these stages
the differences between NLS and AS were always significant for Ca. At growth stage 71
and 89 no significant differences were observed between the two categories of leaves. In
leaves of ASTIGR shoots, Ca and Mg contents were similar in most of the cases to those
of AS leaves. At growth stage 75, leaves of PRE-S shoots always had Ca and Mg contents
lower than those of the other untreated leaves, significantly compared to AS leaves. In
the following growth stages, Ca and Mg contents of PRE-S leaves increased and generally
were not different from those of the other untreated leaves. Higher contents of Ca were
recorded in treated compared to untreated TIGR leaves. This difference was significant at
growth stage 75 in both years (Table 6).

Table 6. Calcium and magnesium content in never leaf-symptomatic vine leaves and in different
categories of leaves of diseased vines.

BBCH 71 BBCH 75 BBCH 85 BBCH 89

27/06/2020 11/07/2019 09/07/2020 27/08/2019 27/08/2020 12/09/2019 12/09/2020

Treatment Calcium (mg g−1)

NLSnt 5.98 bc 4.62 cd 4.80 de 7.67 c 7.23 c 12.21 ab 7.93 b
NLSt 6.37 ab 5.38 bc 5.27 cde 10.73 abc 7.80 bc 6.92 bc 9.58 ab
ASnt 5.15 c 7.06 b 6.23 bc 12.58 ab 10.53 a 12.51 ab 7.73 b
ASt 7.02 a 9.49 a 7.67 d 8.74 c 7.55 c 8.03 bc 9.87 ab

PRE-Snt n.p. 3.22 d 3.98 e 10.28 abc 10.57 a 11.94 ab 9.75 ab
PRE-St n.p. n.p. n.p. 9.18 bc 8.28 abc 12.00 ab 9.53 ab

ASTIGRnt n.p. 6.59 b 6.7 bc 11.13 abc 9.63 abc 12.82 a 7.07 b
ASTIGRt n.p. n.p. n.p. 9.38 bc 8.77 abc 13.71 a 8.42 ab
TIGRnt n.p. 8.91 a 10.03 a 13.17 a 10.07 ab 14.03 a 10.10 ab
TIGRt n.p. n.p. n.p. 13.17 a 10.42 a 13.73 a 11.48 a

Treatment Magnesium (mg g−1)

NLSnt 0.76 ab 0.73 cd 0.66 cd 1.21 bc 0.90 b 1.65 a 1.01 abc
NLSt 0.85 a 1.01 bc 1.13 a 1.52 bc 1.56 a 1.57 a 1.35 a
ASnt 0.63 b 1.27 b 0.76 c 1.73 b 1.03 b 1.62 a 0.86 bc
ASt 0.86 a 1.66 a 1.01 ab 1.35 bc 0.87 b 1.14 a 1.22 ab

PRE-Snt n.p. 0.55 d 0.57 d 1.10 c 1.07 b 1.39 a 1.23 ab
PRE-St n.p. n.p. n.p. 1.41 bc 0.98 b 1.92 a 0.99 abc

ASTIGRnt n.p. 0.77 cd 0.68 cd 1.41 bc 0.96 b 1.63 a 0.71 c
ASTIGRt n.p. n.p. n.p. 1.48 bc 1.16 ab 2.05 a 1.09 ab
TIGRnt n.p. 1.00 bc 0.93 b 1.57 bc 1.00 b 1.55 a 1.01 abc
TIGRt n.p. n.p. n.p. 2.35 a 1.23 ab 1.45 a 1.18 ab

NLS = never leaf-symptomatic vine leaves; AS = asymptomatic diseased vine leaves; PRE-S = pre-symptomatic
leaves of symptomatic vines; ASTIGR = asymptomatic leaves of symptomatic vines; TIGR = tiger-striped leaves
of symptomatic vines. t = treated with fertilizer mixture; nt = untreated; n.p. = not present category. For each
column of each year values followed by the same letter do not differ statistically according to Tukey’s honest
significant difference (HSD) test at p = 0.05.

In treated vines, Ca content was higher in AS leaves than in NLS ones, from 71 to 75
growth stage, to a significant extent in 2019, at growth stage 75, when Mg contents were
also significantly higher in the AS leaves. Conversely, at growth stage 85, for both elements
and in each of the two years of sampling, higher contents were observed in NLS leaves
compared to AS ones, although significantly only for Mg in 2020. At this growth stage, Ca
and Mg contents in leaves of the other categories of treated shoots were not different to
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those of NLS and AS ones, except for higher contents in TIGR leaves. At growth stage 89,
no difference in Ca and Mg contents was detected among the various categories of treated
leaves, with the exception of higher Ca levels in TIGR and ASTIGR leaves compared to
NLS and AS leaves, recorded in 2019 (Table 6).

In both years of sampling, Ca and Mg contents were significantly higher in treated
compared to untreated AS leaves, at growth stages 71 and 75. In the following sampling, at
growth stage 85, a clear inversion of these results was observed, since significantly higher
contents of Ca and Mg were recorded in untreated compared to treated AS leaves. In 2019,
at growth stage 89, higher Ca and Mg contents in untreated than treated AS leaves were
still detected. Unlike AS vines, Ca and Mg contents in leaves of NLS treated vines were not
different compared to untreated NLS ones at growth stages 85 and 89 (Table 6).

2.3.2. Microelements

In untreated vines, in 2019, at growth stage 75, Na content was significantly higher in
NLS leaves, compared to AS, PRE-S, ASTIGR, and TIGR ones. In these categories of diseased
vine, Na contents increased during the growing season. Therefore, in the following growth
stages, a progressive leveling of Na content in the different categories was observed, which
no longer differed from each other, with the exception of TIGR leaves. In both years TIGR
leaves showed generally higher Na content than that of the other categories. Except for TIGR
leaves, in 2020, at growth stage 75, the leaves of the different categories did not differ in Na
content. However, as in 2019, in the following growth stages 85 and 89, no differences were
noticed among NLS, AS, PRE-S, and ASTIGR leaves (Table 7).

Table 7. Sodium content in never leaf-symptomatic vine leaves and in different categories of leaves
of diseased vines.

BBCH 71 BBCH 75 BBCH 85 BBCH 89

27/06/2020 11/07/2019 09/07/2020 27/08/2019 27/08/2020 12/09/2019 12/09/2020

Treatment Sodium (mg Kg−1)

NLSnt 32.8 b 112.6 a 57.7 c 106.3 ab 64.2 de 84.3 d 72.5 a
NLSt 52.7 a 83.3 ab 110.0 a 86.5 ab 127.0 a 180.0 ab 113.3 a
ASnt 29.5 b 53.7 bc 61.6 bc 111.7 ab 101.7 abcd 135.5 bcd 109.7 a
ASt 55.5 a 112.4 a 124.0 a 90.5 ab 73.5 cde 112.0 bcd 111.2 a

PRE-Snt n.p. 34.2 c 72.3 bc 55.8 b 60.8 e 100.2 cd 91.5 a
PRE-St n.p. n.p. n.p. 134.5 ab 85.3 bcde 168.3 bc 91.7 a

ASTIGRnt n.p. 28.3 c 68.7 bc 108.6 ab 66.2 de 87.5 d 67.3 a
ASTIGRt n.p. n.p. n.p. 120.7 ab 76.0 cde 106.2 bcd 71.7 a
TIGRnt n.p. 35.6 bc 96.3 ab 147.5 a 108.0 abc 102.3 bcd 138.3 a
TIGRt n.p. n.p. n.p. 99.4 ab 117.3 ab 250.2 a 134.8 a

NLS = never leaf-symptomatic vine leaves; AS = asymptomatic diseased vine leaves; PRE-S = pre-symptomatic
leaves of symptomatic vines; ASTIGR = asymptomatic leaves of symptomatic vines; TIGR = tiger-striped leaves
of symptomatic vines. t = treated with fertilizer mixture; nt = untreated; n.p. = not present category. For each
column of each year values followed by the same letter do not differ statistically according to Tukey’s honest
significant difference (HSD) test at p = 0.05.

In treated vines, except for some sporadic cases, no differences were recorded among
NLS, AS, PRE-S, and ASTIGR leaves. Only TIGR leaves showed high Na contents espe-
cially recorded at growth stages 89, in 2019. At growth stages 85 and 89, AS, PRE-S, and
ASTIGR leaves of treated diseased vines never differed from each other in both years of
survey (Table 7).

In 2019 and 2020, Na contents appeared significantly higher in treated compared to
untreated AS leaves, at growth stages 71 and 75. On the contrary, in the following growth
stages, higher Na contents were recorded in untreated AS leaves. In 2020, treated NLS
leaves had significantly higher content of Na at growth stages 71, 75, and 85, than untreated
NLS leaves. At these growth stages, in 2019, no difference was noticed.

No significant differences in Na levels were observed between treated and untreated
leaves of the other categories, except for significantly higher contents in treated compared
to untreated TIGR leaves, at growth stage 89, in 2019 (Table 7).
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Fe contents were similar in the different categories of untreated leaves at the first two
growth stages, in both years of study. Later in the season, significantly higher contents in
AS, ASTIGR, and TIGR leaves compared to NLS ones, at growth stage 85, in 2020, were
noticed (Table S2). Furthermore, in both years, Fe contents of untreated TIGR leaves were
significantly higher than that recorded in NLS and AS leaves, at growth stages 89.

Treated vines did not show differences among shoot categories, with the exception of
TIGR leaves in 2019 at growth stage 85, with Fe content significantly higher than NLS, AS,
and PRE-S leaves (Table S2).

No difference in Fe levels was generally recorded between treated and untreated
leaves (Table S2).

In untreated vines, no significant differences in Cu content were noticed among the
leaves of the various shoot categories, apart from very few exceptions only related to higher
NLS leaf content at growth stage 75 in 2019, in ASTIGR at growth stage 75 in 2020 and in
AS at growth stage 85 in 2020 (Table S2).

In treated vines, leaves from the different categories of shoots never differed from
each other, except for significantly higher Cu contents in TIGR compared to NLS leaves, at
growth stage 85, in 2019 (Table S2).

In the comparison between treated and untreated vines, no differences were generally
noticed in Cu content among the different investigated categories (Table S2).

In untreated vines, in 2020, Mn contents were significantly higher: in ASTIGR than
PRE-S leaves, at growth stage 75; in AS than NLS, PRE-S and TIGR leaves, at growth stage
85. These results were not observed at the corresponding growth stages in 2019 (Table S3).

No differences in Mn content were found among leaves of treated shoots, except for
significantly higher contents in PRE-S than NLS and ASTIGR leaves, at growth stage 85 of
2019 (Table S3).

Mn contents did not show any difference between the leaves of the same shoot
categories of treated and untreated vines.

No differences were generally recorded in Zn leaf content (Table S3).

3. Discussion

The grapevine trunk diseases (GTDs) are increasing in almost all grape growing
areas [43]. Although Esca complex is the most widespread and studied GTDs in European
vineyards, some etiological and epidemiological aspects still remained unexplained as well
as for the development of an effective control strategy [3]. Losses in quantity and quality
of yield in diseased vineyards appeared to be correlated with incidence and severity of
plant symptom expression [14,15]. However, mechanisms and factors associated with the
occurrence of symptoms are yet to be fully clarified. Therefore, the present study aimed to
evaluate some aspects of the physiology of diseased vines involved with the appearance
and development of the disease symptom expression.

3.1. Macro and Microelements in the Leaf

The analysis of macro and microelements carried out in the present study on samples
of leaves collected at different stages of growing season highlighted the dynamics of each
element both in never leaf-symptomatic and in the different categories of diseased vine
shoots. Therefore, indications have been obtained on a possible role played by these
elements in the complex mechanisms of symptom expression.

Levels of calcium and magnesium differed between leaves of never leaf-symptomatic
and diseased vines, but also between leaves of different diseased vine shoots. In particular,
for most of the growing season, in the parcel not treated with the fertilizer mixture, the leaves
of asymptomatic vines, AS, and, at berries pea-sized, the leaves of asymptomatic shoots
of symptomatic diseased vines, ASTIGR, had higher levels of calcium and magnesium
compared to untreated leaves of never leaf-symptomatic vines, NLS. On the contrary, at
pea-sized berries, still green leaves at the base of shoots that began to show symptoms in
the leaves of distal part, PRE-S, had lower contents of calcium and magnesium, maybe also
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due to a shoot malfunction, compared to the leaves of the other shoots, and in particular
compared to AS leaves. As observed in a previous study [32], accumulations of calcium,
magnesium, sodium, and microelements were recorded in symptomatic leaves, TIGR,
probably because of their impaired functionality. Other remarkable differences were in low
sodium contents in PRE-S shoot leaves compared to AS leaves, at softening of berries. These
results provided a first evidence on the role of calcium and magnesium in the expression
of leaf symptoms, notable in both AS and ASTIGR leaves, which remained asymptomatic
throughout the season [34,44]. The involvement of calcium and magnesium in the symptom
occurrence could be confirmed by low levels of both elements in leaves of PRE-S, compared
to AS shoots, which then showed a progressive development of symptoms. Furthermore,
the lower sodium contents in PRE-S compared to AS leaves, indicated a possible function of
this element in the dynamics of foliar symptom expression. The correlation between sodium
and the expression of leaf symptoms is in agreement with what was found in the decay of
kiwifruit, a disease similar for many aspects to Esca of grapevine [45].

Fertilizer mixture applications confirmed to be effective in reducing foliar symptom
expression [34,44], but also contributed to obtain further information on leaf symptom
expression dynamics. Leaves of treated AS vines had higher contents of calcium and mag-
nesium, compared to NLS treated leaves, at berries pea-sized, while at softening of berries,
higher calcium and magnesium contents in NLS compared to AS leaves were recorded.
AS vines probably responded better to the treatment than NLS vines, because most likely
NLS vines did not require calcium and magnesium. Therefore, it may not be excluded
that AS vines, due to infection, could have a better physiological attitude to calcium and
magnesium supply. Unlike what was observed in untreated AS leaves, treated AS leaves
showed sodium dynamics similar to that found for calcium and magnesium, providing
further indications of a possible involvement of sodium in foliar symptom expression.
Also treated TIGR leaves, as for the untreated, accumulated calcium, magnesium, sodium,
and microelements.

The comparison of elements content between treated and untreated leaves gave
further information on their dynamics in leaf symptom development. The same dynamics
observed for calcium, magnesium, and sodium in treated AS and NLS leaves appeared
clearer in the comparison between treated and untreated AS leaves. In fact, contents of the
three elements were higher in treated compared to untreated AS leaves, at fruit set and
berries pea-sized stages, while at softening of berries contents reversed and were higher in
untreated compared to treated AS leaves.

Calcium and magnesium contents were not different between treated and untreated
NLS leaves, indicating how the applications of calcium and magnesium, at fruit set and
berries pea-sized stages, before the onset of symptoms in the vineyard, were useful in AS
vines particularly, by reducing the symptom expression.

Comparisons between leaves of treated and untreated shoots of the same category did
generally not show any difference for the other investigated elements.

3.2. Role of Calcium in Leaf Symptom Expression

The overall analysis of results on macro and microelements content in leaves of
the different categories confirmed the involvement of calcium in the expression of foliar
symptoms, hypothesizing a possible role in reducing the symptom expression, as shown in
a previous study [34].

The role of calcium was evident both in untreated AS vines, which showed leaf calcium
increases for most of the season, and in treated AS vines, whose leaves accumulated calcium
up to pea-sized berries, at the onset of symptoms in the vineyard. In treated vines, including
the ones who most likely would show symptoms if not treated, calcium accumulations
assessed in the first part of the season and due to fertilizer applications, indicated a possible
role of the element in the modulation of the plant response, which was hypothesized
for leaf symptom expression [46]. This plant response can be associated with phytotoxic
substances produced by fungi in infected woody tissues and translocated to the leaf via
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transpiration current [20,21,47]. Therefore, the development of necrosis in symptomatic
leaves was associated with a strong response of the plant to such phytotoxic substances,
comparable to a hypersensitive response [48].

To support the hypothesis mentioned, previous studies showed that at pre-bunch
closure, tiger-stripe leaves, compared to never leaf-symptomatic and asymptomatic vine
leaves, had higher contents of trans-resveratrol and other phytoalexins, which are synthe-
sized after the hypersensitive response of the plant [29,31].

Furthermore, previous studies demonstrated that vines without foliar symptoms as
a consequence of fertilizer mixture applications had higher contents of trans-resveratrol,
trans-ε-viniferin, trans-δ-viniferin, and flavonoids, as well as calcium oxalate druse, at pre-
bunch closure, with respect to both untreated never leaf-symptomatic and asymptomatic
diseased vines [34,35].

In the subsequent growth stages phytoalexins contents progressively decreased in
treated vines and increased in untreated vines which showed higher contents than treated
vines [35], reproducing the same dynamics of calcium, magnesium, and sodium observed
in the present study.

These results strengthened the hypothesis of a defense plant response involved in
the foliar symptom expression, indicating as well the role of the fertilizer mixture in this
response, by reducing symptoms.

Moreover, what assessed on both untreated and treated asymptomatic plants sug-
gested that calcium activity could be linked to the reduction of plant oxidative response [48].
The penetration of calcium into leaves, facilitated by the seaweed, can increase the synthesis
of calmodulin. Calmodulin regulates salicylic acid and, consequently, plant response to
fungal toxic metabolites, reducing effects of the hypersensitive response, associated with
leaf symptom expression [49].

Moreover, the reduction of symptom expression could also be due to the ability of
calcium to strengthen cell walls, as calcium oxalate crystal accumulation, assessed in leaves
of treated asymptomatic vines [34,50,51]. Furthermore, the increasing of calcium content in
extracellular spaces can increase phytoalexin synthesis [52,53].

3.3. Role of Magnesium and Sodium in Leaf Symptom Expression

Applications of the fertilizer mixture were particularly effective in diseased plants,
likely for a plant health improvement stimulated by magnesium [54]. It therefore might not
be excluded an involvement of magnesium as fundamental constituent of chlorophyll, in
reducing or delaying its degradation, limiting as well leaf symptom expression in synergy
with calcium [34,44].

The role of magnesium associated with disease control proved to be much more
controversial, as it can reduce, but also favor, disease severity [55]. Magnesium can have
indirect beneficial effects on diseases with the possibility to withstand disease outbreak,
because of the involvement of this element in several physiological processes associated
with plant health [54].

In GTDs, studies demonstrated that Mg++ and Mn++ detoxified eutypin, the toxin
produced by Eutypa lata, causal agent of Eutypa dieback [56]. It might not be excluded sim-
ilar effects on toxic metabolites produced by the pathogens involved in Esca of grapevine.
Although the reduction of symptom expression was demonstrated in the present study
mainly as effect of calcium and magnesium, further studies are needed to give a specific
role to magnesium.

The significant sodium increasing at berries pea-sized in treated compared to un-
treated AS vine leaves could be related to phytoalexin increasing observed in a previous
study at the same growth stage. Regulatory mechanisms associated with second messenger
metabolites and sodium uptake have been studied; in particular, fast and temporary in-
creases of reactive oxygen species (ROS) involved in hypersensitive response and secondary
metabolites synthesis, soon after increases of Na+, were recorded [57].
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Given the structural similarity of sodium and potassium ions [58], sodium can replace
potassium but only in conditions of its deficiency [59,60]. Therefore, a peculiar function of
sodium in the leaf symptom expression might even be possible, since the uptake of this
element did not seem linked to a leaf potassium deficiency never found in the present
study in AS leaves.

3.4. Leaf Reflectance Measurements

At berries pea-sized, leaves of never leaf-symptomatic and asymptomatic diseased
vines had WI values higher than leaves of the different categories of symptomatic shoots,
indicating a higher plant water concentration (PWC). In the first three surveys carried
out at full flowering, end of flowering, and fruit set stages, never leaf-symptomatic and
asymptomatic diseased vines, treated with the fertilizer mixture, showed WI leaves values
higher than those of leaves of corresponding untreated vines. The higher WI values in
untreated AS vine leaves, recorded at berries pea-sized, highlighted better physiological
efficiency of AS vines, further improved by fertilizer applications.

On the contrary, at full flowering, NDVI and GNDVI values were lower in treated NLS
and AS leaves, compared to the untreated ones, while at fruit set, both indices were higher
in AS treated compared to untreated, but similar between treated and untreated NLS leaves.
These results demonstrated the activity of fertilizer mixture applications carried out until
the fruit set. Higher WI and lower NDVI and GNDVI values, observed at full flowering in
treated compared to the untreated AS leaves, might be related to the ‘energy’ required for
plant defense response modulated by the components of fertilizer mixture.

However, decreasing NDVI and GNDVI values in treated leaves was transitory; in
fact, at fruit set, near the beginning of first symptom appearance, these values increased in
treated compared to untreated AS leaves, because of an increased photosynthetic activity
probably due to fertilizer mixture applications.

At fruit set, higher contents of calcium and magnesium were also recorded on treated
compared to untreated AS leaves. In a previous study, at the first days of symptom
appearance, trans-resveratrol, was higher in treated compared to untreated AS leaves [26].
Thus, the mixture applications seemed to act with a further mechanism of action, by
increasing photosynthetic activity, probably favoring increases of the two elements and
trans-resveratrol.

On the other hand, at berries pea-sized low contents of calcium and magnesium, as
well lower values of WI, were detected in untreated PRE-S leaves, confirming the role
played by the two elements in limiting foliar symptoms.

4. Materials and Methods

4.1. Vineyard

Field trials were carried out in a 42-year-old vineyard, cv. Trebbiano d’Abruzzo on 420A
rootstock, trained as Geneva Double Courtain (GDC). The vineyard, located in Controguerra
(TE), Abruzzo, a central Italy Region, consisted of 700 vines, planted on an area of 5984 m2

on a clayey-limestone soil, with a 2 × 4 m planting. The average yield per vine ranged from
13 to 16.5 kg. This vineyard is being surveyed since 1994 for the incidence and severity of
tiger-stripe foliar symptoms.

4.2. Leaf Applications

Two parcels were identified in the vineyard; one of them was treated with the
fertilizer mixture (Algescar ®, Natural Development Group, Castelmaggiore, Bologna,
Italy) based on CaCl2 (33.7%), Mg(NO3)2 (29.1%), and Fucales seaweed extract (6.1%),
the second parcel represented the untreated control. Each parcel included three plots of
90 vines, each consisting of a replicate. In 2019 and 2020, vines of a parcel were subjected
to six foliar applications with the fertilizer mixture. The mixture was applied with an air
blast sprayer at a dose of 5 L, in a water volume of 800 L ha−1, at 10–15 days interval,
from 53 “inflorescences clearly visible” to 77 “berries beginning to touch” BBCH growth
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stages [61]. In 2019, applications were performed on 14 May; 3, 12, 21 and 26 June; and
15 July; in 2020 on 13 May; 3, 13, 22 and 26 June; and 15 July.

4.3. Leaf Symptom Surveys

The foliar symptom incidence and severity were recorded every year for 25 consecutive
seasons. Thus, during the survey of the present study carried out in 2019 and 2020, it
was possible to identify the asymptomatic infected vines, which did not show symptoms
in the years of survey but have shown symptoms in at least one of the previous years of
survey. These asymptomatic vines were distinguished from the never leaf-symptomatic
vines, which did not show symptoms in any of the 25 years of survey.

In 2019, four surveys on foliar symptoms were carried out on 8 and 31 July, 27 August
and 13 September; in 2020, six surveys were carried out on 7, 20, and 31 July, 10 and 27
August; and 12 September, both in treated and untreated parcels. Surveys in July were
performed from 75 “berries pea sized” to 79 “majority of berries touching” BBCH growth
stages; in August at 83 “berries developing color” and 85 “softening of berries” stages; in
September at 89 “berries ripe for harvest” stage [61].

In each survey, both the disease incidence and severity were recorded on each single
plant. The incidence was calculated by dividing the number of plants with symptoms on
the total number of diseased vines (that are plants that showed symptoms in at least one
of the 25 years of survey) and multiplying by 100. The severity was calculated using the
formula SN × 100/(Y × Z), where SN = sum of symptom severity values; Y = number of the
monitored plants; Z = maximum value of the symptom scale [62]. The symptom severity
was calculated using an arbitrary 0–5 scale, where 0 = absence of symptom; 1 = 1–10%;
2 = 11–30%; 3 = 31–50%; 4 = 51–70%; 5 = 71–100% of foliar symptoms on the canopy.

4.4. Leaf Reflectance Measurements

For each plant category (never leaf-symptomatic, diseased but asymptomatic for
the entire season and symptomatic diseased) leaf reflectance measurements were carried
out in both years of the study on leaves of shoots classified as follows: never leaf-
symptomatic (NLS) from never leaf-symptomatic vines and asymptomatic (AS) from
diseased but asymptomatic for the entire season vines. In the symptomatic diseased vine
group measurements were carried out on: i) pre-symptomatic shoots, namely shoots that
showed leaves with early symptoms at the bottom of the shoot, and leaves still without
symptoms in the remaining part (PRE-S); ii) shoots with only asymptomatic leaves for
the entire season (ASTIGR); and iii) shoots with only symptomatic leaves (TIGR). For
each category of shoot, measurements, performed with a portable spectroradiometer
mod. Fieldspec Pro®, Malvern Panalytical Ltd. (Malvern, UK), were carried out on
leaves located in the median part of the primary shoots, opposite to a cluster, in order to
avoid variability along the shoot.

The spectroradiometer sensor is equipped with high sensitivity detector array, low
straylight, built-in shutter, background current compensation system, and second-order
filter that allows detections with a high signal-to-noise ratio in less than a second. Spectrum
detection consists in the acquisition of discrete measurements, recorded by the instrument
through the internal software and shown on the integrated display. It is then possible to
connect the instrument to a computer for processing and exporting the detected spectra,
using a special program supplied with the instrument.

For each of categories never leaf-symptomatic vines (NLS) and diseased but asymp-
tomatic for the entire season vines (AS), six plants were identified. In each plant, two shoots
were considered, one facing east (side A) and one facing west (side B). In each of the two
shoots, five measurements were made on three leaves, finally obtaining an average. Also in
the symptomatic diseased vines, six vines were chosen, but for each vine the measurements
were performed on three shoots, one for each PRE-S, ASTIGR, and TIGR treatments; in
this case, measurements were carried out only on the shoots of side A, given the lack of
symptomatic shoots in the part of the canopy facing west (side B).
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In NLS and AS vines data of both treated and control parcels were recorded. On
the contrary, measurements on the five types of shoot (NLS, AS, PRE-S, ASTIGR, and
TIGR) were performed only in the untreated parcel, due to the low expression of foliar
symptoms, probably because of the combination of the fertilizer mixture activity and
seasonal meteorological conditions.

Reflectance measurements of NLS and AS shoots were carried out in each of the
9 surveys, from 66 “full flowering” to 89 “berries ripe for harvest” BBCH growth stages,
whereas measurements of the categories of shoot in the untreated parcel were carried out
in six surveys, from 75 “berries pea-sized”, at the onset of symptoms, to 89 “berries ripe for
harvest” BBCH growth stages.

NDVI, GNDVI, and WI values were recorded at each reflectance measurement.

4.5. Analysis of Macro and Microelements in the Leaf
4.5.1. Leaf Sampling

In order to assess the content of macro and microelements in leaves of the different cat-
egories of plants, in 2019 leaf samples were taken on 11 July, 27 August, and 12 September,
corresponding respectively to the following BBCH growth stages: 77 “berries beginning to
touch”; 85 “softening of berries”; and 89 “berries ripe for harvest”. In 2020, samples were
taken on July 9, August 27, and September 12, with an extra sampling on June 27, at 71
“fruit set” [61].

For each plant category (never leaf-symptomatic, diseased but asymptomatic for the
entire season and symptomatic diseased) samples were taken on six vines. Eight leaves
were taken from each never leaf-symptomatic vine (NLS) and all season asymptomatic
diseased vine (AS). From each symptomatic diseased vine, eight leaves were taken for each
of the three types of shoot—PRE-S, ASTIGR, and TIGR. For each type of shoot, six samples
were collected, each consisting of eight leaves. Leaves were always collected from the
median portion of primary shoots and in the opposite position to a cluster.

4.5.2. Macro and Microelements Analysis
Reagents and Standards

Mix elements stock standard solution of calcium (Ca), magnesium (Mg), potassium
(K), sodium (Na) at 2000, 400, 200 e 1000 mg L−1 respectively and single element stock
solution of yttrium (Y) at 1000 mg L−1 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Mix elements stock standard solution of manganese (Mn), copper (Cu), iron
(Fe), zinc (Zn), and single element stock solution of phosphorus (P) at 100 mg L−1 were
provided by Panreac Química SLU (Castellar del Vallès, Barcelona, Spain) and CPAchem
(Stara Zagora, Bulgaria) respectively.

Solutions were prepared with high-purity water of 18.2 MΩ·cm resistivity obtained
from a PURELAB® (ELGA LabWater, High Wycombe, United Kingdom). Reagents used for
the sample digestion were nitric acid at concentration ≥67%, (CHEM-LAB NV, Zedelgem,
Belgium), and hydrogen peroxide at 30% (Merck, Darmstadt, Germany). Argon gas of
99.9995% purity was supplied by Sapio (Monza, Italy).

The reference material BCR 1573a, tomato leaves (National Institute of Standard &
Technology, Gaithersburg, Maryland, USA) has certified values of concentration of all
investigated elements.

Analytical Method—Sample Preparation

Each sample was analyzed to determine levels of calcium, magnesium, potassium,
sodium, manganese, copper, iron, zinc, and phosphorus.

The sample preparative step was made applying two official methods UNI EN 13804:2013
(sample homogenization) and UNI EN 13805:2014 (sample microwave digestion).

The instrumental analysis of all investigated elements was conducted by inductively
coupled plasma–atomic emission spectrometry (ICP-AES) applying official method UNI
EN 15621:2017.
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The method provides for a complete destruction of organic matter with nitric acid
and hydrogen peroxide at high temperatures and pressure, in a closed vessel, applying
microwave assisted heating, prior to ICP-AES analysis.

At each session, a certified reference material (BCR 1573a) as quality control for all
investigated elements was analyzed.

Prior to analysis, all the apparatus intended to come into direct contact with the
sample and glassware were treated with nitric acid solution (1 ÷ 2%) and then rinsed with
high-purity water.

Leaf samples, with own foil and petiole, after sampling in the field, were stored at the
temperature of −20 ◦C.

At the time of analysis, samples were homogenized with cutting mill (Grindomix
GM-200, Retsch, Germany) at 9000 rpm for (30 ÷ 60) seconds.

Homogenized sample (500 ± 50) mg L−1 was weighed into PTFE vessels and dissolved
in 5 mL of concentrated nitric acid and 1 mL of hydrogen peroxide at 30%. Mineralization
was performed in a Multiwave 3000 microwave digestion system (Anton Paar, Graz,
Austria) according to the program shown in Table 8.

Table 8. Instrumental parameters of microwave digestion oven.

Step Power (watt) Ramp (◦C/min) Duration (min)

1 450 1 4

2 800 5 8

3 1000 5 15

4 0 - 15

After cooling, the resulting clear solutions (samples, blank and reference material)
were quantitatively transferred and diluted exactly to a volume of 15 mL with high-
purity water.

Analytical Method—Instrumental Analysis
Analysis of investigated elements was carried out with an inductively coupled plasma

atomic emission spectrometer Optima 7000 (PerkinElmer, Waltham, MA, USA). Measurements
were performed applying the instrumental conditions mentioned below (Tables 9 and 10).

Table 9. Instrumental conditions of ICP-AES.

Parameter Value

Power radiofrequency (W) 1300 ÷ 1500

Nebulizer gas flow (L min−1) 0.6 ÷ 0.7

Plasma gas flow (L min−1) 15

Auxiliary gas flow (L min−1) 0.2

Nebulizer Mira Mist (in peek)

Spray chamber Cyclonic

Quantitative determination was performed by an external calibration with Y as inter-
nal standard. The linearity range of all calibration curves are reported in Table 11.

At each analytical session an aliquot of certified reference material BCR 1573a was
analyzed. In Table 12 certified values and achieved recovery average were reported.
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Table 10. Wavelength and mode view.

Element Wavelenght (nm) Plasma Mode View

Fe 238.204

AxialCu 327.393

Zn 213.857

Mn 257.610 Attenuated Axial

P 213.617

Radial

Na 589.592

Ca 317.933

Mg 285.213

K 766.490

Y 361.104–371.029 -

Table 11. Linearity range of calibration curve of elements.

Element Linearity Range (mg L−1)

Fe

0.0050 ÷ 1.0
Cu

Zn

Mn

P 0.25 ÷ 10

Na 0.13 ÷ 2.0

Ca 0.25 ÷ 10

Mg 0.050 ÷ 2.0

K 0.025 ÷ 1.0

Table 12. Certified values of BCR1573a and achieved recovery average.

Element Certified Values (mg Kg−1) Recovery (%) (n = 5)

Fe 368 ± 7 100

Cu 4.70 ± 0.14 109

Zn 30.9 ± 0.7 97

Mn 246 ± 8 98

P * 0.216 ± 0.004 102

Na 136 ± 4 95

Ca * 5.05 ± 0.09 101

Mg * 1.2 ** 93

K * 2.70 ± 0.05 91
* measurement unit (%); ** information value; n = number of analytical session.

4.6. Statistical Analysis

In both years of the study, the incidence and severity of foliar symptoms recorded in
the parcel treated with the fertilizer mixture, were compared with values of the untreated
parcel. The comparison was carried out at harvest (13 September 2019 and 12 September
2020) using Chi-square tests at p = 0.05, following what reported in our previous study [25].
A one-way analysis of variance (ANOVA) was applied for each survey or sampling values,
respectively of NDVI, GNDVI, WI or macro and microelements, recorded in leaves of NLS

133



Plants 2021, 10, 1041

and AS vines and in leaves of shoots of symptomatic diseased vines ASTIGR, PRE-S, and
TIGR. When significant differences emerged, means separation was performed by Tukey’s
honest significant difference (HSD) test at p = 0.05. Statistical analysis was performed using
XLSTAT 2016 (Addinsoft, Paris, France).

5. Conclusions

Dynamics of macro and microelements and vegetation indices highlighted in this
study, as for the dynamics of phytoalexins discussed in our recent studies, suggested the
role of calcium and magnesium in tiger-stripe foliar symptoms expression. These results
also reinforced the hypothesis on the triggering of a complex response of the plant to the
occurrence and development of leaf symptoms induced by toxic substances promoted
by pathogens.

Calcium could play a role in modulating the plant’s response to toxic fungal metabo-
lites, reducing the effects of an uncontrolled reaction associated with the expression of
foliar symptoms in diseased vines.

The activity of calcium was indicated both in untreated vines and in the vines treated
with the fertilizer mixture, which significantly reduced the symptom expression, although
with different dynamics.

Calcium, magnesium, and sodium contents were particularly high in leaves of treated
asymptomatic diseased vines at berries pea-sized, when foliar symptoms began to appear
in the vineyard. In these leaves, the high content of the three elements was accompanied
by high values of WI, preceded by high NDVI and GNDVI values recorded at fruit set, and
followed by an early synthesis of phytoalexins, demonstrated in previous studies.

Therefore, increased availability of calcium and magnesium up to pea-sized berries
reduced foliar symptom expression just when they begin to appear.

Further evidence carried out in different grape growing areas and infection conditions
are needed to strengthen the hypothesis discussed in the present study.
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Abstract: Grapevine trunk diseases (GTDs) are one of the main biotic stress factors affecting this
crop. The use of tolerant grapevine cultivars would be an interesting and sustainable alternative
strategy to control GTDs. To date, most studies about cultivar susceptibility have been conducted
under controlled conditions, and little information is available about tolerance to natural infections
caused by GTD fungi. The objectives of this study were: (i) to identify tolerant cultivars to GTD fungi
within a Spanish germplasm collection, based on external symptoms observed in the vineyard; and
(ii) to characterize the pathogenic mycoflora associated with symptomatic vines. For this purpose,
a grapevine germplasm collection including 22 white and 25 red cultivars was monitored along
three growing seasons, and their susceptibility for esca foliar symptoms was assessed. Fungi were
identified by using morphological and molecular methods. Cultivars such as, ‘Monastrell’, ‘Graciano’,
‘Cabernet Franc’, ‘Cabernet Sauvignon’, ‘Syrah’, ‘Moscatel de Alejandría’, ‘Sauvignon Blanc’, and
‘Airén’ displayed high susceptibility to GTDs, whereas others such as ‘Petit Verdot’, ‘Pinot Noir’,
‘Chardonnay’, and ‘Riesling’ were considered as tolerant. The prevalent fungal species isolated
from symptomatic vines were Phaeomoniella chlamydospora (27.9% of the fungal isolates), Cryptovalsa
ampelina (24.6%), and Dothiorella sarmentorum (21.3%).

Keywords: fungal pathogens; grapevine; grapevine trunk diseases; natural infections; pathogenicity

1. Introduction

Grapevine trunk diseases (GTDs) are currently considered one of the main types
of biotic stress of this crop due to reducing both yield and lifespan of vineyards, which
results in substantial economic losses to the grape and wine industry worldwide [1]. GTDs
are characterized by presenting a broad diversity of internal wood and foliar symptoms,
resulting in an overall decline and eventual death of the affected plants [2]. These diseases
are as old as vine cultivation; however, their impact and significance have only been
recognized in the early 1990s, when wine growers and the wine industry began to worry
about the economic losses that they caused [1]. This emergence is thought to be correlated
with several factors, including changes in viticulture practices and vineyard management,
and the prohibition of effective fungicides against GTD fungi [1,3,4]. The increasing
incidence of GTDs over recent decades is probably related to a sum of pathogen, hostplant,
environmental (i.e., abiotic stresses), and cultural factors [5].
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The aggressiveness and symptoms caused by fungal pathogens associated with GTDs
differ significantly between grapevine-growing regions and vary depending on cultivars [6].
In field trials, one of the main problems to diagnose GTDs is related to the variability in
external symptom expression, whereby symptoms on leaves and berries may be obvious
one year but are not apparent in another [5]. Furthermore, it is common for several GTDs
to overlap in the same grapevine simultaneously [6]. Therefore, it is difficult to associate
visual symptoms with causal agents.

A complex of fungal genera and species of taxonomically unrelated—ascomycetous
and basidiomycetous—fungi are associated with GTDs [1], which can cause more than one
disease [2]. Fungal GTD complex currently includes six main different diseases affecting
both grapevine planting material in nurseries, as well as young and mature vineyards.
These diseases are: black-foot, Petri and esca diseases, and Botryosphaeria, Eutypa, and
Diaporthe diebacks [1,2,5]. Black-foot and Petri disease affect planting material and young
vineyards of up to 8-years-old, whereas esca disease, and Botryosphaeria, Eutypa, and
Phomopsis diebacks predominantly affect mature grapevines that are more than eight
years old. Among these diseases, Botryosphaeria dieback caused by several species in the
Botryosphaeriaceae family is the most widespread worldwide [7,8].

GTDs pathogens can be propagated using infected planting material in nurseries [1].
In mature vineyards, infection of grapevines by these fungi primarily occurs through
pruning wounds. Air-borne spores are spread by rain splashes, wind, or arthropods,
coming in contact with and colonizing exposed wood vessels [9–11]. Grapevines have the
highest risk of infection during the pruning period because of the high number of wounds
made on a single grapevine and the frequency of rain events that occur during that period.
Grapevine wounds remain susceptible to infection for several weeks [9,10].

Currently, there are no effective strategies to control GTDs. Thus, the use of toler-
ant cultivars could be considered an interesting and sustainable alternative strategy to
minimize their incidence. This approach would be the least expensive, and the most effec-
tive means of controlling them [1]. Phenotyping assays to determine the susceptibility of
grapevines to GTDs fungi have mainly focused on two directions: (i) mechanical artificial
inoculations of the fungi on plant material—cultivar cuttings or canes—under laboratory,
greenhouse, and field conditions [12–24], and (ii) field observations of natural fungal in-
fections [14,20,25–27]. In the latter case, the undetermined latency period (asymptomatic
status) and the “erratic” behavior of the foliar symptoms displayed for these diseases,
especially the esca complex, make the implementation of long-term studies under field
conditions necessary.

La Mancha Designation of Origin (DO) (Central Spain) is the largest delimited viti-
cultural area in Europe (157,449 ha) and one of the most important wine-growing regions
in the world. In this work, a vineyard with 47 cultivars authorized in this DO has been
monitored for three growing seasons to characterize their susceptibility to GTDs, based on
visual assessment of external symptoms observed in grapevines, complemented at the end
of the third year with the isolation of fungi. The main objectives were: (i) to identify tolerant
cultivars to GTDs fungi in a Spanish germplasm collection, based on external symptoms
observed in the vineyard; and (ii) to characterize the pathogenic mycoflora associated with
symptomatic vines. In the latter case, problematic aspects related to the indeterminate
latency period (asymptomatic state) and the “erratic” behavior of the foliar symptoms that
these diseases present, especially the Esca complex, make it necessary for studies to be
carried out over several years This is the first study carried out about the susceptibility of
grapevine cultivars to GTD infections in the La Mancha region. Knowledge on cultivar
resistance to fungal trunk pathogens is critical for growers who plant to establish or replant
vineyards and wish to reduce their reliance on fungicides and costs for controlling GTDs.
This study will also provide information about the prevalent fungal species associated with
GTDs in La Mancha DO.
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2. Results

2.1. GTD Assessment

Of the 47 cultivars studied, only 18 of them (38.3%) showed symptoms associated
with GTDs in at least one vine. The number of vines showing external symptoms was 37
(0.57% of the vines in the vineyard). Figure 1 shows the percentage of symptomatic vines
with respect to the total vines of each cultivar (n = 139). The highest values corresponded
to the cultivars ‘Monastrell’, ‘Moscatel de Alejandría’, and ‘Sauvignon Blanc’ with values
of 4.32%, 3.60%, and 2.88%, respectively, on the total vines of each cultivar.
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Figure 1. Percentage of grapevines showing foliar/external symptoms associated with GTDs in the
different cultivars along with the growing seasons 2016, 2017, and 2018.

According to the Friedman’s test, both the season and the grapevine cultivar signifi-
cantly (p < 0.05) influenced the severity of GTDs symptoms. Regarding disease severity,
the cultivars were grouped into six homogeneous groups with the cultivars ‘Monastrell’
and ‘Moscatel de Alejandría’ being the most susceptible (Table 1). However, when the
cultivars were classified considering the presence or absence of the disease (i.e., the disease
incidence) during the last evaluation, the cultivars that did have no symptomatic plants
(29 cultivars) were classified as more resistant than those cultivars that had at least one
replicated plant showing symptoms, which formed a homogeneous group.
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Table 1. Homogeneous groups of grapevine cultivars according to severity of grapevine trunk
diseases (GTDs) symptoms showed under field conditions in La Mancha Designation of Origin (DO),
Central Spain.

Group n Cultivars Mean Rank Homogeneous Group

1 2
‘Monastrell’ 10,122.03

10,097.48 A‘Moscatel de Alejandría’

2 1 ‘Sauvignon Blanc’ 10,028.47 AB

3 2
‘Cabernet Franc’ 9958.05

9933.76
ABC‘Graciano’

‘Syrah’ 9887.52
BCD4 3 ‘Airén’ 9887.01

‘Cabernet Sauvignon’ 9887.01

5

‘Macabeo’ 9816.83

CD

‘Gewürztraminer’ 9816.69
‘Alarije’ 9816.69

‘Pardillo’ 9816.69

10
‘Albilla Dorada’ 9816.44

‘Malvasía Aromática’ 9816.44
‘Malvar’ 9816.31

‘Tempranillo’ 9816.26
‘Pedro Ximénez’ 9816.16

‘Viognier’ 9816.16

6

‘Albillo Real’ 9746.00

D

‘Bobal’ 9746.00
‘Chardonnay’ 9746.00

‘Chelva’ 9746.00
‘Coloraillo’ 9746.00

‘Forcallat Tinta’ 9746.00
‘Garnacha Peluda’ 9746.00
‘Garnacha Tinta’ 9746.00

‘Garnacha Tintorera’ 9746.00
‘Jaén Blanco’ 9746.00

‘Malbec’ 9746.00
’Mazuela’ 9746.00
‘Mencía’ 9746.00
’Merlot’ 9746.00

29 ‘Merseguera’ 9746.00
‘Moravia Agria’ 9746.00

‘Moribel’ 9746.00
‘Moscatel de Grano

Menudo’ 9746.00

‘Parellada’ 9746.00
‘Petit Verdot’ 9746.00
‘Pinot Noir’ 9746.00

‘Prieto Picudo’ 9746.00
‘Riesling’ 9746.00

‘Rojal’ 9746.00
‘Tinto de la Pámpana

Blanca’ 9746.00

‘Tinto Velasco’ 9746.00
‘Touriga Nacional’ 9746.00

‘Verdejo’ 9746.00
‘Vermentino’ 9746.00

Significant differences according to Friedman’s test at p = 0.05. Homogeneous. groups were formed according to
Dunn’s test corrected by Bonferroni.
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2.2. Fungal Isolation and Identification

Fungi were mainly isolated from the central part of the wood of shoots and arms,
collected from the grapevines showing external symptoms. Based on colony morphology,
conidial characteristics, molecular approaches, and phylogenetic analyses, 61 fungal iso-
lates had 99–100% identity with reference isolates of seven species belonging to the genera
Cryptovalsa, Diaporthe, Diplodia, Dothiorella, Phaeoacremonium, Phaeomoniella, and Phellinus
(Tables 2 and 3) (Supplementary Figure S1). The prevalent species were Phaeomoniella
chlamydospora (27.9% of the fungal isolates), Cryptovalsa ampelina (24.6%), and Dothiorella
sarmentorum (21.3%). The remaining isolates were identified as Diplodia seriata (11.5%),
Phaeoacremonium minimum (8.2%), Diaporthe sp. (4.9%), and Phellinus mori (1.6%). Re-
garding the family, the species belonging to Botryosphaeriaceae—D. sarmentorum and D.
seriata—were the most prevalent fungi isolated from symptomatic vines (32.8%).

Table 2. Fungal trunk pathogens isolated from red cultivars showing foliar/external symptoms
in 2018.

Cultivar
Identification

Number

Foliar/External
Symptom
Incidence

Fungal
Species

Trunk Disease

‘Cabernet Franc’

95

Pa.
chlamydospora

Esca3 C. ampelina
D. sarmentorum

101 5 D. sarmentorum Botryosphaeria
dieback

123 5 D. sarmentorum Botryosphaeria
dieback

‘Cabernet
Sauvignon’

75 3
C. ampelina Eutypa dieback
D. seriata

101 3 D. seriata Botryosphaeria
dieback

‘Graciano’
12 1

Pa.
chlamydospora

EscaC. ampelina
D. sarmentorum

21 5 C. ampelina Eutypa dieback

84 1 C. ampelina Eutypa dieback

‘Monastrell’

19 3 Pa.
chlamydospora Esca

79 3
Pa.

chlamydospora Esca
Ph. mori

87 3
Pa.

chlamydospora Esca
C. ampelina

105 3
Pa.

chlamydospora Esca
Pm. minimum

109 3
Pm. minimum

EscaD. sarmentorum

116 4

Pa.
chlamydospora

EscaPm. minimum
C. ampelina
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Table 2. Cont.

Cultivar
Identification

Number

Foliar/External
Symptom
Incidence

Fungal
Species

Trunk Disease

‘Syrah’

39 4
Pa.

chlamydospora Esca
C. ampelina

51 5

Pa.
chlamydospora

EscaD. sarmentorum
D. seriata

‘Tempranillo’ 35 2 None Not detected

Table 3. Fungal trunk pathogens isolated from white cultivars showing foliar/external symptoms
in 2018.

Cultivar
Identification

Number

Foliar/External
Symptom
Incidence

Fungal
Species

Trunk Disease

‘Airén’
16 3

Pa.
chlamydospora

EscaC. ampelina
D. sarmentorum

79 3 D. sarmentorum Botryosphaeria
dieback

‘Alarije’ 126 4
Pa.

chlamydospora Esca
C. ampelina

‘Albilla Dorada’ 36 3
C. ampelina Eutypa dieback
D. seriata

‘Gewürztraminer’ 22 4 Diaporthe sp. Phomopsis
dieback

‘Macabeo’ 42 5
D. sarmentorum Botryosphaeria

diebackD. seriata

‘Malvar’ 101 2
Pa.

chlamydospora Esca
D. sarmentorum

‘Malvasía
Aromática’ 13 3 D. seriata Botryosphaeria

dieback

‘Moscatel de
Alejandría’

45 2 Pa.
chlamydospora Esca

46 2 Pa.
chlamydospora Esca

47 2
Pa.

chlamydospora Esca
C. ampelina

48 2
Pa.

chlamydospora Esca
D. sarmentorum

50 2
Pm. minimum

EscaD. sarmentorum

‘Pardillo’ 96 4 C. ampelina Eutypa dieback

‘Pedro Ximénez’ 91 1 Pm. minimum Esca
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Table 3. Cont.

Cultivar
Identification

Number

Foliar/External
Symptom
Incidence

Fungal
Species

Trunk Disease

‘Sauvignon
Blanc’

37 5 Diaporthe sp. Phomopsis
dieback

89 4
D. sarmentorum Botryosphaeria

diebackD. seriata

92 2 Diaporthe sp. Phomopsis
dieback

107 4
Pa.

chlamydospora Esca
C. ampelina

‘Viognier’ 96 1 C. ampelina Eutypa dieback

Esca was the most prevalent disease observed during the experiment. It was detected
in 20 plants (54.1% of the total symptomatic vines), followed by Botryosphaeria, Eutypa,
and Phomopsis diebacks with seven (18.9%), six 16.2%), and three (8.1%) affected vines,
respectively. There was only one vine (2.7%) of the ‘Tempranillo’ cultivar showing GTD-
external symptoms; however, no GTDs-fungi were isolated from this vine.

3. Discussion

This is the first study aimed at assessing the cultivar susceptibility to natural infections
caused by fungal GTDs pathogens in a grapevine germplasm collection, in a DO in Spain.
To date, no evidence of qualitative resistance to any of the most common GTDs fungi has
been found. Several infection assays have reported varying GTD resistance of grapevine
cultivars to these pathogens [13,17,20,23,24,27], clones [27,28], and rootstocks [29–33],
but the vine defense mechanisms underlying those observations, which would explain
the tolerance or susceptibility of the different cultivars, have not yet been completely
elucidated. Among the different reasons that may cause the difference in susceptibility
between cultivars, small xylem vessel diameter and high lignin content in the wood of
shoots and arms have been hypothesized to explain tolerance toward fungal vascular
pathogens [34,35].

According to GTD symptoms severity observed in our study, six homogeneous groups
of cultivars were established. The cultivars in which the symptoms were more severely
expressed were coincident with those with the highest number of infected plants. The
most severe symptoms were observed in cultivars such as ‘Monastrell’, ‘Moscatel de
Alejandría’, ‘Sauvignon Blanc’, ‘Cabernet Franc’, ‘Graciano’, ‘Syrah’, ‘Airén’, and ‘Cabernet
Sauvignon’, whereas cultivars ‘Macabeo’, ‘Gewürztraminer’, ‘Alarije’, ‘Pardillo’, ‘Albilla
Dorada’, ‘Malvasía Aromática’, ‘Malvar’, ‘Tempranillo’, ‘Pedro Ximénez’, and ‘Viognier’
showed less severe GTDs symptomatology. The remaining 29 cultivars did not show
any symptoms.

Previous reports on cultivar susceptibility to esca disease displayed varying results
depending on whether the infection occurred artificially or naturally, and also on the
environment (in vitro, greenhouse or field) in which the assays were carried out. In studies
performed by artificial inoculation of GTDs pathogens, ‘Cabernet Sauvignon’ was shown
to be a highly tolerant genotype to Pa. chlamydospora in assays performed in vitro [16],
and to Pa. chlamydospora and Pm. minimun in greenhouse [17] and field [12] conditions.
In contrast, ‘Cabernet Sauvignon’ was considered a susceptible cultivar to esca natural
infection under field conditions in Italy [27,36–38], and Australia [20], which is in agree-
ment with the results of our study. ‘Tempranillo’ cultivar has also been widely evaluated
to esca disease susceptibility. In contrast with our results, ‘Tempranillo’ was considered
as susceptible to Pa. chlamydospora infection in assays performed in Portugal [22] and
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Spain [23] in greenhouse conditions, and to GTD natural infections under field condi-
tions [20,37]. Although cultivar Tempranillo showed GTD external symptoms, no GTD
fungi were isolated from this cultivar. This could be due to the sampling methodology
and the selection of specific pieces of wood for fungal isolation. In our study, ‘Sauvi-
gnon Blanc’ and ‘Syrah’ were considered as susceptible cultivars to esca disease, whereas
‘Merlot’, ‘Chardonnay’, and ‘Riesling’ were considered as tolerant. These findings are in
agreement with those obtained by other authors when evaluating GTD natural infections
under field conditions, who also considered ‘Sauvignon Blanc’ as susceptible [27,38] and
‘Merlot’ [26,38], and ‘Chardonnay’ [27] as tolerant cultivars. By contrast, other researchers
considered ‘Syrah’ and ‘Riesling’ as tolerant and susceptible cultivars, respectively, to
GTDs natural infections [27].

Regarding Botryosphaeria dieback, several inconsistences were found between the
results of our study and other research carried out worldwide. For example, in a previous
study, the severity of internal wood symptoms caused by Neofusicoccum parvum differed
amongst several cultivars belonging to the germplasm collection evaluated here, being
‘Monastrell’ one of the most tolerant cultivars [24]. In vitro studies showed that ‘Cabernet
Sauvignon’ was tolerant to artificial inoculation by D. seriata, while ‘Gewürztraminer’ was
considered susceptible [14,19]. Further research under field conditions reported a high
tolerance of ‘Cabernet Sauvignon’ to Botryosphaeria dieback natural infection, whereas
‘Syrah’ was considered susceptible to this disease [14], which disagrees with the results
of the present study. Conversely, in assays performed in field conditions, ‘Syrah’ and
‘Sauvignon Blanc’ were considered as susceptible cultivars, whereas ‘Gewürztraminer’
was considered as moderately susceptible to artificial inoculation by D. seriata [20], which
partially agree with our results.

In this study, ‘Petit Verdot’, ‘Merlot’, ‘Tempranillo’, ‘Chardonnay’, and ‘Gewürz-
traminer’ displayed more tolerance to infection caused by C. ampelina than ‘Graciano’,
‘Monastrell’, ‘Syrah’, ‘Cabernet Franc’, and ‘Sauvignon Blanc’. These results are generally
consistent with those obtained earlier by other researchers [14,20,26], who assessed the
tolerance of several cultivars to natural GTD infection in field conditions, and considered
‘Merlot’, ‘Petit Verdot’, and ‘Gewürztraminer’ among the most tolerant cultivars to Eutypa
dieback, whereas ‘Chardonnay’, ‘Tempranillo’, and ‘Sauvignon Blanc’ were considered as
susceptible cultivars.

Regarding the tolerance to the genus Phellinus, in a study performed by artificial
inoculation in greenhouse conditions, ‘Cabernet Sauvignon’ and ‘Merlot’ performed as
genotypes more tolerant to Phellinus sp. and Ph. punctatus than ‘Garnacha’ [13].

In studies performed by artificial inoculation in greenhouse, ‘Cabernet Sauvignon’
and ‘Merlot’ performed as more tolerant cultivars to D. ampelina than ‘Cabernet Franc’,
‘Chardonnay’, and ‘Riesling’ [17]. These results are consistent with those obtained in this
study, in which the only cultivars showing susceptibility to Diaporthe sp. were ‘Sauvi-
gnon Blanc’ and ‘Gewürztraminer’, whereas the remaining cultivars such as, ‘Cabernet
Sauvignon’, ‘Merlot’ ‘Cabernet Franc’, ‘Chardonnay’, and ‘Riesling’ performed as tolerant.

Cultivar susceptibility based on visual assessment of external symptoms [39], mainly
foliar symptomatology associated with esca disease [25–27,40], has the limitation that the
GTD pathogens often occur in mixed infections within the same vine [1]. In contrast with
previous studies on natural GTD infection assessment, symptomatic plants were inspected
for GTD fungal incidence at the end of the experiment. Isolations from symptomatic
vines revealed several pathogens associated with esca disease (Pa. chlamydospora, Pm.
minimum), Eutypa dieback (C. ampelina), Botryosphaeria dieback (D. seriata, D. sarmentorum)
and Phomopsis dieback (Diaporthe sp.), being Pa. chlamydospora the most frequent fungal
species, followed by C. ampelina and D. sarmentorum. In general, these results are consistent
with those obtained by other authors in Italy [3] and Spain [41], in which Pa. chlamydospora
is considered a prevalent pathogen on GTDs symptomatic vines.
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Cryptovalsa ampelina was previously reported in several regions of Spain [42,43]. This
pathogen is mainly found on pruning debris and rarely on standing vines showing symp-
toms of trunk diseases [42].

The basidiomycete species Ph. mori was only isolated in one vine of the ‘Monastrell’
cultivar together with the esca pathogen Pa. chlamydospora. This species has not been
reported so far as a pathogen associated with GTDs worldwide. The genus Phellinus
appears to be associated with a secondary stage of the esca disease, colonizing grapevines
initially infected by Pa. chlamydospora and Pm. minimum, which are more prevalent and
virulent species [5].

The Diaporthe species have been associated with several major diseases of grapevines,
such as Phomopsis cane and leaf spot and Diaporthe dieback [44–47]. The most frequent
species isolated of this genus in Europe are D. eres and D. ampelina (syn. Phomopsis viti-
cola) [48]. Both species are shown to be pathogenic on grapevine [48]. Recently, two new
Diaporthe species were isolated from symptomatic vines collected in Spain, namely Diaporthe
hispaniae and Diaporthe hungariae. These species were closely related, but clearly separated
based on morphological and molecular characteristics from D. ampelina, historically known
as the most virulent Diaporthe species of grapevine [47].

The use of tolerant cultivars would be an interesting and sustainable alternative
strategy to control GTD infections. This study allowed for classifying several grapevine
cultivars according to external symptoms associated with natural infections caused by fun-
gal grapevine trunk pathogens in La Mancha DO, as well as to characterize the pathogenic
microflora associated with symptomatic vines in this area. Knowledge of tolerant cultivars
to fungal trunk pathogens may help growers to reduce their reliance on fungicides and
costs for controlling GTDs. Further research is needed to evaluate the correlation between
foliar symptoms and wood deterioration, and to explore the mycoflora associated with
asymptomatic vines.

4. Material and Methods

4.1. Study Area

A plot of the Instituto Regional de Investigación y Desarrollo Agroalimentario y Fore-
stal (IRIAF) was planted with a grapevine germplasm collection and located at 663 m.a.s.l.
(latitude: 39.176753N, longitude: −3.000247W) was used. This plot includes a broad range
of V. vinifera cultivars authorized in the Castilla–La Mancha wine region, which can be
considered representative of the vineyards in La Mancha DO. The soil is classified as
Calcixerept petric. Its main features are: shallow (<40 cm depth), well-drained, with about
40% of coarse elements and loam to sandy-clay-loam textures (46.6% sand; 32.2% silt, 2.12%
clay) and 3.2% of organic matter content [49]. The region has a temperate climate with high
differences in temperature between winter and summer. According to the Winkler index,
this region is classified as Region IV, and it records scarce rainfall during the year (about
350 mm), with less than 50% occurring in the vine growing season (between vine sprouting
and harvesting). The reference evapotranspiration value (ET0) is about 1300 mm/year,
exceeding 1000 mm during the active vegetation period.

4.2. Plant Material

The germplasm collection consists of 22 white (‘Airén’, ‘Alarije’, ‘Albilla Dorada’,
‘Albillo Real’, ‘Chardonnay’, ‘Chelva’, ‘Gewürztraminer’, ‘Jaén Blanco’, ‘Macabeo’, ‘Mal-
var’, ‘Malvasía Aromática’, ‘Merseguera’, ‘Moscatel de Alejandría’, ‘Moscatel de Grano
Menudo’, ‘Pardillo’, ‘Parellada’, ‘Pedro Ximénez’, ‘Riesling’, ‘Sauvignon Blanc’, ‘Verdejo’,
‘Vermentino’, and ‘Viognier’), and 25 red (‘Bobal’, ‘Cabernet Franc’, ‘Cabernet Sauvignon’,
‘Coloraillo’, ‘Forcallat Tinta’, ‘Garnacha Peluda’, ‘Garnacha Tinta’, ‘Garnacha Tintorera’,
‘Graciano’, ‘Malbec’, ‘Mazuela’, ‘Mencía’, ‘Merlot’, ‘Monastrell’, ‘Moravia Agria’, ‘Mori-
bel’, ‘Petit Verdot’, ‘Pinot Noir’, ‘Prieto Picudo’, ‘Rojal’, ‘Syrah’, ‘Tempranillo’, ‘Tinto de
la Pámpana Blanca’, ‘Tinto Velasco’, and ‘Touriga Nacional’) grapevine cultivars grafted
onto 110 Richter rootstock and planted in 2002 with one panel of 139 vines per cultivar.
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The information used in this research referred to 47 cultivars with 139 grapevines each
(6533 vines in total). The planting pattern was 3 m between rows and 1.5 m between
plants (density of 2222 grapevines/ha). All vines were double cordon trained and spur
pruned, with no specific strategies to control GTDs. Vines were cultivated under irrigated
conditions by a drip system with two drippers per grapevine. Irrigation was applied
considering about 25% of crop evapotranspiration, and it represented 120–150 mm per
year, on average. The rows were positioned 120◦E-SE/300◦W-NW.

4.3. GTD Assessment and Fungal Isolations

All cultivars were inspected four to five times per season during the vegetative period
during the growing seasons 2016, 2017, and 2018, between flowering and maturity, which is
the time when GTDs symptoms are most evident. The cultivar susceptibility was assessed
for esca foliar symptoms according to a scale ranging from 0 to 5, depending on the
affectation level and GTD-associated cordon dieback (partially or totally dry) [50] (Table 4).

Table 4. Scale of foliar/external symptoms incidence according to percentage of affected vegetation.

Level Foliar/External Symptom Incidence (%)

0 0
1 0–10
2 11–25
3 26–50
4 51–80
5 >80

Vines showing either esca foliar or cordon dieback symptoms were marked and
recorded. GTD fungal isolations were performed from these vines at the end of the study
(2018) to correlate foliar symptoms and fungal incidence. In total, 37 samples were collected
from 18 different cultivars.

Fungal isolations were carried out according to the methodology described by [51].
Pieces of wood from symptomatic canes and arms were debarked and cut into transverse
slices approximately 1 mm thick. These slices were then surface disinfected by immersion
in 70% alcohol for 1 or 2 min, depending on thickness, and air dried on sterile filter
paper. Later, they were placed in plates of malt extract agar supplemented with 0.5 g/L of
streptomycin sulfate (MEAS) and incubated at 25 ◦C in darkness for 10 days. The plates
were observed daily to check the growth of the mycelium. Fungal colonies were transferred
to new Petri dishes with Potato Dextrose Agar (PDA) and incubated at 25 ◦C in darkness, to
obtain pure cultures. From these primary isolations, single spore or hyphal tipped isolates
were obtained previously to their identification.

4.4. Morphological and Molecular Identification of Fungal Cultures

Preliminary morphological identification of the isolates at different taxonomical levels
was carried out by observing the cultural and microscope characters of the colonies under
stereoscope and microscope, respectively [52]. Colonies were then tentatively grouped as
Basidiomycetes, or fungi belonging to the families Botryosphaeriaceae, and Diatrypaceae,
the genus Phaeoacremonium, and the species Pa. chlamydospora.

For species identity confirmation, total fungal DNA was extracted from fungal cultures
grown on PDA medium, using the E.Z.N.A. Plant DNA Kit (Omega Bio-tek, Norcross,
GA, USA), following the manufacturer’s instructions. Diatrypaceae, Basidiomycetes,
and Pa. chlamydospora isolates were identified based on the sequence of the ITS region,
Botryosphaeriaceae isolates were identified based on the sequences of ITS and a portion of
translation elongation factor 1-alpha (tef-1α) region, while, for Phaeoacremonium isolates,
part of the β-tubulin gene (tub) was used. The primer pairs used for amplification and
sequencing of each region were as follows: ITS1-F [53] and ITS4 [54] for ITS, EF1-688F and
EF1-1251R for tef-1α [55] and BtCadF and BtCadR for tub [56]. Amplification by polymerase
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chain reaction (PCR) was performed in a total volume of 25 μL using HotBegan™ Taq
DNA Polymerase (Canvax Biotech SL, Córdoba, Spain), according to the manufacturer’s
instructions on a Peltier Thermal Cycler-200 (MJ Research). One reaction was composed
of 1× PCR Buffer B, 2.5 mM of MgCl2, 0.8 mM of dNTPs, 0.4 μM of each primer, 1 U of
HotBegan Taq DNA Polymerase, and 1 μL of purified template DNA. The PCR cycling
conditions consisted of an initial step of 3 min at 94 ◦C, followed by 35 cycles of denaturation
at 94 ◦C for 30 s, annealing at 55 ◦C for 30 s and elongation at 72 ◦C for 45 s. A final extension
was performed at 72 ◦C for 5 min. PCR products were confirmed by 1.2% agarose gel
electrophoresis and were purified and sequenced by Macrogen Inc. (Madrid, Spain) using
both PCR primers. Sequences were assembled and edited using Sequencher software 5.0
(Gene Codes Corp., Ann Arbor, MI, USA). The isolate identities were based mainly on
BLASTn searches in NCBI, but, for Botryosphaeriaceae isolates, the multiple sequence
alignments and maximum likelihood phylogenetic analyses were conducted in MEGA
X [57], using closely related ex-type or representative species as phylogenetic reference.

4.5. Data Analysis

Mean, standard deviation, and sum were calculated using the descriptive process
of the software Statistix 10 (Analytical Software; Tallahassee, FL, USA). The effect of
the evaluation season and the grapevine cultivar on the disease severity were examined
using Friedman’s test. For that, the back-transformation of the rating scale was used.
Friedman’s test was used because the dependent variable does not satisfy the requirements
of parametric tests. The means were compared using Dunn’s test with a Bonferroni
adjustment after a Kruskall–Wallis test at p = 0.05 [58]. A Zar’s test of multiple comparisons
of proportions was performed to study the effect of the cultivar on disease presence (1) or
absence (0) in the last studied season (2018) [59]. Data were analyzed using the software
Statistix 10 (Analytical Software; Tallahassee, FL, USA) and SPSS (version 19; SPSS Inc.,
Chicago, IL, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10061171/s1, Figure S1: Maximum likelihood phylogeny inferred from the alignment
of combined sequences of a portion of translation elongation factor 1-alpha (tef-1α) region and
internal transcribed spacers (ITS). Support values higher than 70% are given at the nodes. The tree
was rooted using Neofusicoccum luteum (CBS110299 and CBS140738) as outgroup sequences. Scale bar
shows expected changes per site. Species isolated in this study are indicated in bold. This analysis
was conducted in MEGAX, and involved 26 nucleotide sequences. There were a total of 825 positions
in the final dataset (EF:1-313 and ITS:314-825).
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Abstract: Silverleaf is an important fungal trunk disease of fruit crops, such as Japanese plum
(Prunus salicina). It is known that infection by Chondrostereum purpureum results in discolored wood,
“silvered” foliage, and tree decline. However, effects on fruit yield and quality have not been assessed.
Therefore, the objectives of this study were to determine C. purpureum pathogenicity on P. salicina
and the effects on physiology, fruit yield, and quality, in Chile, in 2019 and 2020. Wood samples
from affected plum trees were collected in the Chilean plum productive area. Fungi were isolated
by plating wood sections from the necrosis margin on culture media. Morphological and molecular
characteristics of the isolates corresponded to C. purpureum (98%). Representative isolates were
inoculated from healthy plum plants and after 65-d incubation, wood necrotic lesions and silver
leaves were visible. Fungi were reisolated, fulfilling Koch’s postulates. To determine Silverleaf effects,
xylem water potential and fruit yield and quality were measured in healthy and Silverleaf-diseased
plum trees ‘Angeleno’. Water potential was altered in diseased trees, and fruit yield was reduced
by 51% (2019) and by 41% (2020) compared to fruit from healthy trees. Moreover, cover-colour,
equatorial-diameter, and weight were reduced, and fruit were softer, failing to meet the criteria to be
properly commercialized and exported to demanding markets.

Keywords: Silverleaf disease; Chondrostereum purpureum; Prunus salicina; Japanese plum

1. Introduction

The Japanese plum (P. salicina L.) is a deciduous stone fruit tree native to China. It is
grown globally, and Chile cultivates 4520 ha, mainly ‘Angeleno’, ‘Black-Amber’, and ‘Friar’
cultivars. Chilean production volume is ~400,000 t (2019–2020), and Chile is the major fresh
plum exporter worldwide [1].

Fungal trunk diseases have increased in recent years, in fruit, ornamental, forest, and
woody species, worldwide [2]. Some of the reasons of this increase in trunk diseases in fruit
crops are changes in climate, the incorporation of intensive plant production management
measures such as high density plantations, the use of dwarfing rootstocks, and severe
pruning, in order to accelerate plant and fruit production, which stress the plants and alter
their behaviour [2–4]. Fungal trunk diseases are one of the main pathological problems
for Prunus, which are affected by several fungal taxonomic groups [5]. Prunus salicina has
been reported as a host of different wood fungal pathogens, such as the ones from the
genera Armillaria [6], Botryosphaeria [7], Diplodia [8], Calosphaeria, Jattaea [9], Lasiodiplodia [10],
Neofusicoccum [11], Phaeoacremonium, Tonignia [12], and Chondrostereum [13].

The basidiomycete C. purpureum (Pers.) Pouzar is an important wood pathogen that
causes Silverleaf disease. While this fungal species has attracted considerable interest
in several countries as a biological agent for woody weed control in coniferous forest
plantations [13–17], it can cause severe and destructive disease in woody plants, including
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ornamental, wild, forest, and fruit crop species in some areas of the world [4,17–23]. More
than 230 species are recorded as hosts of C. purpureum [15,18,19,24,25], i.e., the Rosaceae
family [3,4,18,19,26–28] and genus Prunus, one of the most susceptible to this pathogen [18],
such as P. armeniaca [29], P. avium [30], P. persica 49 [31], P. serotina [19], P. domestica [32], and
P. salicina [13].

This fungus reproduces through basidiospores, which are airborne disseminated
from basidiocarps, developing in dying trunks and branches of infected trees, to fresh
wood wounds [33]. Mycelia grow through the xylem tissue, producing central wood
discolouration [34] and subsequently occluding the vessels. In addition, the fungus pro-
duces a specific endopolygalacturonase (endoPG) enzyme, which moves to the foliage,
inducing silver-greyish colour symptoms on leaves. This silver colour is usually visible
several seasons after the infection [27,35]. Subsequently, the fungus kills the plant and
develops purple resupinated carpophores that release spores under high humidity and
mild temperatures [33].

Silverleaf is an important disease in countries such as New Zealand, the United States
(Washington and Oregon) [32], Chile [3], Australia [36], France [18], Poland [37], Latvia [38],
Norway [39], and other European countries [32]. It can produce severe losses in orchards,
and it is the main cause of mortality in peach and nectarine in New Zealand, with losses
of 8% per year [40]. In Chile, it has caused disease in different fruit crop species, such
as almond, apples, blueberries, cherry, Chilean guava, nectarine, quince, pear tree, and
plum [3,4,23], showing silver leaves and brown central discoloration in branches and the
main trunks. In blueberry, the effects of Silverleaf on plants and fruit were measured,
with water potential and stomatal conductance the most affected physiological parameters,
as well as a yield reduction of 40% and problems in fruit quality, such as reduction of
maturation, colour, and weight [4]. Nevertheless, there is a lack of information about the
effects of Silverleaf in other fruit crops.

New wood pathogens are being reported every day, and in a wider range of hosts and
geographical locations [5,9,12,17,28,41,42]. However, little is known about their impact on
fruit yield and quality. The most exhaustive research has been performed on grapevines,
revealing that wood diseases are the main biotic factor limiting vineyard productivity and
longevity, causing major economic losses [43].

Similar to that for other other trunk diseases, the information about Silverleaf effects
on fruit crops and in Japanese plum is scarce. Therefore, the objectives of the present study
were to investigate the etiology of the fungal pathogen causing foliar silvering in P. salicina
in Chile, to determine its pathogenicity in plum, and to assess the effects of C. purpureum
on plum physiology, fruit yield, and quality.

2. Results

2.1. Chondrostereum purpureum Isolates

Ninety-seven wood samples from Japanese plum trees showing foliar silvering
(Figure 1A) and internal brown circular discolorations in transverse section (Figure 1B)
(ragged, tapered cylinders in axial section), in affected branches and main trunks, were
collected from 2018 to 2020. Some samples also showed other wood symptoms such as
wedge-shaped and dark brown irregular discolorations, suggesting the presence of a di-
versity of pathogens. In 95 isolates, obtained from 98% of the wood samples, macroscopic
and microscopic morphological characteristics of the colonies were consistent with those
described for C. purpureum [44]. White-cottony mycelia (Figure 1C) with clamp connections
grew from wood sections from the necrosis progress area, which were surface disinfected
and plated on Petri plates containing acidified potato dextrose agar (APDA) (25% PDA,
acidified with 0.2% v/v 85% lactic acid) and water agar (WA). After 14–21 days of incuba-
tion at 25 ◦C, 52% of the isolates developed beige to light pink pseudo-basidiocarps on the
edges of the plates. The fruiting bodies of most of the isolates developed hyaline, apiculate,
and ovoid basidiospores, 5.3 (4.7–6.8) μm × 3.6 (3.0–4.5) μm (n = 50).
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Figure 1. Silverleaf disease caused by Chondrostereum purpureum on Japanese plum in Chile;
(A) foliar symptoms and (B) wood discoloration symptoms on plum trees ‘Angeleno’, (C) iso-
late HMCi7 Genbank: MW938164, and (D) Polimerase Chain Reaction (PCR) products using APN1
species-specific primers for 22 C. purpureum isolates (Lanes 2 to 11 and 15 to 26). Lane 12: positive
control isolate RGM 122 GenBank: MK22253.1. Lane 27: negative control. Lanes 1, 13, 14, and
28: molecular weight standards. The white arrow indicates the fragment of interest, whose size is
500 base pairs.

Moreover, the identity of 57 isolates representing different localities and host cultivars
was confirmed though DNA amplification using APN1 primers, developing intensely
discrete 500-bp bands on agarose gels (Figure 1D) [14]. The internal transcribed spacer
of representative isolates, selected from different host cultivars and collection localities
(HMCi7; HMCi121; HMCi147; and HMCi148), was also amplified using Internal Tran-
scribed Spacer sequence (ITS) ITS1 and ITS4 [45]. Sequences were deposited in GenBank
(MW938164, MW938165; MW938166; and MW938167, respectively) (Table 1).

In 24% of the wood samples, it was possible to isolate other fungal pathogens, most of
them associated with wedge-shaped and irregular dark-brown discolorations. Fungi were
identified as Cytospora (12.6%), Phomopsis (9.2%), Schizophyllum (17.2%), and Stereum (7.9%)
species in the Botryosphaeriaceae family (42.8%), in addition to other fungi (10.3%).
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Table 1. Isolate, plant host, geographic origin, DNA amplification using APN1 Chondrostereum purpureum-specific primers,
and GenBank Accession number of 17 representative C. purpureum isolates, morphologically and molecularly identified in
this study.

Isolate Species Host Geographic Origin APN1
ITS GenBank

Accession
Number

HMCi 314 Chondrostereum
purpureum

Prunus domestica
subsp. domestica D’Agen Colbún 35◦45′01.1592′′ S,

71◦25′46.4889′′ W Positive -

HMCi 325 Chondrostereum
purpureum

Prunus domestica
subsp. domestica D’Agen Sagrada

Familia
34◦59′50.0820′′ S,
71◦21′48.2976′′ W Positive -

HMCi 331 Chondrostereum
purpureum

Prunus domestica
subsp. domestica D’Agen San Javier 35◦38′54.7944′′ S,

71◦36′47.9340′′ W Positive -

HMCi 341 Chondrostereum
purpureum

Prunus domestica
subsp. italica Reina Claudia Chillán 34◦58′10.7536′′ S,

71◦21′14.8464′′ W Positive -

HMCi 308 Chondrostereum
purpureum

Prunus domestica
subsp. italica Reina Claudia San Rafael,

Maule
35◦18′37.0044′′ S,
71◦29′06.5832′′ W Positive -

HMCi 290 Chondrostereum
purpureum

Prunus domestica
subsp. italica Reina Claudia Yungay 37◦07′21.6127′′ S,

72◦00′02.1028′′ W Positive -

HMCi 249 Chondrostereum
purpureum Prunus salicina Angeleno Codegua 34◦01′12.3420′′ S,

70◦41′50.0352′′ W Positive -

HMCi 7 Chondrostereum
purpureum Prunus salicina Angeleno Curicó 34◦58′58.21′′ S,

71◦16′37.01′′ W Positive MW938164

HMCi 340 Chondrostereum
purpureum Prunus salicina Angeleno Portezuelo 36◦34′43.9356′′ S,

72◦33′19.7424′′ W Positive -

HMCi 121 Chondrostereum
purpureum Prunus salicina Black amber Curicó 36◦37′27.1128′′ S,

72◦00′27.8532′′ W Positive MW938165

HMCi 272 Chondrostereum
purpureum Prunus salicina Black amber Romeral 34◦57′17.2836′′ S,

71◦08′11.2560′′ W Positive -

HMCi 276 Chondrostereum
purpureum Prunus salicina Black amber Teno 34◦52′39.4149′′ S,

71◦05′19.0032′′ W Positive -

HMCi 168 Chondrostereum
purpureum Prunus salicina Fortune Melipilla 33◦41′09.3696′′ S,

71◦06′23.7960′′ W Positive -

HMCi 253 Chondrostereum
purpureum Prunus salicina Friar Paine 33◦52′11.7156′′ S,

70◦44′21.5700′′ W Positive -

HMCi 148 Chondrostereum
purpureum Prunus salicina Larry Ann Curicó 34◦58′56.0352′′ S,

71◦16′34.0896′′ W Positive MW938167

HMCi 147 Chondrostereum
purpureum Prunus salicina Larry Ann Rio Claro 35◦12′0.18936′′ S,

71◦14′36.1140′′ W Positive MW938166

HMCi 157 Chondrostereum
purpureum Prunus salicina Larry Ann Yungay 37◦08′50.452′′ S,

71◦52′20.673′′ W Positive -

2.2. Pathogenicity Tests

Healthy nursery plants were successfully inoculated with C. purpureum isolates and
reproduced silver foliar symptoms (Grade 3–8) (Figures 2 and 3A,B). After the incubation
period, brown central staining was visible when the inoculated branches were transversally
cut (Figure 3A,C). Moreover, one of the inoculated plants, with the HMCi121 isolate,
developed resupinated purple carpophores in the main trunk, above the soil level, after
20 months of incubation (Figure 3E).

 

Figure 2. Silverleaf disease foliar symptom visual severity scale (one to nine) for Japanese plum. 1 = healthy or apparently
healthy leaf, 3 = epidermis starts detaching from the mesophyll and the color is lighter than in healthy leaves, 5 = more
than 75% of the leaf epidermis is detached from the mesophyll and the leaf is beginning to look gray–silver, 7 = 100% of the
epidermis is detached from the mesophyll and the leaf is completely white–silver, 9 = the epidermis peels off from the leaf
and the mesophyll begins to oxidize. Grades 2, 4, 6, and 8 indicate intermediate symptom severity between the previous
and the following grade.
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Figure 3. Pathogenicity tests of four Chondrostereum purpureum isolates on 2-year old Japanese plum plants ‘Angeleno’;
(A) transversal cut on an inoculated branch 20 cm from the inoculation point, (B) foliar symptoms, and (C) necrotic
symptoms developed by inoculated plants after a 65-day incubation. (D) Chondrostereum purpureum DNA banding
patterns on agarose gel, after amplification with APM22 fingerprinting markers. Lanes 2 and 3: inoculated and reisolated
C. purpureum HMCi7, Lanes 5 and 6: isolated and reisolated HMCi121, Lanes 8 and 9: isolated and reisolated HMCi147, and
Lanes 11 and 12: isolated and reisolated HMCi148. Lanes 4, 7, 10, and 13 are negative controls. Lanes 1 and 14: molecular
weight standards. (E) Fruiting bodies of isolate HMCi121 after 20 months of incubation.

It was possible to reisolate C. purpureum from inoculated plants (100%) on APDA,
while the fungus was not reisolated from controls. The banding patterns in agarose gels,
produced by DNA amplification using Sequence Characterized Amplified Region (SCAR)
fingerprinting primers APM22D13 [14], were identical between inoculated and reisolated
C. purpureum isolates (Figure 3D), fulfilling Koch’s postulates.

2.3. Silverleaf Effects on Plum

To confirm the presence or absence of C. purpureum in symptomatic and asymptomatic
plants, respectively, the fungus was detected by amplifying fungal DNA, directly from
the trunk sawdust, using APN1 species-specific primers, in 2019 and 2020. A 500-bp
band was reproduced in agarose gels from diseased trees, while DNA from asymptomatic
ones did not reproduce the band (Figure 4). In 2020, symptoms were less severe than in
2019 (Grade 3, average), and two of the previously selected trees did not show any foliar
symptoms, but they were positive for APN1 amplification.
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Figure 4. Chondrostereum purpureum DNA amplification using APN1 species-specific primers in Silverleaf-diseased plum
plants, showing foliar symptoms (Lanes 2–11 and 26–35), and healthy ones (Lanes 12–21 and 36–45) (2019). Lanes 22 and
46: positive controls (isolate HMCi147 GenBank: MW938166). Lanes 23 and 47: negative controls. Lanes 1, 24, 25, and 48:
molecular weight standards. White arrows indicate the fragment of interest, whose size is 500 base pairs.

2.3.1. Water Potential

Xylem potential was 19% lower in diseased plants (−11 bar) than in healthy ones
(−9.2 bar) in 2019 (Student’s t-test, p < 0.0001). Similarly, in 2020, the water potential of
diseased plants (−12 bar) was 22.5% lower than that in healthy ones (−9.4 bar) (Student’s
t-test, p < 0.0001) (Figure 5). It was measured a few days after harvest in both years.

 

Figure 5. Water potential of leaves of healthy and Silverleaf-diseased Japanese plums ’Angeleno’,
based on ten replicates of two trees and five leaf samples per tree (2019) and 9 × 2 × 5 (2020). Bars
represent the standard error of the means, and columns with different letters are statistically different.
Student’s t-test: p < 0.0001 in 2019 and 2020.

2.3.2. Yield Assessment

The total yield of the Silverleaf-diseased trees was 51% lower (12.1 kg per tree) than
that of healthy ones (24.8 kg per tree) (Student’s t-test, p = 0.0001) in 2019 (Figure 6). In 2020,
the total yield was 41% lower (13.7 kg per tree) than that of healthy plants (23.5 kg per tree)
(Student’s t-test, p = 0.0003) (Figure 6).
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Figure 6. Fruit yield (kg) of healthy and Silverleaf-diseased Japanese plums ’Angeleno’. Ten replicates
of two trees (2019) and 9 × 2, in 2020. Bars represent the standard error of the means, and columns
with different letters are statistically different. Student’s t-test: p = 0.0001 in 2019 and p = 0.0003
in 2020.

2.3.3. Fruit Quality

In the 2019 period, fruit harvested from healthy trees had 89% cover colour, compared
to 73% in diseased ones (Pearson Chi-squared test = 16.37, p = 0.0001). In the next season,
the cover colour of fruit from healthy trees was higher than that in the previous year (91%),
while the colour of fruit from diseased trees remained similar to that in the previous year
(Pearson’s Chi-squared test = 18, p < 0.0001) (Figure 7A).

 

Figure 7. Quality of fruit from healthy and Silverleaf-diseased trees in a Japanese plum orchard (’Angeleno’): (A) cover color
(Pearson Chi-squared test, p = 0.0001 in 2019 and p < 0.0001 in 2020), (B) equatorial diameter (Kruskal–Wallis, p = 0.0002 in
2019; p < 0.0001 in 2020), (C) individual weight (Student’s t-test, p < 0.0001 in 2019 and 2020) and (D) firmness (Kruskal–
Wallis, p = 0.0005 in 2019 and p < 0.0001 in 2020). Mean of 20 trees × 10 fruit samples (2019) and 18 × 10 (2020). Bars
represent the standard error of the means, and columns with different letters are statistically different.
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The fruit equatorial diameter was also negatively affected by the disease. In 2019,
it was 62.8 mm in fruit from healthy trees, compared to 51.5 mm in fruit from diseased
ones (Kruskal–Wallis, p = 0.0002). In 2020, the equatorial diameter was lower than in the
previous season, both for fruit from healthy trees (58.5 mm) and diseased ones (42.4 mm)
(Kruskal–Wallis, p < 0.0001) (Figure 7B).

Fruit individual weight was also a parameter affected by Silverleaf. In 2019, fruit
harvested from healthy trees weighed 141.7 g compared with 111.3 g for diseased trees
(Student’s t-test, p < 0.0001). In the next season, fruit from healthy trees weighed 127.5 g
compared with 90 g for diseased trees (Figure 7C) (Student’s t-test, p < 0.0001). Finally, fruit
from diseased trees (4.54 kgf) was softer than fruit from healthy ones (3.75 kgf), in 2019
(Kruskal–Wallis, p = 0.0005), as well as in 2020 (5.44 kgf for fruit from diseased and 3.88 kgf
for fruit from healthy trees (Kruskal–Wallis, p < 0.0001)) (Figure 7D), indicating a shorter
postharvest life for fruit from diseased trees.

The other measured quality parameters (pH, titratable acidity, soluble-solids, and
background colour) were not different between fruit harvested from diseased and healthy
trees (data not shown).

3. Discussion

In the present study, C. purpureum was successfully isolated from the necrotic margin of
stained wood of Japanese plums trees showing Silverleaf foliar symptoms. The symptoms
were similar to those described for other fruit hosts [3,23,46]. Chondrostereum purpureum
is a primary invader of woody angiosperms and enters its host through a fresh wound,
followed by the infection of aggressive saprobic fungi such as Trametes versicolor and
Schizophyllum commune [15,16]. However, C. purpureum is still present in these trees and is
also able to produce foliar symptoms, as was demonstrated in this study, with the symptom
observation and C. purpureum molecular detection and isolation.

The isolated fungus developed white-cottony mycelia, and it was also possible to
detect it directly in wood, through clear staining bands on agarose gels, when fungal DNA
was amplified with APN1 species-specific primers [14]. Moreover, the Japanese plum plants
inoculated with C. purpureum isolates clearly showed foliar symptoms, developing silver-
greyish leaves in the inoculated branches, as well as internal wood necrosis and fruiting
bodies. Reisolated fungal specimens showed the same cultural features as the inoculated
ones, as well as identical banding patterns on agarose gels when SCAR fingerprinting
markers [14] were used to amplify their DNA, thus fulfilling Koch’s postulates.

It was demonstrated that wood diseases alter physiological parameters in different
hosts [47,48]. Likewise, in this study, the water potential was lower in diseased plants
compared to healthy ones. Similarly, in 2020, the water potential of diseased plants was
lower than that in healthy ones. These differences can be explained by C. purpureum growth
through the xylem tissues of the host [33], as well as from the systematic silvering of
leaves [26]. During the infection process, C. purpureum produces the occlusion of tree
vessels [31]. Moreover, transpiration, stomatal conductance, and leaf area decrease signifi-
cantly while leaf-silvering intensity increases [26]. The resulting physiological disruption
and dehydration, combined with fungal toxins, finally cause the death of the host [21,33,49].

On the other hand, intensity of symptoms may change between seasons, such as in
some trees in the present study. Intensity was lower in some plants, despite the presence
and viability of the fungus, which was confirmed by PCR and microbiological isolation, as
occurred in apple [50], where the reversion of foliar symptoms was first described. Dam-
aged wood on the branches and trunk is the battleground of microorganisms, pathogens,
and endophytes. While vascular tissue is being destroyed by pathogens [51], some en-
dophytic microorganisms could be acting as their antagonists and/or inducing plant
resistance [50] and thus modulating disease expression [52].

Foliar symptoms remained similar in their intensity (Grades 3–6 on the severity scale)
(Figure 2) in most of the diseased analysed trees (95%) during 2019 and 2020. In 2019,
a reduction of 51% in total fruit weight was recorded in Silverleaf-diseased plants com-
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pared to healthy ones. Moreover, in 2020, the reduction was 41%. The fungal pathogen
inhabiting the vessels and necrotic tissue affected the number and weight of fruits per
tree. Similarly, fruit yield decreases due to several wood pathogens [41]. The results were
consistent with yield assessments performed in other fruit crops in Chile, such as apples
and blueberries [4,53]. Although there are authors who point out yield losses due to the
damaging effects of C. purpureum infections in stone and pome fruits [18,26,36,40,44], as
well as blueberries [4], as far as we are concerned, this is the first record about yield losses
in Japanese plum related to the detrimental effects caused by C. purpureum.

Regarding fruit quality, our results showed that important quality components such as
fruit weight, cover colour, equatorial diameter, and firmness were influenced by Silverleaf
disease. Similar results were reported by [25,26] in apple orchards, with smaller and lower
numbers of fruit, reduced colour, and an increased incidence of physiological damage such
as a water core, short post-harvest storage, and softening of fruit. Furthermore, [27] stated
that the spread of C. purpureum in woody tissues and the loss of photosynthetic capability
eventually leads to tree death.

In conclusion, our work has demonstrated that C. purpureum alters physiological
parameters such as the water potential of Japanese plum trees and negatively impacts
fruit yield and quality. The latter can decrease the orchard productivity and, moreover,
the fruit harvested from diseased trees does not meet the requirements to be properly
commercialized or exported to demanding markets.

4. Materials and Methods

4.1. Collection of Samples

Collections of wood samples (97) from plum trees showing foliar silvering and internal
wood discoloration symptoms were conducted in the Chilean Japanese plum productive
area, from the Metropolitana Region (33◦42′16.11′′ S, 70◦59′11.82′′ W) to the Ñuble Re-
gion (36◦37′24.98′′ S, 72◦0′23.39′′ W). Two nurseries and 27 orchards of different Japanese
plum cultivars, mainly ‘Angeleno’, ‘Black Amber’, ‘Friar’, ‘Fortune’, and ‘Larry Anne’,
were examined. Samples of Prunus domestica subsp. domestica ‘D’Agen’ and Prunus do-
mestica subsp. italica ‘Reina Claudia’ were included (Table 1). Symptoms were recorded
and photographed.

4.2. Isolation and Purification

In the laboratory, bark was removed from the samples, and 0.5 cm wooden pieces were
cut from the margin of the discoloration area. These pieces were superficially disinfected
using 10% v/v sodium hypochlorite (4.9% chlorine) for 4 min and aseptically plated on
Petri plates containing acidified potato dextrose agar (APDA) (25% potato dextrose agar
(PDA), acidified with 0.2% v/v 85% lactic acid) (PDA Difco, Baltimore, MD, USA) and
water agar (WA) (Winkler, Santiago, Chile). Plates were incubated at 25 ◦C in darkness
until mycelial development. Pure cultures were obtained by transferring hyphal tips to
fresh PDA plates and incubating them at 25 ◦C.

4.3. Identification and Characterization

The identification was focused on isolates resembling C. purpureum. Fungal colonies
showing white to beige cottony mycelia were preliminary selected (n = 95). Subsequently,
the isolates were identified by their cultural characteristics after 7 and 14 days of incubation
on PDA at 25 ◦C. The morphology of the mycelia, presence of clamp connections, and
morphometry of spores from pseudo-basidiocarps were determined using an optical
microscope (Eclipse 80i, Nikon, Tokyo, Japan) and the software Nikon NIS-elements D2.30
(Tokyo, Japan).

Furthermore, representative isolates were identified by molecular means (n = 57).
Pure cultures were incubated on PDA at 25 ◦C for 7 days. Total nucleic acids were isolated
from fresh mycelium using the CTAB method, and genomic DNA (20 ng) was amplified
using APN 1 C. purpureum-specific primers (Table 2), following the protocols described
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by [3]. The PCR products (20 μL) were analysed on 1.5% agarose gels, using a 1 kb DNA
ladder (Maestrogen Inc., Xiangshan Dist., Hsinchu, Taiwan) as a molecular size standard.
Electrophoresis was performed at 7.5 V/cm for 1 h, and gels were stained with ethidium
bromide (1 μg/mL). Gels were visualized under UV light (λ = 365 nm) transillumination
(Clear View standard UV transilluminator, UK) and digitally recorded (PC2010, Cannon,
Nagasaki, Japan).

Table 2. Primer sequences used in the molecular analysis. APN1 and APM22 are specific primers for Chondrostereum pur-
pureum.

Primer Target Sense Sequence (5′-3′) TM (◦C) Reference

ITS1 ITS Forward CTTGGTCATTTAGAGGAAGTAA 51 [45]
ITS4 ITS Reverse TCCTCCGCTTATTGATATGC 52 [45]

APN1-F IGS Forward GCACGGAGAAGGAGAAGATTGGCT 61.6 [14]
APN1-R IGS Reverse TTTCGGACTTTTGGGGCTCATTTCG 64.7 [14]

APM22D13F SCAR Forward GGGGTGACGAGGACGACGGTG 63.2 [14]
APM22D13R SCAR Reverse GGGGTGACGACATTATACTGCAGGTAGTAG 60 [14]

The internal transcribed spacer of four representative isolates selected from different
host cultivars and collection localities was amplified using ITS1 and ITS4 primers (Table 1)
and GoTaq® Green Master Mix 2X (Promega, Madison, WI, USA). The PCR conditions
were an initial denaturation at 94 ◦C for 5 min, followed by 30 cycles of denaturation
at 94 ◦C for 1 min, annealing at 52 ◦C for 1.5 min, and extension at 72 ◦C for 2 min.
Fungal DNA was quantified using a fluorometer (Qubit 2.0, Invitrogen, Carlsbad, CA,
USA). Electrophoresis, staining, and visualization were conducted as described for APN1
gels. The PCR products were purified and sequenced by Macrogen (Macrogen Inc., Seoul,
Korea), and the nucleotide sequences were assembled and edited using the Sequencher
software version 5.4.6 (Gene Codes Corporation, Ann Arbor, MI, USA). Subsequently,
sequences were compared with the GenBank database using the BLAST software (Basic
Local Alignment Search Tool program), (National Center for Biotechnology Information
(NCBI), Rockville Pike, Bethesda, MD, USA).

Furthermore, colonies showing different characteristics such as a dark colour were
preliminary identified by the morphometry of their reproductive structures. Basidiomycete
fungi, of which the colonies are similar to those of C. purpureum, were discriminated by the
colony shape and density and also by their DNA amplification using APN1 species-specific
primers [23].

4.4. Pathogenicity

Four representative isolates were inoculated on healthy 2-year-old nursery plants
‘Angeleno’. Fresh cuts were aseptically performed on the main 1-year-old lateral branches
(1–1.5 cm diameter). Cuts were inoculated with 0.7-cm-diameter mycelial plugs collected
from growing colonies of C. purpureum representative isolates HMCi7, HMCi121, HMCi147,
and HMCi148 and incubated on PDA for 7 days at 25 ◦C. Sterile agar was used for controls.
The inoculum was covered with petroleum jelly and plastic film to prevent dehydration.
Five plants were inoculated per treatment based on a completely randomized block design
at the beginning of September 2019. Plants were incubated in a screenhouse for 65 days
at an environmental temperature of 5–18 ◦C and were periodically monitored to observe
the occurrence of foliar symptoms, of which the severity was recorded using a visual scale
(Figure 2). After the incubation period, branches were cut and analysed in the laboratory.
Branches were cut longitudinally, and necrotic symptoms were recorded. Small wood
pieces 0.5 cm were cut from the necrotic margin and aseptically plated on APDA. The
reisolated fungi were purified, following the protocol described above.

Genomic DNA was extracted from the reisolated fungi and amplified using C. pur-
pureum SCAR species-specific primers [14] (Table 1). PCR conditions were those indicated
by the authors. Electrophoresis, staining, and visualization were conducted as described
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above. Subsequently, banding patterns from the inoculated isolates were compared with
the reisolated ones to confirm Koch’s postulates.

4.5. Silverleaf Effects on Plum

To determine the Silverleaf effects on plum trees, water potential, fruit yield, and qual-
ity were measured in a 22-year-old orchard (‘Angeleno’) on Mariana 2624 rootstock, with
planting distances of 4.5 × 3 m, located in the Maule Region (34◦58′58.21′′ S, 71◦16′37.01′′ W),
in the 2019 and 2020 harvest periods. Twenty healthy and 20 diseased trees were selected,
homogeneous in their height and architecture, and located on four adjacent rows, to avoid
topography and other differences among them. Each experimental unit consisted of two
adjacent trees of the same treatment, with 10 replicates.

Trees were selected based on the absence of foliar silver symptoms for healthy ones
and on the presence of them in diseased ones (Grade 3 or higher on the symptom severity
scale) and were widespread throughout the canopy for diseased plants, meaning more
than the 80% of the leaves had Silverleaf symptoms, from slightly to severely affected.

The Silverleaf foliar symptom visual severity scale (Grades 1–9) was devised using
leaves from ‘Angeleno’ plum trees, naturally infected with C. purpureum, showing different
levels of Silverleaf symptoms. Grades were assigned to the different foliar symptom visual
intensities: 1 = healthy or apparently healthy leaf, 3 = epidermis starts detaching from
the mesophyll and the colour is lighter than that in healthy leaves, 5 = more than 75% of
the leaf adaxial epidermis is detached from the mesophyll, and the leaf is beginning to
look grey–silver, 7 = 100% of the epidermis is detached from the mesophyll, and the leaf
is completely white–silver, 9 = the epidermis peels off from the leaf, and the mesophyll
begins to oxidize. Grades 2, 4, 6, and 8 indicate intermediate symptom severity between
the previous and the following grade. Epidermis detachment on the leaf adaxial surface
was confirmed using a Stereo Microscope at 15 × (Olympus SZ61, Tokyo, Japan).

Additionally, the presence or absence of C. purpureum was confirmed through the
amplification of DNA isolated from sawdust collected from the main trunk [3], using
APN1-specific primers [14], following the previously described protocol.

4.5.1. Water Potential

Xylem potential was measured on diseased and healthy trees on 1 March 2019, and
10 March 2020 (about 3–6 days after harvest). For both periods, it was measured on light-
exposed leaves (five leaves per plant), which were previously covered for 2 h to avoid
sunlight. Xylem potential was measured using a Scholander-type pressure chamber (Model
615, PMS Instruments, Albany, NY, USA).

4.5.2. Yield Assessment

Fruit was harvested on 27 February 2019 and 4 March 2020, the same dates that
producers harvested the orchard. Before harvesting the fruit from each selected healthy
and diseased tree, 10 random fruits from one lateral representative branch of each tree were
set aside for quality parameter analysis (see Section 4.5.3) in the laboratory. Subsequently,
the remaining fruit of each tree was individually collected and weighed.

4.5.3. Fruit Quality

Quality parameters were measured on the 10 previously reserved fruit. The measured
parameters were individual weight (g), cover colour (%), and background colour (%), based
on a plum colour chart [54], calibre (polar and equatorial diameter measured using a digital
calliper), titratable acidity measured by potentiometric titration with NaOH 0.1 N (Hanna,
pH 211, Nus, falău, Romania) expressed as citric acid proportion (%) (AOAC, 2000), pH, and
soluble solids, measured with a digital refractometer (Brix degrees) (Atago, Pocket PAL-
refractometer, Japan). For firmness measurement, two cheeks per fruit were cut, and the
firmness was measured using a manual firmness penetrometer (FT 327, Facchini, Alfonsine,
Italy) inserted in an aluminium holder for penetrometers (Dimeri, Santiago, Chile). The
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probe diameter was 8 mm. Media from both cheeks were subsequently analysed. The
average of measurements (n = 10) was calculated for each parameter for further analysis.

5. Experimental Design and Statistical Analyses

The experimental unit consisted of two adjacent trees from the same treatment. The
treatments were Silverleaf-diseased and healthy conditions, with 10 replicates from four
rows in the orchard based on a randomized complete block design.

Fruit yield (total weight) was directly analysed, while for water potential, 10 samples
(leaves) per plot were measured and averaged. Subsequently, averages of each plot were
statistically analysed. For each fruit quality parameter, 20 samples (fruits) per plot were
measured, and the averages were analysed.

Before testing for statistical significance, to detect differences between treatment
means, normality and homoscedasticity were evaluated by the Shapiro–Wilk test, residual
independence analysis, and graphical methods. When assumptions of normality and
homoscedasticity were fulfilled, Student’s t-test was used to compare healthy and diseased
means of water potential, yield, and individual fruit weight.

Cover colour was analysed by Pearson’s Chi-squared test, and fruit firmness and
calibre by the Kruskal–Wallis test. The statistical analyses used depended on the nature of
the data and distribution. Analyses were performed using InfoStat 2021 statistical software
(Universidad Nacional de Córdoba, Córdoba, Argentina).
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Abstract: Val d’Agri is an important orchard area located in the Basilicata Region (Southern Italy).
A phenomenon affecting cv. “Golden Delicious” apples which lead to tree death has been observed
in the past several years in this area. This phenomenon has already been detected in about 20 hectares
and is rapidly expanding. The symptoms observed were “scaly bark” and extensive cankers, mainly
located in the lower part of the trunk, associated with wood decay. Dead plants ranged from 20%
to 80% and, in many cases, trees were removed by farmers. In order to identify the causes of this
phenomenon, investigations were started in autumn/winter 2019. In order to determine the possible
causal agents, fungal and bacterial isolations, from symptomatic tissues, were performed in laboratory.
Bacterial isolations gave negative results, whereas pure fungal cultures (PFCs) were obtained after
3–4 passages on potato dextrose agar (PDA) media. Genetic material was extracted from each PFC
and amplified by PCR using three pairs of primers: ITS5/4, Bt2a/Bt2b and ACT-512F/ACT-783R.
The amplicons were directly sequenced, and nucleotide sequences were compared with those already
present in the NCBI GenBank nucleotide database. All isolated fungi were identified based on
morphological features and multilocus molecular analyses. Neofusicoccum parvum, Diaporthe eres
and Trametes versicolor were most frequently isolated, while Pestalotiopsis funerea, Phomopsis spp. and
Diaporthe foeniculina were less frequently isolated. All nucleotide sequences obtained in this study
have been deposited into the EMBL database. Pathogenicity tests showed that N. parvum was the most
pathogenic and aggressive fungus, while Phomopsis sp. was demonstrated to be the less virulent one.
All the investigated fungi were repeatedly reisolated from artificially inoculated twigs of 2-year-old
apple trees, cv. “Golden Delicious”, and subsequently morphologically and molecularly identified.
The role played by the above-mentioned fungi in the alterations observed in field is also discussed.

Keywords: apple die-back; canker; fungi; multi-loci phylogeny; wood decay

1. Introduction

Apple die-back syndrome is a complex disease initially characterized by a stunted
appearance of the plants and the presence of chlorosis symptoms on leaves. As the disease
develops, cracks and necrotic lesions of the cortex appear mostly at the base of the stem
and at the grafting point. Subsequently, “scaly bark” and extensive cankers, generally
located in the lower part of the trunk develop, which are also associated with wood
decay, and the progressive death of the trees is registered. Many authors worldwide
investigated the apple die-back syndrome, attributing it to different causal agents, such as
various phytopathogens or other possible physiological causes [1–5]. Furthermore, in 2011,
Cloete et al. [6] reported the presence of the die-back syndrome and cankers on apples and
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pears in South Africa, from which they isolated several fungal pathogens belonging to the
Diplodia, Phaeoacremonium, Phomopsis, Neofusicoccum and Eutypa genera. A very recent study
by Di Francesco et al. [5], which characterized, in Brazil, apple cultivars’ susceptibility to
Neofusicoccum parvum (Pennycook & Samuels) P.W. Crous, Slippers & A.J.L. Phillips, stated
that due to climate change, this fungus is emerging as a new pathogen on species of the
Rosaceae plant family. An apple tree die-back syndrome causing severe tree losses was also
observed in the main apple producing regions in Tunisia, as described by Souli et al. [7].
The authors identified, both morphologically and molecularly, Phytophthora and Pythium
species as being the causal agents and the factors that promoted apple tree die-back. They
also showed that soil salinity contributed to increase the disease severity [7].

In Italy, apple cultivation is mainly concentrated in the northeast part of the country,
specifically in Trentino Alto Adige/Südtirol region. This area comprises about half of
the harvested hectares and has an intensive growing system, producing almost 70% of
the Italian apples. However, some other Italian regions such as Veneto, Emilia-Romagna,
Piedmont, Campania and Basilicata also successfully cultivate apple trees with quite
relevant productions. Overall, in 2019 in Italy, the surface cultivated with apple was about
58,000 hectares and the apple production reported in the same year was about 23 million
quintals [8].

Due to the economic importance of this crop in Italy, many studies regarding its
cultivation and phytosanitary status have been performed. The phytosanitary surveys on
apples cultivated in Bolzano area, was investigated by Lindner [9]. The author reported
the cortical damage of apple cvs. “Gala”, “Golden Delicious” and “Red Delicious”, in
spring 2007, and alterations very much resembling the “blister bark” and “paper bark”
symptoms often associated the with withering and drying of the branches were also
described. Nevertheless, the author reported that they did not isolate any bacterial or
fungal pathogen from the plants, concluding that the cause of the observed symptoms was
probably to be found among particularly unfavorable climatic conditions registered during
the winter and spring periods. The same author also observed damages at the grafting
point level and identified two fungi, known as canker agents, namely Phomopsis mali and
Diplodia malorum.

The apple tree die-back syndrome was reported during 2008–2009 in many apple
orchards in the north of Italy and since that period many other trees have become infected,
especially young plants.

The phytosanitary status of the apples from Trentino region (Northern Italy) was
investigated by Prodorutti et al. [10]. The authors reported an increase in the die-back
symptoms on apple trees, showing that plants were usually stunted with cracking and
necrosis in the lower part of the trunk and on the graft union site. The trees died during the
growing season. Furthermore, the same authors reported that the incidence of the disease
was, in some cases, very high (reaching almost 80%), and that the most affected trees were
the youngest ones of about 2–5 years old that had been subjected to various types of stress.
One bacterium, Pseudomonas syringae pv. syringae, and a few fungi, such as Phomopsis spp.,
Neonectria spp. And some Botryosphaeriaceae, were isolated from trunk tissues, taken from
symptomatic trees. Their role in the syndrome expression was also demonstrated, even if
they appeared not to cause the death of the artificially inoculated branches [10].

The Val d’Agri area, located in the Basilicata Region (Southern Italy), has geographical
and climatic conditions that favor apple cultivation. In particular, “Fuji” and “Golden
Delicious” apple cultivars are mostly grown in the area. Apple orchards belong to private
farmers and are kept as small-scale cultivation systems. During the autumn/winter 2019,
in the Val d’Agri area, on about 20 hectares cultivated with apples, symptoms characterized
by “scaly bark” and extensive cankers, mainly located in the lower part of the trunk and
associated with wood decay, were observed. Additionally, dead plants ranged from 20 to
80%, and in many cases, trees were removed by farmers. In order to identify the causes of
this phenomenon, investigations were started in 2019. It is to be mentioned that despite
good prevention and control measures employed so far against the key diseases on fruit
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trees in the south of Italy, including the Basilicata region, knowledge about the distribution
and the pathogens involved in apple die-back syndrome is still missing. These data are
very important since the presence of the die-back syndrome could economically affect
the growers in the region. The identification and characterization of various fungal and
bacterial pathogens attacking fruit trees, including apples, were initially based on only the
morphological features of the pure cultures obtained in vitro [11,12]. However, over time,
despite the ease of application, the morphological features proved to be inefficient to further
classify fungal and bacterial pathogens. Therefore, other solutions, including molecular
approaches, were investigated in order to identify and characterize the phytopathogens
associated with the die-back symptoms [6,7,13,14]. Nowadays, several gene regions or
genes, such as the Internal Transcribed Spacer (ITS) of the ribosomal DNA (rDNA), β-
tubulin (TUB-2) and actin (ACT) protein-coding genes, are extensively utilized to identify
and characterize phytopathogens [15–23].

The aim of the present study was to investigate the die-back syndrome on apple or-
chards from the Val d’Agri area (Basilicata region, Southern Italy). More precisely, the main
objectives of the present study were to: (1) identify fungi or bacteria eventually associated
with the die-back symptoms observed on apple trees; and (2) perform pathogenicity tests
on apple trees in order to verify the involvement of the identified pathogens in the apple
die-back disease observed in the Val d’Agri area.

2. Results

2.1. Pathogens Isolations

Pure culture fungal isolates on PDA media from die-back symptomatic material
obtained in this study were selected for further characterization through morphological
and cultural characteristics, DNA sequencing and phylogenetic analysis (Table 1).

From apple die-back symptomatic samples, the above-described fungi were isolated
with different frequencies. Among the most frequently isolated fungi were the N. parvum,
with a 55% isolation frequency (IF%), followed by D. eres, with a 15% IF, and T. versicolor,
with a 14% IF. All the other fungi were less frequently isolated with an IF ranging from
10–12%, except for Phomopssis spp., which was very rarely isolated (<5% IF).

Despite repeated trials to isolate bacteria from symptomatic apple wood, no bacterial
colonies were ever obtained. During the investigation for the identification of the apple die-
back disease cause no symptom or damage of the root system were noticed. Furthermore,
all isolation attempts, performed from roots taken from the symptomatic apple trees, gave
negative results.

2.2. Morphological Identification

Based on their cultural and morphological features, pure fungal isolates were classified
in five distinct genera: Neofusicoccum [24], Diaporthe [25–28], Trametes [29–33], Pestalotiop-
sis [34–36] and Phomopsis [6,37–40] (Table 1 and Figure 1). In particular, in the case of
Diaporthe grayish or white colonies on PDA and alpha and beta conidia were observed;
in the case of Neofusicoccum, grey-black colonies and fusiform conidia, nonseptate when
young and biseptate ellipsoidal (partially light brown with a darker middle center) when
old, were detected. In the case of Phomopsis, white colonies and alpha and beta conidia were
observed. For Pestalotiopsis, reddish colonies and 4-septate conidia, fusiform to ellipsoid
and straight to slightly curved, were noticed. Trametes genus was identified based on white
colonies and the presence of clavate basidia with an inflated epibasidial segment, 4-spored,
clamped at the base and basidiospore cylindrical in large spores with slightly inflated top,
ellipsoid to ovoid.
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Table 1. Fungal isolates obtained during this study with their respective GenBank accession numbers
and percentage of identity when compared to reference nucleotide sequences for the same species
from the NCBI nucleotide database.

Isolate
Name

Species
GenBank Accession Number * Identity (%) *

ITS ** TUB-2 ** ACT ** ITS ** TUB-2 ** ACT **

Noefp1
Neofusicoccum

parvum LR757960 OU022063 OU023206 >99–100 >99 100

Neofp2 N. parvum LR757961 OU022064 OU023207 -//- -//- -//-

Neofp3 N. parvum LR757962 OU022065 OU023208 -//- -//- -//-

Neofp4 N. parvum LR757963 OU022066 OU023209 -//- -//- -//-

Neofp5 N. parvum LR757964 OU022067 OU023210 -//- -//- -//-

Neofp6 N. parvum LR757965 OU022068 OU023211 -//- -//- -//-

Neofp7 N. parvum LR757966 OU022069 OU023212 -//- -//- -//-

Tramtv1 Trametes
versicolor LR759930 - - >99–100 - -

Tramtv2 T. versicolor LR759931 - - -//- - -

Tramtv3 T. versicolor LR759932 - - -//- - -

Tramtv4 T. versicolor LR759933 - - -//- - -

Tramtv5 T. versicolor LR759934 - - -//- - -

Tramtv6 T. versicolor LR759935 - - -//- - -

Diapore1 Diaporthe eres OU020696 OU022056 OU023199 >99 >99–100 >99

Diapore2 D. eres OU020697 OU022057 OU023200 -//- -//- -//-

Diapore3 D. eres OU020698 OU022058 OU023201 -//- -//- -//-

Diapore4 D. eres OU020699 OU022059 OU023202 -//- -//- -//-

Diaporf1 Diaporthe
foeniculina OU020700 OU022060 OU023203 >99–100 100 >99

Diaporf2 D. foeniculina OU020701 OU022061 OU023204 -//- -//- -//-

Diaporf3 D. foeniculina OU020702 OU022062 OU023205 -//- -//- -//-

Pestf1 Pestalotiopsis
funerea OU020703 OU022070 - >99 >99 -

Pestf2 P. funerea OU020704 OU022071 - -//- -//- -

Pestf3 P. funerea OU020705 OU022072 - -//- -//- -

Phomp1 Phomopsis sp. OU026160 - - >99 - -

Phomp2 Phomopsis sp. OU026161 - - -//- - -

Phomp3 Phomopsis sp. OU026162 - - -//- - -

Note: * The percentage of identity was established after comparing the nucleotide sequences from this study with
at least two of the reference species existent in the database for each fungal species. ** ITS = Nuclear ribosomal
internal transcribed spacer regions; TUB-2 = β-tubulin 2 gene; ACT = actin gene. “-” = no data were obtained/or
exist in the GenBank nucleotide database. “-//-” = identical values as those in the previous row are reported.
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Figure 1. Pure fungal cultures on PDA obtained from samples of apples with dieback symptoms.
(a,g) = Trametes versicolor; (b,h) = Diaporthe eres; (c,i) = Diaporthe feoniculina; (d,j) = Pestalotiopsis funerea;
(e,k) = Phomopsis spp.; (f,l) = Neofusicoccum parvum.

2.3. Molecular Characterization

The PCR amplifications for each gene investigated yielded amplicons of expected sizes:
ITS5/ITS4 (~700 bp), tub-2 (~500 bp) and ACT (~300 bp), which, after direct sequencing
in both directions, using the same primers as for the amplification, led to 26 nucleotide
sequences (Table 1). A megablast search, excluding “uncultured/environmental sample
sequences”, performed in the NCBI’s nucleotide database (www.ncbi.org, accessed on 12
January 2022) for all nucleotide sequences obtained in this study, identified at Genus level
all fungal isolates (Table 1).

2.4. Phylogenetic Analysis

Single locus analysis gave consistent results for all three loci (ITS, tub-2 and ACT), and
the topology of trees was congruent in terms of species grouping. All sequences obtained in
this study have been deposited in the European Molecular Biology Laboratory (EMBL-EBI)
nucleotide database (www.ebi.ac.uk, accessed on 12 January 2022) and their GenBank
accession numbers are presented in Table 1.

The final alignment dataset, for the ITS region, was composed of a total number of
658 characters. It contained 58 nucleotide sequences, including five outgroup species,
namely: Diaporthella corylina (acc. no. KC343004) utilized for Diaporthe fungi; Valsa japonica
(acc. no AF191185) for Phomopsis sp. fungi; Sordaria alcina (acc. no. AY681198) for the
Pestaliopsis sp. Fungal group; Grifola frondosa (acc. No. AY049140) utilized for Trametes
sp. Fungi; and for the Neofusicoccum parvum group, Diplodia seriata (acc. no. MH221102).
Phylogenetic analysis based on the ITS region variation showed that fungal isolates from
the same species clustered together into the same clade and, as expected, outgroup species
were placed separately from the other groups (Figure 2).
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Figure 2. Molecular phylogenetic tree obtained through the neighbor-joining (NJ) method, based on
the 58 ITS region sequences data (658 bp) from fungal isolates in the present study and published
sequences. Five fungal species (Diaporthella corylina, Valsa japonica, Sordaria alcina, Grifola fondosa
and Diplodia seriata) were used as outgroups in the analysis. The optimal tree with the sum of
branch length = 1.38532669 is shown. The confidence probability estimated using the bootstrap test
(1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Tajima–Nei method and are in the units of the number of base
substitutions/site. Scientific names of the fungi along with collection place, isolate abbreviation and
GenBank AC number are shown in the trees.

172



Plants 2022, 11, 1374

Overall, the 53 nucleotide sequences obtained in this study, based on the ITS region
sequence analysis, clustered in two clades which contained all six fungal species. Two of
these species belonged to Diaporthe genus, namely, Diaporthe eres Nitschke and D. foeniculina
(Sacc.) Udayanga & Castl., and others have been identified as N. parvum, Pestalotiopsis
funerea (Desm.) Steyaert, Phomopsis sp. Sacc. & Roum. and T. versicolor (L.) Lloyd (Figure 2).
Within the phylogenetic tree, the first clade grouped together five of the species previously
mentioned, while the second clade contained only one species, Trametes versicolor, clearly
separated from the others. Additionally, the fungal species isolated and identified in this
study were positioned close to similar reference species downloaded from the GenBank
for each fungus, and their location was well supported by very high (97–100%) bootstrap
values (Figure 2). The ITS data confirmed the previous preliminary fungal identification
based on morphological features.

Since ITS alone does not provide sufficient resolution to exactly classify fungi at species
level, other loci were considered for the phylogeny-based identification of the taxa investi-
gated in this study. In particular, the β-tubulin (tub-2) gene, a very well-known molecular
locus extensively used in phylogenetic studies of phytopathogenic fungi [35,38–40], was ex-
amined. A total number of 39 nucleotide sequences of the tub-2 partial gene were obtained
and employed along with the species D. corylina, B. dothidea and S. alcina, used as outgroups
in phylogenetic analysis, which was carried out using the NJ method, as performed for the
ITS (Figure 3).

Results from the phylogenetic analysis of the fungal species from this study, based
on the tub-2 gene, have shown that they grouped together with similar species from the
GenBank database. A better separation within the clades and subclades compared to what
obtained from the ITS was also observed (Figure 3). Two separate clades were obtained
from the nucleotide sequences investigated in this study. In one, Neofusicoccum isolates
grouped together into the same subgroup, which was very well supported (98% bootstrap
support value), and were separated from the Pestalotiopsis subclade, which was also highly
supported (99% bootstrap support value), whereas the Diaporthe isolates were all placed in
a separate clade and were clearly distinguished in two subclades as species, e.g., D. eres and
D. foeniculina, both sharing their vicinity with the same outgroup, D. corylina (Figure 3). All
fungal species based the tub-2 gene variation were grouped together with the same species
from the GenBank with an elevated bootstrap support (98–99%). The separation of the
fungal species within each clade or subclade, strongly supported by high bootstrap values,
was 99% for D. eres, D. feoniculina and N. parvum and 98% in the case of P. funerea (Figure 3).

Regarding the third gene, namely actin, despite our repeated PCR trials, amplicons
could not be obtained for all fungal species (Figure 4). Therefore, the alignment for the
ACT gene used in phylogenetic analysis contained 298 characters and involved only
24 nucleotide sequences. Moreover, ACT gene analysis showed that the two Diaporthe
species identified in this study along with their reference species from the GenBank were
well separated from the Neofusicoccum sp. isolates and, thus, clustered in two differ-
ent clades also supported by very high bootstrap values of 94% and 99%, respectively.
In addition, Neofusicoccum isolates were grouped together with their reference species
with a 99% bootstrap support value (Figure 4). The phylogenetic reconstruction based
on the ACT gene reconfirmed the molecular identification based on other loci at species
level for each fungal species analyzed and also was in concordance with the preliminary
morphological characterization.

173



Plants 2022, 11, 1374

Figure 3. Molecular phylogenetic tree obtained through the neighbor-joining (NJ) method, based on
the 39 tub-2 gene sequences data (500 bp) from fungal isolates in the present study and published
sequences. The fungal species (D. corylina, B. dothidea and S. alcina) were used as outgroups in the
analysis. The optimal tree with the sum of branch length = 1.08594872 is shown. The confidence
probability estimated using the bootstrap test (1000 replicates) is shown next to the branches. The
tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The evolutionary distances were computed using the Tajima–Nei
method and are in the units of the number of base substitutions/site. Scientific names of the fungi
along with collection place, isolate abbreviation and GenBank AC number are shown in the trees.
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Figure 4. Molecular phylogenetic tree obtained through neighbor-joining (NJ) method based on
the 24 ACT gene sequences data (298 bp) from fungal isolates in the present study and published
sequences. The fungal species (D. helianthi and B. dothidea) were used as outgroups in the analysis.
The optimal tree with the sum of branch length = 0.90526841is shown. The confidence probability
estimated using the bootstrap test (1000 replicates) is shown next to the branches. The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the Tajima–Nei method and
are in the units of the number of base substitutions/site. Scientific names of the fungi along with
collection place, isolate abbreviation and GenBank AC number are shown in the trees.

Multilocus phylogenetic analyses for Diaporthe, Neofusicoccum and Pestalotiopsis spp.
isolates showed that the topology of the trees was congruent in terms of grouping for all fun-
gal species investigated, supporting the single locus phylogenetic outcomes (Figures S1–S3
in Supplementary Material).

2.5. Pathogenicity Trial

In the artificial inoculations test, on twigs of 2-year-old apple trees (cv. “Golden
Delicious”), using the six fungi investigated in this study, the size of the observed lesions
greatly varied among isolates (F6,77 = 390, p < 0.001). Furthermore, the tested fungal isolates
produced lesions in the host that were always larger than those observed from the control
(Tukey t-tests, p < 0.001 in all cases). Most of the fungal isolates (D. eres, P. funerea, Phomopsis
spp. and T. versicolor) developed smaller lesions than D. foeniculina and N. parvum. No
lesion developed after control treatment (Figure 5).
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Figure 5. Results of artificial inoculation of the apple twigs with the six fungal isolates investigated.
The length of the lesions developed was measured 1 month after inoculation. The experiment was
carried out only once with three replications (twigs) and four wounds per replicate. Columns indicate
the average length of the lesions with standard errors. Means followed by different letters are
significantly different according to Tukey’s test (p = 0.01).

Among all fungi investigated, N. parvum produced the longest lesions (53.98 mm).
It proved to be also the most pathogenic since the inoculated tree showed very strong
die-back symptoms, such as reddish-brown cankers on the twigs, associated with internally
brown necrosis. Finally, the death of all twigs and whole branches was observed at one
month after artificial infection. D. feoniculina produced 25 mm length cankers on twigs with
internally brown necrosis and death of some twigs and branches was also noticed. D. eres,
P. funerea and Phomopsis formed similar lesions as described above but of a shorter length,
which ranged between 8–14 mm. In the case of T. versicolor, symptoms of wood caries were
also seen (Figure 5).

All the inoculated fungi were always reisolated from the lesions and based on molecu-
lar methods were identical to the cultures used for inoculation.

3. Discussion

This study is the first to address the presence of the die-back syndrome on apple
orchards in the Val d’Agri region and to isolate and further characterize fungal species
which could be involved in the observed disease through morphology, DNA sequencing
and phylogenetic analysis. The search for the causal agent of the apple die-back syndrome
contributed to in vitro isolation of six fungi, already known to be involved in different
diseases in apple and other plant species. Both cultural and morphological features of
the five phytopathogenic genera, namely Neofusicoccum, Diaporthe, Trametes, Pestalotiposis
and Phomopsis, identified in the present study were consistent and resembled the above-
mentioned ones.

The morphological classification of fungi is an inexpensive and rapid tool but has
also many limitations. As a consequence, current mycotaxonomy has changed a lot,
now employing other methodological approaches, such as phylogeny, chemotaxonomy,
genetics, ecology or molecular biology [35,41–46]. The preliminary identification of the
fungi isolated from the apple plant, in the present study based on morphological features,
was confirmed by molecular outcomes gained from the sequencing of the ITS region, (tub-2
and actin (ACT) genes. A lesser variation was noticed over the ITS region, for all fungal
species investigated, and only in the case of the reference sequences downloaded from
the database, which was probably due to sequencing errors. It is widely accepted that
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sometimes the sequences deposited in the GenBank are of poor quality and around 30% of
the ITS sequences deposited may be associated with the wrong taxon [47].

ITS locus alone, despite its advantages and official recognition as a DNA barcoding
marker [48–52], can be limited in providing enough resolution in the case of closely-
related fungal species [53]. Considering all these limitations, for an accurate fungal species
identification other loci like tub-2 and ACT were explored, showing that nucleotide variation
was higher in ACT gene, followed by the tub-2 gene for all fungal species investigated.

Typically, different wood-rotting fungi have been associated with the die-back syn-
drome in apple over the years as Coriolus spp., Stereum spp., Schizophyllum commune [1].
Apart from these, Sphaeropsis pyriputrescens Xiao & J.D Dogers fungus was reported to cause
cankers and twig die-back on apple and crabapple trees in the USA [54]. Cloete et al. [6]
found that apple and pear trees in South Africa are the hosts of many fungi associated with
the die-back symptoms, such as Diplodia spp., Neofusicoccum spp., Phaeoacremonium spp.
and Phomopsis sp. Very recent studies of Jabiri et al. [55] reported symptoms of dieback
disease, such as root rot, yellow leaves and wilting, caused by Phytopytium vexans on young
apple trees (6–10 years old) of cv. “Golden Delicious” in Morocco.

The Diaporthe genus has also been associated to the shoot canker or fruit rot in
pear [56,57]. Dissanayake et al. [28,58], based on molecular phylogenetic analysis, revealed
seven new species, within the above-mentioned genus, in Italy. Among the Diaporthe
species, D. eres has recently been reported to be linked to necrosis and stem cankers
and caused the death of young apple rootstocks in Canada [59]. Moreover, D. eres, is
among the most serious phytopathogenic fungi affecting many plant species all over the
world [26,28,56–63]. The outcomes from this study, showing the frequent isolation from
apple with die-back symptoms of D. eres, agree with the previous studies by Sessa et al. [64]
who reported the D. eres isolation from peach and apple with wood disease symptoms, such
as wedge-shaped necrosis and canker. Additionally, the identification of more than one
species of Diaporthe, namely D. eres and D. neotheicola, on the same plant species in our study
is in agreement with the earlier works of van Niekerk et al. [40] and of Thompson et al. [65],
who reported that the same host plant may be colonized by different Diaporthe spp. at the
same time.

Neofusicoccum parvum, which recently emerged as a phytopathogen, was also among
the most frequently isolated fungi in the present study. The Neofusicoccum Crous, Slippers
and A.J. L. Phillips Genus was described by Crous et al. [24], aiming to include Botryosphaeri-
aceae with Fusicoccum-like anamorphs [66]. This fungus has been already reported to cause
cankers on many cultivable plant species [67], including apple and pear [68], but it seems
that it is expanding its host range, as demonstrated by the very recent study by Choi
et al., in Korea [69]. Moreover, N. parvum was the most aggressive fungus in our study, as
demonstrated by both natural and artificial inoculations on apple from Val d’Agri, also
causing the death of the entire tree.

Trametes versicolor was among the wood fungi frequently isolated in the present investi-
gation. Fungi from the Genus Trametes are white rot polypores. Nearly 60 species are known
worldwide on many hosts, and some are used for medicinal purposes [70–72], The taxon-
omy situation within T. versicolor is still complex, since unresolved phylogenies and unclear
species boundaries exist [31,33]. The study of Kile [73], who examined host-pathogen
relationships between the apple tree, T. versicolor and factors affecting host susceptibility,
showed that the fungus was a facultative parasite which caused the white rot of the sap-
wood and the susceptibility of living wood to fungal decay increased with the age of the
tree, due to a natural decline in host plant resistance. The frequent isolation of T. versicolor
from apple trees showing die-back symptoms agree with the study of Darbyshire et al. [74],
which associated the die-back of apple trees in Australia to the wood-rotting fungus T.
versicolor and also showed that it is a low-sugar disease. An association between Coriolus
versicolor (syn. T. versicolor) and the die-back disease of apples in Washington state, de-
scribed by Dilley and Covey, supported the present study outcomes [75]. We can assume
that frequent in vitro isolation of T. versicolor from apple trees obtained in our study and
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the die-back symptoms observed after natural and/or artificial inoculation to this host can
be associated with this disease.

Many studies reported that the Diaporthe (Phomopsis) fungi has been associated with
shoot blight and canker, decay, wilting, necrosis of bark and fruit rot in several fruit tree
species worldwide [27,37,76–78]. The isolation of Phomopsis sp. in this study agrees with
the earlier studies by Pertot and Vindimian [79], who reported the diffusion of P. mali,
causing the dieback of young apple trees in Trentino (Northern Italy). Cloete et al. [6] also
found three Phomopsis sp. isolates from pear and apple exhibiting die-back symptoms and
considered them as a possible inoculum source for grapevine trunk disease pathogens. Our
outcomes concord with the results of Bai et al. [56], who identified the presence of these
fungi on pear in China, and of Kanematsu et al. [37], who, in Japan, showed that they were
responsible for shoot cankers.

Regarding Diaporthe species, our results from pathogenicity tests are similar to those
reported by Sessa et al. [64], who investigated the diversity and the virulence of the
Diaporthe species associated with wood disease symptoms in deciduous fruit trees in
Uruguay. The same authors recognized them to be the causal agents of twig and branch
cankers, showing that D. eres and D. foeniculina produced necrosis. Furthermore, another
study by Abramczyk et al. [62] characterized isolates of D. eres based on morphological and
pathological characteristics, which were isolated from fruit plants and genetically identified
as D. eres species complex [78]. Additionally, they demonstrated that in pathogenicity tests
D. eres produced small necrosis of about 12–17 mm in diameter, occurring at the site of
inoculation. D. eres colonies were obtained from the artificially inoculated tissue, again
confirming the results obtained in our study on this fungus, showing its pathogenic abilities
towards apple trees.

Pathogenicity tests results showing that N. parvum was the most virulent among all
fungal species isolated and identified on apple trees from the Val d’Agri region match those
by Cloete et al. [6]. The authors analyzed fungi associated with die-back symptoms of
apple and pear trees cultivated in proximity of grapevine in Western Cape, South Africa,
and found that a species of Neofusicoccum (N. australe) was among the most virulent species
towards apple, with mean necrotic lesions of about 40.2 mm length. In the same study,
Phomospsis sp. was observed to be less virulent (necrotic lesions of about 11.8 mm in length),
and this was similar to the results obtained in the present study (necrotic lesions of about
8 mm in length). Another study by Espinoza et al. [80] found that Neofusicoccum spp. was
associated with the stem canker and dieback of blueberry in Chile and reported, for the first
time, N. parvum as a canker-causing agent on blueberry. In their study, the same authors
performed pathogenicity tests on kiwi, blueberry and apple and found that N. parvum was
the most aggressive fungus, in all hosts, and this is also in accordance with our results.

4. Materials and Methods

4.1. Biologic Material

Pieces of symptomatic trunks from the apple cv. “Golden Delicious”, showing die-back
symptoms, were collected in autumn/winter 2019. During this period, apple orchards
located in the Val d’Agri area were surveyed for the presence of apple die-back symptoms.
A total number of 50 samples, made of pieces of living material (bark and cankered trunks)
showing die-back symptoms, more specifically, “scaly bark” and extensive cankers, mainly
located in the lower part of the trunk, and wood decay were obtained from trees 3–12 years
old (Figure 6). They were brought to the Plant Pathology Laboratory at the University of
Basilicata and stored in fridges, at 4 ◦C, until used.
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Figure 6. Apple trees located in the Val d’Agri area showing die-back symptoms (a–c) and death of
tree caused by die-back (d). Figure a—courtesy of Dr. Camilla Nigro, ALSIA, Basilicata Region.

4.2. Pathogen Isolation

Symptomatic wood pieces were cut under laminar flow sterile conditions into small
parts, surface-sterilized by soaking in a 70% ethanol solution for 1 min, in a 1% NaOCl
solution for 1 min, in 70% ethanol solution for another 30 sec and finally rinsed in sterile
water for 2 min. After sterilization, the trunk pieces were dried on a sterile paper and cut
into small parts. Small parts of about 2 × 2 mm taken from the margins between necrotic
and healthy tissue were placed on petri plates containing potato dextrose agar (PDA,
Oxoid Ltd., Hants, UK), amended with streptomycin sulphate (40 mg L−1, MerckKGaA,
Darmstadt, Germany) and were incubated at 25 ◦C in the dark until growth could be
detected. Subcultures were performed from the growing hyphae onto PDA and incubated
under the same conditions. Pure cultures were created for all obtained PDA plates.

To isolate and identify bacterial pathogens probably linked to the die-back syndrome
symptomatic wood trunk, samples were first surface sterilized and prepared, as reported
by Schaad et al. [81].

4.3. Morphological Identification

All fungal isolates obtained in this study were stored, as pure cultures (PFC), in the
culture collection of the Plant Pathology Laboratory of the School of Agriculture, Forestry,
Food and Environmental Sciences (SAFE) at the University of Basilicata on PDA slants and
maintained at 4 ◦C in fridge.

Fungal isolates were examined using a Axioscope microscope (Zeiss, Jena, Germany)
and preliminary identified by morphological characteristics.

4.4. Molecular Characterization

For molecular characterization, genomic DNA was extracted from fresh PFC mycelia
of each isolate, 7–10 days old, through an extraction protocol described by Mang et al. [43].
Genomic DNA quality and quantity were checked using a Nanodrop ND-1000 spectropho-
tometer (Thermo Scientific Inc., Willmington, DE, USA) and the material was stored at
−20 ◦C in 1.5 mL Eppendorf tubes until further use. In order to determine the fungal
species, three different genes/regions were amplified. Namely, the internal transcribed
spacers (ITS1 and ITS2) of the ribosomal RNA (ITS); β-tubulin (tub-2) and actin (ACT). The
oligonucleotides used for PCR amplifications were: ITS5/ITS4 [82], Bt2a/Bt2b [83] and
ACT512F/ACT783R [84] (Table 2).
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Table 2. Details of primers pairs used in this study for the amplification and sequencing of
fungal DNA.

Locus * Primer Sequences 5′→3′ Reference

ITS
ITS5 5′-GGA AGT AAA AGT CGT AAC AAG G-3′

White et al., 1990ITS4 5′-TCC TCC GCT TAT TGA TAT GC-3′

TUB-2 Bt2a 5′-GGT AAC CAA ATC GGT GCT GCT TTC-3′ Glass and Donaldson, 1995
Bt2b 5′-ACC CTC AGT GTA GTG ACC CTT GGC-3′

ACT ACT-512F 5′-ATG TGC AAG GCC GGT TTC GC-3′ Carbone and Kohn, 1999
ACT-783R 5′-TAC GAG TCC TTC TGG CCC AT-3′

* ITS: internal transcribed spacer regions and intervening 5.8S rRNA gene; TUB-2: partial beta tubulin gene; ACT:
actin gene.

PCR amplifications were performed under the conditions explained in Mang
et al. [43,85] for ITS only. For the other two genes the Phire Direct PCR Master mix
(Thermo Scientific Inc., USA) was used, following manufacturer’s instructions with some
modifications. PCR mixtures were composed of 10 μL of 2X Phire Plant PCR Buffer (includ-
ing 1.5 mM MgCl2 and 20 μM of dNTPs), Primers 0.5 μM each; 0.4 μL of Phire Hot Start II
DNA polymerase enzyme, 5 μL of template DNA (20 ng/μL) and double distilled water up
to 20 μL. The PCR cycling protocol consisted of: an initial denaturation at 98 ◦C for 5 min
for 1 cycle; then 40 cycles of denaturation at 98 ◦C for 5 s; annealing at 60 ◦C for ITS and at
62 ◦C for tub-2 and ACT genes for 5 s; extension at 72 ◦C for 20 s, followed by a final exten-
sion at 72 ◦C for 1 min for 1 cycle. All PCR products were separated in 1.5% agarose gels in
Tris-Acetic acid-EDTA (TAE) buffer and visualized under the UV after staining with SYBR
Safe DNA Gel Stain (ThermoFisher Scientific™, Carlsbad, CA, USA). A 100-bp GeneRuler
Express DNA Ladder (ThermoFisher Scientific™ Baltics UAB, Vilnius, Lithuania) was
used as a molecular weight marker. Direct sequencing of all PCR products was performed
by BMR Genomics [Padua, Italy], using a 3130xl automatic sequencer in both directions
and using the same primers as for the PCR. Subsequently, the sequence information was
analyzed by the local alignment search tool using BLASTn [86,87] in the National Center
for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/BLAST,
accessed on 12 January 2022). Annotations were based on BLAST searches with a minimum
of 99–100% identity over at least 80% of the length of the nucleotide sequence, which are
the commonly used thresholds for reliable sequence annotation [88]. Nucleotide sequences
primary identification was carried out through the BLASTn search tool program [86,87] of
the NCBI by comparing all sequences obtained in this study with those already present in
the database.

4.5. Sequences Alignments and Phylogenetic Analysis

All nucleotide sequences produced by this study and identified based on high sequence
identity (>99–100%) to similar species already present in nucleotide databases, along with
few additional reference sequences downloaded from GenBank (http://www.ncbi.nlm.
nih.gov/GenBank, accessed on 12 January, 2022), were used for the phylogenetic analysis.
Subsequently, they were manually edited and aligned with the ClustalX version 2.0 [88]
program, using the MEGA X (Molecular Evolutionary Genetic Analysis) [89] phylogeny
package to build representative alignments (Table 3). As reported in previous studies by
Slippers et al. [66] and by Crous et al. [24], N. parvum and N. ribis are closely related cryptic
species within the recently described Genus Neofusicoccum (Botryosphaeriaceae, Ascomycetes).
Therefore, in case of the ACT gene, when no other reference species were available in the
GenBank nucleotide database, this fungal species was also used, allowing us to perform
the phylogenetic investigation (Table 3).
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Phylogeny reconstructions were performed with MEGAX [89] for each gene using the
neighbor-joining (NJ) statistical method [90] with an interior branch test and 1000 bootstrap
replications [91,92], nucleotide substitution type and the Tajima–Nei substitution model [93]
with uniform rates among sites. A deletion was used as treatment for gaps and missing data
and the codon positions included were 1st, 2nd, 3rd and noncoding sites. The evolutionary
distances computed using the Tajima–Nei method [93] are in the units of the number of base
substitutions/site. The same procedure described previously was used for the tub-2 and
ACT genes. An unequal number of nucleotide sequences were involved in the phylogenetic
analyses for each gene investigated, which was caused by the lack of positive PCR and
sequencing results for some of the genes and also the nonexistence of nucleotide sequences
in the GenBank database. Therefore, only single gene phylogenies could be performed,
each one containing all nucleotide sequences obtained in this study for the examined gene
plus reference species downloaded from the GenBank.

In particular, the reference sequences representing the relevant species used to build
alignments for species identification were: for D. eres and D. foeniculina (D. corylina strain
CBS121124 and only for ACT gene D. helianthi strain AR4131), N. parvum (Diplodia seriata
strain ASJ297; or Botryosphaeria dothidea strains HL1 and HPLW1 for the tub-2 and ACT
genes, respectively), Pestalotiopsis sp. (Sordaria alcina strain CBS 109460), Phomopsis sp.
(Valsa japonica isolate CBS375.29) and Trametes versicolor (Grifola frondosa isolate WC835)
(Table 3).

A different number of nucleotide sequences were obtained for each gene and fungal
species in this study; therefore, a multilocus phylogeny with three genes (ITS + tub-2 + ACT)
was possible only for Diaporthe and Neofusicoccum spp., while for Pestalotiopsis spp. a two-
gene phylogeny (ITS + tub-2) was performed using the Seaview5 program, as presented in
Table S1 and in Figures S1–S3. (Supplementary material).

4.6. Pathogenicity Trials

A trial was conducted under field conditions to examine the formation of lesions on
twigs of 2-year-old apple trees (cv. “Golden Delicious”), using a common protocol. In
particular, the pathogenicity tests were performed using 4 mm diameter mycelial plugs
taken from the margins of 7-day-old cultures on PDA amended with antibiotic streptomycin
sulphate (40 mg L–1, MerckKGaA, Darmstadt, Germany). An equal number of young apple
shoots were equally treated but using only sterile agar plugs, which were left as controls.
One fungal isolate was used for each apple tree, according to the fungal species identified
and characterized in this study, and each treatment was replicated four times. A wound of
the about the size of the agar plug was made on each woody shoot, in the phloem and cortex
tissue, with a sterile scalpel. Immediately after wounding, the plug was positioned in the
center of the wound and covered by a sterile water wetted cotton piece. In order to avoid a
rapid dehydration, lesion sites were wrapped with parafilm (Pechiney Plastic Packaging,
Menasha, WI, USA). For each fungal pathogen the trial layout was a randomized block
design with four repetitions using twigs as experimental units. The whole pathogenicity
trial consisted of six fungal pathogens, isolated in this study from apple trees in Val d’Agri,
and an agar plug only. Following inoculation, all young apple trees were placed in a
greenhouse, where they were kept under natural light conditions at 22 ◦C and at about
70% relative humidity. After 30 days of inoculation, apple twigs were inspected for lesion
development and after 45 days post-inoculation, when their necrosis was evident, the
twigs were removed and brought to the laboratory for immediate analysis. The number
of twigs with necrosis was recorded and, after the removal of the bark, the length of the
developed canker lesions was measured. In order to reisolate the causal agent, small pieces
(approx. 5 mm length) of diseased wooden tissue were cut from the edge of the necrotic
lesions from the inoculated twigs and, after surface disinfection, were placed in petri dishes
containing PDA and antibiotic streptomycin sulphate. Plates were incubated for 7 days at
20 ◦C in an incubator, under dark conditions, until growth was detected. Subsequently, the
identification of the reisolated fungi was carried out by both morphological features and
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molecular analysis, using the protocols for morphological identification, DNA extraction
and PCR conditions described above.

4.7. Statistical Analysis

Since the data obtained from the lesion measurements were normally distributed
(Shapiro–Wilk tests [94], followed by a Holm–Bonfferoni [95] correction), a one-way
ANOVA was used to test for mean differences among the investigated fungal isolates.
Tukey post hoc tests for multiple comparisons of means were also performed to detect sig-
nificant differences among the treatments. The statistical analyses performed in this study
were performed using the R version 3.6.2 software (R Core Team, Vienna, Austria) [96].

5. Conclusions

Fungal species investigated in this study are well known to be involved in the fruit
tree trunk diseases. The present study demonstrated that among all fungi investigated, N.
parvum was the most aggressive and may be involved in the heavy decline of apple trees
in the Val D’Agri area. In addition, other fungi, such as D. eres, D. foeniculina, P. funerea,
T. versicolor and Phomopsis spp., could have contributed to the aggravation of the existing
symptoms. Our field observations allowed us to assume that fungi, and in particular N.
parvum, could penetrate the trees through wounds created by cuttings. Therefore, to avoid
this, it is necessary to protect the wounds, in particular after cuttings.

Given the economic importance of apples worldwide, more investigations related
to the role played by the phytopathogens discovered in this study, which are involved
in die-back disease on apple trees, seem necessary. Future outcomes will be expected to
add beneficial knowledge to better understand this complex disease in order to establish
appropriate strategies to protect this regionally relevant and worldwide nutritionally
important crop.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11101374/s1, Figure S1: PhyML tree (ITS + tub-2 + ACT)
for Diaporthe spp.; Figure S2: PhyML tree (ITS + tub-2 + ACT) for Neofusicoccum spp.; Figure S3:
PhyML tree (ITS + tub-2) for Pestalotiopsis spp.; Table S1: Multilocus phylogeny parameters used in
the study.
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